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While drug combinations are increasingly important in disease treatment, predicting their therapeutic
interactions remains challenging. This review systematically analyzes computational methods for
predicting drug combination effects through multi-omics data integration. We comprehensively
assess key algorithms including DrugComboRanker and AuDNNsynergy, and evaluate integration
approaches encompassing kernel regression and graph networks. The review elucidates artificial
intelligence applications in predicting drug synergistic and antagonistic effects.

The synergistic and antagonistic interactions between drugs are funda-
mental concepts in combination drug therapy. When drugs are used in
combination, if their combined effect exceeds the sum of the effects of each
drug used individually, it is referred to as synergy'. Conversely, if the effect of
the drug combination is inferior to the sum of the individual drug effects, it is
termed antagonism’. Identifying synergistic drug combinations can sig-
nificantly enhance therapeutic efficacy, while antagonistic combinations
may lead to adverse consequences. Drug combination therapy has emerged
as a promising approach to enhancing treatment outcomes, mitigating
toxicity, and surmounting drug resistance, particularly when treating
multifaceted diseases such as cancer. However, determining the optimal
synergistic drug combinations remains a daunting challenge. Traditional
experimental screening methods are laborious and resource-intensive,
making it challenging to navigate the ever-expanding combinatorial space.
Therefore, there is an imperative need to develop computational methods to
predict drug synergy and guide the optimization of drug combinations.

In recent years, the rapid advancement of multi-omics technologies has
offered unparalleled opportunities for systematically elucidating biological
processes. The evolution of these technologies began with genomics in the
1990s through the Human Genome Project’, followed by transcriptomics in
the early 2000s with microarray technology”, and later expanded to include
proteomics, metabolomics, and epigenomics. This technological progres-
sion has created unprecedented opportunities for comprehensive biological

analysis. At present, numerous computational methods based on multi-
omics data have been employed in predicting drug combinations. Through
the integration of multi-level omics data (e.g., genomics, epigenomics,
transcriptomics), these approaches can precisely predict drug interactions.
The adoption of omics-based approaches was catalyzed by the Dialog on
Reverse Engineering Assessment and Methods (DREAM) Drug Sensitivity
Prediction Challenge’, which demonstrated the superior predictive power of
genomic features. For example, Preuer et al. developed the DeepSynergy
model, which incorporates compound chemical structures, gene expression
profiles, and cell line information to predict drug synergies’. The model
achieved impressive performance with a mean Pearson correlation coeffi-
cient of 0.73 between measured and predicted values, and an Area Under the
Curve (AUC) of 0.90 for classification tasks, demonstrating a 7.2%
improvement in mean squared error compared to other state-of-the-art
methods’. This was followed by further innovations such as AuDNNsy-
nergy in 2020 and more recent advances like PRODeepSyn (2022) and
DGSSynADR (2023), showing the field’s rapid evolution toward more
sophisticated deep learning approaches. Huang et al. leverages gene
expression profile data and protein—protein interaction (PPI) data to predict
synergistic drug combinations. Huang et al. leverages gene expression
profile data and PPI data to predict synergistic drug combinations’. These
studies illustrate that computational modeling and prediction methods
based on multi-omics data exhibit immense potential in drug combination
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Fig. 1 | Timeline of drug combination prediction models. Chronological devel-
opment of computational models for drug combination prediction, showing the
evolution from traditional machine learning approaches to advanced deep learning
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methods over two decades. This figure was created based on the tools provided by
Biorender.com (accessed on 7/12/2024).

research. These methods can not only elucidate the biological mechanisms
underlying drug synergy but also expedite the discovery and optimization of
synergistic combinations. Despite certain advancements, the computational
prediction of drug synergistic combinations using multi-omics data still
encounters various challenges, including limited mechanistic explanation,
unavailable comprehensive expression profiles or drug sensitivity data, and
so on®. Considering the immense potential and myriad challenges of multi-
omics computational methods in drug combination prediction, there is a
pressing need for a systematic review and prospective analysis of the current
research landscape, key technologies, application cases, and future direc-
tions in this field. Nevertheless, there is a paucity of comprehensive review
articles summarizing the latest advances and challenges in this domain.
We searched the relevant literature from January 2024 and earlier,
identified through PubMed, Web of Science, and Scopus databases
using keywords including “synergistic”, “antagonistic”, “drug combi-
nations”, and “multi-omics”. Articles were selected based on their
relevance to computational methods and multi-omics data integration.
This article will focus on discussing computational models for pre-
dicting synergistic drug combinations based on multi-omics data. First,
we will summarize the commonality of cooperative antagonistic algo-
rithms and multi-omics integration methods from section “Basic
Concepts and Role of Al in Drug Combination Prediction” to “Multi-
omics Integration Methods”. Second, we will introduce several repre-
sentative computational methods that utilize data from various omic
dimensions, including genomics, epigenomics, and transcriptomics
from section “Single-omics” to section “Integration of Multi-omics
Data”, discuss strategies for enhancing the performance of drug
synergy prediction models through the integration of multi-omics data
in section “Integration of Drug Structure Information or Systems
Pharmacology with Multi-omics Data”, and summarize a timeline of
the models mentioned in this review (Fig. 1). Finally, we will summarize
the primary challenges currently encountered in this field and provide
an outlook on potential future research directions in section “Discus-
sion”. Considering the pressing need for precision medicine and per-
sonalized therapy, research on drug synergy combination prediction
based on multi-omics data holds significant potential for clinical
applications and is expected to guide the development of novel
synergistic therapies, ultimately benefiting a wider patient population.
Key findings and recommendations include: (1) Single omics approa-
ches and integration of multiple omics data types are supposed to be

used according to specific conditions and different diseases; (2) Con-
cerns about the host-gut-intratumoral microbiomics will optimize
precision personalized drug combination; (3) Future development
should focus on improving model interpretability and clinical
validation.

The commonality of cooperative antagonistic algo-
rithms and multi-omics integration methods

Basic concepts and role of Al in drug combination prediction

In combination drug therapy, synergy and antagonism are two fundamental
concepts that describe the interactions between drugs. Synergy refers to the
phenomenon in which the therapeutic effect of two or more drugs used in
combination is greater than the sum of their individual effects when
administered separately’. Conversely, antagonism implies that the com-
bined effect of drugs is less than the sum of their individual therapeutic
effects or even lower than the effect of each drug administered
independently”. Consequently, optimizing multi-drug combinations to
maximize synergistic enhancement and minimize antagonistic attenuation
is a crucial aspect of combination drug therapy. Artificial intelligence (AI)
techniques have introduced novel breakthroughs in the field of drug com-
bination optimization®. Cleverly designed Al algorithm frameworks, based
on various omics data, can efficiently identify drug combinations with
optimal therapeutic effects. Compared to traditional optimization algo-
rithms, these Al-based methods exhibit superior robustness and global
optimization capabilities*”. Al-assisted synergistic and antagonistic drug
prediction algorithms have been successfully applied in various fields,
including anti-tumor drug screening” and antimicrobial drug
optimization"!, significantly enhancing the efficiency of drug combination
optimization. These studies suggest that drug interaction prediction algo-
rithms are poised to become invaluable tools for tackling multi-drug
combination challenges.

The commonality of cooperative antagonistic algorithms

Having established the fundamental concepts of drug synergy and antag-
onism, as well as the transformative role of Al in this field, we now turn our
attention to examining the common methodological framework underlying
these Al-based prediction algorithms. This framework can be broadly
categorized into three key components: data input strategies, feature
extraction and selection methods, and validation approaches. Under-
standing these common elements is crucial as they form the technical
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Fig. 2 | Overview of commonly used algorithms for predicting drug synergy and
antagonism. The figure delineates the key steps, input data types, and output for-
mats shared by these algorithmic approaches, emphasizing their commonalities in
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methodology and application. This figure was created based on the tools provided by
Biorender.com (accessed on 4/9/2024).

foundation upon which various AI models are built to predict drug com-
binations effectively.

Data input. The prediction of drug combinations relies on various types
of omics data, each providing unique biological insights (Fig. 2). Genomic
data, including gene expression profiles, copy number variations, and
mutations, reveal cellular states and potential drug targets. Gene
expression data captures the dynamic cellular response to drugs, while
copy number variations and mutations help identify genetic alterations
that might influence drug sensitivity. These genomic datasets typically
require normalization and standardization before use, with expression
data often log-transformed and batch effects removed. Proteomic data
provides information about protein abundance and post-translational
modifications, offering direct insights into drug mechanisms at the
protein level. This data usually undergoes intensity normalization and
missing value imputation. Pharmacogenomic data links genetic varia-
tions to drug responses, requiring careful preprocessing to handle cate-
gorical and continuous variables. Additionally, biological pathway
information from databases like Kyoto Encyclopedia of Genes and

helps

5,13

Genomes'” understand the mechanistic basis of drug
interactions™"”, though these networks often need to be converted into
appropriate numerical representations for AI models.

These diverse data types can be integrated in three main ways: (1)
combining single omics with supplementary multi-omics data, as demon-
strated by AuDNNsynergy'’, which primarily uses genomic data while
incorporating other omics information; (2) comprehensive multi-omics
integration, exemplified by DrugComboExplorer"’, which equally weighs
different omics data types to analyze cancer pathways; and (3) network-
based integration, where biological pathways and information networks
guide the prediction process, as shown in the drug-induced genomic resi-
dual effect method, which analyzes transcriptional changes in the context of
pathway information.

Feature extraction and selection. Feature extraction and selection are
essential preprocessing steps in drug-drug interaction prediction that serve
two primary purposes. First, feature extraction transforms raw multi-omics
data into meaningful representations that capture the underlying biological
patterns. Second, feature selection identifies the most relevant molecular
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markers and biological features that contribute to drug responses, thereby
reducing data dimensionality and computational complexity. These pro-
cesses involve converting complex biological information from gene
expression, genomics, proteomics, and other omics layers into quantifiable
features that can be used by predictive models. Various mathematical and
computational approaches, such as Bayesian multi-task multiple kernel
learning (MKL) models, facilitate this transformation by extracting key
molecular signatures and biological patterns from the multi-dimensional
omics data’ (Fig. 2). The selected features then serve as inputs for down-
stream analysis, helping to characterize drug-target interactions and
molecular mechanisms underlying drug synergy or antagonism.

Validation and evaluation. Validating predictive models is an indispensable
step in the prediction of drug synergy and antagonism. This process typically
involves utilizing experimental data from preclinical or clinical studies to
validate the efficacy of algorithm-predicted drug combinations. Through this
approach, researchers can compare the predicted results with the observed
drug responses, verifying the practical applicability and accuracy of the
developed algorithms. To evaluate the performance of drug combinations,
various quantitative metrics can be employed, including the Bliss Indepen-
dence (BI) synergy score'’, which is calculated as S=E, 5 — (Ex + Ep)
where E, ;s represents the combined effect of drugs A and B, while E, and
Eg represent their individual effects. A positive S indicates synergy, while a
negative S suggests antagonism. The synergy score is a metric specifically
designed to quantify the degree to which the effect of two or more drugs is
potentiated when administered in combination compared to their individual
applications, aiding researchers in understanding the synergistic mechan-
isms of different drug combinations and their effects in biological
systems. Another commonly used metric is the Combination Index (CI)":
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Fig. 3 | Methods of multi-omics data integration. This figure presents various
methods for integrating multi-omics data, including kernel regression, machine
learning algorithms, graph network approaches, and simulation-based techniques.

CI=(Cax/IC, 4) + (Cp/IC, g) where C,  and Cg  are the concentrations of
drugs A and B used in combination to achieve x% effect, and IC, 5 and IC, 5
are the concentrations required for the same effect when used alone. CI <1
indicates synergy, CI = 1 suggests additivity, and CI > 1 implies antagonism.
These mathematical frameworks provide quantitative assessments of drug
interactions, though they may not capture all aspects of complex biological
responses. Additional validation measures include comparative analyses
with existing drug response data and conducting preclinical studies, such as
cell line and animal model experiments, prior to clinical trials. Quantitative
metrics can aid researchers in optimizing drug combinations and mitigating
uncertainties and risks in clinical trials (Fig. 2). Ultimately, validation
through experimental data can not only assess and enhance the accuracy of
predictive models but also deepen the understanding of drug action
mechanisms, providing a robust scientific foundation for future drug design
and therapeutic development.

Multi-omics integration methods

In contemporary pharmaceutical research, the integration of multi-omics
data plays a pivotal role. These methods enable the extraction and analysis of
data from various biological levels, facilitating more accurate predictions of
drug effects and synergies by researchers. These techniques encompass
kernel regression, machine learning, graph network approaches, and
simulation-based methods, each offering distinct applications and advan-
tages (Fig. 3).

Kernel regression techniques" enable the integration of gene expres-
sion and genomic data, enhancing prediction accuracy through the con-
struction of similarity matrices. Machine learning is a computational
approach that predicts synergistic effects of drug combinations through
multi-omics data, including gene expression data and target information.
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Each method offers unique applications and advantages in the context of drug
synergy and antagonism prediction. This figure was created based on the tools
provided by Biorender.com (accessed on 4/9/2024).
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Moreover, graph network approaches harness biomolecular interaction
networks, including PPI, providing a sophisticated yet efficient means to
investigate the network dynamics of drug effects'™". Simulation-based
methods, including metabolic network models, offer potent tools for elu-
cidating the impact of drugs on specific biological processes by simulating
the dynamic alterations in biochemical pathways™**. These models forecast
the potential effects and adverse reactions of drug interventions by meti-
culously simulating each step in metabolic pathways.

By integrating these diverse techniques, contemporary pharmaceutical
research can predict and comprehend drug behavior and efficacy in com-
plex biological systems with greater precision. Employing this multi-
dimensional approach, researchers can not only enhance the efficiency and
accuracy of drug development but also establish a more robust scientific
basis for clinical applications. This strategy of integrating multi-omics data is
emerging as a crucial technological pathway for advancing personalized
medicine and precision therapy.

To systematically compare and analyze existing drug combination
optimization methods, we summarized these approaches across multiple
dimensions including implementation characteristics, computational per-
formance, data requirements, and application scope (Tables 1-3). Table 1
provides detailed comparisons of these methods in terms of model type,
coverage, consistency, speed, scalability, performance, advantages, and
limitations. Table 2 focuses on technical aspects such as implementation
challenges, computational costs, data availability issues, validation
requirements. Table 3 summarizes these methods from an application
perspective, examining input data types, output formats, and applicable
disease domains.

These comparative analyses reveal that existing methods primarily rely
on multi-omics data, including genomic data, drug chemical features, and
protein-protein interaction networks. In terms of output formats, most
methods provide quantitative scores or classification predictions for drug
combinations. Regarding application scope, while these methods were
predominantly developed for cancer treatment, many can be extended to
other disease domains with similar data characteristics. Each method
exhibits distinct strengths and limitations; selecting an appropriate
approach requires comprehensive consideration of specific application
scenarios, available data types, and computational resources.

Multi-omics-based predictive modeling of drug syner-
gistic combinations

Single-omics

Genomics-based approaches

DrugComboRanker. DrugComboRanker leverages gene expression profile
data and PPI data to predict synergistic drug combinations. DrugCom-
boRanker employs the Bayesian non-negative matrix factorization method
to partition the drug functional network into drug communities’. The
algorithm primarily relies on gene expression profiles from Connectivity
Map (CMAP) database™ (6100 profiles from 4 cancer cell lines treated with
1309 drugs) and drug interaction data from Search Tool for Interactions of
Chemicals™* and Biological General Repository for Interaction Datasets™.
DrugComboRanker employed drug genomics data (n x p matrices) and
stratified sampling with 60% training and 40% test data. While individual
drugs may appear in both sets due to genomics data constraints, all drug
combinations in the test set are novel. Drug genomics data is first trans-
formed into low-dimensional representations via Bayesian non-negative
matrix factorization, then combined with network features to build drug
functional communities. Through these communities, the model reveals
potential drug targets and identifies optimal drug combinations by
enriching drug targets in complementary modules of the disease signaling
network. This approach helps overcome drug resistance issues associated
with single drugs. Compared to other methods, DrugComboRanker effec-
tively integrates genomic data of drugs and diseases, enabling a more
comprehensive evaluation of how drugs act on dysregulated signaling
pathways in diseases. The effectiveness of DrugComboRanker has been
validated through case studies of lung adenocarcinoma and breast cancer.

Huang et al. applied DrugComboRanker to evaluate lung adenocarcinoma
and endocrine receptor-positive breast cancer, discovering a group of
effective drug combinations that ranked at the top of the prediction list’.
Despite the promising application prospects of DrugComboRanker, it still
has some limitations, such as constructing drug networks based solely on
cell line data, lacking further preclinical and clinical validation, and not yet
integrating certain biomedical knowledge and data, such as drug side effects.
In the future, improvements and refinements in these aspects are still
needed.

AuDNNsynergy. AuDNNsynergy, a deep learning model, is designed to
predict the synergistic effects of drug combinations by integrating multi-
omics data. The model utilizes data from The Cancer Genome Atlas
(TCGA), which includes gene expression, copy number variations, muta-
tion data, and physicochemical properties of drugs'. AuDNNsynergy
represents a sophisticated approach to drug synergy prediction through its
innovative handling of multi-omics data. The model processes three distinct
types of molecular data: gene expression profiles as continuous numerical
matrices, copy number variations as discrete integer values, and genetic
mutations as binary indicators. These heterogeneous data types are first
processed through separate autoencoder networks, each optimized for its
specific data modality. The gene expression data undergoes normalization
and is represented as a real-valued matrix of size n x m, where n represents
samples and m represents genes. Copy number variations are encoded as
integers indicating deletions or amplifications. Genetic mutation data is
transformed into a binary matrix indicating the presence (1) or absence (0)
of mutations. The model employs a parallel architecture where each data
type is initially processed independently through dedicated autoencoder
layers before being integrated at a fusion layer. This architecture enables the
model to learn optimal representations from each data type while preserving
their unique biological characteristics. The compressed representations are
then concatenated and fed into a deep neural network comprising multiple
fully connected layers, ultimately producing a continuous synergy score
prediction for drug pairs. Notably, the model’s training protocol imple-
ments a careful data splitting strategy where drug pairs are randomly
assigned to training, validation, and test sets while ensuring that cell lines
represented in the test set are also present in the training data, enabling the
model to learn cell-type specific patterns of drug synergy. The advantage of
AuDNNsynergy lies in its comprehensive integration of various data types,
enabling more accurate and extensive predictions. By reducing data
dimensionality through autoencoders, AuDNNsynergy can effectively
handle large datasets and mitigate tissue-specific biases. Moreover,
AuDNNsynergy demonstrates superior performance in ranking drug
combinations compared to other models, such as DeepSynergy®, Random
Forests™, and Elastic Nets”. However, AuDNNsynergy also possesses cer-
tain limitations. The complex architecture of AuDNNsynergy requires
substantial computational resources and storage. The accuracy of the model
is largely dependent on the quality and integrity of the input data, which can
be challenging if the data is incomplete or biased.

Epigenomics-based approaches

MethylMix. MethylMix is a machine learning model that integrates
Deoxyribonucleic Acid (DNA) methylation and gene expression data to
predict drug-induced differentially methylated driver genes™. This model
has been applied to drug screening for various cancers, including breast and
colorectal cancer. MethylMix primarily sources its data from TCGA,
automatically downloading and preprocessing both DNA methylation and
gene expression datasets across 33 different cancer types in TCGA’s data-
base. In epigenomic-based drug synergy prediction, methylation data is
represented as beta-value matrices where rows correspond to CpG sites and
columns to samples. The model processes these inputs through a three-layer
architecture: first, a preprocessing layer handles missing value imputation
and batch correction; second, a clustering layer groups correlated CpG
probes (correlation threshold 0.7) into functional units; finally, a beta
mixture modeling layer identifies differential methylation states. For data

npj Digital Medicine | (2025)8:44


www.nature.com/npjdigitalmed

Review

https://doi.org/10.1038/s41746-025-01435-2

sJayoJessal
Aq synsai

10 uoneyaidisiul
|njoed salinbay
‘skemyred

JO suopoelaul
Bnup s|qissod (e

‘ooueysisal Brnup
Buionpal pue Aoeolye
Buiseasou Ajjenusiod

‘sAemyyed Buieubis

sired Bnip urepao yum
SEENERNIS IS
puNoj s||99 J9oued
1sealq aAllebau

-9|du} pue s|[92 Jooued
Buny |90 |[ews-uou

UO SUONEPI[EA OJ)A U
‘uonepliea

S Ul U] suoljouny
S Ym sa|nosjow

O

Alsnosuejnwis
suoljeuIquiod Brnup
pue sAkemyied Buijeubis

ss|npow asuodsal
jeuonduosuely
ybnouyy

Buiyorew uiened

sasse|o
Brup Jejiwis ssoioe
synsa. sisAjeue
uswiyouus Aemyied

s8|nds|oW 60g |
woJy sajjoud uoissaidxa

lepow
leuoieindwiod
paseq

JO} JUNOD2E Jou AB a|diyinw syebue]  payuspl A|jnysseoong a|diyinw se|pueH pides swioped  8|qronpoidal smoys 0019 sessedwooul -sojwolduosue) | van
ejep ndul jo Ayenb
uo juspuadaq
Blep 1ew.io} puidAigns
an[eA ejaq 0} paywi sadA} eyep JOOUED 10} 9AI}08HT (270 ploysaJu}
‘Ayjeuonouny a|diynw sejelbayu) ‘ewoulosed uol1B|91109)
1IN} 4o} BYRp {S10949 ||I90 snowenbs (Buiousnbas Buusysn|o aqoud
uoissaidxa ausb yoleq pue senjea Bun| ui sedAigns  pue sAe.lie) sjew.oy eyep JUB)SISUOD SUIBIUIBIA elep uoissaidxe auab
payorew sainbay puissiw sejpueH  palejAylewodAy YNQ ~ SNOLEBA S81epowLLOddYy Buisseooidaid {U0I108.1100 Yyojeq  pue uoliejAyiaw sajelbaiul
‘sjesejep ‘elep vOD1  pauiuapl Ajnysseoong  ‘uoiesBalul SOIWO-1Nw pue Buipeojumop wuojiun sayddy ‘swuoyre|d uonejAylew
Buiousnbas 10 Buisseooidaid ‘susened a[eos-ab.e| sa|pueH Blep sajewoiny ‘Buissaooudaid VNQ a|dijinw sa|pueH
abJe| 1o} aAISUBUI pue Buipeojumop uoljejAylew oyoads ‘ejep uoljejAylow apim ‘Buissaoo.d pazipJepuels {sadA} Jeoued YD [9POW dJNIXIW Bleq
Ajreuoneindwon pajewolny  -aseas|p Ajjusepl ued -awouab s9ss820.d |9|jesed sa|qeuy sjuswa|dw) £€ WOoJ} Bjep sassad0.d Paseq-solwousn XINIAYIBIN
sosse|o suoljeulquiod Bnip
Bnup mau o} [lam onsibisuAs Bunoipaid
az|esouab Jou Aejy suoljoipasd ul Aoeunooe Jeneg
‘ejep Je|nosjow ‘sleu
a|qe|iene yum saul| ‘Spoyiaw [euoiype.} ol1seje pue ‘s}saloy} sadA} ejep ualoyip
1199 J90UED 0} PajIIT] uey} souewJopad Wwiopuel ‘saulyoew uolonpal SUIINETT] JO} 8IN308)YdIE (uonenw onsusb
‘eyep solwo-ijnw aAloIpaId Janeg Bunsooq jusipeid Jjeuoisuswip ybnoiyy  Jepoousolne |ojesed Japoousoine  “yaquinu Adod ‘uoissaidxe |[pow YJomiau
anIsuayaidwod ‘ejep solwo Jo sadAy ‘ABisuhAgdesg S]oSEJep SOIWOo-1}Nw ybnouy} Buissaooud pazipJepuels auab) ejep olwouax) Jo |eanau desp
sainbay  o|diynw jo uoneibaly| pawopadinQ aJeos-abie| a|pueH Blep 1uaioiyg sAojdwg  sadA} ajdiynw sassa00id Paseq-solwousr) ABrsuAsNNanNy
sbnup s|Buls
UlMm pajeloosse
SONSS| 90UE)SISaI
sadAl elep solwo  Bnup swoosano sdigH
a|genfeA Ajleipuajod {J90uUeD JSealq pue s3dI90x8 8y}
Jayjo Buissiw ‘elep  ewouloseoouspe Bun| Ul papinoid Jou siem sJoud uoljeulwlelep
|dd pue uoissaidxa Ul saipn}s ased ybnoiyy soldW souewlopad 90UBAd|aJ dljeWwoINe
auab 0} pajwI]  palepleA A||nyssaoong aAneyuenb oyoadg Buisn Ayigels
{S109)40 apIS ‘syylomiau Buleubis {syIomiau |opow sulejure
Bnup a1 ebpajmouy aseas|p BuizAjeue Buijeubis asesasip S9IHUNWIWOD {soujewW aseqeiep
[eolpawolq ulepsd  Ag suoleuiquiod Brup  uo siabuel Bnup dew o1 Aenuesb Bnup sidiynw HOLILS yim
ajelbaiul Jou seoq fewndo Ayuspl uen Alige paressuowaq uoniped Ayunwwod Jo Buissaooud Ae|iwis asuodsal
‘uonepljea [ealulo ‘salunwiwod brup ‘suonoipaid 10 Juawsnipe |9|jesed sa|geuy |leuonduosuel; seul| |92 19oued a|diynw
pue [eojuijoaid  Ayuspi 0} UolEeZII0IOR) ur ybiy paxued a[qIXal} SMO|lyY  ‘©@ouaBlIaAuoD 1Sk} J0} saulquio) wioJ} elep sepnjou|
anIsuayaidwod X1ew annebsu 1ey} suoljeuIquiod ‘elep 106Je} pue  ABoje.is UoieZIWIUIW ‘uoneziioyoe} ‘aseqerep dvnod
syoe -uou ueisakeqg sasn Bnup an3oaye Bnip mau jo uoisuedxs -uoljezuofew Xuyew anebau woJy sa|yoid uoissaidxa
‘UoI3ONJIISU0D ‘ejep |dd pue  payiuapl A||nysseoong olweuAp spoddng 20| sAojdwi3 -uou ueiseAeg auab 0019 sarelbayu| lepow
MIoMiau (so)y0ud uoissaidxa £190UBD JSseaIq ‘sabps 91 LG yum ‘swyyuoble  ybnouyy Buluoniued ‘spunodwod aA1}oB0Iq leuoieindwod
Bn.p Joj} eyep aul| auab) ejep olwoush  pue BWOUIDJ/EOOUSPE  SHIOM}BU [euolouny Bnip  ayepdn aaizeod)diynw Ajunwwod pue sbnip panoidde Yiomiau
1199 U0 Ajuo saljey sajelbojul AjoAnoayg Bun| uo pajepliep o|eos-abJe| sa|pueH  juslole syuswa|dw| s|geis saInsug  -ydd 60€| sessedwoou] paseq-so|wousn) JayuegoqwoDbniqg
SpoyisiN

suonepwry

sabejuenpy

@ouewIopdd

Aunqejeos

paads

Aouajsisuo)

abeianon

odA] |[opoN

uopeuiquo)
Buiziwndo-6naqg

soldW aouewlioudd pue saanjes) :spoylaw uoneziwido uonjeuiquod 6nip Jo sisAjeue aanesedwod) | | s|iqeL

a4

npj Digital Medicine| (2025)8


www.nature.com/npjdigitalmed

Review

https://doi.org/10.1038/s41746-025-01435-2

1oselEp
Bujuresy Jo Ayusianp
pue azis Aq paywi]
1] 1199 4o sbBnup
mau Ajg1e|dwod 0}
Bunejodesxe usym

uoljewJoyul
olwousb pue [eojwayd
o1seq saJinbai AluQ
‘sBnup umouy

JO suoneuIquod

[enou Bunoipaid

S)SB} UOI1BD1ISSE[D
104 06°0 40 ONV
‘suoljeuIquiod

Bnip |anou Joy €270

JO UOIB[9.1I00 UOoSIead
‘poyiaw

1S80-PpU0ISS JOAO

90eds [elI0]BUIqUOD
10 uonelo|dxs
JsIole S8|qeU]
{(saunyesy

[edlWdyd /8¢l

+ olwouab 186¢)
1ndu| [euoisuswip
-ybiy se|pueH

‘ejep o|eos

uo[1eolISSe|o
uoljeuIqwoD

Bnup [anou Joy

06°0 40 ONY smoys
‘poyiew
1s9Q-puooes

JBNO Juswanoidu
%¢g’ L Sereisuowaq
‘senjen

pajoipa.d pue
painsesw usamiaq
UO[1B[94100 UOSIESd

(ponoidde

¢ ‘|eruswiadxs

1) sbnip Jaoueonue
8SISAIP 8€ S8ZIIiN
‘sadAy

onssi} / WoJj saul| |90
J9oueD Bg Jsurebe s1se |
{suoleuIquoo

MIOMIBU [BINSU
pJemioj-pesy paseq

aouewJopad 1004 1O} ||oM SHIOMN Juswianoidwl %2 L -abJe| s8ssa00.1d €/°0 SeAaIyoy Bnup 10UlSIP £8G SI19A0D -sojwolduosuel | ABisuAgdesq
sepow uonoipaid
pue (%02-01) erep
SU@a40s ol3eusb pue (syebue} 000 1<) Buiidwes usamieq asieds yum
Bnup y1oq 01 8|geolddy sjosejep Jable| yum saouew uoljeussye pidey  Aoeinooe uopolpaid
MI0MIBU UOIIOBIBIUI ‘saleIql| aouewlopad Japeg ab.e| Joy Jusiole ‘suonoipaid 1sngou sureluie|y
10 Ajuejnpow uo abJe| 4o} JusIOIe ‘sured a|qissod Ajleuoneindwon a[eos-abJe| 1o} ‘sjoselep ualayip
spuadap Aoeinooy Alleuoneindwon IIe 40 9%0¢g Aluo ‘s;equinu - wyyoble uone|dwod 6 SS0J0E pajeplen swa)sAs [ealbojolq
‘ejep [ejuswnadxs  ‘abpsjmouy| [eoibojoiq Bunsel Aq saibisuhs 106} Jobie| yum XUJew jualol3 aouewlopdd  9|diynw sso.oe ajged)ddy
[elul swos salinbay Joud e1eiodiooul ue) 10 %G/ puly ue) sanoidwi soueWIOUSd ‘{sayoeoidde ‘Buiusalos ‘{suonoeiaiul aniebau
‘ozIs ‘usping Bulussios ‘o1el ‘s1ebuey Buiussios %02 Aluo yum pue aAlsod yoq sisa | |epow oreigable
19selep uo spuadep |ejuswiiadxe Aianoosip ABisuAs ul puesnou} [elonss |euolpe} ueyy uonoalep Abisuhs  ((s1ebiey 000 | <) siied suab Xljew paseq
aouewIOpad seonpal Ajpueoylublg  eseasoul pjoj-/ o dn 01 dn s}eselep sajpueH Jaisey pjoj-2 0o1dn 9%2/-29 SeAaIyoy  /Brnup sjeos-abie| sussiog -sojwolduosuel | SETSTIS
Bujwnsuoo
-awi} pue A3so0o
aq pue sjuswiiadxe
SOAISUS)IXD
asinbai Ae
{s109)40 olsiuobejue spunodwod usamiaq
J0} Jamod annoipaid suoloeIBUl DY} 1S9} pullq |epow
pajwi yum  Bunenjeas o} yoeoidde paseg-abusjieyo leuoieindwiod
‘s10940 onsIbIauAs piemiopybresns e ul souewiopad 1saq paseq
syolpaid Aluewnd B SOpINOld  -PUODSS BY} PAASIYDY - - - - -sojwolduosuel | agoo 1ndNl
Jarowesed
a|BuIs Ul suonoesalUl
sazewwns
poyiew asuodsal Aewwns
90BUNS [EBSIOAIUN Jayewesed s|buls
‘sainseaw ABisuAs ybnouy} uosuedwod
aAleyuenb sepinosd JUBIOIYS SO)E}|I0E
Xapul UoljeuiquioD) SUOI}PUOD {Xepul UoljeuIgquod
19|jesed ‘sofjel puE S[oAS)| 10810 JUBIBIP BIA UOIJRWISD uoi09}1ep SEETREETIERINEYETINo)
-Uou 8JB SBAINO  UOIJBJUSouoD [ewiido S91EPOWWOIDY anljeyuenb ABJsuAs Joj synsa. SS0JOE Wsjuobejue
usym uofnesaidiaiul smoys weJbojoqos) {suoljeuIqWOod ¥oInb smojly  8|qionpoidal smoys /ABisuhs sayenjeny ABojopoyiew
xa|dwo) ‘uooadsul 10 sAeuse abie| sezAjeuy sisAleue Yiys  ‘spoyiew ||e ssoioe ‘spoyewl sisAjeue
S91BWINSO B]EP [BNSIA SMO|[B suoISNjouU09 Jofew ‘soljel UONBUIQUIOD  SAIND BIA Uofoadsul SUOISN|OU0D Jofew sisAjeue uonoeIslUl  SAljeJedwod peseq
[eonsiyels syoe sisA[eue Ylys anny JUS]SISUOD pPapIACId Bnup s|diynw ss|pueH  [ensiA pideJ se|qeuy Jejiwis sepinold  Bnup Jofew inoy sesedwo) -sojwolduosuel | 34oIa
SpPoyIsiN

suoneywry

sabejuenpy

aouewopad fAngejeos

paadsg

Aoua)sisuo)n

abeianon

adA] 1opoiN

uolneulquo)
Buiziwndo-6naq

SolIjaW aduewiopad pue salnles) :spoylaw uoneziwndo uoneuiquod 6nup Jo sisAjeue aajesedwod | (panunuod) | sjgel

a4

npj Digital Medicine| (2025)8


www.nature.com/npjdigitalmed

Review

https://doi.org/10.1038/s41746-025-01435-2

sybisul
ol1SIUBYOSW SBPINOIH
{spunodwo9 aA13oe0Iq

SuoleuUIqUOD
onsibisuAs

Jo uoneziuoud
9|qeIe) SMOYS

pue sbnip panoidde SOSEgRlep  JUBLISSASSE AOBOIe ‘sayoeoidde
-4 Uo sasnoo4 sojwousbooeweyd paseq-yiomieu Bunsixs 01
so|yoid ‘sadAy ejep suoljeuiquiod  Buimolb seyepowwoddy pides sepinold  pasedwod Aoeinooe
ojwousb a|ge|iene a|diinw sejeiba)U| Bnup an3oaye ‘sjesejep ‘Bulusalos uonolpaid Jsybiy sadA} eyep
Yum sbnip o} paywir ‘Buiuealos  pauuapl A|Inysseoong SOIWO [BUOISUSWIP uofjeuiquios brup sojesjsuowdg  SOlWo 9|diNW S8sS900.d yoeoudde
‘ejep uofjeuIquoo £190UED }sEaIq -I}NW $9sS890.1d oleos-abie| so|qeuy  ‘sAesse Ayjigeln |90 ‘ejep solwousbooeweyd [euonendwos
Buiyoud olwoush Bnup ajeos-abie|J0}  pue BwOUDJEOOUSPE ‘ooeds Ai01eUIqUIOD ‘swyuoble  ybBnouyy suonoipaid spunodwoo paseq-yiomiau
SAISUBIXd Salinbay yoeoidde ojewsisis Bun| uo peyenjeay Bnup iseA se|pueH jusoe sAoldwg sajeplleA /sBnup sajelbaju| paseq-solwo-INA Jasodx3oqwonbnig
s[ouley| Jo Jagquinu
UHM sesealoul
Auxa|dwoo |apoy Awe|iwis Jo suonou
‘{lenueisqns uaJeyIp ainyden sayoeoidde
aq ueo awi} bulues ) ‘soyoeosdde  [putey o|buls Buosies uolez|wido XaAuod
‘sureb |lousay a|buls uBy} }SNgoJ 8o\ $90JN0Ssal 10} Apejnoiped
AKoeiunooe jueoniubis UeY} 9[qIXa|} 20N ‘lousey a|buls 1s9q [euoneindwod aiow ‘spoyjew $921n0s ejep a|dijnw
apinoid Jou Ae\|  ‘UOIBUIQUIOD/UOIIOS|SS Jano syuswanoidwi  seunpaooid uoneziwido aiinbai seyoeoidde  uoljeUIqUIOD SNOLBA pue sainsesw Ajue|iwis
HEIENEE]SVH] |ouJay onewony Aoeinooe abie| oN xa|dwod Buuinbai paseq-uonezjwndo Joy} seipadoud asJaAIp Bulrepowwodoe lepow
uey} Auxs|dwod ‘suoljejussaidal {spoylow [auley spoyiaw o} A|feroadse allym ‘1sey 9ousabianuoo ‘SUOIJeUIQUUOD [SUISY SAIBUILILIOSIP
[euoneindwod /S92IN0S Blep o|buis uey} Jeyeq ‘swojgo.d ojeos-abie|  aJe spoylew onsuUNay [eo121084} juspuadep-elEp pue [ouJey adiynw
JaybiH a|diynw sauiqwio) swuopad Aj[essuss UHM Suolje}il| SMoys pue sajni paxi4 sajesjsuowsq Jeauljuou ‘Jesul| suedg  paseq-solWo-1jN|Al IN
suoneo)dde [eajuljo
Jo} 8|qeyns 3 Bunjew
‘sjens| Anolyoads pue
AlAilIsuas pasisap 40y}
sabus|eyo UO[}EZIWO}SND 8|geus
paziubooai aie  sisloweled a|geisnipy
Auxe|dwoo jepow  Bulepow 2160| asioaid saul| |90
pue sadA} Jeoued  pue jsnqo. 4o} Buimoje J90UBD Ul AJIAINSUSS suoloeIaU| |opow uoissaiba.
1uaiayIp Buowe ‘uolrewuojul indino Bnup Bunoipaid Ajanizoaye suoneindwod [eaibojoiq suoljoeIalUl onsibo|
Ayonyoads anssi| SNONUIUOD Sule}dy Ul Aoeinooe panoidw) sjesejep abe| so|pueH x8|dwod seAj0S xo|dwoo sdely  [eoibojoiq xo|dwoo sdey  paseq-solWo-IHNA 0921901
uoljewJojsuel}
uolsuswiIp aAI308y3
Aljigejrene eyep ‘uonebaibbe Aousioiys Buures
[eoibojoiq Jo sadAy paybiom [eqo|6 pus-0}-pus s8|geu]
o|diynw saiinbay  ybnouyy uoneussaidal sjoselep Spomiau spoyiaw saul| |[99
{S]uIBIISUOD ainjes} panoidw) a[eos-ab.e| sa|pueH [euoinjoAuod ydesb Bunadwood 7 J9oUBD 09 sazAeuy
uofoasiaul ‘Auxsdwod {SyIomiau ue eIn Alxa|dwiod  jsurebe syuewyousg {suoljeuIquod |opow Buluies)
Blep 01 anp uoneindwoo spoyew Hunedwoo ydeiB snosusboisiey uoneindwod ‘{souew Bnup 77808 sossa00.d desp paseq
sbnip gg o} pajwi] ydeib peonpay uaAas pawliopading S}ONJISU0D saonpay  ABusuAs g sejelbayu| ‘{sbrup gg sessedwoouy -SO|WO ule}0Id HavuAssoa
sisAjeue ased
€6°0 :eddey] s,usyo) ul salpn}s snoiaaid
‘06°0 yum Aousisisuoo
(DoY) dnsusioeIRYD sajelisuowag Blep uonenw
sassao0.d [eo1bojoiq Bunesadp Bujures; ajess|900€E ‘80°G1 pue ‘uoissaidxa
BlEP YJoMm}au Jeauljuou xa|dwod Janeoey-ONY 0] UOljEZI[eWIOU  JO JOLS aJenbs ueaw ouab ‘syiomiau |dd
|dd PUE BJEp SOIWO Bulpuey jo s|qeden ‘(1seybiy) B1ED }IoMmiau yoyeq sasn 1004 }S9MO| SMOYS ‘{sanssi}
919|dwoo salinbay {UOI}ONIISUOD B.INjes) G/°0 :JU8Id1}900 x9|dwoo sasse0.d ‘uononpai {G/°0 JO JUBION20D / Wouy saul| |[99 Jadued |epow Buiuies)
‘ejep oJ)A  dU| [[99 JO} Uoljewojul UO[}E[8.4100 UoSIead ‘sjosejep Ajjeuoisuswip  UOI}E[SLI00 UOSIead 6E SS0JOE SUONBUIqUOD desp paseq
Ul Uo AJuo pajepllepA  YIOMIBU |[dd seresbaiul  {(1semol) 80'S | :ISINY s|eos-abJe| sa|pueH jusiolye shojdwg 1saybly senalyoy Bnup £8G sion0D -SOJWO Ul8}oid uAgsdesgoyd
SpPoyIsiN
uolneulquo)
suoneywr] sabejuenpy aouewopad fAngejeos paadsg Aoua)sisuo)n abeianon adA] 1opoiN Buiziwndo-6naq

SolIjaW aduewiopad pue salnles) :spoylaw uoneziwndo uoneuiquod 6nup Jo sisAjeue aajesedwod | (panunuod) | sjgel

a4

npj Digital Medicine| (2025)8


www.nature.com/npjdigitalmed

Review

https://doi.org/10.1038/s41746-025-01435-2

sojels Apeals
a|qe)s saiinbay
‘suoljoesaiul Brup
oneujooeweyd

sulseped uonoeiaul
Bnup jo Bojeyeo
anisuayaidwo)

suoleuIquwiod Bnip
86/°€€ Jon0 panjog
‘suoneuen Jejeweled

syJomiau xa|dwo aiow
JO suolsion payldwis

s)es Jo)eweled
000°00} Yum

s)es Jeeweled
SS0JOE Joineyaq

S108y48 Bnup onsiuobelue
pue onsibisuAs saujwexy

CNENEVOIE]
BUDI|\ UO paseq

sepnjox3 ‘suonolpaid Jo epuadapul SE pOpuolXe 9q UBD  Pa1sa) }Iomiau yoeg JU9)SISUOD PaMOYS suonoeisiul JobIe} suonenba
‘suonoeielul juspuadapul Kjobue| synsey {UoIBUIqUOD PaIpN]S {SUOIBUIJWOD  SUOIBUIQIOD }SO|A ybnoJy; suolreuIquIod [e13uaJayIp
oljewAzus 0} paywI] -J9)owWesed SjjoW  Yoes Joj SaSED Q0| J9N0 Bnip jo Jaquinu ‘suoljelen Bnip-omy selpnis Areuip.o Buisn
‘sylomiau ‘suonoeiaiul 1ob6Ie} olysiuoBejUR pUB  PalEINDIED A|INJSS900NS abJe| e passav0.id Jojoweled ‘selbojodo}  sewAzus Bunoeielul
epou-saiy}  Brup jo uonejuesaidas  OisIBISUAS JuSlSISUOD {syIomieu ‘suonenbes J0 Juspuadapul 3}I0M}au dljewAzus 931U} JO [opowl [9PO YJoMmiaN
SJOPISUOD AlUQ  dAljewlOUl NG BIdwWIS  paluapl A|inyjsseoong SpOou-8a.4y} 0} pajwi] Jeauluou paAjoS Ajpbue| synsay  8pou-g a|qissod ||e Ss|ppoN [eonewsayie|N  onewAzug spou-aaiy
uoleJo|dxa
Jeyeweed
sosso004d [BLISS Jo} a|qeloeI}
Bunebiey Jo sjoaye Ajreuoneindwod uone|nbai Joydagal
onsibisuAs smoys SUOIBUIqWIOD ‘uolyesbalul 10 Buipuelsiapun
solweuAp Bupolesn ‘sjuiod Bnup aidiyinw 10} JusIoINS oljsiueyoaw
Jo)dadai oN a|geoel} uomqiyul aydiynw 10 sisAjeue smo||y wypioble enny| sa1e10dI00Uu|
‘{sjoadse [eneds Ajreuoneindwoo UM uoljenusye ‘sijoyqiyul  -ebuny Jepio-yuno4 {SJUBISUOD
apnjoul jJou s80q ‘welsAs Jns-uoN [eubis paoueyua jo sadAyjusisylp  ‘spoyew [esuswnu ajel panLLp
‘swsiueyosw {sewo93no Adessy sajelisuowsq ejelodiooul uen psepuess Aq -Areauidws sesn uonebedoud [eubis |opow 218U
Yoeqpas) pajwI uoljeuUIqWOD S10IpaId {SOIWEBUAD YI0M}BuU ‘{sjusuodwod 8|geA|os suolienba {ABojodoy yiomiau pue uolre|fuoydsoyd alisiulwIlep yiomiaN Buleubis
{ABojodoy {SUONOBISYUI HIoMBU H493 serenwis KRemyyed [euonippe o} [enualayip Aeuipio H493 paysiigelse ‘UoljezisWIpP ‘UolEeAl}OR ylomiau H493 8y} uo peseq
yiomiau payidwis xa|dwood sainyde) AlInysseoong 8|gepusIXa }lomawel JO Wis)sAs Ylis-uoN uo paseg Joydeoas sauniden  Buieubis Buneibayu) [OPOWN [eONlBWSYIBIN
sa|bojodoy
pue sainyes) spomieu
[enpIAIpUl sUrejUle | uoniepljea
syJomiau nduy ‘elep uoloeIaul -SS0J0 }N0-8UO0-9AED) sadA} apou syiomyau adAjousyd
Jo ssauale|dwod pue Areyuswe|dwod ybnouyy pareplien JUSISHIP YHUM SHIoMIaU pue ‘uoissaidxa
Ajrenb uo spuadeqg sabeiona] ‘uonolpaid suab snoauaboJsley aouabianuod -09 ‘ugjoid-uisjoid |opow Aemyyed
‘Buiuny Jeyewesed ‘SyJomau  asessIp ul seyoeoidde pue siafe) /°0 jo Aupgeqoud 13un uonesd) Buipnjoul Aisnosueynwis Buiieubis
Aigeqoud [eaibojoiq Jo sadAy HMY shoinaud a|dijnw yum syiomiau pejsal Buisn ybnouyy synsal SHIOM]BU UO[0BISIUI snoauabolsley
pejsal saiinbay a|diynw ayelbayu| pawiopading xa|dijinw se|pueH  Ajjuaiole sabiaauo) 9|g.}S SepINOId a|diynw sa.ojdx3 paresbay| UMY
lewndo
aq jou Aew ainsesw
AuAiysuss se 09| uofjeind suolssiwgns 9/
‘eyep Adessyjouow aJnjes) pawojul  Joino G| dojul payuey uoljewoul punodwod
Juoissaidxs ausb Ajreaibojoiq ybnoiuyy ‘uolepl|eA-SsoJo UOIEPI[BA-SS0ID pue saiyoid uoissaidxa
Buipnjoxs usym Buipeno seonpay PIO}-0 | UIM BE0 JO sbnip pue plojus} Jo suoiyedas auab ‘uonelAyrew
sdoup eouewLIopad ‘sadA) e1Ep ouew Atewnd ues|y sau|| |92 o|diynw uololpaid pue ua} SS0JoE BE°Q JO VNQ ‘suonessyje Jaquinu
‘eyep Adessyjouow a|dijinw sejesbayu| €0 SsoJoe 18s pabpuqge Bujuresy usioye Joj  ouldw Atewud uesw  -Adod ‘suoireinw dlewos |epow Bujuies|
pue uoissaidxs suab ‘19s aunjes} [eolbojolq = Ol}oW JOYeaIg-al] Ul S2Injesy} .o }8s ainjes)  sisleweled 1soogox yum souewlopad  Buipnjoul elep soIWO-IHNW auIyoBW }soogHX
uo Ajinesy saljoy aAIsusyaidwod ses ‘9g°0 = dMIBW Aewld 1IN} Ul saunyesy sa|pueH paziwndo sez||iy  JUSISISUOD SaASIYDY o|eos-obJe| S9SS900ld  POSEQ-SOIWO-IINA XABisuAsoouQ
SpPoyIsiN

suoneywry

sabejuenpy

@ouBUWLIONdd

Aunqereos

paadsg

Aoua)sisuo)n

abeianon

adA] 1opoiN

uolneulquo)
Buiziwndo-6naq

SolIjaW aduewiopad pue salnles) :spoylaw uoneziwndo uoneuiquod 6nup Jo sisAjeue aajesedwod | (panunuod) | sjgel

a4

npj Digital Medicine| (2025)8


www.nature.com/npjdigitalmed

Review

https://doi.org/10.1038/s41746-025-01435-2

suoljeulquiod Bnip
e uonoipaid Buissesse
A-SSOID)

BIEP SOIWO

‘papasu asJeds [euoisuswip-ybiy Jo Buissaooid
suoolIpald jo uolepljen [eluswuadxy joseiep I8N0 paje;ls Ajjeonoads JoN {590.N0S Byep snosusbousiay jo uolelsbaiu| uAgdesgoyd
ejep indui snosusboislay
suoleulquod Bnip 10} ABajel]s uoljezijew.lou |njeied spasN
|9AOU SA UMOUY JO} UoljeplfeA alesedag /ABisuAgdaaq ‘suoijolpa.d JuelBAUI-IBPIO SINSUD
‘UOIIEPI[BA-SS0IO PBISON /2remyos/re Ny julolg mmm//:sdiy e a|de|ieny paje;ls Ajjeoloads JoN 0} sJied Bnip Jo uonejussaidal sjgnop salinbay AbBisuAgdeaqg
[SE]
puesnoy} [esoAas o} dn s}asejep s|puey ue)
‘Bujusalos usALp-uonoipaid pue
Bujidwes paseq-Ausuadoid usemiaq sareulsly
pajess Ajleoyoads JoN pajess Ajleonyoads JoN pajels Ajjeonoads JoN {S]UIBJISUOD WIOU Jes[onu sas TEISTIS
Ule1qo O} }NDIYIP 0 pajwl| g Aoeinooe aAljoipald Joedw
S[eu} [BOIUI[O PUB UOIepleA AW Yoiym ‘spunodwiod o1xo} Alybiy yum juswiesuy *sjuawalinbal Aew Buipuiq 196.e) pue ‘pwodsuel) ‘wsijogelsw
[ejuswinadxae snoiobu salinbay Buimoy|oy} eyep a|yoid uoissaidxs auab salinbay [euoneindwoo ajesepow aney Aey Bnup se yons si0}oe} Joyjo BuLspISUOD INOYNAA ag00 IndNl
papuswwooal
spoyiaw a|diynw sso.oe uospedwo)
‘Bunsal Ayjigionpoiday papaau ubBisep [eluswiiadxa |nyaJed 1o PadN
‘spoyjew SUOI}BJ]USOUOD PUE Suolfeulquiod Bnip aidiyniy Auxa|dwoo [eonjewayyew ‘Buljepow [eonjewayrew xa|dwon
BUWOS J0} PAPS3U UOIepI[eA [edlslielS ‘sjuiod ejep |ejuswiadxa aAIsUSIXe salinbay uanIb aelepow sieaddy ‘Buiwiwelboid/eremyos pazijeloads salinbay 34oia
sisA[eue pajiun e Jo}
saseqelep olqnd a|diynw wou} eyep Buneibaju)
‘uonoeJixs ainyeubis
J0} sayoeoudde soljewuoulolq Buiziprepuels
uolnjewJoul Aemyied pue eyep sjuswalinbai ‘sisAjeue uoissaldxa apim-awousd woiy
Aiessaoau ale suolepleA OJHA U] uolssaldxa auab 4oy seseqelep oljgnd uo adueljey [euoleindwod jueoiubis aney Aejp uonewuJoyul |nybuiuesw Ajieoaibojoiq Buoeixgy vasn
sadAigns Buipuewsp
paljiIuspl JO UOHEPI[EA [eDIUIID Ajleuoneindwod si Buljepow ainixi
I1SAleue Ajige|ieae eyep Yo | uo juspuadeq ‘oouewJoped
Aemyyed ybnouyy uonepijen [eaibojolg ‘eyep uoissaidxe auab payojew spasN  aroidwi o} poddns Buisseooid |9|jesed sjoselep ab.e| Jo} spuewsp |euoljeindwo)
‘Bulielsn|o sNsSussUoo ‘se|dwes Jooued ‘ejep Buiousnbes {UOI}08.1109 108Y8 yoreg
ybnoJy} uoieplfeA [eQISIIBIS  PUE [BULIOU Y10q WO} Sjaserep a39|dwod saiinbay J0} spuewap [euolyeindwod JaybiH ‘sanfen Buissiw BulpueH XINIAYIBIN
S|opow [ew|ue Jo
sBuines [eoiulo ul uonyeoiidai Joy pasN
‘uonenjens elep buiusaios s|epouw oi1oads-aul| [|99 s|diynN
[opow J0} S}19s }s9} Juspuadapu| uoljeulquiod Bnip pazipJepuels 4o pasN f8In308}1ydJe YIoMmiau [einau desQ
saul| swuojeld (solwo ‘ejep solwo $82In0sal
1199 JUsIaYIP SSOIO. UOIEPI[BA-SSOID JUBJBYIP SSOJOB ADUS]SISUOD pue AYfenb eleg  -1}nw [euoisuawip-ybiy jo Buisseoold  [euoieindwoo juediubis sasinbai Bujurely [epoy
‘{suoleuiquio onsibisuAs ‘saul| ||90 :0} anp Bujurel) 1o} S82IN0SBI ‘sjuswialinbal Buisseooidaid eyep xajdwo)
pajoIpa.d Jo uolepljeA [eyuswedxy 10} s9|1jo4d SOIWO-1}NW BAIsuayaidwod saiinbay leuoneindwo? [enueisgns salinbay ‘ejep sojwo-inw Ayrenb ybiy Joy pesN ABirauAsNNaNY
Ajsnosueynwis
spoyjew uonolpaid saseqelep a|dijnw s|puey Isni\ sadA} ejep solwo sjgenjea Ajenusiod Jayjo
JoY10 yum uosuedwod spesn ‘syiomieu  Buissiw ‘Blep |dd pue uoissaldxa susab o} pauwi]
{SIX]U0D BSBaSIP JUBISYIP [eoibo|oiq xa|dwoo azAjeue 0} spasN {s109)40 apIs Bnup o)
SS0JOB SU03oIpaid a1epien pjnoys Blep au|| ||99 8|ge|ieAe AQ paywi] ‘suoneindwod  abpajmous [eaipawolq uleuad ayelbajul Jou seoq
‘salpnis aul| fUOIJBLLIOJUI SJIOMIBU |dd parepdn spasN UOIJBZ1I0}OB) XUjew salinbay ‘uoneplien
1190 puoAaq uolepljen [eajuljo saiinbay {@igoolg ‘HOLILS) seaunos {(sbrup 60E 1 [eo|uljo pue [esjuljoaid aAIsuaya.dwod syoe]
{suolyeuiquiod Bnip pajoipaid a|dijInw woJy e}ep uoioeiaul Bnip sainbay UHM saul| ||99 Jeoued 4 wodj sajiyoid UOoI}oNJISU0D
JO UonEpIEeA [elUBWILEdXS SPasN ‘aseqelep dyIND 01 SSeo0e UO saljloy 001.9) s1eselep abJe| s9sS800I1d yiomiau Brup Joj e1ep aui| |92 Uo Ajuo saljey JayuegoqwioDBniqg
SPOUIeN

sjuswaiinbay uonepijep

S)s09 |euoneindwon

sabuajjey) uonejuswajduy

uoneuiquod buiziwndo-6naqg

spoyjaw uoneziwndo uoieuiquiod Bnup ul sabusjjeyd [esiuyos) pue uoneuawsaldwyi | g ajqeL

10

a4

npj Digital Medicine| (2025)8


https://www.bioinf.jku.at/software/DeepSynergy/
https://www.bioinf.jku.at/software/DeepSynergy/
www.nature.com/npjdigitalmed

Review

https://doi.org/10.1038/s41746-025-01435-2

SHIOMBU
payiiduwis jo aoueas|as [eolbojolg
‘Jeajoun s)}I0Mmjau Jobe| 0} uole|suel |
‘pepasu uoleplfeA [ejuswiiedxy

selouapuadap eiep [euJaixe ON
‘{Joded
ul papinoad sielewesed pue suolienba japojn

19s Joowe.ed Jad

papaau suoln|os [eouswnu adiyniy
HJomiau

Jad syes Jajoweled 00000 | paiinbay

sabuel [eoibojoisAyd

uiyym sdiysuorelal asuodsal-asop Buindwo)
‘Aljigels wisysAs Buunsug

‘sajeys Apeals 4oy} suolenbas Jeauljuou BuinjoS

[OPOWN 0MIEN
oljewAzug epou-ea1y |

UOIIe[a4I02 [BOIUlD
‘suonoipaid ABIsuAs Jo uoireolIaA
:S]08)J8 uoljeuIquod

pajoipa.d jo uoliepljeA [eyuswiadxy

SBIPN}S 8INYND || UO Paseq SUOIIPUOD [BIHU|
{a1njeJsll| WoJj SJUBISUoD arey

Spoyjsw [eouswinu
pJiepue)s salinbal weysAs Jis-UuoN
‘{(poylew enny-abuny

JBPJO Uiy BIA B|QBA|OS) 81BI8POA

ssauala|dwoo ABojodoy yiomiaN
‘AjIAlsuss uolIpuod [eiu|
‘Aoeinooe uoljew}se Jejeweled

yiomieN Bulleubls H4o3
8y} Uo paseq |9pOo|\ [edlEWaYIe|A

yinJ} punoib
S SUO1BIO0SSE 8UaB-9seasip UMOoUy|

HIN-HMY/Senjospfen

82|S }JoM}aU uo spuadap 8eog

sjuswalinbai Auowsy

{UOIIEPI|BA-SS0JO JNO-8UO-SAEST -opaqe/woo gnuyub//:sdny 1e s|qe|ieny ‘suoljeindwod Xujew aAljela)| {seoljew a[eos-abie| BupueH UMY
sJied Bnip Buisiwoid Joy seuy [eaiulD
suoljeuiquiod oSt
pajoipaid jo uoliepljea [eyuswadxy pajels Ajjeoiioads 0N Buissaooid jueoyiubis saiinbai 19s ainjes) abie] XABisuAsoouQ
uoneoldde
[eonjoe.d Joy uoljepljeA [eolulD saseqelep uoI3eZ1I0}0B) XIjew Joy uoljeziwido Jejeweled
‘suoljeuiquiod Bnup  uondeJBlul UIBl0Id pUB dYIND O} SS9 salinbay ‘{sadA} eyep snosuabousiay Jo uonelbaiu)
pajoipaid jo uoliepljea [eyuswedxy ‘1senbai uodn s|gejiere welboid pajeis Ajleoiioads JoN {sisA[eue pue UOI}ONIISUOD HIoMmlau xa|dwo) Jalojdx3oquionbnig
BLISIIO UOI}09|8S [9POIN UoI}09|9s JaleWeled
‘uoneplen biam [puiey ‘ANligereos [euoneindwon
{S}9S 1S9} UO UOIjepI[eA 9oueW.IOpad Bujuny 4e1owesed oy Byep uoleplien ‘sybiem [ausey o uolreziwndo
‘uonosles ‘papasu sjege| yum eyep Bujurel | ‘poyrew
Ja1owesed Joj UoljepI[eA-SS0ID ‘suonejussaidas ainyes) ajdiynw salinbay spoylaw [auiey 8|buls uey} JoybiH uoljeulquiod [auJay ayendoidde Buisooyn IMN
S|el} [e9IUl|O PU. UOIEPIEA ejep ojwoyduosuel) sjuswaJinbai Ayjeonoeld pue
[eluswiiadxe snotobl pasu Aejy pue ojwousb aAisusyaidwod salinbay [euoljeindwod ajesepow aiinbas ke Ayjigelsidisiul seyiaq Joy wyobie ayy seziwido 0921901
uonepifea
jusuodwoDd Jo} SaIpN}s uole|qy sjuswialinbai Bujurel} pus-o3-pug
{salpnys aseo HavuAssna ‘syiomiau ydesb xa|dwoo Jo uoioNIIsuo)
ul sBuipuly snoinaid ybnoayy uolrepliep /gelganHa/woo gnyiby/isdiy je sjgejieay pajels Ajjeonoads JoN ‘ejep [eo1bojoiq snosuabousiay jo uolelbaiu| davuAssna
SpoyisiN

sjuawaJinbay uonepiiep

sanss| AjljigejieAy ejeq

s}s09 |euoneindwod

sabuajjey) uonejuswajduwiy

uoneuiqwo) Buiziwndo-6naq

spoylaw uoneziwndo uoneuiquod Bnip ul sebusjieys [esiuyss) pue uonejuswsldwy | (penunuod) g s|qeL

11

a4

npj Digital Medicine| (2025)8


https://github.com/DHUDBlab/DGSSynADR
https://github.com/DHUDBlab/DGSSynADR
https://github.com/alberto-valdeolivas/RWR-MH
https://github.com/alberto-valdeolivas/RWR-MH
www.nature.com/npjdigitalmed

https://doi.org/10.1038/s41746-025-01435-2

Review

Table 3 | Data characteristics and disease applications of drug combination methods

Drug-optimizing Combination
Methods

Input Data

Output Data

Diseases (Initially and
Primary Focus)

DrugComboRanker Drug genomic profiles from CMAP (6100 gene Prioritized drug combinations; Cancers;
expression profiles); Drug target mapping on disease Other diseases with similar input
Patient genomic profiles; signaling networks; data characteristics
Protein interactome data; Drug functional network communities
Drug similarity data from STITCH database
AuDNNsynergy Multi-omics data from cancer cell lines: Binary classification of drug pair Cancers;
Gene expression; synergy (synergistic vs non- Other diseases with similar input
Copy number variation; synergistic) data characteristics
Genetic mutations
MethyIMix DNA methylation data; Differential Methylation Values; Lung squamous cell carcinoma;
Matched gene expression data Transcriptionally predictive Head and neck squamous cell
methylation states; carcinoma;
Identification of hyper/ Ovarian cancer;
hypomethylated genes; Other diseases with similar input
DNA methylation subtypes through data characteristics
consensus clustering
CDA Gene expression profiles from cell lines Lists of single drugs and combinatorial  Non-small cell lung cancer;
drugs showing similar expression Triple-negative breast cancer;
patterns; Other diseases with similar input
Predictions of drug combinations that ~ data characteristics
target multiple signaling pathways
DIGRE Drug concentration-effect data from cell culture Quantitative measures of drug lleocecal adenocarcinoma;
experiments; synergy/antagonism; Other diseases with similar input
Drug combination ratios Interaction parameters; data characteristics
Statistical estimates of synergy vs
additivity
IUPUI_CCBB Gene expression profiles Predictions of synergistic or Various diseases, particularly in
antagonistic effects between drug cancer treatment;
combinations Other diseases with similar input
data characteristics
SynGen Small set of experimentally determined target pairs; Predictions of synergistic target pairs;  Glioblastoma;
Pre-existing similarity data (gene ontology, protein- Interaction scores for untested pairs Lung cancer;
protein interactions); Colon cancer;
Drug-drug or gene—-gene interaction scores Other diseases with similar input
data characteristics
PRODeepSyn Molecular fingerprints and descriptors; Synergy scores for drug combinations ~ Cancers;
Gene expression and mutation data; Other diseases with similar input
Protein-protein interaction network data characteristics
DGSSynADR Drug chemical structures and features; Synergy scores for drug combinations ~ Cancers;
Drug-target interactions; in different cancer cell lines Other diseases with similar input
Protein-protein interactions; data characteristics
Cell line genomic data;
Multi-omics data
DeepSynergy Chemical descriptors of drug pairs; Predicted drug synergy scores based  Cancers;
Gene expression profiles of cancer cell lines on Loewe Additivity Other diseases with similar input
data characteristics
LOBICO Multiple molecular data types, including gene Predicted continuous drug response Cancers;
mutations, copy number variations, DNA Other diseases with similar input
methylation, and gene expression data data characteristics
MKL Multiple feature representations/sources; Combined kernel function; Diseases with similar input data
Different similarity measures/kernel functions; Classification/prediction results; characteristics
Training data with class labels Kernel weights
DrugComboExplorer Drug genomic profiles from CMAP database; Ranked list of synergistic drug Lung adenocarcinoma;
Disease genomic profiles; combinations; Endocrine receptor positive
Protein-protein interaction data; Mapped drug targets on disease breast cancer;
Known drug-target interactions signaling networks; Other diseases with similar input
Mechanisms of action for drug data characteristics
combinations
OncosynergyX Drug features (targets, chemical/biological Predicted drug synergy scores for Cancers;
properties);Genomics; drug combinations Other diseases with similar input
Epigenomics; data characteristics
Transcriptomics
RWR Multiplex biological networks (protein-protein Ranked list of genes based on Wiedemann-Rautenstrauch

interactions, pathways, co-expression);
Disease-disease similarity networks;
Known gene-disease associations

proximity to seed nodes;
Proximity scores between genes and
diseases

syndrome;

SHORT syndrome;

Other genetic diseases with
known associated genes;

Other diseases with similar input
data characteristics
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Table 3 (continued) | Data characteristics and disease applications of drug combination methods

Drug-optimizing Combination
Methods

Input Data

Output Data Diseases (Initially and

Primary Focus)

Mathematical Model Based on the
EGFR Signaling Network 50 reaction rate constants;

Inhibition parameters

Initial concentrations of proteins and molecules;

Time-evolution of 23 protein/molecule
concentrations;

Signal attenuation profiles under
different inhibition scenarios

Cancers, specifically targeting
EGFR-dependent tumors;

Other diseases with similar input
data characteristics

Three-node Enzymatic
Network Model between nodes);

Kinetic parameters (KM: 0.001-10 pM, kcat:
0.1-10s™);

Drug inhibition parameters;

Fixed concentrations

Network topology (activation/inhibition relationships

Steady-state concentrations; Cancer (particularly MAPK and

Drug combination effects (synergistic/  PI3K/Akt/mTOR pathway
antagonistic/additive); targeting);

Combination Index (Cl) values; Diseases treated with enzyme
Dose-response relationships inhibitors;

(isobolograms) Other diseases with similar input

data characteristics

splitting, a stratified k-fold cross-validation approach is employed where
methylation profiles are partitioned to ensure both training and test sets
contain representative samples from each methylation state. This method
accounts for the continuous nature of methylation data while maintaining
biological relevance in the prediction task. The model outputs differential
methylation values that quantify the degree of abnormal methylation, which
can then be used to predict drug synergy scores through correlation with
treatment response data. This approach enables the prediction of drug
efficacy and mechanisms of action. The advantages of such a model include
its intuitiveness, ease of understanding, and high interpretability. Further-
more, the main output is “Differential Methylation values” that can be used
for cancer subtyping. However, the limitations of these models include the
lack of consideration for the interactive regulation between methylation and
other epigenetic modifications, as well as the susceptibility of differential
analysis methods to confounding factors such as batch effects.

Transcriptomics-based approaches

Combinatorial Drug Assembler (CDA). CDA is an innovative technique
that utilizes genomics and bioinformatics approaches to discover drug
combinations targeting multiple signaling pathways™. CDA sources its data
primarily from CMAP?, containing 6100 expression profiles representing
1309 molecules tested on five different human cancer cell lines, along with
pathway gene set data from the Pathway Interaction Database (http://pid.
ncinih.gov/) comprising 166 pathways and 2297 genes. In the CDA model,
transcriptomic inputs are processed through a two-stage architecture: first,
gene set enrichment analysis identifies relevant signaling pathways, then
pattern-matching algorithms assess expression similarities between drug
treatments. The integration of multiple drugs’ transcriptional responses can
follow either a concatenation approach, where expression profiles are
combined before analysis, or a pathway-specific fusion strategy, where drug
effects are evaluated independently within each signaling module before
integration. The CDA evaluation demonstrates the highest predictive power
when at least one drug in test pairs appears in the training set, allowing the
model to leverage known transcriptional responses. However, the model can
also make predictions for novel drug pairs by comparing their pathway-level
effects to known patterns. This balance between leveraging existing
knowledge and generalizing to new combinations is particularly important
when working with transcriptomic data, as expression patterns can capture
both direct drug effects and downstream pathway perturbations. One sig-
nificant advantage of CDA lies in its ability to enhance efficacy and reduce
toxicity by identifying synergistic drug combinations that allow for the use of
lower dosages. Moreover, by simultaneously targeting multiple pathways,
CDA can effectively delay or prevent the emergence of drug resistance, a
common issue with single-pathway-targeted therapies”. Furthermore,
CDA employs high-throughput and data integration approaches, enabling
the rapid and efficient identification of potential drug combinations". In
practical applications, CDA has demonstrated immense potential. It can be
applied in the field of personalized medicine to identify the most effective
drug combinations for individuals based on their specific gene expression
profiles”. CDA has demonstrated positive results in the treatment of various

cancer types, such as non-small cell lung cancer and triple-negative breast
cancer, offering patients novel treatment options'*”’. Additionally, CDA has
been utilized to identify new estrogen antagonists and discover novel
applications for existing drugs, greatly expanding the scope of drug
discovery”. Although CDA is a highly promising technology, it also has
some limitations. The success of CDA largely depends on the accuracy of
gene expression data and the ability to interpret complex biological data,
posing significant challenges for researchers. Simultaneously, the effective-
ness of CDA systems is also limited by the availability and quality of existing
molecular and pharmacological data. Furthermore, the predictions made by
CDA are constrained by the scientific understanding of disease mechanisms
and drug interactions.

Drug-Induced Genomic Residual Effect (DIGRE). DIGRE is a computa-
tional approach employed to forecast whether drug combinations display
synergistic or antagonistic effects'’'. DIGRE utilizes gene expression data
obtained from treating human B cells with 14 individual compounds at
various time points and concentrations, combined with dose-response
curves and baseline genetic profiles’’. The mathematical models for ana-
lyzing drug-drug interactions require precise quantitative inputs. In this
study, experimental data inputs include drug concentrations as real values
and drug effects measured as percentage values. For methods like combi-
nation index analysis, the data inputs were fitted to the Hill equation without
logarithmic transformation using nonlinear regression. The outputs vary by
method—isobologram provides graphical plots indicating synergy/antag-
onism regions, while the combination index generates numerical scores
quantifying interaction extent. Model validation typically involves analyzing
multiple drug concentration ratios under different conditions to ensure
robust conclusions about drug interaction patterns. DIGRE can yield sta-
tistically significant predictions of synergistic or antagonistic drug effects,
signifying the viability of employing computational approaches for pre-
diction. In practical applications, DIGRE can complement expensive high-
throughput combinatorial screening experiments by prioritizing combi-
nations for experimental validation. Nevertheless, the current predictive
accuracy and robustness of the DIGRE approach necessitate further
enhancement. Drug action mechanisms are intricate and multifaceted, and
solely considering transcriptomic alterations may not comprehensively
reflect the effects of drugs. Furthermore, data variations across diverse cell
lines and experimental conditions may also influence the reliability of the
prediction results. To surmount these limitations, future studies should
integrate multi-omics data to construct more comprehensive drug action
models. Concurrently, augmenting the diversity and scale of training
datasets is essential to enhance the generalizability of the models. Moreover,
the drug combinations predicted by DIGRE still necessitate rigorous
experimental validation and clinical trials to ensure their safety and efficacy.
While computational approaches can offer valuable predictions and gui-
dance, they cannot completely replace conventional drug development
processes. How to fully leverage the advantages of computational approa-
ches such as DIGRE in clinical translation while closely integrating them
with experimental research warrants further exploration.
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IUPUI_CCBB. The IUPUI_CCBB method utilized gene expression data as
its only data source, and computed a Pearson correlation between gene
expression profiles of compound pairs using genes that were differentially
expressed in at least one compound treatment'’. The [IUPUI_CCBB method
is predicated on the hypothesis that the activity of compounds can be
estimated through their impact on significantly differentially expressed
genes following treatment with highly toxic compounds"’. ITUPUI_CCBB’s
method utilized gene expression profiles as primary input data, specifically
analyzing the transcriptomic response patterns from cells treated with
individual compounds at multiple time points and concentrations. The
method ranked compound pairs based on their likelihood of synergistic
interaction by examining the statistical significance of differentially
expressed genes in response to single compound treatments. The approach
focused on identifying a core set of genes that showed significant differential
expression in at least one compound treatment condition, then calculated
interaction scores. This targeted analysis of transcriptional responses helped
predict whether compound pairs would exhibit synergistic or antagonistic
effects when combined. A key advantage of the TUPUI_CCBB method
resides in its emphasis on the capability to predict synergistic effects of
compounds. By analyzing the expression alterations of crucial genes elicited
by highly toxic compounds, the method strives to capture information
pertaining to the mechanisms of synergistic effects. Moreover, by juxta-
posing the effects of two compounds on these crucial genes, the
IUPUI_CCBB method offers a straightforward approach to evaluating the
interactions between compounds”. In practical applications, the
IUPUL_CCBB method attained the second-best performance in a
challenge-based blind test, demonstrating its robust capability in predicting
the synergistic effects of compounds™. This stringent performance evalua-
tion approach affords an unbiased measure of the method’s predictive
power and enables comparisons with other methods. The IUPUI_CCBB
method predominantly focuses on predicting synergistic effects of com-
pounds, whereas its predictive power for antagonistic effects is restricted.
This may constrain the method’s application in identifying antagonistic
drug combinations that ought to be avoided. The IUPUI_CCBB method is
reliant on gene expression profile data following treatment with highly toxic
compounds™. Obtaining such data may necessitate conducting extensive
experiments, which can be costly and time-consuming. This may restrict the
method’s application in large-scale drug combination screening. Further-
more, the method predominantly relies on gene expression alterations to
predict drug interactions without considering other factors that may
influence drug interactions, such as drug metabolism, transport, and target
binding. This may impact the predictive accuracy of the method. Moreover,
the performance evaluation of this method is predominantly based on a
single challenge dataset'>***. Although this affords an unbiased assessment,
it may not fully reflect the method’s performance on other datasets or in
real-world applications. Validation of more diverse types of datasets is
imperative.

SynGen. Analyzing drug-drug interaction data from cancer cell lines and
gene-gene interaction data from yeast screens, SynGen implements a novel
framework that combines matrix algebra with experimental validation to
identify functional target pairs”. The SynGen method postulates that
compound combinations with the capacity to synergistically disrupt these
master regulator (MR) activities may demonstrate synergistic effects™. The
SynGen methodology employs a sophisticated approach to predict drug
synergies by analyzing MR activities through multi-dimensional data
integration. The algorithm processes gene expression profiles following
drug treatment into numerical vectors representing MR activity patterns.
These patterns are transformed into real-valued matrices that capture the
regulatory relationships between compounds and MRs. The method then
applies an innovative matrix completion technique combining three key
components: experimental data constraints, modularity requirements, and
target similarity information. This integrated approach enables efficient
identification of complementary drug pairs that could synergistically
modulate MR activities, significantly outperforming traditional screening

methods in both accuracy and efficiency. The strength of the SynGen
method resides in its provision of a mechanism-based approach to forecast
compound synergy. By concentrating on MR activity patterns, the method
endeavors to capture the pivotal regulatory factors governing cellular phe-
notypes. Furthermore, by discerning compound pairs that can maximally
perturb or enhance these MRs, SynGen presents a straightforward approach
to evaluate compound interactions™. The SynGen method epitomizes an
inventive mechanism-based approach for forecasting compound synergy
and affords a basis for future enhancements and extensions. In pragmatic
applications, researchers utilize predefined experimental datasets to corro-
borate SynGen’s predictive performance, and the findings suggest that the
method manifests high sensitivity in forecasting synergistic effects™.
Nevertheless, the SynGen method performs inadequately in forecasting
antagonistic effects, which may constrain its efficacy in specific
applications™. Moreover, the method is contingent upon precisely deducing
MR activity patterns, which can be demanding in certain instances".

DeepSynergy. DeepSynergy is a deep learning-based computational
method that leverages gene expression profiles and drug property data to
predict the synergistic effects of drug combinations’. Building upon
more than 20,000 anti-cancer drug synergy measurements from a high-
throughput screening study, DeepSynergy processes data from 38 drugs
tested against 39 cancer cell lines’. DeepSynergy employs a structured
multi-modal input architecture where drug features are represented as
high-dimensional vectors combining binary toxicophore features, che-
mical footprints, and physicochemical properties. Cell line features are
encoded as real-valued gene expression vectors. The model uses feed-
forward layers with a conic architecture, where input vectors are con-
catenated and processed through 2-3 hidden layers with decreasing
neuron counts. Regarding data splitting, DeepSynergy performs best
when predicting novel combinations of known drugs/cell lines, while
extrapolation to completely novel drugs shows limited performance due
to dataset constraints. The strength of DeepSynergy resides in its robust
feature learning and abstraction capabilities, which enable the model to
capture the intricate nonlinear relationships between gene expression
and drug properties, consequently enhancing prediction performance.
DeepSynergy has exhibited promising potential for application in pre-
dicting synergistic combinations of anticancer drugs across various
studies. A study underscores the potential of DeepSynergy as a tool for
precision medicine in cancer, providing novel insights for developing
personalized drug combination therapy strategies’. However, DeepSy-
nergy also has several limitations. First, the model’s interpretability is
limited, rendering it challenging to provide insights into the biological
mechanisms underlying drug synergy. Second, the model’s performance
is dependent on a substantial amount of high-quality training data,
which may present acquisition challenges. Furthermore, the model’s
generalizability may vary across different cancer types and cell lines,
necessitating further validation.

Protein omics-based approaches

PRODeepSyn. PRODeepSyn is an innovative deep-learning approach that
effectively predicts synergistic effects of drug combinations by integrating
protein expression data and chemical structure information”. PRO-
DeepSyn leverages three main data sources: the O’Neil drug synergy dataset
for drug combinations and their effects, multi-omics data (gene expression
and mutation data) for cell lines, and protein-protein interaction networks
from the STRING database’”. PRODeepSyn implements a sophisticated
multi-omics integration approach using PPI networks containing interac-
tions between proteins. The model architecture employs two-layer graph
convolutional networks for network processing, followed by feed-forward
neural networks with batch normalization for prediction. Data splitting
ensures drug combinations do not overlap between folds, enabling eva-
luation of the model’s ability to predict novel drug combinations through
cross-validation. This model showcases significant strengths, notably its
innovative integration of complex biological data to enhance prediction
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accuracy. However, it also faces challenges, such as the complexity and
computational demands needed to handle and process large multi-omic
datasets and intricate network structures.

DGSSynADR. DGSSynADR is a computational method that integrates
deep learning and heterogeneous network analysis to predict the synergistic
combinatorial effects of anticancer drugs®. Drawing from DrugComb”,
Chemical Database, and Enzymes of the BioMolecular General Repository
Laboratory"’, HuRI", and Cancer Cell Line Encyclopedia*’, DGSSynADR
leverages comprehensive drug interaction data and multi-omics informa-
tion to power its predictions™. The DGSSynADR model integrates multiple
data modalities through a heterogeneous graph structure. The input features
include binary drug fingerprints, drug-target interactions, protein-protein
interactions, and gene expression profiles. These data are first processed
through a message passing neural network that maps different types of
information into low-dimensional embedding vectors. The model archi-
tecture employs a graph convolutional network for feature extraction, fol-
lowed by a bilinear predictor that fuses drug pair and cell line features. The
output consists of six different synergy scores. DGSSynADR offers several
advantages, including the integration of multi-omics data and hetero-
geneous networks, the utilization of deep learning methods for automatic
key feature extraction, and the introduction of attention mechanisms and
low-rank representations to enhance generalization ability and robustness'.
Across multiple cancer types and datasets, DGSSynADR has exhibited
superior predictive performance compared to traditional machine learning
methods. Nevertheless, DGSSynADR also encounters challenges in prac-
tical applications, including data quality, computational complexity, and
clinical validation. Despite its limitations, DGSSynADR demonstrates
extensive application prospects in anticancer drug combination prediction
and precision medicine. Through predictive analysis, DGSSynADR can
facilitate the identification of novel drug combinations with a high like-
lihood of producing synergistic effects, thus guiding experimental validation
and clinical trials. By integrating patients’ molecular characteristics,
DGSSynADR can predict the optimal personalized drug combination
regimens, thereby promoting the development of precision medicine. In the
context of drug action mechanism research and clinical decision support,
DGSSynADR is also anticipated to play a pivotal role. However, the
DGSSynADR model is not without limitations. Firstly, its performance is
contingent upon the quality and comprehensiveness of the available bio-
logical data, which may not always be exhaustive or representative of all
patient variability. Secondly, while the model excels in predicting synergistic
effects, it may require further refinement and validation with larger and
more diverse clinical datasets to ensure its generalizability and accuracy
across different populations and cancer types. Despite these considerations,
DGSSynADR offers a promising approach to enhance our understanding of
drug interactions and to advance the field of personalized oncology. In the
future, through multidisciplinary collaboration, ongoing method refine-
ments, data scale expansion, and enhanced clinical translation, DGSSy-
nADR is poised to deliver personalized treatment options to a broader
spectrum of cancer patients.

Integration of multi-omics data

Logic Optimization for Binary Input to Continuous Output (LOBICO).
The LOBICO algorithm is an innovative approach that integrates mul-
tiple molecular data types, including gene mutations, copy number
variations, DNA methylation, and gene expression, to create a logistic
regression model”’. LOBICO was applied to a panel of 714 cancer cell
lines, using binary mutation status of 60 features (54 cancer genes plus 6
gene fusions) as input to predict continuous drug response across 142
anticancer drugs as output*’. LOBICO processes binary mutation data for
60 cancer genes as input features, including point mutations, insertions/
deletions, amplifications, and gene fusions. The model outputs con-
tinuous IC50 values that are then binarized into sensitive/resistant clas-
sifications while retaining the continuous information through sample-
specific  weights. Multi-predictor models incorporating logic

combinations of mutations significantly outperformed single-gene pre-
dictors for 85% of drugs. One of the key advantages of LOBICO is its
ability to retain continuous output information, which allows for robust
and precise logic modeling. The algorithm also offers adjustable para-
meters and settings, enabling customization to achieve desired sensitivity
and specificity levels, making it particularly suitable for clinical
applications®. LOBICO has demonstrated significant results in practical
applications. For instance, in colorectal cancer, the algorithm identified
Phosphatase and Tensin Homolog gene mutations as associated with
sensitivity to Protein Kinase B inhibitors. Similarly, it revealed that
Kirsten Rat Sarcoma Virus allele-specific mutations in colorectal cancer
correlated with sensitivity to bicalutamide®. These findings provide
valuable insights for developing personalized treatment plans. However,
it’s important to note that the LOBICO approach faces certain limita-
tions. The tissue specificity among different cancer types and the com-
plexity of the model are recognized challenges*. Future research should
focus on expanding the model’s applicability to different cancer types and
optimizing the algorithm to enhance its interpretability and practicality.

MKL. The MKL model is a method that employs kernel regression
techniques to integrate multiple data types, such as gene expression and
genomic data, to predict drug sensitivity in cancer cell lines™. MKL
integrates different similarity measures expressed through various kernel
functions and information from multiple sources or representations or
feature subsets”. Multiple Kernel Learning methods effectively handle
different types of inputs and similarity measures from multiple sources or
modalities. The combination of these different inputs can be achieved
through three main approaches: linear combinations (using simple
unweighted or weighted sums of kernels), nonlinear combinations (using
multiplication or other nonlinear functions), or data-dependent com-
binations that adapt to local data distributions. For model evaluation and
selection, the data is typically split into separate training and validation
sets, with cross-validation procedures used to choose the best-performing
kernel combination. This approach allows the model to leverage multiple
notions of similarity rather than relying on a single kernel function,
similar to the benefits seen in combining different classifiers. The merits
of the MKL model encompass the integration of diverse data types, the
utilization of non-linear modeling techniques, and the exploitation of
multi-task learning to enhance prediction accuracy and generalization
capability®. By integrating biological data from multiple levels, including
gene expression, genomic variations, and epigenetic modifications, the
MKL model can provide a comprehensive characterization of the
molecular features of cancer and the mechanisms underlying drug
action”. Moreover, the MKL model employs kernel functions to trans-
form data into a high-dimensional feature space, allowing it to capture
non-linear relationships within the data and improve modeling flex-
ibility. Furthermore, the multi-task learning framework enables the MKL
model to share information across various drugs and cell lines, enhancing
the robustness and generalization capability of the predictions™.
Nevertheless, the MKL model also encounters several challenges. Firstly,
generating multi-omics data necessitates substantial experimental costs
and large sample sizes, which restricts the application scope of the MKL
model. Secondly, integrating multiple data types elevates the complexity
of modeling, requiring meticulous design of feature representation and
fusion strategies. Furthermore, evaluating and validating the perfor-
mance of the MKL model proves challenging, necessitating rigorous
assessment on independent test sets and considering the influence of
sample heterogeneity and batch effects. Despite these limitations, the
MKL model presents a promising approach for drug sensitivity predic-
tion by integrating multiple data types. Future research should focus on
optimizing data collection strategies, such as employing high-throughput
sequencing technologies and standardized experimental protocols, to
minimize data generation costs. Simultaneously, improving modeling
techniques, such as incorporating attention mechanisms and graph
neural networks, can enhance the MKL model’s capability to process
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high-dimensional data and capture complex relationships. Finally, vali-
dating the performance of the MKL model on larger-scale independent
test sets and comparing it with other cutting-edge methods will facilitate
the evaluation of its potential for application in clinical decision support
systems.

Integration of drug structure information or systems pharma-
cology with multi-omics data

DrugComboExplorer. DrugComboExplorer is a systems biology tool
that integrates pharmacogenomic and multi-omic data to identify critical
signaling pathways and predict synergistic drug combinations'”. Drug-
ComboExplorer integrates pharmacogenomics profiles of drugs, DNA-
seq, gene copy number, DNA methylation, and RNA-seq data. The
integration process follows a stepwise approach: first identifying driver
networks from frequently mutated and copy number amplified genes,
then combining these networks with co-expression and gene regulation
networks. The model evaluates drug combinations by quantifying both
collaborative targeted effects on the same driver signaling networks and
complementary targeted effects on different network modules. It inte-
grates various algorithms to generate driving signaling networks and
utilizes systems pharmacology approaches to infer the efficacy and
synergistic mechanisms of drug combinations. In studies of diffuse large
B-cell lymphoma and prostate cancer, this tool enables researchers to
predict and validate potential synergistic drug combinations using
genomic data from cancer patients. It also assesses their effectiveness in
targeting specific cancer signaling networks, which could potentially
enhance treatment efficacy””. By integrating multi-omic data, Drug-
ComboExplorer effectively predicts synergistic drug combinations for
cancer, demonstrating the potential application of network-based drug
efficacy screening methods in personalized cancer therapy and offering
novel research directions and strategies for cancer treatment. Despite
DrugComboExplorer’s excellent performance in validation experiments,
it has several limitations, such as the reliance on interactome data from
public databases that may lack specificity, the necessity for validating
predictive effects in additional cancer types, and the requirement for
clinical trials to confirm the clinical efficacy of predicted combinations.

OncosynergyX. OncosynergyX is a computational predictive model that
integrates multi-omic features of drugs and cell lines, such as gene
expression, mutations, copy number variations, drug chemical struc-
tures, and protein targets, to predict the synergistic effects of anticancer
drug combinations”. The model primarily employs machine learning
algorithms, including XGBoost and random forest, and optimizes model
parameters through cross-validation. OncosynergyX integrates com-
prehensive pharmacological data with molecular information to train
machine-learning models for predicting drug synergies. The key data
source came from the DREAM AstraZeneca-Sanger Drug Combination
Prediction Challenge, which provided one of the largest combinatorial
cell line screening datasets including molecular, chemical, and biological
data”. The model processes multi-omics data through a biologically
informed abridged feature set of 2121 features, condensed from the
complete feature set of 111,168 features. The input includes monotherapy
features, genomic context including expression, copy number variations,
and mutations, and additional features like drug synergy networks. For
data splitting, the study uses tenfold cross-validation, where some drug
combinations in the test set contain drugs present in training data, as the
model relies on both molecular structure and multi-omics cell line fea-
tures for predictions. A key advantage of this method is its data-driven
approach, which uses multiple types of biological data. Additionally, the
model systematically evaluates various machine learning algorithms,
identifying the XGBoost model as the most effective. The model’s per-
formance is further enhanced through hyperparameter tuning®”. How-
ever, the OncosynergyX model has certain limitations, including the wide
range of drug concentrations covered by the output synergy scores, the
potential for false positives in computational predictions, and the

inherent limitations of using IC50 as a measure of drug sensitivity.
Notwithstanding these limitations, OncosynergyX exhibits superior
performance and offers profound biological insights into the prediction
of drug synergistic effects, thereby providing a valuable framework to
guide experimental work in this field. Prospective validation studies are
necessary to further confirm the translational potential of OncosynergyX
in enhancing cancer treatment strategies.

Signaling pathways and signaling networks in drug interaction
prediction

Random Walk with Restart (RWR). Random Walk with Restart (RWR)
is a network-based computational method that predicts disease-
associated genes by simulating the propagation of information through
biological interaction networks™’. The method first constructs a multiplex
network by integrating diverse molecular interaction data, including
protein-protein interactions, pathway information, and gene co-
expression patterns, and then employs RWR to calculate the diffusion
distance from known disease genes to network nodes™. The advantage of
RWR lies in its ability to capture both direct and indirect functional
relationships in the molecular network without requiring detailed
mechanistic knowledge of disease pathways or extensive experimental
validation data, thereby overcoming the limitations of traditional
methods that focus solely on direct protein interactions or pathway
annotations. Moreover, the multiplex network approach based on the
integration of diverse interaction types facilitates the identification of
disease genes with complementary functional roles. However, the RWR
method also has limitations, such as the empirical nature of parameter
selection during the construction of multiplex networks and the depen-
dence on the quality and completeness of interaction databases. Despite
these limitations, the method has demonstrated its potential from theory
to application in various diseases, providing new insights for disease gene
discovery and functional characterization of disease mechanisms.

Mathematical model based on the Epidermal Growth Factor
Receptor (EGFR) signaling network. This mathematical model, which
is based on the current understanding of the EGFR signaling network,
utilizes ordinary differential equations to describe the dynamic behavior
of the network under various inhibition scenarios’’. The study demon-
strates how network topology influences drug interaction predictions by
analyzing different combinations of target points. Each test simulation
represents a unique intervention scenario, where inhibitors target either
single nodes, parallel pathways, or serially-connected nodes in the sig-
naling cascade. The validation approach focuses on comparing the
relative effectiveness of different targeting strategies, particularly exam-
ining how upstream interventions affect downstream signal propagation.
This systematic testing reveals that targeting multiple nodes in series
produces stronger signal attenuation than targeting parallel pathways,
providing insights for designing combination therapies based on network
structure. The model’s advantages include demonstrating that simulta-
neous inhibition of multiple upstream processes is more effective than
individual inhibition, revealing the superadditive synergistic effects of
cascading inhibition, and enabling the prediction of therapeutic out-
comes for multi-kinase inhibitors. However, the model also has limita-
tions, such as only considering a simplified subset of the EGFR network,
omitting some key biological features, and being heavily dependent on
the selection of initial conditions and parameters. Nevertheless, this study
provides a valuable exploration of the effects and mechanisms of multi-
target combination therapy, establishing the theoretical foundation for
developing more refined and realistic signaling network models.

Three-node Enzymatic Network Model. The Three-node Enzymatic
Network Model is a computational approach for studying and predicting
drug combination effects’®. This model consists of three enzymes, each
existing in active or inactive states, interacting according to prescribed
network structures. Using Michaelis-Menten kinetics and incorporating
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Fig. 4 | Future directions in algorithms for predicting drug synergy and antag-
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reaction management. Common side effects are illustrated for different organ sys-
tems. This figure was created based on the tools provided by Biorender.com
(accessed on 4/9/2024).

background regulations, the model explores all possible network topol-
ogies to identify consistent synergistic or antagonistic drug combination
motifs. The Three-node Enzymatic Network model uses real-valued
parameters representing enzyme kinetics. The input consists of network
topology matrices defining node connections and their regulatory rela-
tionships. The model processes these inputs through ordinary differential
equations based on Michaelis-Menten kinetics. The output is a real-
valued combination index indicating drug interaction patterns. Unlike
traditional machine learning approaches requiring training/test splits,
this mechanistic model validates predictions through parameter space
sampling, demonstrating that drug interaction patterns depend primarily
on network structure rather than specific parameter values. Its key
advantages include comprehensive exploration of network topologies,
robustness to parameter variations, and the ability to represent simpli-
fications of complex networks or closely connected target networks. The
model’s predictive power lies in its capacity to identify drug combination
motifs based on network structure. However, it has limitations, such as
being a significant simplification of real biological systems and focusing
primarily on enzymatic interactions. Practical applications include
rational drug combination design and elucidating the relationship
between network topology and drug combination effects. Despite its
potential, the model faces challenges in experimental validation, scaling
to larger networks, integrating additional biological data, and translating
theoretical predictions to clinical applications. The computational
intensity required for analyzing all possible network topologies with
multiple parameter sets is also a consideration. Nevertheless, the Three-
node Enzymatic Network Model provides valuable insights into the

topological basis of drug synergy and antagonism, offering a promising
approach for rational drug combination design in enzymatic systems.
Future work may focus on addressing these challenges to enhance its
applicability in more complex biological contexts and clinical settings.

Discussion

Consider drug resistance mechanism to realize dynamically
optimized drug combination therapy

Various algorithms have been developed to predict drug synergy and
antagonism. However, these methods face significant challenges in
addressing drug resistance issues. In cancer, tumor cells exhibit high genetic
instability and heterogeneity. During treatment, tumor cells may undergo
evolution and adaptation, leading to changes in drug sensitivity and the
development of drug resistance’ ™",

To address this issue, long-term multi-omics monitoring of patients
susceptible to drug resistance is required (Fig. 4). By collecting compre-
hensive data from patients’ genomes, transcriptomes, and proteomes
throughout the treatment process and integrating genomic and tran-
scriptomic data, we can dynamically monitor the molecular character-
istics of tumors. Adjustments to the treatment regimen can be made in
response to changes in drug resistance mechanisms, providing a deeper
understanding of cancer progression mechanisms, uncovering new drug
targets and biomarkers, and supporting precision medicine’. This
dynamic and integrated multi-omics analysis approach enhances our
understanding of cancer mechanisms, aids in the discovery of new drug
targets and biomarkers, and bolsters precision medicine efforts™. For
instance, using single-cell sequencing technology allows for high-
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resolution gene expression and genomic analysis of tumor samples at
various treatment stages to track the development and evolution of
drug-resistant clones’’. Moreover, incorporating imaging histology data
such as Computed Tomography, Magnetic Resonance Imaging, and
Positron Emission Tomography scans provides information on cancer
phenotype and tumor microenvironment, assisting in the assessment of
drug effectiveness and the emergence of drug resistance™ ®. By inte-
grating and analyzing these multidimensional data, predictive models can
be constructed to real-time assess a patient’s response to the current drug
regimen and allow timely adjustments to the treatment strategy if the
tumor exhibits signs of evolution or resistance. This personalized and
dynamic approach to adjusting drug regimens aims to surpass the lim-
itations of traditional static prediction methods, enhance drug effective-
ness, and extend patient survival.

However, achieving this goal faces several challenges, including tumor
heterogeneity, difficulties in patient recruitment for rare mutations, and low
rates of genomics-guided therapy implementation. Context-dependent
effects of targeted therapies, challenges in identifying reliable biomarkers,
and limitations of genomics-only approaches further complicate precision
oncology. These issues highlight the need for more comprehensive strategies
integrating multiple data types and considering tumor evolution®". Future
research will need to refine algorithms for multi-omics data analysis,
develop more accurate and robust predictive models, and demonstrate their
effectiveness and feasibility through prospective clinical trials. Additionally,
enhancing multidisciplinary collaboration and integrating basic research,
computational biology, and clinical practice will be crucial for progress in
this field.

Integrating pharmacokinetic and physiological factors to
improve the accuracy of predicting the efficacy of drug
combinations

Predicting the synergistic and antagonistic effects of drug combinations
using multi-omics data has emerged as a crucial strategy in precision
medicine, exhibiting high accuracy and promising potential for clinical
application. However, these predictions are predominantly performed in
in vitro cell lines or animal models, whereas the process of drug action in
the human body is significantly more intricate® . Specifically, variations
in the pharmacokinetic properties of different drugs in vivo can result in
alterations in their concentration and exposure time within target organs,
consequently influencing the actual efficacy of drug combinations®. In
particular, after oral administration, drugs need to undergo processes
such as gastrointestinal absorption, hepatic first-pass effect, and systemic
distribution before reaching the target organs to exert their effects®*”.
Differences in the physicochemical properties, dosage forms, and routes
of administration of various drugs can all potentially impact their
absorption and distribution in vivo®™. Furthermore, drugs in the body may
also be subject to the effects of metabolic enzymes and transporters,
leading to changes in their concentration and clearance rate”. These
factors may make it challenging to maintain the predicted drug combi-
nation ratios from in vitro studies in vivo, thus affecting the manifestation
of synergistic or antagonistic effects. Moreover, the complexity of the
tumor microenvironment may also influence the accumulation and
action of drugs in target organs’. Tumor tissues often exhibit char-
acteristics such as abnormal angiogenesis, interstitial barriers, and acidic
microenvironments, making it difficult for drugs to effectively penetrate
and distribute”’. The concentration and distribution of different drugs in
tumor tissues may be influenced by these factors, consequently altering
the efficacy of drug combinations.

Although some studies have attempted to predict drug distribution
and target organ concentrations in vivo using pharmacokinetic models
and physiological modeling, these methods often rely on animal
experimental data and limited human trial data, making it difficult to
fully reflect individual differences and tumor heterogeneity’'. There-
fore, how to integrate pharmacokinetic and pharmacodynamic factors
into multi-omics prediction models to more accurately predict the

efficacy of drug combinations in individual patients remains a pressing
issue to be addressed (Fig. 4). Future research directions could include
developing more sophisticated physiological modeling techniques that
account for the distribution and clearance processes of drugs across
various organs and tumor tissues, as well as integrating multi-omics
data with clinical pharmacokinetic data to construct individualized
drug concentration-time curve prediction models. Through these
efforts, it is hoped that more precise and personalized optimization of
drug combinations can be achieved, enhancing the success rate of
precision cancer therapy.

Evaluating the impact of drug combinations on anti-tumor
immunity and optimizing immunotherapy strategies

While drug combinations may demonstrate promising synergistic effects
in vitro, they often face more complex biological challenges when
administered in vivo. Among these challenges, the potential negative
impact of drug combinations on immune cells is a critical factor that
demands attention”. For instance, combining therapies can increase
toxicity, particularly immune-related adverse effects””. Moreover, some
targeted therapies, such as checkpoint inhibitors, can activate T cells but
may also trigger autoimmune-related adverse reactions, thereby indir-
ectly affecting anti-tumor immunity. Immune checkpoint inhibitors
bolster anti-tumor immunity by unleashing T cells, but they can pre-
cipitate immune-related adverse events that mimic autoimmune condi-
tions. These immune-related adverse events manifest across diverse
organ systems with a spectrum of severity. Notably, combination
immunotherapy regimens may amplify both the frequency and intensity
of these immune-mediated side effects””. However, many current drug
combination screening and prediction algorithms rely primarily on the
direct response of tumor cells, such as proliferation inhibition and
apoptosis induction, without adequately considering the impact of drugs
on the immune microenvironment. This may lead to the selection of drug
combinations with poor in vivo efficacy, as they may impair the body’s
anti-tumor immune function.

To address this issue, future drug combination screening and opti-
mization strategies should consider the effects of drugs on the immune
system more comprehensively (Fig. 4). Immunotoxicity and immunomo-
dulatory effects can be incorporated into the evaluation criteria for drug
combinations. The impact of drug combinations on anti-tumor immunity
can be evaluated through methods such as in vitro co-culture of immune
cells and tumor cells™. Furthermore, by leveraging Al and machine learning
techniques to integrate multi-omics data and immune phenotype data, the
immunomodulatory effects and overall efficacy of drug combinations
in vivo can be predicted more accurately. In conclusion, considering the
impact of drug combinations on the anti-tumor immune microenviron-
ment is crucial for optimizing combination therapies and enhancing clinical
efficacy. Future research should focus on developing more comprehensive
and precise drug combination optimization strategies that take into account
both tumor cell and immune cell responses, in order to maximize the clinical
benefit of combination therapies.

Integrating host-gut-intratumoral microbiomics for precision
personalized drug combination optimization
Drug combination therapy is a crucial strategy in precision oncology;
however, current algorithms for optimizing drug combinations have not
fully considered their impact on the gut and intratumoral microbial com-
munities. Accumulating evidence suggests that microbial communities play
a pivotal role in tumor initiation, progression, and treatment response”.
First, gut microbiota can modulate the host’s immune function and
drug metabolism, thereby influencing drug efficacy and toxicity”®. Cer-
tain drug combinations may alter the composition and function of the
gut microbial community, potentially influencing the antitumor effect””.
Furthermore, gut microbiota can influence the host’s response to drugs
through metabolic reprogramming’®. Second, the microbial community
in the tumor microenvironment is also closely associated with drug
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Table 4 | Multi-omics data integration for addressing key challenges in cancer treatment

Challenge Relevant Omics Data Representative Methods/Algorithms Expected Outcome

Drug Resistance Genomics; Deep learning networks Dynamic prediction of resistance development
Transcriptomics;
Proteomics

Pharmacokinetics/Dynamics Genomics; Physiologicalbased modeling Improved drug distribution prediction
Metabolomics; Machine learning regression
Proteomics Network analysis

Immune Response Immunogenomics;

Transcriptomics;

Immune cell deconvolution
Multitask learning Systems biology modeling

Better immunotherapy response prediction

Proteomics

Microbiome Impact Genomics; Graph Convolutional Networks Optimization of microbiomeaware therapy
Metabolomics; Deep Learning Methods
Proteomics Multi-Omics Predictive Models

Adverse Reactions Genomics; Risk prediction models Reduced adverse event occurrence
Transcriptomics; Bayesian networks
Proteomics; Ensemble methods

Multi-omics Data Integration

efficacy. Research has demonstrated that certain bacteria can selectively
accumulate within tumors and promote tumor growth and drug toler-
ance through mechanisms such as inducing immunosuppression or
producing specific metabolites”. Conversely, some beneficial bacteria
can enhance the efficacy of drugs, such as immune checkpoint
inhibitors”’. Consequently, drug combinations may indirectly influence
the therapeutic response of tumors by reshaping the intratumoral
microbial community.

Current algorithms for drug combination screening and optimization
are primarily based on the characteristics of tumor cells and host genomes
and have not yet incorporated microbiome data. To more accurately predict
the efficacy and toxicity of drug combinations, future algorithms should
integrate host genomics, tumor genomics, and microbiome information to
construct multi-omics predictive models (Fig. 4). Simultaneously, by
employing machine learning and other techniques to identify key microbial
biomarkers and metabolic pathways, we can guide the optimization of drug
combinations and personalized therapies™. In conclusion, considering the
impact of drug combinations on gut and intratumoral microbial commu-
nities is crucial for improving drug efficacy and reducing toxicity. Inte-
grating microbiomics into drug combination optimization algorithms holds
promise for achieving more precise and personalized cancer treatment
decisions.

Risk assessment and minimization of adverse drug reactions
Although combination therapy can improve the efficacy of tumor
treatment, it may also increase the risk of adverse drug reactions
(ADRs). ADRs are defined as harmful and unintended responses that
occur at normal therapeutic doses of medication®'. The adverse reaction
profiles of different drugs may overlap or interact synergistically,
potentially leading to an increased incidence or exacerbation of ADRs.
Consequently, when designing combination therapy regimens, it is
imperative to comprehensively assess the ADR risk associated with
specific drug combinations (Fig. 4). The primary objective of combi-
nation drug therapy is to maximize antitumor efficacy while mini-
mizing the occurrence and severity of ADRs. To attain this objective, it
is crucial to continuously refine ADR prediction models and integrate
efficacy and safety data for various drug combinations. By carefully
balancing the benefits and risks of drugs, healthcare professionals can
provide patients with the most appropriate personalized combination
therapy regimen. This necessitates close collaboration among multi-
disciplinary teams to highly integrate expertise from fields such as
pharmacology, clinical medicine, and computer science, facilitating the
continuous improvement of the risk assessment system for ADRs,
ultimately benefiting a broad spectrum of cancer patients.

Table 4 presents a comprehensive framework for integrating multi-
omics data to address five key challenges in cancer treatment: drug

resistance, pharmacokinetics/dynamics, immune response, microbiome
impact, and adverse reactions. For each challenge, the table outlines the
relevant omics data types required, representative computational methods
and algorithms, and the expected outcomes of these integrated approaches.
This systematic organization provides a roadmap for tackling complex
cancer treatment issues through multi-dimensional data analysis. The table
serves as a foundation for the detailed discussion that follows, where each
challenge is thoroughly examined in terms of current limitations, potential
solutions, and future directions. As explored in section “Consider Drug
Resistance Mechanism to Realize Dynamically Optimized Drug Combi-
nation Therapy”, the first challenge of drug resistance requires dynamic
monitoring through multiple omics layers to track tumor evolution and
adapt treatment strategies accordingly.

Conclusion

This article presents a systematic review of drug synergy combination
prediction models based on multi-omics data. With the advancement of
high-throughput sequencing technologies, biological big data across various
dimensions, including genomics, epigenomics, and transcriptomics, are
experiencing explosive growth. Leveraging these vast heterogeneous data to
develop drug synergy prediction models holds promise for expediting the
discovery and optimization of synergistic drug combinations.

First, we elucidate the concepts of drug synergy and antagonism and
highlight the pivotal role of AT algorithms in optimizing drug combinations.
Subsequently, we summarize the commonalities among various prediction
algorithms in terms of data input, feature extraction, feature selection,
model validation, and other aspects. Furthermore, this article introduces
multiple strategies and technical approaches for integrating multi-omics
data, such as kernel regression, machine learning, graph networks, and
metabolic network simulation. Moreover, we highlight several representa-
tive drug synergy prediction models across different dimensions, encom-
passing genomics, epigenomics, and transcriptomics. Models based on
genomic data, such as DrugComboRanker and AuDNNsynergy, primarily
utilize gene expression profiles and mutation data to construct synergy
prediction frameworks. Models based on epigenomic data, such as
MethylMix, focus on the regulatory mechanisms of epigenetic modifica-
tions in drug synergy. Models based on transcriptomic data, such as CDA
and DIGRE, emphasize the analysis of drug synergy mechanisms from the
perspective of transcriptional changes.

Despite certain progress, multi-omics-based drug synergy combina-
tion prediction still faces numerous challenges, including the standardiza-
tion and integration of multi-source heterogeneous data, the generalizability
and interpretability of models, and the experimental validation of prediction
results. In the future, it is imperative to develop more universal and robust
multi-omics data integration frameworks, enhance the interpretability of
models, elucidate the underlying mechanisms of drug synergy, and
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concurrently reinforce the experimental validation and clinical translation
research of model prediction results.

In conclusion, drug synergy prediction based on multi-omics big data

is a burgeoning research field. The innovation and refinement of models are
expected to provide novel insights for optimizing synergistic drug combi-
nations, foster the development of personalized precision medicine, and
ultimately benefit human health. It is anticipated that with the increasing
maturity of A, multi-omics, and other technologies, drug synergy combi-
nation prediction models will undoubtedly embrace broader application
prospects in the future.

Abbreviation

DREAM Dialogue on Reverse Engineering Assessment and
Methods

Al artificial intelligence

MKL multiple kernel learning

PPI protein—protein interaction

BI Bliss Independence

CI Combination Index

CMAP Connectivity Map

TCGA The Cancer Genome Atlas

DNA deoxyribonucleic acid

CDA combinatorial drug assembler

DIGRE drug-induced genomic residual effect

MR master regulator

LOBICO  logic optimization for binary input to continuous output

RWR random walk with restart

EGFR epidermal growth factor receptor

ADR adverse drug reaction

AUC area under the curve

ROC receiver operating characteristic
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