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Abstract.

Background: Neuroinflammation is a central component of Alzheimer’s disease (AD) and correlates closely with amyloid
pathology. Markers of inflammation such as cytokines, and amyloidogenic aggregates, so-called nanoplaques, are both promis-
ing biomarker candidates for AD. We have previously shown that there is a relationship between the levels of nanoplaques
and cytokines in cerebrospinal fluid, but it is unknown whether this association extends to serum.

Objective: Investigate in a naturalistic memory clinic cohort whether the associations between nanoplaques and cytokines
in the cerebrospinal fluid extends to serum.

Methods: We collected serum from 49 patients assessed for cognitive complaints at the Oslo University Hospital Memory
Clinic (15 with clinical AD). We assessed the levels of serum nanoplaques with the novel Thioflavin-T fluorescence correlation
spectroscopy (ThT-FCS) assay. Serum levels of nine cytokines (eotaxin-1, granulocyte colony-stimulating factor [G-CSF],
interleukin [IL]-6, IL-7, IL-8, monocyte chemoattractant protein-1 (MCP-1), gamma induced protein 10 (IP-10), macrophage
inflammatory protein [MIP]-1a, and MIP-1f) were quantified with a multiplex assay and read on a Luminex IS 200 instrument.
Results: Serum nanoplaques were not increased in clinical AD patients compared to non-AD memory clinic patients and
nanoplaques were not associated with any cytokines. The cytokines IL-8 and G-CSF were increased in patients with clinical
AD compared to non-AD patients.

Conclusion: In this small pilot study, serum nanoplaques were not associated with serum cytokines. Nanoplaque levels could
not be used to separate clinical AD patients from non-AD patients in this unselected memory clinic cohort.
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INTRODUCTION

Alzheimer’s disease (AD) is neuropathologi-
cally characterized by extracellular amyloid-f3 (AB)
plaques and intracellular tau neurofibrillary tangles
[1]. These hallmarks of AD are accompanied by
widespread neuroinflammation, as immune cells of
the central nervous system, such as astrocytes and
microglia, cluster around A3 aggregates in the AD
brain, and release small signaling proteins with pro-
and anti-inflammatory effects called cytokines [2].
Notably, it has been proposed that neuroinflammation
contributes as much to AD pathogenesis as amyloid
and tau aggregation [3]. Therefore, markers of inflam-
mation such as cytokines have gained strong interest
as biomarkers for AD [4]. Altered cytokine levels
in both cerebrospinal fluid (CSF) and serum have
been shown in patients with mild cognitive impair-
ment (MCI) and AD dementia [5]. AP pathology and
cytokines may interact in a positive feedback loop
in AD, with AP aggregates inducing the release of
cytokines from microglia, and cytokines in turn pro-
moting increased production of A thus facilitating
its aggregation and subsequent formation of plaques
[6]. However, some cytokines may also have a neu-
roprotective role [7].

Cytokine-driven neuroinflammation in AD may in
part depend on the distribution of AP aggregates,
whose toxicity depend on their size and molecular
structure. AP aggregates range from small oligomers
such as dimers or trimers, to larger protofibrils and
fibrils in plaques [8]; it is especially the larger
Thioflavin T (ThT)-binding AR aggregates that
have been shown to increase neuroinflammation and
cytokine release [9, 10]. Such larger aggregates are
not easily quantified with established enzyme-linked
immunosorbent assays. However, we have previously
shown that ThT-labelled amyloidogenic aggregates
composed of >40 monomers with a cross-f3 sheet
structure, hereby called nanoplaques, can be quanti-
fiedinserum[11]and CSF[12] by a ThT fluorescence
correlation spectroscopy (ThT-FCS) assay. More-
over, nanoplaques in CSF are increased in AD [13]
and associated with several cytokines [14].

While biomarkers in CSF and neuroimaging
biomarkers closely reflect AD pathology, there is
much interest in developing blood-based biomarker
alternatives for AD [15]. In the context of inflam-
mation, serum analysis is especially relevant as the
peripheral and central immune systems interact and
affect each other [16]. Indeed, conditions involving
chronic systematic inflammation, such as rheumatoid

arthritis, are associated with increased levels of pro-
inflammatory cytokines and increased AD risk [17].
Several studies have shown altered levels of circu-
lating cytokines in individuals with AD compared to
healthy controls [5] and patients with MCI [18]. Simi-
larly, patients with AD have increased levels of serum
nanoplaques compared to healthy controls [11]. How-
ever, it is not known whether the association between
nanoplaques and cytokines that has been observed in
the CSF [14], extends to serum.

In the current pilot study, we aimed to extend our
analysis of nanoplaques and cytokines from CSF
to serum. This was achieved by analyzing amy-
loidogenic nanoplaques and nine cytokines in serum
collected from a naturalistic memory clinic cohort.
We included an AD group comprised of patients with
clinical AD dementia or MCI-AD, and a non-AD
group comprised of patients with subjective cogni-
tive decline (SCD) and MCI or dementia due to other
causes than AD.

MATERIALS AND METHODS
Memory clinic cohort

Forty-nine patients from the Norwegian Reg-
istry of Persons Assessed for Cognitive Symptoms
(NorCog) were included in this study. The patients
were assessed at the Oslo University Hospital Mem-
ory Clinic between October 2019 and January 2020.
All patients and their family caregivers gave informed
written consent for participation. This study was con-
ducted in accordance with the 1975 Declaration of
Helsinki and approved by the Norwegian Regional
Committees for Medical and Health Research Ethics
(REC South East, 2017/2235 and 2017/371) and the
Data Protector Officer at Oslo University Hospital.

Clinical assessment

In line with a standardized research protocol [19],
all patients were assessed with a battery of cognitive
tests, including the Mini-Mental State Examination
(MMSE), and underwent a physical examination,
including blood sampling and, for a sub-set, lum-
bar puncture (n=26). The core CSF biomarkers
for AD, AB42, phosphorylated-tau (p-tau), and total
tau (t-tau), were analyzed for patients with lum-
bar puncture. Biomarker analyses were performed
at the Department of Interdisciplinary Laboratory
Medicine and Medical Biochemistry at Akershus
University Hospital with enzyme-linked immunosor-
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bent assays using the Innotest kit (Innogenetics,
Ghent, Belgium). The laboratory adjusted the cut-
off for normal A4, values during the inclusion
period. For A4, the cut-off for a normal test was
CSF AB42>700 pg/mL for five patients and CSF
AB42>900 pg/mL for 21 patients. The biomarker
status for AD and non-AD patients is summarized
in Supplementary Table 1. Functional and cognitive
impairment on the Clinical Dementia Rating (CDR)
scale were scored post-hoc by the author ABK. The
CDR sum-of-boxes (CDR-SOB) was used in the anal-
yses.

Clinical diagnoses were made post-hoc by the
author ABK, an experienced memory clinic physi-
cian. SCD was diagnosed using the Subjective
Cognitive Decline Initiative-criteria [20], whereas
MCI and dementia were diagnosed using the core
clinical criteria from the National Institute of Aging
and the Alzheimer’s Association (NIA-AA) [21, 22].
Clinical diagnoses of MCI-AD, AD-dementia, and
AD-dementia with etiologically mixed presentation,
collectively clinical AD, were made using the NIA-
AA diagnostic criteria [21, 22]. These diagnoses were
primarily based on clinical presentation, but in the
cases with atypical course or etiologically mixed
presentations (i.e., presence of concomitant cere-
brovascular disease or evidence of a comorbidity that
could substantially affect cognition), biomarker data
were consulted and patients with negative biomarker
data were considered non-AD. All patients who did
not meet the criteria for MCI-AD, AD-dementia,
or mixed AD-dementia were included in the non-
AD group. This group was highly heterogeneous
and included patients with SCD as well as patients
with MCI or dementia due to non-AD causes such
as depression, vascular impairment [23], frontotem-
poral dementia [24], dementia with Lewy bodies,
traumatic brain injury, and normal pressure hydro-
cephalus.

Analysis of serum nanoplaque levels

The ThT-FCS assay procedure has been described
in detail by Tiiman et al. [11] and in the Supple-
mentary Material: “Background on Time-Resolved
Thioflavin T (ThT) Fluorescence Intensity Fluctu-
ation Measurements and Analysis” (Supplementary
Figures 1-4). In brief, 200 pL of blood serum was
mixed with 1.6 uL of 2.5mM ThT. Fluorescence
intensity fluctuations were recorded for 3000s (30
series of 10 consecutive measurements, each mea-
surement lasting 10 s) using an individually modified

ConfoCor3 system (Carl Zeiss, Jena, Germany) [25].
Experiments were run in duplicates. Automated
analysis of fluorescence intensity fluctuations was
performed offline using MATLAB (The MathWorks,
Inc., Natick, MA) to detect bursts in fluorescence
intensity that reflect the passage of ThT-bound
nanoplaques through the observation volume element
[11]. When the increase in fluorescence intensity was
at least five times larger than the standard deviation
of the entire time series, the burst was denoted a ““sin-
gle event”. The frequency of single events occurrence
(fseo/h™1) reflects the concentration of nanoplaques
in the serum — the larger the fsgo, the higher the
nanoplaque concentration [11].

Analysis of serum cytokine levels

Serum cytokine levels were analyzed with a
custom-made nine-plex kit (Cat No. 12014058,
Bio-Rad Laboratories, Hercules, CA) containing
eotaxin-1, granulocyte colony-stimulating factor
(G-CSF), interleukin-6 (IL-6), IL-7, IL-8, inter-
feron gamma-induced protein 10 (IP-10), monocyte
chemoattractant protein 1 (MCP-1), macrophage
inflammatory protein-loe (MIP-1at), and MIP-13.
The nine cytokines were selected based on a screen-
ing of a representative set of samples with the
human cytokine 27 plex kit (Cat No. M500KCAF0Y,
Bio-Rad Laboratories). A 10 % bovine serum albu-
min (Cat No. A5403-50G, lot SLBL9495V, Sigma
Aldrich, St. Louis, MO) solution in PBS (pH 7.4,
Gibco Cat No. 10010-015, lot 2062123, Thermo
Fisher Scientific, Waltham, MA) was added to all
serum samples to a final concentration of 0.5% and
vortexed. Then, samples were centrifuged for 10 min
at 10,000 x g at 4°C and 50 pL of the supernatant
was loaded onto the assay plate. Cytokine levels were
measured on a Luminex IS 200 instrument (Bio-
Rad). An in-house control was used to observe both
intra and inter percentage coefficients of variation.
Cytokine concentrations outside the reference limits
that were extrapolated by the analysis software were
also included in the statistical analysis.

Statistical analysis

For the majority of the variables, distributions
were markedly skewed, and thus results are pre-
sented as medians and interquartile ranges. Due to
the change of cut-off levels in the inclusion period,
the CSF A4, variable was dichotomized as amyloid-
positive/amyloid-negative. One sample had extreme
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Table 1
Demographic and clinical characteristics
All (n=48) Non-AD (n=33) AD (n=15) P

Women, n (%) 22 (44.9) 16 (48.0) 6 (40.0) 0.58%
Age 66 (56; 73) 66 (55; 73) 65 (57;72) 0.89
Years of education 15 (12;17) 15 (12;17) 15 (11; 18) 0.91
MMSE* 27 (23;29) 29 (24;29) 24 (20; 28) 0.02
CDR-SOB* 3.5(1.5;5) 2.25(0.75; 4.75) 4.5(3.0;5.0) 0.05
Stage, n (%) 0.008"

SCD 7 (14.6) 7 (21.0) 0(0.0)

MCI 15 (31.2) 13 (39.0) 2 (13.0)

Dementia 26 (54.2) 13 (39.0) 13 (87.0)
CSF A4, * below/above cut-off 13/13 1/12 12/1 <0.001"
CSF t-tau (pg/mL)* 360 (250; 520) 270 (240; 330) 520 (450; 850) <0.001
CSF p-tau (pg/mL)* 58.5 (45; 76) 46 (43; 56) 74 (61; 106) 0.001
Serum CRP (mg/L) 0.7 (0.6; 2.3) 0.8 (0.6; 3.3) 0.6 (0.6; 1.2) 0.21
Serum nanoplaques (fsgo) 6.9 (4.1;12.4) 6.0 (4.2; 12.6) 7.8 (3.6; 12.2) 0.93

Data is given as median (quartile 1; quartile 3) and p values are for Mann-Whitney U tests comparing AD
and non-AD patients, unless otherwise indicated. Significant differences are highlighted in bold. fsgo is
given per hour (h™!). AB, amyloid-B, CDR-SOB, Clinical Dementia Rating Scale Sum of Boxes; CRP,
C-reactive protein; CSF, cerebrospinal fluid; fsgo, frequency of single event occurrence; MMSE, Mini-
Mental State Examination; n, number of patients; P-tau, phosphorylated tau; T-tau, total tau *MMSE n =29
for non-AD, CDR-SOB n =28 for non-AD, CSF Ay, p-tau and t-tau =26 (13 AD, 13 non-AD). T x2-test.

fseo values and abnormally high autofluorescence
(i.e., fluorescence before ThT was added) and was
excluded from statistical analysis. Group differences
were assessed with Mann-Whitney U or Kruskal-
Wallis tests for continuous variables and x> tests
for categorical variables. Correlations are reported
with Spearman’s p correlation coefficient. Statisti-
cal analyses were done in STATA 15.1 (StataCorp,
College Station, TX) and visualizations were made
using R 3.4.4 (R Foundation for Statistical Comput-
ing, Vienna, Austria).

RESULTS

Table 1 displays the demographic and clinical
information for the clinical AD (n=15) and the non-
AD (n=33) patients. Core AD biomarkers were only
available for a subset of patients. One AD patient was
classified as amyloid negative, this patient was right
at the cut-off with a CSF ARy, level of 700 pg/mL.
One non-AD patient with vascular impairment was
classified as amyloid positive, but this patient did not
meet the clinical criteria for AD.

The AD and non-AD patients were well matched
in terms of distributions of sex, age and years of
education, but differed significantly in terms of cog-
nitive impairment; the AD group had more dementia
patients and lower median MMSE scores. Serum
C-reactive protein (CRP) levels were within nor-
mal ranges for both groups (<10mg/L) and there
was no indication of acute infection. Serum CRP

was not associated with serum nanoplaque levels,
p=-0.03, nor with CSF tau and neurodegeneration
biomarkers for AD, t-tau (n=25), p=-0.09 and p-
tau (n=25), p=-0.03. Also, median CRP levels did
not significantly differ between amyloid positive or
amyloid negative patients (n=25), 0.7 versus 1.05,
p=0.66. Finally, serum CRP was only associated
with increased levels of IP-10, p=0.31. Serum CRP
was therefore not further analyzed.

Serum nanoplaque levels did not differ signifi-
cantly between the two patient groups, with a median
fsgo of 6.0 h~! in the non-AD group and 7.8 h~!in
the AD group, p =0.93. Within the non-AD group, the
median fsgo was 11.4 h~! (quartile 1=3.6, quartile
3=15.0) in the SCD group, 9 h™! (quartile 1=5.4,
quartile 3=12.6) in the non-AD MCI group and
4.8 h~! (quartile 1 =4.2, quartile 3 = 10.2) in the non-
AD dementia group, but there were no significant
differences when comparing serum nanoplaque levels
across AD, SCD, non-AD MCI, and non-AD demen-
tia. The distribution of fsgo across the patient groups
is presented in Fig. 1. Serum nanoplaques were not
associated with CSF AB4;, p-tau or t-tau in this small
cohort.

Detectability of inflammatory markers

Inflammatory markers were assessed in 48
patients. The levels of IL-8, Eotaxin-1, IL-6, IP-10,
and MCP-1 were above the detection limit in all sam-
ples. For G-CSF, MIP-1a, MIP-1B3, and IL-7, the
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Fig. 1. Distribution of serum nanoplaque levels (fsgo) in non-AD and AD patients and across SCD, Non-AD MCI, Non-AD dementia and
AD (MCI and dementia) patients. *Two outliers with fsgo =70.2 h~! (non-AD MCI) and fsgo =31.2 h~! (non-AD dementia) are not shown.
AD, Alzheimer’s disease; fsgo, frequency of single event occurrence; MCI, mild cognitive impairment; SCD, subjective cognitive decline.

Table 2
Serum cytokine levels (pg/mL) for AD and non-AD patients
All (n=47) Non-AD (n=32) AD (n=15) P
1L-8 8.34 (6.32; 11.27) 7.93 (5.96; 10.75) 10.06 (8.34; 12.27) 0.04
MIP-1a 1.75 (1.20; 2.65) 1.56 (1.2;2.42) 2.17 (1.68; 2.70) 0.23
MIP-1B 15.64 (6.91; 25.3) 16.90 (7.98; 25.09) 0.12 (5.30; 32.89) 0.42
Eotaxin-1 74.27 (57.96; 97.38) 76.04 (56.83; 96.40) 66.83 (63.60; 107.68) 0.99
G-CSF 139.43 (67.47, 228.06) 116.35 (57.03; 186.45) 226.67 (119.58; 263.95) 0.01
1IL-6 10.58 (6.19; 21.65) 9.83 (5.81; 16.43) 12.20 (7.68; 26.03) 0.22
1P-10 360.39 (271.44; 475.26) 333.54 (284.65; 463.02) 381.45 (267.16; 525.45) 0.73
MCP-1 45.56 (36.83; 56.28) 46.05 (33.6; 55.83) 44.92 (37.21; 56.28) 0.81
1L-7 40.78 (14.15; 82.08) 32.97 (0; 73.20) 46.02 (17.74; 100.20) 0.30

Data are given as median (quartile 1; quartile 3) and p values for Mann-Whitney U tests between non-AD
and AD-groups, unless otherwise indicated. Significant differences are highlighted in bold. G-CSF, gran-
ulocyte colony-stimulating factor; IL, interleukin; IP, interferon gamma-induced protein; MCP, monocyte
chemoattractant protein; MIP, macrophage inflammatory protein.

levels were below the lower limit of quantification
in a minority of samples and included as zero: G-
CSF(n=2),MIP-la(n=1),MIP-1B (n=7), and IL-7
(n=9).

Serum inflammatory markers in AD and non-AD
patients

The serum levels of the inflammatory markers
are presented in Table 2. Median serum levels
of IL-8 were significantly increased in patients
with clinical AD (median=10.11 pg/mL) com-
pared to non-AD patients (median=7.93 pg/mL),
p=0.01. Also, median serum levels of G-CSF
were significantly increased in patients with clinical
AD (median=227.4 pg/mL) compared to non-AD
patients (median=116.4 pg/mL), p<0.01. The dis-
tribution of the cytokines across non-AD and AD
patients is presented in Fig. 2. For IL-8 and G-CSF
the distribution across SCD, non-AD MCI, non-AD
dementia and AD is also shown; additional data for

the remaining cytokines is presented in Supplemen-
tary Figure 5.

The relationship between inflammatory markers
and nanoplaque levels in serum

The Spearman correlation matrix for the serum
fseo (nanoplaque levels) and the cytokines is pre-
sented in Fig. 3. Serum fsgo was not correlated with
any of the cytokines; the correlation coefficients were
all small (0<0.25). Certain of the cytokines were
strongly correlated with each other. In the sub-set
with CSF biomarkers, higher CSF t-tau was asso-
ciated with higher serum IL-8 (p =0.40) and higher
serum G-CSF (p=0.41).

Sensitivity analysis
As the non-AD group was highly heterogeneous,

we performed two sets of sensitivity analysis (data not
shown). In the first sensitivity analysis we excluded
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Fig. 2. Distribution of serum cytokine levels across AD and non-AD patients. Distributions across SCD, Non-AD MCI, Non-AD dementia
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Fig. 3. a) Spearman correlation matrix for the serum nanoplaques and cytokines. b) Correlations between serum nanoplaque levels and
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patients with SCD, and in the second we excluded
patients with vascular impairment and Lewy body
dementia, known to be associated with amyloid
aggregation [26, 27]. When excluding SCD patients,
MMSE no longer differed between the AD and non-
AD group. When excluding the patients with vascular
impairment and Lewy body dementia, CDR-SOB

was significantly higher in the AD group than in
the non-AD group (p<0.05). Further, after exclu-
sion of the patients with vascular impairment and
Lewy body dementia, p-tau showed an associa-
tion with IL-8 (p=0.47) G-CSF (p=0.47). Beyond
this, exclusion of these patients did not affect the
results.
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DISCUSSION

In the current study, we have extended our previ-
ous research to study the associations of nanoplaques
and cytokines in serum. Our main findings were that
serum nanoplaques were not increased in clinical AD
patients compared to non-AD memory clinic patients
and that serum nanoplaques were not associated with
cytokine levels. Further, out of the nine analyzed
cytokines, only IL-8 and G-CSF were significantly
increased in the AD group.

While we have previously shown that amyloido-
genic nanoplaques are increased in the serum of AD
patients compared to healthy controls [11], our cur-
rent results show that serum nanoplaque levels did not
differ between clinical AD and non-AD patients. This
suggests limited use of serum nanoplaque levels as a
single biomarker for differential diagnosis between
AD and non-AD patients in a memory clinic setting.
Potentially, this could be due to limitations of the
ThT-FCS assay. The ThT-FCS assay labels amyloids,
i.e., aggregates with a [-sheet secondary structure,
and detects them with single-molecule sensitivity and
high specificity. However, the ThT-FCS assay cannot
identify aggregates that adopt other conformations
that do not give rise to ThT fluorescence, such as
a-helix. Moreover, it also cannot report on the pri-
mary structure, i.e., the amino acid sequence, of the
peptides composing the nanoplaques. In addition to
AP, several other proteins can aggregate and acquire
this secondary structure; the serum nanoplaques may
therefore be composed of Af in combination with
other proteins [29]. Another challenge arises because
of the inherently low concentration of nanoplaques in
serum. As only a small number of amyloids from the
central nervous system enters the peripheral blood
circulation, only a handful of nanoplaque passages
are observed during the signal acquisition time. In our
original study, we have shown that while fluorescence
intensity peaks are occasionally detected in the serum
without ThT, the mean frequency of their occur-
rence, sr%’(’)d"m <3.6h7!, islow compared to the fsgo
measured in patient serum samples upon ThT addi-
tion [11]. In order to further verify that the detected
events are not random, we show in Supplementary
Figure 2 the correlation between duplicate measure-
ments together with 95% confidence (dark grey) and
prediction (grey) bands. This analysis shows that
the correlation is strong, as reflected by the Pear-
son’s correlation coefficient r=0.60. Interestingly,
within the non-AD group serum nanoplaques were
highest in SCD patients, lower in MCI patients and

lowest in non-AD dementias. As these are very small
subgroups without biomarker data for most of the
patients, we can only cautiously speculate that this
might reflect ongoing amyloidosis, potentially AD-
related, in the SCD patients. An interesting avenue for
future research would be to explore the diagnostic and
prognostic value of increased serum nanoplaque lev-
els in SCD patients and in relation to apolipoprotein
E (APOE) status.

Cytokine and nanoplaque levels were not asso-
ciated in serum, in contrast to previous findings in
CSF in a different patient cohort [14]. This suggests
that while CSF nanoplaques appear to be asso-
ciated with markers of neuroinflammation, serum
nanoplaques are not good indicators of cytokine-
driven systemic inflammatory or anti-inflammatory
activity. The interpretation of this data is complicated,
as we do not have paired CSF and serum concen-
trations for the nanoplaques and cytokines. As such,
we cannot be certain whether nanoplaques could be
produced in the periphery, nor what percentage of
the measured cytokines are derived from the central
nervous system. However, previous studies includ-
ing cytokine measures from paired CSF and serum
samples have found no correlation between the two
[30]. This implies that the cytokine levels in the CSF
are, at least partially, independent from the systemic
cytokine levels.

In our cohort, serum IL-8 and G-CSF levels were
increased in patients with clinical AD compared to
non-AD patients. In the CSF, IL-8 levels are neg-
atively associated with amyloidogenic nanoplaques
[14]; it is unclear why the relationship between IL-
8 and nanoplaques is not paralleled in serum. One
potential explanation is that CSF IL-8 levels are
higher than serum IL-8 levels in AD, suggesting that
cytokines in the CSF are derived from the brain and
not the periphery [30]. Previous research on serum
IL-8 as a biomarker for AD has rendered conflict-
ing results. Most studies report elevated levels in AD
[31-33], but one study found a significant reduc-
tion of IL-8 in both CSF and serum [30]. However,
high IL-8 levels are not exclusive to AD, but also
associated with, e.g., cognitive decline post-stroke
[34]. Further, one study found that IL-8 was only
increased in AD patients with concomitant vascular
disease (white matter hyperintensities) [35], but the
mechanisms underlying this association is unclear;
in the current study IL-8 was elevated in AD patients
without concomitant cerebrovascular disease. G-CSF
also appears to have a complex relationship with AD
pathology and levels depend on disease stage. G-CSF
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is decreased in AD patients compared to healthy con-
trols and patients with vascular dementia [36, 37],
but within AD patients, higher G-CSF levels are
indicative of increased disease severity [38]. Thus,
one potential explanation of the increased G-CSF
levels in AD patients is that they had more severe
disease. It is unknown whether G-CSF may be an
indicator of disease severity in non-AD neurological
disorders.

Although cytokines have been highlighted as
potential early biomarkers for AD [4], previous
research on serum cytokine levels has resulted in con-
flicting findings. Therefore, the clinical significance
of these measurements is heavily debated. Nonethe-
less, it is possible that the immune component of AD
is affected by immune cells from outside the brain
[39]. Indeed, the OAS1 gene, which controls pro-
inflammatory responses of peripheral myeloid cells,
has recently been linked to both AD and critical
illness with coronavirus disease 2019 (COVID-19)
[40]. Moreover, several viral infections have been
linked to AD risk and AD pathology [41], suggesting
arole for systematic inflammation in AD. Markers of
systemic inflammation have been linked with several
markers of AD pathology, including disruption in the
functional connectivity of the default mode network,
hippocampal atrophy, and core CSF biomarkers [42];
both protective and damaging effects are present.
However, it is difficult to separately analyze the
effects of neuroinflammation and systemic inflam-
mation, as they interact and influence each other [43].
Increased levels of serum IL-6 and MCP-1 at selected
AD stages have been reported previously [44, 45],
whereas IP-10 appears to be increased exclusively in
CSF and not in serum [46]. Most studies have com-
pared patients with AD to patients at earlier stages
of cognitive impairment (MCI) and/or healthy con-
trols. However, it is likely that cytokines are involved
in multiple pathologies, which could explain the lack
of group differences between the AD and non-AD
patients.

One avenue for future research is to explore the
association between vascular pathology, systemic
inflammation and amyloid pathology. Blood-brain
barrier (BBB) dysfunction is an early feature of AD
pathology [47], but the mechanisms driving this are
not well known. Larger A aggregates have been
shown to contribute to neuroinflammation through
compromising the BBB [48]. It is unknown how
BBB impairment might affect the concentrations of
nanoplaques in serum and CSF. Moreover, the BBB
could be damaged in AD due to cerebral amyloid

angiopathy, the accumulation of A3 within the brain
blood vessels, which causes vascular inflammation
[49]. Damage to the BBB could affect the commu-
nication between the central and peripheral immune
systems [49]. While little is known about the asso-
ciation between inflammation and BBB dysfunction
in AD pathogenesis [49], several of the analyzed
cytokines have been associated with BBB dysfunc-
tion [50-53]. It has been proposed that in early stages
of AD, systematic and central inflammatory pro-
cesses act in concert to affect BBB permeability,
leaving the brain more vulnerable to downstream neu-
rodegeneration [53]. As such, it would be of interest
to understand the interplay between CSF and serum
nanoplaques, cytokines and markers of BBB dysfunc-
tion.

Our study has several limitations. Most notably,
the cohort is small to begin with (49 patients), and
a major caveat in the interpretation of our data is
that we only have complete biomarker profiles for
a small subgroup (26 patients). However, in our pre-
vious research on the NorCog population we have
found very high congruence between clinical- and
biomarker-based classification of patients [14]. Fur-
thermore, we do not have paired measurements of
nanoplaque levels in CSF and serum from the same
patient, and we cannot be certain of the compo-
sition of the quantified nanoplaques, which limits
our interpretations as previously discussed. A fur-
ther limitation is the lack of a healthy control group
and clinical information that would be of rele-
vance for systemic inflammation. Finally, given the
small sample size, there are a few patients in each
subgroup, and the non-AD cohort is highly heteroge-
neous, including samples from patients with vascular
impairment and Lewy body dementia, conditions
known to frequently present with amyloid aggregates
[26, 27].

Conclusion

In this small naturalistic memory clinic cohort,
serum nanoplaque levels did not differ between AD
and non-AD patients and were not associated with
any cytokines tested, while two out of the nine
cytokines, IL-8 and G-CSF, were increased in AD
patients compared to non-AD patients. This suggests
that serum nanoplaque levels do not correlate with
these indicators of systemic inflammation, and that
this biomarker alone cannot be used to identify clin-
ical AD in unselected memory clinic cohorts.
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