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Abstract

Background Brain innate immune activation is associated with Alzheimer’s disease (AD), but degrees of activation
may vary between disease stages. Thus, brain innate immune activation must be assessed in longitudinal clinical
studies that include biomarker negative healthy controls and cases with established AD pathology. Here, we employ
longitudinally sampled cerebrospinal fluid (CSF) core AD, immune activation and glial biomarkers to investigate early
(predementia stage) innate immune activation levels and biomarker profiles.

Methods We included non-demented cases from a longitudinal observational cohort study, with CSF samples avail-
able at baseline (n=535) and follow-up (n=213), between 1 and 6 years from baseline (mean 2.8 years). We measured
AB42/40 ratio, p-tau181, and total-tau to determine Ab (A+), tau-tangle pathology (T+), and neurodegeneration (N+),
respectively. We classified individuals into these groups: A—/T—/N—, A+/T—/N—, A+/T+ or N+, or A—/T+ or N+. Using
linear and mixed linear regression, we compared levels of CSF sTREM2, YKL-40, clusterin, fractalkine, MCP-1, IL-6, IL-1,
IL-18, and IFN-y both cross-sectionally and longitudinally between groups. A post hoc analysis was also performed

to assess biomarker differences between cognitively healthy and impaired individuals in the A+/T+ or N+ group.

Results Cross-sectionally, CSF sTREM2, YKL-40, clusterin and fractalkine were higher only in groups with tau pathol-
ogy, independent of amyloidosis (p <0.001, A+/T+ or N+ and A—/T+ or N+, compared to A—/T—/N-). No significant
group differences were observed for the cytokines CSF MCP-1, IL-6, IL-10, IL18 or IFN-y. Longitudinally, CSF YKL-40,
fractalkine and IFN-y were all significantly lower in stable A+/T—/N— cases (all p <0.05). CSF sTREM2, YKL-40, clus-
terin, fractalkine (p <0.001) and MCP-1 (p < 0.05) were all higher in T or N+, with or without amyloidosis at baseline,
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but remained stable over time. High CSF sTREM2 was associated with preserved cognitive function within the A+/T+
or N+ group, relative to the cognitively impaired with the same A/T/N biomarker profile (p <0.01).

Conclusions Immune hypoactivation and reduced neuron-microglia communication are observed in isolated
amyloidosis while activation and increased fractalkine accompanies tau pathology in predementia AD. Glial hypo-
and hyperactivation through the predementia AD continuum suggests altered glial interaction with Ab and tau
pathology, and may necessitate differential treatments, depending on the stage and patient-specific activation

patterns.
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Background

Inflammatory activation has been proposed as a target
for precision medicine therapy in Alzheimer’s disease
(AD) and a detailed characterization of each pre-demen-
tia stage is warranted [1]. AD stages may be described
according to the core pathologies; amyloid plaques (A)
and neurofibrillary tangles (T). Accompanying patholo-
gies include neurodegeneration (N), vascular factors,
synapse loss and inflammation. Genetic studies point
to critical functions for microglia and macrophage-
related mechanisms and transcription patterns in late
onset AD (LOAD), interlinked with other AD patholo-
gies [2, 3]. Neuron—glia communication is essential to
uphold synaptic homeostasis and plasticity, and perivas-
cular microglia, macrophages and astrocytes are linked
to brain small-vessel and glymphatic function and
homeostasis in, e.g., amyloid beta (Ap)-clearance [4—6].
Cytokines are altered in neurodegenerative disease and
AD, putatively reflecting compensatory or pathogenic
mechanisms [7]. However, increased micro- and astro-
glial activation and inflammation in advanced AD are
well-documented [7-10], and may be linked to synapse
loss and neurotoxicity. Although the role of glial activa-
tion and the innate immune system in AD pathogenesis
is multifaceted, neuroinflammation is generally consid-
ered detrimental, leading to proposals for trials with anti-
inflammatory treatments [1, 11]. AD progression is
associated with neurodegeneration (N) and has been
described as an A/T/(N)-continuum [12, 13]. The A/T/
(N) system allows use of cerebrospinal fluid (CSF) bio-
markers to study stagewise associations of brain-derived
cytokines previously linked to neuroinflammation and
neurodegeneration.

The R47H variant of microglial membrane-bound trig-
gering receptor expressed on myeloid cells 2 (TREM?2) is
a partial loss-of-function mutation and has been associ-
ated with a fourfold increase in the risk for LOAD. Partial
loss-of-function (R47H variant) of the microglial mem-
brane-bound triggering receptor expressed on myeloid
cells 2 (TREM2) increases the risk for LOAD by four-
fold, whereas common genetic variants associated with
higher soluble TREM2 (STREM2) levels are associated

with lower LOAD risk and delayed age of onset [14, 15].
STREM2 (shed from the membrane-bound form) acti-
vates microglia and increases fibrillar A phagocytosis,
whereas microglial membrane-bound TREM2 expression
is linked to developmental synapse elimination [5, 14—
17]. Uptake of AP by microglia is facilitated by the inter-
action between clusterin and APOE and is dependent
on TREM2 [18]. Clusterin may also promote A clear-
ance [18, 19], and additionally contribute to increased
complement activation and neuroinflammation [20-22],
and CLU is a risk gene for LOAD. Neuron—microglia
crosstalk is also subserved by the fractalkine (CX3CL1)/
CX3CR1 axis, which serves to uphold synaptic and neu-
ronal homeostasis, to dampen inflammation but also sub-
serve post-lesion and developmental synapse elimination
in some systems [4, 5, 23]. Fractalkine and tau compete
for binding at the microglial CX3CR1 receptor, which
subserves microglial internalization of tau [24, 25]. YKL-
40 (Chitinase-3-like protein) is involved in astro-micro-
glial communication, and CSF-concentrations increase
with tau-pathology and inflammation in AD [26, 27].
Cytokines such as interleukin 10 (IL-10) are involved in
contact-independent microglia—neuron communication
[28]. IL-10 has an anti-inflammatory effect and has been
linked to an increase of dendritic spines. Single nucleo-
tide polymorphisms (SNPs) both for IL-10, and for pro-
inflammatory agents such as IL-6 and interferon gamma
(IFN-g) have been associated with AD, and the latter two
cytokines are also involved in neuron—microglia com-
munication and may be linked to synapse loss [29, 30].
Pro-inflammatory IL-1 class cytokines such as IL-18 are
generated by inflammasomes and can be induced by both
tau and fibrillar Ab, as can monocyte chemoattractant
protein-1 (MCP-1/CCL2) [31-33]. All are regulated by
the Janus kinase (JAK)/signal transductor and activator
of transcription proteins (STAT) pathway [34, 35].
Positron emission tomography (PET) studies employ-
ing ligands for translocator protein have reported a
biphasic pattern of microglial activation, but the inter-
pretation of these results is controversial [36—38]. CSF-
based studies of glial activation might give more detailed
information on net glial activation across the brain
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parenchyma. Several proteins related to immune/glia
activation have been studied before, but longitudinal
studies investigating CSF changes over time are limited
[39].

Here, we employ a large longitudinal cohort with
repeat CSF samples, studying markers for neuron- and
glia communication and inflammation cross-sectionally,
and in cases with stable A/T/N classification over time.
Both the A—/T—/N—, the A+/T—/N- and the A+/T+ or
N+ stages are well-defined and lengthy stages, avoiding
transitional cases will provide a clearer picture of activa-
tion patterns and relevant targets for intervention at the
respective stages [12, 40]. As a comparison to AD pathol-
ogy, also cases with tau pathology, without amyloidosis,
are included (A—/T+ or N+), known as suspected non-
AD pathology (SNAP) [41, 42]. Comparing marker lev-
els in cases on the AD continuum with cases with stable
negative biomarkers and normal cognition, we ask how
innate immune activation is linked to Ab and tau pathol-
ogy at the main stages of the pre-dementia AD contin-
uum, and in non-AD cases with abnormal tau markers.

Materials and methods

Study population

This study was a part of the Norwegian multi-center
study Dementia Disease Initiation (DDI). The DDI cohort
consists of non-demented individuals between 40 and
80 years of age primarily recruited from memory clinics
and advertisements in local news media. For a detailed
description of inclusion and exclusion criteria please see
Fladby et al. [35]. We included a total of n=>535 partici-
pants who were recruited as either controls (#=108) or
reported Subjective Cognitive Decline (SCD, n=207)
or diagnosed with Mild Cognitive Impairment (MCI,
n=220). SCD was classified according to the SCD-I
framework, which requires normal performance on neu-
ropsychological tests while experiencing a subjective
decline in any cognitive domain [36]. MCI was classified
according to the National Institute on Aging and Alzhei-
mer’s Association (NIA—AA) criteria, which requires the
presence of subjective cognitive impairment or decline in
combination with lower performance than expected in
one or more cognitive domains, yet preserved independ-
ence in functional ability and not fulfilling the criteria
of dementia [37]. Control cases reported no subjective
cognitive decline and were recruited from spouses of
patients with dementia/cognitive disorder, and patients
who underwent orthopedic surgery with spinal anesthe-
sia (and thus lumbar puncture). We determined the pres-
ence of cognitive impairment when results were 1.5 SD
below the normative mean within one or more cognitive
domains, including delayed memory recall [Consortium
to Establish a Registry for Alzheimer’s Disease (CERAD)

Page 3 of 16

word list test] [38, 39], executive function [Trail Mak-
ing Test part B (TMT-B)] [40], language/verbal fluency
[Controlled Oral Word Association Test (COWAT)] [40,
41] and visuoperceptual ability (Visual Object and Space
Perception Battery (VOSP) silhouettes) [42]. This pro-
cedure showed that n=13 of 108 participants (12.04%)
recruited as controls had scores consistent with possible
MCI. A separate variable was computed based on the
cognitive screening battery to account for this, where all
participants recruited as controls with scores consistent
with possible MCI and those with MCI were grouped as
“MCT’, whereas controls and SCD with normal cognition
were grouped as “cognitively normal” (CN). This variable
was subsequently used for relevant statistical analyses.

Genetics, CSF collection, storage and analysis
Apolipoprotein E (APOE) genotyping was performed on
EDTA blood samples as previously described [35]. Lum-
bar punctures were performed between 9 and 12 AM,
and CSF samples were collected in sterile polypropylene
tubes and centrifuged. CSF samples included prior to
October 2020 used commercial enzyme-linked immuno-
sorbent assays (ELISAs) from Innotest, Fujirebio, Ghent,
Belgium based on monoclonal antibodies to determine
CSF concentrations of total tau (t-tau, hTau Ag kits) and
phosphorylated tau (p-tau, using 181P kits). Due to a
change in laboratory equipment, CSF samples included
after October 2020 used Elecsys t-tau and p-tau kits.

The QuickPlex SQ 120 system from Meso Scale Dis-
covery (MSD, MD, USA) was used to measure AP;_,,,
AP,y YKL-40, clusterin, MCP-1, IL-6, IL-10, IL-18,
fractalkine, IFN-y and sTREM2. AB,_,, and AB,_,, was
measured in a multiplex setup using V-plex AP Peptide
Panel 1 (6E10) kit (K15200E-1). The samples were pre-
diluted 1:2. YKL-40 was measured as single plex in a
U-plex format and clusterin as single plex in a R-plex for-
mat, CSF samples were diluted 200 times prior to analy-
ses for those analytes. IFN-y and IL-10 were measured as
single plex in a S-plex format and the samples were undi-
luted. MCP-1, IL-6, IL-18 and fractalkine were measured
as a multiplex in a U-plex format, samples measured in
2017-2018 as a part of 9-Plex setup (100 pul neat CSF and
25 pl buffer per well) and samples analysed in 2020-2022
as 4-Plex setup (25 pl neat CSF and 25 pl buffer per well).
STREM2 was analyzed using a sandwich ELISA method
described by others [43]. Briefly, the plate wells were
blocked over-night, then coated with the capture anti-
body (0.25 pg/ml, biotinylated polyclonal goat IgG anti-
human TREM?2, BAF1828, R&D Systems, MN, USA) for
1 h (shaking), prepared calibrator standards (recombi-
nant human TREM2 protein, Holzel Diagnostika) and
samples were successively incubated (pre-diluted 1:4 with
protease inhibitor to 0.25%) for 2 h (shaking), and then
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added TREM2 detection antibody (1 pg/ml, monoclonal
mouse IgG anti-human TREM2, sc-373828, Santa Cruz
Biotechnology, CA, USA). Finally, a secondary antibody
was added (0.5 pg/ml, sulfo-tag-labelled goat polyclonal
anti-mouse IgG, R32AC-5, Mesoscale Diagnostics, MD,
USA) and the plate shaken in the dark for 1 h. In all the
MSD analyses, the samples were analyzed in duplicates
and reanalyzed if relative deviations (RDs) exceeded 20%
and quality control samples with an RD threshold of 15%
were controlled for interplate and interday variation. Due
to differences in the 9-Plex and 4-plex setups for MCP-1,
IL-6, IL-18 and fractalkine, we evaluated adjustments of
between-setup differences in our statistical models (see
“Statistical analyses” for details).

A/T/N classification and study design

We used the A/T/N classification scheme [1] for bio-
markers of hallmark Alzheimer’s disease pathology to
determine the presence of amyloid plaques (A, CSF
AByo/40 ratio), neurofibrillary tangles (T, CSF p-tau) and
evidence of neurodegeneration (N, CSF t-tau) using CSF
markers. The cutoff values for Innotest CSF t-tau and
p-tau abnormality were applied according to unpublished
cutoffs derived from receiver operating curve (ROC)
analyses (AB-healthy controls vs. Ap+ MCI/Dementia)
within the DDI cohort (Innotest t-tau and p-tau) (>378;
>66.5); Elecsys t-tau and p-tau (>228; >19). Please see
Additional file 1: Table S1 for details on tau assay usage at
baseline, and at follow-up. An optimum cutoff for meso-
cale APy, ratio at <0.077 was determined following
using ROC analysis using visual read of [18F]-Flutemeta-
mol PET scans as the standard of truth. For a visualization
of CSF A,y ratio values within and between A/T/N-
groups, please see our recent publication [44]. For the
cross-sectional comparison of CSF immune activation
markers, we selected four groups based on the following
A/T/N staging: (a) cases with amyloid pathology with-
out tau pathology (A+/T—/N—, n=62), (b) cases with
amyloid pathology and at least one pathological T or N
marker (A+/T+ or N+, n=196), (c) cases with evidence
of tau-mediated neuropathology, but not amyloid pathol-
ogy (A—/T+ or N+, n=104) and (d) CN (recruited as
controls or SCD) with normal CSF AD biomarkers (A—/
T—/N—, n=173). For the cross-sectional analyses, CSF
immune marker availability varied between groups, but
all sample sizes were adequate for statistical comparison
(see Table 1 and Fig. 1 for details). For the longitudinal
analyses, the same groups were selected based on stable
CSF biomarker characteristics over time, where all cases
included had at least one repeated CSF measure: (a) sta-
ble A+/T—/N- (n=18), (b) stable A+/T+ or N+ (n=289),
(c) stable A—/T+ or N+ (#=29) and (d) stable CN A—/
T—/N— participants (#=77). Here, most had immune
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markers available at all available timepoints within the
groups. However, three STREM2 measurements were
missing in each of the pathological stable A/T/N groups
and one stable A—/T+ or N+ case was missing a baseline
measurement for YKL-40, fractalkine, MCP1, IL-6, IL-10,
IL-18 and IEN-y, but had repeated measures. A total of
n=213 had available CSF samples at least one follow-up
assessment (M=2.14 years, SD=0.66), n=74 had two
follow-ups (M=4.34 years, SD=0.84) and n=12 had
three follow-ups (M=5.62 years, SD=0.59). The overall
mean follow-up time was 2.83 years (SD=1.31), ranging
between 0.75 to 8.5 years from baseline (please see Addi-
tional file 1: Table S2 for detailed description of follow-
up numbers and time within A/T/N groups). Please see
Additional file 2: Figure S1 for details regarding T and/
or N+ distributions within the T or N+ groups for both
cross-sectional and longitudinal analyses.

Statistical analyses

DDI cohort

All analyses were performed in Rstudio (R version 4.2.2)
[45]. Cross-sectional between-group comparisons of
continuous variables with assumed normal distributions
were performed with ANOVA (age) or ANCOVA (CSF
Immune biomarkers adjusted for covariates). Here, age,
sex and APOE-¢4 status were assessed, but only kept in
the final models if the pertinent covariate explained a
significant proportion of the variance (¢<0.05). Nomi-
nal variables sex, diagnostic group (CN and MCI), and
APOE-¢4 genotype were assessed with Chi-square tests.
For ANOVA and ANCOVA, post-hoc comparisons
with Bonferroni—-Holm adjustments were applied for
each model (6 tests per model). Effect sizes for ANOVA
(eta-squared) and ANCOVA (partial eta-squared) are
reported. Linear mixed models (LMMs) were used
to assess longitudinal changes in CSF immune mark-
ers with the stable CN A—/T—/N— group as the refer-
ence, and all models were fitted with a random slope for
time. Annual change over time for each group was also
computed using the emmeans R package [46]. For each
model, Bonferroni-Holm adjustments were applied (10
tests per model). For both cross-sectional and longitu-
dinal analyses, age was standardized (z-standardization),
and the CSF immune markers were log-transformed
and standardized (z-log). Years from baseline was kept
unstandardized for the longitudinal models. Owing to a
difference in 4 plex vs. a 9 plex setup, (see CSF analysis
section above for details) used for IL-6, IL-18, MCP-1
and fractalkine, a random intercept for setup differences
was assessed in both the cross-sectional and longitudinal
models. However, results and model fit did not change
for the cross-sectional analyses, and these adjustments
were only kept for the longitudinal models. Following
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Table 1 Between-group comparisons of baseline demographics, APOE-¢4 carrier status and CSF immune markers
ATN groups (n) Statistical tests
p (p.adj)
CN A+/T-/N-  A+/T+or  A—/T+or  Fix*in*/n,> A-/T-/ A—/T—/N—  A—/T—/N—  A+/T+/N+vs.
A—/T-/N— (62) N+ (196) N+ (104) (p) N-vs.A+/ vs.A+/T+ vs.A—/T+ A—/T+orN+
(173) T—/N— or N+ or N+
Agemean  59.65(880) 6661(8.12) 6833(744) 64.94(988) F=32.34, 220001 3<0.001 3<0.001 <001 (<0.05)
(SD) n’=0.15 (<0.001) (<0.001) (<0.001)
(<0.001)
Female n (%) 95 (54.91) 41 (66.13) 100(51.02)  56(53.85)  x’=269, < ¢ ¢ ¢
(0.452)
APOE-g4+n 59 (3333) 44 (68.75) 142(7435)  39(3861)  x'=77.22, < c ¢ ¢
(%) [missing  [n=3] [n=3] [n=7] [n=7] (<0.001)
n
Recruited 57 (32.95) 9(14.52) 19 (9.69) 23(22.12) c c c c
as controls
n (%)
SCD n (%) 116 (67.05) 23 (37.09) 39 (19.90) 29 (27.88) < ¢ c ¢
MCI n (%) 0(0) 30 (48.39) 138(7041) 52 (50.00) < ¢ c ¢
*CNn 173(100)/0 29 (46.77)/33 51 49 (47.12)/55 *¢=17.18, ¢ c c c
©@)/*MCln () (53.23) (26.02)/145  (52.88) (<0.001)
(%) (73.98)
STREM?2 371(134)  385(1.17)  506(191)  504(169  F=1951, ®ns. (n.s.) <001 <001 ®ns. (n.s.)
mean (SD)  [173] [62] [196] [104] n,2=0.10, (<001) (<001)
In] (<0.001)
YKL-40 mean  143.26 145.07 21093 197.34 F=2807, ®ns. (n.s.) <001 <001 ®ns. (n.s.)
(SD) [n] (57.30)[154]  (4949) [56]  (69.10)[167] (5849)[84]  n,’=0.16, (<001) (<001)
(<0.001)
Custerin 1865.34 1889.75 242087 2665.40 F=25.10, Pns. (n.s.) <001 <001 <005 (ns.)
mean (SD)  (582.52) (630.50) [51]  (752.67) (87220)[83] n,’=0.15, (<001) (<001)
In] [152] [155] (<0.001)
Fractalkine 184857 1810.54 225621 2379.51 F=2123, Pns.(ns) <001 <001 ®ns. (n.s.)
mean (SD)  (530.25) (425.11) [46]  (616.43) (562.01)[80] n,’=0.14, (<001) (<001)
[n] [146] [137] (<0.001)
MCP-1 mean  462.80 476.01 53439 516.18 F=263, bns. (n.s) b<05(ns)  P<05(ns)  Pns.(ns)
(SD) [n] (109.86) (12542) [54]  (152.82) (13741)[80] n,’=0.02,
[148] [163] (<0.05)
Il-6 mean 166(0.87)  1.50(062)  157(079)  1.62(0.74) F=009, ¢ c c c
(SD) [n] (147] (54] [162] [79] (0.996)
I-10mean 7883 (5868) 63.62(27.73) 80.87 (47.31) 8263 (55.58) F=1.07, < ¢ ¢ ¢
(SD) [n] [92] [26] (89] 48] (0.363)
I-18 mean  576(230) 627 (472)  661(257) 690269  F= 2 % ®ns. (n.s.) bns)(ns)  P<05(ns)  Pns.(ns)
(SD) [n] [147] [54] [167] [80] n,’=.02,
(£0.05)
IFN-y mean  51.73(57.30) 41.85(40.76) 57.54 46.19(2091) F=107, < ¢ < ¢
(SD) [n] [92] [26] (125.31) [90]  [48] (0.363)

A+, CSF positive or negative for amyloid plaques; T+, CSF positive or negative for tau-tangles; N+, CSF positive or negative marker for neurodegeneration; SD, standard
deviation; n, number of cases; %, percentage; F, F statistic; %, chi square statistic; n?, eta-squared; r]pz, partial eta-squared; vs., versus; SCD, Subjective Cognitive Decline;
CN, Cognitively Normal; MCI, Mild Cognitive Impairment. Significant statistical tests (ANOVA or ANCOVA, or between group comparisons after correction for multiple

testing) are indicated in bold

*Tally of CN and MCl according to our cognitive screening battery, regardless of recruitment as control or SCD status

**Chi-square analyses do not include the CN A-/T-/N/-group
@ ANOVA post-hoc (Bonferroni-Holm)
b ANCOVA comparisons (Bonferroni-Holm)

€ No post-hoc comparisons performed

results from our longitudinal models, we also assessed
longitudinal differences in CSF sTREM2, YKL-40, clus-
terin, fractalkine and MCP-1 between CN and MCI cases

within the stable A+/T+ or N+ group. This was not per-
formed within the stable A+/T—/N— or stable A—/T+
or N+ groups, as observations split by CN/MCI status
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A-/T-/N- A+/T-/N- A+/T+ or N+ © A-/T+ or N+
CSF sTREM2 CSF YKL-40 CSF clusterin
p<.001 p<.001 p<.001
E<.OO1 E<.OO1 Q<.OO1
37 4 n.s. 31
0 - 04 el 0
-3 i T T T nS T -3 i T T T nS T -3 i T T T p<05 T
Nn= n= n= n= n= n= n= n= n= n= n= n=
173 62 196 104 154 56 167 84 152 51 155 83
CSF fractalkine CSF MCP-1 CSF IL-6
p<.001
p<.001 Non-significant Non-significant
3 = ns 3 -1 3 -1
) # %l i $ %9 % i % #
-3 i T T T nS T -3 i T T T T -3 i T T T T
n= — n= n= n= n= n= — n= n= n= -
146 46 137 80 150 55 166 82 147 54 162 79
CSF IL-10 CSF IL-18 CSF IFN-y
Non-significant Non-significant Non-significant
3 - 3 - 3 -
-3 i T T T T -3 i T T T T -3 i T T T T
n= n= n= n= n= n= Nn= — Nn= Nn= n= Nn=
92 26 89 48 147 54 167 80 92 26 90 48

Fig. 1 Cross-sectional comparisons between A/T/N groups for CSF immune biomarkers. Top row shows CSF sSTREM2 YKL-40 and clusterin. The
middle row shows fractalkine, MCP-1 and IL-6. The bottom row shows IL-10, IL-18 and IFN-y. All p values are according to Bonferroni-Holm post-hoc

adjustement

were deemed too low for statistical analysis (see Table 2).
Finally, frequencies and percentages of clinical progres-
sion within the observational period (progression to MCI
or progression to dementia) for each stable A/T/N group
were computed. In addition, survival curves were plotted

for overall clinical progression (MCI and dementia) over
the observed follow-up period. Hazard ratios were not
computed, since the reference group (A—/T—/N—) was
selected as CN at baseline and over time (see Fig. 5). A
complete account of clinical stability (cases remaining
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Table 2 Between-group comparisons of baseline demographics, APOE-e4 carrier status in the longitudinal subsample

ATN groups (n) Statistical tests p (p.adj)

Stable CN Stable Stable Stable FIx2In? (p) A-/T—/ A-/T-/ A—/T-/ A+/T+/N+vs.

A—/T—/N— A+/T—/N— A+/T+orN+ A—/T+orN+ N—vs. A+/ N-—vs. N—vs. A—/T+or N+

(77) (18) (89) (29) T—/N- A+T+ AT+

or N+ or N+
Age mean 6004 (883)  66.17(834)  6870(678)  66.52(9.10)  F=1656, 22001 22001 2001 ns(ns)
(SD) n?=0.15 (<0.05) (<0.001) (<0.001)
(<0.001)
Female n (%) 42 (54.54) 14.(77.78) 43 (4831) 14(4828)  x'=555, b b ° b
(0.135)

APOE-g4+n  28(36.36) 13(72.22) 66 (74.16) 10 (34.48) ¥’ =32.14, b b b b
(%) [missing [n=0] [n=0] [n=1] [n=0] (<0.001)
nl
Recruited 25 (3247) 1(5.56) 10(11.24) 4(13.79) b b e b
as controls
n (%)
SCD n (%) 52(67.53) 7 (38.89) 23(25.84) 13 (44.83) b b b b
Mcl 0(0) 10 (55.55) 56 (62.92) 12(4138) b b ° b
n (%)
*CNn 77(100/0(0) 7 (3889)/11  28(3146)/61 17(5862)/12 *’=890,  ° o ° o
(9%)/*MCl n 61.11) (68.54) (41.38) (<0.01)

(%)

Significant statistical tests (ANOVA or ANCOVA, or between group comparisons after correction for multiple testing) are indicated in bold

A+, CSF positive or negative for amyloid plaques; T+, CSF positive or negative for tau-tangles; N+, CSF positive or negative marker for neurodegeneration; SD, standard
deviation; n, number of cases; %, percentage; F, F statistic; x?, chi square statistic; n?, eta-squared; vs., versus; SCD, Subjective Cognitive Decline; CN, Cognitively

Normal; MCI, Mild Cognitive Impairment

*Tally of CN and MCl according to our cognitive screening battery, regardless of recruitment as control or SCD status

**Chi-square analyses do not include the CN A—/T—/N/— group
@ ANOVA post-hoc (Bonferroni-Holm)

® No post-hoc comparisons performed

CN or MCI) or change (reverting from MCI to CN) is
shown in Additional file 3: Figure S2. For ease of visual
comparisons between models, plots were created with
either covariate adjusted z-log values (cross-sectional
models), or regression predicted z-log values (longitu-
dinal models). Plots were created using the ggeffects,
ggpubr and ggplot2 R packages [47-49].

Results

A/T/N group differences in demographics

The CN A—/T—/N— participants were younger than the
pathological A/T/N cases (between 5 and 8 years on
average). The A+/T—-N— (68.75%) and A+/T+ or N+
(74.35%) groups had higher frequencies of APOE-¢4
genotypes than the CN A—/T—/N— group (33.33%),
whereas the A—/T+ or N+ (38.61%) had similar fre-
quencies as the CN A—/T—/N— group. While we saw
a generally higher percentage of females in the A+/T—/
N-— group (66.13%) than the other groups (between
51.02% and 54.91%), these differences were not statisti-
cally significant. Please see Table 1 for details. For the
subsample of stable A/T/N groups used in the longi-
tudinal analyses, the between-group differences were

largely similar, but with an even larger percentage of
females in the stable A+/T—N-— subgroup (77.78%).
Please see Table 2 for details.

Relationships between CSF immune markers

and the covariates APOE-€4, age and sex in our models
There were weak, albeit significant associations between
lower clusterin, fractalkine, IL-6 and IL-10 and APOE-¢4
genotype in the cross-sectional models, but only with
IL-10 in the longitudinal models. Increasing age was
significantly associated with higher CSF immune mark-
ers levels in both cross-sectional and longitudinal mod-
els, with the noted exceptions for IL-6, IL-10 and IFN-y.
Lower levels of MCP-1, IL-6, IL-18 and clusterin were
found for females in the cross-sectional models, whereas
in the longitudinal models, females had lower levels for
MCP-1, IL-6 and IL-18, but not clusterin. Moreover,
IFN-y concentrations were higher for females in the lon-
gitudinal models. For a complete account of covariate
associations to pertinent CSF immune markers, please
see Additional file 1: Table S3A (cross-sectional models)
and 3B (longitudinal models).
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Cross-sectional A/T/N group differences of CSFimmune
activation markers

We found that the cross-sectional concentrations of both
STREM?2, YKL-40, fractalkine and clusterin were higher
in the A+/T+ or N+ and A—/T+ or N+ groups as com-
pared to A—/T—/N— (all p<0.001). No significant differ-
ences in STREM2, YKL-40, clusterin or fractalkine levels
were found between A—/T—/N— and A+/T—/N—. While
no differences in concentrations between A+/T+ or N+
and A—/T+ or N+ were demonstrated for STREM2,
YKL-40, clusterin concentrations were higher in A—/
T+ or N+ cases as compared to A+/T+ or N+ (p<0.05).
Following post-hoc adjustments, no significant between-
group differences were found for the other CSF immune
markers (MCP-1, IL6, IL-10, I1-18 or IFN-y). See Table 1
and Fig. 1 for details.

Longitudinal trajectories of CSF immune markers in stable
A/T/N groups

Biomarkers in clinically stable A-/T-/N-cases remained
stable over time except for fractalkine that increased at
follow-up (p<0.05). Stable A+/T—/N— cases had lower
baseline CSF YKL-40 (p <0.05), fractalkine (p <0.05) and
IEN-y (p<0.05) concentrations than stable CN A—/T—/
N-. The concentrations of these biomarkers remained
stable over time. Moreover, while CSF IL-18 concentra-
tions remained low over time in this group (unadjusted
p<0.01), this result was only at trend level following post-
hoc adjustment for multiple testing (p=0.064). While we
observed an increase of clusterin concentrations over
time (p<0.01) in A+/T—/N- cases, this increase was not
significantly different as compared to the stable CN A—/
T—/N— cases. Both stable A+/T+ or N+ and A—/T+
or N+ had higher concentrations of STREM2 (p <0.001;
p<0.001), YKL-40 (p<0.001; p<0.001), clusterin
(p<0.001; p<0.001), fractalkine (p<0.001; p<0.001) and
MCP-1 (p<0.05; p<0.05) that all remained stable over
time, see Table 3 and Fig. 2 for details.

Longitudinal trajectories of CSF sSTREM2, YKL-40, clusterin,
fractalkine and MCP-1 between CN and MCl cases in the
stable A+/T or N+ group

Following the results from our main longitudinal analyses
above, we decided to run sub-analyses between preclini-
cal CN A+ cases and prodromal MCI cases within the
stable A/T/N groups on markers that showed significant
differences as compared to the CN A—/T—/N— group.
However, due to the lower number of cases in stable A+/
T—/N-and A—/T+ or N+, we were only able to run this
analysis within the stable A+/T+ or N+ group. Here,
we demonstrated higher STREM2 levels in CN vs. MCI
cases that remained stable during the follow-up period
(p<0.01). No significant between-group differences, or
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changes over time were found for the other markers (see
Fig. 3 for details).

Progression to MCl and dementia within the pathological
A/T/N groups

During the follow-up period, =2 (11.11%) of the stable
A+/T—/N— cases progressed to MCI, while n=1 (5.55%)
progressed to dementia. Within the stable A+/T+ or
N+ group, n=7 (7.86%) progressed to MCI, while n=20
(22.47%) progressed to dementia. For the stable A—/T+
or N+ group, n=4 (13.79%) progressed to MCI, while
n=1 (3.45%) progressed to dementia (see Fig. 4).

Discussion

In the present study, we found that biomarker stable A+/
T—/N- cases had lower CSF baseline YKL-40, IFN-g and
fractalkine levels compared to A—/T—/N- individuals. In
those with tau pathology (T or N+), sSTREM2, YKL-40,
clusterin, and fractalkine were all significantly higher at
baseline, regardless of amyloidosis (A— or A+). Within
the A+/T+ or N+ group, we observed significantly
higher levels of CSF sTREM2 in cognitively normal
cases as compared to MCI. All the analyzed biomarkers
remained stable over time, with the exception of clusterin
which increased from baseline to follow-up in stable A+/
T—/N—, and CSF fractalkine, which increased over time
in all A/T/N groups (baseline results summarized in
Fig. 5).

Glial activation is heterogenous with different states of
activation related to brain physiology and local pathology
[50]. Though dysfunctional support at the synapse has
been proposed as a corollary to AD, we are not aware of
earlier reports suggesting glial hypoactivation in incipi-
ent neurodegeneration (but see [51]). Our findings are
further supported by gene ontology analysis, showing
reduced gliogenesis in individuals with amyloidosis with-
out tau pathology, and increased gliogenesis in individu-
als with both amyloid and tau pathology [52]. Microglial
phagocytosis, autophagy and endolysosomal processing
are prominent CNS innate immune functions linked to
AB-metabolism at the synapse. LOAD innate-immune
expressed risk genes are linked to these processes [11,
53, 54]. While our findings are based on a limited num-
ber of markers, lower levels of both YKL-40, IFN-g and
fractalkine in stable A+/T—/N— support putative clini-
cal relevance of an early stage of glial hypoactivation in
A+/T—/N- cases. Of these, fractalkine and signaling via
the fractalkine receptor CX3CR1 have been proposed as
a promising target for treatment of neurodegenerative
disease, including AD [5]. A pathomechanistic interpre-
tation of these findings is underpinned by experimental
findings in transgenic [PS1-APP-CX3CR1(+)] mice sug-
gesting that suppressed fractalkine/CX3CR1 signaling
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Fig. 2 Between-group differences and longitudinal trajectories (up to 7 years) of CSF immune markers in stable CN A—/T—/N—, stable A+/T—/N—,
stable A+/T+ or N+ and A—/T+ or N+ cases. The top row shows sTREM2 (A), YKL-40 (B), clusterin (C). The middle row shows fractalkine (D), MCP-1

and IL-6 (F). The bottom row shows IL-10 (G), IL-18 (H) and IFN-y (1)

may increase microglial phagocytosis and ameliorate Ab
burden [55]. However, data from other transgenic mice
lines (CX3CR1 (—/-, *)) suggest that reduced neuron—
microglial fractalkine signaling may be linked to reduced
synaptic plasticity, reduced hippocampal neurogenesis
and cognitive impairment [56]. The present findings illus-
trate how changes in key signaling molecules, such as
fractalkine, may alleviate initial pathological changes, but
also be linked to ensuing processes are detrimental for
cognition and long-term neuronal viability.

Cell culture studies show that tau competes with
fractalkine for uptake after binding to CX3CR1, and
increased CX3CR1 expression in AD brains is associated

with increased tau phosphorylation [24, 57]. Disturbed
fractalkine/CX3CR1 signaling may alter tau phagocy-
tosis, enhance formation of neurofibrillary tangles and
contribute to a neurotoxic transformation of microglia
[58, 59]. In line with this scenario, cases with stable tau
pathology (A+/T+ or N+ and A—/T+ or N+) had sharply
increased glial activation markers, including fractalkine.
In these cases, increased phosphorylated tau is accom-
panied by increased fractalkine and increased expres-
sion of their common receptor CX3CR1. The concurrent
marked increase in levels of STREM2 and MCP-1, is
expected to increase microglial phagocytic capacity, but
at a cost of loss of homeostatic functions at the synapse.
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Fig. 3 Longitudinal sub-analyses of CSF immune markers for CN vs. MCl within the A+/T+ or N+ group. The top figure (A) shows significantly
higher sSTREM2 values in the CN vs. the MCI group. The bottom row shows non-significant between-group differences for YKL-40 (B), clusterin (C),
fractalkine (D) and MCP-1 (E)
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Fig. 4 A Percentage of cases progressing to either MCl or dementia within pathological A/T/N groups during the observed follow-up period. B
Survival curves of combined progression to MCl or dementia between the pathological A/T/N groups
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Fig.5 Graph illustrates CSF marker differences between stable A/T/N groups at baseline. All CSF markers are standardized with stable CN A—/T—/

N-— as the reference

Phosphorylated tau shows reduced binding to CX3CR1,
compatible with uncoupling of microglial activation/tau
uptake and reduced microglial tau uptake at this stage
[60]. Increased tau in brain interstitial fluid may propa-
gate disease in connected areas and the formation of neu-
rofibrillary tangles [61].

Most cases progressing to dementia were A+/T+ or
N+ with fully developed AD pathology (Fig. 5). These
findings are in line with in vivo observations that point
to associations between microglial activation and tau
pathology, and with recent large GWAS studies under-
scoring the interaction between microglial, Ap and tau-
linked pathways [62, 63]. In vivo PET studies also show
stronger and more frequent association between micro-
glial activation (measured with TSPO PET) and regional
tau (measured with tau PET), than with regional AP
(measured with amyloid PET) [64]. Here, they also found

a positive correlation between CSF sSTREM2 and tau PET
in 4-repeat tau patients, but no correlation between CSF
STREM2 and amyloid PET [64]. Moreover, others have
also reported elevated concentrations of CSF glial acti-
vation markers in SNAP cases (A—/T+) [65—67]. These
findings are in accordance with the lack of glial activation
in our cases with amyloid pathology alone (A+/T—/N-)
and prominent glial activation in cases with tau pathol-
ogy (A+/T+ or N+ or A—/T+ or N+). While recent
experimental studies suggest that inflammation may
proceed fibrillary tau pathology, these studies have used
transgenic animal models [68, 69].

STREM2 supports microglial AB phagocytosis, and
increased CSF levels are associated with increased micro-
glial activation in cross-sectional studies [16]. In trans-
genic animal models, amyloidosis results in more severe
neurodegeneration and greater fibril branching in the
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absence of TREM?2, suggesting a neuroprotective role
[70, 71]. Though the role of TREM2 in humans is not
fully understood, in a model using mice transgenic for
a disease-associated human tau isoform with the P301s
mutation, depletion of TREM2 (Trem2~'~) attenuates
neuroinflammation and protects against neurodegenera-
tion [72]. However, our finding that higher CSF sTREM2
levels were associated with preserved cognition in A+/
T+ or N+ cases suggests a protective effect of TREM2
in humans. For CSF YKL-40, clusterin, fractalkine and
MCP-1, high CSF levels are seen in cases with established
tau-pathology (T+ or N+), regardless of amyloid status
and seemingly independent of cognitive status, suggest-
ing that links to tau, and not AD-specific pathology may
be the main driver for these changes. Since microglia play
a role in maintaining synaptic balance and promoting the
elimination of unnecessary synapses, as well as in the reg-
ulation and clearance of A and tau proteins, they may be
involved in competing mechanisms that simultaneously
aim to preserve synaptic structures and functions while
also controlling AP and tau pathology.

For interleukins (IL-6, IL-10, IL-18) with pro- or anti-
inflammatory properties, we neither found group-differ-
ences across A/T/N stages at baseline nor longitudinally,
although a trend towards lower CSF IL-18 levels in iso-
lated amyloidosis was observed which did not withstand
correction for multiple comparisons. Though cases with
tau pathology have significantly increased levels of glial
activation markers, we do not see increased IL-18 levels,
nor changes in the other inflammation linked cytokines
(IL-10 and -6). Though this may be due to a limited set of
markers, IL-18 is a key inflammasome activation marker,
and we would expect to detect markedly increased
inflammation [73]. Treatment of AD with anti-inflam-
matory drugs has so far not been successful [74, 75].
Our findings point to differential roles of innate immune
activation and inflammation along the pre-dementia AD
continuum, and effects of anti-inflammatory drugs may
differ between disease subgroups and stages.

Finally, we included APOE-¢4 genotype, age and sex as
covariates in our statistical models. Of particular inter-
est, females had lower levels of MCP-1, IL-6, IL-18 and
clusterin than males in cross-sectional models, and all
but clusterin in longitudinal models for cases which
remained A/T/N stable over time. Moreover, IFN-y
concentrations were higher for females in the longitudi-
nal models. However, because sex was only included as
a covariate, we cannot tell whether these sex-differences
might be differentially altered in the AD-continuum, or
how differences could influence disease progression.
Indeed, differential innate immune activation related to
sex could influence disease—phenotype and progression
in LOAD [63, 76, 77], and we are planning follow-up
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study to investigate the role of these sex differences on
AD pathology and disease-progression.

This study has some limitations. First, dementia is the
endpoint of the DDI longitudinal cohort study, and we
do not have follow-up CSF data for cases after the onset
of dementia. In contrast to most other AD cohorts, our
cohort consists of relatively young, well-functioning indi-
viduals without dementia. Thus, evidence of further glia
activation and inflammation at later stages of the AD
clinical continuum cannot be ruled out. There is con-
siderable heterogeneity in reported CSF alterations of
immune activation ([9] Additional file 1: Table S1). This
may be due to several factors, such as the clinical stage
of disease, sample size and the inclusions of covariates in
the models, such as age and sex. Our CSF cohort is com-
prehensive and carefully curated, which helps to reduce
the variability often seen in results within this area of
research. However, our sample size did not allow for
analyses of clinical trajectories within or between A/T/N
groups, except for A+/T+ or N+ group. However, we aim
to pursue this question in more detailed analyses when
more follow-up data are available. The CN A—/T—/N—
group was significantly younger, but age was accounted
for in all our statistical models. Finally, while our panel
of markers is broad, it is not exhaustive and does not
fully exclude early inflammatory engagement as it only
covers a subgroup of possible mediators. However, our
biomarker panel taps into the JAK/STAT-, inflamma-
some- and mitogen-activated protein kinases (MAPK)
pathways [29, 78]. Innate immune signaling is mediated
by several interlinked pathways, where nuclear factor
kappa B (NF-kB) is a pivotal control complex and the
mentioned pathways are major contributors [79]. Since
activation of cytokines generally is network-driven and
act in concert, we argue that a significant level of inflam-
mation would be expected to be detected using this
panel. Furthermore, these results are in accordance with
recent neuropathological findings, also describing glial
activation secondary to neurofibrillary pathology [80].

Conclusions

Our findings add to the understanding of the early roles
of microglia, and neuron-microglia communication in
AD inception and development with novel longitudinal
data pointing to early reduced activation and signaling
coupled to AP and tau-linked pathological processes.
These findings may have implications for AD therapy in
that anti-inflammatory treatment may weaken glial acti-
vation at early susceptible stages. The roles of glial acti-
vation at different AD stages should be further explored,
as should possibilities for selective targeting of inflamma-
tion vs. glial activation.
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