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Abstract

INTRODUCTION: The apolipoprotein E (APOE) ¢4 allele is associated with high risk for
Alzheimer’s disease. It is unclear whether individual levels of the circulating apoE4 pro-
tein in ¢4 carriers confer additional risk. Measuring apoE4 protein levels from dried
blood spots (DBS) has the potential to provide information on genetic status as well
as circulating levels and to include these measures in large survey settings.
METHODS: We developed a multiplex immunoassay to detect apoE4 protein levels in
DBS from 15,974 participants, aged 50+ from Wave 6 of the Survey of Health, Ageing
and Retirement in Europe (SHARE).

RESULTS: The apoE4 protein signal was presented in two separable distributions. One
distribution corresponded to carriers of at least one copy of the ¢4 allele. Fieldwork
cofounders affected protein levels but did not explain individual differences.
DISCUSSION: Future research should investigate how genotype and apoE4 level

interact with lifestyle and other variables to impact cognitive aging.
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1 | BACKGROUND

Considering the large societal and economic burden of Alzheimer’s
disease and related dementias (ADRD), the detection of biologi-
cal markers indicating risk of cognitive decline is crucial for the
identification of specific biological pathways that can be targeted
by pharmacological interventions or changes in lifestyle. One such
biological marker is the 4 allele of apolipoprotein E (APOE), a well-
documented genetic risk factor associated with dysregulation of brain
lipids, decreased longevity, and increased prevalence of ADRD and car-
diovascular diseases.! 3 The detection of the APOE &4 allele requires
the extraction of a biological sample from the participant, thus its
inclusion in clinical and epidemiological settings often faces challenges,
and participants may show reluctance to consent to genetic analyses.
A viable alternative is to identify the presence of circulating apoE4
protein in blood serum or plasma, without the need to perform a
DNA analysis.*¢ The information about the presence of the apoE4
protein (yes/no) can then be interpreted in line with studies using
genetic information that distinguish carriers and non-carriers of the
APOE ¢4 allele. Along with genetic information about the APOE ¢4
allele, circulating levels of the apoE4 protein might contain meaning-
ful information regarding the metabolism of lipids and, consequently,
cardiovascular morbidity and other risk factors for dementia.”® How-
ever, because trained medical professionals need to perform the
blood draw, this analysis is often not suitable for population-based
settings.

In this study, we aim to overcome these limitations by developing
a method to obtain apoE4 protein measurements in dried blood spot
(DBS) samples. DBS is minimally invasive and can be implemented with
little training by survey interviewers in the respondents’ home.

We developed a multiplex immunoassay to detect apoE4 protein
in DBS samples. Multiplex immunoassays are the method of choice
when multiple protein biomarkers have to be measured in the same
sample? 10 with limited material. We combined the apoE4 assay with
nine additional markers of interest for a broad assessment of the
immune response in aging.1!

To foreshadow the results, our assay provided a range of values
depicted in two distributions, in line with the protein being highly
detectable in carriers of the APOE ¢4 allele and at the level of noise
in non-carriers. To validate this interpretation further, we performed
a targeted DNA analysis for the two single nucleotide polymorphisms
(SNPs) defining the APOE genotype in a sub-sample of deceased SHARE
participants to test our hypothesis that the two distributions cor-
responded to apoE4 positive and apoE4 negative and successfully

generated a cut-off with excellent diagnostic accuracy.

2 | MATERIALS AND METHODS
2.1 | Sampling

This study used cross-sectional data of participants from SHARE,
which is a pan-European, longitudinal, population-based study, which
surveys economic, health-related, and social factors among people
aged > 50 with the aim to improve their quality of life with high-quality
research.? The collection of DBS samples was implemented in Wave
6 in 2015. A total of 26,351 respondents from 12 countries (Israel,
Spain, Greece, Italy, Switzerland, France, Slovenia, Belgium, Germany,
Denmark, Estonia, Sweden) donated DBS samples. A detailed explana-
tion of the sampling process is provided in a published SHARE working
paper.1!

For DBS collection, well-trained interviewers prepared blood collec-
tion during the SHARE interview. The puncture site on a participant’s
finger was pricked with a lancet. The first blood drop was discarded.
The next blood drops were collected on barcode-labeled filter cards
(Ahlstrom 226). DBS were left to dry until the end of the SHARE inter-
view (~ 25 minutes) before being packed with desiccant in plastic bags
and mailed to the SHARE biobank (Odense, Denmark), where they
were stored at —20°C until analyses.

Because the DBS samples were collected in non-clinical environ-
ments, various field conditions were recorded during DBS collection
(i.e., drying time, shipment time, outside temperature, humidity protec-
tion). These field conditions were used for the initial quality control to
ensure the integrity of the sample and later, to account for the influence
of these variables on the apoE4 protein, as previous SHARE research
showed that they might impact biomarker levels.'314 To do this, a mul-
tiple regression was carried out using log-transformed apoE4 levels as
a dependent variable, whereas fieldwork conditions were used as pre-
dictors. Variables with a P value < 0.05 were considered significant.
Statistical analyses were conducted using R software version 4.1.2

(https://www.R-project.org/).

2.2 | Consent statement and ethics

For DBS collection, respondents gave informed consent, which could
be revoked at any time. Data collection was reviewed and approved by
the ethics council of the Max Planck Society. Collection and treatment
of blood samples was approved by country-specific ethics committees.

Regarding the genetic validation, SHARE does not perform genetic
analyses from its respondents. Here, to validate the detection of the
apoE4 protein in DBS, genotyping was carried out in DBS samples
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of deceased participants from Denmark, Estonia, and Spain only and
in accordance with Recital 27 of the General Data Protection Reg-
ulation (https://gdpr-info.eu/recitals/no-27), which clarifies that data
protection regulations do not apply to data from deceased respon-
dents. These countries allow scientifically necessary re-analyses. We
also ensured that the selected respondents had consented to further
analyses of their blood samples, including DNA.

2.3 | Sample extraction and protein analyses

Extracts from a large subset (N = 15,974) of the available DBS
samples were obtained and assayed using a 10-plex immunoassay
using preprinted Meso Scale plates (Meso Scale Diagnostics [MSD])
coated with antibodies specific for apoE4 and nine other biomark-
ers reported elsewhere.! As validation of the preprinted 10-plex,
cross-reactivity was tested by adding one calibrator protein at a time
together with all 10 detection antibodies to check for non-specific
binding (NSB) in the nine remaining assays (NSB = [NSB signal -
background signal]/[specific signal - background signal]). None of the
10 calibrators interfered significantly with the remaining nine assays
(NSB < 5%).

The apoE4 assay was based on an apoE4-specific antibody for cap-
ture (#M067-3, MBL International) and an apoE-pan-specific antibody
for detection (MSD) using recombinant Human ApoE4 (#JM-4699,
MBL International) as calibrator. The preprinted MSD plates were
incubated at room temperature (RT) with blocker A (#R93BA) for 30
minutes, then washed. Extracts were mixed 7:1 with 6x custom dilu-
ent (based on diluent 43, #R50AG, MSD) on the MSD plate. Calibrators
were diluted in diluent 7 (#R54BB) and detection antibodies in diluent
3 (#R50AP, MSD). Controls were made in house from part of the cali-
brator solution in one batch, aliquoted in portions for each plate, and
stored at —20°C until use. Extracts were incubated on the MSD plate
for 2 hours at RT shaking at 0.6 g before washing and adding detec-
tion antibody after an additional 2 hours of incubation at RT and 0.6 g.
The samples were read on the QuickPlex SQ 120 (MSD) 4 minutes after
adding 2x Read buffer T (#R92TC, MSD). Analyte concentrations were
calculated from the calibrator curves on each plate using 4PL logistic
regression with the MSD Workbench software.

For analytical characterization, intra-assay variations (apoE4:
6.96%) were based on 24 replicate measurements of an internal
control. Inter-assay variations (apoE4: 17.9%) were calculated from
controls analyzed in duplicate on each plate during the sample analysis,
212 plates in total. Lower limits of detection were calculated as 2.5
standard deviations above the average of repeated measurements
of the zero calibrator. The higher detection limit was defined as the

highest calibrator concentration.

2.4 | Genetic validation

To validate the apoE4 protein measurements, APOE genotyping was
performed on a smaller subset of DBS samples (N = 554). DNA

was extracted using Exact-N-Amp lysis and neutralization kit (Sigma

Disease Monitoring

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
for evidence of apolipoprotein E (apoE)4 detection in
dried blood spots (DBS). Although there were several
studies using this sampling method with other biomark-
ers, no study described specific analyses of apoE4 protein
levels. Similarly, studies linking the APOE &4 allele and
peripheral apoE4 protein levels were mostly restricted
to animals and small human samples. All the above-
mentioned studies are cited in this report.

2. Interpretation: Our findings describe a novel method
to detect apoE4 protein levels using limited sampling
material, such as DBS. This will contribute to expanded
use of biological markers to determine dementia risk
or protective factors in large multinational and survey
studies.

3. Future directions: Future studies can use the proposed
method or similar methods to collect large biomarker
information and to examine its interactions with lifestyle,
social, and psychological aspects that may give rise to

cognitive resilience or decline.

Aldrich). Samples were genotyped for the two APOE variants, rs7412
and rs429358, using commercial TagMan assays (Thermo Fisher Sci-
entific), assay ID C__904973_10and C__3084793_20, respectively. The
TagMan analysis was performed on a Viia7 real-time polymerase chain
reaction (PCR) instrument (Thermo Fisher Scientific) using the stan-
dard TagMan PCR protocol. Five samples could not be analyzed due to

instrument failure.

3 | RESULTS

In the 10-plex immunoassay, 13,108 samples fell within the assay lim-
its of the apoE4 protein assay (3672-6,250,000 pg/mL; 2866 samples
were below the detection limit) and appeared in two distributions
(Figure 1). The assay is based on an apoE4-specific capture antibody
and a detection antibody targeting apoE disregarding its isoform. We
assumed that the high-value distribution reflected true-specific bind-
ing of the apoE4 protein, whereas the distribution at the lower end of
values reflected non-specific cross-reactivity or binding to other APOE
variants.

This assumption was validated on a subset of deceased participants
(N =549). The results of the genetic analysis guided us to a cut-off value
of 30,000 pg/mL, dividing APOE ¢4 carriers from non-carriers. Applying
this cut-off resulted in 97% sensitivity and 98% specificity. The genetic
analysis identified 2.37% homozygous (¢4/¢4 carriers) and 27.5% het-
erozygous (¢4/¢3 or e4/¢2 carriers) for APOE €4 (Figure 1, colored dots).
When we apply this cut-off to the complete protein dataset, 24% of

the participants with protein data were likely to carry at least one
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FIGURE 1

Raw data distributions of the apoE4 protein assay in SHARE DBS samples (N = 15,974) and genotyping of deceased SHARE

respondents (N = 549) to define a cut-off. The y axis represents the levels of the apoE4 protein (in pg/mL) detected in the samples. Number of
samples are depicted in the x axis. The anticipated apoE4 true specifics are in the upper part of the graph and the anticipated apoE4-negative
samples are those in the bottom part of the graph. Each dot represents an apoE4 protein measurement with those genotyped shown in color and
those not genotyped shown in gray. Carriers of one or two ¢4 alleles (yellow, red, brown) were identified in the higher distribution, while carriers of
other APOE alleles (¢2 and £3) are found in the lower distribution of protein measurements (in green and blue). The line shows the cut-off at 30,000
pg/mL. APOE, apolipoprotein E; DBS, dried blood spots; SHARE, Survey of Health, Ageing and Retirement in Europe

copy of the APOE &4 allele, in accordance with previous studies on the
distribution of the APOE €4 gene variant in European populations.815.1¢

Finally, a multiple regression to control for the effect of fieldwork
conditions in the whole sample of APOE ¢4 carriers (N = 3837) was
performed. We observed that shipment time (in days: B = —0.02;
95% confidence interval [CI] = [-0.02, —0.01]; P value = < 0.001),
outside temperature (in °C: g = —-0.01; 95% ClI = [-0.01, —0.00];
P value = < 0.001), and mean spot size (in cm?: g = 0.15; 95%
Cl =[0.06, 0.24]; P value = < 0.001) significantly impact the levels of
the circulating apoE4 protein (Table 1).

4 | DISCUSSION

Here, we used a multiplex immunoassay to quantify binding to the cir-
culating apoE4 protein in dried blood spot samples of 50+ adults. Sub-

sequently, we validated the results of the immunoassay and showed
that 24% of the participants from the whole sample were likely to carry
at least one copy of the APOE &4 allele, which is highly consistent with
large European studies.'617

In humans, different methods to link the apoE4 isoform with the ¢4
allele already exist,*~¢ but they have not been validated in DBS sam-
ples. The presented method thus enables the inclusion of a risk marker
for ADRD, where DBS is the preferred sample material. Although the
proposed method does not allow the distinction of APOE ¢4 homozy-
gous from heterozygous, it is already established that the presence of
only one APOE €4 allele is associated with an increased risk of dementia
and cognitive decline.2¢ This fact is crucial for large population-based
studies examining health and cognition in aging societies.

In addition to providing a proxy for the APOE €4 genetic status, quan-
titative apoE4 protein levels are also obtained. This finding is highly

relevant for aging research, because studies of human plasma have
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TABLE 1 Association between fieldwork conditions and apoE4 protein levels in SHARE.

R?=0.09
Mean (SD), range
4.96(3.71),1-30
22.8(14.19),1-83
13.90(7.78),0-35
0.09 (0.28)
0.71(0.41),0.10-2.0

Predictor (unit)

Shipment time (days)
Drying time (min)

Qutside temperature (°C)
Open/close bag (Y/N =0/1)

Mean spot size (cm?)

Outcome: apoE 4 (log)

B coefficient 95% Cl

—-0.02 —-0.02,-0.01*
0.00 —0.00,0.00 ns

-0.01 -0.01, -0.00*

-0.10 —0.21,0.00 ns
0.15 0.06,0.24.*

Note: Observations were controlled for sex, age, and country, and weighted by the inverse of its probability of being sampled.
Abbreviations: apoE, apolipoprotein E; Cl, confidence interval; ns, not significant; RZ, adjusted R-squared; SD, standard deviation; SHARE, Survey of Health,

Ageing and Retirement in Europe.
*P < 0.001,N =3837.

shown that, besides having a greater risk for dementia, APOE ¢4 car-
riers have significantly lower levels of total plasma apoE attributable to
a specific decrease in the apoE4 isoform.81°

Finally, analysis of various field conditions in the present data
showed that 9% of the variance of the apoE4 protein level is explained
by these variables. It is not possible to avoid variability in fieldwork
conditions like outside temperature or the shipment time to analy-
sis centers from multiple countries. Our prior work shows that this is
not specific to the apoE4 assay but also common for routine clinical
markers.1314 Therefore, we recommend to always collect and control
information regarding the environment and conditions for handling of
the sample, and to include these potential confounders when working
with DBS data.

In summary, our method constitutes a useful tool for investigat-
ing non-modifiable risk factors of cognitive aging. Applying it on
blood samples collected in large population studies will support the
development of preventive policies and early interventions, and thus
strengthen the fight against the global burden of cognitive decline and

dementia.
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