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« We created Digital Twins of Alzheimer’s disease (AD) to « Using two AD Digital Twins, the average causal effect of each gene (out of 18k genes at the transcript 9 P y enes
identify gene pathways with direct causal relationships to AD- expression level in blood) on each outcome was estimated through in silico counterfactual experiments. G0:0043484: regulation of RNA splicing
e : _ . _ o _ _ G0:0042116: macrophage activation
related outcomes such as Cogmtlve decline rates.  We identified a total of 573 and 300 AD-drlver-geneS from ADNI- and ANI\/Ierge-based Dlglta| Twms, of which G0:0032272: negat?ve regulat?on of protein polymerization
« Beyond a single-gene-based approach, pathway-based 41 overlapped (overlap p-value = 6e-15) [Figure 1]. ﬁggggllf’g;rrl‘(?r?:cfgvgi;eega‘;ft'°” i
approaches have become important In drug development. Figure 1 StUdy Workflow and Summary of Results G0:0034248: regulation of amide metabolic process
) G0:0045785: positive regulation of cell adhesion
M ETHODS ADNI Multi-Modal Datasets ANMerge Multi-Modal Datasets G0:0030036: actin cytoskeleton organization
(https://adni.loni.usc.edu/) (https://doi.org/10.7303/syn22252881) GO0:0030335: posmve. regulatlon' of cell migration
» Two independent and complementary AD Digital Twins were built = oS o - e e — 1 [Go0006esLiaty aadmetabolicprocess
using ADNI and ANMerge consortium data available at ] ] 0 1 2 3 4 5 6 7 8
https://adni.loni.usc.edu and https:/doi.org/10.7303/syn222528881, H0g20{E) o | | |
respectively. ADNI Model Training Data ANMerge Model Training Data * Furthermore, the AD-driver-genes from ADNI-based Digital Twins representing a sample population
: : AD: Ml CTRL =29 151197 ST with a higher proportion of MCI patients, were related to the processes such as ‘cell activation,
Reverse Englneerlng N=317 Avg 72.3 Yrs Old (SD 7.3) N=199 Avg 74.3 Yrs Old (SD 5.6) : : : " : : , : :
Multi-modal Data SRLLCIC Y M LLLE regulation of cell activation and positive regulation of response to external stimulus’ associated with
» Each in silico patient of the AD Digital immune/inflammatory responses that occurs with aging that may be pathological during the
Twins is comprised of an ensemble of < ADNI-based ANMerge-based prodromal stage of AD [Song et al., 2022]; and ‘ribosomal sub-complexes pathways’, previously
Bayesian network models built from the Bayesian Network Models Bayesian Network Models known to be involved specifically in early-stage AD [Ding et al., 2005] [Table 1].
training data using REFS™ causal Al 128 Networks | 7.8M edges (Connectiuty 128 Networks | 23 Edees (Connectivity - . . .

Iatfor?n [https//a?t b0 o] ADNI- L L L eork ANMerge- * On the other hand, the genes selected from ANMerge-based digital twins, were enriched in the

P A — ~ based ~based processes related to those identified from common genes (i.e. MRNA metabolic process’ and ‘ribose
* ABayesian network model is a directed lgev?rse | Digital Twins - ['in silico OIS EXRSHMSRSONY | in silico Counterfactual Experiments on Digital Twins phosphate biosynthetic process’ corresponding to ‘regulation of RNA splicing’); as well as many

graphical representation of relationships ngineering — | — | others including ‘oxidative stress’ and ‘mitochondrial respiration’ [Table 1].

between VarlableS Where eaCh nOde |S a Ensemble Of Bayesian in silico Causal Effects for 3.2M Pairs of Upstream - Outcome in silico Causal Effects for 0.5M Pairs of Upstream = Outcome .

variable, and each arrow is a conditional Network Models I I Table 1. Top 10 Enriched Pathways of AD-driver-genes in Both Digital Twins

dependency. o AAANTS | - ADNI-based AD-Driver-G ANMerge-based AD-Driver-G

« QAA’A?\A{\&A?A/?AQ ADNI-based AD-Driver-Genes ANMerge-based AD-Driver-Genes -pase -vriver-genes erge-pase -uriver-genes
F rW I' im I i n - ‘Innate Immune Response’ ‘m icing’ - -
orward Simulatio 1 \z\f*/?gff‘!?' 573 Genes | grioerieoontrir 300 Genes | Guaneircy Senese et oenese o810
« Patient-level outcome values can be A/ﬁ’\!\‘;ﬁmes c.eII actlvatlon- . -28.60 MRNA metabolic process -12.64
: : o : : o e ¢ o o regulation of cell activation -18.59 ribose phosphate biosynthetic process -10.73

estimated in the AD Digital Twins, by in — . . ——

. _ _ Forward ) positive regulation of response to external stimulus -15.86 hemopoiesis -10.66
silico counterfactual experiments which Simulation Common AD-Driver-Genes Prion disease -15.68 positive regulation of organelle organization -9.78
Computationally simulate patient . 41 Genes | Regulation of RNA Splicing’ Nop56p-associated pre-rRNA complex -15.62 positive regulation of cytokine production -8.14
outcome values through model In S’IIE?(::rli‘r?lEeer:IgCtual Viacrophage Activation cellular response to cytokine stimulus -14.84 regulation of cytoskeleton organization -7.81
interventions, known in causal inference )" g ¢ + These 41 robustly validated genes were related to several gene ontology (GO) biological processes and regulation of cellular response to stress -14.70 cellular macromolecule catabolic process 177

‘ , _ L KEGG th bv th " i ah " vsis [httos:// " Fi 2 cellular response to lipid -14.36 platelet formation -7.58
as ‘Do’ operations. input € Do(input = value x) pathways by the gene set enrichment analysis [hitps://metascape.org] [Figure 2]. negative regulation of catabolic process -13.55 response to antibiotic -7.14
»  Briefly, in in silico counterfactual experiments, P « AD Digital Twins recapitulate well-known biology directly from the data: As expected, well-known positive regulation of cell migration -13.41 vacuole organization -6.78
we 1) intervene the inputvariable witha outcome < simulated processes related to AD were described by the models, including ‘regulation of RNA splicing’ [Koch L., 2018]
specific value, 2) which won’t be affected by its given Do(input = value x) ‘ e, . CONCLUSIONS
parent variable values, and 3) propagate its and ‘macrophage activation’ [Costarelli et al., 2017; Mammana et al., 2018; Munawara et al. 2021]. For
effect onto the downstream outcome variable Discovery example, RNA binding and splicing proteins are shown to be linked to the biochemical phase of AD associated = ¢ We created two independent Digital Twins to identify and validate causal driver genes directly
through all the paths across the networks in an with aberrant amyloid precursor protein (APP) processing, AB accumulation, and tau hyperphosphorylation from data in a hypothesis-free way, and to prioritize AD-related pathways for drug discovery.
ensemble. Strong Drivers, i i ' di i L i . :
These estimations are done ful strong Biomarkers, [Chen tet ?/" 'tzr?ZZ]- Also, t{‘edf’verli;alp of thetAI/D gggg set with the gene set known for Parkinson's disease is » Our findings recapitulated some well-known AD pathways (e.g. RNA splicing regulation, cell
dusting for anv confoundin ]Yf t ubpopuiations ete. consistent with previous studies [Morgan et al. I activation) and further illuminated several less well-known pathways (e.g. cytoskeleton
'ad Ju?f_ g 0 tr? y €O (I)u cli ? © ehcs;] _ » AD Digital Twins provide new evidence for less well-known biological mechanisms: Other less well- regulation).
laentinied in the causal models, which 1S known processes such as ‘actin cytoskeleton organization’ and many others were revealed through causal S . . - -
necessary in causal inference as - -
y | inf simulations. * |nvestigating causal genes from two complementary consortium studies with a different

Causal effect metric 1

emphasized in randomized proportion of early- vs. late-stage AD patients may allow discovery of disease-stage-specific and
experiments. #82769 -common signatures in the pathway-based drug discovery efforts.
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