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Abstract

Background Neuroinflammation constitutes a pathological hallmark of Alzheimer’s disease (AD). Still, it remains
unresolved if peripheral inflammatory markers can be utilized for research purposes similar to blood-based beta-amy-
loid and neurodegeneration measures. We investigated experimental inflammation markers in serum and analyzed
interrelations towards AD pathology features in a cohort with a focus on at-risk stages of AD.

Methods Data of 74 healthy controls (HC), 99 subjective cognitive decline (SCD), 75 mild cognitive impairment
(MCl), 23 AD relatives, and 38 AD subjects were obtained from the DELCODE cohort. A panel of 20 serum biomarkers
was determined using immunoassays. Analyses were adjusted for age, sex, APOE status, and body mass index and
included correlations between serum and CSF marker levels and AD biomarker levels. Group-wise comparisons were
based on screening diagnosis and routine AD biomarker-based schematics. Structural imaging data were combined
into composite scores representing Braak stage regions and related to serum biomarker levels. The Preclinical Alzhei-
mer’s Cognitive Composite (PACC5) score was used to test for associations between the biomarkers and cognitive
performance.
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Results Each experimental marker displayed an individual profile of interrelations to AD biomarkers, imaging, or cog-
nition features. Serum-soluble AXL (sAXL), IL-6, and YKL-40 showed the most striking associations. Soluble AXL was sig-
nificantly elevated in AD subjects with pathological CSF beta-amyloid/tau profile and negatively related to structural
imaging and cognitive function. Serum IL-6 was negatively correlated to structural measures of Braak regions, without
associations to corresponding IL-6 CSF levels or other AD features. Serum YKL-40 correlated most consistently to CSF
AD biomarker profiles and showed the strongest negative relations to structure, but none to cognitive outcomes.

Conclusions Serum sAXL, IL-6, and YKL-40 relate to different AD features, including the degree of neuropathology
and cognitive functioning. This may suggest that peripheral blood signatures correspond to specific stages of the dis-
ease. As serum markers did not reflect the corresponding CSF protein levels, our data highlight the need to interpret
serum inflammatory markers depending on the respective protein’s specific biology and cellular origin. These marker-
specific differences will have to be considered to further define and interpret blood-based inflammatory profiles for

AD research.
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Background

Biomarkers of Alzheimer’s disease (AD), such as beta-
amyloid (AB42/AB40), phospho-tau-181 (p-tau-181), or
neurofilament light chain (Nf-L), are found in cerebrospi-
nal fluid (CSF) and routinely support clinical diagnostics.
Research advances in recent years have seen advances in
blood-based, less invasive biomarkers of Alzheimer’s dis-
ease (AD) and other neurodegenerative disorders [1]. For
neuroinflammation, another AD hallmark, as well as for
systemic inflammation—a potential risk factor for AD—
there is still a lack of blood-based biomarkers with simi-
lar potential [2]. A large range of studies has investigated
peripheral levels of inflammatory cytokines, chemokines,
or complement factors in AD. Although meta-analyses
attest a moderate elevation of pro-inflammatory factors
in AD over the average of studies, there is tremendous
variance in reported effects, including no observed differ-
ences or even higher levels in healthy controls [3, 4].

In this study, we investigated inflammatory protein
serum levels and their relationship to brain structure
and cognition in baseline samples of the DZNE (Ger-
man Center for Neurodegenerative Diseases)—Lon-
gitudinal Cognitive Impairment and Dementia Study
(DELCODE). DELCODE is a longitudinal multimodal
study that focuses on individuals at risk for developing
AD [5]. The panel of biomarkers consisted of immune-
related markers including IL-6; IL-18; CCL2; CXCL10;
MIF; YKL-40; sTREM2; sAXL; sTyro3; CRP and com-
plement factors Clq, C3, C3b, C4, B, and H; ferritin
and total ApoE protein; and two non-tau markers of
neurodegeneration (FABP-3 and neurogranin). This
panel was based on previous findings of our group on
CSF-level effects of the respective markers [6-9]. In
this previous work, these markers were characterized
by their robust detectability in quantitative assays, by
reproducible strong correlation to CSF tau isoform
levels, between neurodegeneration and inflammation

markers of the panel, and—in part—also to structural
MRI and cognitive outcome data. However, data on the
potential of this selection of markers as blood-based
readouts is still scarce or inconclusive. Furthermore, it
is unknown if effects observed for these markers in CSF
are also reflected in peripheral blood and how CSF and
blood levels of the markers relate to each other. Some
markers of this panel, such as MIF, sAXL, and most of
all complement factors, have been described to relate
to AD features like amyloid burden, APOE status, cog-
nition, or whole brain volume with varying results
[10-28]. Subjects with high serum STREM2 levels were
reported to have an increased risk of all-cause demen-
tia, whereas others described a significant increase of
TREM2 expression in AD monocytes, but not plasma
[29, 30]. A recent meta-analysis likewise did not find
plasma sTREM2 levels to be altered in AD [31]. YKL-
40 serum or plasma levels have been reported to cor-
relate to CSF levels and to be increased not only in
amnestic MCI, AD, and non-AD dementia but also in
various other conditions, such as cancer, inflammatory
diseases, infections, or coronary heart disease [32—-34].
A recent study by Vergallo et al. investigated plasma
YKL-40 levels in detail and found higher levels in men,
a positive correlation to age, but no relation to APOE
status [35]. Furthermore, they found a negative correla-
tion to brain amyloid load measured by PET imaging,
but no relationship with longitudinal change of amyloid
load or MRI volume of hippocampal, entorhinal cor-
tex, or basal forebrain. This body of research indicates
that even for the most established AD neuroinflamma-
tion markers—such as YKL-40 or sTREM2—data on
peripheral levels requires further extension to enable
more definite conclusions.

Therefore, we aimed to further study the potential of
the protein panel—selected based on CSF observations—
as blood-based inflammatory biomarkers of AD with a
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focus on subjective cognitive decline (SCD) subjects as
an at-risk population and the biomarker relations to CSF
markers, to Braak-region-specific structural MRI meas-
ures, and cognitive performance.

Methods

Study design

The general design, study population, inclusion/exclu-
sion criteria, and biomaterial sampling procedures of the
DZNE DELCODE study have been described elsewhere
[5]. Data on age, sex, APOE genotype, and body mass
index (BMI), as well as on the CSF routine biomarkers
(i.e., ratio AP42/40, phospho(p)-tau-181, total(t)-tau),
T1-weighted MRI data, and neuropsychological test
results, were provided by the DELCODE study man-
agement. The present study contains baseline data of
309 subjects from DELCODE including CSE-level data
of the experimental biomarker panel. The sample was
selected based on the availability of the experimental bio-
marker CSF data and the availability of serum samples
for all included subjects. No other additional inclusion/

Table 1 Cohort description
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exclusion criteria were applied beyond the general crite-
ria of DELCODE [5]. This study focused on 99 subjective
cognitive decline (SCD) subjects based on initial power
estimates, as this group is enriched for subjects at risk or
in very early stages of disease. Furthermore, 74 healthy
controls (HC), 75 subjects diagnosed with amnestic mild
cognitive impairment (MCI), 38 dementia of the Alz-
heimer’s type (DAT) subjects, and 23 cognitively nor-
mal first-degree relatives of DAT patients were included
(detailed in Table 1). In brief, SCD was defined by subjec-
tively reported cognitive decline and a test performance
better than —1.5 standard deviations (SD) below normal
in the CERAD neuropsychological battery. MCI was
restricted to amnestic MCI with performance below —1.5
SD on the delayed recall trial of the CERAD word-list epi-
sodic memory tests. The AD group consisted of patients
with mild AD and >18 points in the MMSE examination
score. SCD, MCI, and AD subjects were recruited from
memory clinic settings in line following clinical routine
procedures. HC and relatives’ groups were recruited
based on advertisements. SCD, HC, and relatives showed

Feature HC Relatives SCD MClI DAT p

n=74 n=23 n=99 n=175 n=38
Age (yrs.), median (SD) 8 (5) 64 (4) 1(6) 73 (5) 5(@) 2 x 10E710
Sex (male), n (%) 40 (54) 17 (74) 44 (44) 23(31) 25 (63) 4 x 1087
APOE (4 positive), n (%) 6(22) 8(35) 5 (35) 29 (39) 5 (66) 3 % 10E~4
BMI, median (SD) 25(3) 26 (4) 25(3) 26 (4) 24 (4) 0.084
AB42/40, median (SD) 0.097 (0.021) 0.100 (0.024) 0.095 (0.027) 0.066 (0.030) 0.046 (0.017) x 107"
AR42/40 < 0.08, n (%) 17 (23) 4(17) 36 (36) 43(57) 35(92) 7 x 10E713
t-tau (pg/ml), median (SD) 368 (159) 372 (104) 368 (192) 483 (262) 804 (342) x 10E7"
t-tau > 510.9, n (%) 15 (20) 3(13) 21(21) 34 (45) 31(82) x 10E™"2
p-tau-181 (pg/ml), median (SD) 494 (18.4) 434(12.1) 473 (24.4) 63.2(31.7) 87.5 (39.6) 5x 10E710
p-tau-181 > 73.65, n (%) 8(8) 0(0) 12(12) 24 (32) 28 (74) x T0E7"
A—T—,n (%) 55 (74.3) 19(82.6) 60 (60.6) 30 (40.5) 3(7.9) 3 % 10E7"
A—T+, n (%) 2Q27) 0(0.0) 3(3.0) 2(2.7) 0(0.0)
A+T—, n (%) 13(17.6) 4(17.4) 27 (273) 20 (27.0) 7 (184)
A+T4, n (%) 4(54) 0(0.0) 9(9.1) 22(29.7) 28(73.7)
PACCS score, median (SD) 0.57 (041) 0.31(0.65) 0.38 (0.50) —0.74 (0.64) —1.93(0.57) x 10"
Mean follow-up time (yrs., SD) 35(1.1) 30(14) 35(1.3) 2.7(14) 20 (1 4) 2 x 10E7°
Braak I, median (SD) 0.28 (0.66) 043 (0.46) 0.28(0.73) —0.05(1.21) ( 05) 6 x 10E712
Braak I, median (SD) 043 (0.72) 41(0.73) 0.34(0.74) —0.37 (0.95) 2(0.92) <1x10E""
Braak IIl, median (SD) 0.32 (0.55) 0.25(0.47) 0.28 (0.50) —0.32(0.67) —0.55 (o 94) 5% 10E7™
Braak IV, median (SD) 0.29 (0.51) 0.25 (0.44) 0.07 (0.48) —0.28 (0.66) —0.58 (0.80) 10E7"2
Braak V, median (SD) 0.30 (0.48) 043 (0.40) 0.13(0.53) —0.24 (0.65) —055(0.79) 3 x 10E7"
Braak VI, median (SD) 1(0.72) 0.25 (0.67) 0.05 (0.65) —0.34(0.80) —0.04 (0.98) 0.001

The table describes demographic features, AD routine biomarkers, AT classification composition, cognitive performance (PACC5) score with follow-up period, and
the structural Braak ROI scores between the screening diagnosis groups of the DELCODE sub-cohort used in this study. By DELCODE screening diagnosis, the cohort
included 74 cognitively healthy controls (HC), 99 subjective cognitive decline (SCD) subjects, 75 mild cognitive impairment (MCl) subjects, 38 patients with dementia
of the Alzheimer’s type (DAT) subjects, and 23 cognitively normal first-degree relatives of DAT patients. Diagnosis groups with more pronounced clinical phenotype
had significantly larger fractions of AT biomarker-positive subjects. Continuous features (e.g., age) were compared by the Kruskal-Wallis test and categorical variables

(e.g., sex) by the chi-square test
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normal cognitive test performance (performance in all
CERAD tests >—1.5SD in age, gender, and education
adjusted norms) and underwent further assessments for
other (non-cognitive) inclusion and exclusion criteria of
DELCODE. Relatives of AD subjects are at higher risk to
develop AD, show increased rates of reporting SCD com-
pared to the average (healthy) population, and were also
found to display more pronounced cognitive decline than
the HC group in DELCODE [36]. Details of group defi-
nitions are provided in the DELCODE study design and
baseline description [5].

Biomarker panel proteins were determined in serum and
analyzed together with the available data to describe inter-
relations to their CSF counterparts and routine AD CSF
markers. Furthermore, serum protein levels were tested
for their relation to subject groups defined by screening
diagnosis or AD routine CSF biomarker patterns, struc-
tural imaging scores, and cognitive outcome. All analyses
were adjusted for age, sex, APOE status, and body mass
index (BMI) as potential confounders of systemic immune
responses. Bivariate relations between these covariates
and the serum biomarker levels are provided in Addi-
tional file 1: Table S1. Statistical models were run with dif-
ferent adjustment variants as well as with exclusion of MCI
and AD subjects from the whole cohort, as detailed below.

Biomarker acquisition

Serum levels of the experimental biomarker panel (IL-
6, 11-18, CCL2, CXCL10, MIF, YKL-40, sSTREM2, sAXL,
sTyro3, CRP and complement factors Clq, C3, C3b, C4,
B, and H, ferritin and total ApoE protein, as well as the
non-tau markers of neurodegeneration FABP-3 and neu-
rogranin) were determined utilizing a series of immuno-
assays on different platforms, optimized for the individual
marker’s dilution range and multiplexing capacity of the
respective immunoassay technique (details provided in
Table 2). To avoid multiple freeze-thaw cycles dur-
ing measurements, samples were thawed initially on ice,
split into smaller aliquots, and stored in 96 well V-bottom
storage plates (Greiner Bio-One, ref. 651101), sealed with
a freezing-resistant aluminum foil (Greiner Bio-One, ref.
676090), at —80 °C until analysis. This way, the total num-
ber of freeze-thaw cycles of samples was 2 at the time of
immunoassay conduction. The maximum accepted coef-
ficient of variance (CV) for samples run in duplicate was
20%. Samples with higher CV underwent repeated meas-
urement. An internal, aliquoted reference serum sample
was used to control for inter-run variances.

Correlation and group-wise analyses

IBM SPSS Statistics 21 (IBM Corporation, Armonk,
USA) was used to check the influence of potential con-
founders on the experimental inflammatory biomarkers
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(Additional file 1: Table S1) and to calculate partial Spear-
man correlation matrices as well as covariate-controlled
group-wise comparisons (further details on statistics and
results provided in Additional file 1: Tables S2-S4). Cor-
relation matrices were calculated in three models: (1)
the whole cohort with adjustment for covariates age, sex,
APOE status, and BMI; (2) additional exclusion of MCI
and AD subjects to verify if effects persist in subjects
without objective cognitive impairment; (3) same as 1,
with additional adjustment for CSF Ap42/AB40 and CSF
p-tau-181, to test if effects in the whole cohort persisted
beyond adjustment for routine AD pathology marker
levels. Cut-oft values for routine AD biomarker-based
subjects groups were based on Gaussian mixture mod-
eling of the DELCODE data independent of any group
assignments using the R package flexmix (version 2.3-15)
[38]: amyloid ratio (A) AP42/AB40 0.08, tau pathology
(T) by p-tau-181 73.65 pg/ml, and neurodegeneration
(N) by t-tau 510.9 pg/ml. As both tau isoform CSF lev-
els are highly correlated in DELCODE, we did not apply
the A/T/N scheme exactly but used a similar approach of
A/T and A/N as complementary measures of pathologi-
cal amyloid/tau isoform biomarker combination profiles.
Group-wise comparisons were adjusted for multiple test-
ing using the Bonferroni method. For significant group-
wise comparisons, receiver operating characteristics
(ROC) was calculated in Prism 8 (GraphPad Software
Inc., La Jolla, USA) to determine the area under the curve
(AUC) with a 95% confidence interval.

Structural measure analysis

Thickness and volume measurements were obtained
by segmentation of the T1-weighted MR images with
Freesurfer 6.0 (Fischer et al., http://surfernmr.mgh.
harvard.edu/) using the Desikan—Killiany atlas [39,
40]. MRI data were available for 267 subjects (87% of
the cohort). Six structural measures were derived by
combining individual regions into a priori compos-
ite regions of interest (ROI) [41, 42] that mirror Braak
stages of neurofibrillary tangle pathology [43]. Ear-
lier Braak regions show earlier atrophy in the course
of AD and thus should most strongly correlate with
AD pathology. The six Braak ROIs covered the follow-
ing regions: I: entorhinal cortex; II: hippocampus; III:
amygdala, fusiform, parahippocampal cortex, lingual;
IV: temporal regions, cingulate, retrosplenial cortex,
insula; V: frontal and parietal regions; VI: primary vis-
ual, motor, and sensory areas; exact list of individual
regions described by Baker et al. [42]. Volume measures
were used for subcortical ROIs (hippocampus, amyg-
dala), which were adjusted for intracranial volume, and
thickness measures were used for all cortical regions.
For each Braak composite region, individual thickness/
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Table 2 Immunoassay specifications
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Protein Assay CV Single-/multiplex Vendor Assay method Product no. Dilution (x-fold)
(median, SD,
min-max)

FABP-3 34+£29 3-plex Merck KGaA Bead-based (Luminex ~ HNS2MAG-95K 5
0.0-15.1 Corp.)

Neurogranin 2.6+ 3.0
0.0-17.2

Ferritin 37 +45
0.0-19.8

Clq 22+28 6-plex HCMP2MAG-19K 4000
0.0-18.6

c 16+24
0.0-15.8

c4 16+23
0.0-19.6

Factor B 20£29
0.0-19.2

FactorH 1.7£25
0.0-188

C3b 37+£43
0.0-19.8

sAXL 13+18 Singleplex R&D Systems, Inc. Colorimetric DY154 250
0.0-16.8

sTyro3 20+25 Singleplex DY850 6
0.0-16.5

YKL-40 12£18 Singleplex DY2599 200
0.0-194

IL-6 19+£1.7 Singleplex Quanterix Corp. Digital ELISA (SIMOA) 101622 5
0.0-10.0

11-18 21£20 Singleplex 102700 500
0.0-10.0

CXCL10 22+£22 3-plex Meso Scale Diagnostics, Electrochemi-lumines-  U-PLEX K15047K and 15
0.0-11.3 LLC cence K15046K

CCL2 1.7+£15
0.0-104

MIF 12+16
0.0-182

CRP 1.8+1.7 Singleplex K15198D 1000
0.0-114

ApoE (total) 35437 Singleplex F212l 4000
00-173

sTREM2 42+43 Singleplex Homebrew 5
0.0-188

The table displays details on the single- and multiplex ELISA kits used. Methods for the homebrew sTREM2 ELISA have been described elsewhere [37]. Assay CV
reports the median coefficient of variance with standard deviation, minimum, and maximum. The maximum accepted CV was 20%; samples exceeding this limit

underwent repeated measurement (see the “Methods” section)

volume measures were z-scored across the whole sam-
ple and then averaged. We calculated bilateral means as
we had no hemisphere-specific hypotheses.

To assess the relations of the AD-related inflamma-
tory markers to Braak ROI structural measures, bivari-
ate Spearman rank correlations were calculated using R
between each of the markers and Braak structural meas-
ures. For comparison of effect strength, this analysis was
also performed for the CSF amyloid and tau biomarkers.

Structural measure correlations were run in three differ-
ent adjustment models: (1) the whole cohort with adjust-
ment for covariates age, sex, APOE status, and BMI; (2)
additional exclusion of MCI and AD subjects to verify
if effects persist in subjects without objective cognitive
impairment; (3) same as 1, with additional adjustment
for CSF AB42/AB40 and p-tau-181, to test if effects in the
whole cohort persist beyond adjustment for routine AD
pathology marker levels.
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Analysis of cognitive decline in the PACC5 score

The Preclinical Alzheimer’s Cognitive Composite
(PACC5) [44] was used in this study to assess change in
cognitive function over time. It was developed to sensi-
tively track cognitive decline in the early phase of AD.
Here, it was derived by z-standardizing (based on means
and standard deviations from all cognitively normal indi-
viduals in DELCODE) and averaging the free cued and
selective reminding test (FCSRT) total and free recall,
symbol digit modalities test (SDMT), logical memory
delayed recall, semantic fluency (sum of animals and gro-
cery named in 1 min), and the Mini-Mental State Exami-
nation (MMSE).

We used linear mixed models with a latent process as
implemented in the R package lcmm [45, 46] to model
the baseline levels and change in the PACC5 over up to 5
years in DELCODE. Herein, beta cumulative distribution
function was used as it accounts for the curvilinearity
and non-equal interval scaling that is frequently observed
for neuropsychological outcomes [45]. A univariate latent
process linear mixed model with a random intercept and
random slope of time from baseline was modeled. We
examined the fixed effect of markers on the PACC5 at
baseline (main effect) and the interaction of time from
baseline to study effects on change over time. The mean
follow-up time across all participants included in the
analysis was 3.1 years (SD = 1.4). Of 289 subjects with
PACCS5 score data, 34 (11.8%) had provided only a base-
line assessment. We included all subjects in the longitudi-
nal analysis, irrespective of whether or not they provided
a follow-up assessment beyond the baseline in order to
maximize power to detect differences in cognition at
baseline and avoid selection bias due to the exclusion of
participants. Missing observations were handled by full
maximum likelihood estimation in the mixed models.
Markers were z-standardized (based on sample mean and
standard deviation) to ease comparisons across markers.
Again, the three different adjustment models were used:
(1) the whole cohort with adjustment for covariates age,
sex, APOE status, and BMI (fixed effects for main effects
and interaction with time); (2) additional exclusion of
MCI and AD subjects to verify if effects persist in sub-
jects without objective cognitive impairment; (3) same
as 1, with additional adjustment for CSF Ap42/AB40 and

(See figure on next page.)
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p-tau-181 (fixed effects for main effects and interaction
with time), to test if effects in the whole cohort persist
beyond adjustment for proxies of AD pathology.

Biomarker transcriptome and proteome data

Data of the Human Protein Atlas (https://www.proteinatl
as.org/) was retrieved to support literature-based dis-
cussion of protein origins in serum. Data extracted from
the atlas included brain, blood, and tissue RNA as well
as tissue protein levels (see Additional file 1 for details)
[47-51].

Results

Interrelation between serum and CSF biomarkers

We first aimed to assess how serum biomarkers would
relate to their corresponding CSF levels and routine AD
biomarkers (Fig. 1). This analysis also included interrela-
tions between the investigated serum markers. The bio-
marker panel contained two non-tau neurodegeneration
markers (FABP-3 and neurogranin) which yielded differ-
ing associations: serum FABP-3 showed weak, but con-
sistent positive correlations to CSF FABP-3 as well as to
CSF levels of tau isoforms and neurogranin, and was also
negatively correlated to CSF AB42/40 ratio (Spearman
r (value and 95% CI) ranging from 0.15; CI 0.04—0.26 to
0.21; CI 0.10-0.31). In contrast, there was no correla-
tion for neurogranin between serum and CSF; however,
serum neurogranin was inversely related to CSF tau iso-
form levels (r = —0.17; CI —0.28 to —0.06 and r = —0.22;
CI —0.32 to —0.11), but not to AB42/40 or CSF FABP-3.

Regarding the inflammatory markers, a particular high
correlation between corresponding serum and CSF lev-
els was observed for CRP (r = 0.78; CI 0.73-0.82). Nine
other inflammation-related markers (ferritin, ApoE,
1-18, CCL2, CXCL10, YKL-40, complement C3, C4,
and factor B) showed positive correlations of differing
strength (lowest r = 0.13; CI 0.02—0.24 for ApoE, highest
r = 0.53; CI 0.45-0.61 for complement C3), whereas the
eight other inflammatory markers did not correlate sig-
nificantly between serum and CSF.

Regarding the relationships between CSF-based
routine AD markers and inflammatory serum pro-
teins, three serum proteins (ApoE, sAXL, and C4)
showed a relation to CSF AP42/40 ratio. For only one

Fig. 1 Serum biomarker correlation matrix. Partial Spearman correlation matrix adjusted for covariates age, sex, BMI, and APOE status. Serum
biomarker levels (yellow) were correlated against their CSF counterparts (CSF: serum), to CSF AD biomarkers (gray, AB42/40 ratio, p-tau-181, t-tau,
neurogranin, and FABP-3), as well as to plasma levels of Nf-L determined in DELCODE (red). The upper panel depicts the strength of correlation
(Spearman r), and the lower panel, significance (Spearman p). Between CSF and serum, several proteins showed weak to modest correlations,
whereas others were not correlated at all. The strongest correlation was observed between serum and CSF CRP protein. FABP-3, ApoE, sAXL,

and complement C4 showed weak correlations to amyloid. FABP-3 and YKL-40 were consistently correlated to CSF levels of tau isoforms and
neurodegeneration markers. Plasma levels of Nf-L were correlated to several proteins from the serum panel, even if the respective proteins did not

relate to their CSF counterparts or to CSF AD markers
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marker—YKL-40—positive relations to tau isoforms and
CSF FABP-3 were found. Serum ferritin was inversely
related to CSF FABP-3, but not to CSF tau. These rela-
tions between pro-inflammatory serum and CSF AD
markers were significant, but showed low effect sizes (r =
0.14; CI 0.03-0.25 to 0.18; C1 0.07-0.29).

DELCODE also provides measures of plasma Nf-L,
one of the best-established peripherally accessible neu-
rodegeneration markers of axonal degeneration, with
higher NfL levels reflecting a higher rate of axonal decay.
Plasma Nf-L levels were most of all positively related to
serum levels of several experimental markers (FABP-3,
1I-18, CXCL10, YKL-40, sSTREM?2, sAXL, Clq), with the
strongest for FABP-3 (r = 0.39; CI 0.29-0.48) and the
least strong observed for I1-18 (r = 0.13; CI 0.02-0.24).

In terms of interrelations of serum panel markers to
each other, we observed several mostly positive correla-
tions between serum FABP-3 and inflammatory mark-
ers (r = 0.15; CI 0.04—0.26 to r = 0.36; CI 0.26-0.45). We
also found a large number of weak to moderate strength
positive interrelations between markers of the immune-
related and complement part of the panel, of which
the strongest were between IL-6 and CRP (r = 0.52; CI
0.43-0.60) and between complement factor H and Clq
(r = 0.57; CI 0.49-0.64) as well as factor B (r = 0.67; CI
0.60-0.73).

Next, we tested two alternative correlation models
to examine the influence of AD stage and pathology on
the relations between serum and CSF biomarkers. In
the first model, we examined effects in pre-dementia
subjects by excluding MCI and AD subjects from the
cohort but retaining the HC, SCD, and relatives’ sub-
jects. In the resulting model, there was little effect on
each marker’s corresponding serum to CSF correlations
(Additional file 1: Fig. S1A). However, the relations of
serum FABP-3 and YKL-40 to CSF AP42/40, tau iso-
forms, neurogranin, and FABP-3 were not significant
in this model, whereas the correlation of serum ApoE
to CSF AP42/40 remained significant. Furthermore,
most of the previously significant correlations between
experimental serum markers (FABP-3, 11-18, CXCLI10,
YKL-40, sSTREM?2, sAXL, but not Clq) and plasma-NfL
remained nearly unaffected by the exclusion of MCI and
AD subjects.

As the exclusion of subjects reduces the power of
analysis, we also calculated a second alternative model,
including the full cohort but adjusting for CSF Ap42/40
and p-tau-181 as proxies of AD pathology. In this model,
the serum to CSF relations of the individual markers
remained again largely unchanged (Additional file 1: Fig.
S1B). The previously observed relations between serum
FABP-3 and CSF neurogranin were nonsignificant in this
model, and the relation between serum YKL-40 and CSF
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FABP-3 also lost significance (p = 0.07). Again, experi-
mental inflammatory serum marker to plasma Nf-L cor-
relations remained robust in this model.

In summary, several inflammatory serum markers cor-
related to varying extent to their CSF counterparts. These
relations did not change when excluding objectively
impaired subjects or adjusting for CSF AD biomarker
levels. Likewise, observed relations between inflamma-
tory serum markers and plasma Nf-L were robust in the
different models. Serum ApoE was the serum marker
most consistently linked to CSF AB42/40 levels. Serum
YKL-40 showed the most consistent correlations to CSF
tau isoforms and other neurodegeneration biomarker
levels. However, these were not robust against the exclu-
sion of objectively impaired cases or adjustment against
AD CSF routine marker levels.

Group-wise comparisons

We next assessed whether serum biomarkers differed
between screening diagnoses and whether they relate to
AD biomarker-based schematics (see Additional file 1:
Tables S2 to S5 for details on respective statistics). For
this purpose, we used Ap42/40 ratio as a CSF marker for
cerebral amyloid (A) deposition, combined with either
p-tau-181 as a marker of tau pathology (T) or total tau as
a marker of neurodegeneration (N) [52]. As DELCODE
is an AD-focused cohort, A/T and A/N groups gener-
ated by this approach were largely redundant, limiting
the application of the full A/T/N schematic but nonethe-
less enabling comparison of results between the two tau
isoforms. Only one marker of the panel, serum sAXL,
differed significantly between screening diagnoses, as
well as in the biomarker-based schematics (Fig. 2). Spe-
cifically, the elevation of sAXL was strongest in DAT
subjects compared to SCD and HC, and otherwise only
elevated in subjects with full AD profile (A+T+ or
A-+N+, respectively). If combining both screening diag-
nosis and the biomarker-based classification into a bio-
marker-stratified clinical setting (HC A—T—, versus “AD
spectrum”: SCD, MCI, and AD combined if A+ T— or
A+T+)—therefore excluding any biomarker-positive HC
as well as suspected non-AD subjects from the compari-
son—we also observed elevation of sAXL in the stratified
AD spectrum versus control subjects (Additional file 1:
Table S5). This is in line with the increasing fraction of
A/T biomarker-positive subjects in DAT compared to HC
and SCD groups (Table 1). Receiver operating character-
istic (ROC) calculation was performed for all respective
group-wise comparisons and provided the following area
under the curve (AUC) results (with 95% CI) for sAXL:
AD vs. HC 0.73 (0.63 to 0.83); AD vs. SCD 0.72 (0.62 to
0.82); A+T+ vs. A—T— 0.65 (0.60 to 0.73); A+N+ vs.
A—N- 0.63 (0.55 to 0.70); and stratified AD spectrum vs
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Fig. 2 Elevation of serum sAXL in biomarker-positive DAT subjects.
Differences of sAXL serum levels between subject groups based on
screening diagnosis or CSF biomarker profile. Violin plots with median
and interquartile range. Groups colored red were elevated against
groups colored blue. Gray color indicates indifferent groups. Further
statistical details are described in Additional file 1: Tables $2-S4.
Serum sAXL levels were elevated in DAT versus SCD or HC subjects
(A), as well as in either p-tau-based A+T+ subjects (B) or t-tau-based
A+N+ subjects (C) against A—T— or A—N— subjects, respectively.
There was no significant elevation in either MCl subjects or those
with only amyloid or tau isoform-positive CSF biomarker profile

HC 0.73 (0.64 to 0.81). Less robust changes—not passing
multiple testing correction—were observed for CRP in
MCI against SCD, for FABP-3 in AD vs. SCD, for neu-
rogranin in A+N— against A+N+, and for C3b and MIF
in the stratified AD spectrum setting (Additional file 1:
Tables S2 to S5).

Relationship of serum inflammatory markers

with structural MRI

Relations between serum inflammatory markers and
structural MRI were first analyzed by multiple regression
models including all inflammatory markers as predictors
for brain structure in each of six Braak regions of inter-
est (ROI) summarized in composite scores. Only for the
Braak I ROI, the multiple regression model was signifi-
cant (F (16, 240) = 2.27, p =.004), with 12% of variance
in this region explained by serum inflammatory mark-
ers after controlling for age, sex, BMI, and APOE sta-
tus. Consistent with this result, bivariate relations of the
individual markers with structure (Fig. 3A) were most
frequently observed for Braak I, including negative rela-
tions to structure for serum sAXL, YKL-40, CXCL10,
MIF, and Clgq. All correlations were negative with higher
marker levels being related to reduced thickness in the
Braak I ROI (i.e., entorhinal cortex). Four of the analytes
also showed consistent negative relations to more than
one Braak ROI (sAXL, YKL-40, IL-6, and Cl1q). Of these,
YKL-40 was most striking, with significant relations in all
five Braak ROI and effect strength comparable to that of
CSF routine AD markers. We furthermore observed sig-
nificant negative relations of serum FABP-3 to four of the
Braak ROI, but none for serum neurogranin.

When excluding MCI and AD subjects from the cohort
however, the observed consistencies were lost and only
arbitrary relations remained, with exception of the
strongest YKL-40 relations to Braak ROI III and V (Addi-
tional file 1: Fig. S2A). Adjustment of this analysis against
CSF levels of the AD biomarkers AB42/40 and p-tau-181
had little effect on the results (Additional file 1: Fig. S2B).
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The regional pattern of relations of FABP-3, sAXL,
YKL-40, and IL-6 with brain structure is further visual-
ized in Fig. 3B. Here, the correlation strength for indi-
vidual Freesurfer brain regions that compose the Braak
ROIs is displayed, showing that higher serum levels were
related to lower structural integrity in medial temporal
regions for all 3 markers and most parts of the brain for
YKL-40.

Cognitive outcome analysis
Three serum markers were significantly related to cogni-
tion as measured by PACC5: sAXL, ApoE, and FABP-3
(statistical details are provided in Additional file 1:
Table S6, and significant findings are displayed in Fig. 4
for sSAXL and FABP-3). Higher sAXL and ApoE were
related to lower cognitive performance at baseline,
but did not predict changes. In contrast, FABP-3 did
not relate to cognition at baseline, but higher baseline
FABP-3 was indicative of cognitive decline at follow-up.
Adjustment against CSF levels of the AD markers
AB42/40 and p-tau-181 had no major effect on the results
for sAXL, ApoE, and FABP-3 (Additional file 1: Table S7,
model A). However, the effects became nonsignificant
when excluding the MCI and AD subjects from the
cohort (Additional file 1: Table S7, model B).

Discussion

This study provides data on the interrelations between
serum inflammation biomarkers and routine AD bio-
markers, brain structure data, and cognitive outcome in
a cohort with emphasis on potential early stages of AD,
such as SCD. The relevance of these findings is under-
lined by the fact that experimental inflammatory serum
markers were correlated to plasma levels of Nf-L, a
marker of CNS axonal degeneration and decay. Further-
more, our analysis identified sAXL, IL-6, and YKL-40 as
the three most prominent inflammatory markers. Note-
worthy, most effects observed for these markers were
robust against adjustments for the AD standard CSF
biomarkers AB42/40 and p-tau-181. These results can be
interpreted in the way that the respective serum mark-
ers provide information beyond CSF AD marker levels.

(See figure on next page.)
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As such, they might reflect inflammatory processes inde-
pendent of beta-amyloid or tau within the cascade of AD.
The same effects were less robust against the exclusion of
MCI and AD subjects from the cohort, though. There-
fore, it is possible that these observations are driven by
later disease stages, in line with the elevation of serum
sAXL observed in DAT and A+/T+ subjects. However,
as the exclusion of MCI and AD subjects from the cohort
also reduces power, this possibility cannot be confirmed
with certainty in our study.

In many ways, the effects observed for these three pro-
teins were comparable to those found for FABP-3. While
FABP-3 itself is not functionally related to inflammation,
it showed some correlation to different inflammatory
markers in serum and shares some other features with the
inflammation panel markers investigated in this study:
First, CSF FABP-3 was reproducibly described previously
as a neuronal damage biomarker in Alzheimer’s disease.
Second, our data also indicate that blood-based FABP-3
may have prognostic potential as it predicted future
cognitive decline beyond standard CSF AD biomark-
ers. However, previous studies found elevated peripheral
FABP-3 levels in dementia with Lewy bodies, but not AD
[53-55]. Similar to inflammatory markers, FABP-3 is not
exclusively expressed in the brain (see Additional file 1:
AF3-AF6 for an overview of Human Protein Atlas data).
Instead, FABP-3 is found at RNA and protein levels in
various organs, including T-cells, muscle tissue, and kid-
ney, with the by far largest source described in literature
being secretion from cardiac and skeletal muscle tis-
sues as a myokine [6, 56—58]. We observed significant,
but weak correlations between serum and CSF FABP-3,
as well as to CSF amyloid, tau, and neurogranin. Serum
FABP-3 was also inversely related to Braak ROI struc-
tural measures, and finally, higher baseline FABP-3 was
related to longitudinal worsening in cognitive perfor-
mance. The similarities in significance and strength of
effect found for FABP-3 and inflammatory markers indi-
cate that both have similar potential and limitations in
serum, if the respective protein is not exclusively or at
least highly specifically expressed in the brain. If there
is a shared mechanism between changes of serum levels

Fig. 3 Relations of serum biomarkers to structural MRI. A Bivariate Spearman partial correlation matrix calculated for serum markers versus Braak
stage composite scores of brain structure, adjusted for age, sex, BMI, and APOE status (yellow box). Correlation matrices (left panel) show the
strength (rho) of all correlations that were significant at uncorrected p value < 0.05 (right panel). Results for CSF AD markers (AB42/40 ratio, tau) are
depicted for comparison purposes (gray box). The ratio AB42/40 was inverted to visualize how more pathological amyloid levels relate to lower
structural scores. All significant serum markers showed negative relations to structure, of which FABP-3, YKL-40, and IL-6 were most consistent. Aside
from these, only sAXL and C1q were related to more than one Braak region. Several correlations were also observed for single markers in Braak stage
I, consistent with results of a multiple regression, using serum inflammation markers and predicting structure, significant only for the Braak stage |
ROI, explaining 12% of the variance in this region. p values of “0"in the right panel denote p < 0.001. B Freesurfer-region specific, bivariate Spearman
relations of FABP-3, sAXL, YKL-40, and IL-6. Correlation strength (rho), at uncorrected p > 0.05 for illustration purposes, is plotted rendered on the
brain surface. All correlations were adjusted for age, sex, BMI, and APOE status
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Fig. 4 Serum biomarker relations to the longitudinal outcome. Serum biomarker levels were correlated against longitudinal PACC score values and
plotted as one standard deviation (SD) above and below the mean standardized biomarker level. Available subject numbers throughout follow-ups
were as follows: baseline, N = 289; Y1, 245;Y2, 213;Y3, 164; Y4, 89; Y5, 20. Correlations are displayed with confidence intervals. Results are adjusted
for age, sex, BMI, and APOE status. Serum FABP-3 did not differ at baseline, but higher baseline levels predicted cognitive decline at follow-up (A,

p = 0.003). In contrast, SAXL (B) did not predict change over time, but differed at baseline, with higher levels in subjects with stronger cognitive

impairment (p = 0.003)

of FABP-3 and inflammatory markers in AD is specula-
tive to this point: The number of correlations observed
in our study between FABP-3 and various immune mark-
ers could indicate some co-regulation, but the strength of
these correlations was too low to point towards specific
interactions.

Of the three prominent inflammatory markers, AXL
is expressed in various organs including the brain, heart,
skeletal muscle, liver, kidney, male and female reproduc-
tive system, and digestive tract and has functions pri-
marily in the clearance of apoptotic cells by phagocytes,
immune regulation, platelet activation, and vascular
permeability in liver endothelial cells (Additional file 1:
AF3-6) [59-61]. It is established that in the brain AXL—
just as the other TAM receptors, Tyro3 and Mertk—has

functions in both, regulating innate immune responses
as well as neuroprotection [62—65]. The soluble ectodo-
main of AXL is derived from proteolytic cleavage, and
CSF levels of sAXL have been reported as biomarkers
of AD, relating to markers of amyloid and neurodegen-
eration but also larger structure and, to some extent,
improved cognition [7, 9, 66]. For the periphery, sAXL
has been described as a blood biomarker of liver fibro-
sis, rheumatoid arthritis, and, most of all, various types
of neoplasms [59-61]. While AXL signaling is considered
to be immuno-regulative, details on its function as well
as the implications of AXL shedding remain incompletely
understood: Increased sAXL levels are thought to rep-
resent overexpression of AXL in tumor tissue, whereas
in arthritis, lower levels of sAXL are observed. These
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findings suggest that sAXL levels are a proxy of cellular
receptor expression. In the present study, higher serum
sAXL was mildly inversely correlated to more patho-
logical CSF amyloid ratio as well as to lower structure
in Braak I and III regions, but not to CSF sAXL levels.
Furthermore, sAXL was the only marker showing eleva-
tion in group-wise comparisons, in particular in DAT
compared to HC and SCD groups. Though serum sAXL
was not related to CSF tau isoforms or other neurode-
generation markers, the A/T and A/N schematic results
indicate that the observed elevation was driven by sub-
jects who were positive on all three A/T/N parameters,
compared to those with normal amyloid or tau markers.
Finally, higher sAXL levels were related to poorer cogni-
tive function at baseline, but they were not significantly
related to change over time. Overall, these results indi-
cate that serum sAXL is mildly elevated in AD subjects
with full AD pathology and already low cognitive perfor-
mance. If this elevation represents spillover from the CSF
in late disease stages or if it is caused by the incompletely
understood peripheral regulation of AXL, secondary to
CNS damage, remains to be resolved.

IL-6 is a pleiotropic cytokine expressed by mac-
rophages, dendritic cells, lymphocytes, endothelial cells,
osteoclasts, and hepatocytes [67—-69]. It has a broad range
of functions in physiology, metabolism, aging, develop-
ment, exercise, angiogenesis, osteoclastogenesis, cell dif-
ferentiation, trauma, and acute and chronic inflammation
and has been reported in several disease areas including
cancer, autoimmune disease, cognitive dysfunction, and
psychiatric disorders. Noteworthy, in the matched CSF
data of this cohort, we did not observe significant effects
in clinical or AT/N biomarker group test schematics on
IL-6 and there was no correlation between serum and
CSF IL-6 (p = 0.85, Fig. 1). Furthermore, serum IL-6 did
not relate to cognitive function at baseline or longitudi-
nal change. Previous studies frequently, but not consist-
ently reported the relation of peripheral IL-6 to cognitive
performance, and IL-6 did not relate to the TSPO-PET-
imaging marker of neuroinflammation [70-73]. Yet, in
our study, we found a negative relation between serum
IL-6 and structural MRI measures in the Braak ROI II-IV.
This is in line with several previous reports that described
inverse correlations of IL-6 to total cranial brain vol-
ume, though findings vary on its relation to perivascular
spaces, white matter hyperintensities, and hippocampal
volume [72-83]. In part, our results also match those
of McCarrey et. al. who found serum IL-6 levels to cor-
relate with cortical thinning in non-demented subjects
over a period of 7.5 years, whereas at baseline IL-6 levels
were related to both decreased and increased thickness
of different cortical areas [84]. Increases in a peripheral
inflammation composite score, based among others on
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IL-6, were also related to lower functional connectivity in
particular in APOE €4 carriers, independent of amyloid
status [85, 86]. Moreover, a recent study found IL-6 to
relate to higher amyloid burden (measured by PiB-PET)
and future deposition in subjects with low hippocampal
volume [87]. Due to the lack of interrelation with CSF
levels, these findings are likely due to systemic inflamma-
tory changes, rather than due to CNS neuroinflamma-
tion that transmits to the periphery. The mechanistic link
between this relation is currently unknown, although it
can be speculated that various physiologic, medical, envi-
ronmental, or lifestyle factors could impact on both brain
structure and systemic inflammation.

Finally, we found YKL-40 to correlate to its CSF levels
as well as CSF neurodegeneration markers and structural
MRI, but not to cognitive performance, clinical staging,
or CSF biomarker-based schematics. YKL-40 can act as
an acute phase protein with a range of functions in the
regulation of proliferation, migration, cellular adhesion,
and differentiation and is released by a plethora of cells
[32]: In the periphery, YKL-40 is expressed under physi-
ological conditions by metamyelocytes, granulocytes,
macrophages, vascular smooth muscle cells, and syno-
vial cells and under pathological conditions by various
neoplasms as well as in fibrotic areas in liver diseases or
during hepatitis C infection [88]. The liver also has the
highest YKL-40 RNA levels compared to other tissues
(Additional file 1: AF5). Additional to cancer, blood YKL-
40 levels are elevated in diverse acute and chronic inflam-
matory disorders and in response to bacterial infections
[89, 90]. In contrast, CSF levels of YKL-40 are considered
markers of astroglia activation. The exact functions of
YKL-40 in physiology and disease are not fully under-
stood, though it is assumed to play a role in tissue remod-
eling, regulation of proliferation, adhesion, migration,
differentiation, and protection of the extracellular matrix
after stimulation of its expressing cells by inflamma-
tory cytokines [32, 91]. Given the correlations between
serum YKL-40 to CSF YKL-40 and CSF neurodegenera-
tion marker levels on the one hand and structural MRI
on the other, different scenarios are possible: First, YKL-
40 might be transported from the CSF to serum, mix-
ing with systemic levels of this protein, and thus partly
reflecting astroglial activation induced by neurodegener-
ation. Furthermore, as the correlation itself does not pro-
vide information on the direction of YKL-40 exchange,
it might just as well be the case that CSF levels are to
some extent derived from peripheral protein levels that
passed the blood—brain barrier. Other putative mecha-
nisms could include the transfer of cytokines released
during AD-related neuroinflammation to the periphery,
stimulating peripheral YKL-40 expressing cells, as well
the possibility that peripheral YKL-40 reflects systematic
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inflammatory processes that relate in an indirect man-
ner to pathogenic developments in the brain. Currently,
it remains unknown if there are any differences between
YKL-40 derived from astrocytes compared to peripheral
cells—such as specific post-translational modifications—
that could be utilized to differentiate the origin of periph-
eral YKL-40. Nonetheless, our findings indicate that it
constitutes one of the most promising markers for fol-
low-up studies of serum samples of AD patients and the
respective preceding stages. If handled and stored prop-
erly, YKL-40 is stable in serum for years, with serum lev-
els higher, but nonetheless strongly correlated to plasma,
enabling comparison between cohorts and most impor-
tantly longitudinal assessments [88].

In summary, our study shows that inflammation-
related biomarkers in serum relate to AD neuropathology
but have to be interpreted concerning their biology, cor-
relating only in part to their corresponding CSF protein
levels. In particular, our findings identified three targets
for further evaluation: IL-6 as a proxy of systemic inflam-
mation negatively related to the brain structure, sAXL
relating to the biomarker-positive AD stage, and YKL-40
as the marker with the most pronounced relation to CSF
biomarkers and structure.

Limitations

The results presented in this manuscript have some
limitations. Our approach for analysis was exploratory,
accepting unadjusted p values in statistics to identify
the most promising candidate markers for future, con-
firmatory follow-up analyses. As the sample size of our
dataset, especially when trying to stratify sub-group
populations, was limited, this approach can lead to power
limitations resulting in potential false-positive, but also
false-negative, results in significance testing. To address
this limitation, we report exact p values and correlation
strength whenever possible to enable identification of
both the findings with the strongest effect size, as well as
those where a minor effect might not have been identi-
fied due to power limitations. Furthermore, we focused
our discussion on those markers with most consistent
effects within the different models (e.g., observed to cor-
relate to several Braak ROI) or across different analyses
(e.g., between group-wise comparisons and structural
MRI analysis). Our rationale for this selection was that
such effects are less likely to derive from artifacts in the
data, in contrast to spurious, “single hit” findings occur-
ring in multiple testing analyzes.

Some of our findings are, to our knowledge, in line with
previous reports—e.g., results observed for serum FABP-
3, neurogranin, or YKL-40, but also the high serum to
CSF correlation of CRP—which supports that our models
have validity in general. However, many effects observed

Page 14 of 18

were of weak to modest strength, and further large-scale
analyses will be required to verify if such effects hold true
for the markers that have been less frequently tested in
blood so far.

Conclusions

In this study, we explored a panel of experimental inflam-
mation-related biomarkers established in CSF for appli-
cation as blood-based biomarkers. We conclude that
some of these markers, such as sAXL, IL-6, and YKL-
40, have potential as correlates of different AD features.
However, due to each protein’s specific biology, observed
effects do not translate one to one from CSF to blood,
but rather manifest in periphery-specific patterns that
require further exploration.
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