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Purpose: Alpha-1-antitrypsin deficiency (AATD) is a rare hereditary condition resulting

from the mutations in the SERPINA1 (serine protease inhibitor) gene and is characterized by

low circulating levels of the alpha-1 antitrypsin (AAT) protein. The traditional algorithm for

laboratory testing of AATD involves the analysis of AAT concentrations (nephelometry),

phenotyping (isoelectric focusing, IEF), and genotyping (polymerase chain reaction, PCR);

in selected cases, full sequencing of the SERPINA1 gene can be undertaken. New technol-

ogies arise that may make diagnosis easier and faster.

Methods: We developed and evaluated a new diagnostic algorithm based on Luminex

xMAP (multi-analyte profiling) technology using Progenika A1AT Genotyping Test. In an

initial learning phase, 1979 samples from individuals suspected of having AATD were

examined by both, a traditional and a “new” algorithm. In a second phase, 1133 samples

were analyzed with the Luminex xMAP only.

Results: By introducing a Luminex xMAP based algorithm, we were able to simultaneously

identify 14 mutations in SERPINA1 gene (instead of two- S and Z-by using our old

algorithm). Although the quantity of IEF assays remained unchanged, the nephelometric

measurements and sequencing were reduced by 79% and 63.4%, respectively.

Conclusion: The new method is convenient, fast and user-friendly. The application of the

Luminex xMAP technology can simplify and shorten the diagnostic workup of patients with

suspected AATD.
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Introduction
Alpha-1-antitrypsin deficiency (AATD) is caused by mutations of the SERPINA1

gene. Up to date, more than 100 mutations within the SERPINA1 have been identified

that induce a reduced level of AAT protein.1 The most common mutations are PI*Z

(Glu342Lys) and PI*S (Glu264Val), each caused by a single nucleotide polymorphism.

The carriers of AATD are at an increased risk of developing early-onset emphysema

and consequently chronic obstructive pulmonary disease. Another common clinical

manifestation of AATD is hepatic disease, and less frequently panniculitis and other

skin diseases.

The mutations causing AATD are distributed worldwide and remain signifi-

cantly under-diagnosed.2,3 Diagnosis is often delayed for several years and many

patients remain yet to be identified.2–4 Early diagnosis is key for AATD-related

disease control and treatment. The World Health Organisation recommends testing

for AATD all COPD patients5 and the recent European Respiratory Society state-

ment supports this recommendation.6 However, implementation of this proposal is
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limited.7 One of the reasons may be a time-consuming

multi-step diagnostic workup.8 Traditionally, AATD is

diagnosed by measuring the plasma concentration of

AAT through nephelometry, the presence of the S- or

Z-allele is determined by PCR and IEF is used to analyze

samples with suspected mutations or to identify rare muta-

tions (conventional workflow).9

The Luminex xMAP-technology is a combination of

flow cytometry, encoding microspheres, lasers and digital

signal processing which allows simultaneous, high-

throughput and multiplex detection of up to 100 targets

in protein or nucleic acid study.10 This technology is based

on very small (5.6 micron) polystyrene beads which are

color-coded and which are coupled to specific oligonucleo-

tide probes.10 Denatured DNA products are hybridized to

oligonucleotide probes coupled to color-coded beads.10

The beads are separated within a Luminex analyzer and

interrogated with two lasers- one for the identification of

the bead and the other for quantification of bound reporter

fluorophore.10 Similar technology is used in cancer

research11 or for the simultaneous detection of several

respiratory viruses.12

Materials And Methods
Clinical Samples
We used dried blood spot (DBS) samples (AlphaKits® GE

Healthcare Ltd, Cardiff, CF147YT, UK) shipped to our

laboratory at the University of Marburg for the routine

diagnosis of AATD. The physicians confirmed that

patients approved and signed informed consent for the

samples shipped to our laboratory for genetic analysis.

Because our study reflects a retrospective analysis of

those routine data, an ethics approval is not necessary.

In a phase 1 of the algorithm evaluation, we compared

the results of 1979 samples with suspected AATD, analyzed

by both, the conventional diagnostic algorithm (Figure 1A)

and a modified algorithm based on the Luminex xMAP

(Luminex Corporation, 12212 Technology Boulevard

Austin, Texas) (Figure 1B). Phase 1 took place from July

2016 to May 2017. In a phase 2 (May 2017 until November

2017), the conventional PCR was not conducted any longer,

and all 1133 AlphaKits were analyzed only by Luminex

xMAP.

Combining both periods from July 2016 to November

2017, 818 senders mailed 3112 AlphaKits to our labora-

tory and all were analyzed.

Traditional Workflow
We used nephelometry for the semi quantitative determi-

nation of the plasma AAT levels and PCR for the detection

of the S- and Z-allele, which was eventually followed by

the IEF and gene sequencing. Two independent readers

validated the results of PCR and IEF. We have described

this workflow in detail elsewhere.9,13

Luminex-Based Workflow
All samples were first processed for the detection of the

putative 14 mutations (Table 1). We established a work-

flow as follows:

Testing Procedure

Genotyping was performed through Luminex. We defined

three possible Luminex results (Figure 2A–C):

The first was “nonM/nonM” (Figure 2A) meaning that

any combination (heterozygote or homozygote) out of the

14 mutations listed in Table 1, was detected. To verify the

result, the additional phenotyping was performed by IEF.

Concordant results were reported to the physician.

The second was “M/non M” (Figure 2B). “M” means

that Luminex could not detect any of the 14 mutations

listed in Table 1 while “non M” means that one of the 14

mutations was detected. Thus, a combination of M allele

with one of the listed 14 mutations was the suspected

genotype. Afterwards, we performed phenotyping and if

the M allele was visible in IEF (concordant to “M/non

M”), the result was sent to the physician. If the M allele

was not visible in the IEF, we sequenced the sample to

achieve a final diagnosis. This result was then sent to the

physician.

The third was “M/M” (Figure 2C[1–3]. With “M/M”

we termed samples in which none of the 14 mutations was

found. In that case, we followed this algorithm: if the

reported (externally) measured serum AAT-level was >

90 mg/dl, a mutation was excluded, and the result was

sent to the physician (Figure 2C[1]). However, if the

serum level was < 90 mg/dl, we performed additional

IEF and sequencing (Figure 2C[2]). If there was no exter-

nal AAT-level, then the level of AAT (derived from dried

blood spot, DBS) was determined semi-quantitatively by

nephelometry (Figure 2C[3]). In case the result of the

nephelometry was below a predetermined cut-off (corre-

sponding to a serum level of AAT of 104 mg/dl),8 we

continued with phenotyping; additional sequencing was

performed if the M protein was not visible in IEF. If the
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result of the nephelometry was above the threshold of

AAT levels, a mutation was excluded.

Laboratory Work

Nucleic Acid Extraction

Dried Blood Spots (DBS) in Whatmann 903 cards were

placed on the automatic puncher (DBS Puncher. Perkin

Elmer [1296-071]) and 3.2 mm diameter punch was auto-

matically made in a 96-well reaction plate (Micro Amp

Optical 96 well reaction plates, Life Technologies [N801-

0560]).

Each DBS punch was first lysed with 20 µl lysis buffer

(SIGMA), shortly centrifuged and incubated at 55 °C for

15=min. Afterwards, 180µl of neutralization buffer

(Neutralization solution for blood. SIGMA [N9784/

SRE0087]) was added and mixed thoroughly. The extracted

DNA could be directly used in the next step (DNA

amplification).

Multiplex PCR

Extracted DNAwas amplified using multiplex PCR with a

set of 14 primers recognizing mutations in the SERPINA1

gene (Table 1). The amplification was performed in 384-

well reaction plates (Micro Amp Optical 384 reaction well

plates, Life Technologies (4317236) in a final volume of

15 µl (10 µl master mix [Progenika AAT genotyping kit],

including primers, HotStar Taq DNA Polymerase

[QIAGEN 203203], and 5 µL extracted DNA).

Reactions were heated for 15min at 95 °C, followed by 45

repeating cycles of 95 °C for 30 s, 62.5 °C for 30 s, 72 °C for 1

min, and a final extension step at 72 °C for 7 min. The PCR

was performed in the Verti Dx 384-Well Thermal Cycler

(4452300) according to the manufacturer’s instructions.

Hybridization

Following the PCR amplification, 4 µl of PCR products and

46 µL of Bead Master Mix (Progenika A1AT Genotyping

Figure 1 (A) The traditional workflow (modified after 9) and (B) the Luminex-based workflow. (A) If there were indications for the presence of AATD in the PCR

(presence of Z- or S allele) or in the nephelometry (AAT level below a threshold) an IEF was performed. The analysis of 1979 samples by PCR and nephelometry revealed

deviating results in 1220 samples (presence of Z- or S-allele; AAT-level <1.7 mg/dl). Out of 1220, in 93 samples no clear result was obtained from the IEF, and therefore these

samples were sequenced. (B) Possible Luminex results (“non M/non M”, “M/non M” and “M/M”) and the following procedures depending on the results. The algorithm is

based on two principles: To exclude AATD, Luminex result had to be negative and the AAT level had to be in the normal range. To diagnose heterozygote or homozygote

deficiency, the result had to be confirmed on a second biological level (genes and proteins).

Abbreviations: PCR, Polymerase chain reaction; AATD, Alpha-1-antitrypsin deficiency; IEF, Isoelectric focusing; AAT-level, Alpha-1-antitrypsin serum level non M/non M; M/

non M; MM= Genotype.
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Test) were transferred to 96-well plates (Micro Amp Optical

96 well reaction plates, Life Technologies [N801-0560]).

The hybridization cycling conditions consisted of a

denaturation 2 min 95 °C cycle followed by 30 min 52°C

hybridization.

Labeling

To the hybridization mix was added 80 µl of labeling mix

(SAPE and SAPE Dilution Buffer [Progenika A1AT

Genotyping Test] and mixed gently by pipetting up and

down [keeping the plate on the thermal cycler, 52 °C]).

Nephelometry, Isoelectric Focusing And Sequencing

For measurement of the AAT amount on the filter paper, a

circular disk was punched out and incubated with 200 mL

of phosphate buffer (PBS) overnight at 4 °C. Afterwards,

the samples were applied to nephelometry (Nephelometer

Analyzer 2, Dade Behring, Frankfurt, Germany). These

semi-quantitative data were not included in the report to

be sent for the physician but served as an internal control.9

For the qualitative detection and characterization of the

different AAT phenotypes, we used the Hydragel 18 AAT

Isofocusing® kit (Sebia, Diagnostic Department, Evry,

France). The procedure includes IEF on ready-to-use agar-

ose gels in the semi-automatic Hydrasys® System (Sebia,

Diagnostic Department, Evry, France).14 The analysis was

carried out directly on DBS punch. Each DBS punch was

incubated with 20 µl of distil water and centrifuged at

3700 rpm for 10 min and applied automatically on the

isoelectric focusing gel (18 samples can be applied simul-

taneously). After sample migration, the detection of AAT

was performed with specific anti-AAT antiserum labelled

with peroxidase. The gel was visually evaluated by two

observers.

For the sequencing, the DBS samples we shipped to a

reference laboratory (Eurofins Genomics Germany GmbH).

Data Analysis

Raw data were processed by the A1AT Genotyping Test

ANALYSIS SOFTWARE (Progenika Biopharma S.A.) to

obtain a genotype for each mutation detected.

All procedures were quality controlled and documented

by the standard operating procedures (SOPs). All labora-

tory procedures included appropriate negative and positive

controls (different samples with known pathological geno-

types). The PCR-based genetic analysis and Luminex were

controlled by an external inter-laboratory test.

Results
During phase 1, 1979 samples were analyzed by the tradi-

tional (conventional PCR) (Figure 1A) and by the Luminex-

based workflow (Luminex, Figure 1B). While it was

necessary to perform nephelometry assays with all samples

following the traditional workflow, in the Luminex-based

workflow the nephelometry measurements were reduced to

497 (by 79%). Moreover, the number of samples that under-

went sequencing was reduced from 93 to 34 (by 63.4%). The

number of samples where IEF was performed remained

stable (1220 vs 1225 samples).

In phase 2, only the Luminex based workflow was used.

1133 AlphaKits arrived at the laboratory of Marburg, 231

Table 1 Allelic Variants And Associated Alleles Which Were Tested With The AAT Genotyping Kit

Allelic Variant Associated Alleles Predicted Protein Activity

c.187C>T PI*I Reduced (mild)

c.194T>C PI*M procida Reduced (severe)

c.226_228delTTC PI*M malton, PI*M palermo, PI*M nichinan Reduced (severe)

c.230C>T PI*S iiyama Reduced (severe)

c.551_552delC PI*Q0 granite falls None (no protein)

c.647G>T PI*Q0 west None (no protein)

c.721A>T PI*Q0 bellingham None (no protein)

c.739C>T PI*F Reduced (mild)

c.839A>T PI*P lowell, PI*P duarte, PI*Q0 cardiff, PI*Y barcelona Reduced (mild)

c.863A>T PI*S Reduced (mild)

c.1096G>A PI*Z Reduced (severe)

c.1130_1131insT PI*Q0 mattawa, PI*Q0 ourem None (no protein)

c.1156_1157insC PI*Q0 clayton, PI*Q0 saarbruecken None (no protein)

c.1178C>T PI*M heerlen Reduced (severe)

Note: This kit uses multiplex PCR and Luminex xMAP-technology to detect 14 types of AATD mutations simultaneously.
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Figure 2 (A–C) Schematic of the Luminex-based workflow shown at this figure separately. (A) “Non M/non M” means that out of the 14 mutations which are listed in Table 1, a

combination of heterozygote or homozygote form was detected. An additional phenotyping was performed through isoelectric focusing (IEF). (B) “M/non M”: M means that Luminex

could not detect one of the 14mutations (listed in Table1), so it was necessary to verify the results by IEF. “nonM”means that one of the 14mutationswas detected. So a combination of

M and one of the listed 14 mutations could be verified. (C) (1–3) “M/M”means no mutation could be detected. In this case the AAT-level analysis has a great importance. (C) (1) If the
AAT-level was≥ 90mg/dl therewas no need for further verification. (C) (2) If the AAT-level was < 90mg/dl, IEFwas performed to detectM-allele and sampleswere sequenced if M-allele

was not found. (C) (3) If the external AAT-level was missing, the AAT-level (derived from dried blood spot (DBS)) was measured through nephelometry. If AAT level was below a

corresponding serum level of 104 mg/dl, phenotyping was carried out. If there was no M allele visible through IEF, we sequenced the sample to get a final result. If there was an M allele

visible through IEF the result was directly sent to the physician. If the result of nephelometry was ≥ 1.7 mg/dl a mutation was excluded, and the result was sent to the physician.

Abbreviations: IEF, Isoelectric focusing M/non M; MM= Genotype; IEF, Isoelectric focusing; AAT-level, Alpha-1-antitrypsin serum level MM= Genotype
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samples were analyzed by nephelometry, 757 samples- by

IEF, and 22 samples had to be sequenced.

During the combined period (phase 1 and 2), a total number

of 3112 samples were analyzed by Luminex-based flow-work.

Data showed 432 (13.9%) samples as “non M/non M”, 1473

(47.3%) samples “M/non M” and 1207 (38.8%) samples “M/

M”. The six most common genotypes, M/M (n=1207; 38.8%),

M/Z (n=1233; 39.6%), M/S (n=147; 4.7%), Z/Z (n=246;

7.9%), S/Z (n=114; 3.7%) and S/S (n=130; 4%) were identi-

fied. In addition, Luminex analysis revealed rare genotypes

among 152 (4.9%) samples (Table 2).

For these, 152 samples traditional analysis including

sequencing took a median time of 83 days (35 days to 159

days) while samples analyzed with the Luminex-based

workflow required a median of 14 days (7 days to 21

days).

We evaluated the Luminex system alone (without the

combination with another test) against the traditional

algorithm (gold standard). The sensitivity and specificity

of the Luminex results are the following:

Sensitivity= number of true positives/(number of true

positives + number of false negatives)= 1910/(1910+34)=

98.2%; specificity= number of true negatives/(number of

true negatives + number of false positives)= 1168/(1168 +

0)= 100%.

Positive predictive value= number of true positives/

(number of true positives + number of false positives)=

1910/(1910+0)= 100%; negative predictive value= number

of true negatives/(number of true negatives + number of

false negatives)= 1168/(1168+34)= 97.2%.

Discussion
By introducing a Luminex xMAP based algorithm, we were

able simultaneously identify 14 mutations in SERPINA1

gene (instead of two- S and Z-by using our old algorithm).

Although the quantity of IEF assays remained unchanged,

the nephelometric measurements and sequencing were

reduced by 79% and 63.4%, respectively. The Luminex

xMAP system is a multiplexed microsphere-based suspen-

sion array technology allowing simultaneous detection of

multiple nucleic acid sequences in a single reaction. While

this method has been used in various fields of genotyping

(eg, inflammatory cytokines, bacterial pathogens, and sin-

gle nucleotide polymorphisms),10–12 it has only recently

been applied to AAT genotyping. This method is designed

for use of genomic DNA extracted from human whole

blood samples collected as DBS or in tubes coated with

spray dried K2EDTA (anticoagulant). Extracted DNA is

amplified and biotinylated by multiplex PCR. The PCR

products are hybridized to oligonucleotide probes coupled

to color-coded beads, fluorescent labelled and detected with

a Luminex system. To obtain the final data, we used AAT

genotyping software algorithm that converts the allelic var-

iant genotypes into associated alleles, based on the current

literature. The lower limit of DNA detection by this method

is 0.0310 ng/ul.

As a reference laboratory, we based the new algorithm

on two principles. Firstly, to exclude AATD, Luminex result

had to be negative (M/M) and the AAT-level had to be

within the normal range. Most laboratories in Germany

define 90–200 mg/dl as the normal range. Concordantly,

an analysis > 6000 individuals enrolled in a large population

based Swiss cohort study (SAPALDIA), revealed 90 mg/dl

as the level discriminating intermediate deficiency.15

Therefore, we used this cutoff. Secondly, to provide a

definitive diagnosis of heterozygote or homozygote AAT

Table 2 Luminex Analysis Revealed Rare Genotypes In 152

Samples Directly By Multiplex PCR

Rare Mutations Number Percentage

M/M-Herleen 30 0.69

Z/I 19 0.61

M/M-Malton 17 0.55

M/M-Procida 17 0.55

M/F 10 0.32

Z/M-Herleen 8 0.26

Z/M-Procida 6 0.19

M/I 6 0.19

M/M-Plowell 6 0.19

M/Q0-Bellingham 5 0.16

S/P-Lowell 4 0.13

Z/F 4 0.13

Z/M-Malton 3 0.1

S/M-Procida 2 0.06

M-Procida/M-Procida 2 0.06

S/M-Herleen 1 0.03

S/M-Malton 1 0.03

M/Q0-Clayton 1 0.03

M/Q0-Granite Falls 1 0.03

S/Q0-Mattawa 1 0.03

P-Lowell/P-Lowell 1 0.03

Q0-Granite Falls/Q0-Granite Falls 1 0.03

Q0-Mattawa/Q0-Mattawa 1 0.03

S/I 1 0.03

M-Malton/M-Malton 1 0.03

Z/Q0-Bellingham 1 0.03

Z/Q0-Clayton 1 0.03

F/M-Herleen 1 0.03
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deficiency, the result has to be confirmed conventional

techniques as recommended by the recent guidelines.

Samples with abnormal AAT serum levels, should undergo

qualitative testing to exclude the possibility that these levels

do not correspond to heterozygous phenotypes.16 Samples

reported to have a low serum level of AATwere analyzed by

genotyping and IEF. Samples that arrived to the laboratory

without reported serum levels of AATwere analyzed semi-

quantitatively for DBS-derived AAT level. In a previous

study, we found that an DBS-derived AAT level of 1.7 mg/

dl correlates to an AAT serum level of 104 mg/dl.8

The introduction of a Luminex-based algorithm in our

clinical diagnostic laboratory, allowed us to reduce the

amount of work required for the final diagnosis of

AATD. Instead of two mutations (S and Z) detected by

the traditional algorithm, now we were able to detect 14

rare mutations simultaneously. Thus, Luminex based algo-

rithm increased the number of simultaneously identified

mutations from 2 to 14, enabling a faster clinical diagnosis

of AATD. This reduced the time-expenditure for theses

samples from 83 days to 14 days. The new method is

convenient, fast and user-friendly, and obtained results

show a perfect correlation with data obtained by the tradi-

tional workflow. An easier laboratory workflow would be

to use Luminex PCR only; however, the decision will

depend on costs and practicability. On the other hand,

current guidelines recommend the combination of at least

two different methods for the final diagnosis of AATD.

The direct comparison of our new algorithm with an

externally used “standard” algorithm is not possible

because there is no gold standard. Each specialized clinical

laboratory has developed its own diagnostic flow for

AATD detection, starting its sample collection either

from blood, plasma/serum or DBS. Laboratories in

Germany, Spain and Italy use DBS, in France blood ana-

lysis is preferred, and in Ireland plasma/serum.4,6,17,18

Usually, the initial step is a measurement of the AAT

plasma level, followed by phenotyping, genotyping, or

whole gene sequencing depending on availability and/or

the need for more detailed interpretation of the results.6

These steps are carried out differently from country to

country.17,18

Currently, only the analysis of serum/plasma AAT

levels is well established. However, little is known about

the functional activity of many rare variants of AAT. As a

matter of fact, a serum level of 60 mg/dl in a Pi*MZ

mutation might have different functional properties than

a serum level of 60 mg/dl in a Pi*M/rare mutation.

Consequently, methods are needed that allow a functional

characterization of the AAT protein.

Serum separator cards may be used, enabling the labora-

tory to conduct a multiple step analysis (AAT level, CRP

level, PCR, IEF, gene sequencing) with only one patient

visit.19 Furthermore, “Next Generation Sequencing” is

becoming widely available and may become affordable. A

potential future algorithm would consist of a screening test

with a very high sensitivity, and test-positive individuals

could then directly undergo sequencing of the SERPINA1

gene. A major strength of next-generation sequencing is

that it can detect abnormalities across the entire genome

using less DNA than required for other DNA sequencing

approaches. However, this method requires sophisticated

bioinformatics systems to analyze and clinically interpret

the data.

Conclusion
In conclusion, we employed a new technology to detect 14

different AATD mutations simultaneously. Our results

indicate that this Luminex-based multiplexed assay has

the potential for a rapid and cost-effective diagnostic tool

for AATD. In the future, the assay could be expanded to

include more specific probes to identify other mutations
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