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Total ApoE and ApoE4 Isoform Assays in an
Alzheimer’s Disease Case-control Study by
Targeted Mass Spectrometry (n = 669): A Pilot
Assay for Methionine-containing Proteotypic

Peptides™s

Romain Simont, Marion Girodf, Catherine Fonbonnet, Arnaud Salvadori,
Yohann Clémentt, Pierre Lantérit, Philippe Amouyel§]], Jean Charles Lambert§1]||,

and Jérome Lemoinet|

Allelic polymorphism of the apolipoprotein E (ApoE) gene
(ApoE £2, ApoE £3 and ApoE ¢4 alleles) gives rise to three
protein isoforms (ApoE2, ApoE3 and ApoE4) that differ by
1 or 2 amino acids. Inheritance of the ApoE 4 allele is a
risk factor for developing Alzheimer’s disease (AD). The
potential diagnostic value of ApoE protein levels in bio-
logical fluids (i.e. cerebrospinal fluid, plasma and serum)
for distinguishing between AD patients and healthy elderly
subjects is subject to great controversy. Although a re-
cent study reported subnormal total ApoE and ApoE4
levels in the plasma of AD patients, other studies have
found normal or even elevated protein levels (versus con-
trols). Because all previously reported assays were based
on immunoenzymatic techniques, we decided to develop
an orthogonal assay based on targeted mass spectrom-
etry by tracking (i) a proteotypic peptide common to all
ApoE isoforms and (ii) a peptide that is specific for the £4
allele. After trypsin digestion, the ApoE4-specific peptide
contains an oxidation-prone methionine residue. The en-
dogenous methionine oxidation level was evaluated in a
small cohort (n = 68) of heterozygous £3¢4 carriers con-
taining both healthy controls and AD patients. As ex-
pected, the proportion of oxidized residues varied from 0
to 10%, with an average of 5%. We therefore developed a
standardized strategy for the unbiased, absolute quanti-
fication of ApoE4, based on performic acid oxidization of
methionine. Once the sample workflow had been thor-
oughly validated, it was applied to the concomitant quan-
tification of total ApoE and ApoE4 isoform in a large case-
control study (n = 669). The final measurements were
consistent with most previously reported ApoE concen-
tration values and confirm the influence of the different
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alleles on the protein expression level. Our results illus-
trate (i) the reliability of selected reaction monitoring-
based assays and (ii) the value of the oxidization step for
unbiased monitoring of methionine-containing proteo-
typic peptides. Furthermore, a statistical analysis indi-
cated that neither total ApoE and ApoE4 levels nor the
ApoE/ApoE4 ratio correlated with the diagnosis of AD.
These findings reinforce the conclusions of previous stud-
ies in which plasma ApoE levels had no obvious clinical
significance. Molecular & Cellular Proteomics 11:
10.1074/mcp.M112.018861, 1389-1403, 2012.

Apolipoprotein E (ApoE) is a 299-amino acid protein asso-
ciated with lipoproteins in the plasma and the cerebrospinal
fluid (1). The three major genetic variants of ApoE in the
general population isoforms (E2, E3, and E4, encoded by the
€2, €3 and ¢4 alleles, respectively) differ by a single amino
acid: E2 (cys112, cys158), E3 (cys112, arg158), and E4
(arg112, arg158). Among the different susceptibility genes
associated with the risk of late-onset Alzheimer’s disease
(AD)" and other neurological conditions, ApoE has been iden-
tified as a strong genetic determinant (1). Moreover, the risk of
AD is strongly correlated with ApoE4 allele because the pres-
ence of one or two copies of the allele increases risk of
late-onset AD by about three or 12 times, respectively. Fur-
thermore, the presence of one or two copies of ApoE4 allele
correlates with an earlier age of onset by about 10-20 years
with regard to noncarriers in patients with late-onset disease
(2-4).

The diagnostic value of an ApoE assay in AD is however
subject to debate. Indeed, supranormal (5), subnormal (6),

" The abbreviations used are: AD, Alzheimer’s disease; ApoE, apo-
lipoprotein E; ApoE4, isoform E4 of apolipoprotein; CV, coefficient of
variation; 2, €3, ¢4, alleles 2, 3 and 4 of apolipoprotein E; LC, liquid
chromatography; SID, stable isotope dilution; SRM, selected reaction
monitoring; UHPLC, ultra high performance liquid chromatography.
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and nondiscriminating (7-10) plasma concentrations of ApoE
in AD cohorts have been reported in many studies based on
immunoassay techniques. We wondered whether this ambi-
guity might be resolved by applying quantitative mass spec-
trometry (MS). Indeed, the combination of standardized, sta-
ble isotope dilution with targeted MS in selected reaction
monitoring (SRM) mode is now widely accepted as a valuable
alternative to immunoassays for accurate protein quantifica-
tion (11-17) and may constitute the eagerly awaited bridge
between the discovery and verification phases for candidate
biomarker panels (18-22). A range of pilot studies have eval-
uated the sensitivity that can be achieved by SRM monitoring
(28, 24); when tracking protein in a whole plasma hydrolysate,
limits of quantification (LOQs) in the low pg/ml range are
frequently reported (12). However, LOQs in the low nano-
gram/ml range or the detection of proteins expressed with a
low copy number per cell require either immuno-enrichment
of the target protein or fractionation of proteotypic peptides
by cation exchange (24, 25) or off-gel electrophoresis (26). A
generic strategy based on stable isotope standards and cap-
ture by antipeptide antibodies (referred to as SISCAPA) is a
promising alternative to more traditional enrichment strate-
gies. Numerous reports have already demonstrated the ability
of single or multiplexed immuno-SRM to achieve limits of
quantification of 1 nanogram/ml or below when starting from
less than 100 wl of biofluid (27). Precision, reproducibility and
robustness are also key parameters in the development of
SRM-based assay platforms dedicated to the clinical verifi-
cation phase. Indeed, accuracy may even be a secondary
consideration at this point, because the main objective is to
discriminate between specific and nondiscriminating bio-
marker candidates within the clinical panel. Various pilot stud-
ies of the intra- and interclass performances of SRM monitor-
ing have demonstrated acceptable coefficients of variation
and levels of imprecision (below 20%) and, importantly, have
pinpointed the main pitfalls that can distort assay results
(28-33). Indeed, performance levels and reliability of an assay
can be drastically compromised by intraclass variance within
the proteotypic peptide fraction, which is caused by chemical
modifications of certain amino acid side chains. In particular,
peptides containing methionine residues are usually not rec-
ommended for SRM-based assays, because the sulfur atom
is prone to oxidation (34-36) both in vivo (37, 38) and during
sample handling or storage (giving rise to methionine sulfox-
ide). Unfortunately, peptides containing one or more methio-
nine residues are sometimes the only ones available. By way
of an example, 17% of the 625 proteins identified by only one
peptide in Human Plasma PeptideAtlas database contain at
least one methionine. Hence, quantification of this type of
proteotypic peptide is challenging because the ratio between
nonoxidized and mono-oxidized sulfoxide forms of heavy-
labeled standards also changes during storage. To circum-
vent this limitation, complete oxidization of the methionine-
containing peptide population with chemical oxidant has been

attempted but was not sufficiently robust or reproducible over
several weeks in the context of large clinical study (39, 40).

Here, we report on the absolute quantification of total ApoE
and ApoE4 isoform peptides by liquid chromatography (LC)-
SRM targeted MS in a case-control study (n = 669). Because
ApoE4-specific trypsin peptide possesses a single methio-
nine residue (LGADMEDVR), oxidation was performed imme-
diately after enzymatic digestion. The completeness of was
carefully checked. We continuously assessed the overall per-
formance of the assay by introducing quality control samples
throughout the clinical cohort study, in order to ensure the
validity of statistical comparisons between healthy controls
and groups of AD patients.

EXPERIMENTAL SECTION

Standard Protocol Approvals, Registrations and Patient Con-
sents—All subjects gave written informed consent for participation in
this study. For those with substantial cognitive impairment, a care-
giver, legal guardian, or other proxy gave consent. The study proto-
cols were reviewed and approved by the appropriate Institutional
review boards (CCPRB Brest, n°970-436-001 and CCPRB Lille,
n°92/68).

Reagents and Chemicals— Acetonitrile, methanol and water (all
LC-MS grade) were obtained from Fisher Scientific (Strasbourg,
France). Dithiothreitol, iodoacetamide, ammonium bicarbonate, urea,
formic acid, hydrogen peroxide, phenol and trypsin (type IX-S, from
porcine pancreas) were purchased from Sigma-Aldrich (St. Quentin-
Fallavier, France). Human plasma was obtained from the Institut
Pasteur (Lille, France). Heavy peptide standards ('°Cs, '°N on the
valine residue) and light peptide derived from ApoE (LGPLVEQGR)
and ApoE4 (LGADMEDVR) were synthesized by Millegen (Labege,
France).

Enzymatic Digestion—Plasma samples (100 wl) were denatured in
6 M urea, 15 mwm dithiothreitol at 60 °C for 40 min and then alkylated
with 35 mm iodoacetamide at room temperature in the dark for 40 min.
To reduce the urea concentration, the samples were diluted 5-fold
with ammonium bicarbonate before overnight digestion at 37 °C with
trypsin using a 1:30 (w/w) enzyme to substrate ratio. Digestion was
stopped by addition of formic acid to a final concentration of 0.5%.
Heavy peptides (LGPLV'EQGR and LGAMEDV'R) were then added.

Methionine Oxidation—Performic acid was freshly prepared by
dissolving 25 mg of phenol in 4.5 ml of formic acid. After cooling the
solution to 0 °C, 0.5 ml of hydrogen peroxide was added. The result-
ing solution was gently stirred at room temperature for 30 min. 1.25 ml
of performic acid was then added to the digested plasma. Oxidation
took place for 24 h at 4 °C.

Sample Desalting—Samples were desalted using Oasis™ HLB 3cc
(60 mg) reversed phase cartridges (Waters, Milford, MA). Before load-
ing of the tryptic digest, the Oasis cartridges were conditioned with 1
ml of methanol and then 1 ml of water containing 0.5% formic acid.
Cartridges were washed with 1 ml of methanol/water (5/95, v/v)
containing 0.5% formic acid and eluted with 1 ml of methanol con-
taining 0.5% formic acid. Samples were evaporated to dryness and
resuspended in 100 ul of water containing 0.5% formic acid.

Liquid Chromatography-mass Spectrometry—The LC-MS/MS
analysis was performed with an HP 1290 series HPLC system (Agilent
Technologies, Waldbronn, Germany) coupled to a QTRAP® 5500
LC-MS/MS hybrid triple quadrupole/linear ion trap mass spectrome-
ter (AB Sciex, Foster City, CA) equipped with a Turbo V™ ion source.
Instrument control, data acquisition and processing were performed
using the associated Analyst 1.5.1 software. The mass spectrometer
was initially calibrated with a polypropylene glycol standard (AB
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Sciex, Foster City, CA, USA). Q1 and Q3 quadrupole resolution was
adjusted to 0.7 = 0.1 Th. FWHM (referred to as unit resolution). The
MS analysis was carried out in positive ionization mode, using an ion
spray voltage of 5500V. The nebulizer (nitrogen) and the curtain gas
flows (nitrogen) were both set to 50 psi. The Turbo V™ ion source was
operated at 600 °C and the auxiliary gas flow (nitrogen) was set to 50
psi. The ultra-HPLC (UHPLC) separation was carried out on a Zorbax
Eclipse plus C,g column (50 mm x 2.1 mm, particle size 1.8 um) from
Agilent Technologies (Waldbronn, Germany). Elution was performed
at a flow rate of 600 ul/min with water containing 0.1% (v/v) formic
acid as eluent A and acetonitrile containing 0.1% (v/v) formic acid as
eluent B. The elution sequence comprised a 1.3-min plateau with 8%
B, a linear gradient from 8% B to 20% B in 1.2 min and, lastly, a 0.8
min plateau with 100% B. The column was re-equilibrated for 1.5 min
and the overall injection duty cycle was less than 5 min. The column
temperature was set to 25 °C. From the initial set of candidate SRM
transitions, those tracking LGPLVEQGR (484.8/701.4; 484.8/588.3;
484.8/489.2) and doubly oxidized LGADM(ox-ox)EDVR (519.3/924.4;
519.3/867.4; 519.3/681.3) peptides were selected for the final assay.
The collision energy, declustering potential, and collision cell exit
potential were optimized for each chosen SRM transition by infusing
synthetic peptides. The SRM transitions were monitored and ac-
quired at unit resolution in Q1 and Q3, with dwell times of 15 ms and
21 ms used for each transition for the LGPLVEQGR and LGADMEDVR
peptides, respectively (yielding over 25 data points for each peak on
the chromatogram).

Determination of Natural Oxidation— Sixty-eight £¢3s4 plasma sam-
ples were digested and desalted as described above. For the non-
oxidized LGADMEDVR peptide, the 503.3/892.4, 503.3/835.4, and
503.3/518.3 SRM transitions were monitored. For the mono-oxidized
form, the SRM transitions were 511.3/908.4, 511.3/844.4, and 511.3/
780.4. The HPLC separation was carried out on a Symmetry C,g
column (100 mm X 2.1 mm, particle size 3.5 um) from Waters
(Milford, MA, USA). Elution was performed at a flow rate of 300 wl/min
with water containing 0.1% (v/v) formic acid as eluent A and aceto-
nitrile containing 0.1% (v/v) formic acid as eluent B. Elution comprised
a 3-min plateau with 5% B, a linear gradient from 5% B to 16% B in
8 min and, lastly, a 4-min plateau with 100% B. The column was
re-equilibrated for 4 min. The overall injection duty cycle was 19 min
and the column temperature was set to 25 °C.

Analysis of the Time Course of Methionine Oxidation—One hun-
dred microliters of plasma were digested as described above. Heavy
peptides (LGPLV'EQGR and LGADMEDV'R) were added to 1 ml of
digested solution to a final concentration of 1.2 mg Apo E/ml plasma.
For the pre-oxidation sample, 250 ul of water were added and solu-
tion was centrifuged at 15,000 X g for 30 min at 15=C. The super-
natant was recovered and 10 ul were injected into the HPLC system.
Separation was performed under the same conditions as for deter-
mination of natural oxidation, except that the overall injection duty
cycle was 30 min. For the oxidized samples, 250 ul of the mixture
containing performic acid and phenol were added to another ml of
digested solution containing the LGPLV'EQGR and LGADMEDV'R
peptides at 1.2 mg Apo E/ml. The solution was centrifuged at
15,000 X g for 30 min at 15=C. The supernatant was recovered and
placed in an autosampler at 4C. Ten microliters of solution were
injected after 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, and 45 h.

Preparation of Standards and Quality Control Samples— Apolipo-
protein E4 calibration curves (n = 3, for 3 days) were obtained by
diluting €44 plasma into blank £33 plasma. The initial ApoE4 con-
centration was estimated to be 46.6 ug/ml in g¢4e4 plasma. Plasma
standards and quality control (QC) samples were prepared by diluting
eded plasma into £33 plasma before enzymatic digestion. The 44
plasma volume ratios were 0, 0.14, 0.29, 0.43, 0.57, 0.71, and 1.0 for
standards and 0.17, 0.51, and 0.86 for QC samples. Each standard

and QC sample was digested with trypsin separately, and then oxi-
dized and desalted as described above.

Data Analysis—Mean plasma ApoE and ApoE4 concentrations
were compared between each group by analysis of variance (ANOVA -
F-Test) with the analysis tool pack of Microsoft Office Excel 2007 and
p value < 0.05 was regarded as statistically significant. Data were
then studied by principal component analysis (PCA) with Jump (ver-
sion 9.0) software. To achieve the PCA, qualitative variables having n
levels were converted into n-1 discrete quantitative variables coded 0
or 1. For example, male and female samples were encoded 0 and 1,
respectively. The other three parameters used were the age of pa-
tients, their total ApoE and ApoE4 plasma concentration.

RESULTS

The primary objective of the study was to develop an SRM-
mode, MS-based assay for total plasma ApoE and the ApoE4
isoform in a cohort of AD patients. The SRM mode is now
considered to be a powerful and orthogonal alternative to
enzyme immunoassays. However, very few examples of
large-scale analyses (n>100) over periods of weeks in true
clinical cohorts have been published. Given the controversy
over the value of ApoE levels in the diagnosis of AD, we
evaluated not only conventional performance parameters (e.g.
the interday (n = 9) CVs of six-point calibration curves, the
linearity of the response and the LOQ) but also infrequently
documented parameters, such as the stability of the labeled
“heavy” peptide standards and the CV for the quality control
samples over the weeks-long assay period. The sensitivity
and specificity of SRM-based assays depend on appropriate
selection of the proteotypic peptides. In our case, trypsin
hydrolysis furnishes a single peptide (LGADMEDVR) for spe-
cifically assaying ApoE4, whereas LGPLVEQGR (previously
identified as a good proteotypic candidate (12, 41, 42)) was
monitored for total ApoE.

Levels of Mono-oxidized LGADMEDVR Peptide in the
Plasma Hydrolysate—The signal from methionine-containing
peptides is usually split into a nonoxidized/oxidized doublet
as the combined result of natural and artificial oxidation (38).
We thus checked the relative level of the oxidized form of the
ApoE4 LGADMEDVR peptide sequence in &34 plasma.
Product ion mass spectra of doubly protonated molecular
ions of mono-oxidized and nonoxidized LGADMEDVR endog-
enous peptide (Fig. 1A and 1C) were used for identification
and the subsequent choice of the best SRM transitions. The
main observed peaks arose from y fragment ions and con-
firmed both the peptide sequences and the methionine resi-
due oxidation state. In the case of mono-oxidized peptides
(see the MS/MS spectrum in Fig. 1A), these y ions eliminate
the side chain of the methionine residue and yield fragment
ions with a —64 Da shift. For each unambiguously attributed
peptide sequence, three SRM transitions for the most intense
MS/MS fragment ions were selected. Fig. 1B shows extracted
ion chromatograms of SRM transitions 511.3/908.4 (blue)
and 514.3/914.4 (red) for mono-oxidized, endogenous
LGADM(ox)EDVR and for heavy LGADM(ox)EDV'R and tran-
sitions 503.3/892.4 (green) and 506.3/898.4 (gray) for nonoxi-
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Fic. 1. Detection of endogenous oxidized and nonoxidized forms of the ApoE4-specific peptide LGADMEDVR in plasma from an AD
cohort. B, shows extracted ion chromatograms of SRM transitions 511.3/908.4 (blue) and 514.3/914.4 (red) (monitored for mono-oxidized
endogenous LGADM(ox)EDVR and heavy LGADM(ox)EDV'R) and transitions 503.3/892.4 (green) and 506.3/898.4 (gray) (monitored for
nonoxidized endogenous LGADMEDVR and heavy LGADMEDV'R) in eight plasma samples. The MS/MS spectra correspond to the doubly
protonated mono-oxidized endogenous LGADM(ox)EDVR ion (A) and the doubly protonated nonoxidized endogenous LGADMEDVR ion (C).
Sixty-eight plasma samples from &4 allele-bearing subjects (100 wl each) were selected randomly from the AD cohort and digested by trypsin
before monitoring SRM transitions 511.3/908.4 and 503.3/892.4 (tracking oxidized and nonoxidized ApoE4-specific peptide LGADMEDVR,
respectively) (D).
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dized endogenous LGADMEDVR and heavy LGADMEDV'R in
eight plasma samples. The results clearly show that the
mono-oxidized species (detected at RT = 5.1 min) and the
nonoxidized form (detected at RT = 8.2 min) are present in
£3¢4 plasma. Even the mono-oxidized form of the
LGADMEDV'R peptide standard was detected. Fig. 1D shows
the oxidation ratio across a panel of 68 £3¢4 plasma samples
(assuming that the ionization yield and the matrix effect are
similar for the two species). The proportion of the oxidized
form ranged from 0% to 10% and thus highlighted the inter-
sample heterogeneity in endogenous oxidation.

The Time Course of Methionine Oxidation—The presence of
both non- and oxidized peptides in almost all plasma samples
not only decreases sensitivity but also prevents accurate
quantification of the ApoE4 isoform. In order to eliminate this
source of bias, we chose to convert the ApoE4-specific
LGADMEDVR peptide into the sole doubly oxidized methio-
nine-containing species before MS quantification. The oxida-
tion yield was initially assessed by monitoring the synthetic
heavy LGADMEDV R peptide standard spiked in water (Figs.
2A-2C). As expected, the full mass spectrum of the AQUA
peptide LGADMEDV'R (Fig. 2A) shows a nonoxidized form
(the doubly protonated [M+2H]*>* ion at m/z 506.2) and a
mono-oxidized form (the doubly protonated ion [M+O+2H]**
at m/z 514.3). We then evaluated hydrogen peroxide oxidation
for 20h at 4 °C (Fig. 2B). Even though the doubly oxidized
species was well detected as the major product (with a doubly
protonated [M+20+2H]?>" ion at m/z 522.2), the mono-oxi-
dized form (m/z 514.3) was nevertheless still present. We then
looked at whether a performic acid/phenol mixture could in-
crease the oxidation yield. Phenol has been shown not to
oxidize tyrosine residues, which may be of interest for future
work on proteotypic peptides containing both tyrosine and
methionine residues (43). As shown in Fig. 2C, the oxidation of
the methionine residue in the LGADMEDV'R peptide was
stoichiometric and yielded the [M+20+2H]?** ion alone (de-
tected at m/z 522.2). Given that the LGPLVEQGR peptide is
also monitored (to assay total ApoE), we also assessed the
stability of this peptide to oxidation. Figs. 2D-2F shows the
MS spectra of the synthetic LGPLV'EQGR peptide standard in
water under the different oxidization conditions. The fact that
only the doubly protonated ion [M+2H]?>* was ever detected
(at m/z 487.8) demonstrated the lack of sensitivity of the
peptide to oxidization.

The time course of methionine oxidation was further studied
by spiking both LGADMEDV'R and LGPLV'EQGR AQUA
standards at a concentration of 1.2 mg/ml in digested plasma,
to evaluate a potential matrix effect that could have affected
the oxidation yield. Fig. 2G shows the SRM signal (blue) that
tracks the kinetics of oxidation of the LGADMEDV'R into the
doubly oxidized species by the performic acid/phenol mixture
(see supplemental Fig. S1 in the supplemental materials for
the MS-MS spectra that defines the three most intense tran-
sitions) and the stability of LGPLV'EQGR. The blue line high-
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Fic. 2. Full mass spectra of AQUA peptides LGADMEDV'R and
LGPLV'EQGR after oxidization in water and Oxidization kinetics
in plasma. Mass spectra of synthetic LGADMEDV'R peptide in water
containing 0.5% formic acid (A), after oxidization with hydrogen per-
oxide (B) and after oxidization with performic acid and phenol (C).
Mass spectra of synthetic LGPLV'EQGR peptide in water containing
0.5% formic acid (D), hydrogen peroxide (E) or performic acid and
phenol (F). G, shows the change over time in the LGADMEDV'R
(blue), LGADM(ox)EDV'R (green), LGADM(ox-ox)EDV'R (black) and
LGPLV'EQGR (pink) peak areas during oxidization with a performic
acid/phenol mixture in digested plasma.

lights the rapid oxidation kinetics, because the nonoxidized
species is already no longer detectable at t = 2 h. The evo-
lution of the disappearance of the mono-oxidized
LGADM(ox)EDV'R (green) corresponds to the appearance of
the doubly oxidized LGADM(ox-0x)EDV'R (black) species. The
signal curve of the latter indicates that the irreversible, dou-
ble-oxidation reaction (38) was complete by 15h—even
though the reaction was extended to 24 h for convenient time
management in the clinical sample workflow. The pink curve
emphasizes the high stability to oxidation of the LGPLV'EQGR
proteotypic peptide used to track all three ApoE isoforms. The
stoichiometric conversion of endogenous (light) nonoxidized
and mono-oxidized LGADMEDVR peptide sequence into a
single, doubly oxidized species was also assessed in a
sample of pooled plasma containing APOE4 isoform.
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Supplemental Fig. S2 shows that, as expected, the nonoxi-
dized and mono-oxidized LGADM(ox)EDVR peptides are de-
tected before oxidation (at RT = 8.1 min and RT = 4.2 min,
respectively (supplemental Fig. S2A and S2B), whereas the
doubly oxidized LGADM(ox-ox)EDVR peptide is not (supple-
mental Fig. S2C). After 24 h of oxidation, only the doubly
oxidized LGADM(ox-ox)EDVR peptide remains detectable (at
RT = 6.5 min) in the plasma sample, demonstrating the com-
pleteness of the reaction for the endogenous LGADMEDVR
peptide.

Validation of the Method and Cohort Analysis—Docu-
mented measurement accuracy is essential for the approval
of biomarkers by the regulatory agencies but may be less
important during the clinical evaluation phase, the ultimate
goal of which is to distinguish between specific and nonspe-
cific candidates. However, the quantification has to be repeat-
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0 0.14 0.29 0.43 0.57 0.71 0.86 1.00
£4e4 Plasma volume ratio

(1] 6.66 13.3 20.0 26.6 33.3 40.0 46.6
Estimated ApoE4 concentration (ug / mL) by AQUA standard

Fic. 3. Calibration curve for doubly oxidized endogenous
LGADM(ox-ox)EDVR. The peak area ratio between the doubly oxi-
dized endogenous LGADM(ox-ox)EDVR and the doubly oxidized in-
ternal standard LGADM(ox-ox)EDV'R is plotted against the dilution of
eded plasma in €3e3 plasma over a three-day experiment (three
replicates per day). The heavy LGADMEDV'R peptide standard was
spiked at a constant concentration of 55.6 ug/ml equivalent to ApoE4
protein.

able. The debate on whether a heavy-labeled protein standard
(which supposedly compensates for incomplete trypsin di-
gestion) or AQUA peptide standard should be used was not
applicable to our present study. Other groups have docu-
mented a high digestion yield and a linear response for ApoE
in human plasma (12, 41, 42); this was confirmed by our
present findings. Furthermore, the concentrations measured
here were within the range of values reported in the literature
for ELISAs.

Given the size of our AD cohort, the final assay was devel-
oped in an ultra-high performance liquid chromatography for-
mat. The overall cycle time for injection, separation, and con-
ditioning was ~5 min per analysis. This enabled us to process
80 samples per night i.e. two separately processed series for
40 patients. Because this type of chromatographic format is
more subject to a matrix effect (because of a lower peak
capacity), precision and robustness parameters were carefully
evaluated to guarantee confident final statistical analysis. The
overall analytical variability of the full sample workflow (includ-
ing methionine oxidization) for three experiments over a one-
week period and three experimental replicates per day was
calculated as the coefficient of variation (CV). Each experi-
ment comprised three replicates of six different dilutions of
ede4 plasma into £33 plasma (to cover the expected range of
ApoE4 concentrations) and a spiked AQUA standard at a
fixed concentration (Fig. 3). We also constituted quality con-
trols at three different dilutions. Linear calibration curves were
obtained by plotting peak area ratio between the LGADM(ox-
ox)EDVR and the LGADM(ox-ox)EDV'R peptides versus the
volume ratio of e4e4 plasma in £€3e3 plasma. The peak area of
endogenous LGADM(ox-ox)EDVR peptide (reconstituted on
the most intense 519.3/924.4 SRM transition) was corrected
by the peak area of the stable-isotope labeled peptide
(tracked by transition 522.3/930.4). Linearity was observed
between dilution factors 1 to 7, which corresponded to cal-
culated concentrations (according to AQUA peptide stan-
dardization) of 46.6 to 6.7 ug/ml (r* > 0.99). The ratio between
nominal and calculated concentrations was below 15% for

TABLE |
Analytical performance levels (precision and accuracy) calculated for replicated calibration curves of ApoE4 peptide in e4e4 plasma diluted with
e3e3 plasma

Sample type n eded plasma volume ratio Estimated concentration (ug/ml) CV (%)? Accuracy?
Standard 9 0.00 0.0 4.8 N/A
Standard 9 0.14 6.66 7.2 99.2
Standard 9 0.29 13.3 9.5 97.3
Standard 9 0.43 20.0 9.5 99.6
Standard 9 0.57 26.6 5.0 101.2
Standard 9 0.71 33.3 5.8 102.0
Standard 9 1.00 46.6 5.0 98.9
QC 9 0.17 7.99 6.6 99.7
QC 9 0.51 24.0 6.8 98.6
QC 9 0.86 40.0 7.2 102.9

2 Expressed as the relative standard deviation (S.D.), i.e., S.D./mean X 100.
b Expressed as a percent difference: ((concentration found — concentration added)/concentration added) X 100.
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Fic. 4. Quantification of total ApoE and ApoE4 in quality control
samples. Mean and mean = standard deviation values for the con-
centration of total ApoE and doubly oxidized ApoE4-specific peptide
in the 17 series of triplicated quality control samples (n = 51) run
throughout the clinical cohort study.

99% of standard and QC samples, as reported in Table | (see
also supplemental Table S1). Within three process replicates,
the relative standard deviation and accuracy were between 4
and 10% and 97 and 103%, respectively. The response line-
arity and variability of LGPLV'EQGR standard diluted in di-
gested plasma were assessed in a similar way (see supple-
mental Fig. S3).

As recommended in regulatory agency guidelines, the in-
terday variation of the full analytical process was systemati-
cally assessed by introducing triplicate QCs into each of the
17 series of 40 patients randomly selected from the 669-
strong cohort. The 8 ml pool of plasma used for QC samples
was obtained by pooling 200 wl aliquots of plasma from 40
patients into 8 tubes. A statistical analysis of QC sample
assays (Fig. 4) run throughout the cohort study showed a
mean imprecision below 10% for both total ApoE and ApoE4
isoform quantification and no individual imprecisions that ex-
ceeded the mean calculated concentrations (mean total ApoE
concentration: 47.6 = 3.0 ug/ml; mean ApoE4 concentration:
12.6 = 1.2 ug/ml) by more than 20%. These controls illus-
trated the good repeatability of the full analytical process and
the reasonable degree of confidence for analyzing the control
patient cohort (n = 221) and the clinically diagnosed AD
patients (n = 451). Fig. 5 shows typical extracted ion chro-
matograms obtained during the cohort analysis for SRM tran-
sitions 519.3/924.4 (blue), 519.3/867.4 (red) and 519.3/681.3
(green) (monitored for the doubly oxidized endogenous
LGADM(ox-ox)EDVR) and transitions 522.3/930.4 (gray),
522.3/873.4 (orange) and 522.3/687.3 (black) (monitored for
the doubly oxidized heavy LGADM(ox-0X)EDV'R) in s4e4
plasma (A), €3¢4 plasma (B), and £3&3 plasma (C) samples.

Both doubly oxidized endogenous LGADM(ox-ox)EDVR and
heavy LGADM(ox-ox)EDV'R peptides were detected at RT =
1.19 min and RT = 1.26 min from e4¢4 and £3¢4 plasma,
respectively. As expected, no doubly oxidized endogenous
LGADM(ox-ox)EDVR was detected at RT = 1.19 min (the
heavy standard) for the ¢3¢3 plasma, because of the absence
of ApoE4 in this genotype; this emphasizes the specificity of
detection.

The total ApoE and ApoE4 levels were determined for each
sample and results are reported in supplemental Table S2.
Fig. 6 shows total ApoE and ApoE4 levels (except for the
genotypes £2e3 and £3¢3 lacking ApoE4) determined from the
control (blue) and AD (red) samples for the €23 (A), £33 (B),
e2¢4 (C), £3¢4 (D), and 4¢4 (E) genotypes. The total ApoE
concentration in plasma sample was around 50 png/ml, which
is consistent with the literature values (8—10). The total ApoE
and ApoE4 levels varied according to the individual’s geno-
type (as also reported in the literature (10)) in the following
order: e2e3> 24> £3e3> £3e4> eded (see supplemental
Table S3 for the mean values from AD samples for each
genotype). An analysis of variance (ANOVA) yielded p values
<0.05, indicating that the inter-genotype difference are sta-
tistically significant. For e3e4 heterozygous patients, the
ApoE4 protein only accounted for between 30 and 40% of the
total ApoE (rather than 50%) (44). However, the control and
AD groups did not differ significantly in this respect. Table I
summarizes the total ApoE and ApoE4 levels obtained from
the control and AD samples and the ANOVA results for each
genotype. As indicated by the p values >0.05, the control and
AD samples did not differ significantly in terms of total ApoE
or ApoE4 levels. The data on ApoE and ApoE4 levels were
further evaluated in a multivariate PCA. The parameters avail-
able for the samples (i.e. gender, age, genotype and three
single nucleotide polymorphisms (SNP) (cf supplemental Ta-
ble S2)) were chosen as descriptive variables and ApoE and
ApoE4 levels were used as the quantitative variables. Fig. 7
shows the PCA plot for the ApoE level (Fig. 7A) and ApoE4
level (Fig. 7B) data sets, with the control (blue triangles) and
AD (red circles) samples for £3¢3 (Fig. 7A) and £3¢4 (Fig. 7B)
genotypes. Principal component 1 mostly depends on the
SNP(427) factor, whereas principal component 2 depends on
the SNP(419) factor. Principal component 1 and 2 accounted
for about 45% of the total data variability. In conclusion, our
analysis of total ApoE and ApoE4 isoform concentrations in
plasma emphasized these parameters’ inability to discrimi-
nate between our control and AD populations. However,
ANOVA results confirm that the A/T transversion at nucleotide
491 significantly decreases plasma ApoE concentration inde-
pendently of genotype or disease: 58.0 = 16.2 ug/ml (n =
198) and 52.8 = 12.3 pug/ml (n = 73) (p = 0.012).

DISCUSSION

Artifacts of methionine mono-oxidization during sample
storage and preparation is especially harmful, because it pre-
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vents accurate, direct measurements of the natural oxidation
level. Before the present study, we had carried out work that
systematically evaluated the influence of storage conditions
on the extent of oxidation of ApoE4 AQUA peptide; this pa-
rameter was especially influenced by the number of freeze-
thaw cycles (data not shown). Hence, recently published ar-
ticles on SRM-based protein quantification have generally not
recommended methionine-containing proteotypic peptides
as good candidates for the clinical validation of putative pro-
tein biomarkers (34-36). The relevance of this advice is borne
out by the fact that that the proportion of mono-oxidized
ApoE4 proteotypic peptide ranged from 0% to 10% in our
present clinical AD cohort. This aspect was not considered in
a previous report on simultaneous quantification of ApoE
isoforms by tandem MS (45), even though the presence of the
oxidized form must have considerably biased the final result.

Our present study showed that stoichiometric oxidization of
methionine by phenol/performic acid mixture before MS
quantification is a valuable way of circumventing this diffi-
culty. In their pioneering AQUA article, Gygi’s group applied a
similar strategy for quantification of in vitro phosphorylated
isoforms of separase by a bank of kinases (39). Very recently,

Huillet et al. also used methionine oxidization before the quan-
tification of troponin | (40). However, the method’s perform-
ance levels and robustness were not evaluated in enough
detail for its reliable transfer to large clinical studies.

In the present work, we have optimized and validated a
sample workflow (with an overall CV below 10%) that includes
protein digestion, methionine oxidization, desalting, and
UHPLC-SRM-MS monitoring. This performance was calcu-
lated for three interday experiments, each of which comprised
three calibration curves run in triplicate and drawn from six
dilution points of e4e4 plasma into £33 plasma (covering the
clinical concentration range for ApoE4). Similar statistics
(again with a CV<10%) were obtained for all triplicates of the
QC samples introduced in each of the 17 series of 40 patient
samples per run throughout the entire analysis of the AD
cohort and the control subjects (n = 669). The performance
levels of the assay were reinforced by AQUA standardization
and the use of internal QC samples (especially for assessing
the day-to-day variability in digestion). The CVs were below
10% and were calculated for the 17 QC series analyzed over
a period of two months (during which time other unrelated
assays were also being run); these data highlight the robust-
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ness and reproducibility of the full sample processing and
analytical platform. These performance levels can be
achieved as long as key experimental steps are included in
the validation phase. The long-term stability of stock or work-
ing solutions of AQUA peptides or heavy-labeled protein
standards should also be checked and documented, because
it represents a potential major cause of variations. One could
consider labeled (heavy) protein to be the gold standard”,
because it will compensate for any losses during sample
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Fic. 6. Total ApoE and ApoE4 levels measured in the clinical AD
cohort. Total ApoE concentrations in g4-lacking carriers of £2&3 (A)
and £3&3 (B) alleles in the healthy control group (blue) and the AD
cohort (red). Total ApoE (top) and ApoE4 isoform (bottom) concen-
trations for carriers of 2¢e4, £3e4 (D) and 44 (E) alleles in the healthy
control group (blue) and the AD cohort (red).

fractionation or for a poor digestion yield. Although the pros-
pect of greater accuracy (relative to the AQUA method) with
protein standards is attractive, the technique is likely to be
less reliable; Hoofnagle’s group recently stated that purified
lipoproteins spiked into serum were not digested with the
same efficiency as their native endogen counterparts (46).

We thus believe that QC samples (in pooled plasma ali-
quots, in the present case) should systematically be intro-
duced into clinical cohort investigations, as recommended by
the authorities for drug evaluation. As very recently mentioned
by Kuhn et al., instrumental calibration may also be involved in
dramatically degraded assay performance by shifting the iso-
lation window for both precursor and product ions (31).
Hence, before each new analytical run, we always assessed
instrumental performance levels (sensitivity and calibration)
by monitoring the ApoE common synthetic peptide.

To the best of our knowledge, our clinical cohort was one of
the largest to have been screened with MS-based protein
assays. It is also important to highlight the relative high
plasma concentrations of ApoE studied here, relative to the
ng/ml or even sub-ng/ml values expected for the leakage of
organ-specific tumor biomarkers. There is no evidence to
suggest that methionine oxidization would not be quantitative
for minor proteins or that it could not be combined with
peptide enrichment. It is noteworthy that in proteomics, me-
thionine oxidization has already reliably furnished relative
quantification data for the discovery of candidate biomarkers
of oxidative stress targets (47-49). Notwithstanding the rela-
tively high concentration of ApoE in plasma, we believe that
our present management of such a large cohort of samples
unequivocally contributes to the convincing demonstrations
that multiplexed SRM protein assay is of great value for clin-
ical evaluation of candidate biomarkers.

However, whether SRM could not only serve for up-stream
evaluation studies but also be a platform for clinical assays is
debatable. There are two underlying questions: 1) is the test-
ing performance and throughput achieved by SRM sufficient
regarding all requirements of routine analysis and 2) is SRM a
cost effective technique. The question should even be formu-
lated differently as it is first necessary to distinguish between

TABLE Il
ApoE and ApoE4 levels (mean =+ standard deviation) as a function of the genotype in healthy controls and diagnosed AD patients

Group Genotype n Apo E (mean +/— S.D.) p value Apo E4 (mean +/— S.D.) p value
Control E2E3 20 68.5+/—-13.0 0.065

AD 11 77.3+/-10.5

Control E2E4 6 59.3+/-13.0 0.292 17.0+/-4.3 0.838
AD 21 66.2+/—-14.2 17.5+/-5.8

Control E3E3 146 55.6+/—14.5 0.394

AD 182 57.1+/-16.5

Control E3E4 48 48.3+/-10.5 0.157 17.4+/-5.6 0.269
AD 176 51.3+/-14.0 18.5+/-6.0

Control E4E4 1 45.2 0.780 45.9 0.771
AD 61 41.0+/-15.1 41.2+/-15.7
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Fic. 7. A principal component analysis plot of the ApoE (A) and ApoE4 (B) concentration data sets, showing healthy control samples
(blue triangles) and AD cohort samples (red circles) for €3¢3 (A) and £3¢4 (B) genotypes.

two types of biomarkers: those which may be directly quan-
tified in plasma or serum without depletion and/or fraction-
ation and those present at weak concentrations (below100
ng/ml) that required depletion and/or peptide fractionation or
enrichment. For the first category of highly abundant proteins,
the recent studies by Hoofnagle’s group back up this point of
view. This group has demonstrated a reliable clinical quanti-
fication of apoA-l and apoB using a single-point calibration
method, interassay CVs < 12% and excellent correlation (r* >
0.82) with the corresponding nephelometric immunoassays.
More recently, they have rigorously compared two standard-
ization methods based on isotope-dilution in the context of a
six-plex apoliprotein assay and compared the SRM assays
with established immuno-assays (50). The results showed a
relatively similar performance for the two isotope-dilution
standardization methods, imprecision values < 11% and
strong correlations with respect to the IA results. The recent
work by Lassman et al. also focused on apolipoprotein quan-
tification by SRM using AQUA standardization and reached
the same interassay performance over 2 weeks (51), with CVs
better than 12% and r? of 0.87 and 0.94 relative to immuno-
turbidimetric assays for ApoB and ApoA, respectively. Note
that this assay was configured in the same way as (like) ours
with a UHPLC format enabling more than 100 analyses per
day.

Besides precision, the robustness over weeks (or months)
is another key issue, whatever the testing method, to go from
a discovery or verification tool to a routine analysis method.
Interestingly, the two above studies dealing with apolipopro-
tein quantification were performed either with micro flow or
normal flow chromatography. The group of Borchers has very
recently made judicious comparisons of the analytical per-
formance of normal flow (2 mm i.d. columns) with nanoflow
chromatography (52). The authors concluded with evidence of

increased robustness of the normal flow system, including
improved retention-time stability with a mean CV < 0.5% for
normal flow against a mean CV of 6% for nanoflow. Interest-
ingly, and contrary to the common view, they have also shown
that normal flow was on average more sensitive than
nanoflow.

For the category of weakly concentrated proteins, such as
biomarkers leaking from tumors in the nanogram/ml plasma
range, clinically relevant low limits of quantification/detection
are only reached after complex peptide fractionation by SCX
(24) or immuno-enriching the target compound at the protein
(53) or proteotypic peptide level (54, 55). Despite possible new
sources of imprecision introduced by these additional steps,
still acceptable intra- and inter-laboratory CVs usually below
12% were obtained at mid-point of the linear range even after
applying peptide fractionation or immuno-enrichment (28, 29,
31, 32).

Together, these studies and the present work demonstrate,
from our point of view, that well standardized sample work-
flows (trypsin digestion of whole plasma, serum or urine with-
out any fractionation) associated with conventional or micro-
flow systems achieve the required performance for today let
envisage the possibility of developing clinical multiplex SRM
assays.

Concerning the second question, whatever the most sen-
sitive and efficient testing method, its application in a clinical
routine utilization will always be greatly impacted by the cost
of an analysis. For the first category of highly abundant pro-
teins compatible with high throughput analysis by UHPLC,
hence optimized instrument-time, the cost of the triple qua-
drupole instrument can no longer be considered a limiting
factor because mid-sensitivity instruments are about 150,000
$, only slightly more expensive than conventional automated
testing devices. Furthermore, the global cost of all reagents
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and heavy standards required per SRM-based assay could be
estimated at about 1 $ per testing point) and is finally low
compared with consumables required for IA. At this time, it
appears that for weakly abundant proteins (below 1 ug/ml),
only the SISCAPA strategy would reach the required through-
put and multiplexing capabilities.

The reliability of our combined quantification of total ApoE
and the ApoE4 isoform is strengthened by its agreement with
previous published data on nephelometric, turbidimetric, and
immunoenzymatic assays. First, our SRM-based assay indi-
cated total plasma ApoE concentrations ranging from 41 to 77
ng/ml (depending on the genotype), in line with the range of
concentrations commonly reported in the literature (i.e. 25 to
75 ng/ml (5, 8-10, 44, 56-60)). This result emphasizes that
when AQUA standardization is combined with simplified sam-
ple processing (and in the absence of protein fractionation,
which is a major source of loss), the accurate measurement of
medium-abundance plasma proteins is eminently possible.
Another often-noted source of inaccuracy relates to inter-
protein differences in sensitivity to trypsin hydrolysis (30); this
problem may be partly circumvented by the use of isotopically
enriched protein standards (61). Borcher’s group classified
ApoE as belonging to the rapidly digested family of plasma
proteins, because 1) there were no significant differences in
the digestion efficiency according to the denaturation proto-
col and 2) digestion was complete after 4h (42). This group
estimated that the digestion yield was 100%, which supports
the agreement between our SRM results and the ELISA re-
sults in the literature. Only two groups have measured signif-
icantly higher levels of circulating total ApoE in plasma (rang-
ing from 120 to 180 ug/ml) (6, 44). Both these studies used the
same ELISA kit, suggesting the presence of discrepancies in
terms of detection specificity and/or inadequate standard
quality.

Recent studies into the relationship between the ApoE gen-
otype and plasma ApoE levels have evidenced higher ApoE
levels in €2 allele carriers and lower levels in 4 allele carriers.
Once again, the results of our SRM-based assay agreed well
with previous findings. The reliability of the assay was also
evidenced by our observation of higher concentrations of
both total ApoE and the ApoE4 isoform in female subjects
than in male subjects (supplemental Fig. S4).

The second important conclusion is the perfect agreement
between our assays and previous findings concerning the
relationship between the ApoE genotype and mean plasma
ApoE level (10). Corresponding studies have indeed con-
cluded with a higher mean level in &2 allele carriers, next in €3
and finally, the mean lowest level in 4 allele carriers. This was
confirmed by our observations of the influence of the geno-
type on total ApoE concentration in the following order £2¢3>
24> £3e3> £3e4> eded.

The third piece of evidence proving the reliability of our
SRM-based assay is the observed higher concentrations of
total ApoE and the ApoE4 isoform in female subjects com-

pared with male subjects (supplemental Fig. S4). This is in line
with previous reports that showed a higher mean ApoE con-
centration in plasma of females older than 50, likely related to
hormonal changes after menopause (62, 63).

AD risk has also been reported as being associated with
ApoE promoter polymorphisms. The three main characterized
polymorphisms are located before the transcription start site:
an A/T transversion at nucleotide 491, a T/C transition at
nucleotide 427, and a T/G transversion at nucleotide 219 (64,
65). These polymorphisms are closely related to the ApoE
promoter activity. Indeed, a single A to T base substitution at
nucleotide 491 caused a significant decrease in APOE pro-
moter activity whereas a T to G substitution at nucleotide 219
provoked the opposite effect in the human cell line HepG2
(hepatoma). On the other hand, a T to C substitution at nu-
cleotide 427 had no effect on promoter activity (64). These
modulations in promoter activity have a direct impact on the
ApoE concentration in plasma or in cerebrospinal fluid be-
cause higher ApoE levels have been reported in these fluids
when promoter activity is enhanced (i.e. when there is no
substitution at nucleotide 491 or when there is a T to G
substitution at nucleotide 219) (66-69). Some studies have
indicated that the presence of adenine or thymine in position
491 and 219 respectively increased risk for AD (68-75). Al-
though we did not find any difference at the ApoE concentra-
tion level between control and AD cohorts whatever the pro-
moter polymorphism and genotype, we confirmed however
the influence of A/T transversion at nucleotide 491 on total
ApoE concentration (58.0 = 16.2 ug/ml (n = 198) versus
52.8 = 12.3 pug/ml (n = 73)). This observation is a new and
definitive illustration of the reliability of our SRM-based assay.

The exact role of apolipoprotein E protein (ApoE) in the
development of AD is still not understood. Different work
suggests that, besides exerting a qualitative effect on the
occurrence of AD through variations in APOE £2/£3/¢4 coding
polymorphisms, the quantitative expression of APOE may
also be a key disease determinant (76, 77). Indeed, there is
strong proof that ApoE isoforms modulate accumulation of
toxic amyloid B (AB) oligomers in the brain, a decisive event in
the pathogenesis of AD. For instance, in animal models ex-
pressing different human ApoE isoforms, the rate and kinetics
of amyloid B oligomers are depend on the allele following the
order e4>e3>¢2 (78-81). The same influencing order is found
for brain amyloid B accumulation across cognitively normal
individuals as demonstrated by imaging studies (82-85).
Thus, a large body of evidence converges on a pivotal role of
ApoE in the neurodegeneration process associated with a
possible disruption of ApoE levels in the cerebrospinal fluid (7,
86-95). This is reinforced by the recent article by Cramer et al.
who demonstrated reduced AB plaque area and improved
cognitive functions in a mouse model of AD after treatment by
bexarotene, an agonist of nuclear receptors that transcription-
ally regulates ApoE expression (96). Recent and independent
genome-wide association studies have identified CLU,
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PICALM, CR1, and BIN1 as new markers in the landscape of
AD genetic determinants that account for 9, 4, 4, and 4%,
respectively, in AD risk across Caucasians (77). Hence, the
cause of sporadic or non-Mendelian AD is multifactorial and
ApoE alone account only for 20% of the AD risk. This might
explain why our results confirm other controversial associa-
tions between the variation of plasma ApoE/ApoE4 concen-
trations and AD. Our results show that neither absolute levels
of total ApoE and ApoE4 isoform nor the concentration ratio in
heterozygous £3e4 individuals significantly correlated to AD.
We addressed this lack of consensus by leveraging the or-
thogonality of MS-based quantification. Furthermore, we
again raise the controversial question of whether ApoE levels
are of value in the diagnosis of AD.
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