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Abstract. A blood-based protein biomarker, or set of protein biomarkers, that could predict onset and progression of Alzheimer’s
disease (AD) would have great utility; potentially clinically, but also for clinical trials and especially in the selection of subjects for
preventative trials. We reviewed a comprehensive list of 21 published discovery or panel-based (>100 proteins) blood proteomics
studies of AD, which had identified a total of 163 candidate biomarkers. Few putative blood-based protein biomarkers replicate
in independent studies but we found that some proteins do appear in multiple studies; for example, four candidate biomarkers
are found to associate with AD-related phenotypes in five independent research cohorts in these 21 studies: «-1-antitrypsin,
a-2-macroglobulin, apolipoprotein E, and complement C3. Using Somalogic’s SOMAscan proteomics technology, we were
able to conduct a large-scale replication study for 94 of the 163 candidate biomarkers from these 21 published studies in plasma
samples from 677 subjects from the AddNeuroMed (ANM) and the Alzheimer’s Research UK/Maudsley BRC Dementia Case
Registry at King’s Health Partners (ARUK/DCR) research cohorts. Nine of the 94 previously reported candidates were found to
associate with AD-related phenotypes (False Discovery Rate (FDR) g-value <0.1). These proteins show sufficient replication
to be considered for further investigation as a biomarker set. Overall, we show that there are some signs of a replicable signal
in the range of proteins identified in previous studies and we are able to further replicate some of these. This suggests that AD
pathology does affect the blood proteome with some consistency.
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INTRODUCTION

Alzheimer’s disease (AD) is a common and progres-
sive neurodegenerative condition causing considerable
burden to both individuals and health economies. No
disease modification therapies are available yet and
diagnosis can only be made definitively at postmortem.
Protein biomarkers such as amyloid-3 and tau in cere-
brospinal fluid (CSF) can contribute to the diagnosis of
AD [1] and in particular may aid early diagnosis and
help predict conversion of people from pre-dementia
states such as mild cognitive impairment (MCI) to AD
[2]. However, lumbar puncture to extract CSF is a rel-
atively invasive procedure. The level of amyloid-f3 in
the brain can also be measured by positron emission
tomography, although facilities for such imaging are
currently restricted.

The motivation for blood-based biomarkers of AD
is the desire for a relatively non-invasive marker of AD
pathology that could be easily measured in community
settings [3]. Despite being a relatively non-invasive
and useful biological matrix for diagnostic biomark-
ers, peripheral blood is a complex tissue containing
proteins originating from many organs, thus making it
non-specific to markers of brain disorders. For exam-
ple, plasma levels of amyloid-f3 do not appear to show
clinical utility in AD [4] despite showing great utility
in CSF. However, preliminary results from discovery
studies suggest that useful signals of AD such as pro-
teins and other relevant biological markers may exist
in blood [3]. Proteins represent one source of blood-
based biomarkers of AD; other relevant sources and
relevant assays are reviewed in Bazenet et al. [3].

Numerous discovery studies for blood-based pro-
tein markers of AD have been underway for at least
a decade, ranging from proteomics technologies using
both gel and non-gel based mass spectrometry (MS)
(e.g., [5, 6]) to antibody capture arrays (e.g., [7,
8]). The failure to replicate discoveries has been the
fundamental issue surrounding the development of a
useful diagnostic panel thus far. The problems of non-
replicability may be the result of non-homogeneity of
proteomic platforms or research cohorts, over-fitting of
data, or technical issues and non-standardized sample
collection protocols. In order to explore some degree
of concordance among the various discovery efforts,
we performed a systematic review of blood-based
proteomics AD studies and then applied a modified
aptamer-based array to a large sample of subjects in a
substantial replication experiment.

METHODS
Candidate blood-based protein markers

Literature search for candidate markers of
AD-related phenotypes

We included studies of plasma, serum, and leuko-
cyte proteins in our search for general blood protein
markers of AD-related phenotypes. In order to be
included as a candidate marker, a protein had to
have been identified in a discovery, rather than a
candidate, based study. Exceptions were made for
panel-based studies that included over 100 candi-
date proteins, as these were considered to be broad
enough to be unbiased. We first identified studies fit-
ting these criteria from two recent reviews of blood
protein markers of AD by Lista et al. [9] and Zur-
big and Jahn [10]. We then added studies which have
used the Myriad Rules Based Medicine (RBM) Human
Discovery Multi-Analyte Profile (MAP), several of
which were published after the reviews mentioned
above. The PubMed search term ‘Alzheimer blood
protein discovery’ was used to identify additional
studies.

Gene ontology and pathway over-representation
analysis

Gene Ontology (GO, [11]) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG, [12])
functional annotation over-representation analysis was
performed on protein lists identified from the lit-
erature review using the Database for Annotation,
Visualization and Integrated Discovery (DAVID,
http://david.abcc.nciferf.gov/, [13, 14]) and the Bio-
logical Networks Gene Ontology tool (BINGO,
[15]). A background/reference set of the UniProt
identifiers of the candidate biomarkers from the
literature review detailed above, and the UniProt
identifiers from the plasma proteome database
(http://www.plasmaproteomedatabase.org/, [16]) was
used for the DAVID and BINGO analyses. DAVID
analyses with default settings were conducted sep-
arately for: GO molecular function, GO cellular
component, GO biological process, and KEGG
functional annotation terms. The BINGO tool
was used with a generic GOslim ontology (a
less detailed set of GO annotations) within the
cytoscape [17] platform so that results could be
visualized.


http://david.abcc.ncifcrf.gov/
http://www.plasmaproteomedatabase.org/
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Replication of candidates using plasma samples
from the combined AddNeuroMed and
ARUK/Maudsley BRC dementia case registry at
king’s health partners cohorts

Subjects

We investigated literature-derived AD related blood
proteins in a total of 677 subjects. Of these subjects,
412 (109 controls, 109 MCI [43 of which converted
to AD within a year of measurement], 194 AD) were
recruited from the EU funded AddNeuroMed (ANM)
biomarker project study [18, 19]; 232 subjects (100
controls, 40 MCI [none of which converted within a
year of measurement], 92 AD) were recruited from
the Alzheimer’s Research UK [5]; and 33 AD sub-
jects from the Maudsley Biomedical Research Center
(BRC) Dementia Case Registry at King’s Health Part-
ners (DCR). It should be noted that these MCI-AD
conversion rates are not reflective of the general con-
version rates in these cohorts, due to sample depletion
by previous studies. The conversion rates are also not
reflective of the population level conversion rates; for
example, ANM recruited from memory clinics, which
will be enriched with MCI subjects with a likely AD-
endpoint. The same diagnostic criteria were used in all
of these cohorts. Some of these subjects have been used
in previous biomarker studies [5, 6, 20, 21]. The rel-
evant ethics board approved the study and informed
consent was obtained for all subjects. All subjects
were assessed with a standardized assessment proto-
col including informant interview for diagnosis and the
Mini Mental State Examination (MMSE); as detailed
in the references above.

Protein measures

Proteins were measured using a Slow Off-rate Mod-
ified Aptamer (SOMAmer)-based capture array called
‘SOMAscan’ (Somal.ogic, Inc, Boulder, Colorado).
This approach uses chemically modified nucleotides to
transform a protein signal to a nucleotide signal that can
be quantified using relative florescence on microarrays.
This assay has been shown to have a median intra- and
inter-run coefficient of variation of ~5%. The median
lower and upper limits of quantification were ~1 pM
and ~1.5nM in buffer, and ~2.95pM and ~1.5nM
for a subset of the somamers in plasma (full details are
given in Gold et al. [22]).

Quality control is performed at the sample and
SOMAmer level, and involves the use of control
SOMAmers on the microarray and calibration samples.

At the sample level, hybridization controls on the
microarray are used to monitor sample-by-sample vari-
ability in hybridization, while the median signal over
all SOMAmers is used to monitor overall technical
variability. The resulting hybridization scale factor and
median scale factor are used to normalize data across
samples. The acceptance criteria for these values are
0.4-2.5, based on historical trends in these values.
Somamer-by-somamer calibration occurs through the
repeated measurement of calibration samples, these
samples are of the same matrix as the study sam-
ples, and are used to monitor repeatability and batch
to batch variability. Historical values for these calibra-
tor samples for each SOMAmer are used to generate
a calibration scale factor. The acceptance criteria for
calibrator scale factors is that 95% of SOMAmers
must have a calibration scale factor within 0.4 of the
median.

The assay required 8 pL of plasma from each sam-
ple. A single assay was used per plasma sample, i.e.,
no technical replicates were performed. Additionally,
the samples were run in two batches ensuring an even
mix of diagnosis groups in each batch. Seven out-
liers, identified using principal component analysis,
were removed from the downstream analysis. Principal
component analysis also showed that protein measures
were affected by study center and thus we either added
center as a covariate or adjusted for center using linear
regression in all downstream analysis. All remaining
samples were log2 transformed.

The assay measures the level of 1,001 human
proteins representing a range of biomedically rel-
evant molecular pathways and gene families. For
each of the 94 literature-derived AD candidate pro-
tein markers targeted by the SOMAscan assay, a
single measure was selected where possible. As
such, for 88 candidate proteins, a SOMAscan probe
was chosen that targets that protein alone. For
two candidates, the probes that targeted them also
targeted an additional protein: the probe targeting
Complement C4-A also targeted Complement C4-
B and the probe targeting Interleukin-12 subunit
B also targeted Interleukin-12 subunit «. Another
four probes were chosen as they targeted multi-
ple candidate proteins not targeted by other probes:
complement C4A/B, creatine kinase m- and k-
type, complement C8 o/f/y, and fibrinogen o/p/y
chain. The candidate proteins represented by the 94
Somal ogic measures are indicated in Supplementary
Table 1.



518

S.J. Kiddle et al. / Replication of AD Blood Biomarkers

Table 1
Summary of 21 literature studies of blood-based protein biomarkers of AD, limited to discovery or panel-based (>100 proteins assayed) studies.
CTL, control
Cohort Study Sample size Tissue Proteomic approach Outcome variable(s)
ANM Thambisetty et al. [21] 91 Plasma 2D-Gel Electrophoresis (GE) Liquid ~ Hippocampal atrophy and
Chromatography (LC)/MS/MS rapid clinical progression
ADNI Soares et al. [39] 566 Plasma Myriad RBM - Luminex xMAP (AD versus CTL) and (MCI
versus CTL)
ADNI Kiddle et al. [42] 71 Plasma Myriad RBM - Luminex xMAP Brain amyloid burden
AIBL Doecke et al. [40] 961 Plasma Myriad RBM - Luminex xMAP AD versus CTL
Akuffo Akuffo et al. [34] 193 Plasma 2D-GE LC/MS/MS Markers of AD drug efficacy
ARUK Hye et al. [5] 100 Plasma 2D-GE LC/MS/MS AD versus CTL
ARUK Thambisetty et al. [20] 26 Plasma 2D-GE AD versus MCI
ARUK Guntert et al. [6] 45 Plasma Tandem Mass Tag labeled Predicting CTL, slow
LC/MS/MS decliners and fast decliners
BLSA Thambisetty et al. [43] 57 Plasma 2D-GE Brain amyloid burden
Choi Choi et al. [29] 18 Plasma 1D-GE Matrix-assisted laser AD versus CTL
desorption/ionization (MALDI) —
Time of Flight (TOF)/MS of
oxidized proteins
genADA Cutler et al. [35] 94 Plasma 2D-GE LC/MS/MS AD versus CTL
Henkel Henkel et al. [38] 14 Plasma Immunodepletion and Difference GE ~ AD versus CTL
Hu Hu et al. [41] 230 Plasma Myriad RBM - Luminex xMAP Associated with mild
dementia/MCI/AD
Liao Liao et al. [33] 20 Plasma 2D-GE MS AD versus CTL
Liu Liu et al. [32] 133 Serum 2D-GE MALDI-TOF MS AD versus CTL
Mhyre Mhyre et al. [36] 15 Plasma 2D-GE MALDI-TOF MS Markers of AD drug efficacy
Ray Ray et al. [7] 259 Leukocytes  Arrayed sandwich Enzyme Linked AD versus CTL
Immunoassays (ELISAs)
Rotterdam
Scan Study  Ijesselstijn et al. [37] 86 Serum Nano LC Orbitrap MS Pre-symptomatic AD versus
CTL
TARC O’Bryant et al. [8] 400 Serum Myriad RBM - Luminex xMAP AD versus CTL
Yu Yu et al. [30] 19 Plasma 1D and 2D-GE MALDI-TOF MS AD versus CTL
Zhang Zhang et al. [31] 71 Serum 2D-GE MALDI-TOF MS and ELISA  AD versus CTL

Structural magnetic resonance imaging

Volumes of the whole brain, hippocampi, and
entorhinal cortices were obtained using FreeSurfer
5.1.0 from 274 ANM subjects who had undergone
structural magnetic resonance imaging (SMRI). These
regions were selected as they are known to be related to
early AD pathology, and were normalized by intracra-
nial volume (ICV) [23]. Detailed information about
data acquisition, pre-processing, and quality control
assessment have been described for this cohort in detail
elsewhere [19, 24-27].

Rate of cognitive decline

The rate of cognitive decline in 329 AD patients
(214 ANM, 87 ARUK, and 28 DCR) was calculated
based on longitudinal MMSE assessments. For the
ANM cohort, MMSE scores were gathered at five vis-
its, where visits were three months apart. For ARUK
and DCR, MMSE scores were obtained annually. To
estimate the rate of cognitive decline, only samples
with at least three MMSE measures were included.
Linear mixed effect models were generated using the

package ‘nlme’ in R. This was done separately for
ANM, and for DCR and ARUK together, due to the dif-
ferences in assessment windows between the cohorts.
Samples and center were added as random effect to
the model. Further covariates, including age of onset,
disease duration at baseline, gender, APOE &4 allele
presence, living in a nursing home, and years of edu-
cation were investigated for their effect on the rate of
decline. We found that age of onset, living in a nurs-
ing home, and education had a significant effect on
the rate of decline (p < 0.05) and thus were included as
fixed effects in the final model. The slope coefficient
obtained from the final model was then used as the rate
of cognitive decline, defined as the change in MMSE
per day. We had plasma protein measures for 239 (173
ANM, 44 ARUK, and 22 DCR) of the 329 AD patients
with rate of cognitive decline slopes.

Statistical analysis

All proteins were analyzed for their association
with presence of at least one APOE &4 allele using
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Fig. 1. BINGO analysis of over-represented GOslim terms in list of 163 candidate plasma protein biomarkers of AD in comparison to all proteins
known to be present in plasma. GO terms are shown as nodes, with term hierarchies shown as arrows between nodes/GO terms. The p-value of
the over-representation of each GO term is illustrated by the color of each node/GO term.

the Mann-Whitney-Wilcoxon test using the function
Wilcox.test in R. All proteins were also analyzed indi-
vidually for their association with AD phenotypes:
disease status (AD versus CTL, MCI stable versus
MCI converter), SMRI imaging measures (whole brain
volume, left and right entorhinal cortex/hippocampal
volume), and rate of cognitive decline (MMSE). Since
disease status is a categorical predictor, logistic regres-
sion was employed for each protein by adjusting for

age at sample acquisition, gender, A POE &4 presence,
and research center. Logistic regression models were
developed for AD versus CTL and MCI stable versus
MCI converter subjects separately.

The correlation between sMRI imaging measures
and protein measures was investigated using partial
Spearman’s Rank Correlation (SRC) using the func-
tion pcor.test from the R bioconductor package ‘ppcor’.
Subject age at sampling, gender, research center, and
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number of APOE &4 alleles were taken into account
as co-variates in this analysis. Correlation of rate of
cognitive decline with protein measures was analyzed
using SRC. Covariates were not used for this corre-
lation since they were already taken account of when
calculating the rate of cognitive decline.

False discovery rate (FDR) multiple testing correc-
tions were applied to the resulting p-values; with both
a strict (FDR g-value of 0.05) and less strict signifi-
cance level used (FDR g-value of 0.1). This was used to
allow both strong and promising results to be detected
respectively.

Classification

Control and AD subjects were allocated at ran-
dom to either the training or test set with a roughly
75%:25% split respectively. The training set therefore
consisted of 395 subjects (156 controls and 239 AD),
whereas the test set consisted of 133 subjects (53 con-
trols and 80 AD). For classification, the protein data
was adjusted for research center by linear regression.
Over-sampling was performed at random for control
subjects to balance the training set. All classification
was performed in R using random forest classifica-
tion using the package ‘randomForest’. Additionally,
the R package ‘ROCR’ was used to generate Receiver
Operator Characteristic (ROC) curves and to measure
the Area Under the Curve (AUC) [28]. Four differ-
ent sets of predictors were used: 1) co-variates only
(age/gender/presence of APOE &4), 2) co-variates plus
the four literature-based candidate markers of AD-
related phenotypes seen in five independent cohorts,
3) co-variates plus all the literature-based candidate
markers, and 4) co-variates plus literature-based can-
didate markers significantly different between AD and
control subjects in the training set at the Bonferroni
corrected 0.05 significance level in Mann-Whitney-
Wilcoxon tests.

RESULTS

Systematic review of candidate blood protein
markers from discovery/panel-based studies

Thirteen studies fitting the inclusion criteria (discov-
ery or panel-based with >100 analytes) were identified
from Lista et al. [9] [5, 7, 8, 20, 21, 29-36], and two
studies were identified from Zurbig and Jahn et al.
[10] [37, 38]. Four more recently published papers
which used the RBM MAP panel were added [39-42].
Finally, we searched PubMed for additional studies,
two of which fit our inclusion criteria [6, 43].

In total, we identified 21 discovery or panel-based
(>100 analytes) blood proteomics studies (Table 1),
comprising 163 separate candidate blood protein
markers of AD-related phenotypes (Supplementary
Table 1). These 21 studies used blood samples from a
total of 18 independent cohorts. Of these 163 candidate
blood-based biomarker proteins, ~61% are in the high-
confidence Human Plasma Proteome Project (HPPP)
reference set [44] and ~88% are in the less stringent
but more comprehensive Plasma Proteome database
[16]. The 21 identified studies included the follow-
ing cohorts: AddNeuroMed (ANM; [18]), Alzheimer’s
Disease Neuroimaging Initiative (ADNI; [45]), Aus-
tralian Imaging, Biomarker & Lifestyle Flagship Study
of Ageing (AIBL; [46]), Alzheimer’s Research UK
(ARUK; previously known as Alzheimer’s Research
Trust, ART; [5]), Baltimore Longitudinal Study of
Aging (BLSA; [47]), Canadian Genotype-Phenotype
Alzheimer’s Disease Associations (genADA; [48]),
and Texas Alzheimer’s Research Consortium (TARC;
[49]).

Gene ontology and pathway analysis of candidate
markers

In order to examine possible roles of these putative
biomarkers in disease processes we used DAVID [13,
14] and BINGO [15] to examine over-represented
functional annotations assigned to the 163 candidate
markers. UniProt identifiers for the candidates and
the reference set are given in Supplementary Table 2.
Over-represented GO terms from the BINGO analysis
are shown in Fig. 1. It can be seen that ‘signal trans-
duction’ (GO:0007165; Bonferroni p=1.63 x 10*8),
‘response to stress’ (GO:0006950; Bonferroni
p=1.17 x 1073, ‘receptor binding’ (GO:0005102;
Bonferroni p=5.70 x 10_24), and ‘extracellular
space’ (GO:0005615; Bonferroni p=7.07 x 1074
are particularly enriched. Over-representation analysis
using the full GO ontology (Supplementary Table 3)
and the KEGG ontology (Table 2) in DAVID revealed
specific processes that are enriched. For example,
‘activation of plasma proteins involved in the acute
inflammatory response’ (GO:0002541), a sub-term of
‘response to stress’, is shown to be over-represented
(Bonferroni p=3.38 x 10~'7). Similarly, ‘cytokine
activity’ (GO:0005125; Bonferroni p=2.44 x 10~17)
and ‘chemokine activity’ (GO:0008009; Bonferroni
p=1.08 x 10’5) are shown to be over-represented,
both being sub-terms of ‘receptor binding’. Cytokines
are also over-represented in the KEGG analysis,
along with ‘complement and coagulation cascades’
(Table 2). It can also be seen that KEGG terms relating
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1 cohort: 109

5 cohorts: 4

4 cohorts: 6

3 cohorts: 6

2 cohorts: 38

Fig. 2. Pie chart showing the extent to which each candidate biomarker has been replicated in independent research cohorts. The number of
independent cohorts each candidate biomarker has been found in is shown. The cohort used by each study is shown in Table 1.

to other diseases are over-represented in the anno-
tations of the 163 candidate proteins, i.e., systemic
lupus erythematosus, prion diseases, type I diabetes
mellitus, bladder cancer, and allograft rejection.

Concordance of markers from literature derived
studies

Given that some plasma samples have been used in
multiple studies (those using the same cohorts), con-
cordance was assessed at the cohort level, i.e., the
number of times each biomarker has been found to
associate with an AD-related phenotype in an inde-
pendent cohort. Different AD-related phenotypes were
not distinguished in this analysis, as many studies
measured the association of these markers to differ-
ent AD-related phenotypes making exact comparisons
problematic. Results are shown in Supplementary
Table 1 and summarized in Fig. 2. It was found that
109 of the 163 candidate biomarkers (~67%) were

only found to associate with an AD-related phenotype
in one cohort.

Four candidate biomarkers—apolipoprotein E [31,
39-43], a-2-macroglobulin [5, 8, 20, 31, 34, 37],
complement C3 [21, 31, 37, 42, 43], and «-I-
antitrypsin [29, 30, 33, 40, 42]—were found to
associate with an AD-related phenotype in five inde-
pendent research cohorts. Additionally, six candidate
biomarkers—complement factor H [5, 20, 31, 34, 38],
pancreatic prohormone [8, 39-42], plasma protease C1
inhibitor [34, 35, 37, 38], serum amyloid p-component
[5,21, 41, 42], fibrinogen vy chain [21, 29, 41, 42], and
serum albumin [5, 21, 40, 43]—were found to associate
with an AD-related phenotype in four independent
research cohorts. Finally, six candidate biomarkers
were found to associate with an AD-related pheno-
type in three independent research cohorts, and 38
candidate biomarkers with two cohorts, respectively
(Supplementary Table 1).

Table 2

DAVID analysis of over-represented KEGG terms in list of candidate plasma protein biomarkers of AD in comparison to all proteins known to
be present in plasma

KEGG term Count % p-value Fold enrichment Bonferroni corrected p-value
Complement and coagulation cascades 27 17.6 9.78 x 10=% 14.1 9.00 x 10~
Cytokine-cytokine receptor interaction 31 20.3 2.07 x 10718 6.8 1.91 x 1010
Systemic lupus erythematosus 14 9.2 1.77 x 108 74 1.63 x 10=©

Prion diseases 10 6.5 1.05 x 1077 11.1 9.66 x 10=°

Type I diabetes mellitus 7 4.6 6.84 x 1073 9.3 6.27 x 1073
Bladder cancer 7 4.6 234 x 10* 7.5 0.0213

Toll-like receptor signaling pathway 9 59 2.52x 107* 52 0.023

Allograft rejection 6 3.9 3.89 x 10~* 9 0.0352
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Table 3

Sample characteristics of the AddNeuroMed (ANM) and Alzheimer’s Research UK (ARUK)/Maudsley BRC Dementia Case Registry (DCR)
at King’s Health Partners with available SomaLogic protein data. MCI-MCI, MCI at baseline and a year later; MCI-AD, MCI at baseline and
converts to AD within a year

Combined ANM+ARUK+DCR cohort (number of subjects)

Characteristics Controls (209) MCI-MCI (106) MCI-AD (43) AD (319)
Age (median [IQR]) 76 [7] 77 [10] 76 [9] 79 [10]
Gender (male/female) 102/107 40/66 17/26 98/221
Number of APOE &4 alleles (0/1/2) 153/51/5 73/29/4 17/23/3 139/136/44
Baseline MMSE (median [IQR]) 29.0[1.00] 27.0 [2.00] 26.5 [3.00] 20.0 [7.00]
Number of missing baseline MMSE 0 4 3 24
Number with sMRI scan 95 62 19 98

Independent replication of candidate markers with
an orthogonal technology

To test the literature derived candidate blood-based
biomarkers of AD, we examined their levels in plasma
samples from the ANM, ARUK, and DCR research
cohorts (combined characteristics in Table 3, strati-
fied by cohort in Supplementary Table 5, and subset
of subjects with sMRI data in Supplementary Table 5).
We used a SOMAmer-based capture array, which has
previously been used in studies of aging and cancer
[22, 50-54]. SomaLogic SOMAscan aptamer-based
assays were available for 94 of the total number
of 163 candidate biomarkers (~58%). The proteins
complement component C6, apolipoprotein E, com-
plement C3, C-reactive protein, apolipoprotein B-100,
and interleukin-11 were found to be affected by the
presence of at least one APOE &4 allele at the 0.05
FDR level (Supplementary Table 6).

Candidate AD marker association with AD
diagnosis

Logistic regression was used to detect differ-
ences in the level of these 94 candidate biomarkers
between AD and control subjects in the combined
ANM+ARUK+DCR cohort (full results are shown in
Supplementary Table 7 and results significant at the
0.1 FDR level are shown in Table 4). The plasma level
of one candidate biomarker, pancreatic prohormone
(Odds Ratio (OR) 2.4, FDR q 1.6 x 10~%), was found
to differ at the 0.05 FDR level. At the less stringent 0.1
FDR level, the plasma level of an additional candidate
biomarker, insulin-like growth factor binding protein 2
(OR =1.9,FDR q0.082), was found to differ. By selec-
tion, all of these markers have previously been seen in
the literature to associate with AD-related phenotypes.
However, in Table 5, it can been seen that we specif-
ically replicate that pancreatic prohormone [8, 39—41]
and insulin-like growth factor-binding protein 2 [8,
40] are at a lower level in the blood of AD subjects.

Random forest classification models were used to
assess the ability of combinations of co-variates and
plasma protein levels to distinguish between AD and
control subjects. In the fourth model (co-variates plus
candidate proteins selected from the training set),
13 proteins were selected based on their association
with AD in the training set: pancreatic prohormone,
C-C motif chemokine 18, a-1l-antitrypsin, comple-
ment C6, insulin-like growth factor-binding protein
2, angiopoietin-2, C-C motif chemokine 15, cystatin
C, tumor necrosis factor receptor superfamily mem-
ber 1B, B-2-microglobulin, prolactin, haptoglobin, and
metalloproteinase inhibitor 1. Models were fitted to
the training set, and then used to predict AD sub-
jects in the held-out test set. In Table 6, the quality
of predictions are assessed by sensitivity, specificity,
and accuracy. The most accurate model in the test set
was model 2, co-variates plus the most replicated pro-
teins from the ‘discovery’ literature (accuracy 77%):
a-1-antitrypsin, a-2-macroglobulin, apolipoprotein E,
and complement C3. All models that included protein
data performed better than a model using only co-
variates (accuracy 71%). In Supplementary Figure 2,
ROC curves for these models applied to the test sets
are shown.

Candidate AD marker association with MCI to
AD conversion

Logistic regression was used to identify candidate
biomarkers that differed between MCI subjects who
converted to AD (MCI-AD) within a year of measure-
ment and those who remained MCI during follow-up
(MCI-MCI). None of the proteins were found to be
associated with conversion, even at the uncorrected
0.05 p-value.

Candidate AD marker association with rate of
cognitive decline

Partial Spearman’s Rank Correlation (SRC) was
used to detect associations between plasma levels of
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Table 6
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Performance of random forest classifier predictions in the training and test sets for a range of models. Subject age, gender, and presence of
APOE &4 alleles are used as co-variates

Sensitivity Specificity Accuracy
Train Test Train Test Train Test
Just co-variates 74% 70% 77% 74% 75% 1%
Co-variates + most replicated proteins 100% 80% 100% 72% 100% 77%
Co-variates + all candidate proteins 100% 85% 100% 60% 100% 75%
Co-variates + selected candidate proteins 100% 83% 100% 66% 100% 76%

The most replicated proteins, from the literature, are a-1-antitrypsin, a-2-macroglobulin, apolipoprotein E, and complement C3. The candidate
proteins selected from the training set are: pancreatic prohormone, C-C motif chemokine 18, a-1-antitrypsin, complement C6, insulin-like
growth factor-binding protein 2, angiopoietin-2, C-C motif chemokine 15, cystatin C, tumor necrosis factor receptor superfamily member 1B,
[-2-microglobulin, prolactin, haptoglobin,and metalloproteinase inhibitor 1.

the 94 candidate biomarkers and each subject’s rate
of cognitive decline (rate of change in MMSE scores)
in the combined ANM+ARUK+DCR cohort (Supple-
mentary Table 9 and results significant at the 0.1 FDR
level are shown in Table 4). The plasma level of clus-
terin was found to positively associate at the 0.05 FDR
level, replicating the finding in a partially over-lapping
sample set, that clusterin associates with fast cognitive
decline [21].

Candidate AD markers association with the
volume of AD related brain regions

To test the utility of the markers in predicting early
signs of AD pathology, the plasma level of the 94
proteins were compared to volumes of brain regions
known to be related to early AD pathology (whole
brain, hippocampi, and entorhinal cortices). Not all of
the ANM subjects had MRI data available (Supple-
mentary Table 6), therefore, only the subcohort with
this data was included in this analysis (274 ANM
subjects: 95 controls, 81 MCI, and 98 AD). Results
of partial SRC analysis are shown in Supplemen-
tary Tables 10-14, and results significant at the 0.1
FDR level are shown in Table 4. In short, at the 0.05
FDR level, the plasma level of complement C3 was
found to positively associate with whole brain vol-
ume (FDR q=0.044); pancreatic prohormone (FDR
q=8.0 x 1073) and complement C6 (FDR q=0.017)
were found to associate negatively with the vol-
ume of the left hippocampus. Additionally, pancreatic
prohormone (FDR q=7.4 x 1073) and granulocyte
colony-stimulating factor (FDR q=7.4 x 1073) were
found to negatively associate with the volume of the left
entorhinal cortex at the 0.05 FDR level. Granulocyte
colony-stimulating factor was also found to negatively
associate with the volume of the right entorhinal cortex
at the 0.05 FDR level (FDR q=0.022). Complement
C3 has previously been shown to positively associate

with whole brain volume in a candidate-based study
that used a partially over-lapping sample set [57].

At the less stringent 0.1 FDR level, pancreatic pro-
hormone was found to negatively associate with the
volume of the right hippocampi (FDR q=0.095), and
four of the candidate markers—complement C6 (FDR
q=0.069), a-1-antitrypsin (FDR q=0.068), inter-a-
trypsin inhibitor heavy chain H4 (FDR q=0.069),
and C-C motif chemokine 18 (FDR q=0.069)—were
found to associate negatively with the volume of the left
entorhinal cortex. Scatterplots showing the plasma lev-
els of the nine proteins found to associate with at least
one AD-related phenotype at the 0.1 FDR significance
threshold are shown in in Supplementary Figure 1.

DISCUSSION

In this study, the reproducibility of ‘discovery’ study
derived blood protein markers of AD-related pheno-
types has been investigated. This was performed across
different blood sample types, subject sets, and pro-
teomic assays. A total of 163 candidate proteins were
mined from 21 different studies (15 discovery and
6 using panels of over 100 proteins), the majority
of which were unique to a single cohort and/or pro-
teomic approach. However, some candidate markers
were found to associate with AD-related phenotypes
in multiple independent studies, despite consider-
able methodological differences. Of the 163 candidate
blood-based protein markers, 94 are included in the
current menu of the SOMAscan assay; these 94 were
tested for association with: AD diagnosis, future con-
version from MCI to AD, rate of cognitive decline,
and the volume of specific brain regions. Additionally,
case-control classification using sets of plasma pro-
tein markers were explored in combination with age,
gender, and the presence of APOE &4 alleles.
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Nine candidates were found to associate with at least
one AD-related phenotype at the 0.1 FDR level, taking
into account subject age, gender, presence of APOE
&4 alleles, and research center. Three of these candi-
dates had been found to associate with an AD-related
phenotype in studies that used an overlapping set of
plasma samples, albeit using a different technology,
while the remainder were considered independent. Of
these six independent markers, two associated with
AD clinical diagnosis, and in the same direction pre-
viously reported (Table 5): pancreatic prohormone
and insulin-like growth factor-binding protein 2. Other
markers associate with different but logically consis-
tent AD-related phenotypes, for example we found that
a-l-antitrypsin and complement C6 associate nega-
tively with the volume of the left entorhinal cortex.
This fits with literature studies showing that these pro-
teins are higher in AD subjects relative to controls [29,
30, 33, 38, 40, 55, 56].

In Table 5, the results of this study are compared
with the literature, and while there is general concor-
dance of the direction of association, there are cases
where this study finds association of protein markers
with AD-related phenotypes in the opposite direction
to that we would have expected based on literature find-
ings; for example complement C3 was found to be at
a higher plasma level in AD subjects in Zhang et al.
[31], Giometto et al. [S55], and Maes et al. [56], whereas
it was found to associate with whole brain volume in
this and another study using ANM samples [57]. As
brain volume decreases during the development of AD,
one would expect associations with whole brain vol-
ume and AD diagnosis to be in the opposite direction.
It is noteworthy that complement C3 has been found
to associate positively with brain amyloid burden in
one study [42] and negatively in another [43]. Taken
together, this may indicate that different forms of C3
are being measured in these studies. Another possible
explanation for this discrepancy is that this association
is being confounded by sample handling; complement
C3 is one of the proteins targeted by the SOMAscan
assay that is most affected by recruitment center in our
study (data not shown). Sample handling is another
confounder that should be considered in these studies,
but also when considering whether a candidate could
be viable in a clinical setting.

Other possible direction of association discrepancies
are granulocyte colony-stimulating factor and inter-
a-trypsin inhibitor heavy chain H4. Previous studies
have found that their plasma level is lowered in AD
blood [5, 8, 33, 58], whereas in this study it was found
that their plasma level is negatively associated with

the volume of the entorhinal cortex; as the entorhi-
nal cortex atrophies during AD; a positive association
would fit better with the literature. This could perhaps
be explained if these markers are negatively associ-
ated with early AD (e.g., pre-clinical brain atrophy)
and positively associated with later clinical AD.

In the classification models we tried different sets of
markers along with co-variates to predict AD diagno-
sis. This showed that candidate protein levels measured
by SOMAscan consistently add a little to the pre-
dictive accuracy, but that co-variates alone contribute
most to the classifier. It is promising that the most
replicated four protein AD markers from the litera-
ture improved the predictive accuracy of the models,
although it is disappointing that the improvement in
accuracy is so small. This may indicate that either the
SOMAscan assay is not the ideal platform to measure
the most replicated four proteins, AD signal acting
through these proteins is masked by other processes or
that a more balanced cohort design with respect to co-
variates is necessary to properly assess these biomarker
sets.

Although we took into account the most obvious
confounding factors—age, gender, APOE &4 alleles,
and recruitment center—it is possible that there are
other important confounding factors that we failed to
take into account. These could result in misleading cor-
relations between the level of proteins in plasma and
AD-related phenotypes in this study and others. This
is something that can be explored in future studies.
Possible confounding factors include co-morbidities,
kidney function, diet, and medications. For example
it is interesting that one of the most reproducible
protein markers of AD from the literature is «-2-
macroglobulin, which has been shown by Gold et al.
[22] to be a marker of chronic kidney disease. While
we co-varied for the presence of APOE &4 in all analy-
ses, two replicated candidates, complement component
C3/C6, were shown to be associated with it. This could
either indicate APOE &4 independent information for
these proteins, or confounding by unknown variables.

The inclusion criteria used to identify blood pro-
tein markers from the literature excluded the studies
that took a candidate approach, in order to reduce the
effect of literature biases. We reported markers against
a range of AD-related phenotypes relevant to onset
and/or progression of disease, as well as diagnosis. In
order to be inclusive of a wide range of studies, the
type of blood sample (i.e., plasma/serum/leukocyte)
was not considered as exclusion criteria. The overlap
in the proteome of these different blood samples is of
interest, as has been explored in O’Bryant et al. [60].
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Highly replicated candidate biomarkers show
promise and are obvious candidates for future stud-
ies, especially if they are detected across a range of
different proteomic platforms. This is another motiva-
tion for applying novel proteomic technologies such
as the SOMAscan assay to the challenge of validating
blood-based markers of AD. This approach has proved
especially fruitful in the replication of pancreatic pro-
hormone plasma levels as a marker of AD clinical
diagnosis, which had only previously been observed
in studies utilizing Luminex xMAP assays (Table 5).
This finding was so robust that it was also a top finding
in a ‘discovery’ analysis we performed using the full
SOMAscan panel of 1,001 proteins (Sattlecker et al.,
unpublished data).

The benefit of the candidate replication approach
taken is that it increased the statistical power relative
to a univariate analysis using the full SOMAscan panel
(Sattlecker et al, unpublished data). This allowed the
detection of significant associations (at the 0.1 FDR
level) of a greater number of candidate biomarkers
with AD-related phenotypes, i.e., complement C6, C-
C chemokine 18, a-1-antitrypsin, and inter-a-trypsin
inhibitor heavy chain H4.

It seems that a larger number of proteins associate
with the left hippocampus and entorhinal cortex than to
their right equivalent, which may relate to a difference
in the onset and severity of atrophy of left versus right
brain regions; this has preliminarily been reported for
the hippocampi previously [61, 62].

We have used longitudinal MMSE scores to calcu-
late subjects’ rate of cognitive decline. MMSE was
chosen as it was the most widely available cogni-
tive measure in these cohorts, but it should be noted
that the MMSE is less sensitive to cognitive decline
than other cognitive assessments like the Alzheimer’s
Disease Assessment Scale-cognitive subscale (ADAS-
cog). More sensitive cognitive tests could be used to
identify plasma markers that are more sensitive to
cognitive decline in a future study. However, it is inter-
esting that given the lack of sensitivity of MMSE to
monitor the rate of cognitive decline, we are still able
to find a protein marker, clusterin, that associates with
its rate of change, replicating previous findings [21].

Pathway analysis has revealed that inflammatory
proteins are over-represented in the literature-derived
candidate markers. It is known that neuroinflamma-
tion is a feature of AD, but it is also believed to be
a feature of many other psychiatric disorders [63]. It
would be interesting to know if these proteins represent
a distinctive AD signal in blood or represent general
inflammation/neuroinflammation. Proteins involved in

the complement pathway are also over-represented
in the list of candidate markers. This is encouraging
since complement proteins are known to have a more
direct involvement in AD. They have been identified
as genetic risk factors for AD [64] and are activated in
amyloid plaques in very early AD [65].

A key factor in the utility of markers of disease is
their specificity; it should be noted that some of the can-
didates in this study were found to be relevant to other
diseases in the KEGG analysis. Similarly, candidate
proteins that were found to associate with AD-related
phenotypes in this study have been found to be poten-
tial markers of other diseases, for example the level
of matrix metalloproteinase-9 has been found to be
altered in serum samples of subjects with schizophre-
nia [66]. Similarly, the level of apolipoprotein Al
and complement C9 in serum have been considered
as markers of malignant pleural mesothelioma in a
previous study utilizing the Somal.ogic technology
[52]. This suggests that some single protein mark-
ers of AD-related disease in blood may have limited
disease specificity, possibly due to their involvement
in multiple disease processes. Further studies will be
needed to test this and to evaluate the specific potential
utility of these proteins as prognostic, diagnostic, and
pharmacodynamics markers of AD.

CONCLUSION

We reviewed published discovery or panel-based
blood proteomics studies of AD. Out of the total of
164 potential markers and 18 independent cohorts
described in these studies, ~66% of the potential
biomarkers identified were only found to associate
with AD-related measures in a single cohort. How-
ever, some proteins do appear in multiple studies;
for example, four candidate biomarkers are found to
associate with AD-related pathologies in five inde-
pendent research cohorts in these 21 studies. Using
Somal ogic’s SOMAscan proteomics technology, we
replicated nine candidate biomarkers at the 0.1 FDR
level. Five of these associate with AD-related pheno-
types in a direction compatible with literature findings.
This was performed on plasma samples from the
AddNeuroMed and ARUK/Maudsley BRC Demen-
tia Case Registry at King’s Health Partners research
cohorts. Overall, our findings replicate some previ-
ously reported markers, and suggest that AD pathology
affects the blood proteome with some consistency.

Given the unmet need for blood-based biomarkers
of AD, it is imperative that the most well replicated
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candidates are tested in larger and more extensively
phenotyped cohorts (for example followed longitu-
dinally). In parallel with this, a greater focus must
be applied to specificity and potential confounders
(including genotype). Finally, it is hoped that novel
proteomics approaches may reveal stronger candidate
markers of AD. Overall, a replicated blood protein sig-
nature of AD has been found, across this and many
other studies, and is worthy of greater investigation.
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