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Background: Neuroinflammation is a well-known feature of Alzheimer’s disease (AD), and a blood-based test for
estimating the levels of neuroinflammation would be expected. In this study, we examined and validated a model
using blood-based biomarkers to predict the level of glial activation due to neuroinflammation, as estimated by
11C.DPA-713 positron emission tomography (PET) imaging.

Methods: We included 15 patients with AD and 10 cognitively normal (CN) subjects. Stepwise backward deletion
multiple regression analysis was used to determine the predictors of the TSPO-binding potential (BPyp) estimated
by PET imaging. The independent variables were age, sex, diagnosis, apolipoprotein E4 positivity, body mass
index and the serum concentration of blood-based biomarkers, including monocyte chemotactic protein 1 (MCP-
1), fractalkine, chitinase 3-like protein-1 (CHI3L1), soluble triggering receptor expressed on myeloid cells 2
(sTREM2), and clusterin.

Results: Sex, diagnosis, and serum concentrations of MCP1 and sSTREM2 were determined as predictors of TSPO-
BPyp in the Braakl-3 area. The serum concentrations of MCP1 and sTREM2 correlated positively with TSPO-
BPyp. In a leave one out (LOO) cross-validation (CV) analysis, the model gave a LOO CV R? of 0.424, which
indicated that this model can account for approximately 42.4% of the variance of brain TSPO-BPyp,
Conclusions: We found that the model including serum MCP-1 and sTREM2 concentration and covariates of sex
and diagnosis was the best for predicting brain TSPO-BPyp. The detection of neuroinflammation in AD patients
by blood-based biomarkers should be a sensitive and useful tool for making an early diagnosis and monitoring
disease progression and treatment effectiveness.

neuroinflammatory responses in AD, stimulating resident glial activa-
tion (Serrano-Pozo et al., 2011). The practical method for evaluating

1. Introduction

Neuroinflammation is one of the critical aspects of Alzheimer’s dis-
ease (AD) that contribute to its pathogenesis and pathological signs
(Zhang et al., 2013). Pathological amyloid  (Ap) and neurofibrillary
tangle (NFT) accumulation is regarded to be the cause of

cerebral neuroinflammatory levels in-vivo is positron emission tomog-
raphy (PET) imaging with radioligands binding to 18 kDa translocator
protein (TSPO) increased by the glial activation due to neuro-
inflammation, including 1'C-PBR28 (Fujita et al., 2008), 1'C-DAA1106
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(Yasuno et al., 2008, 2012), and ''C-DPA-713 (Boutin et al., 2007;
Yasuno et al., 2022). However, PET scanning is expensive and limited to
specialized centers, and it is not a candidate for screening. An inex-
pensive, noninvasive screening approach that correctly evaluates the
level of neuroinflammation would satisfy a critical need in geriatric
patients.

Cerebrospinal fluid (CSF) biomarke is one of candidates for the
evaluation of glial activation due to neuroinflammation. In the adult the
interface between the CSF and the brain is lined by the cerebrospinal
fluid-brain barrier (CSFBB) formed by ependymal cells, which limit the
exchange of different sized molecules between cerebrospinal fluid and
the brain parenchyma. However, the limitation of CSFBB is less
restrictive than that of blood-brain barrier (BBB) and CSF biomarker has
the advantage for the evaluation of the state of the brain when compared
to blood biomarker in terms of accuracy. The clinical data of AD patients
have shown an increase of CSF biomarkers of glial activation such as
monocyte chemotactic protein 1 (MCP-1) (Correa et al., 2011), chitinase
3-like protein-1 (CHI3L1) (Antonell et al., 2014; Craig-Schapiro et al.,
2010) and soluble triggering receptors expressed on myeloid cells 2
(STREM2) (Heslegrave et al., 2016) compared to the healthy controls.
These studies showed possible utility of CSF biomarkers of glial activa-
tion due to neuroinflammation. However, the availability of CSF is also
restricted in standard clinical situations because of the invasiveness of
lumbar punctures for its collection. As a more available biological
source, recent studies are in search of the blood biomarkers of neuro-
inflammation (Angiulli et al., 2021).

Although the central nervous system (CNS) is separated from the
peripheral immune system by the blood-brain barrier (BBB) (Daneman
and Prat, 2015), proinflammatory mediators, such as cytokines, che-
mokines, and nitric oxide, can modify the BBB permeability (Wong
et al., 2004). Glial activation results in the release of soluble inflam-
matory mediators that cross the BBB and move to the periphery via the
bloodstream, thereby leading to the proliferation of peripheral immune
cells (Fiala et al., 1998). The CNS is also reactive to changes in the pe-
ripheral immune system. Proinflammatory cytokines emitted by pe-
ripheral immune cells are transported to the BBB by the bloodstream,
crossing the brain parenchyma and acting on glial cells (Krstic et al.,
2012). This evidence of the relationship between the central and pe-
ripheral immune systems suggests the utility of the blood compartment
as an origin of potential biomarkers of neuroinflammation (Angiulli
et al., 2021).

In this study, we aimed to examine and validate a model using blood-
based biomarkers that can predict the level of glial activation due to
neuroinflammation, as estimated by 1'C-DPA-713 PET imaging of TSPO.
11C-DPA-713 was used in this study because we confirmed in our pre-
vious study that it possessed the properties suitable for TSPO quantifi-
cation with PET imaging in our research environment, and showed that
non-displaceable binding potential can be estimated stably with this
ligand by using the Braak 6 area as the reference region (Yasuno et al.,
2022).

Stepwise backward deletion multiple regression analysis was used to
determine the predictors of TSPO-binding potential (BPyp) estimated by
1. DPA-713 PET imaging. The dependent variable was TSPO-BPyp, and
the independent variables were age, sex, diagnosis, apolipoprotein
(APO) E4 positivity, body mass index (BMI), which have a potential
impact on pathophysiology of AD (Fernandez-Calle et al., 2022; Lloret
et al., 2019; Podcasy and Epperson, 2016) and the serum concentrations
of the blood-based biomarker candidates, which are known to be related
to glial activation and are shown to affect the pathophysiology of AD,
including MCP-1 (Johnstone et al., 1999; Meda et al., 1996; San-
chez-Sanchez et al., 2022), fractalkine (Chidambaram et al., 2020;
Zujovic et al., 2000), CHI3L1 (Bonneh-Barkay et al., 2010; Connolly
etal., 2022), sSTREM2 (Shi and Holtzman, 2018; Zhong et al., 2019), and
clusterin (Spatharas et al., 2022; Xie et al., 2005).
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2. Materials and methods
2.1. Participants and ethics

This study included 15 patients diagnosed with AD and 10 cogni-
tively normal (CN) subjects. The inclusion criteria were as follows: for
AD, Mini-Mental State Examination (MMSE) scores less than 24 and
meeting the National Institute on Aging and Alzheimer’s Association
(NIA-AA) clinical criteria for probable AD (McKhann et al., 2011). For
CN, MMSE score 24-30, Clinical Dementia Rating (CDR) score = 0, and
non-demented status. The participants in this study were required to be
between 65 and 85 years old (inclusive). None of the subjects was on
treatment for any substantial medical, neurological, or psychiatric dis-
ease or had any history of a major psychiatric disorder, alcohol depen-
dence, or substance dependence. No individuals showed clinically
significant focal brain lesions on magnetic resonance imaging (MRI). All
of the patients with AD and 3 of the 10 CN subjects were shown to be
amyloid positive by analyzing cerebrospinal fluid (CSF) Ap42/40 ratio
values at the Brain Research Institute of Niigata University, with a
cut-off value of <0.072 determined based on 177 CSF samples from the
Japanese Alzheimer’s Disease Neuroimaging Initiative (Delaby et al.,
2021). BMI was calculated by dividing the weight in kg by the square of
the height in m.

All selected subjects had stored blood samples and corresponding
1C.DPA-713 PET imaging data. All participants were classified as
having high-affinity binders based on the rs6971 polymorphism within
the TSPO gene (Owen et al., 2011). APOE4 genotypes were determined
from deoxyribonucleic acid (DNA) using polymerase chain reaction
amplification (Hixson and Vernier, 1990). The quantification of the
TSPO was done using dynamic ''C-DPA-713 PET imaging data with
arterial blood sampling (Yasuno et al., 2022). We measured the serum
concentrations of MCP-1, fractalkine, CHI3L1, sSTREM2, and clusterin as
candidates for blood-based biomarkers that are known to be related to
glial activation.

This study was approved by the institutional review board of the
National Center for Geriatrics and Gerontology, and all participants
provided written informed consent.

2.2. Blood collection and serum biomarker assay

Serum was isolated from whole blood by centrifugation, aliquoted,
and stored at —80 °C in the National Center for Geriatrics and Geron-
tology (NCGG) biobank. Serum levels of MCP-1, fractalkine, CHI3L1,
TREM2, and clusterin were measured using enzyme-linked immuno-
sorbent assay (ELISA) kits. The MCP-1, fractalkine, CHI3L1, and clus-
terin kits were purchased from R&D Systems, Inc. (Minneapolis, MN,
USA), and the sSTREM2 kit was purchased from AB clonal, Inc. (Woburn,
MA, USA). The ELISA was performed according to the manufacturer’s
protocol described in the kit. The optical density of each plate was
determined using a Spectra Max Paradigm microplate reader (Molecular
Devices LLC. San Jose, CA, USA).

2.3. PET image acquisition and analysis

1C.DPA-713 is a PET radiotracer developed for imaging the
expression of TSPO in glial cells, a marker of neuroinflammatory
burden. The details of the PET image acquisition and analysis methods
have been described in our previous study (Yasuno et al., 2022).

All PET scans were obtained using a PET CT camera (Biograph True
V; Siemens Healthcare, Erlangen, Germany). All participants underwent
3D PET imaging for 0-60 min after bolus-intravenous injection of 411.2
+ 38.0 MBq of 1C-DPA-713 (range, 251-452 MBq). The mean and SD of
the administered amount of 1'C-DPA-713 were 6.1 + 2.0 nmol (range,
2.9-10.5 nmol). Time bins were 6 x 10, 3 x 20, 2 x 60, 2 x 180, and 10
% 300 s for the 60 min. Arterial samples were taken manually, and their
radioactivity concentration was measured every 10 s initially after the
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injection and reduced in frequency every 15 min until the end of the
scan. Arterial blood samples for metabolite analysis were drawn
manually at 5, 15, 30, 45, and 60 min. PET images were corrected for
scattering, attenuation, and time-of-flight and reconstructed using the
ordered subset expectation maximization method. The final recon-
structed images consisted of 109 planes of 168 x 168 voxels of 2.04 x
2.04 x 2.03 mm>. Dynamic PET images were motion-corrected and
registered into the standard Montreal Neurological Institute (MNI) space
using the P-mod View tool and the Registration and Fusion tool (PMOD
Technologies). Motion correction was performed frame-by-frame
through rigid body registration of adjacent frames, and motion-
corrected PET images were scaled to a standardized uptake value
(SUV) and spatially normalized in the MNI stereotactic space with pa-
rameters obtained from the transformation of individual 3D-T1 MR
images, which were co-registered to PET images into the MNI space
using affine registration followed by nonlinear warping. A region of
interest template from the Automated Anatomical Labeling (AAL) atlas
(Tzourio-Mazoyer et al., 2002) was applied to the spatially normalized
PET images to obtain a regional SUV.

The regional SUV was quantified in ROIs that anatomically approx-
imated the pathological stages of tangle deposition delineated by Braak
and Braak (1991). Time-activity curves (TACs) were calculated from the
cerebellum, and three composite ROIs that corresponded to the
anatomical definitions of Braak stages 1 to 3 (the transentorhinal and
entorhinal region and the neocortex of the fusiform and lingual gyri),
stage 4 (the neocortical limbic areas and temporal region), stage 5 (the
neocortical region extending in a fan-like projection to the frontal,
superolateral, and occipital directions), and stage 6 (the areas including
the secondary and primary neocortical regions of the occipital lobe,
extending into the striate area) (Braak et al., 2006) (Table 1).

Regional time-activity data were analyzed using one-tissue
compartment models with a variable vascular fraction using the
metabolite-corrected plasma input function. Two rate constants (K; and
ko) were derived from this model and fitted to determine the total dis-
tribution volume (V1) = K;/k,. Binding potential (BPyp) was calculated
using the formula (V' - v ™0,V ™ where V¥ is the Vr of the
target tissue and Vr ref i< the Vr of the reference tissue. We used the Braak
6 area as a reference tissue region for TSPO quantification with 1¢c.ppA-
713-PET imaging, as the Braak 6 area was shown to be a non-target of
1¢G.DPA-713 in mild to moderate AD in a previous study (Yasuno et al.,
2022).

2.4. Statistics

Statistical analysis was performed using log10 transformation of the
serum concentration of blood-based biomarkers to better approximate
normality. Stepwise backward deletion multiple regression analysis was
used to determine the predictors of brain PET-TSPO-BPyp. The depen-
dent variable was PET-TSPO-BPyp, and the independent variables were
age, sex (coded with male as 0 and female as 1), diagnosis (coded with
CN as 0 and AD as 1), APOE4 positivity (coded with negative as 0 and

Table 1
Region of interests (ROIs) information.

Region of Volume
interests (ROIs) (cms)

Corresponding region in Automated Anatomical
Labeling (AAL) atlas

Braakstages1to  109.43 Hippocampal and parahippocampal region,

3 amygdala, lingual area, fusiform area
Braak stage 4 299.14 Insular, anterior, middle and posterior cingulum,
temporal area
Rolandic and operculum area, superior motor
area, superior, middle, and inferior frontal areas,
rectus, occipital area, supramarginal area, angular
area, precuneus area, Heschl area, parietal area
Precentral area, calcarine area, cuneus area,
postcentral area, paracentral lobule

Braak stage 5 637.76

Braak stage 6 191.01
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positive as 1), BMI, and serum concentration of the blood-based bio-
markers related to glial activation.

After identifying the blood-based biomarkers and covariates in the
best model for predicting brain PET-TSPO-BPyp in the above analysis, a
leave-one-out (LOO) cross-validation (CV) analysis was performed by
fitting the identified multiple linear regression model to the data, leav-
ing out one subject at a time, and using the model to predict brain TSPO-
BPyp in that subject based on the fitted model (Kiddle et al., 2012). LOO
CV R? was calculated as the square of the Pearson’s correlation coeffi-
cient between the predicted and the observed brain PET-TSPO-BPyp.

Statistical tests were two-tailed, and significance was defined as p <
0.05/n using the Bonferroni correction (where n refers to the number of
multiple comparisons).

3. Results

3.1. Demographics and serum concentration of blood-based biomarkers in
CN and AD groups

The basic demographics of the study population are summarized in
Table 2. A total of 10 CN and 15 AD participants were evaluated. We
found higher TSPO-BPyp in the Braak1-3 areas in the AD group than in
the CN group (Table 2).

In the comparison of the serum concentrations of the candidate
blood-based biomarkers of glial activation between the CN and AD
groups, we found no significant difference between the CN and AD
groups, with p-values less than 0.01 using Bonferroni correction
(Table 3).

3.2. Stepwise backward deletion multiple regression analysis predicting
the brain TSPO-BPyp

Stepwise backward deletion multiple linear regression analysis was
performed to determine which factors were the best predictors of TSPO-
BPnp in Braakl-3 areas; a significant increase was shown in the AD
group. The dependent variable was TSPO-BPyp in Braakl-3 areas. The
independent variables were age, sex, diagnosis (CN vs. AD), APOE4
positivity, BMI, and logl0 conversion of serum concentrations of
CHI3L1 (ng/mL), MCP-1 (pg/mL), clusterin (ug/mL), fractalkine (pg/
mL), and sTREM2 (pg/mL). Age, APOE4 positivity, and serum concen-
trations of CHI3L1, clusterin, and fractalkine were removed, while sex,
diagnosis, and serum concentrations of MCP1 and sTREM2 were
included in the final model as predictors of TSPO-BPyp in Braak1-3 areas
[R2 = 0.396, effect size = Rz/(l-Rz) = 0.656, total sample size = 25,
number of predictors = 4] (Table 4). When we evaluated the statistical
power with « = 0.05 with G* Power software (© 2021 Heinrich-Heine-
Universitat Diisseldorf, Germany), we found the adequate value of 0.84
(>0.80).

The analysis revealed that, in all individuals, the log10 conversion of
the serum concentrations of MCP1 and sTREM2 correlated positively
with TSPO-BPyp (f = 0.51 and 0.60 for MCP1 and TREM2, respectively).
Fig. 1 shows a visual representation of the association between the log10
conversion of serum concentrations of MCP1/sTREM2 and TSPO-BPnp
in Braak1-3 areas in all individuals after adjusting for other independent
variables within the model.

TSPO-BPyp in the Braak 1-3 area and the serum concentration of
MCP-1 were adjusted for sex, diagnosis, and serum sTREM2 concen-
tration) (left), and TSPO-BPyp and the serum concentration of STREM2
were adjusted for sex, diagnosis, and serum MCP-1 concentration)
(right). The line shows the linear fit of TSPO-BPyp in the Braak 1-3 area
with MCP-1 (r = 0.51, p = 0.007) (left) and STREM2 concentrations (r =
0.60, p = 0.002) (right)

In the validation analysis, the multiple linear regression with the
log10 conversion of the serum concentrations of MCP1 and TREM2 and
covariates of sex and diagnosis gave a LOO CV R? of 0.424. This model
accounted for approximately 42.4% of the variance in brain TSPO-BPyp
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Table 2

Descriptive Characteristics of the CN and AD participants [mean + SD (min-max)].
Characteristic/Test All CN AD tory? P
No. 25 10 15
Sex, M/F 11/14 4/6 7/8 0.11 0.74
Age, yr 78.4 £+ 4.4 (69-85) 78.9 + 5.2 (69-85) 78.1 + 3.9 (70-84) 0.42 0.68
Education, yr 12.4 + 2.4 (9-16) 13.0 + 2.3 (9-16) 11.9 + 2.5 (9-16) 1.09 0.29
MMSE 22.9 + 3.6 (15-29) 26.2 + 2.2 (24-29) 20.7 + 2.4 (15-23) 5.76 <0.001*
ApoE4 (+)/(-) 13/12 4/6 9/6 0.96 0.33
BMI 22.4 + 3.9 (14.2-30.1) 23.0 £+ 5.6 (14.2-30.1) 22.0 + 2.4 (18.8-26.4) 0.57 0.58
DPA-713 TSPO-PET results
Braak 1-3-TSPO-BPyp (medial temporal area) 0.14 + 0.07 (0.04-0.28) 0.10 + 0.05 (0.04-0.16) 0.18 + 0.07 (0.07-0.28) -3.23 0.004*
Braak 4-TSPO-BPyp (limbic area) 0.09 + 0.07 (—0.01-0.24) 0.07 £+ 0.07 (0.00-0.24) 0.10 + 0.07 (—0.01-0.22) -1.12 0.27
Braak 5-TSPO-BPyp (neocortical area) 0.00 + 0.04 (—0.06-0.10) —0.01 £ 0.05 (—0.06-0.10) 0.00 + 0.04 (—0.05-0.08) —0.54 0.60

*P<0.05.

Abbreviations: CN, cognitively normal; AD, Alzheimer’s disease; MMSE, Mini-mental state examination; BMI, body mass index; TSPO, translocator protein: BPND,

binding potential.

Table 3

Serum and plasma concentrations of the candidate blood-based biomarkers of glial activation related to neuroinflammation [mean + SD (min-max)].
Candidate blood-based biomarker All (n = 25) CN (n =10) AD (n = 15) Mann-Whitney U Z P
CHI3L1 (ng/mL) 90.7 + 62.0 (1.5-255.1) 89.7 £+ 66.2 (29.9-213.7) 97.8 + 62.8 (32.9-255.1) 65.0 —0.56 0.579
MCP-1(pg/mL) 137.2 + 42.0 (0.8-205.7) 131.6 + 32.0 (76.5-190.7) 148.7 + 34.6 (84.2-205.7) 52.0 —1.28 0.202
Clusterin (pg/mL) 312.4 + 150.6 (1.31-825.4) 322.4 + 104.3 (141.7-478.6) 327.1 +171.1 (130.0-825.4) 71.0 —0.22 0.824
Fractalkine (pg/mL) 0.50 + 0.16 (0.29-0.82) 0.39 + 0.08 (0.29-0.51) 0.56 + 0.17 (0.32-0.82) 29.5 —2.52 0.012
sTREM2 (pg/mL) 6.01 + 6.18 (0.01-30.0) 8.31 + 8.49 (0.04-30.0) 4.35 + 4.06 (0.01-12.3) 50.0 -1.39 0.166

*P<0.01(0.05/5).

Abbreviations: CN, cognitively normal; AD, Alzheimer’s disease; CHI3L1, chitinase 3-like protein-1; MCP-1, monocyte chemotactic protein 1;

triggering receptor expressed on myeloid cells 2.

(Fig. 2).
The line shows the linear fit of the real and predicted values of TSPO-
BPyp in the Braak 1-3 area (r = 0.65, p<0.001).

4. Discussion

The main focus of this study was to find a model with blood-based
biomarkers that can predict the level of glial activation due to neuro-
inflammation, as shown by PET-TSPO-BPyp in CN and AD participants.
We found that the model including serum MCP-1 and sTREM2 with
covariates of sex and diagnosis could predict brain TSPO-BPyp in the
Braak 1-3 area, which showed a significant increase in the AD group.

Neuroinflammation is a core pathological aspect of AD, and in-
flammatory responses are caused by the aggregation of Ap and NFT,
inducing resident glial activation (Serrano-Pozo et al., 2011). Upon
activation, glial cells show increased levels of TSPO (Banati et al., 2004),
which is an 18-kDa protein shown mainly on the outer mitochondrial
membrane (Papadopoulos et al., 2006), and TSPO is regarded as a
landmark of the inflammatory response in disease states. In humans, the
burden of neuroinflammation has been evaluated using PET with TSPO
radiotracers. However, PET is relatively expensive, and its availability is
limited. Furthermore, PET results in cumulative radiation exposure of
the subjects. As a more available biological source, blood is useful
because its collection is less invasive, inexpensive, reproducible, and
easy to conduct on large populations. Glial activation induces the release
of soluble inflammatory mediators that cross the BBB (Fiala et al., 1998),
and they are expected to be used as blood-based biomarkers for pre-
dicting the level of glial activation due to neuroinflammation.

In the previous studies, increased peripheral levels of proin-
flammatory cytokines including IL-6, IL-13 and TNF-a and anti-
inflammatory cytokine of TGF-p have been reported in AD patients
compared to healthy controls (Alvarez et al., 2007; Fillit et al., 1991;
Forlenza et al., 2009; Malaguarnera et al., 2006; Wu et al., 2015). As to
the peripheral chemokine, the clinical data of AD patients have shown
an increase of peripheral MCP-1 (Galimberti et al., 2006), IL8 (Alsadany
et al., 2013), CHI3L1 (Choi et al., 2011) compared to the healthy

sTREM2, soluble

controls. In the prospective cohort study, the significant association was
shown between increased serum STREM2 levels and the risk of devel-
oping AD in the general elderly Japanese population (Ohara et al.,
2019). The serum neuroinflammation biomarker signatures were shown
to improve the accuracy of classification for AD pathology in older
adults (Popp et al., 2017). These studies indicated the relationship be-
tween underlying neurodegenerative processes in AD and blood-based
biomarkers of neuroinflammation. However, there are currently no
blood tests for reliably and directly estimating the level of cerebral
neuroinflammation determined by practical method of TSPO-PET im-
aging. Our study is the first to reveal the model with blood-based neu-
roinflamamtion biomarker whch could predict brain TSPO-BPyp.

In our study of blood-based biomarkers of glial activation, stepwise
backward deletion multiple regression models showed that the model
including serum MCP-1 and sTREM2 with covariates of sex and diag-
nosis was the best at predicting brain TSPO-BPyp in the Braak 1-3 area,
of which a significant increase was shown in the AD group. This model
could explain >40% of the variance in TSPO-BPyp. This result indicated
that serum concentrations of MCP-1 and sSTREM2 can predict the levels
of glial activation, as shown by PET-TSPO imaging, indicating the utility
of serum MCP-1 and sTREM2 as blood-based biomarkers for
neuroinflammation.

Covariates of sex (coded with male as 0 and female as 1) showed
positive f values in the final model. This indicated that being female
promotes an increase in TSPO-BPyp in the Braak 1-3 area. Over the life
course, females are shown to be more likely than men to develop AD
(Gao et al., 1998). Sex may influence the incidence of AD via genetic
(Dumitrescu et al., 2019; Nazarian et al., 2019), hormonal (Vina and
Lloret, 2010), and lifestyle mechanisms (Barha and Liu-Ambrose, 2018;
Yusufov et al., 2017), and these sex differences may create a neuronal
vulnerability of females against the pathology of AD and promote the
inflammatory changes shown as an increase in TSPO-BPyp.

Although the serum concentrations of MCP-1 and sTREM2 had
opposite trends in AD (increasing and decreasing, respectively), after
adjusting for the effects of the other predictors, a partial residual plot of
TSPO-BPyp in the Braak 1-3 area against them showed that both of them
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Table 4
Results of a stepwise backward deletion multiple linear regression analysis predicting Braak 1-3 -TSPO-BPND.
Step t B P F df P Adjusted R2
Model 1 2.57 10, 14 0.05 0.396
Age 0.19 0.04 0.85
Sex 1.68 0.37 0.11
Diagnosis (CN vs AD) 3.02 0.64 0.009
ApoE4 positivity 0.11 0.02 0.91
BMI 0.81 0.14 0.43
CHI3L1 (ng/mL) -0.43 —-0.09 0.68
MCP-1 (pg/mL) 2.27 0.53 0.04
Clusterin (pg/mL) 0.10 0.02 0.92
Fractalkine (pg/mL) -0.14 —-0.04 0.89
sTREM2 (pg/mL) 2.83 0.62 0.01
Model 2 3.06 9,15 0.03 0.436
Age 0.18 0.03 0.86
Sex 2.07 0.36 0.06
Diagnosis (CN vs AD) 3.12 0.64 0.007
ApoE4 positivity 0.10 0.02 0.92
BMI 0.83 0.14 0.42
CHI3L1 (ng/mL) -0.43 —0.09 0.67
MCP-1 (pg/mL) 2.34 0.53 0.03
Fractalkine (pg/mL) —0.12 —0.03 0.90
sTREM2 (pg/mL) 3.12 0.62 0.007
Model 3 3.67 8,16 0.01 0.470
Age 0.18 0.03 0.86
Sex 2.14 0.36 0.05
Diagnosis (CN vs AD) 3.3 0.64 0.004
BMI 0.85 0.14 0.41
CHI3L1 (ng/mL) —0.45 —-0.08 0.66
MCP-1 (pg/mL) 2.44 0.53 0.03
Fractalkine (pg/mL) —0.12 —-0.03 0.9
sTREM2 (pg/mL) 3.24 0.62 0.005
Model 4 4.44 7,17 0.006 0.501
Age 0.23 0.04 0.82
Sex 2.25 0.35 0.04
Diagnosis (CN vs AD) 4 0.62 0.001
BMI 0.87 0.13 0.39
CHI3L1 (ng/mL) —0.45 -0.07 0.66
MCP-1 (pg/mL) 2.85 0.52 0.01
sTREM2 (pg/mL) 3.41 0.63 0.003
Model 5 5.46 6,18 0.002 0.527
Sex 2.4 0.36 0.03
Diagnosis (CN vs AD) 4.12 0.62 0.001
BMI 0.87 0.13 0.40
CHI3L1 (ng/mL) —-0.41 —0.06 0.69
MCP-1 (pg/mL) 3.02 0.52 0.007
sTREM2 (pg/mL) 3.53 0.63 0.002
Model 6 6.82 5,19 0.001 0.548
Sex 2.43 0.35 0.03
Diagnosis (CN vs AD) 4.2 0.61 <0.001
BMI 0.85 0.12 0.41
MCP-1 (pg/mL) 3.06 0.52 0.006
sTREM2 (pg/mL) 3.64 0.61 0.002
Model 7 8.47 4,20 <0.001 0.554
Sex 2.30 0.32 0.03
Diagnosis (CN vs AD) 4.15 0.59 <0.001
MCP-1 (pg/mL) 3.03 0.51 0.007
sTREM2 (pg/mL) 3.60 0.60 0.002

For serum concentration of blood-based biomarkers the 1og10 conversion were performed.

R2 = Multiple regression value squared.

Abbreviations: TSPO, translocator protein: BPND, binding potential; CN, Cognitively normal; AD, Alzheimer’s disease; BMI, body mass index; CHI3L1, chitinase 3-like
protein-1; MCP-1, monocyte chemotactic protein 1; STREM2, soluble triggering receptor expressed on myeloid cells 2.

were positively correlated with TSPO-BPyp, Previous clinical data have
revealed an increase in MCP-1 levels in the periphery of patients with AD
(Kim et al., 2011). MCP-1 is the chemokine that recruits and gathers
immune cells at the site of Ap aggregation. The increase in MCP-1 pro-
moted by AP aggregation was revealed in glial cells and monocytes
(Johnstone et al., 1999; Meda et al., 1996); it is conceivable that
Ap-induced MCP-1 production is associated with a trial of glial cells to
remove AP pathology by the recruitment of phagocytic cells (Kiyota

et al., 2013; Peterson et al., 1997), although its overexpression may
cause harmful inflammatory effects on the brain (Sokolova et al., 2009).

TREM2 is a membrane-bound protein found in Af-related microglia
and peripherally recruited monocytes/macrophages in the AD brain
(Fahrenhold et al.,, 2018; Frank et al., 2008; Jay et al., 2015).
Genome-wide association studies identified TREM2 as one of the
strongest genetic risk factors for AD (Karch and Goate, 2015). After
combining with oligomeric Af (Lessard et al., 2018), TREM2 facilitates
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Fig. 1. Partial residual plot of TSPO-BPyp in the Braak 1-3 area against the serum concentrations of MCP-1 (left) and sTREM2 (right) (Log10 conversion values)

while adjusting for the effects of the other predictors.
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Fig. 2. Scatter plot of individual real and predicted TSPO-BPND values in the
Braak 1-3 area with a leave one out (LOO) cross-validation (CV) analysis.

the accumulation of myeloid cells around AP aggregates (Jay et al.,
2015; Ulrich et al., 2014) and the uptake and elimination of Af (Claes
et al., 2019; Zhao et al., 2018). Under the consideration of these pre-
mises, it is conceivable that TREM2 plays a protective role in the early
stages of AD. Furthermore, TREM2 is degraded by proteolysis and
released in its soluble form (STREM2) (Wunderlich et al., 2013).
sTREM2 is supposed to have many functional features like those of
full-length TREM2, such as binding with oligomeric A and the
recruitment of microglia, which is related to the reduction in Ap ag-
gregation (Zhong et al., 2019). Hence, the positive correlation between
serum MCP-1 and sTREM2 and TSPO-BPynp may reflect the neuro-
inflammatory responses of glial cells induced by MCP-1 and sSTREM2 to
eliminate Ap deposits.

It is unclear whether changes in serum levels of MCP-1 and sSTREM2
are a cause or consequence of glial activation, as shown by TSPO-BPyp.
As previously mentioned, glial activation induces the release of soluble
inflammatory mediators that cross the BBB (Fiala et al., 1998). There-
fore, peripheral MCP-1 and sTREM2 are thought to be based on their
leakage from the CNS, and they could be regarded as a reflection of glial
activation in the CNS. Simultaneously, the CNS reacts to the activation
of the peripheral immune system, and proinflammatory cytokines
emitted by peripheral immune cells move towards the BBB (Krstic et al.,

2012). In that sense, the peripheral immune cells activated by serum
MCP-1 and sTREM2 and their emitted proinflammatory cytokines may
cross the BBB and affect glial activation in the CNS. It was assumed that
there was a mutual relationship between serum MCP-1 and sTREM2 and
cerebral glial activation due to neuroinflammation.

A limitation of this study was the relatively restricted number of
subjects, and it was inappropriate to divide the participants into training
and test groups to assess the predictive accuracy of the regression model.
In this study, we used a leave-one-out cross-validation approach to
maximize the use of the available subjects (Kiddle et al., 2012). Given
the restricted number of participants on which the model is dependent,
it is desirable to confirm the capability of these biomarkers to estimate
the level of brain neuroinflammation in an independent cohort. Further,
3 of the 10 CN subjects were shown to be amyloid positive by analyzing
CSF Ap42/40 ratio values. However, when we excluded these three
amyloid-positive CN subjects in stepwise backward deletion multiple
linear regression analysis, we found that the final model including serum
MCP-1 and sSTREM2 with covariates of sex and diagnosis could predict
brain TSPO-BPyp in the Braak 1-3 area (t, B, and p-value are 2.39, 0.35,
0.03 for sex, 3.83, 0.61, 0.001 for diagnosis, 2.20, 0.41, 0.04 for MCP-1,
and 3.10, 0.55, 0.007 for STREM2, respectively)(F = 7.82, df = 4,17, p
= 0.001, adjusted R? = 0.57).

In conclusion, we found that the blood-based model including serum
MCP-1 and sTREM2 and covariates of sex and diagnosis was the best at
predicting brain TSPO-BPyp in the Braak 1-3 area, of which a significant
increase was shown in the AD group. The detection of CNS neuro-
inflammation in patients with AD using blood-based biomarkers should
be a sensitive and useful tool for early diagnosis and monitoring disease
progression and treatment effectiveness.
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