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Abstract

Background and Objectives

Patients with Lewy body disease (LBD) often show a co-occurring Alzheimer disease (AD)
pathology. CSF biomarkers allow the detection in vivo of AD-related pathologic hallmarks
included in the amyloid-tau-neurodegeneration (AT(N)) classification system. Here, we aimed
to investigate whether CSF biomarkers of synaptic and neuroaxonal damage are correlated with
the presence of AD copathology in LBD and can be useful to differentiate patients with LBD
with different AT(N) profiles.

Methods

We retrospectively measured CSF levels of AD core biomarkers (AB42/40 ratio, phosphory-
lated tau protein, and total tau protein) and of synaptic (B-synuclein, a-synuclein,
synaptosomal-associated protein 25 [SNAP-25], and neurogranin) and neuroaxonal proteins
(neurofilament light chain [NfL]) in 28 cognitively unimpaired participants with non-
degenerative neurologic conditions and 161 participants with a diagnosis of either LBD or AD
(at both mild cognitive impairment, AD-MCI, and dementia stages, AD-dem). We compared
CSF biomarker levels in clinical and AT(N)-based subgroups.

Results

CSF P-synuclein, a-synuclein, SNAP-2S, neurogranin, and NfL levels did not differ between
LBD (n = 101, age 67.2 *+ 7.8 years, 27.7% females) and controls (age 64.8 + 8.6 years, 39.3%
females) and were increased in AD (AD-MCI: n = 30, AD-dem: n = 30, age 72.3 * 6.0 years,
63.3% females) compared with both groups (p < 0.001 for all comparisons). In LBD, we found
increased levels of synaptic and neuroaxonal degeneration biomarkers in patients with A+T+
(LBD/A+T+) than with A-T- profiles (LBD/A-T-) (p < 0.01 for all), and B-synuclein
showed the highest discriminative accuracy between the 2 groups (area under the curve 0.938,
95% CI 0.884-0.991). CSF B-synuclein (p = 0.0021), a-synuclein (p = 0.0099), and SNAP-25
concentrations (p =0.013) were also higher in LBD/A+T+ than in LBD/A+T- cases, which
had synaptic biomarker levels within the normal range. CSF a-synuclein was significantly
decreased only in patients with LBD with T— profiles compared with controls (p = 0.0448).
Moreover, LBD/A+T+ and AD cases did not differ in any biomarker level.

Discussion

LBD/A+T+ and AD cases showed significantly increased CSF levels of synaptic and neuroaxonal
biomarkers compared with LBD/A-T~- and control subjects. Patients with LBD and AT (N)-based
AD copathology showed, thus, a distinct signature of synaptic dysfunction from other LBD cases.

Classification of Evidence
This study provides Class II evidence that CSF levels of p-synuclein, a-synuclein, SNAP-2S,
neurogranin, and NfL are higher in patients with AD than in patients with LBD.
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Glossary

ApB40 = amyloid-B;_40; AB42 = amyloid-B;_4,; AD = Alzheimer disease; AD-dem = AD with dementia; AD-MCI = AD with mild
cognitive impairment; AT(N) = amyloid-tau-neurodegeneration; AUC = area under the curve; Ctrl = control; CDR = Clinical
Dementia Rating; DLB = dementia with Lewy bodies; HY = Hoehn and Yahr; LBD = Lewy body disease; MMSE = Mini-Mental
State Examination; MoCA = Montreal Cognitive Assessment; NfL = neurofilament light chain protein; PD = Parkinson disease;
PDD = Parkinson disease with dementia; PMCCA = protein misfolding cyclic amplification; p-tau = phosphorylated tau protein;
ROC = receiver operating characteristic; RT-QuIC = real-time quaking-induced conversion; SNAP-25 = synaptosomal-associated
protein 25; t-tau = total tau protein; UPDRS-III = Unified Parkinson’s Disease Rating Scale—part III.

Parkinson disease (PD) and dementia with Lewy bodies
(DLBs) (together Lewy body diseases [LBDs]) are progressive
neurodegenerative disorders caused by misfolding and intra-
neuronal aggregation of the presynaptic protein a-synuclein.'
The clinical heterogeneity of motor and nonmotor symptoms
observed in patients with LBD is only partially explained by the
underlying Lewy-type pathology and its topographical distri-
bution across the brain. In fact, a-synuclein pathology often
coexists with several other proteinopathies, such as Alzheimer
disease (AD) pathology, which is reported in more than 50% of
all LBD cases and significantly influences the disease course and
cognitive outcome.””

AD pathology can be accurately assessed in vivo by means of CSF
biomarkers reflecting the neuropathologic hallmarks within the
amyloid-tau-neurodegeneration (AT(N)) classification system,
namely, B-amyloidosis (A: decreased amyloid-B;_4,/amyloid-
B1_40 ratio, AB42/40), tauopathy (T: increased phosphorylated
tau protein, p-tau), and neurodegeneration (N: increased total tau
protein, t-tau).* Conversely, Lewy-related pathology is only
modestly associated with decreased CSF levels of a-synuclein as a
possible biomarker of ot—synucleinopathy.s‘6 Instead, increased
a-synuclein concentrations may reflect the ongoing synaptic de-
rangement, as reported in AD and Creutzfeldt-Jakob disease and
in advanced stages of PD.”*

The quantification in CSF levels of other presynaptic and
postsynaptic proteins, such as synaptosomal-associated pro-
tein 25 (SNAP-25) and neurogranin, may help detecting early
synaptic leakage from degenerating terminals in AD.”'"°
Similarly, -synuclein is a presynaptic protein closely related
to a-synuclein and has been recently exploited in CSF and
blood as a novel candidate biomarker of synaptic damage in
AD and prion disease."'™ Available data on CSF synaptic
biomarkers in the LBD spectrum are, to date, not conclusive
because they have been reported either slightly increased or
not altered in comparison with control subjects.'”'*'” In
addition, to the best of our knowledge, no study has tested to
date whether they could be associated with AD copathology
in LBD.

Hence, in this study, we first sought to investigate different CSF
biomarkers reflecting synaptic damage, namely, p-synuclein,
a-synuclein, SNAP-2S, and neurogranin, in patients at different
cognitive stages within the LBD spectrum (PD, PD with
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dementia [PDD], and DLB). Second, we aimed to verify the
hypothesis that synaptic dysfunction markers were differently
expressed in AT(N)-based subgroups of LBD. In respect to
this, we included 2 convenience groups for comparisons: (1)
patients with AD at the mild cognitive impairment (AD-MCI)
and dementia (AD-dem) stages as a reference AT(N)
biomarker—positive group; (2) cognitively unimpaired patients
with nondegenerative neurologic conditions as a reference
AT(N) biomarker—negative group. Finally, we measured in all
patients CSF levels of neurofilament light chain protein (NfL),
a biomarker of neuroaxonal injury in primary and nonprimary
neurologic disorders,'®"
reflecting neurodegeneration and synaptic derangement may
show different behaviors in the LBD spectrum.

to evaluate whether biomarkers

These facts considered that the primary research question
being addressed in this study was as follows: are CSF levels of
B-synuclein, a-synuclein, SNAP-25, neurogranin, and NfL
different in LBD and AD.

Methods

Study Population

We retrospectively analyzed CSF samples of 189 patients ad-
mitted to the Section of Neurology of the University of Perugia
(Perugia, Italy) from 2015 to 2020. The cohort included 28
cognitively unimpaired controls, 101 patients with LBD, and 60
patients with AD. All patients underwent, at baseline, neuro-
psychological evaluation, neuroimaging (MRI or, when not
feasible, CT), and lumbar puncture as parts of the routine
diagnostic workup.

The LBD group included 83 patients with clinically established
PD, 12 with probable PDD, and 6 with probable DLB, diagnosed
according to the currently available clinical criteria.”*** We
considered patients affected by PDD and DLB within the same
group (PDD/DLB) for analyses on clinical groups. The
Movement Disorders Society Unified Parkinson’s Disease Rat-
ing Scale—part I1I (UPDRS-III) score and the Hoehn and Yahr
(HY) staging system were used to assess the motor impairment
and the disease-related disability, respectively.”*** The global
cognitive functioning was assessed in all LBD cases with the
Mini-Mental State Examination (MMSE)> and the Montreal
Cognitive Assessment (MoCA) score.”®
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The diagnosis of AD was supported by the analysis of CSF core
biomarkers, according to the most updated National Institute
on Ageing and Alzheimer’s Association recommendations.* All
AD cases showed a CSF A+T+N+ biomarker profile, except 1
AD-MCI case with a CSF A+T+N- profile (see below for
biomarker cutoffs). Patients with AD were stratified into 2
clinical subgroups according to the Clinical Dementia Rating
(CDR) score, namely, AD-MCI (CDR = 0.5, n = 30) and
AD-dem (CDR 21, n = 30).2”%

The control (Ctrl) group included 10 patients with sub-
jective memory complaints, who did not fulfill criteria
for MCL* and 18 cognitively unimpaired controls with
nondegenerative neurologic diseases (epilepsy n = 2,
cerebrovascular disorders n = 2, psychiatric disorders n = 3,

polyneuropathy n = 6, and optic neuritis n = 5). All control
subjects had AP42/40 and p-tau levels within the normal
range (Table 1).

CSF Sampling and Analysis of AD
Core Biomarkers

CSF sampling was performed according to international
guidelines.30 Following standardized procedures, 10-12 mL
of CSF was collected in sterile polypropylene tubes and
centrifuged at 2,000g for 10 minutes. Aliquots (0.5 mL) were
stored at —80°C until analysis. CSF levels of APp42, AP40,
p-tau, and t-tau were measured by means of Lumipulse G600-
II (Lumipulse) AB40, Lumipulse AB42, Lumipulse p-tau 181,
and Lumipulse t-tau assays, respectively (Fujirebio Europe,
Gent, Belgium).

Table 1 Demographic, Clinical, and Biochemical Data of the Study Cohort

Controls Lewy body disease AD
PDD/DLB
Total (n = 28) PD (n =83) (n=18) Total (n=101) AD-MCI (n = 30) AD-dem (n=30) Total (n =60)
Females/ 11/17 25/58 3/15 28/73 17/13 21/9 38/22
males
Age 64.8 + 8.6 66.3+7.2 71.3+9.6 67.2+7.8 721 +5.1 73.5+6.8 72.3+6.0
Dd — 29+28 4.8 +3.7 3.2+3.0 — — —
MMSE — 271+ 2.1 19.8+5.9 26.2+3.6 — — —
MoCA — 224 +4.4 143+6.3 21.3+54 — — —
UPDRS-III — 27.4+10.0 31.2+79 27.9+9.8 — — —
HY stage — 20+0.5 24+0.5 20+0.5 — — —
AB40 9,926 10,287 9,870 9,623 14,156 12,087 13,121
(6,397-12,894) (7,850-12,259) (6,865-12,243) (7,369-12,121) (11,174-16,904) (8,722-15,543) (9,629-16,134)
AB42 1,052 993 (748-1,212) 938 (639-1,194) 916 (605-1,155) 703 (511-786) 626 (418-829) 665 (468-815)
(766-1,326)
AB42/40 0.101 0.101 0.066 0.098 0.045(0.030-0.058) 0.050 0.049
(0.095-0.122) (0.082-0.115) (0.048-0.090) (0.072-0.114) (0.032-0.058) (0.045-0.058)
p-tau 39.0(32.5-44.8)  35.3(27.2-46.8) 45.1 (34.5-62.2) 36.9(29.0-48.0) 90.3(56.1-116.8)  88.4(59.0-119.6) 89.7 (70.9-119.2)
t-tau 249 (180-272) 220 (173-310) 313 (215-380) 239 (177-343) 698 (346-882) 720 (443-978) 705 (560-913)
B-Synuclein 205 (162-260) 204 (115-297) 226 (158-290) 207 (124-295) 633 (135-801) 612 (198-777) 620 (351-788)
a-Synuclein 1,357 1,224 (893-1,637) 1,198 1,198 2,129 (1,029-2,418) 1,782 1,929
(1,158-1,730) (1,025-1,341) (901-1,633) (1,082-2,453) (1,544-2,435)
B-/a-Synuclein 0.155 0.171 0.177 0.172 0.303(0.115-0.359) 0.281 0.301

(0.116-0.180)

(0.121-0.202)

(0.151-0.242)

(0.127-0.208)

(0.134-0.381)

(0.206-0.380)

SNAP-25

71 (59-82)

68 (53-84)

65 (57-80)

68 (54-83)

102 (88-119)

96 (79-128)

101 (83-124)

Neurogranin

319 (195-382)

273 (208-350)

239 (179-271)

260 (195-345)

541 (472-699)

527 (426-708)

532 (455-705)

NfL

650 (567-1,279)

687 (461-989)

1,095
(735-1,817)

725 (480-1,112)

1,111 (834-1,482)

1,286 (954-2,080)

1,139 (861-1,877)

Abbreviations: AB40 = amyloid-B1_40; AB42 = amyloid-B1_42; AD = Alzheimer disease; Dd = disease duration (years); DLB = dementia with Lewy bodies;
HY =Hoehn and Yahr; MCl = mild cognitive impairment; MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; NfL = neurofilament
light chain protein; PD = Parkinson disease; PDD = PD with dementia; p-tau = phosphorylated tau protein; SNAP-25 = synaptosomal-associated protein 25;
t-tau = total tau protein; UPDRS-III = Unified Parkinson’s Disease Rating Scale—part IIl.

Data on age, disease duration, and clinical parameters are expressed as mean + SD. Biomarker concentrations are reported as median (interquartile range)

and, except for AB42/40 and 3-/a-synuclein ratios, in pg/mL.
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By applying the AT(N) classification scheme,* AD core bio-
marker values were classified as pathologic (+) or nonpathologic
(=) according to previously described cluster-based cutoffs.*' We
considered AB42/40 ratio <0.072 as A+, p-tau >50.0 pg/mL as
T+, and total tau >392 pg/mL as N+. The frequency of AT(N)
profiles across clinical groups is reported in eTable 1 (linksIww.
com/WNL/C804). Given the scarce number of N+ cases in
patients with LBD with profiles other than A+T+ (4 of 84), we
did not perform comparisons between N+ and N— profiles.

Quantification of CSF Synaptic and
Neuroaxonal Proteins

CSF synucleins were quantified by using a commercial
a-synuclein immunoassay (Euroimmun, Liibeck, Germany)
and an in-house established immunoassay for B-synuclein
(14). We measured CSF levels of NfL with a commercially
available kit for the ELLA microfluidic system (Bio-Techne,
Minneapolis, MN),*> SNAP-25 with a commercial Simoa kit
(Quanterix Inc., Lexington, MA), and neurogranin with a
commercial immunoassay (Euroimmun). For all measure-
ments, the coeflicients of intra-assay and interassay variability
were <10% and <15%, respectively.

Statistical Analysis

All statistical analyses were performed by using SPSS Statistics
22.0 (IBM Inc, Armonk, NY) and GraphPad 8 (GraphPad
Software, La Jolla, CA). We adopted the x” test to compare
categorical variables and the Mann-Whitney U or Kruskal-Wallis
test (followed by the Dunn-Bonferroni post hoc test) to compare
continuous variables, as appropriate. Multivariable regression
models were adopted for age- and/or sex-adjusted comparisons
after transformation of the biomarker levels into logarithmic
scales. Correlations between non-normally distributed variables
were computed by means of the Spearman’s p coefficient. We
performed receiver operating characteristic (ROC) analyses to
assess the diagnostic accuracy of biomarkers. A p value of <0.05
was considered as the first level of statistical significance.

Standard Protocol Approvals, Registrations,
and Patient Consents

All participants gave written informed consent to research,
and the Ethics Committee of the University of Perugia ap-
proved the study (approval number: Perugia 19369/08/AV,
registry number: 1287/08, date: October 9,2008). This study
was conducted in accordance with the Helsinki Declaration
and its recent modifications.

Data Availability
Anonymized data will be shared with qualified investigators
on reasonable request to the corresponding author.

Results

Demographic and Clinical Data of the

Study Population

Complete data on the study cohort are available in Table 1.
Patients with LBD (mean age 67.2 + 7.8 years) had the same
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age as Ctrls (mean age 64.8 + 8.6 years) but were younger
than patients with AD (mean age 72.3 £ 6.0 years, p < 0.0001).
The male gender was more represented in the LBD (73/101,
72.3%) than in the AD group (22/60, 36.7%, p < 0.0001).
Among LBD clinical subgroups, we found a longer disease
duration (p = 0.013), lower MMSE scores (p < 0.0001), lower
MoCA scores (p < 0.0001), and higher HY stages (p = 0.036)
in PDD/DLB vs PD cases.

After classification of patients with LBD according to their
AT(N) profile (Table 2), we found no significant difference in
sex distribution, disease duration, MMSE, UPDRS-III, and HY
stage. Patients with LBD with A+T+ profiles (LBD/A+T+)
had lower MoCA scores than LBD/A~T~ cases, but statistical
significance did not survive to the post hoc test (p = 0.072,
unadj p = 0.011). In relation to age, LBD/A-T- cases were
younger than LBD/A+T- (p = 0.016) and LBD/A+T+
(p = 0.0022).

Associations of CSF Biomarkers With Clinical
Variables and With Each Other

In LBD, male and female patients did not differ in any
biomarker concentrations, whereas age correlated signifi-
cantly with CSF levels of NfL (r = 0.537, p < 0.0001),
B-synuclein (r = 0.233, p = 0.019), B-/a-synuclein ratio
(r=0.296, p = 0.0027), and SNAP-25 (r=0.287, p = 0.0042)
(Table 3). CSF synaptic biomarkers did not correlate with
disease duration or clinical scores, whereas NfL. showed weak
but significant correlations with the HY stage (r = 0.217,
p = 0.038), the MoCA score (r = -0.326, p = 0.0017), and
the UPDRS-III score (r = 0.212, p = 0.042). The correlation
between P-/a-synuclein ratio values and the MoCA score
was of marginal significance (r = -0.206, p = 0.0488)
(eFigures 1-5, links.Iww.com/WNL/C804).

In LBD, CSF levels of synaptic proteins, NfL, and AD core
biomarkers were well associated one with each other
(Table 3). However, a-synuclein was the only biomarker
that did not significantly correlate with the Ap42/40 ratio
(p = 0.209). The strongest correlations were observed be-
tween CSF synucleins and either SNAP-2S (B-synuclein
r = 0.820, a-synuclein r = 0.71S, p < 0.0001 for both) or neu-
rogranin levels (B-synuclein r = 0.794, a-synuclein r = 0.712,
p < 0.0001 for both). Equally, we found significant correlations
between B-synuclein and a-synuclein concentrations (r = 0.692,
p < 0.0001), as well as between SNAP-25 and neurogranin
concentrations (r = 0.698, p < 0.0001). Of interest, all 4 synaptic
biomarkers were significantly correlated with both t-tau and NfL,
but correlations with t-tau were stronger in all cases. Similar
findings were also observed in the AD and Ctrl groups (eTables
2 and 3, links.lww.com/WNL/C804).

Distribution of CSF Synaptic and Neuroaxonal
Biomarkers Among Clinical and AT(N)-

Based Groups

CSF levels of B-synuclein, a-synuclein, B-/a-synuclein ratio,
SNAP-25, neurogranin, and NfL, as well as those of AD core
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Table 2 Demographic, Clinical, and Biochemical Data of AT(N)-Based Subgroups of LBD

A-T— (n =65) A-T+(n=6) A+T— (n=13) A+T+(n=17) p Value®
N+/N— 2/63 1/5 112 13/4 <0.0001
Females/males 15/50 3/3 6/7 4/13 ns
Age 65.0+7.5 67.2+59 72.1+69 72171 0.0004
Dd 29+3.0 47+53 44+3.2 3.0+1.8 ns
MMSE 26.5+3.2 27.7+1.8 242 +6.4 259+34 ns
MoCA 22.3+49 238+25 174+75 18.6£5.0 0.0163
UPDRS-III 26.9+10.2 242+49 303+7.1 31.9+10.3 ns
HY stage 20+0.6 2.0+0.0 22+03 24+0.5 0.022
AB40 9,632 (7,456-12,186) 9,931 (8,603-10,787) 9,274 (6,283-11,381) 8,920 (7,368-11,564) 0.0002
AB42 970 (861-1,224) 1,177 (1,035-1,240) 602 (349-692) 482 (419-628) <0.0001
AB42/40 0.105 (0.094-0.120) 0.117 (0.089-0.125) 0.065 (0.059-0.066) 0.049 (0.047-0.053) <0.0001
p-tau 32.2(25.0-39.9) 54.5 (52.5-60.1) 38.8 (34.1-41.0) 68.8 (57.5-91.1) <0.0001
t-tau 205 (165-256) 308 (286-316) 233 (202-271) 458 (447-648) <0.0001
B-Synuclein 181 (109-238) 327 (281-337) 152 (117-214) 444 (274-583) <0.0001
a-Synuclein 1,118 (859-1,391) 2,097 (1,918-2,120) 1,077 (791-1,343) 1,675 (1,346-2,206) <0.0001
B-/a-Synuclein 0.155(0.118-0.187) 0.155 (0.134-0.176) 0.172(0.127-0.215) 0.259 (0.197-0.300) <0.0001
SNAP-25 60 (48-73) 80 (79-91) 62 (50-74) 90 (84-113) <0.0001
Neurogranin 231 (172-313) 426 (396-446) 241 (219-290) 414 (288-611) <0.0001
NfL 598 (426-919) 657 (604-721) 834 (458-1,856) 1,255 (876-1,695) <0.0001

Abbreviations: AB40 = amyloid-B1_40; AB42 = amyloid-B1_42; AT(N) = amyloid-tau-neurodegeneration; Dd = disease duration (years); HY = Hoehn and Yahr;
LBD = Lewy body disease; MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; NfL = neurofilament light chain protein;
ns = nonsignificant; p-tau = phosphorylated tau protein; SNAP-25 = synaptosomal-associated protein 25; t-tau = total tau protein; UPDRS-IIl = Unified

Parkinson’s Disease Rating Scale—part IlI.

Data on age, disease duration, and clinical parameters are expressed as mean + SD. Biomarker concentrations are reported as median (interquartile range)

and, except for AB42/40 and -/a-synuclein ratios, in pg/mL.

2 p Values refer to the x? test for sex distribution and the frequency of N+/N- and to Kruskal-Wallis tests for continuous variables.

biomarkers, did not differ between LBD and Ctrls. Instead, all
biomarkers were significantly increased, and the AB42/40 ratio
significantly decreased, in AD compared with both LBD and
Ctrl groups (p < 0.001 for all comparisons) (Figure 1, eFig-
ure 6, linkslww.com/WNL/C804). The above-mentioned
findings were confirmed in multivariable regression models
after adjustment for age (AD vs Ctrls) or for age + sex (AD vs
LBD) (eTable 4). Analyses on AD core biomarkers and among
clinical subgroups are reported in eResults. Of notice, in a
subanalysis on DLB cases (n = 6), we found no significant
differences in any biomarker level compared with patients with
PD except for a higher B-/a-synuclein ratio in DLB (p = 0.026)
(eFigure 7).

In comparison with AD biomarker—negative subgroups
(ie.,, Ctrls and LBD/A-T-), LBD/A+T+ cases showed sig-
nificantly higher concentrations of B-synuclein (p = 0.0076
vs Ctrls; p < 0.0001 vs LBD/A-T-), a-synuclein (p = 0.0018
vs LBD/A-T-), B-/a-synuclein ratio (p = 0.0032 vs Ctrls;

Neurology | Volume 101, Number 1 | July 4, 2023

p = 0.0004 vs LBD/A-T-), SNAP-25 (p = 0.011 vs Ctrls;
p < 0.0001 vs LBD/A-T-), neurogranin (p = 0.0008 vs LBD/
A-T-), and NfL (p = 0.0047 vs Ctrls; p = 0.0001 vs LBD)
(Figure 2). However, at the age-adjusted analysis, only B-syn-
uclein (p = 0.001), a-synuclein (p = 0.049), and the
B-/a-synuclein ratio (p = 0.007) maintained statistical signifi-
cance in the comparison between LBD/A+T+ and LBD/
A-T- (eTable 4, links.lww.com/WNL/C804).

Of notice, we found significantly decreased levels of CSF
a-synuclein in patients with LBD with p-tau levels within the
normal range (ie, LBD/A-T—- and LBD/A+T-) in comparison
with Ctrls (p = 0.0448). Moreover, B-synuclein (p = 0.0021),
a-synuclein (p = 0.0099), and SNAP-25 (p = 0.013) levels were
significantly increased also in LBD/A+T+ compared with
LBD/A+T- cases. Finally, LBD/A+T+ patients did not differ
from patients with AD in any biomarker level (Figure 2). In a
subanalysis on the PD subgroup, we could confirm the finding of
increased CSF biomarker levels in patients with A+T+ profiles

Neurology.org/N
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Table 3 Correlations of CSF Biomarkers With Clinical Variables and With Each Other in LBD

Age Dd MMSE MoCA UPDRS-IIl  HY stage AP40 AB42 AB42/40 p-tau t-tau NfL B-Synuclein a-Synuclein SNAP-25  Neurogranin B-/a-Synuclein
Age — ns -0.264 -0.371 0.214 0.241 ns -0.245 -0.368 0.335 0.442 0.537 0.233 ns 0.287 ns 0.296 (0.0027)
(0.011) (0.0003) (0.039) (0.02) (0.013) (0.0003) (0.001) (<0.0001) (<0.0001) (0.019) (0.0042)
Dd ns — ns -0.257 0.267 0.309 ns ns ns ns ns ns ns ns ns ns ns
(0.013) (0.009) (0.0024)
MMSE -0.264 ns — 0.778 -0.299 -0.377 0.259 0.268 ns ns ns ns ns ns ns ns ns
(0.011) (<0.0001)  (0.004) (0.0002) (0.017) (0.0099)
MoCA -0.371 -0.257 0.778 — -0.396 -0.398 ns 0.265 ns ns ns -0.326 ns ns ns ns —0.206 (0.0488)
(0.0003) (0.013) (<0.0001) (0.0001) (0.0001) (0.011) (0.0017)
UPDRS-III 0.214 0.267 -0.299 -0.396 — 0.810 ns ns ns ns ns 0.212 ns ns ns ns ns
(0.039) (0.009) (0.004) (0.0001) (<0.0001) (0.042)
HY stage 0.241 0.309 -0.377 -0.398 0.810 — ns -0.254 ns ns ns 0.217 ns ns ns ns ns
(0.02) (0.0024)  (0.0002) (0.0001) (<0.0001) (0.014) (0.038)
AB40 ns ns 0.259 ns ns ns — 0.675 ns 0.234 0.374 ns 0.397 0.415 0.452 0.549 0.228 (0.028)
(0.017) (<0.0001) (0.024) (0.0002) (<0.0001) (<0.0001) (<0.0001)  (<0.0001)
Ap42 -0.245 ns 0.268 0.265 ns -0.254 0.675 — 0.562 ns ns -0.253 ns ns ns 0.265 ns
(0.013) (0.0099) (0.011) (0.014) (<0.0001) (<0.0001) (0.012) (0.0074)
AB42/40 -0.368 ns ns ns ns ns ns 0.562 — -0.379 -0.486 -0.437 -0.365 ns -0.349 -0.227 -0.411
(0.0003) (<0.0001) (0.0002) (<0.0001) (<0.0001) (0.0003) (0.001) (0.029) (<0.0001)
p-tau 0.335 ns ns ns ns ns 0.234 ns -0.379 — 0.803 0.463 0.763 0.684 0.726 0.693 0.474 (<0.0001)
(0.001) (0.024) (0.0002) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)  (<0.0001)
t-tau 0.442 ns ns ns ns ns 0.374 ns -0.486 0.803 — 0.518 0.764 0.592 0.719 0.674 0.550 (<0.0001)
(<0.0001) (0.0002) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)  (<0.0001)
NfL 0.537 ns ns -0.326 0.212 0.217 ns -0.253 -0.437 0.463 0.518 — 0.398 0.236 0.381 0.253(0.011)  0.371(<0.0001)
(<0.0001) (0.0017) (0.042) (0.038) (0.012) (<0.0001) (<0.0001)  (<0.0001) (<0.0001) (0.019) (<0.0001)
B-Synuclein 0.233 ns ns ns ns ns 0.397 ns -0.365 0.763 0.764 0.398 — 0.692 0.820 0.794 0.805 (<0.0001)
(0.019) (<0.0001) (0.0003) (<0.0001)  (<0.0001) (<0.0001) (<0.0001) (<0.0001)  (<0.0001)
a-Synuclein ns ns ns ns ns ns 0.415 ns ns 0.684 0.592 0.236 0.692 — 0.715 0.712 0.206 (0.038)
(<0.0001) (<0.0001)  (<0.0001) (0.019) (<0.0001) (<0.0001)  (<0.0001)
SNAP-25 0.287 ns ns ns ns ns 0.452 ns -0.349 0.726 0.719 0.381 0.820 0.715 — 0.698 0.541 (<0.0001)
(0.0042) (<0.0001) (0.001) (<0.0001)  (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)
Neurogranin ns ns ns ns ns ns 0.549 0.265 -0.227 0.693 0.674 0.253 0.794 0.712 0.698 — 0.517 (<0.0001)
(<0.0001)  (0.0074) (0.029) (<0.0001)  (<0.0001) (0.011) (<0.0001) (<0.0001) (<0.0001)
B-/a-Synuclein 0.296 ns ns -0.206 ns ns 0.228 ns -0.411 0.474 0.550 0.371 0.805 0.206 0.541 0.517 —
(0.0027) (0.0488) (0.028) (<0.0001) (<0.0001)  (<0.0001) (<0.0001) (<0.0001) (0.038) (<0.0001)  (<0.0001)

Abbreviations: AB40 = amyloid-B1_40; AB42 = amyloid-B_42; Dd = disease duration; HY = Hoehn and Yahr; LBD = Lewy body disease; MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; NfL =
neurofilament light chain protein; ns = nonsignificant; p-tau = phosphorylated tau protein; SNAP-25 = synaptosomal-associated protein 25; t-tau = total tau protein; UPDRS-III = Unified Parkinson’s Disease Rating Scale—part lll.
Data are reported as Spearman'’s p coefficient (p value) only when statistically significant (p < 0.05).
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Figure 1 CSF Biomarkers Across Clinical Groups
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Panels show CSF levels of (A) B-synuclein, (B) a-synuclein, (C) B-/a-synuclein ratio, (D) SNAP-25, (E) neurogranin, and (F) NfL in Ctrls (n = 28), PD (n = 83), PDD/
DLB (n=18), all LBD (n =101), AD-MCI (n = 30), AD-dem (n = 30), and all AD (n = 60). *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. AD = Alzheimer
disease; AD-dem = AD with dementia; AD-MCI = AD with mild cognitive impairment; Ctrls = controls; DLB = dementia with Lewy bodies; LBD = Lewy body
disease; NfL = neurofilament light chain protein; PD = Parkinson disease; PDD = PD with dementia; SNAP-25 = synaptosomal-associated protein 25.

(e, PD/A+T+) compared with controls and patients with PD
with A-T- profiles (i.e, PD/A-T-) (eResults, eFigure 8, links.
Iww.com/WNL/C804).

Discriminative Accuracy of CSF Biomarkers in
LBD and AD Spectra

Complete results of ROC analyses are summarized in Table 4
and eTable S (linkslww.com/WNL/C804). CSF synaptic
biomarkers could well discriminate patients with AD from
patients with LBD with an area under the curve (AUC) of
0.890 (95% CI 0.839-0.941) for B-synuclein, 0.820 (95% CI
0.756-0.885) for a-synuclein, 0.835 (95% CI 0.773-0.896) for
SNAP-25, and 0.888 (95% CI 0.837-0.939) for neurogranin.
In comparison, the performance of NfL was suboptimal
(AUC 0.745, 95% CI 0.671-0.820) and that of the
(-/a-synuclein ratio was not superior to PB-synuclein alone

(Figure 3, Table 4).

In AT(N)-based subgroups, we found a high accuracy of
CSF synaptic biomarkers to discriminate LBD/A-T- and
LBD/A+T+ cases, with best results for p-synuclein
(AUC 0.938, 95% CI 0.884-0.991), followed by SNAP-2S
(AUC 0.898, 95% CI 0.824-0.971). Similarly, LBD/A-T-
could be well distinguished from AD cases by p-synuclein

Neurology | Volume 101, Number 1 | July 4, 2023
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(AUC 0.942, 95% CI 0.905-0.980) and neurogranin levels
(AUC 0.946,95% CI10.910-983). Conversely, no biomarker
could discriminate LBD/A+T+ from AD with AUC >0.7
(Figure 3, eTable S, links.Iww.com/WNL/C804). We rep-
licated these results in the PD subgroup for the comparison
between PD/A+T+ and PD/A-T- cases, with the highest
accuracy for B-synuclein (AUC 0.956, 95% CI 0.898-1.00)
and SNAP-25 (AUC 0.913,95% CI 0.822-1.00) (in detail in
eResults and eTable 5).

Classification of Evidence

This study provides Class II evidence that CSF levels of
B-synuclein, a-synuclein, SNAP-2S, neurogranin, and
NfL are higher in patients with AD than in patients
with LBD.

Discussion

In this study, we described distinct CSF patterns of synaptic
and neuroaxonal biomarkers in AT(N)-based subgroups of
LBD. In summary, we provided evidence that (1) CSF synaptic
biomarkers were overall higher in AD compared with LBD; (2)
patients with LBD with a CSF AD-like profile (i.e, LBD/A+T+)
disclosed a remarkable increase of CSF biomarkers of synaptic

Neurology.org/N
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Figure 2 CSF Biomarkers Across AT(N)-Based Subgroups
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Panels show CSF levels of (A) B-synuclein, (B) a-synuclein, (C) B-/a-synuclein ratio, (D) SNAP-25, (E) neurogranin, and (F) NfL in Ctrls (n = 28), LBD/A-T- (n = 65),
LBD/A-T+ (n = 6), LBD/A+T-(n=13), LBD/A+T+(n=17),and AD (n =60). *p <0.05; **p <0.01; ***p <0.001; and ****p <0.0001. AD = Alzheimer disease; AT(N) =
amyloid-tau-neurodegeneration; Ctrls = controls; LBD = Lewy body disease; NfL = neurofilament light chain protein; SNAP-25 = synaptosomal-associated

protein 25.

and neuroaxonal damage, similarly to what observed in AD; (3)
in LBD, a-synuclein levels were correlated with CSF p-tau and
t-tau concentrations but not with AB42/40 ratio values; and (4)
synaptic and neuroaxonal biomarkers may show different tra-
jectories across the LBD-AD spectrum.

Our data on CSF synaptic proteins might be interpreted as a
tentative to systemically dissect, from a neurochemical
point of view, the effect of AD pathology on the synaptic
compartment in LBD. In this regard, we selected synaptic
proteins that contribute in various ways to the overall
synapse wellness and may, thus, reflect different aspects of
synaptic derangement. Physiologically, a-synuclein and
pB-synuclein participate to neurotransmitter metabolism in
the presynaptic terminal.’® Similarly, SNAP-25 actively
contributes to neurotransmitter release by modulating
presynaptic vesicle fusion in a calcium-dependent fashion.>
On the other hand, neurogranin exerts activities in modu-
lating the postsynaptic response.” The finding of increased
levels of all synaptic proteins in LBD/A+T+ and AD, thus,
suggests the massive disruption of different synaptic path-
ways, which might underlie the clinical heterogeneity of the
2 disease spectra.

Neurology.org/N

Although belonging to the same protein family and sharing
structural and functional properties, 3-synuclein and a-synuclein
have shown distinct profiles as CSF biomarkers in LBD. As
evidenced by several meta-analyses, CSF a-synuclein levels have
been frequently found to be lower in patients with LBD com-
pared with healthy and neurologic controls, as a possible marker
of a-synucleinopathy, but current data do not support the use of
this biomarker for routine diagnostic purposes (reviewed in
references S, 6). Nevertheless, reports from cross-sectional and
longitudinal studies widely vary, in part because of preanalytical
confounders affecting a-synuclein quantification and the clinical
heterogeneity of the study populations, which often did not
account for the presence of AD copathology.>**® Moreover, the
biomarker was also reported to increase in AD since early stages,
but its role in the pathophysiology of the disease needs further
81LIS In our cohort, we observed decreased CSF
a-synuclein levels in LBD only when excluding those patients
with elevated CSF p-tau levels. Hence, the presence of an un-
diagnosed AD copathology in LBD cohorts might represent an
additional source of variability among studies.

clarification.

Conversely, CSF B-synuclein was not influenced by the
presence of a synucleinopathy and, similarly to other

Neurology | Volume 101, Number 1 | July 4, 2023
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Table 4 Receiver Operating Characteristic Analysis

AUC Sensitivity, % Specificity, %
Best cutoff? Value 95% CI Value 95% Cl Value 95% Cl PLR
LBD vs AD
B-Synuclein 353 0.890 0.839-0.941 87.1 79.2-92.3 75.0 62.8-84.2 3.49
a-Synuclein 1,683 0.820 0.756-0.885 81.2 72.5-87.6 68.3 55.8-78.7 2.56
B-/a-Synuclein 0.259 0.830 0.764-0.895 90.1 82.7-94.5 61.7 49.0-72.9 2.35
SNAP-25 82 0.835 0.773-0.896 74.5 65.0-82.1 76.7 64.6-85.6 3.19
Neurogranin 362 0.888 0.837-0.939 78.2 69.2-85.2 88.3 77.8-94.2 6.70
NfL 783 0.745 0.671-0.820 57.6 47.7-66.8 88.3 77.8-94.2 4.94
LBD/A—T— vs LBD/A+T+
B-Synuclein 261 0.938 0.884-0.991 81.5 70.4-89.1 94.1 73.0-99.7 13.90
a-Synuclein 1,667 0.814 0.697-0.932 92.3 83.2-96.7 58.8 36.0-78.4 2.24
B-/a-Synuclein 0.187 0.865 0.765-0.965 75.4 63.7-84.2 82.4 59.0-93.8 4.27
SNAP-25 78 0.898 0.825-0.971 77.8 66.1-86.3 87.5 64.0-97.8 6.22
Neurogranin 239 0.831 0.732-0.930 53.8 41.9-65.4 100.0 81.6-100.0 —
NfL 767 0.844 0.757-0.931 68.3 56.0-78.4 94.1 73.0-99.7 11.60
LBD/A—T— vs AD
B-Synuclein 313 0.942 0.905-0.980 93.8 85.2-97.6 81.7 70.1-89.4 5.12
a-Synuclein 1,634 0.888 0.833-0.942 87.7 77.5-93.6 733 61.0-82.9 3.29
B-/a-Synuclein 0.221 0.881 0.822-0.939 90.8 81.3-95.7 70.0 57.5-80.1 3.03
SNAP-25 71 0.907 0.857-0.956 73.0 61.0-82.4 93.3 84.1-97.4 11.00
Neurogranin 362 0.946 0.910-0.983 89.2 79.4-94.7 88.3 77.8-94.2 7.65
NfL 767 0.825 0.752-0.898 68.3 56.0-78.4 90.0 79.9-95.3 6.83

Abbreviations: AD = Alzheimer disease; AUC = area under the curve; LBD = Lewy body disease; NfL = neurofilament light chain protein; PLR = positive

likelihood ratio; SNAP-25 = synaptosomal-associated protein 25.
@ Best cutoff values were calculated by maximizing the Youden index.

synaptic markers, could well discriminate LBD/A+T+ and
AD patients from other groups. Our previous studies
revealed a stage-independent association of CSF p-synu-
clein with AD because patients at the preclinical, MCI, and
dementia stages showed similar elevated values.'"'>'” CSF
p-synuclein might be, thus, associated with the presence of
AD pathology but not with clinical progression. Further-
more, the first results obtained in serum encourage inves-
tigations on pP-synuclein as a peripheral biomarker of
synaptic damage in AD and other neurodegenerative
disorders, given the selective neuronal expression of the
protein.u'14 As a comparison, the diagnostic performance
of neurogranin, SNAP-25, and a-synuclein in CSF failed to
date to be replicated in blood because of their extracerebral
synthesis or the lack of sensitive assays.””*®*' Thus, con-
sidering its less invasive nature, the quantification of blood
p-synuclein might be more suitable to assess and monitor in
vivo AD-related synaptic derangement.

Neurology | Volume 101, Number 1 | July 4, 2023

As an intriguing complementary measure, the -/a-synuclein
ratio has shown some potential in discriminating LBD/A+T+
patients from controls and disease groups. In a previous study,
the B-/a-synuclein ratio was reported to be increased in only
PDD vs controls and PD, but the presence of AD copathology
was not assessed.'’ Our data show that although all patients
with LBD with T+ profiles had higher levels of both B-synu-
clein and a-synuclein, the B-/a-synuclein ratio was specifically
elevated in only LBD/A+T+ cases, thus suggesting it as a
more suitable candidate biomarker of AD-like profiles in LBD.
Of note, the B-/a-synuclein ratio was also the single marker
that increased selectively in patients with DLB vs PD, whereas
other synaptic proteins did not differ between the 2 groups.
However, given the high neuropathologic heterogeneity in
the LBD spectrum, we cannot exclude that the small simple
size might have led to underestimate the potential influence of
variable regional patterns of neuronal and synaptic loss on
CSF biomarker levels (see also below).

Neurology.org/N
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Figure 3 ROC Analysis of CSF Biomarkers
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Panels show the results of ROC analyses in the comparisons between (A) LBD and AD, (B) LBD/A-T- and LBD/A+T+, (C) LBD/A-T-and AD, and (D) LBD/A+T+
and AD. AD = Alzheimer disease; LBD = Lewy body disease; NfL = neurofilament light chain protein; ROC = receiver operating characteristic; SNAP-25 =

synaptosomal-associated protein 25.

Within this frame, CSF synucleins may provide new in-

sights into AD pathophysiology in addition to more

established synaptic biomarkers such as SNAP-25 and

neurogranin, which disclosed a progressive increase along

the AD continuum and tighter associations with the cog-
i, 9,10,16,39

nitive stage.

Previous studies reported the increase of CSF SNAP-25 and
neurogranin concentrations since the earliest stages of Ap de-
position in AD, but tau pathology seemed to have a stronger
influence on the elevation of both CSF protein levels.”'****°
Interestingly, we observed increased CSF synaptic biomarkers
only LBD cases with elevated p-tau levels but not in those with
a positive AP status and normal p-tau concentrations
(ie, LBD/A+T-), confirming the detrimental role of the
tauopathy in determining synaptic derangement. Of notice,
although only in a small group, we also found elevated CSF
synaptic protein levels in patients with LBD with isolated in-
crease of p-tau (ie, LBD/A-T+). According to a very recent
study, patients without dementia with A-T+ profiles do not

Neurology.org/N

display an increased risk of cognitive impairment or hippo-
campal atrophy compared with biomarker-negative controls.*'
Because synaptic dysfunction is supposed to precede neuronal
degeneration by years52 and can be tracked in the AD contin-
uum before the rise of biomarkers of neuroaxonal de-
generation,15 synapse loss may be an early consequence of tau
pathology but not be sufficient alone to lead to cognitive de-
cline in the absence of significant neurodegeneration.

Concerning CSF neuroaxonal biomarkers, previous studies
showed that NfLL may better reflect disease progression in later
LBD stages as a nonspecific marker of worse cognitive and clinical
outcome."®* In our study, we found increased CSF NfL levels in
only in patients with LBD with a CSF AD-like profile (ie, LBD/
A+T+) but also significant correlations with AB peptides (AB42
and AB42/40 ratio), MoCA, UPDRS-III, and HY stage, hence
with a different pattern than synaptic biomarkers.

Overall, our results support the hypothesis of common
pathologic pathways between patients with AD and distinct

Neurology | Volume 101, Number 1 | July 4, 2023
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LBD subgroups. On the one hand, a-synuclein pathology
might be alone a pivotal cause of synaptic dysfunction in
brains affected by LBD, especially in dopaminergic neuro-
ns.®> On the other hand, our biomarker panel surely does not
picture the global and heterogeneous synaptic dysfunction
that characterizes AD and LBD, rather the extent of the
specific synaptic damage expressed by these 4 biomarkers.
Therefore, we speculate that the synaptic loss signature,
which is mirrored by B-synuclein, a-synuclein, SNAP-2S, and
neurogranin, might be similar in AD and LBD-AD cases, and
it seems to be related to AD pathology. Moreover, patients
with mixed LBD-AD might also experience higher degrees of
synaptic dysfunction compared with pure LBD cases, given
that a-synuclein, tau, and amyloid-P pathologies may trigger
one each other.”® Therefore, it should be better clarified
whether the associations between CSF levels of synaptic
biomarkers and AD pathology depend more on their re-
gional expression (e.g., greater in temporal vs occipital re-
gions)'* or on the direct interactions between synaptic
proteins and misfolded aggregates.

These relevant issues must be evaluated in the stratification
of patients for future clinical trials. Indeed, experimental
disease-modifying therapies for AD may be also effective in
some LBD subgroups. In this direction, CSF biomarkers for
synaptic damage could represent surrogate endpoints for
synaptic integrity’* and be implemented when assessing
synapse-targeting therapies. Furthermore, when testing
novel therapeutic strategies for LBD, an underlying AD
copathology might affect the individual response to treat-
ment and, if undetected, lead to misleading interpretation of
results. Hence, complementary biomarkers reflecting dif-
ferent pathologic mechanisms of LBD, such as a-synuclein
aggregation, synaptic derangement, and neuroaxonal de-
generation, should be combined to enroll study cohorts with
more homogeneous biochemical profiles.*>*¢

As the main limitation of this study, we acknowledge the lack
of a validated biomarker of a-synucleinopathy (e.g., a-syn-
uclein real-time quaking-induced conversion [RT-QuIC]
and protein misfolding cyclic amplification [PMCA])*® or
autopsy-based confirmation of LBD and AD pathology.
a-Synuclein RT-QuIC has demonstrated so far exceptionally
high accuracy in correctly identifying autoptic cases of
LBD,* also in the case of AD copathology.*” Similarly, the
presence of a-synuclein copathology should be also assessed
in the AD group, given its potential influence on CSF bio-
marker levels (i.e., lower CSF neurogranin in AD-LBD
mixed cases compared with pure AD cases).*® Nevertheless,
a-synuclein RT-QuIC is to date available only in specialized
centers, with most of them using in-house established assays,
and no standardized materials and/or protocols are avail-
able.*® Moreover, studies assessing the cross-validity of RT-
QuIC/PMCA assays among centers with reference samples
are scanty.®* Second, although previous investigations sup-
ported the high reliability of AD core biomarkers in detecting
AD copathology in definite LBD-AD cases,” our results need

Neurology | Volume 101, Number 1 | July 4, 2023

further validation in independent autopsied cohorts. Third,
although clinical diagnoses were formulated by expert move-
ment disorder specialists, the presence of misdiagnosed alter-
native diagnoses in the LBD group (e.g,, atypical parkinsonian
syndromes) could have led to biased interpretation of our re-
sults because patients with typical and atypical parkinsonian
disorders may differ in their CSF biomarker profiles.*> How-
ever, previous studies reported only slight, if any, differences
between the 2 groups in CSF levels of synaptic markers, such as

.11 oS .50
B-synuclein,  a-synuclein,” and neurogranin.

In conclusion, patients with LBD with AT(N)-based AD
copathology showed a distinct signature of synaptic and
neuroaxonal biomarkers and were well distinguishable from
other LBD cases. These biomarkers may, hence, aid the
identification of AD-related events in LBD.
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