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Higher CSF sTNFR1-related proteins associate with
better prognosis in very early Alzheimer's disease

William T. Hu® %74 Tugba Ozturk!, Alexander Kollhoff!, Whitney Wharton?, J. Christina Howell', Alzheimer's
Disease Neuroimaging Initiative*

Neuroinflammation is associated with Alzheimer's disease, but the application of cere-
brospinal fluid measures of inflammatory proteins may be limited by overlapping pathways
and relationships between them. In this work, we measure 15 cerebrospinal proteins related
to microglial and T-cell functions, and show them to reproducibly form functionally-related
groups within and across diagnostic categories in 382 participants from the Alzheimer's
Disease Neuro-imaging Initiative as well participants from two independent cohorts. We
further show higher levels of proteins related to soluble tumor necrosis factor receptor 1 are
associated with reduced risk of conversion to dementia in the multi-centered (p = 0.027) and
independent (p = 0.038) cohorts of people with mild cognitive impairment due to predicted
Alzheimer's disease, while higher soluble TREM2 levels associated with slower decline in the
dementia stage of Alzheimer's disease. These inflammatory proteins thus provide prognostic
information independent of established Alzheimer's markers.
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ARTICLE

he early and accurate detection of core Alzheimer’s disease

(AD) pathologies is increasingly probable with reliable

cerebrospinal fluid (CSF) and molecular imaging
biomarkers!. Longitudinal studies have consistently shown bio-
markers for AD neuropathologic changes (ADNC)? to address IF
people with the earliest cognitive symptoms will undergo cognitive
decline, but they poorly address WHEN such decline will occur—
especially at the individual level (Fig. S1). Major reasons for this
include the relatively stable trajectory of CSF (amyloid and tau) or
PET amyloid biomarkers once in the symptomatic stages of
AD3-9, clinical and pathologic AD heterogeneity, and mixed
pathologies. Biomarkers reflecting biological processes commonly
found in AD, but relatively independent of the formation of
neuritic plaques and neurofibrillary tangles, may provide crucial
information on the brain’s susceptibility or resistance to ADNC.

Among these processes, neuroinflammation is consistently
identified to relate to AD pathogenesis. Multiple genetic variants
associated with increased AD risks were found in immune-related
genes including CD33, CR1, HLA-DRB5-HLA-DRBI1, MEF2C,
TREM?2, and PLCG2. Neuropathologic analysis has commonly
shown microglial activation in AD, and we and others previously
showed stage-specific CSF alterations in complement and inter-
leukin levels’-10. Moreover, AD appears to specifically modify
aging-related T-cell cytokine alterations (inflammaging)!!. Thus,
CSF inflammatory proteins and peptides represent promising
candidates to inform rates of AD progression. In keeping with
this, higher CSF soluble TREM2 (sTREM2) levels were recently
linked to slower AD progression in the Alzheimer’s Disease
Neuroimaging Initiative (ADNT)!2, This is of particular interest
because loss-of-function mutations in the sTREM2 sheddace
TACE/ADAM]I7 are linked to AD'3, and other substrates for this
enzyme are commonly implicated in the assessment of AD-
related inflammatory changes®14-18,

Because CSF inflammatory proteins are regulated by inter-
linked pro- and anti-inflammatory processes, it is not straight-
forward to postulate how their levels vary according to each other
and AD. Ideal CSF inflammatory biomarkers should also have
readily available assays with high accuracy and intermediate
precision, and CSF changes relatively orthogonal to core AD
biomarkers beta-amyloid 1-42 (Ap42), total tau (t-Tau), and tau
phosphorylated at threonine 181 (p-Tauyg;). To-date, we are only
aware of one study which assessed multiple CSF inflammatory
proteins as prognostic biomarkers in the Swedish BioFINDER
study using a customized assay kit!?.

In this work, we analyze levels of 15 CSF inflammatory proteins
implicated in microglial- and T-cell-mediated processes in the
multi-centered ADNI (Table 1) blinded to diagnosis and prognosis,
including soluble Tumor Necrosis Factor Receptor 1 and 2
(sTNFR1,2); Transforming Growth Factor 1, 2, and 3 (TGFp 1,2,3);
soluble Intercellular Adhesion Molecule 1 (SICAM1) and soluble
Vascular Cell Adhesion Molecule 1 (sVCAM1); Tumor Necrosis
Factor a (TNFa); Interleukin 6 (IL-6), IL-7, IL-9, IL-10, IL-12p40,
IL-21; and Interferon Gamma-Induced Protein 10 (IP-10). Of these,
STNFR1, sTNFR2, sICAM1, sVCAM1, and TNFa are all substrates
for TACE/ADAM17%14-18  We identify consistently correlated
families of proteins using principal component analysis (PCA)
within each ADNI diagnostic category, and find sTNFR1-related
proteins and sTREM2 to associate with prognosis!® (rates and
likelihood of decline) in mild cognitive impairment (MCI) and AD
dementia in a diagnosis-specific manner.

Results

CSF inflammatory proteins form reproducible families across
diagnostic categories. ADNI participants included in the current
study showed highly variable rates of longitudinal cognitive and

functional decline even when classified by clinical diagnosis and
predicted ADNC status (by t-Tau/AP42 ratio; Supplementary
Fig. 1, Supplementary Table 1)20. To identify potential correla-
tions between functionally-related CSF inflammatory proteins
(after log-10 and Z-transformation; see “Methods” and Supple-
mentary Tables 2 and 3), we performed dimension reduction
using PCA?! on the 15 proteins we measured with previously
measured levels of core AD biomarkers (Ap42, t-Tau, p-Tau;g;, t-
Tau/AP42), sTREM2, and progranulin. PCA was conducted
independently within the normal cognition (NC), MCI, and AD
dementia cohort to avoid false discovery due to contrast between
extreme subgroups (NC vs moderate AD dementia). We found
six highly reproducible principal components (PCs) within each
diagnostic category (Table 2 and Supplementary Table 4): core
AD, sTNFR1 (also sTNFR2, sVCAMI1, sICAMI1, TGEFpl1),
STREM2, IL-6/IL-10, TGFp (TGFp2, TGFB1), and IL-7/TNF-a,
even though there were instances where some variables demon-
strated diagnosis-specific loading (e.g., IP-10 on PC2 in the two
groups with AD dementia). People with NC and MCI addition-
ally shared another PC consisting of IP-10 and IL-12p40. PCA in
two independent cohorts for whom core AD biomarkers and nine
CSF inflammatory protein levels were previously and indepen-
dently measured (Supplementary Methods; Table S5) replicated
PCs for core AD, sTNFRI, IL-10, and IL-7/TNF-a PCs, but
STREM2 (measured using a commercially available assay distinct
from the two used in ADNI) became a member of the sSTNFR1
PC. These highly reproducible groupings provided strong
empirical evidence for CSF inflammatory biomarker families or
clusters.

CSF AD and pro-inflammatory alterations each associated with
5-year cognitive decline in MCI. Based on the inflammatory
protein PCs’ orthogonality from each other and from core AD
biomarker PC, we tested if PC scores correlated with rates of
longitudinal cognitive and functional decline. We began with
MCI participants because they had longer follow-up duration
than AD dementia and higher likelihood of decline than NC.
Linear mixed modeling (LMM)—taking into account baseline
characteristics (age, sex, self-reported race, APOE genotype) and
CSF protein family PC scores—was paired with two measures of
decline: average of composite ADNI Memory and Executive
Function scores (ADNI-Mem-EF) and Clinical Dementia Rating
Sum of Boxes (CDR-SB). Models which incorporated non-AD
biomarker scores outperformed those which only incorporated
core AD scores (Supplementary Tables 6, 7), with faster decline
during 60 months following CSF collection independently asso-
ciated with older age (p <0.001), greater core AD score (p <
0.001), and lower sTNFR1 score levels (p <0.002, Table 3) for
both outcomes.

We then tested whether specific biomarker PC scores can risk
stratify within the MCI cohort. We first split the MCI group into
those with high or low core AD biomarker scores according to the
value (—0.614) corresponding to the t-Tau/AP42 threshold for
ADNC?0. At this core AD score threshold, a sSTNFR1 score of
—0.890 is expected to result in no net decline in ADNI-Mem-EF
over time and is therefore used to further stratify MCI
participants (Fig. 1A). We found participants with high core
AD score and low sTNFRI1 score to have the earliest decline
(according to diagnostic conversion or CDR-SB) during the
60 months following CSF collection. Compared to this group,
those with similar core AD scores but higher sSTNFR1 scores were
less likely to decline (p =0.014 by consensus diagnosis, median
time to conversion of 36 vs.12 months; p = 0.007 by CDR-SB > 4,
median time to conversion of 48 vs.24 months, Fig. 1B). Because
dementia diagnosis and greater CDR-SB both imply functional
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Table 1 Subjects included in study from ADNI, with p values shown for all continuous factors without log;o transformation but
also for CSF inflammatory proteins after log;o transformation.
NC (n=111) Mcl AD (n=97) P p for
(n=174) logyo values

Male (%) 57 (51%) 12 (64%) 56 (58%) 0.090

Age, mean (SD) 75.8 (5.3) 75.2 (7.6) 75.1 (7.8) 0.659

Education, mean (SD) 15.7 (2.9) 15.8 (2.9) 15.2 (3.0) 0.246

Race 0.001
Asian (%) 0 5 (3%) 0
Black/African American (%) 9 (8%) 3 (2%) 0
White (%) 102 (92%) 166 (95%) 97 (100%)

Non-Hispanic (%) 109 (98%) 170 (98%) 96 (99%) 0.595

BMI (kg/m?2) 26.9 (4.4) 259 (3.9) 25.4 (3.6) 0.017

SBP (mmHg) 133.8 (16.0) 132.3 (15.5) 134.1 (17.0) 0.626

Having at least one APOE ¢4 allele (%) 26 (23%) 95 (55%) 65 (67%) <0.001

CDR-SB (SD) 0.05 (0.24) 1.69 (1.00) 4.48 (1.88) <0.001

CSF biomarkers
AB42, mean (SD) in pg/mL 209.8 (52.7) 165.6 (52.4) 142.5 (36.7) <0.001
t-Tau, mean (SD) in pg/mL 69.3 (30.2) 105.2 (61.3) 121.8 (57.7) <0.001
p-Taug, mean (SD) in pg/mL 27.0 (17.2) 37.0 (213) 43.2 (19.8) <0.001
t-Tau/Ap42 > 0.39 (%) 32 (29%) 120 (69%) 85 (88%) <0.001
WU-sTREM2, mean (SD) in pg/mL 2427 (774) 2366 (726) 2474 (802) 0.611 -
MSD-sTREM2, mean (SD) in pg/mL 4692 (2274) 4529 (2539) 4347 (1975) 0.628 0.871
MSD-GRN, mean (SD) in pg/mL 1598 (565) 1612 (798) 1626 (425) 0.963 0.808
TNF-a, mean (SD) in pg/mL 1.91 (1.44) 1.83 (1.20) 1.73 (0.46) 0.522 0.837
sTNFR1, mean (SD) in pg/mL 870 (227) 904 (237) 874 (249) 0.434 0.353
sTNFR2, mean (SD) in pg/mL 1060 (512) 1093 (319) 1048 (284) 0.597 0.299
TGFp1, mean (SD) in pg/mL 109 (42) 108 (42) 107 (37) 0.951 0.987
TGFB2, mean (SD) in pg/mL 159 (39) 161 (53) 159 (47) 0.398 0.168
TGFB3, mean (SD) in pg/mL 9.2 (23.3) 1.1 (28.3) 14.2 (31.1) 0.438 0.675
IP-10, mean (SD) in ng/mL?2 5.47 (1.78) 5.08 (2.06) 5.01 (1.95) 0.253 onz
IL-6, mean (SD) in pg/mL 478 (3.33) 527 (5.78) 5.03 (4.74) 0.676 0.970
IL-7, mean (SD) in pg/mL 1.49 (2.75) 116 (0.79) 1.41 (1.26) 0.238 0.338
IL-9, mean (SD) in pg/mL 3.70 (1.91) 3.33 (1.46) 3.45 (1.65) 0.239 0.416
IL-10, mean (SD) in pg/mL 5.80 (2.74) 7.97 (28.55) 5.57 (2.60) 0.532 0.431
IL-12p40, mean (SD) in pg/mL 111 (1.03) 5.81 (48.01) 117 (1.03) 0.470 0.159
IL-21, mean (SD) in pg/mL 12.93 (14.71) 11.78 (12.10) 12.10 (12.46) 0.766 0.820
sICAM-1, mean (SD) in pg/mL 355.4 (184.1) 400.2 (215.6) 368.7 (187.3) 0.154 0.100
sVCAM-1, mean (SD) in ng/mL? 413 (21.0) 44.7 (26.1) 48.7 (67.4) 0.413 0.468

2Note two analytes have concentrations in the range of ng/mL.

decline beyond worse longitudinal cognitive trajectory (as
measured by ADNI-Mem-EF), we interpreted these findings to
support the role of sTNFR1 score as a prognostic biomarker in
those with MCI due to predicted ADNC.

Two other findings suggest better prognosis associated with
higher sTNFRI1 scores. First, MCI participants with low core
AD score and high sTNFR1 score were even less likely to
decline (p <0.001 by diagnostic conversion and p =0.023 by
CDR-SB 24 vs high AD score and high sTNFR1 score, median
time to conversion of >60 months for both) than participants
with two high scores. What’s more, only 3 (6%) of 52
MCI participants with low AD scores had low sTNFR1 scores
(vs. 22% among those with high AD scores, p =0.005). Cox
proportional hazard analysis in all MCI participants with
high core AD scores found high sTNFRI1 scores to halve the
risks of cognitive/functional decline whether assessed by
diagnostic conversion (hazards ratio=0.541, 95% CI 0.314-
0.933; p=10.027) or CDR-SB (hazards ratio = 0.454, 95% CI
0.265-0.778, p = 0.004).

CSF sTREM2 associated with cognitive decline in dementia
stage of AD. We next analyzed the relationship between cogni-
tive decline and baseline CSF biomarker scores in those with
AD dementia, also using ADNI-Mem-EF and CDR-SB as

longitudinal outcome. In this group with greater likelihood of
predicted ADNC, core AD score was less correlated with rates of
cognitive decline than in MCI. Instead, sSTREM2 score was
inversely associated with rates of decline (Supplementary
Table 8). Using a similar stratification strategy as MCI resulted in
too few people with low core AD or sSTREM2 score. We therefore
divided people with high core AD score according to the median
STREM2 score (n = 41 for at/above and n = 42 for below score of
—0.0689), with a smaller third group having low core AD scores
(n=14). In keeping with outcomes from MLL analysis, lower
STREM2 score was associated with faster conversion to dementia
among those with high core AD scores (median 24 vs.
>36 months, p=0.001, Fig. 2a). After adjusting for age, sex,
APOE &4, and baseline CDR-SB, greater sSTREM2 scores were
associated with reduced risks for decline (H.R. =0.412, 95% CI
0.193-0.878, p = 0.022).

Since sTNFR1 score did not translate into a prognostic marker
for AD dementia, we examined levels of sSTNFR1 among the three
AD dementia groups. Whereas sSTREM2 levels expectedly differed
between those with high and low sTREM2 scores, levels of
sTNFR1 and progranulin—another protein loading onto the
same sTNFR1 PC—did not (Fig. 2b). Substituting p-Tau;g; and
sTREM2 concentrations for PC scores modestly reproduced the
profiles of decline (median 24 vs. 36 months, p = 0.028, Fig. 2c).
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Table 2 PCA of CSF AD and inflammatory proteins in ADNI and two replication cohorts B and C, with loading values of proteins
consistently associated with two or more PCs shown.

ADNI Cohort B Cohort C
NC (n=85) MCI (n =129) AD (n=68) NC, MCI, AD NC (n=47)
(n=68)
PC1 t-Tau? 0.724 0.871 0.831 0.577 0.734
p-Tauqg? 0.805 0.866 0.826 0.474 0.727
Ap422 —0.752 —0.745 —0.612 —0.781 —0.595
t-Tau/Ap422 0.710 0.675 0.774 0.923 0.925
PC2 sTNFR12 0.869 0.903 0.884 0.895 0.851
sTNRF22 0.784 0.883 0.881 0.859 0.850
sVCAM12 0.833 0.869 0.813 0.833 0.825
TGFp1@ 0.533 0.469 0.561 N.D. N.D.
sICAM12 0.502 0.467 0.661
IP-10 0.484 0.602 N.D.
PC3 MSD-sTREM22 0.876 0.883 0.876 0.639P 0.787°
WU-sTREM22 0.830 0.882 0.819
Progranulin 0.519 0.640 N.D. N.D.
pPC4 IL-62 0.811 0.799 0.828 N.D. N.D.
IL-102 0.691 0.662 0.713 0.922 0.812
PC5 TGFp2° 0.885 0.820 0.754 N.D. N.D.
TGFp12 0.598 0.716 0.752 N.D. N.D.
TGFB3 0.538 0.705 N.D. N.D.
PC6 IL-72 0.866 0.810 0.797 0.912 0.942
TNF-a? 0.753 0.429 0.707 0.757
IL-9 0.601 0.647
PC7 IP-10 0.722 0.705 N.D.
IL12-p40 0.686 0.772 N.D. N.D.
IL-9 0.571 0.865
PC8 IL-21 0.458 0.904 N.D. N.D.
sICAM1 —0.624 0.934

Cohort C.

aProteins found in the same PC across ADNI diagnostic groups. Levels of IL-6, IL-12p40, IL-21, progranulin, and TGFB1/2/3 were not measured in either replication cohort, and IP-10 was not measured in

bDifferent STREM2 assays used between ADNI and the replication cohorts.

Table 3 Factors associated with rates of cognitive decline in ADNI MCI participants with ADNI-Mem-EF or CDR-SB as outcome,
0-60 months after CSF collection (see Tables S5 and S6 for comparison between models without and with sTNFR1 scores, with
improvement in Akaike Information Criterion (AIC) of 11.7 and 8.2; significant factors highlighted in bold with p < 0.00625 used
for CSF biomarkers to adjust for multiple comparisons).

Cognitive measure ADNI-Mem-EF CDR-SB
B (95% CI) P B (95% CI) P

Months 0.028 (0.002, 0.054) 0.033 —0.158 (—0.272, —0.045) 0.006
Baseline Cognitive measure 0.943 (0.911, 0.996) <0.001 0.906 (0.799, 1.013) <0.001
Baseline Cognitive measure x Months 0.004 (0, 0.009) 0.070 0.012 (0, 0.024) 0.059
Female sex 0.013 (—0.052, 0.078) 0.695

Female sex x Months —0.006 (—0.012, 0.007) 0.019

Age 0 (—0.004, 0.005) 0.871 0.007 (-0.007, 0.022) 0.339
Age X Months —0.0006 (—0.0009, —0.0003) <0.001 0.003 (0.001, 0.004) <0.001
APOE g4+ 0.057 (0, 0.116) 0.060

AD score —0.046 (—0.080, —0.011) 0.009 —0.060 (—0.163, 0.042) 0.246
AD score x Months —0.008 (—0.011, —0.005) <0.001 0.029 (0.017, 0.040) <0.001
sTNFR1 score —0.010 (—0.042, 0.022) 0.547 —0.026 (—0.139, 0.086) 0.642
sTNFR1 score x Months 0.005 (0.002, 0.008) <0.001 —0.020 (-0.033, —0.008) 0.002
AD score X sTNFR1 score 0.007 (—0.026, 0.040) 0.667

AD score X sTNFR1 score x Months 0.002 (0, 0.005) 0.078

Therefore, we confirmed previous findings that greater sSTREM2
levels associated with a more benign course of AD dementia.

CSF IL6 associated with cognitive change in NC but do not
influence MCI risks. Only cognitive changes in ADNI-Mem-EF

4

were analyzed in NC as most (70 out of 104) had global CDR of 0
at the last follow-up visit (median of 60 months). LMM found
baseline cognitive performance, age, and IL6 score each asso-
ciated with rates of cognitive change through quadratic rela-
tionships, while core AD score had a more straightforward linear
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Fig. 1 Relationship between two protein family scores (core AD and sTNFR1-related) and conversion from MCI to dementia. Following principal
component analysis, core AD principal component (PC) score corresponding to t-Tau/Ap42 of 0.39 (predicted ADNC threshold) and sTNFR1 PC score
corresponding to no net decline at this core AD score were used to stratify ADNI mild cognitive impairment (MCI) participants (A). Circle colors represent
follow-up time, with converters shown as filled circles and non-converters shown as open circles. Participants with high core AD and low sTNFR1 scores
had the shortest median time to conversion, followed by those with high scores in both and those with low core AD score (B *p = 0.014 with dementia
diagnosis as outcome; Tp = 0.007 with clinical dementia rating-sum of boxes score [CDR-SB] > 4 as outcome). Source data are provided as a Source

Data file.

relationship with cognitive decline (Supplementary Table 9).
Stratifying NC participants according to core AD scores showed
greater conversion to MCI (p=0.021, Fig. 3a) or CDR 0.5
(p =0.023, Fig. 3b) during the 60 months following CSF collec-
tion. Further division according to IL6 scores did not provide
additional information on conversion risks most likely due to the
overall low rates of decline.

Validation of CSF sTNFRI1 as a prognostic biomarker in MCI
due to predicted ADNC. Because individual protein levels are
easier to translate as biomarkers in research and clinical settings
than protein family scores, we also examined the relationship
between the top prognostic biomarker scores for MCI and their
constituent proteins to further validate in an independent cohort.
Linear regression analysis in the ADNI MCI cohort mapped the
core AD score of —0.614 onto z-transformed log;o(p-Tauyg;) value
of 0.05 or p-Tauyg level of 24.1 pg/mL. On the other hand,
STNFR1 score only modestly associated with sSTNFR1 scores despite
the high correlation. We therefore derived a regression-based pre-
diction for STNFR1 score using linear combinations of STNFRI1,
STNFR2, and sVCAMI levels (all log;o- and z-transformed). When
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paired with p-Taujg; levels, this predicted score (ysrnpr1=
—0.101 + 0.633 x zlog;o[STNFR1] + 0.544 x zlog;o[sVCAMI1] -
0.230 x zlog; o[STNFR2] performed better in separating MCI parti-
cipants into groups of different conversion rates than sSTNFRI levels
alone (Fig. 4a).

We then applied the threshold values for p-Tau,g; and
regression-predicted sTNFRI1 score in an independent cohort of
49 MCI participants recruited and longitudinally characterized in
Atlanta, including 33 participants from Cohort B in the cross-
sectional PCA. Compared to the ADNI MCI participants, these
MCI participants were younger (69.3 vs. 75.2, p <0.0001), more
likely to have self-reported race as Black (29% vs. 2%, p < 0.0001),
and had lower CSF t-Tau and p-Tauyg; levels (Table 4). These
MCI participants as well as their corresponding NC participants
also had lower CSF sTNFR1 levels than ADNI participants with
the same diagnosis (MCI: mean 645 vs. 904 pg/mL; NC: mean 587
vs. 836 pg/mL) which could result from pre-analytical CSF
processing® (e.g., ADNI samples had one freeze-thaw cycle before
aliquoting), but the NC-based z-transformation accounted for
this systemic difference®. We confirmed that, compared to those
with high p-Taug; levels and low predicted TNFR1 score, MCI
participants with high p-Tau;s; and predicted sTNFR1 scores
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Fig. 2 Relationship between two protein family scores (core AD and sTREM2) and cognitive decline in AD dementia. AD dementia participants
with high core AD and sTREM2 scores had slower conversion to a pre-set CDR-SB threshold (1.5 S.D. above the mean) than participants with low
sTREM2 scores (a *p = 0.001). Concentrations of two proteins which did (sSTREM2 and progranulin) and one did not (sTNFR1) load onto sTREM2 score
showed greatest group-level differences in sSTREM2 (b median and interquartile ranges shown). Substituting corresponding p-Tauqg; and sSTREM2
concentrations (shown in brackets to distinguish from a) for corresponding scores modestly reproduced the distinction (¢ Tp = 0.028). Source data are
provided as a Source Data file.
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Fig. 3 Relationship between two protein family scores (core AD and IL6) and cognitive decline in participants with normal cognition (NC). NC
participants with high core AD scores had earlier conversion to diagnosis of mild cognitive impairment (MCl; a, p = 0.021) or global clinical dementia rating
score (CDR) of 0.5 (b p =0.023), but further stratification according to IL6 score did not further refine long-term cognitive outcomes. Sample size in the
NC cohort was 109 after excluding two participants with very rapid decline from NC to dementia. Source data are provided as a Source Data file.

(p=10.038) or low p-Tau,g; levels (p =0.068) each had reduced
likelihood of conversion to dementia (Fig. 4b).

Discussion

Genetic and neuropathologic studies have pointed towards
detrimental roles for inflammation in AD, but neuroin-
flammation can also trigger neuroprotective and pro-survival
cascades?>23. We reproducibly identified four non-sTREM2
products of TACE/ADAMI17 to co-vary across diagnosis in
ADNI independent of core AD biomarkers, and a similar trend
was replicated in two separate cohorts for three of these pro-
teins which were measured. We further found higher levels
of a PCA-derived score consisting of sSTNFR1, sTNFR2, and
sVCAM1—but not sSTREM2—to associate with a halved risk of
conversion among MCI participants with predicted ADNC in
two independent cohorts. Consistent with the goal of a prog-
nostic biomarker to identify likelihood of a clinical event or
progression in patients who have the disease!®, we propose this

CSF-based prognostic biomarker can complement core AD
diagnostic biomarkers in very early AD.

This study is no by means the first to systematically assess CSF
inflammatory proteins in AD, but we used readily available com-
mercial assays which we independently assessed for intermediate
precision?%. Others have examined CSF inflammatory proteins in
AD, including sSTNFR1 & sTNFR22>20 as well as sSTREM2!%27:28,
The large sample size in ADNI and moderate sample sizes in the
two Atlanta cohorts allowed us to detect extraordinarily consistent
PCs (families) across these cohorts, even when biomarkers within
the same PC have been reported to derive from different cell types.
Co-variance in their levels may afford the opportunity where one
member of the family may be the best clinical biomarker while
others better inform biological specificity. For example, sSTNFR2 is
more exclusively released by microglia and monocytes than
sTNFRI1 (which is released from all cell types), and non-endothelial
VCAMLI is also expressed on microglia®®. Therefore, sSTNFR2/
sVCAM1 may provide more cell-type specificity even though
sTNFRI1 had greater loading on the PC score.
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Fig. 4 Mild cognitive impairment (MCI) conversion in the ADNI and an Atlanta-based MCI cohorts. Conversion to dementia diagnosis based on the
same p-Taug; levels and a regression-based prediction of sSTNFR1 score (ystnrri) reproduced the prognostic profiles from ADNI (a) in the replication

cohort (b n=49). *Lower conversion compared to those with p-Taug; > 24.1 pg/mL but low ysrnrrr (p = 0.049 in ADNI and p=0.038 in the Atlanta
cohort). TTwo subgroups with p- Taug; < 24.1 were combined due to small numbers, p = 0.068 vs. high p-Tauig; and low ycnerr. Source data are provided

as a Source Data file.

Table 4 MCI participants in replication cohort (n = 49).

Replication p (vs. ADNI MCI)
MCI cohort
Male (%) 26 (65%) 0.183
Age, mean (SD) 69.3 (7.9) <0.0001
Education, mean (SD) 16.5 (2.5) 0.126
Race <0.0001
Asian (%) 0
Black/African American (%) 14 (29%)
White (%) 35 (71%)
Non-Hispanic (%) 49 (100%) 0.578
Having at least one APOE €4 14/28 (50%) 0.684
allele (%)
CSF biomarkers
AB42, mean (SD) in pg/mL 179.7 (142.9) 0.451
t-Tau, mean (SD) in pg/mL 62.5 (36.6) <0.00012
p-Tauyg;, mean (SD) in pg/mL 29.6 (17.3) 0.00012
t-Tau/Ap42 > 0.39 (%) 27 (55%) 0.088
sTNFR1 645.5 (179.4) <0.00012

3Log10-transformed values were analyzed.

Conversely, while some TACE/ADAM17 sheddase products
were reliably found in the same PC, others—TNFa, sSTREM2—
were not. This is not surprising for biological and statistical
reasons. Biologically, factors such as circulation, interstitial
exchange0, bulk flow3!32, and lymphatic clearance3? can all
influence measured CSF protein levels beyond surface cleavage.
Statistically, PCA exploits underlying proteins levels’ data struc-
tures to reduce the number of dimensions while maximizing
variance explained, but a modest correlation between two vari-
ables across hidden clusters may mask the variables’ more inde-
pendent relationships34. In other words, we were more interested
in associated protein level changes independent of AD status/
biomarkers than proteins which differed in levels between NC
and AD dementia. Our data-driven approach therefore provides
information not otherwise available through knowledge-based
pathway analysis, but these loading profiles should still be pro-
spectively tested using drugs known to alter one or more of the
proteins.

CSF sTREM2 levels were previously investigated in ADNI due
to the genetic linkage between rare TREM2 mutations and AD

risks!235, We do not dispute the finding that, in a sufficiently
large cohort, elevated CSF sTREM2 can provide prognostic
information in MCI through group-level correlation with
sTNFRI1-related proteins. Because measured CSF proteins are
influenced by biological and technical factors, it is likely pre-
mature to advance sTNFR1- or sTREM2-elevating therapies in
AD based entirely on their association with rates of cognitive
change. Whether the stage-specific nature of these prognostic
biomarkers (sTNFR1/sTNFR2/sVCAM-1 for MCI stage of AD,
STREM2 for dementia stage of AD) also needs to be further
investigated for their relationships to biological processes grouped
under the umbrella term of neurodegeneration. Since microglia—
the presumed cell of origin for these proteins—can display dif-
ferent functional phenotypes according to the local environment,
poorer prognosis associated with lower sTNFR1 and sTREM2 at
different AD stage may begin to shape a framework for the
temporal sequencing of microglia dysfunctions.

Our study has a number of limitations, including the selective
nature of the ADNI cohort, the smaller sample size of the Atlanta
MCI cohort, not correlating with measures of brain atrophy or
ischemia on MRI, and not having adequate power in longitudinal
analysis to examine the effect of race on biomarker-based prognosis.
Nevertheless, we show in two well-characterized independent
cohorts that higher levels of CSF sTNFRI1-related proteins
(STNFR1, sSTNFR2, sVCAM1) are associated with reduced cognitive
decline in those with MCI independent of markers of ADNC. Our
studies developed a reproducible scheme to nominate and analyze
CSF inflammatory as biomarkers in neurodegeneration, and results
of such methods validated prior findings from smaller studies’%37.
The inflammatory alterations we identified potentially reflect
microglial phenotype evolution along the AD disease continuum,
and autopsy- or PET-based analysis of people in early AD stages is
necessary to confirm this. Because we demonstrated here the high
intermediate precision of commercial assays for sSTNFR1, sTNFR2,
and sVCAM-1, these biomarkers can be readily introduced into
existing workflows to provide prognostic information and improve
clinical trial design.

Methods

Ethics approval. This study was approved by the Emory University Institutional
Review Board, the National Institutes on Aging, and the ADNI Resource Allocation
and Review Committee. The ADNI was launched in 2003 as a public-private
partnership, led by Principal Investigator Michael W. Weiner, MD. The primary
goal of ADNI has been to test whether serial magnetic resonance imaging, positron
emission tomography, other biological markers, and clinical and
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neuropsychological assessment can be combined to measure the progression of
MCI and early AD dementia. All participants or legally-authorized representatives
provided written informed consent to participate in the studies.

Study design and participants. A cross-sectional study design was used for PCA
of CSF AD and inflammatory proteins. ADNI participants (NCT00106899) were
selected to have adequate representation of healthy control participants with
normal cognition (NC; n=111) to establish normative range of inflammatory
proteins; sufficient numbers of MCI (n =174) and AD dementia (n=97) to
identify CSF proteins associated with rates of longitudinal cognitive and functional
decline; maximize overlap with participants with measured levels of complement 3
and complement factor H”; and match sample availability. A power calculation was
performed to arrive at a total sample size of at least 250 (MCI and AD dementia
together) to have a power of 0.95 to detect an effect size of 0.15 for fixed factors
(sex, APOE ¢4 status) and covariates (age, baseline cognitive function, two
inflammatory protein levels, two core AD biomarker levels) in LMM of long-
itudinal cognitive decline with p =0.05 if the repeated measure correlation is 0.3,
and has power of 0.83 to detect an effect size of 0.15 with p = 0.02 if the repeated
measure correlation is 0.2.

Other than ADNI participants, two other previously published cohorts were
included for replication of the relationship among CSF biomarkers (Supplementary
Methods; Table S5). Cohort B (NCT02089555; PI: WTH) was a cohort of older
white (n = 68) and Black American (n = 62) participants with NC, MCI, and AD
dementia recruited from Georgia who underwent detailed prospective baseline
neurological, neuropsychological, CSF, and MRI characterization for identifying
race-associated biomarker differences’8. Participants in this study were recruited
from the Emory Cognitive Neurology Clinic, Emory Alzheimer’s Disease Research
Center, or community events in the greater Atlanta area. Cohort C (NCT00135226;
PI: WW) was a cohort of middle-aged to older white (n =47) and Black
participants with NC (n = 21) who underwent detailed prospective baseline and
longitudinal neuropsychological, CSF, and MRI characterization for identifying
effect of race on vascular and AD biomarkers®. Participants in this study were
recruited from the Emory Alzheimer’s Disease Research Center, community events,
or dementia caregiving groups in the greater Atlanta. Because of race-based
differences in CSF tau-related and inflammatory protein levels®>3840, only white
participants from Cohorts B & C (n=115) were used to replicate PCA findings
from ADNL

To validate the relationship between p-Tau;g;-sTNFR1 combination and
longitudinal decline in MCI, an MCI validation cohort (n = 49) was created by
combining white and Black MCI participants from Cohort B (n = 33) who
underwent longitudinal follow-up and a separate group of older white and Black
MCI participants (n = 16) who underwent similar longitudinal clinical and
neuropsychological evaluations following detailed baseline neurological,
neuropsychological, CSF, and MRI analysis.

CSF biomarker measurements. For ADNI, blinded CSF samples were shipped
from the Biomarker Core (University of Pennsylvania) to Emory University for
analysis in 2018. CSF analysis was performed by two skilled research scientists
experienced in multiplex assays blinded to diagnosis and other subject-level
information. All samples were run in duplicate with six CSF standards on each
plate, and CSF inflammatory protein levels were normalized across plates using the
six CSF standard values. ADNI CSF samples were first randomized across twelve
96-well plates, and each batch was analyzed for levels of all 15 proteins during the
same two-day block to avoid freeze-thawing: Assay 1 included sTNFR1 and
STNFR2; assay 2 included TGFp 1,2, and 3; assay 3 included IL-21; assay 4 included
SICAM-1 and sVCAM-1; and assay 5 included TNFa, IL-6, IL-7, and IL-10 for
the first 98 participants, and TNFa, IL-6, IL-7, IL-10, IL-9, IL-12p40, and IP-10 for
the remaining 280 participants (see Missing Data). All samples were run in
duplicate with six CSF standards on each plate. CSF inflammatory protein levels
were normalized across plates using the six CSF standard values, and intermediate
precision for each analyte was then calculated using inter-plate coefficient of
variation: 9.38% for TNFa, 2.85% for sTNFRI1, 3.09% for sTNFR2, 10.99% for
sVCAMI, 9.86% for sSICAM1, 6.30% for IL-6, 14.68% for IL-7, 9.24% for IL-9,
16.51% for IL-10, 6.41% for IL-12p40, 20.6% for IL-21, 4.83% for IP-10, 8.62% for
TGFp1, 7.62% for TGFp2, 7.70% for TGFp3. Values for Ap42, t-Tau, p-Taug;,
STREM2 (from MSD and Washington University [WU])!2, and soluble pro-
granulin levels were obtained from ADNI. CSF biomarkers for the three Atlanta
cohorts were analyzed by the same laboratory research scientists using the same
volume, CSF standards, blinding, and randomization scheme?38.

Missing data. Among 382 ADNI participants whose CSF samples were available
for this study, the first 100 samples (26%) had 12 proteins measured (all except IL-
9, IL-12p40, and IP-10). The remaining 280 samples (74%) had all 15 CSF
inflammatory biomarker measured. The 100 samples were from participants ran-
domized across the three diagnostic categories (25 NC, 53 MCI, 22 AD dementia),
and they were similar to the remaining participants according to age, sex, APOE
¢4 status, and predicted ADNC within each diagnostic category.

319 of the 382 (83%) previously had sTREM2 and progranulin levels measured,
with a core group of 241 participants (75 NC, 104 MCI, 62 AD dementia) having

all CSF proteins (AD biomarkers, sSTREM2, progranulin, and inflammatory
proteins reported here) measured. PCA was first performed by excluding
participants with at least one missing value (listwise), and then with missing values
imputation by means and expectation maximization (see Statistical analysis below).

Statistical analysis. Data used in the preparation of this article—other than levels
of 15 CSF inflammatory proteins—were obtained from the ADNI database (adni.
loni.usc.edu). All analyses were performed in IBM SPSS 26.0 (Armonk, NY). Two
sided tests were used for all analyses. For CSF inflammatory proteins, outliers were
determined as log;o- and z-transformed values greater than 4 or less than —4.
Because we failed to detect individuals who had consistent outlier protein levels, no
outlier inflammatory protein levels were excluded. However, two NC participants
had atypical profile of functional decline (Fig. S1) and were excluded from LMM
analysis. Two-tailed tests were used in all statistical analysis. CSF inflammatory
protein levels were assessed for their normality using Kolmogorov-Smirnov test.
All markers except MSD-sTREM2 showed non-normal distribution and were log;o
transformed (as were t-Tau and p-Tau;g; for their skewed distribution). Because
mean inflammatory protein levels ranged from 1.10 pg/mL (IL12-p40) to 41.29 ng/
mL (sVCAM1), we chose to z-transform their levels for better assessment of their
association with rates of decline relative to each other according to mean and
standard deviation (S.D.) values for NC participants at baseline (Supplementary
Table 2).

Analysis of co-variance (ANCOVA) was first used to determine inflammatory
protein differences across diagnostic categories and predicted ADNC status,
adjusting for age, sex, and APOE &4 status (Supplementary Table 3). All
participants with available measures were included in the ANCOVA for each
protein. To identify orthogonal eigenvectors to reduce the number of protein
variables and align correlated measures with shared variance, PCA with varimax
rotation was then used to separate proteins into PCs using eigenvalues >0.7 as
recommended by Jolliffe*!. This was first performed in participants with all protein
values available (n = 241) and then with missing values replaced with means
(values for MCI participants are shown in Supplementary Table 4). Factor loading
>0.400 in both missing data handling methods were considered consistent elements
of each PC for inclusion in Table 2.

Because excluding cases or replacing with means can bias the outcomes*2, we
additionally confirmed PCA results with imputation through expectation
maximization to reduce bias**-4>, In the ADNI MCI cohort, this produced
identical membership (loading > 0.400) for PC1, PC2, PC3, PC4, PC5, PC6, and
PC8, with PC7 now having additional loading by IL-10, TNFa and TGFB3. Thus,
missing data handling through three separate approaches all generated highly
reproducible PCs.

LMM was used to identify potential predictors of future cognitive decline.
Because PCA consistently placed two of the three proteins not measured in all
participants (IP-10, IL12-p40) in the same PC, LMM first only focused on
participants with measured IP-10 and IL12-p40 levels, but then all participants if
IP-10/IL-12 score did not associate with rates of cognitive or functional decline at
p <0.10. Cognitive decline in ADNI was analyzed using validated composite
Memory (ADNI-Mem) and Executive Function (ADNI-EF) scores previously
generated from subtests targeting respective functions through item-response
theory and bi-factor confirmatory factor analysis to optimize these scores for
longitudinal tracking?®47. ADNI-Mem subtests included Rey Auditory Visual
Learning Test (learning & recall), AD Assessment Scale—Cognitive Subscale, word
recall from Mini-Mental State Examination, and Logical Memory I and II from the
Wechsler Memory-Test Revised. ADNI-EF subtests included category fluency, oral
Trail Making Test A & B, Digit Span Backwards, Digit Symbol Substitution Test
from the Wechsler Adult Intelligence Scale Revised, and Clock Drawing Test. Each
factor was normalized to have a mean of 0 and standard deviation of 1, equivalent
to a z-score transformation. Because CDR-SB is used to track longitudinal cognitive
performance3 but was not included in ADNI-Mem or ADNI-EF, cognitive decline
in ADNI was also analyzed according to CDR-SB.

In LMM, time (in months), Time2, and Time? were included as fixed and
random variables to determine if linear, quadratic, and cubic models best described
longitudinal cognitive decline. Akaike Information Criterion (AIC) used to assess
whether a model incorporating additional factors (e.g., Time2, core AD score, and
interaction terms) was better than a simpler model without overfitting. This creates
the baseline models without additional PCs. Models incorporating Time only
achieved substantially better AIC (A»10) than models additionally incorporating
Time? and Time3 terms for MCI and AD dementia, but higher order terms
improved the fit for long-term cognitive decline in NC. Subsequent models
incorporating Time, demographic variables, and biomarker PC scores were
assessed using criteria of substantial (AAIC > 10), moderate (7 = AAIC > 4), or
minimal (2 > AAIC) improvement. For each diagnostic category, ADNI-Mem-EF
and CDR-SB were each used as the time-dependent variable of cognitive outcome.
PC scores were tested in a stepwise fashion to determine each score’s impact
on AIC.

To illustrate prognostic impact of CSF biomarker PC scores, KM survival
analysis was used to determine their relationship to cognitive decline. Significant
cognitive decline in MCI was assessed by diagnostic conversion (to dementia) as
well as CDR-SB. Based on prior data from 792 participants longitudinally followed
at the Knight AD Research Center at Washington University, 1 standard deviation
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above the mean for MCI and 1 standard deviation below the mean for AD
dementia both had CDR-SB of 3.88. Therefore, CDR-SB > 4 was selected for MCI
participants for significant worsening. Cox-proportional hazard analysis was
further used among ADNI MCI participants to determine impact of CSF
biomarker PC score on conversion, adjusting for age, sex, and APOE genotype.
Core AD biomarker and sTNFRI scores were initially used in these analyses, but
we also derived simplified measures more suitable for clinical application. Linear
regression analysis was first used to determine the p-Tau,g; concentration (in pg/
mL) corresponding to the threshold core AD biomarker. Linear regression was also
used to determine sSTNFR1 concentration corresponding to the threshold
sTNFRI score. Because this score only provided prognostic information in
conversion according to CDR-SB but not consensus diagnosis, we further
calculated a predict STNFR1 score (ysrngr1) using linear recombination of sSTNFR1,
STNFR2, and sVCAM-1 concentrations. Values for p-Tau;g; and ysrnrr; Were then
tested in the Atlanta replication cohort for diagnostic conversion (CDR-SB not
available for many participants).

A similar conversion analysis was used to assess biomarker scores’ effects on
significant decline in AD dementia in the 36 months following CSF collection, with
a threshold of CDR-SB > 7.8 (1.5 standard deviation above the mean) derived from
the Knight cohort#3. For NC, conversion to MCI or global CDR > 0.5 was
examined in the 60 months following CSF collection.

Role of the funding source. The funding sources had no role in the study design;
in collection, analysis, and interpretation of data; in the writing of the report; and in
decision to submit the paper for publication.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All ADNI data (including CSF inflammatory protein measures) are available for public
access at adniloni.usc.edu contingent on adherence to the ADNI Data Use Agreement,
and all data from the Atlnta cohorts are available from RUResearch Data Portal (https://
rucore.libraries.rutgers.edu/research/) and available as a Source File. Source data are
provided with this paper.
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