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ABSTRACT

Rates of cognitive decline in Alzheimer’'s disease (AD) are extremely heterogeneous, with ages
of symptom onset ranging from age 40-100 years and conversion from mild cognitive impairment
to AD dementia taking 2-20 years. Development of biomarkers for amyloid-beta (Af) and tau
protein aggregates, the hallmark pathologies of AD, have improved patient
monitoring/stratification and drug development, but they still only explain 20-40% of the variance
in cognitive impairment (Cl) in AD. To discover additional molecular drivers and biomarkers of AD
dementia, we perform cerebrospinal fluid (CSF) proteomics on 3,416 individuals from six deeply
phenotyped prospective AD case-control cohorts. We identify synapse proteins as the strongest
correlates of Cl, independent of AB and tau. Using machine learning we derive the CSF
YWHAG:NPTX2 synapse protein ratio, a robust correlate of Cl, which explains 27% of the
variance in Cl beyond CSF PTau181:Ap42, 10% beyond tau PET, and 50% beyond CSF NfL in
AP positive individuals. We find YWHAG:NPTX2 also increases with normal aging as early as age
20 and increases at a faster rate in APOE4 carriers and autosomal dominant-AD mutation carriers.
Most notably, YWHAG:NPTX2+ individuals (top 25" percentile) are 15-times (HR=15.4 [10.6-
22.2]) more likely to experience cognitive decline over 15 years compared to YWHAG:NPTX2—
individuals (bottom 25" percentile), and this rises to 19-times (HR=18.9 [10.83-32.9]) with
additional stratification by AP and phosphorylated tau status. Lastly, we perform plasma
proteomics on 4,245 individuals to develop a plasma-based signature of Cl which partly
recapitulates CSF YWHAG:NPTX2. Overall, our findings underscore CSF YWHAG:NPTX2 and
the corresponding plasma signature as robust prognostic biomarkers for AD onset and
progression beyond gold-standard biomarkers of A, tau, and neurodegeneration and implicate
synapse dysfunction as a core driver of AD dementia.
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78  MAIN (4,000 words, currently 4,163)

79  Alzheimer’'s disease (AD) is the most common age-related neurodegenerative disease
80 characterized by decades long buildup of amyloid-beta (AB) plaques and neurofibrillary tau
81 tangles followed by dementia'. Rates of cognitive decline in Alzheimer's disease (AD) are
82  extremely heterogeneous, with ages of AD symptom onset ranging from age 40-100 and
83  conversion from mild cognitive impairment (MCI) to AD dementia taking 2-20 years®. While the
84  development of cerebrospinal fluid (CSF) and positron emission tomography (PET) biomarkers
85  of AB and tau have begun to untangle this heterogeneity and have thereby improved AD diagnosis,
86  patient stratification, and drug development®*~, Ap and tau still only explain 20-40% of the variance
87 in cognitive impairment (CI) in AD*"" (Extended Data Fig. 1a), suggesting the existence of
88  additional drivers of AD dementia that are not captured by biomarkers of primary AD pathologies
89 AP and tau. The prevalence of Ap-positive (Ap+) cognitively normal aged individuals further
90  underscores the need for increased understanding of what drives AD dementia versus cognitive
91 resilience'™,

92

93  The “A/T/N” (Ap/tau/neurodegeneration) AD biomarker framework', developed by the National
94  Institute on Aging and the Alzheimer’s Association, has provided a structure to investigate and
95 integrate different AD biomarkers. Among CSF biomarkers, AB42 is typically used to define “A”
96 positivity and PTau181 to define “T+” (phosphorylated secreted tau) positivity'*. The CSF
97  PTau181:AB42 ratio captures both aspects simultaneously''®. “T,” is reserved for emerging
98  biomarkers of fibrillary tau proteinopathy, like CSF pT205, CSF MTBR-243"", and tau PET'®. The
99  “N” category includes AB- and tau- independent biomarkers of AD such as neurofilament light
100 (NfL) for axon degeneration, and neurogranin for synapse dysfunction®. However, these “N”
101  biomarkers explain only a small additional proportion of variance in Cl beyond Ap and tau®.
102
103  To discover new robust Ap- and tau- independent correlates of Cl in AD, we perform large-scale
104  proteomics (SomaScan, mass-spectrometry) on the CSF of 3,416 individuals across six deeply
105  phenotyped AD case-control cohorts spanning both sporadic and autosomal dominant AD
106  (ADAD): Stanford (includes Alzheimer's Disease Research Center (Stanford-ADRC), Stanford
107  Aging and Memory Study (SAMS), and Poston cohort), Knight-ADRC, Alzheimer's Disease
108  Neuroimaging Initiative (ADNI), Dominantly Inherited Alzheimer’s Network (DIAN), BioFINDER2,
109  and Kuopio University Hospital (Fig. 1a, Supplementary Table 1). We integrate these CSF
110  proteomics data with CSF and PET biomarkers of AB and tau, clinical diagnosis of cognitive
111 function, age, sex, APOE4 genotype, and ADAD mutation status, and leverage statistical
112 techniques to derive a robust CSF biomarker of Cl that explains Cl beyond Ap and tau. Lastly, we
113 derive a plasma proteomic surrogate of the CSF biomarker of Cl based on plasma proteomics
114  (SomaScan) data from 4,525 samples across three independent cohorts: Knight-ADRC, Stanford,
115 Religious Order Study/Memory Aging Project (ROSMAP).
116
117
118 CSF YWHAG:NPTX2 ratio explains a substantial proportion of variance in cognitive
119  impairment beyond amyloid and tau in AD.
120  We performed proteomics on 3,416 CSF samples (3,106 with complete Cl diagnosis) from six
121  independent cohorts. To identify CSF proteins that explained additional variance of Cl beyond AD
122 pathology, we regressed the global clinical dementia rating (CDR-Global, a clinical cognitive
123 impairment score) against CSF protein levels, while adjusting for CSF PTau181:AB42, age, sex,
124 APOE4, cohort, and principal component 1 of the proteome (see Methods). We used SomaScan
125  proteomics data with 7,289 protein measurements per sample from the Knight-ADRC and ADNI
126  cohorts for discovery.
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127

128  We identified 675 significant (Benjamini Hochberg g-value<0.05) upregulated and 721 significant
129  downregulated proteins with ClI (Fig. 1b, Supplementary Table 2-3). Interestingly, the most
130  significant proteins by g-value were especially enriched at the synapse (based on the SynGO
131 database'; Fig. 1c). The most upregulated synapse proteins included YWHAG, YWHAZ,
132 YWHAH, NEFL, NEFH, DLG2, HOMER1, MAP1LC3A, PPP3CA, and PPP3R1. The YWHA-family
133 proteins, also referred to as 14-3-3 proteins, are ubiquitously expressed in the body and the CNS
134  and seem to be enriched at neuronal synapses®?2'. YWHA proteins, DLG2, and calcineurin
135  subunits (PPP3CA and PPP3R1) were especially associated with PTau181:Ap42% (Extended
136  Data Fig. 1b-c), suggesting their changes with Cl severity may be co-regulated with Ap and tau
137  accumulation. In line with these results, previous studies have shown that Ap42 signaling
138  promotes calcineurin activity?® and interestingly, inhibition of calcineurin activity protects mice
139  from AB- and tau-induced synapse loss and CI**?°. Notably, SMOC1, an extracellular matrix
140  protein previously linked to AD and AB plaques®®?’, was not associated with Cl after adjusting for
141 PTau181:Ap42 (Extended Data Fig. 1b), demonstrating the importance of adjusting for
142  PTau181:Ap42 to identify Ap- and tau- independent correlates of CI.

143

144  The most downregulated proteins with Cl included NPTX2, NPTXR, SLITRK1, CBLN4, LRFN2,
145 and EPHA4. These proteins were only weakly negatively associated with PTau181:Ap42%,
146  suggesting their changes with Cl are regulated by mechanisms independent of A and tau
147  accumulation (Extended Data Fig. 1b-c). The protein with the strongest decrease was NPTX2,
148  aprotein that promotes synaptic plasticity at excitatory synapses® and prevents neuronal network
149 hyperactivity?®. While it has been studied exclusively in neurons, it is worth noting that the gene
150 s highly expressed in the oligodendrocyte lineage in humans as well*’. In human brains, NPTX2
151  mRNA and protein are downregulated in AD neurons based on single-cell RNA-sequencing and
152 immunohistochemistry®!, suggesting its decrease with Cl in CSF may reflect decreased
153  expression in neurons. Interestingly, a recent study showed that overexpression of NPTX2 in the
154  hippocampus of tau-P301S mice protected synapses from complement-mediated glial
155  engulfment®.

156

157  Given the enrichment of synapse proteins associated with Cl, we sought to derive a multi-protein
158  signature that would represent these global changes. Using the ADNI cohort, we trained a
159  penalized linear model to predict Cl severity based on levels of 214 synapse proteins that
160  significantly changed with CI in the discovery cohorts. We further used recursive feature
161  elimination (RFE) to simplify the model to facilitate clinical applications (Fig. 1d). The model
162  identified the near 1:1 difference between the two most upregulated and downregulated proteins,
163  YWHAG and NPTX2, to be a suitable signature of ClI, likely indicative of changes in synapse
164  biology (Fig. 1d). Since we log-normalized then z-scored protein levels before analyses, the
165  difference between the normalized protein levels represents a normalized ratio. Notably, ratios
166  between YWHA-family proteins and NPTX2 based on CSF mass spectrometry have previously
167  been shown to be associated with various AD-related phenotypes®34, suggesting reproducibility
168  across cohorts and proteomic platforms. We use the YWHAG:NPTX2 ratio as an indicator of
169  cognitive impairment likely representing changes in synapse biology and, for simplicity, call it a
170  “synapse signature”. Figures refer to YWHAG.1, a specific YWHAG proteoform detected by the
171  Somalogic aptamer (Seqld 4179-57).

172

173  We evaluated the associations between YWHAG:NPTX2 and Cl across all cohorts with
174  SomaScan data, including the Stanford and DIAN cohorts which were not used for discovery. We
175 found YWHAG:NPTX2 was consistently correlated with Cl (ADNI r=0.54, Knight-ADRC r=0.55,
176  Stanford r=0.62, DIAN r=0.66) in all cohorts and in both sporadic AD and ADAD (Fig. 1e),
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177  confirming YWHAG:NPTX2'’s link with the biology of AD dementia. Notably, the correlation
178  between YWHAG:NPTX2 and Cl was slightly higher than the correlation between PTau181:Ap42
179  and Cl across all cohorts (Extended Data Fig. 1d).

180

181  To determine the robustness of YWHAG:NPTX2 in explaining Cl beyond AD pathology, we
182  visualized the relationship between YWHAG:NPTX2 and PTau181:AB42, colored by Cl severity
183  in a scatterplot (Fig. 1f). We observed that while YWHAG:NPTX2 and PTau181:Ap42 were
184  correlated (r=0.61), low and high levels of YWHAG:NPTX2 further separated A+Ti+ (logio
185 PTau181:Ap42 > -1, see methods) individuals into no impairment versus mild-severe dementia,
186  respectively (Fig. 1f). Among A+Ti+ individuals, 62% of individuals with low levels of
187  YWHAG:NPTX2 were cognitively normal and 37% had only MCI, whereas only 4% of individuals
188  with high YWHAG:NPTX2 were cognitively normal and 46% had mild-severe dementia
189  (Extended Data Fig. 1e). This pattern was consistent across all cohorts and both sporadic AD
190 and ADAD (Extended Data Fig. 1e). Using linear regression, we found that PTau181:Ap42
191 explained 10% of the variance in Cl in A+T4+ individuals, and YWHAG:NPTX2 explained an
192 additional 27%, independent of PTau181:ApB42 (Fig. 1h). YWHAG:NPTX2 was significantly
193  associated with Cl independent of PTau181:Ap42 and age in A+T++ individuals across all cohorts
194  and proteomic platforms (Extended Data Fig. 1f). Notably, in the DIAN ADAD-control cohort, we
195  additionally accounted for estimated age of symptom onset, and YWHAG:NPTX2 remained the
196  most significant correlate of Cl, demonstrating that it partially explains even the small amounts of
197  heterogeneity in Cl in ADAD (Extended Data Fig. 1f).

198

199  While PTau181:AB42 is a robust biomarker of Ap plagues and phosphorylated secreted tau in the
200  brain, it is not as well correlated with tau tangles, which are known to correlate with CI more
201  strongly'®. To determine whether YWHAG:NPTX2 explained Cl in AD beyond tau tangles (Tz), we
202  utilized the BioFINDER2 cohort which performed targeted CSF synapse protein mass
203  spectrometry proteomics, tau PET imaging, and measurement of CSF AB42:Ap40. Since YWHAG
204  was not measured, we used YWHAZ, a related protein which was also associated with ClI
205 independent of PTau181:Ap42 albeit not as strongly, based on SomaScan data (Fig. 1b). We
206  confirmed YWHAG was highly correlated with YWHAZ (r=0.94), and YWHAG:NPTX2 was highly
207  correlated with YWHAZ:NPTX2 (r=0.94) in the SomaScan cohorts (Extended Data Fig. 1g). We
208  visualized the relationship between YWHAZ:NPTX2 and tau PET in AB+ individuals, colored by
209  Cl severity in a scatterplot (Fig. 1i). We observed several interesting patterns. First, we found a
210  moderate correlation between YWHAZ:NPTX2 and tau PET (r=0.44). Second, we observed that
211  allindividuals with above moderate levels of tau had above moderate levels of YWHAZ:NPTX2,
212 but not vice versa, suggesting that YWHAZ:NPTX2 may change before tau during AD progression.
213 Third, we observed that YWHAZ:NPTX2 and tau PET independently explained ClI severity. Using
214 linear regression, we found that Ap42:Ap40 and tau PET together explained 35% of the variance
215 in Cl in AB+ individuals, and YWHAZ:NPTX2 explained an additional 10%, independent of
216  Ap42:Ap40 and tau PET (Fig. 1j). YWHAZ:NPTX2’s association with Cl was robust to additional
217  adjustment with age, APOE4 dose, and sex (Extended Data Fig. 1h).

218

219  We next tested whether YWHAG:NPTX2 explained Cl beyond CSF NfL, the current gold-standard
220  neurodegeneration (“N”) biomarker for AD and other neurodegenerative diseases. We measured
221  CSF NfL with Olink proteomics — which is highly concordant with the Simoa assay, r>0.9*° — from
222 Stanford participants using the same CSF sample as was analyzed with Somalogic proteomics.
223 Subsetting to the 31 A+T4+ individuals with matched proteomic data and Cl scoring, we observed
224 that YWHAG:NPTX2 and NfL were correlated (r=0.65), but importantly, YWHAG:NPTX2
225  explained an additional 50% of the variance in Cl beyond NfL (Fig. 1j-k).
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226

227  Together, these results show that CSF synapse proteins, some with established causal roles in
228  synaptic/cognitive resilience to AD pathology in mouse models (i.e. calcineurin, NPTX2), are
229  among the strongest correlates of Cl severity independent of A and tau in humans, and that the
230 CSF YWHAG:NPTX2 ratio is a synapse protein signature that explains a major proportion of
231 variance in Cl in AD beyond gold-standard biomarkers of AB, tau, and neurodegeneration.

232

233

234  CSF YWHAG:NPTX2 ratio increases with normal aging and pre-symptomatic AD.

235  Since age is the strongest risk factor for AD onset, we wondered whether YWHAG:NPTX2
236  increases during normal aging before Cl. We examined changes in YWHAG:NPTX2 with age in
237  cognitively normal individuals across the human lifespan from all cohorts with SomaScan data.
238  Surprisingly, we found that YWHAG:NPTX2 increased with age not only in later decades, but also
239  in the earliest decades of adulthood, ~30 years before changes in PTau181:Ap42 (Fig. 2a). This
240  pattern was replicated in the BioFINDER2 study in which proteins were measured with mass
241  spectrometry (Extended Data Fig. 2a).

242

243 To determine whether changes with age in YWHAG:NPTX2 may precede AD symptom onset, we
244 leveraged data from ADAD mutation carriers in the DIAN cohort who have genetically determined
245  earlier onset AD compared to non-carriers. Specifically, we examined whether YWHAG:NPTX2
246  had a steeper increase with age in pre-symptomatic ADAD carriers compared to non-carriers. We
247  tested a linear model regressing YWHAG:NPTX2 against carrier status, age, and their interaction,
248  among cognitively normal individuals under age 55, the age range where PTau181:AB42 levels
249  are normal in non-carrier individuals (Fig. 2a). Interestingly, we found that ADAD carriers had
250  significantly higher YWHAG:NPTX2 (p=7.21x107"%) and a steeper increase in YWHAG:NPTX2
251  with age (interaction p=0.032) during this cognitively normal phase (Fig. 2b). Visualizing the
252  differences in slopes with age, we observed that ADAD carriers had double the slope of
253  YWHAG:NPTX2 compared to non-carriers (Fig. 2b).

254

255  To explore this phenomenon further, we leveraged the fact that ADAD mutations have varying
256  degrees of severity, with estimated ages of symptom onset ranging from age 25-65 depending on
257  the mutation?"=®. To determine whether age-related slopes of YWHAG:NPTX2 scaled with ADAD
258  mutation severity, we grouped pre-symptomatic carriers into different bins based on estimated
259  age of onset (<35, 35-45, 45-55, 55-65) and calculated the age-related YWHAG:NPTX2 slopes
260  per bin. We tested the correlation between the mean estimated age of symptom onset per bin
261  with their respective YWHAG:NPTX2 slopes and observed a strong negative correlation
262  (Spearman r=-0.9, p=0.037), whereby those with earlier ages of symptom onset had steeper
263 increases in YWHAG:NPTX2 during the pre-symptomatic phase (Fig. 2c, Extended Data Fig.
264  2b).

265

266  We then examined the effects of APOE genotype, the leading genetic risk factor for sporadic AD,
267 on YWHAG:NPTX2 aging slopes. We tested a linear model regressing YWHAG:NPTX2 against
268  APOE4 dose, age, and their interaction in cognitively normal individuals across the lifespan from
269  the Knight-ADRC, ADNI, and Stanford SomaScan cohorts. Like ADAD mutation carrier status,
270  APOE4 was significantly associated with higher YWHAG:NPTX2 (p=1.01x10"") and a steeper
271  increase in YWHAG:NPTX2 with age (p=0.016). Visualizing the differences in slopes between
272  APOE4 carriers, APOE3/3 homozygotes, and APOE2 carriers, we observed that APOE4 carriers
273  had a 33% steeper increase in YWHAG:NPTX2 compared to APOE3/3 homozygotes (Fig. 2d),
274  inline with the earlier age of onset in APOE4 carriers. APOE2 carriers did not have a significantly
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275  different increase in YWHAG:NPTX2 compared to APOE3/3 homozygotes, though we suspect
276  this may be due to limited sample size.

277

278  Our analyses thus far revealed that YWHAG:NPTX2 increases with both normal aging (Fig. 2a-
279  d), pre-symptomatic AD, as well as Cl severity during AD progression (Fig. 1d-k). We next sought
280  to compare the degrees to which YWHAG:NPTX2 increases during these two stages.

281

282  We compared YWHAG:NPTX2 changes with normal aging — 20-year binned age groups from
283  young (age 20-35) to old (age 80-95) — and with AD progression — cognitively normal old (age 80-
284  95) to moderate-severe Cl (age 65-95). We found that YWHAG:NPTX2 increased by 1.9 standard
285  deviations over 60 years of normal aging and then 2.7 standard deviations from aged to dementia
286  (Fig. 2e). Though there is no age difference between cognitively normal versus dementia in our
287  cohorts since they are age-matched case-control studies, assuming a typical ~20 years of time
288  for progression from AB+ cognitively normal to AD dementia based on population-based
289  studies®® our data suggest that AD progression recapitulates ~84 years of “normal” age-related
290 increases in YWHAG:NPTX2, representing a stark ~4.3x increase in its slope during AD
291  progression compared to normal aging.

292

293  We examined this phenomenon in ADAD by plotting the change in YWHAG:NPTX2 across
294  estimated time until symptom onset. We compared YWHAG:NPTX2 slopes before and after
295  estimated symptom onset and, similar to our estimates in sporadic AD, we observed a 3.4x
296 increase in the YWHAG:NPTX2 slope during ADAD symptom progression compared to the pre-
297  symptomatic phase (Fig. 2f). Notably, YWHAG:NPTX2 increased in ADAD ~20 years before
298  estimated symptom onset compared to non-carriers.

299

300 To obtain a birds-eye view of the relationship between age- and dementia-related changes in
301 YWHAG:NPTX2 across sporadic AD and ADAD, we plotted all individuals on a scatterplot,
302  showing YWHAG:NPTX2 versus age, colored by Cl stage and sized by amyloid positivity (Fig.
303  2g). We confirmed the extremely accelerated increase in YWHAG:NPTX2 among ADAD mutation
304 carriers leading to early onset AD, as well as the widespread heterogeneity in non-carriers leading
305 to sporadic AD in some and cognitive maintenance in others, despite amyloid positivity and old
306 age (Fig. 2g-h).

307

308  Collectively, these results demonstrate that YWHAG:NPTX2, a robust correlate of Cl severity in
309 AD, increases substantially with cognitively normal aging and pre-symptomatic AD.

310

311

312 CSF YWHAG:NPTX2 ratio predicts future tau accumulation and cognitive decline beyond
313  Ap and tau.

314  We next sought to determine the potential clinical utility of YWHAG:NPTX2 in predicting future
315 AD onset and progression. First, we leveraged Ap and tau PET imaging data that were collected
316  4-15years after CSF draw in the ADNI cohort to determine whether YWHAG:NPTX2 could predict
317  future ApB-driven tau accumulation (Fig. 3a). Using linear regression, we found that
318  YWHAG:NPTX2 modified the future association between AP and tau PET (YWHAG:NPTX2 x
319  APPET interaction p=6.84x10*), while adjusting for baseline Cl, PTau181:Ap42, age, sex, and
320 APOE4. Among individuals with high future AP load, high baseline YWHAG:NPTX2 was
321 associated with higher future tau-PET, while low YWHAG:NPTX2 was associated with limited Ap-
322  related tau-PET increase (Fig. 3b). These results align with previous studies which show that Aj
323  combined with synapse dysfunction and neuronal hyperactivity drives tau accumulation and
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324  propagation®“° and additional studies which show that CSF levels of synaptic protein GAP43

325 modifies the rate of Ap-driven tau accumulation*'.

326

327  More important than predicting future tau tangle build-up is predicting future cognitive decline.
328  Thus, we visualized the relationship between future ADAS13 cognitive score, future tau load, and
329  baseline YWHAG:NPTX2 in future Ap PET positive individuals on a scatterplot (Fig. 3c). We used
330 the ADAS13 score as it is more sensitive and has a higher dynamic range than CDR-Global.
331 Interestingly, we observed that among individuals with low to mild tau build-up, YWHAG:NPTX2
332  distinguished cognitively normal versus impaired individuals (Fig. 3c). All individuals with high tau
333 PET had high YWHAG:NPTX2. We confirmed YWHAG:NPTX2 was significantly associated with
334  future cognitive decline, while adjusting for tau tangle load and several additional covariates (Fig.
335  3d).

336

337 To more broadly assess whether YWHAG:NPTX2 could predict future cognitive decline
338 independent of Ap and tau, we used data from all cohorts with longitudinal cognitive follow-up
339  (ADNI, Knight-ADRC, Stanford; n=1,365 subjects; Fig. 3e). We used the CDR-Global CI staging
340  asthis was commonly measured across all cohorts. We analyzed both dementia progression from
341  a MCI-mild dementia baseline, as well as dementia onset from a cognitively normal baseline.
342

343  First, we employed Cox proportional hazard regression to test the association between
344  YWHAG:NPTX2 and a future increase in Cl stage among A+T+ individuals with MCI-mild
345  dementia over 1-15 years, while adjusting for baseline Cl, PTau181:Ap42, age, sex, and APOE4
346  dose (Fig. 3f, Supplementary Table 4) in each cohort. YWHAG:NPTX2 significantly predicted
347  future cognitive decline across all cohorts, and in a cross-cohort meta-analysis, a standard
348  deviation increase in YWHAG:NPTX2 conferred a 134% increase in risk of cognitive decline (meta
349  hazard ratio=2.34, meta p=3.99x10"%°; Fig. 3f).

350

351 We then investigated whether YWHAG:NPTX2 could predict dementia onset from A+Ti+
352 cognitively normal individuals (Stanford cohort was not included due to low event sample size).
353  We found that YWHAG:NPTX2 significantly predicted dementia onset across all cohorts, and in
354  across-cohort meta-analysis, a standard deviation increase in YWHAG:NPTX2 conferred a 92%
355 increase in risk of conversion from cognitively normal to dementia, while adjusting for
356  PTau181:AB42, age, sex, and APOE4 dose (meta hazard ratio=1.92, meta p=4.00x107°; Fig. 3g,
357  Supplementary Table 5).

358

359  Given the similar hazard ratios across Cl stages, we aggregated data from all A+T+ individuals
360 who had either no Cl, MCI, or mild dementia across cohorts and found that YWHAG:NPTX2 was
361 by far the strongest predictor of future cognitive decline among covariates (hazard ratio=2.35,
362  p=2.28x107%; Fig. 3h).

363

364  Like with AT, status, binning individuals into binary +/— groups provides a simple framework that
365 can aid in patient stratification. Thus, we stratified patients into YWHAG:NPTX2+/- groups based
366  on the upper and lower 25" percentiles, and tested the ability of AT+ status and YWHAG:NPTX2
367  status in predicting future cognitive decline, individually and together. As done previously, we
368 aggregated data from all individuals who had either no Cl, MCI, or mild dementia across cohorts.
369 Based on AT, status alone, we found that A+T4+ individuals had a roughly 4-times increased risk
370  of future cognitive decline compared to A-T+— individuals (hazard ratio=3.96, p=5.94x107"%; Fig.
371  3i). Surprisingly, based on YWHAG:NPTX2 status alone, YWHAG:NPTX2+ individuals had a
372  striking ~15-times increased risk of future cognitive decline compared YWHAG:NPTX2-
373  individuals (hazard ratio=15.36, p=8.04x10~*; Fig. 3j). Combining the two biomarkers led to even


https://doi.org/10.1101/2024.07.22.604680
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.22.604680; this version posted July 23, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

374  stronger predictions, as A+T1+YWHAG:NPTX2+ individuals had a nearly 19-times increased risk
375  of future cognitive decline compared to A—T1—YWHAG:NPTX2- individuals (hazard ratio=18.87,
376  p=3.74x107%%; Fig. 3k). No additional covariates were included in these Cox models,
377  demonstrating the power of these biomarkers alone in predicting future cognitive decline versus
378  maintenance.

379

380  Together, these results demonstrate that YWHAG:NPTX2 provides additional prognostic clinical
381  utility beyond gold standard AD biomarkers.

382

383

384 Plasma proteomic signature of cognitive impairment partly recapitulates CSF
385 YWHAG:NPTX2 ratio, predicting AD onset and progression.

386  While CSF biomarkers provide important insights for AD research and clinical trials, the
387 invasiveness of CSF extraction limits their prognostic utility and widespread clinical use. Thus, we
388  sought to derive a plasma proteomics-based biomarker of Cl that could recapitulate CSF
389  YWHAG:NPTX2. We performed SomaScan plasma proteomics on 4,245 samples from the
390 Knight-ADRC, Stanford, and Religious Order Study/Memory Aging Project (ROSMAP) cohorts
391 (Fig. 4a, Supplementary Table 6). 3,899 samples had complete Cl diagnosis, and 503 samples
392  from the Knight-ADRC and Stanford cohorts were collected within 6 months of CSF samples from
393  the same individuals, which enabled us to directly correlate plasma and CSF protein signatures.
394

395 We first tested the association between plasma YWHAG:NPTX2 with ClI and CSF
3906 YWHAG:NPTX2 and found no significant correlations. We then systematically tested several
397 frameworks to optimize correlations between the plasma signature with ClI and CSF
398  YWHAG:NPTX2 (see Methods). Briefly, the optimal framework worked as follows: we trained a
399  penalized linear model to predict Cl based on a subset of plasma proteins that were 1) enriched
400 for synapse proteins that changed with Cl in CSF, 2) not subject to cohort effects and 3) not
401  subject to APOE genotype-based proteoform-aptamer binding alterations. We trained the plasma
402  signature of Cl in the Knight-ADRC and ROSMAP cohorts and tested in the Stanford cohort.

403

404  The plasma signature was correlated with Cl across train and test cohorts (Fig. 4b; Knight-ADRC
405 r=0.66, ROSMAP r=0.62, Stanford r=0.51). The plasma signature was correlated with CSF
406 YWHAG:NPTX2 (Fig. 4c; Knight-ADRC r=0.58, Stanford r=0.53), with stronger correlations
407  observed in individuals with some degree of Cl (Fig. 4c; CI>=MCI r=0.66, Cl=none r=0.28). The
408  proteins with the strongest weights in the plasma signature included CPLX2, PTPRD, PI3, MAG,
409 and PTGDS which increased with Cl and NPTXR, SEZ6L, CD93, TPPP3, and PIANP which
410  decreased with Cl (Supplementary Table 7). Notably, CPLX2, PTPRD, NPTXR (the receptor for
411 NPTX2), and SEZ6L are synaptic proteins, confirming synapse protein associations with Cl
412  across both CSF and plasma (Fig. 4d).

413

414  To determine whether the plasma signature, like CSF YWHAG:NPTX2, explained Cl beyond Aj
415 andtauin AD we utilized data from the ROSMAP cohort, where comprehensive neuropathological
416  and cognitive phenotyping were performed across most samples. We analyzed a subset of 126
417  individuals whose blood draws were within 2 years of death and autopsies confirmed
418  neuropathologic diagnosis of AD (neuritic plaques CERAD score=probable or definite; Fig. 4e).
419  We visualized the relationship between the plasma signature and the abundance of neurofibrillary
420 tau tangles, colored by CI severity in a scatterplot (Fig. 4f). Strikingly, we observed that high
421 plasma signature levels were correlated with Cl beyond tau levels (Fig. 4f). Using linear
422  regression, we determined that the plasma signature explained an equal and independent
423  proportion of variance in Cl (30%) compared to neuritic Ap plaque and tau tangle load (30%),
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424 which together captured 60% of the variance in Cl (Fig. 4g). The association between the plasma
425  signature and Cl remained robust to additional adjustment with age, sex, APOE4 dose, and post-
426  mortem interval (Fig. 4h).

427

428  We then investigated whether the plasma signature could be used to predict future cognitive
429  decline, similar to CSF YWHAG:NPTX2. For each cohort, we employed a Cox proportional hazard
430  regression model to test the association between the plasma signature and a future increase in
431  Cl stage over 1-15 years among individuals with MCI-mild dementia, while adjusting for baseline
432  Cl, age, sex, and APOE4 dose (Fig. 4i, Supplementary Table 8). The plasma signature
433  significantly predicted future cognitive decline across all cohorts, and in a cross-cohort meta-
434  analysis, a standard deviation increase in the plasma signature conferred a 49% increase in risk
435  of cognitive decline (meta hazard ratio=1.49, meta p=1.41x10""%; Fig. 4i). We also tested
436  associations with future conversion from cognitively normal to dementia and found a robust
437  association such that in a cross-cohort meta-analysis, a standard deviation increase in the plasma
438  signature conferred a 103% increase in risk of conversion from cognitively normal to dementia,
439  while adjusting for age, sex, and APOE4 dose (meta hazard ratio=2.03, meta p=6.81x10~"; Fig.
440  4j, Supplementary Table 9). After aggregating data from all individuals across cohorts we found
441  that the plasma signature was among the strongest predictors of future cognitive decline among
442  covariates (hazard ratio=1.67, p=3.77x107%"; Fig. 4k), with APOE4 dose and baseline Cl also
443 having similar effect sizes. We then defined binary +/— groups based on the upper and lower 25"
444  percentiles based on all individuals across cohorts, as done with YWHAG:NPTX2. We found that
445  plasma signature+ individuals had a 4.5 times increase risk of future cognitive decline compared
446  to plasma signature— individuals (hazard ratio=4.51, p=3.01x107%"; Fig. 4l), with no additional
447  covariate adjustment.

448

449  Together, these data show plasma proteomics combined with machine learning can be used to
450  derive a plasma-based protein signature which predicts AD dementia independent of AB and tau
451  and partly recapitulates CSF YWHAG:NPTX2.

452

453

454 DISCUSSION

455  Overall, our findings reveal that synapse proteins in the CSF and plasma are among the strongest

456  APB- and tau-independent correlates of Cl in AD, and that from these synapse proteins emerges
457  the CSF YWHAG:NPTX2 ratio, a sparse and robust correlate of Cl. We find that YWHAG:NPTX2
458 increases with cognitively normal aging and predicts AD onset and progression in both sporadic
459 AD and ADAD across 6 independent deeply phenotyped AD cohorts, indicating that
460 YWHAG:NPTX2 represents a biological process that is central to AD dementia. Most notably,
461 YWHAG:NPTX2+ individuals are 15-times more likely to experience cognitive decline over 15
462  years compared to YWHAG:NPTX2- individuals, and this rises to 19-times with additional
463  stratification by AT status.

464

465  What the levels of YWHAG:NPTX2 in CSF precisely represent is unclear. Based on the literature,
466  we speculate that it reflects aspects of synapse dysfunction and neuronal hyperactivity-induced
467  synapse loss. Neuronal pentraxins (i.e. NPTX2, NPTXR, NPTX1) have been previously proposed
468  as biomarkers of synaptic activity*>** as NPTX2"/NPTXR” mice have major GluA4 loss and
469  network hyperactivity?®. Furthermore, NPTX2" mice display increased complement mediated
470  microglial engulfment of synapses, and overexpression of NPTX2 in tau-P301S mice protects
471  synapses from complement mediated microglial engulfment®. Though the roles of YWHAG in the
472  brain are less understood, it along with other YWHA-family proteins have been shown to be
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473  localized at synapses?, and mutations in YWHAG cause childhood epilepsy**. YWHAG also
474  binds to phosphorylated tau*® and phosphatidyl-serine?® which is involved in synaptic pruning.
475

476  In addition to reported roles of YWHAG and NPTX2 in synapse biology, our study shows CSF
477  YWHAG:NPTX2 is associated with various aspects of AD including CI, normal aging, genetically
478  driven A overproduction (ADAD), and tau accumulation, which together strongly implicate its
479  relevance to synapse dysfunction. To elaborate, similar to YWHAG:NPTX2 (Fig. 1f-k), synapse
480 loss is the most robust histological correlate of Cl, beyond Ap and tau*’. Second, synapse
481  dysfunction and loss, rather than overt neuron loss, is a major hallmark of mammalian brain aging
482  thatis closely linked with cognitive decline in non-human primates*® (Fig. 2a). Third, Ap oligomers
483  cause synapse loss and neuronal hyperactivity*’, akin to how ADAD mutations — which
484  presumably lead to AP overproduction — are associated with a faster increase in YWHAG:NPTX2
485  with age (Fig. 2b-d). Lastly, neuronal hyperactivity enhances tau propagation*’, which aligns with
486  the positive association between YWHAG:NPTX2 and future tau PET (Fig. 1i, Fig. 3b).

487

488  Together, these data suggest CSF YWHAG:NPTX2 is likely a measure of synapse dysfunction
489  and point to synapse dysfunction as a promising therapeutic target to promote cognitive resilience
490 inthe presence of Ap and tau. Perhaps therapies that restore age- and AD-related loss of NPTX2
491  expression in excitatory neurons, such as NPTX2 gene therapy or delivery of NPTX2 activators
492  (i.e. brain derived neural growth factor, BDNF), could prevent synapse loss and cognitive decline,
493  with CSF YWHAG:NPTX2 as a primary endpoint in such clinical trials. Future studies should
494  determine whether CSF YWHAG:NPTX2 is correlated with Cl and synapse dysfunction in non-
495  AD dementias including frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS).
496

497  Beyond biological and therapeutic implications, we show comprehensive evidence that CSF
498  YWHAG:NPTX2 would provide major additional diagnostic and prognostic utility as an AD
499  biomarker under the “N” category of the A/T/N framework. We further show the development of a
500 plasma proteomic signature of Cl that partly recapitulates the characteristics of CSF
501 YWHAG:NPTX2. Notably, the highest weighted proteins in the plasma signature are synapse
502 proteins that have been previously identified as brain-specific proteins linked to brain aging®.
503  Future advances in proteomics and machine learning frameworks will lead to sparse, scalable
504  CSF/plasma biomarkers of synapse dysfunction to be used broadly for patient monitoring, clinical
505 trials, and research.

506
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507 METHODS

508

509 PARTICIPANTS

510 Stanford (ADRC, SAMS, BPD, SCMD)

511 Plasma and CSF collection, processing, and storage for all Stanford cohorts were performed
512 using a single standard operating procedure. All studies were approved by the Institutional Review
513  Board of Stanford University and written informed consent or assent was obtained from all
514  participants or their legally authorized representative.

515

516  Blood collection and processing were done according to a rigorous standardized protocol to
517  minimize variation associated with blood draw and blood processing. Briefly, about 10 cc of whole
518 blood was collected in 4 vacutainer ethylenediaminetetraacetic acid (EDTA) tubes
519  (Becton Dickinson vacutainer EDTA tube) and spun at 1800 x g for 10 mins to separate out
520  plasma, leaving 1 cm of plasma above the buffy coat and taking care not to disturb the buffy coat
521  to circumvent cell contamination. Plasma was aliquoted into polypropylene tubes and stored at -
522 80°C. Plasma processing times averaged approximately one hour from the time of the blood draw
523  to the time of freezing and storage. All blood draws were done in the morning to minimize the
524  impact of circadian rhythm on protein concentrations.

525

526  CSF was collected via lumbar puncture using a 20-22 G spinal needle that was inserted in the
527  L4-L5 or L5-S1 interspace. CSF samples were immediately centrifuged at 500 x g for 10 mins,
528 aliquoted in polypropylene tubes and stored at -80°C.

529

530  Plasma samples from all Stanford cohorts were sent for proteomics using the SOMAscan platform
531 (SOMAscan7k) in the same batch. CSF samples from all Stanford cohorts were sent for
532  proteomics using the SOMAscan platform (SOMAscan5k) in the same batch. Core CSF AD
533 biomarkers ABa42, AB4o, and pTau181 were measured using the fully automated Lumipulse G 1200
534  instrument (Fujirebio US, Malvern, PA) as previously described®®®' for all Stanford cohorts.
535  Descriptions for each cohort are provided below.

536

537 A total of 1160 plasma samples (738 participants, longitudinal sampling) and 371 CSF samples
538 (371 participants, 1 sample from each) from Stanford were included in this study. Per-cohort
539  sample sizes are as follows: ADRC plasma n=827 (423 participants), CSF n=113; SAMS plasma
540 n=222 (215 participants), CSF n=169. BPD plasma n=55 (55 participants), CSF n=68. SCMD
541  plasma n=45 (45 participants), CSF n=21.

542

543  Stanford- Alzheimer’s Disease Research Center (ADRC)

544  Samples were acquired through the National Institute on Aging (NIA)-funded Stanford Alzheimer’s
545 Disease Research Center (Stanford-ADRC). The Stanford-ADRC cohort is a longitudinal
546  observational study of clinical dementia subjects and age-sex-matched nondemented subjects.
547  All healthy control participants were deemed cognitively unimpaired during a clinical consensus
548  conference that included board-certified neurologists and neuropsychologists. Cognitively
549  impaired subjects underwent Clinical Dementia Rating and standardized neurological and
550  neuropsychological assessments to determine cognitive and diagnostic status, including
551  procedures of the National Alzheimer's Coordinating Center (https://naccdata.org/). Cognitive
552  status was determined in a clinical consensus conference that included neurologists and
553  neuropsychologists. All participants were free from acute infectious diseases and in good physical
554  condition.

555

556  Stanford Aging and Memory Study (SAMS)
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557  SAMS is an ongoing longitudinal study of healthy aging. Blood and CSF collection and processing
558  were done by the same team and using the same protocol as in Stanford-ADRC. Neurological
559  and neuropsychological assessments were performed by the same team and using the same
560  protocol as in Stanford-ADRC. All SAMS participants had CDR =0 and a neuropsychological test
561  score within the normal range; all SAMS participants were deemed cognitively unimpaired during
562  aclinical consensus conference that included neurologists and neuropsychologists.

563

564  Stanford Biomarkers in PD Study (BPD)

565 The BPD cohort®® was a Michael J Fox Foundation for Parkinson’s Research (MJFF) funded
566 longitudinal study of biological markers associated with cognitive decline in people with a
567  diagnosis of Parkinson’s disease (PD). Research participants were recruited from the Stanford
568  Movement Disorders Center between 2011-2015 with a diagnosis of PD according to UK Brain
569  Bank criteria and required bradykinesia with muscle rigidity and/or rest tremor. All participants
570  completed baseline cognitive, motor, neuropsychologic, imaging, and biomarkers assessments
571  (plasma and optional CSF) including Movement Disorders Society-revised Unified Parkinson’s
572  Disease Rating Scale (MDS-UPDRS). Age-match Healthy Controls (HC) were also recruited to
573  control for age-associated biomarker changes. After comprehensive neuropsychological battery
574  all participants were given a cognitive diagnosis of no cognitive impairment, mild cognitive
575  impairment, or dementia, according to published criteria.

576

577  Stanford Center for Memory Disorders Cohort Study (SCMD)

578  The SCMD was an NIA-funded cross-sectional study of people across the cognitive continuum.
579  Participants with mild dementia due to Alzheimer’s (AD) and amnestic mild cognitive impairment
580  (aMCI) were recruited from the Stanford Center for Memory Disorders between 2011-2015.
581  Participants were included if they had a diagnosis of probable AD dementia (amnestic
582  presentation) according to the National Institute on Aging—Alzheimer's Associationg®® (NIA-AA)
583  criteria and a Clinical Dementia Rating (CDR) score of 0.5 or 1, or a diagnosis of MCI according
584  to the NIA-AA criteria®®, a score of 1.5 SDs below age-adjusted normative means on at least one
585 test of episodic memory, and a CDR score of less than 1. Healthy older controls (HC) were
586  recruited from the community, were selected to have a similar average age as enrolled patients,
587  and were required to have normal neuropsychological performance and CDR of 0. Participants
588  completed cognitive, neuropsychologic, imaging, and biomarker assessments with plasma.

589

590  Knight- Alzheimer’s Disease Research Center (ADRC)

591  The Knight-ADRC cohort is an NIA-funded longitudinal observational study of clinical dementia
592  subjects and age-matched controls. Research participants at the Knight-ADRC undergo
593  longitudinal cognitive, neuropsychologic, imaging and biomarker assessments including Clinical
594  Dementia Rating (CDR). Among individuals with CSF and plasma data, AD cases corresponded
595 to those with a diagnosis of dementia of the Alzheimer’s type (DAT) using criteria equivalent to
596 the National Institute of Neurological and Communication Disorders and Stroke-Alzheimer’s
597 Disease and Related Disorders Association for probable AD, and AD severity was determined
598 using the Clinical Dementia Rating (CDR) at the time of lumbar puncture (for CSF samples) or
599  blood draw (for plasma samples). Controls received the same assessment as the cases but were
600 nondemented (CDR =0).

601

602  Blood samples were collected in EDTA tubes (Becton Dickinson vacutainer purple top) at the visit
603 time, immediately centrifuged at 1,500g for 10 min, aliquoted on two-dimensional barcoded
604  Micronic tubes (200 ul per aliquot) and stored at —80 °C. The plasma was stored in monitored
605  -80°C freezer until it was pulled and sent to Somalogic (SOMAscan7k) for data generation.
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606  Proteomics data from 2,112 plasma samples from each of 2,122 participants were included in this
607  study.

608

609  CSF samples were collected through lumbar puncture from participants after an overnight fast.
610  Samples were processed and stored at -80 °C until they were sent for protein measurement.
611 Proteomics data from 927 CSF samples from each of 927 participants were included in this study.
612  CSF samples from Knight-ADRC, ADNI, and DIAN were sent for proteomics using the SOMAscan
613  platform (SOMAscan7k) in the same batch. CSF AB42, AB4o, and pTau181 were measured using
614 the LUMIPULSE G1200 immunoassay platform according to the manufacturer’s specifications.
615

616  The Institutional Review Board of Washington University School of Medicine in St. Louis approved
617  the study and research was performed in accordance with the approved protocols.

618

619  Alzheimer’s Disease Neuroimaging Initiative (ADNI)

620  ADNI is a longitudinal multi-center study designed to develop early biomarkers of AD. All data
621 used in this study were accessed from the ADNI database https://adni.loni.usc.edul/.
622  Comprehensive details on study design, data acquisition, ethics, and policies can be found above.
623  Proteomics data from 725 CSF samples from each of 725 participants were included in this study.
624

625 Dominantly Inherited Alzheimer Network (DIAN)

626  DIAN, led by Washington University School of Medicine in St. Louis, is a family-based long-term
627  observational study designed to understand the earliest changes of autosomal dominant AD
628  (ADAD). Comprehensive details on study design, data acquisition, ethics, and policies can be
629  found at https://dian.wustl.edu/. The data used in this study are from data freeze 15 (DF15).
630  Proteomics data from 455 CSF samples from each of 455 participants were included in this study.
631

632 BioFINDER2

633 BioFINDER2 is a Swedish prospective cohort study (NCT03174938) on age-related
634  neurodegenerative diseases. Proteomics data from a total of n=848 participants, consisting of
635  n=480 cognitively unimpaired, n=213 with mild cognitive impairment and n=155 with AD dementia
636  were included in this study. CDR-Global scores were not measured in BioFINDERZ2, so for
637  estimation participants were subdivided according to clinical diagnosis and MMSE terciles for
638 dementia severity: cognitively normal = CDR 0, mild cognitive impairment = CDR 0.5, mild
639  dementia (tercile 1, MMSE 22-29) = CDR 1, moderate dementia (tercile 2, MMSE 20-22) = CDR
640 2 and severe dementia (tercile 3, MMSE 8-19) = CDR 3. The participants were recruited at Skane
641  University Hospital and the Hospital of Angelholm, Sweden. The study was approved by the
642  Regional Ethical Committee in Lund, Sweden, and all participants gave written informed consent.
643

644  CSF samples were collected close in time after baseline clinical examination and handled
645 according to established preanalytical protocols, previously described in detail®*. All analyses
646  were performed by technicians blinded to all clinical and imaging data. CSF P-tau181, AB42 and
647  AP40 was measured using Elecsys assays in accordance with the manufacturer’s instructions
648  (Roche Diagnostics International Ltd). CSF AB42/AB40 was used to define AR positivity according
649  to previously established cutoffs of < 0.08°°. CSF samples from the BioFINDER2 cohort were
650 analyzed with liquid chromatography-tandem mass spectrometry (LC-MS/MS), previously
651  described in detail*.

652

653  Tau-PET was performed using ['®F]R0948. Standardized uptake value ratio (SUVR) images were
654  created for the 70-90 min post-injection interval using the inferior cerebellar cortex as reference
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655  region. A composite corresponding to a Braak |-V meta-region of interest was used to represent
656  AD-related tau tangle pathology.

657

658  Kuopio University Hospital

659  The Kuopio Normal Pressure Hydrocephalus (NPH) and AD Registry and Tissue Bank includes
660  patients from the Eastern Finnish population who were referred to the KUH neurosurgical unit for
661  suspected NPH. The registry’s inclusive criteria encompass a wide range of hydrocephalic
662  conditions and comorbidities: patients must exhibit one to three symptoms potentially associated
663  with NPH (such as impaired gait, cognition, or urinary continence) along with enlarged brain
664  ventricles (Evans' index > 0.3) as seen on computer tomography (CT) or magnetic resonance
665 imaging (MRI), and no other clear cause that alone explains the observed findings and symptoms.
666  Preoperative comorbidities and conditions were recorded at baseline, and patients underwent a
667  systematic differential diagnostic workup followed by a CSF tap test paired with gait evaluation.
668  Follow-up was conducted on all operated patients, with optimal shunt function ensured through
669  valve adjustment, brain imaging, shunt valve tapping, lumbar infusion testing, and shunt revision
670 if necessary. CDR-Global scores were not measured in Kuopio, so the CERAD cognitive score
671  was used instead.

672

673  Lumbar CSF proteomics was performed using high-throughput tandem mass tag (TMT)-labelling
674  mass spectrometry, previously described in detail®®. Data from 90 subjects with CSF proteomics
675  and cognitive scoring performed within 1 year were included in this study.

676

677  The study was conducted according to the Declaration of Helsinki and all patients provided
678 informed consent. The Research Ethics Committee of the Northern Savo Hospital District
679  (decision No 276/13.02.00/2016).

680

681 Religious Order Study and Rush Memory and Aging Project (ROSMAP)

682  All ROSMAP participants enrolled without known dementia and agreed to detailed clinical
683  evaluation and brain donation at death®”. Both studies were approved by an Institutional Review
684  Board of Rush University Medical Center (ROS IRB# L91020181, MAP IRB# L86121802). Both
685  studies were conducted according to the principles expressed in the Declaration of Helsinki. Each
686  participant signed an informed consent, Anatomic Gift Act, and an RADC Repository consent
687  (IRB# L99032481) allowing their data and biospecimens to be repurposed. All participants have
688  blood draw as a home visit, with most annual. For plasma, blood is drawn in a lavender (purple)
689  top EDTA tube. For out of town sites, they were spun, aliquoted into nunc vials, stored in dry ice
690 and sent to the RADC where they were transferred to -80°C. In town were brought to the RADC
691 laboratory and processed there with the same procedures. A total of 1046 55ul samples were
692  shipped to Stanford, then to Somalogic for proteomics (SOMAscan7k). 973 samples passed
693  quality control.

694

695  Clinical and neuropathologic data collection has been reported in detail'®*®*'. CDR-Global scores
696  were not measured in ROSMAP, so for estimation participants were subdivided according to
697  Global Cognition z-scores: cognitively normal = z-score>0, mild cognitive impairment = —1<z-
698  score<0, mild dementia = —2<z-score<=—1, moderate dementia —3<z-score<=—2, and severe
699  dementia z-score<=-3. These cutoffs were set based on distributions of Global Cognition z-
700  scores per clinical diagnosis. Details on cognitive scores, neuropathology, and other patient info
701  are described at https://www.radc.rush.edu/documentation.htm. Proteomics data from 973
702  plasma samples from each of 890 participants were included in this study.

703

704 PROTEOMICS
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705  The Somalogic (https://somalogic.com/) SomaScan assay®>®, which uses slow off-rate modified

706  DNA aptamers (SOMAmers) to bind target proteins with high specificity, was used to quantify the
707  relative concentration of thousands of human proteins in plasma and CSF in the Stanford, Knight-
708  ADRC, ADNI, DIAN, and ROSMAP cohorts. The v4.1 (~7,000 proteins) assay was used for all of
709  the mentioned cohorts and samples, except for Stanford CSF, for which the v4.0 (~5,000 proteins)
710 assay was used. Standard Somalogic normalization, calibration, and quality control were
711  performed on all samples, resulting in protein measurements in relative fluorescence units (RFU).
712 Plasma samples were further normalized to a pooled reference using an adaptive maximum
713 likelihood procedure. The resulting values are the provided data from Somalogic and are
714  considered “raw” data. We further performed log-10 normalization, as the assay has an expected
715  log-normal distribution. No cohort batch corrections were applied. Acetylcholinesterase (ACHE)
716  was removed before analyses as it confounds with AChE inhibitor treatment. CSF samples from
717  the BioFINDER2 cohort were analyzed with liquid chromatography-tandem mass spectrometry
718  (LC-MS/MS), previously described in detail**. CSF samples from the Kuopio cohort were analyzed
719  with high-throughput tandem mass tag (TMT)-labelling mass spectrometry, previously described
720  in detail®®.

721

722  COGNITIVE IMPAIRMENT STAGE CLASSIFICATION

723 Cognitive impairment stages reflect global clinical dementia rating (CDR-Global) scores. CDR
724  scores of 0, 0.5, 1, 2, 3 are synonymous with cognitive impairment stages none, MCI, mild
725  dementia, moderate dementia, and severe dementia, respectively. Stanford, Knight-ADRC, ADNI,
726  and DIAN cohorts measured CDR-Global scores. BioFINDER2, ROSMAP, and Kuopio did not
727  measure CDR-Global scores, so we estimated CDR-Global scores based on cognitive battery
728  tests and clinical diagnoses as described in the sections for each cohort.

729

730  A+T4+ VERSUS A-T.— CLASSIFICATION

731  Typically, “A” positivity is defined by levels of Ap42 and “T4” positivity by PTau181, using a
732  separate Gaussian Mixture model for each biomarker to derive value cutoffs® (Supplementary
733 Fig. 1a). This leads to four possible groups A-T:—, A+T+—, A-T+, and A+T+. However, this
734  classification system does not fit the “shape” of the data and artificially increases the number of
735  A-Ti+ individuals® (Supplementary Fig. 1a), as the frequency of AT+ individuals based on
736  PET imaging biomarkers (the gold standards) are extremely rare®. To overcome this limitation,
737  we use the CSF PTau181:Ap42 ratio, which better fits the shape of the data (Supplementary Fig.
738  1b), to define A—T1— versus A+T1+ status (logio PTau181:Ap42 cutoff = —1; Supplementary Fig.
739  1c). Previous studies have also shown that PTau181:Ap42 appropriately captures A—T1— versus
740  A+Tq+ status'®'®. AB positivity, regardless of T status, was determined using gold-standards CSF
741  APB42:Ap40 ratio or Ap PET.

742

743  STATISTICAL ANALYSES

744  While some cohorts included multiple plasma samples from the same individual (precise numbers
745  described in cohort sections), all analyses in this study were performed using proteomics data
746  from only a single time point per individual. Only one CSF sample was collected per individual.
747  For cross-sectional associations with cognitive impairment, the most recent plasma sample was
748  used to maximize the sample size of dementia cases, which were fewer than cognitively normal
749  cases. For analyses involving prediction of future cognitive decline from a cognitively normal-early
750  AD baseline, the earliest plasma sample was used to maximize sample size.

751

752  Linear regression

753 The OLS function from the statsmodels®® Python package was used to assess linear associations
754  between protein levels and cognitive impairment. For the unbiased proteome wide association
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755 tests in Fig. 1b, we tested the following linear model for each protein: cognitive impairment ~
756  protein + CSF PTau181:Ap42 + age + sex + APOE4 dose + cohort + principal component 1 (PC1).
757  We included PC1 of the proteome as a covariate, because previous studies have shown that it
758  represents a large source of non-disease related variance, potentially related to heterogeneity in
759  CSF production/clearance rates®*®’. Inclusion of PC1 “denoised” the data greatly improved the
760  significance of protein associations with cognitive impairment in every cohort we assessed.
761  Multiple hypothesis testing correction was applied using the Benjamini-Hochberg method, and the
762  significance threshold was set at a 5% false discovery rate (g-value <0.05). All other linear
763  regression analyses in the manuscript relied on the same OLS function. Precise covariates used
764  per analysis are displayed in the figures or described in the main text.

765

766  Cox proportional hazards regression

767  The CoxPHFitter function from the lifelines® Python package was used to assess the associations
768  between CSF YWHAG:NPTX2 and future cognitive decline (Fig. 3e-h, Fig. 4i-1). An event of
769  cognitive decline was defined as a stage increase in cognitive impairment (i.e. none - MCI, or
770  MCI - mild dementia). An event of conversion from cognitively normal to dementia was defined
771  as atwo stage or more increase in cognitive impairment from a cognitively normal baseline (none
772 - mild dementia). Additional covariates included baseline age, sex, APOE4 dose, CSF
773  PTau181:Ap42, and cognitive impairment, depending on the analysis. Precise covariates used
774  per analysis are displayed in the figures or described in the text.

775

776  Derivation of CSF YWHAG:NPTX2 ratio

777  The LassoCV function from the scikit-learn® Python package was used to train, in the ADNI cohort,
778  a penalized linear model to predict cognitive impairment severity based on the levels of 214
779  synapse proteins that significantly changed with cognitive impairment in the ADNI and Knight-
780  ADRC cohorts. 5-fold cross validation was implemented to identify the optimal lambda parameter.
781 The RFECV and RFE functions from scikit-learn®® were used to perform recursive feature
782  elimination on the LassoCV model to further simplify the model to facilitate clinical applications.
783  RFECV showed that two proteins sufficiently captured the majority of the signal in the model. RFE
784  was used to derive a model with two proteins, which resulted in the normalized ratio between
785  YWHAG and NPTX2.

786

787  Derivation of plasma signature of cognitive impairment

788  The LassoCV function from the scikit-learn® Python package was used to train, in the Knight-
789  ADRC and ROSMAP cohorts, a penalized linear model to predict cognitive impairment severity
790  based on the levels of 745 plasma proteins. 5-fold cross validation was implemented to identify
791  the optimal lambda parameter. We call this model the “plasma signature” throughout the
792  manuscript. See Supplementary Methods for details.

793

794

795 DATA AVAILABILITY

796  All Stanford (including ADRC, SAMS, BPD, SCMD) data are available upon reasonable request
797  to the Stanford-ADRC data release committee, https://web.stanford.edu/group/adrc/cgi-bin/web-
798  proj/datareq.php. Data from specific cohorts can be requested to the following cohort leaders:
799  ADRC, Tony Wyss-Coray (twc@stanford.edu); SAMS, Beth Mormino (bmormino@stanford.edu)
800 or Anthony Wagner (awagner@stanford.edu); BPD and SCMD, Kathleen Poston
801  (klposton@stanford.edu). Knight-ADRC proteomics data were generated by the laboratory of
802  principal investigator Carlos Cruchaga (cruchagac@wustl.edu) and are available upon
803  reasonable request to The National Institute on Aging Genetics of Alzheimer's Disease Data
804  Storage Site (NIAGADS) https://www.niagads.org/knight-adrc-collection. ADNI data can be
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805 requested at the ADNI database (https://adni.loni.usc.edu/). DIAN data can be requested at
806  https://dian.wustl.edu/our-research/for-investigators/diantu-investigator-resources/dian-tu-

807  biospecimen-request-form/. Pseudonymized BioFINDER2 data can be shared to qualified
808  academic researchers after request to cohort leader Oskar Hansson (oskar.hansson@med.lu.se)
809  for the purpose of replicating procedures and results presented in the study. Data transfer must
810  be performed in agreement with EU legislation regarding general data protection regulation and
811  decisions by the Ethical Review Board of Sweden and Region Skane. Kuopio data can be
812  requested and accessed via a repository on Terra https://app.terra.bio/#workspaces/marsh-terra-
813  inph/iNPH Proteomics Workspace. ROSMAP data can be requested at
814  https://www.radc.rush.edu and www.synpase.org.

815

816

817 CODE AVAILABILITY

818  The CSF YWHAG.1:NPTX2 ratio can be derived by logio normalizing protein levels (YWHAG.1
819  Seqld=4179-57, NPTX2 Seqld=6521-35), z-score normalizing using means and standard
820  deviations from our cohorts (YWHAG.1 mean=3.425, std=0.183; NPTX2 mean=4.099, std=0.171),
821  then taking the difference between normalized YWHAG.1 and NPTX2 values.

822

823  The plasma signature of cognitive impairment is a linear model (linear combination of protein
824  values and weights with final addition of an intercept value) can be accessed in a Python package
825  called “plasmaCl” (at the time of publication) to easily derive plasma signature values from any
826  SomaScan (assay v4 and above) plasma proteomics sample. Two separate plasma signatures
827  were trained, one using a pre-defined set of 745 proteins (See Supplementary Methods) on the
828  v4.1 assay (~7,000 proteins) and another using 552 of the 745 pre-defined proteins detected on
829  the v4 assay (~5,000 proteins). The v4 and v4.1 signatures are highly correlated (r=0.97).

830

831 Protein weights for both versions of the plasma signature are provided in Supplementary Table
832 7. Before applying model weights, plasma protein levels should be logio normalized, then z-score
833  normalized using means and standard deviations from our training data (Supplementary Table
834 7). Additionally, if using the v4 assay and signature, simple multiplicative scale factors should be
835  applied before logio and z-score normalization (Supplementary Table 7).

836
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1112  Figure 1. CSF YWHAG:NPTX2 ratio explains a substantial proportion of variance in cognitive
1113  impairment beyond amyloid and tau in AD.
1114
1115 a, Study cohorts. Study design: integration of cerebrospinal fluid proteomics, AD pathology biomarkers, and
1116  clinical cognitive scoring to identify molecular correlates of cognitive impairment, independent of AD
1117  pathology.
1118
1119 b, Volcano plot: change with cognitive impairment independent of age, sex, cohort, APOE4 dose,
1120  PTau181:Ap42, and principal component 1 of the CSF proteome in the Knight-ADRC and ADNI cohorts.
1121 Bold indicates synapse proteins based on SynGO database. g-values are Benjamini-Hochberg corrected
1122 p-values.
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¢, Expanding window pathway enrichment heatmap of all differentially expressed proteins (both up and
down). x-axis indicates top-n proteins to include in pathway enrichment test. Cells colored by —log10 (g-
value).

d, A penalized linear model was trained to predict cognitive impairment severity using synapse proteins
that significantly change with cognitive impairment. Recursive feature elimination was used to derive a
simple model. Scatterplot shows 2 proteins sufficiently capture 83% of the full model performance,
determined by cross-validation. Model coefficients show the normalized ratio between YWHAG:NPTX2.

e, Boxplot showing YWHAG:NPTX2 versus cognitive impairment severity across cohorts with SomaScan
data. Boxplot showing YWHAZ:NPTX2 versus cognitive impairment severity based on mass-spectrometry
data in BioFINDER?2. Standard boxplot metrics used.

f, Scatterplot showing YWHAG:NPTX2 versus PTau181:Ap42, colored by cognitive impairment.

g, R-squared values from multivariate linear models regressing cognitive impairment against covariates
displayed on x-axis. The difference between r-squared values between the two models are shown.

h, Scatterplot showing YWHAZ:NPTX2 versus tau PET in AB+ individuals colored by cognitive impairment.

i, R-squared values from a linear model regression cognitive impairment against covariates displayed on
x-axis. The difference between r-squared values between the two models are shown.

h, Scatterplot showing YWHAG:NPTX2 versus CSF NfL in A+T++ individuals colored by cognitive
impairment.

i, R-squared values from a linear model regression cognitive impairment against covariates displayed on
x-axis. The difference between r-squared values between the two models are shown.
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1154  Figure 2. CSF YWHAG:NPTX2 ratio increases with normal aging and pre-symptomatic AD.

1156 a, Changes with age of YWHAG:NPTX2 and PTau181:AB42 in cognitively normal individuals non-ADAD
1157  mutation carriers across cohorts with SomaScan data.

1159 b, Changes with age of YWHAG:NPTX2 in cognitively normal individuals under age 55 stratified by ADAD
1160  mutation carrier status. Results from a linear model regressing YWHAG:NPTX2 against ADAD carrier
1161  status, age, and their interaction are shown.

1163 ¢, Spearman correlation between mean estimated age of onset (EAO) and slope of YWHAG:NPTX2
1164  change with age per EAO-binned ADAD group. Data from non-carriers shown for comparison.

1166  d, Changes with age of YWHAG:NPTX2 in cognitively normal non-ADAD mutation carriers stratified by
1167  APOE genotype. Results from a linear model regressing YWHAG:NPTX2 against APOE4 dose, age, and
1168 their interaction are shown.

1170 e, Changes in YWHAG:NPTX2 across different age groups and Cl stages. Standard boxplot metrics used.

1172  f, Changes with estimated years until symptom onset of YWHAG:NPTX2 stratified by ADAD-carrier status.
1173 ADAD-carrier points colored by Cl stage. Slopes before and after estimated symptom onset shown.

1175 g, Changes in YWHAG:NPTX2 with age and Cl stages for all individuals shown. Points colored by Cl stage
1176  and sized by AB positivity.

1178  h, Schematic of proposed model showing that changes in YWHAG:NPTX2 with cognitively normal aging
1179  underlie age of AD onset.
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Figure 3. CSF YWHAG:NPTX2 ratio predicts future tau accumulation and cognitive decline beyond
AB and tau.

a, ADNI cohort analyses for b-d, correlating baseline CSF YWHAG:NPTX2 and PTau181:Ap42 with future
amyloid and tau PET imaging data and cognitive scoring data.

b, Scatterplot showing future tau PET (global SUVR) versus amyloid PET (global centiloid), colored by
percentiles of YWHAG:NPTX2.

¢, Scatterplot showing future ADAS13 cognitive score versus tau PET (global SUVR) colored by percentiles
of YWHAG:NPTX2 in A+ individuals.

d, Results from a multivariate linear mode regressing ADAS13 cognitive score against YWHAG:NPTX2,
tau PET, age, APOE4, PTau181:Ap42, sex, and Af PET, in Ap+ individuals. Standardized effects and 95%
confidence intervals shown.

e, ADNI, Knight-ADRC, and Stanford analyses for f-k, associating baseline CSF YWHAG:NPTX2 with
future cognitive decline.

f, Cox proportional hazard regression was used to associate YWHAG:NPTX2 with future cognitive decline
(defined by a stepwise increase in cognitive impairment stage) in A+T1+ individuals with MCI-mild dementia,
while adjusting for PTau181:Ap42, APOEA4, age, sex, and cognitive impairment stage. Results from a cross-
cohort meta-analysis shown. Hazard ratios and 95% confidence intervals shown.
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g, As in f, but for predicting dementia onset in A+T1+ cognitively normal individuals.

h, Cox proportional hazard regression was used to associate YWHAG:NPTX2 with future cognitive decline
(defined by a stepwise increase in cognitive impairment stage) in all A+T++ individuals across all cohorts,
while adjusting for PTau181:Ap42, APOE4, age, sex, and cognitive impairment stage. Hazard ratios and
95% confidence intervals for each covariate shown.

i, Kaplan Meier curve showing rates of future cognitive decline (defined by a stepwise increase in cognitive
impairment stage), in A+T1+ versus A—T+— individuals. Hazard ratio and 95% confidence interval shown.

j, As in i, but for YWHAG:NPTX2+ (top 25" percentile) versus YWHAG:NPTX2— (bottom 25" percentile)
individuals.

k, As in i, but for A+T1+YWHAG:NPTX2+ versus A—T+—=YWHAG:NPTX2- individuals.
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1221
1222  Figure 4. Plasma proteomic signature of cognitive impairment partly recapitulates CSF
1223  YWHAG:NPTX2 ratio, predicting AD onset and progression.
1224
1225  a, SomaScan plasma proteomics data were collected from Stanford, Knight-ADRC, and ROSMAP cohorts.
1226 A plasma protein-based signature of cognitive impairment was trained using data from Knight-ADRC and
1227  ROSMAP and tested on Stanford.
1228
1229 b, Boxplot showing plasma signature of cognitive impairment versus actual cognitive impairment severity
1230  across cohorts. Pearson correlations shown.
1231
1232 ¢, Scatterplot showing correlation between plasma signature and CSF YWHAG:NPTX2 in Knight-ADRC
1233 and Stanford cohorts. Only patients (n=503) for which CSF and plasma were collected within 6 months
1234  were assessed. Pearson correlations shown.
1235
1236  d, Bar plot showing protein coefficients for plasma signature.
1237
1238 e, ROSMAP cohort was used to associate the plasma signature with cognitive impairment, independent of
1239  AD neuropathology. A subset of 126 patient plasma samples within 2 years of autopsy and neuropathology
1240  confirmed Ap positivity was assessed.
1241
1242  f, Scatterplot showing plasma signature versus neurofibrillary tau tangle load, colored by cognitive
1243 impairment.

1244
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1245 g, R-squared values from multivariate linear models regressing cognitive impairment against covariates
1246  displayed on x-axis.

1247

1248  h, Results from a multivariate linear model regressing cognitive impairment against the displayed covariates.
1249  Standardized effects and 95% confidence intervals shown.

1250

1251 i, Cox proportional hazard regression was used to associate the plasma signature with future cognitive
1252  decline (defined by a stepwise increase in cognitive impairment stage) in individuals with MCI-mild dementia,
1253  while adjusting for APOE4, age, sex, and cognitive impairment stage. Results from a cross-cohort meta-
1254  analysis shown. Hazard ratios and 95% confidence intervals shown.

1255

1256  j, Asin i, but for predicting dementia onset in cognitively normal individuals.

1257

1258 k, Cox proportional hazard regression was used to associate the plasma signature with future cognitive
1259 decline (defined by a stepwise increase in cognitive impairment stage) in all individuals across all cohorts,
1260  while adjusting for PTau181:Ap42, APOE4, age, sex, and cognitive impairment stage. Hazard ratios and
1261  95% confidence intervals for each covariate shown.

1262

1263 i, Kaplan Meier curve showing rates of future cognitive decline (defined by a stepwise increase in cognitive
1264  impairment stage), in plasma signature+ (top 25" percentile) versus plasma signature— (bottom 25"
1265  percentile) individuals. Hazard ratio and 95% confidence interval shown.

166
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Extended Data Figure 1. CSF YWHAG:NPTX2 ratio explains a substantial proportion of variance in
cognitive impairment beyond amyloid and tau in AD.

a, Global cognition score versus tau tangle load in AB+ individuals in the ROSMAP cohort. AB and tau do
not sufficiently explain cognitive impairment.

b, Scatterplot showing both change with cognitive impairment independent of PTau181:AB42 (y-axis) and
association with PTau181:AB42 (x-axis). Axes show signed —log10 g-values (Benjamini-Hochberg adjusted
p-value). Bold indicates synapse proteins.
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¢, Scatterplot showing PC1-adjusted YWHAG.1 (left) and NPTX2 (right) versus PTau181:Ap42, colored by
cognitive impairment.

d, Boxplot showing PTau181:AB42 versus cognitive impairment severity across cohorts. Standard boxplot
metrics used.

e, Stacked bar plot showing proportions of different cognitive impairment stages among different
YWHAG:NPTX2 percentile groups, in all and each cohort.

f, Results from linear models regressing cognitive impairment against the displayed covariates, per cohort.
Standardizes effects and 95% confidence intervals shown.

g, Scatterplot showing YWHAZ versus YWHAG.1, colored by cognitive impairment (left). Scatterplot
showing YWHAZ:NPTX2 versus YWHAG.1:NPTX2, colored by cognitive impairment (right).

j,» Results from a multivariate linear model regressing cognitive impairment against the displayed covariates
in the BioFINDER2 cohort. Standardized betas and 95% confidence intervals shown.
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1301  Extended Data Figure 2. Changes in CSF YWHAG:NPTX2 with normal aging and ADAD.

1302

1303  a, Scatterplots showing changes in CSF AB42:Ap40, PTau181:AB42, and YWHAG.1:NPTX2 with
1304  cognitively normal aging in the BioFINDER2 cohort.

1305

1306  a, Scatterplots showing changes in CSF PTau181:Ap42, and YWHAG.1:NPTX2 with age in ADAD mutation
1307  carriers, binned by estimated age of onset, in the DIAN cohort.

1308
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