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Abstract

A plethora of complex misfolded protein combinations have been found in Alzheimer disease (AD) brains besides the classical
pathological hallmarks. Recently, x-synuclein (x-syn) and its heterocomplexes with amyloid-3 (A3) and tau have been sug-
gested to be involved in the pathophysiological processes of neurodegenerative diseases. These pathological features are not
limited to the brain, but can be also found in peripheral fluids. In this respect, red blood cells (RBCs) have been suggested as a
good model to investigate the biochemical alterations of neurodegeneration. Our aim is to find whether RBC concentrations of «-
syn and its heterocomplexes (i.e., x-syn/A and x-syn/tau) were different in AD patients compared with healthy controls (HC).
The levels of homo- and heteroaggregates of x-syn, A3 and tau, were analyzed in a cohort of AD patients at early stage either
with dementia or prodromal symptoms (N =39) and age-matched healthy controls (N =39). All AD patients received a
biomarker-based diagnosis (low cerebrospinal fluid levels of A3 peptide combined with high cerebrospinal fluid concentrations
of total tau and/or phospho-tau proteins; alternatively, a positivity to cerebral amyloid-PET scan). Our results showed lower
concentrations of «-syn and its heterocomplexes (i.e., a-syn/A3 and «-syn/tau) in RBCs of AD patients with respect to HC.
RBC o-syn/Af3 as well as RBC «-syn/tau heterodimers discriminated AD participants from HC with fair accuracy, whereas RBC
«-syn concentrations differentiated poorly the two groups. Although additional investigations are required, these data suggest o-
syn heteroaggregates in RBCs as potential tool in the diagnostic work-up of early AD diagnosis.
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Abbreviations PD Parkinson’s disease
AD Alzheimer’s disease RBCs red blood cells
AfB [3-amyloid; 4 x-syn  «-synuclein

LB Lewy bodies
MCI  mild cognitive impairment

ND neurodegenerative disease
Introduction

Filippo Baldacci and Simona Daniele contributed equally to this work. Alzheimer’s disease (AD) is traditionally considered a neuro-

degenerative disease (ND) belonging to the group of
proteinopathies, and characterized by cerebral deposits of
amyloid-3 (Af3) peptide and of abnormally phosphorylated
tau protein in form of amyloid plaques and neurofibrillary
tangles, respectively [1]. However, several studies are
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particular, recent studies have showed cerebral o-synuclein
(x-syn) depositions in about 30% of AD cases [8, 9], and a
higher a-syn concentration has been found in the cerebrospinal
fluid (CSF) of AD patients compared to healthy controls (HC)
[10-13] and in asymptomatic subjects at risk of AD [14], al-
though so far, findings have been controversial concerning this
aspect. o-Syn protein, that is the principal component of Lewy
bodies (LB) in the synucleinopathies, such as Parkinson’s dis-
ease [15-17], binds to presynaptic proteins potentially involved
in the neurotransmitter release and protection of axonal termi-
nals, suggesting its potential use as a proxy of synaptic disrup-
tion also in traditionally retained non-synucleinopathic NDs [18,
19], such as AD. Eventually, o-syn could be actively and early
involved in the pathophysiological processes of the preclinical
AD phases [14] and may promote the fibrillization of A3 pep-
tides and tau proteins suggesting a crucial role for o-syn toxicity
in neurodegenerative mechanisms [19]. Several studies reported
that o-syn is highly expressed in red blood cells (RBCs), too
[20]. Additionally, RBCs may represent an interesting peripher-
al model of neurodegeneration since it is likely they are involved
in the accumulation and clearance of the misfolded proteins [13,
21-23]. «-Syn has been demonstrated to physically interact
with other proteins of neurodegeneration such as tau proteins
[24, 25] and A3 peptides [25, 26], producing hybrid oligomers
(heteroaggregates) in RBCs of healthy subjects [27] and
Parkinson’s disease (PD) individuals [27].

Our objective is to assess the potential diagnostic accuracy
of the levels of RBC «-syn and of heteroaggregates of o-syn
with tau and AP in discriminating AD individuals showing
both the typical hippocampal phenotype and the positivity of
core AD pathophysiological biomarkers (i.e., low CSF Af3
peptides concentrations and high tau or pospho-tau (p-tau)
protein levels or, alternatively, high cortical amyloid-PET up-
take) [6] from cognitively HC.

Material and Methods

A total of 78 consecutive participants were examined. Clinical
and biological data from these 78 individuals (Alzheimer dis-
ease dementia (ADD) patients =28, prodromal AD or mild
cognitive impairment due to AD subjects = 11, and healthy
controls (HC) = 39) were collected in our Centre for Cognitive
Disorders of the Neurology Clinic at the University of Pisa.
Patients and HC were matched for age and sex. We initially
enrolled 87 patients then we excluded from further analysis
six clinically demented and three MCI subjects since during
the diagnostic work-up, they did not show the CSF or amyloid
PET hallmarks of AD pathophysiology. All participants
underwent a clinical examination and an extensive cognitive
evaluation with psychometric tests, including the Mini Mental
State Examination (MMSE). All enrolled subjects had a clin-
ical diagnosis of amnestic mild cognitive impairment (MCI)
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[28] or mild AD (hippocampal type) dementia [6] with a
MMSE > 20. They all performed a magnetic resonance imag-
ing (MRI) scan to rule out secondary causes of dementia/
cognitive impairment, and in particular, we excluded mixed
cognitive impairment participants with a Fazekas modified
scale score [29] (mFss) >2. All patients underwent either a
diagnostic lumbar puncture (cutoff points of 600 pg/mL for
AP, 275 pg/mL for tau, and 60 pg/mL for p-tau) [30], or a
cerebral AB '®F-florbetapir PET scan, or both of them. All
patients included had received both clinical- and biomarker-
based diagnosis of prodromal AD (or mild cognitive impair-
ment due to AD) or ADD hippocampal type, according to the
IWG-2 and NIAA criteria [6, 28].

RBC Collection

Whole blood was collected from AD patients and healthy vol-
unteers into a tube containing EDTA as an anticoagulant. RBCs
were separated from plasma by a centrifugation at 200xg at 4 °C
for 10 min [27]; then, RBCs were centrifuged at 1000xg for
10 min, washed three times with PBS, and the RBC pellet
was frozen at —20 °C until use. The amount of proteins was
determined by the Bradford method. For immunoenzymatic as-
says, RBCs were suspended in 2 mM SDS to a final concentra-
tion of 40 mg of total proteins in 100 pL.

Immunoassay Methods for Total a-Syn

Total o-syn was evaluated in RBCs following literature’s pro-
tocols [27]. Briefly, wells were pre-coated overnight at 4 °C
using a full-length antibody to «-syn (sc-10717, Santa Cruz
Biotechnology), and bovine serum albumin (BSA) was used
to block non-specific sites for 1 h at 37 °C [27]. RBCs
(0.2 mg/100 puL) were added to the wells for 2 h at 25 °C.
Purified recombinant protein standards of «-syn were ana-
lyzed in parallel with human samples to generate a standard
curve. Samples were then probed with a mouse monoclonal
antibody to &-syn (sc-12767, Santa Cruz Biotechnology) and
subsequently with an anti-mouse HRP antibody. The wells
were washed three times with phosphate-buffered saline con-
taining 0.01% Tween 20 (PBS-T), and incubated with the
enzyme substrate 3,3',5,5'-tetramethylbenzidine (TMB,
Thermo Scientific). Absorbance values were read at 450 nm.

Preparation of Aged Solutions of a-Syn
and of the a-Syn Biotinylated Antibody

Recombinant &-syn was incubated in parafilm-sealed tubes at
37 °C for 4 days in an Eppendorf Thermomixer with constant
mixing (1000 rpm), as reported previously [27, 31]. To pre-
pare the «-syn biotinylated antibody, Sulfo-NHSLC-Biotin
(Pierce, Rockford, IL, USA) (200 mg) was reacted with the
211 mouse monoclonal antibody (mAb) (Santa Cruz
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Biotechnology, Santa Cruz, CA, USA) [32]. The mixture was
desalted on Bio-Spin-6 columns (Bio-Rad, UK) to eliminate
excess uncoupled biotin.

Detection of Oligomeric a-Syn

Oligomeric «-syn levels in RBCs were quantified with an
immunoenzymatic assay, as previously described [27, 31].
Wells were pre-coated overnight at room temperature with
the mouse monoclonal «-syn 211 antibody (sc-12767, Santa
Cruz Biotechnology). RBCs (0.04 mg/100 pL) were added to
each well, after the blocking of non-specific sites with 1%
BSA, and incubated at 25 °C for 2 h. x-Syn oligomers were
identified with the a-syn biotinylated antibody, which binds
amino acid residues 121-125 of human «-syn. Streptavidin
horseradish peroxidase conjugate antibody (1:1000, GE
Healthcare) was used for antigen detection. After several
washing with PBS-T, 100 puL/well of the substrate TMB was
added, as reported above.

Detection of Total Beta-Amyloid

AP levels in RBC samples were assessed using an
immunoenzymatic assay, as described previously [27, 32]. A
specific antibody to A} (ab10148, Abcam) was used to pre-
coat the wells overnight at 4 °C. After extensive washing with
PBS-T, non-specific sites were blocked with 1% BSA. RBCs
(0.2 mg/100 mL) were loaded to each well and incubated at
25 °C for 1 h. After several washing with PBS-T, samples
were probed using a specific antibody to A3 (sc-28365,
Santa Cruz Biotechnology). The standard curve was obtained
using recombinant human A3 solutions at eight different con-
centrations [27, 32].

Detection of Total Tau

Tau levels in RBCs were detected with the use of an
immunoenzymatic assay, as described previously [27]. The
plate was pre-coated overnight at 4 °C with a specific antibody
to tau (sc-32274, Santa Cruz Biotechnology), and after wash-
ing, non-specific sites were blocked with 1% BSA. RBCs
(0.5 mg/100 mL) were added to each well and incubated at
25 °C for 1 h. After extensive washing with PBS-T, samples
were detected using a specific tau antibody (sc-5587, Santa
Cruz Biotechnology). The standard curve was created using
recombinant human tau solutions at eight different concentra-
tions [27].

Immunoassay Detection of a-Syn/B-Amyloid
Heterocomplexes

The quantification of a-syn/Af3 heterocomplexes was assessed
using a “homemade” method employing a “sandwich”

immunoenzymatic assay [27, 33, 34], as follows. Standards of
o-syn/Af3 at eight different concentrations were prepared, fol-
lowing capturing on wells pre-treated with a specific antibody to
A (ab10148, Abcam) [27] in poli-L-ornithine/NaHCO3,
pH 9.6. After washing twice with PBS-T, RBCs (40 mg/sample
in 2 mM SDS) were added to each well and incubated at 25 °C
for 2 h. Non-specific sites were blocked with the addition of 1 %
BSA for 30 min at 37 °C. To evaluate o-syn bound to Af3,
samples were probed with a specific antibody to a-syn (sc-
12767, Santa Cruz Biotechnology) for 2 h at 37 °C, and next,
with the appropriate HRP-conjugated antibody. After 1.5 h, and
after two washes with PBS-T, the substrate TMB was added to
each well. Absorbance was measured at 450 nm. Relative con-
centrations of x-syn/Af3 complexes were measured according
to the standard curve created in each microplate. The assays of
blood were all carried out in duplicate. Blood samples from
patients and healthy subjects were analyzed together in batch
runs. For some subjects, various assays were performed on di-
luted RBCs from a single subject to confirm that low or high
concentrations were in the linear range of the assay. All mea-
surements were repeated twice, and the average value was de-
termined [27].

Immunoassay Detection of a-Syn/Tau
Heterocomplexes

The quantification of x-syn/tau heterocomplexes was per-
formed using a “homemade” method similar to the previously
reported (see the precedent paragraph) [27]. Standard «-syn/tau
was prepared by incubating 1 mg of each protein, diluted in
2 mM SDS in parafilm-sealed tubes at 37 °C for 1 h in an
Eppendorf Thermomixer with constant mixing (500 rpm). The
plate was pre-coated overnight at room temperature with a spe-
cific antibody to o-syn (sc-514908, Santa Cruz Biotechnology)
in poli-L-ornithine/NaHCO3, pH 9.6. After two washes with
PBS-T, RBCs (80 mg/sample in 2 mM SDS) were loaded to
each well and incubated at 25 °C for 2 h. The wells were
washed, and 1% BSA was used to block non-specific sites for
30 min at 37 °C. To determine o-syn bound to tau, samples were
probed for 2 h at 37 °C with a specific antibody to tau (sc-5587,
Santa Cruz Biotechnology) and subsequently with the appropri-
ate HRP-conjugated antibody. After 1.5 h, the wells were
washed twice with PBS-T before the addition of 100 pL/well
of TMB. Absorbance was read at 450 nm. Relative concentra-
tion of o-syn/tau complexes was measured according to the
standard curve obtained in each microplate.

Statistical Analysis
Prodromal AD and mild ADD subjects were merged and con-
sidered as a single diagnostic category named AD group [6].

Associations between sex and diagnostic group were assessed
by a chi-square test with continuity correction. The differences
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of the quantitative variable values between AD and HC
groups were assessed through a nonparametric Mann-
Whitney test after Shapiro-Wilk test for normality.

Then, the diagnostic potential of each biomarker was ex-
amined, calculating the area under the receiver operating char-
acteristic curve (AUROC) and its associated confidence inter-
vals (CIs). The Standards for Reporting Diagnostic Accuracy
Studies (STARD) criteria for the reporting of diagnostic test
accuracy studies (available at http://www.equator-network.
org/reporting-guidelines/stard/) were followed. The
discriminatory performance of each biomarker to correctly
allocate individuals to diagnostic group was classified as
follows: excellent (AUROC 0.90-1.00), good (AUROC 0.
80-0.89), fair (AUROC 0.70-0.79), poor (AUROC 0.60-0.
69), and fail/no discriminatory capacity (AUROC 0.50-0.59)
[35]. Spearman’s rank correlation coefficients were calculated
to compare each RBC biomarker concentrations with those of
the CSF A, p-tau, and tau proteins. All statistical analyses
were performed in the SPSS statistical environment version
18. Two-tailed p values, 0.05, were considered statistically
significant.

Results

RBC Biomarkers Concentrations According to Clinical
Diagnosis

Table 1 summarizes the concentrations of RBC Af} peptide,
«-syn, tau protein concentrations, and the RBC o«-syn/Af3 and
a-syn/tau heterodimers levels in the two groups. RBC «-syn,
a-syn/Af, and o-syn/tau heterodimers concentrations were
significantly lower in AD patients than HC (p =0.036,
0.001, <0.001, respectively). No other significant intergroup
differences were found (Fig. 1).

Accuracy of RBC Biomarkers for Different Clinical
Diagnosis

Figure 2 AUROCs summarize the accuracy of RBC bio-
markers in distinguishing HC from AD. Particularly, the per-
formance of a-syn/Af and o-syn/tau heterodimers in dis-
criminating AD participants from HC was fair (AUROCs =
0.76, 0.72, respectively), whereas o-syn poorly differentiated
the two groups (AUROC =0.63). RBC Af and tau levels
were unable to discriminate HC from AD

Correlations of RBC Biomarkers in the Whole Study
Cohort

The correlation matrix among all biomarkers in the entire
study population (N = 78) was reported in Table 2. The corre-
lations between CSF core AD biomarkers (A f3, p-tau, and tau)
concentrations and the other biomarkers values have been
showed in a subset of AD patients (N= 32) as well as the
CSF «-syn levels and those of the other biomarkers in a fur-
ther subgroup of AD patients (N= 10). RBC «-syn strongly
correlated with RBC «-syn/tau and with RBC tau (ps = 0.623
and 0.567 p < 0.001, respectively). RBC «-syn/tau moderate-
ly correlated with RBC tau (p;=0.031 p=0.003). RBC Af3
moderately correlated with RBC tau and RBC o-syn (ps =
0.329 and 0.031 p =0.003, respectively). Moreover, RBC
A and RBC o-syn/A 3 heterocomplex moderately correlated
with CSF A3 (ps=0.435 and 0.368, respectively; p =0.015
and 0.042) in a subset of 32 AD patients.

Discussion

Our results showed that «-syn concentrations, «-syn/Af3 as
well as «-syn/tau heterodimers concentrations are significant-
ly lower in RBCs of AD patients than in RBC of HC (Fig. 1).

Table 1 Demographic data and

biomarker levels of the HC AD p value

population
Sex, n (F/M) 39 (17/22) 39 (19/20) 0.650
Age at sample collection (years) 68.0 (60.0-72.0) 69.2 (63.3-72.7) 0.577
RBC AR 10.32 (6.79-14.41) 9.34 (4.65-24.15) 0.924
RBC tau 4.984 (1.908-8.475) 3.154 (1.549-6.881) 0.173
RBC a-syn 20.26 (3.63-52.14) 10.68 (4.12-18.09) 0.036
RBC o-a-syn 10.41 (6.94-13.00) 8.48 (2.95-13.91) 0.164
RBC a-syn-Af 2.730 (1.603-6.658) 1.473 (0.675-2.299) 0.001
RBC a-syn-tau 1.800 (0.632-2.611) 0.762 (0.475-1.062) <0.001

AD, Alzheimer disease; HC, healthy controls; F, female; M, male; RBC, red blood cell; «-syn-A[3, «-synuclein/(3-
amyloid peptide(1—42) heterocomplexes; x-syn-tau, «-synuclein/tau protein heterocomplexes; x-syn, total -
synuclein; o-a-syn, oligomeric o-synuclein; A, 3-amyloid peptide(1-42); tau, total tau protein

Data are presented as median values (25th—75th quartiles)

p values < 0.05 were considered statistically significant (in italics)
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RBC «-syn/Af as well as RBC «-syn/tau heterodimers
discriminated AD participants from HC with fair accuracy
whereas RBC «-syn concentrations differentiated poorly the
two groups (Fig. 2).

Recent findings have suggested that each ND is not related
to the brain deposition of a misfolded specific protein, but
rather to a mixed pattern of misfolded proteins [36, 37].
Concomitantly, with their presence in the CNS, these altered
proteins can be found also in peripheral compartments, possi-
bly configuring a systemic disease [38]. In particular, RBCs
seem to be prominently involved among peripheral cells,
based on recent findings demonstrating an accumulation of
misfolded proteins in these cells with a potential relationship
with NDs [13, 21, 22, 27, 39, 40].

Herein, a cohort of AD patients with a biomarker-based
diagnosis [6] was recruited to measure the RBC concentra-
tions of «-syn and its heterocomplexes with tau and Af3, to
test their potential discriminatory accuracy and to

demonstrate, in a subset sample, the putative correlation with
the levels of the same proteins in CSF.

In the present study, comparable concentrations of A3 were
found in RBCs of HC and AD patients. In contrast, a recent
paper, in which A3 presence and aggregation in fibrils were
assessed in RBCs through thioflavin T (ThT) staining, has re-
ported that the percentage of A3 binding-positive RBCs is higher
in AD compared to HC [41]. However, in this study, the subjects
had been diagnosed by purely clinical criteria only [42], which
could not be sufficient to allow establishing a correct profile of
the disease [1, 2, 6]. Furthermore, the quantification of A ThT
staining had been performed in RBCs only, without considering
the corresponding levels in CSF (a key parameter to confirm the
diagnosis of AD), not allowing a correlation between central and
peripheral compartments. Finally, these discrepancies in the bio-
chemical measurements may be attributed to the different
methods employed to detect AP} by products (i.e., ThT staining
versus immunoenzymatic assay), which may mark different
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Fig. 2 ROC curves to evaluate
the utility of RBC biomarkers
concentrations in discriminating
AD patients from HC. «-Syn-tau
heterodimers AUROC =0.76 08
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states of protein aggregation. In this regard, we suggest that the
total amount of A3 peptides might be unchanged in RBCs of
AD, but the degree of fibrils enhanced in pathological conditions
[43, 44].

Interestingly, A3 concentrations in RBCs correlated with
CSF A in a subset of 32 AD patients, suggesting that RBCs
protein modifications may reflect central pathological alter-
ations. In contrast, plasma A3 concentrations have not shown
neither significant differences between AD and HC, nor cor-
relation with the levels of the same protein in CSF [45].

Similar to A3, the total amount of tau protein in RBCs
was similar in AD and HC. Several recent studies on
neurodegeneration-related diseases, including AD, showed
higher tau levels in plasma of patients [46—49]. To our knowl-
edge, very few studies have evaluated the RBC tau protein

T T T
04 06 08 10

Specificity

concentrations in NDs [27]. Further evaluations are needed to
assess the validity of RBC tau as a biomarker of AD.

Interestingly, total x-syn levels in RBCs significantly de-
creased in our AD cohort. Nevertheless, ROC analysis dem-
onstrated that total «-syn protein poorly differentiated the two
groups (AUROC =0.63). Consistently, with our finding in
AD subjects, significant lower total oc-syn concentrations have
been also reported in human RBCs from PD patients [13, 20,
50] compared with age-matched HC. In this regard, these
results suggest that the peripheral total o-syn, which is accu-
mulated especially in RBCs [20], is possibly lower in general
in NDs, but not specifically.

In addition to homoaggregates of the aforementioned pro-
teins, heterocomplexes of «-syn with tau and A3 have been
proven to occur both in cellular models and in patients’ brains

Table 2  Correlations between the analyzed biomarkers in the selected cohort

RBCtau RBC a-syn RBC a-syn-Af3  RBC a-syn-tau  CSF p-tau  CSF tau CSF a-syn ~ CSF AP
RBC Ap 0.329%* 0.331%* —0.084 0.673 0.076 -0.017 0.188 0.435%*
RBC tau 0.567##* 0.104 0.331%* 0.085 —-0.018 —0.030 —0.009
RBC a-syn —0.120 0.623 % 0.176 0.191 0.127 0.050
RBC a-syn-Af3 0.137 0.133 0.207 —0.600 0.368*
RBC «-syn-tau 0.288 0.151 —0.152 —0.175
CSF p-tau (Pts= 32) 0.6827%**  —0.361 0.033
CSF tau (Pts= 32) —0.333 0.232
CSF «-syn (Pts= 10) 0.283

AD, Alzheimer disease; HC, healthy controls; F, female; M, male; RBC, red blood cells; a-syn-AfS3, «-synuclein/B-amyloid peptide(1-42)
heterocomplexes; «-syn-tau, x-synuclein/tau protein heterocomplexes; o-syn, total x-synuclein; o-a-syn, oligomeric o-synuclein; Af3, (3-amyloid
peptide(1-42); tau, total tau protein. Data are presented as median values (25th—75th quartiles)

p values < 0.05 were considered statistically significant
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[24-26, 37, 50, 51]. On this basis, x-syn heterocomplexes
were measured in our cohort through a “homemade”
immunoenzymatic assays. Notably, o-syn has been demon-
strated to form heterocomplexes with both A3 and tau pro-
teins in brain tissues and in RBCs of senescence-accelerated
mice, similar with previous data reported in human samples
[27, 37, 50, 52]. Moreover, several evidences have reported a
very likely contribute of x-syn combining with other
misfolded proteins, such as tau, thus enhancing the neurode-
generative effects [36, 37].

Herein, both a-syn/Af3 and «-syn/tau concentrations in
RBCs were significantly lower in AD patients than HC.
Moreover, both heterodimers were fairly performing in dis-
criminating AD participants from HC (AUROCs =0.76, 0.72,
respectively). In fact, x-syn/Af3 heterocomplexes correlated
with CSF A3 in a subset of our AD cohort (Table 2). Further,
RBC a-syn heterocomplexes correlated with the A and tau
concentrations (Table 2). Thus, these data suggest that «-syn
heterocomplexes in blood may reflect neurodegenerative
mechanisms within the central nervous system.

It is worth noting that we recently have reported that RBC
a-syn/Af3 heterocomplexes in PD patients were higher than in
controls and correlated with the disease’s progression [50].
Thus, x-syn/A3 accumulation in RBCs seems to have differ-
ent trend in PD versus AD.

Our study has some caveats. First, the relatively small sam-
ple number and the lack of a clinical follow-up. Then, we did
not include atypical AD phenotype. Moreover, we omitted in
our analysis a further group of patients that received a non-AD
cognitive impairment diagnosis. However, all our patients re-
ceived a gold standard biomarker-based diagnosis of AD and
matched for age and sex with the control group.

In summary, we suggest that the RBC concentrations of oc-
syn heterocomplexes may be lower in the early AD stages,
showing a fair discriminating accuracy compared with con-
trols. Moreover, we guess that since RBCs are rich of periph-
eral o-syn proteins and are easily accessible with a simple
blood sample, they could become, in the near future, an inter-
esting peripheral model of neurodegenerative mechanisms.
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