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ABSTRACT

Development of a new therapeutic compound from discovery to market approval remains a long journey

involving decades of research and development (R&D) and costing approximately $161 million to $4.54

billion (Schlander et al., 2021). However, recent decades have witnessed unprecedented and

contemporaneous progress in computational technology, engineering, material sciences, multi-omics and

biochemistry. This progress presents a very exciting opportunity to accelerate biomedical research and

efficiently translate the same to meaningful shortening the time to market for drugs urgently needed for

diseases that represent a huge burden to people suffering from these diseases and society at large. This

article presents a review of the key advances in computational technology, medical engineering, material

sciences, and multi-omics that are enabling a paradigm shift in drug development through all its stages with

a potential for meaningful acceleration to meet the present significant unmet need in multiple diseases.

Introduction

Continued low probability of success (~ 1 in 5,000 – 10,000 potential compounds tested as potential drug

candidates, reach approval by health authorities (Dynamic42, 2023)) and lengthy development timeline

(Figure 2) have long represented critical and extremely challenging issues for drug development

(Yamaguchi, Kaneko and Narukawa, 2021). This issue has far-reaching consequences from immense

burden of disease for patients and their families to a significant economic impact to individuals,

government and society, and represents continued ethical and policy challenges. The recent pandemic

served as a painful reminder but also a catalyst to all stakeholders in drug development of the essentiality of

creating an ecosystem that enables productive confluence of multiple disciplines to maximize probability of

success in the drug development journey.



As our understanding of human diseases continues to evolve, developing ‘right drug’ for the ‘right patient’

is hypercritical. Furthermore, development frameworks adopted by industry and academia alike highlight

the importance of delivering this ‘right drug’ at ‘right time’ and at the ‘right price’. This article aims to

narrate key advances in computational technology, engineering, material sciences, multi-omics and

biochemistry that are enabling potential for meaningful acceleration of targeted therapies that utilize

precision medicine approach and represent optimal therapeutic options for patients with significant unmet

need.

Discussion

Right Drug

1. Target Validation & Lead Identification:

Identifying and validating the right biological target for a drug is a challenging first step in the drug

discovery process and involves two aspects:

● Confirm if a molecular target is important to the pathophysiology of the disease

● Confirm if the same molecular target is also the intended target of the drug molecules under

evaluation

Genome-wide association studies (GWAS) have significantly advanced the understanding of the

biological basis for the heterogeneity in disease presentation and progression across diverse individuals and

populations with disorders such as cardiovascular disease, diabetes, infectious diseases, inflammatory and

autoimmune disorders. However, sequencing (exome and genome) studies are increasingly utilized in

preference to GWAS (with exhibited limitations in terms of phenotype-to-genotype association) and

characterize associations between rare variants and phenotypes and gene essentiality, which may be robust

evidence for a genetically validated target. (Spreafico et al., 2020) (Smith et al., 2017).

Inherent biological discrepancy among in vitro, in vivo disease animal model, and human disease

has long been a key cause of failure of successful transition from discovery to clinical development.

Transcriptional profiling of cells and tissues, in particular bulk and single-Cell RNA sequencing, evaluates

tissues and cells for the expression of a target of interest, and identification of causal variants associated

with clinical phenotypes. (Srivatsan et al., 2019)

Transcriptomics provide actionable insights into target engagement enabling efficient selection of

the most physiologically relevant in vivo and in vitro models.



Rapid adoption of genome-wide CRISPR screens for drug-target discovery has enabled the

simultaneous profiling of a genome-wide library of sequence-specific perturbations in a single experiment.

These screens leverage massive in-parallel sequencing to deconvolute which perturbations were associated

with the phenotype of interest, with significantly improved on-target specificity and characterization of

perturbations from full knockout to hypomorphs. (McDonald et al., 2017)

Advances in bioengineering have broadened the range of human disease models ranging from

Two-dimensional (2D) cell cultures (cultivated patient-derived cells or engineered cell lines), bioengineered

tissue models, organoids to ‘Organs-on-chips’ (single or multiple organ). These provide increasing levels of

biomimicry and simulate the in vivo functions, biomechanics and (patho) physiological responses of tissues

and organs. Bioengineered disease models are revolutionizing biomedical research and will increasingly

replace animal models in basic and preclinical research and substantially cut down drug development costs

(an estimated 10–26% cost reduction per newly approved drug). (Loewa, Feng and Hedtrich, 2023; Anna

Grazia Monteduro et al., 2023; Glassman and Balthasar, 2019)

Figure 2. The drug development process. Figure 2 indicates the time from target validation to approval and

launch is ~ 13 to 15 years (Neurosync 2022)

In addition, it is critical to confirm if a molecular target is the intended target of the drug

molecules, by evaluating the specificity/affinity of the drug candidates to bind the molecular target through

structure–activity relationship (SAR) studies. High throughput screening (HTS) using protein-based

biochemical assays, cell-based phenotypic assays, or organism-based assays improve the efficiency and

specificity of the hits, complemented by virtual computation screening aided by artificial intelligence (AI)

and machine learning (ML) computational tools to yield candidate compounds with attractive

specificity/affinity characteristics and minimal non-specific binding to the target. The pharmacological

effect of the drug molecules can also be compared to the effect of genetic alteration of the target using

siRNA knockdown or CRISPR gene editing.

1. Lead optimization: Modality, Route

During drug optimization, two major aspects of the compounds are rigorously optimized: (1) the

potency and specificity of the lead compounds to inhibit the molecular target are rigorously optimized

through SAR, where low Ki or IC50 at low nmol/L or even pmol/L range is desired to achieve better



efficacy and decrease off-target effect; and (2) drug-like properties of the lead compounds are also

extensively optimized using certain cut-off values as acceptable criteria for drug solubility, permeability,

stability, protein binding, and plasma PK parameters.

The persistently low drug development success rate despite tremendous progress in validating

molecular targets raises questions as to whether some aspects of drug optimization are overlooked. Whilst

there has been a lot of emphasis on characterizing the potency/specificity of drug candidates using SAR

studies, drug exposure/selectivity in disease-targeted tissues vs. healthy tissues, if overlooked may mislead

the drug candidate selection. The balance of drug exposure/selectivity in disease-targeted tissues vs. healthy

tissues is critical to ensure that selected candidates achieve optimal balance of clinical

dose/efficacy/toxicity. STAR-guided Machine Learning system" (structure-tissue/cell selectivity-activity

relationship) are being increasingly deployed to enhance success rate especially in oncology, by addressing

three overlooked interdependent factors: potency vs. specificity related to the on/off-targets at intended

clinical doses, on/off-target-driven tissue/cell selectivity that may influence adverse effects in non-diseased

organs at intended clinical doses, and optimal clinical doses that optimizes balance between efficacy and

safety.

STAR-guided ML models can improve success rate and efficiency of drug development through:

1. Finding disease drivers and targets: ML has been extensively applied in disease

target identifying targets that drive cancer genesis and metastasis through

network-based signaling pathways. These models can efficiently analyze

multi-omics data, using systems biology approach and uncover potential cancer

endo-phenotypes and hence inform patient stratification and therapeutic outcomes.

2. Improving HTS efficiency: The integration of ML with automated systems can help

streamline & accelerate the HTS process by learning common patterns from hits and

predicting successful hits. Optimizing drug design: ML methods are being deployed

to elucidate molecule structures, evaluate synthesis schemes, predict target binding

characteristics and drug-target interaction (DTI), using protein crystal structure or

predicted structures from Alpha-Fold.

3. Predicting drug-like properties and toxicities: Many ML applications are actively

being deployed in predicting drug-like and pharmacokinetic properties such as drug



absorption (solubility permeability, lipophilicity, bioavailability), metabolisms by

different CYP enzymes, pharmacokinetic parameters such as half-life, clearance,

volume distribution, and drug exposures and potential drug toxicity.

Right Patients

1. Study design

Optimizing clinical trials design leveraging insights uncovered by ML applications that analyze data from

disease natural history, treatment registries, and prior clinical trial. ML with real-world data may facilitate

the identification of patient subpopulations most likely to respond to treatments as also identifying likely

non-responders from trials thereby enriching study populations for success.

There is a need for freely available curated data, along with common benchmark assignments that

can be used to train and assess models, respectively, to optimize predictive success. The US precision

medicine initiative aims at establishing a massive e-health database, storing detailed health data over many

years from at least a million American volunteers. Similarly, the 100,000 Genomes Project in UK reached

its goal of sequencing 100,000 whole genomes from 85,000 NHS patients with cancer or rare diseases,

which has uncovered “actionable findings” in around one in four rare disease patients, and one in two

cancer cases that can be leveraged to optimize clinical trial design.

Adaptive clinical designs allow for modifications to the trial protocol based on interim results

thereby increasing flexibility and efficiency in trials. These designs are increasingly being accepted by

health authorities across the globe (USFDA, EMEA, PFDA etc.) within clear frameworks to ensure

scientific rigor whilst achieving speed and efficiency. In 2019, the US Food and Drug Administration

(FDA) published guidance on the implementation of adaptive designs for clinical trials with focus of key

adaptive design elements such as: (Kaizer et al., 2023)

1. Group Sequential Designs: Incorporate prospectively planned interim analyses and

possible early stopping due to efficacy, futility, or harm.

2. Sample size re-estimation (SSR): Accounts for potential uncertainty in the expected

treatment effect. After the initial sample size calculation to maintain prespecified

power and type I error rate given an assumed treatment effect, data at each

prospectively planned interim analysis can then be used to re-estimate the sample



size to maintain the same power if the observed treatment effect is weaker than

expected but still clinically relevant.

3. Treatment Arm Selection: Modify study design to allow for adding or dropping

treatment arms, such as adaptive dose-finding, drop-the-losers, adaptive seamless,

and adaptive platform designs.

4. Adaptive Randomization: covariate-adaptive designs were created to marginally

balance multiple covariates at once rather than achieve balance within each stratum

5. Adaptive Enrichment: In situations where a subgroup of the population experiences

more benefit from an intervention (through either a priori subgroup identified using

biomarker/s or methods to determine adaptive thresholds for continuous biomarkers),

an adaptive enrichment design provides the ability to drop lower performing

subgroups at an interim analysis to enable efficient re-allocation of trial resources to

those with a greater chance of benefit.

6. Adaptive Endpoint Selection: Adaptation of the endpoint selection might be

considered when there is uncertainty about the treatment effect sizes on multiple

patient outcomes that are all potentially clinically relevant and acceptable as primary

endpoints for a trial. Most regulatory and institutional guidelines advise this to be

undertaken with robust statistical analyses and sound clinical rationale and require

pre-specified adaptation rule and statistical hypothesis testing to account for the

adaptive endpoint selection.

7. Sequential multiple assignment randomized trial (SMART) Design: An adaptive

research design wherein every participant is randomized to an initial intervention

arm but can through a series of stages with the option to either stay on or switch

intervention arms, depending on their response to the intervention in the stage prior.

8. Seamless Designs: Operationally seamless designs combine phases into one trial,

while inferentially seamless designs also combine data from distinct phases. It is

critical to plan across stages including pre-specification of protocols and interim

analysis schedule as well as sophisticated statistical analyses and data safety

monitoring. This may often constrain flexibility and adaptability but are critical to

ensure reliability of emergent data and to move at speed.



9. Master Protocol Design: Single, comprehensive (umbrella/basket/platform) trials

evaluate several concurrent multiple therapies, diseases, or subpopulations,

concurrently through application of common guidelines for enrollment,

measurements, data management, and statistical analysis. By creating a shared

infrastructure across treatments, these studies can reduce costs, increase efficiencies,

recruit broader patient populations and bridge the translational gap toward clinical

care. Numerous challenges such as false discovery rates, population drift, operational

complexity of managing multiple partners, amendments as well as complex informed

consent necessitating intensive review and monitoring processes.

2. Application of Precision/Personalized Medicine Framework to Drug Development

Precision/Personalized medicine framework envisages a more predictive approach to disease management

and drug development that focuses on identifiable population cohorts or in its ultimate aspiration on the

individual patient. Precision medicine relies on the use of biological, pathophysiological and clinical

indicators called biomarkers to precisely characterize their genotype and endo-phenotypes utilizing

complex (often ML driven) computation of big datasets including multi-omics-based evaluation and reverse

translation from real world disease and treatment-oriented datasets to enable the following:

1. Prediction of drug efficacy: in identified population subgroups enabling targeted patient selection

and patient stratification during clinical trials, thus increasing the chances of success.

2. Safety monitoring: to predict/detect likelihood of adverse effects at an early stage, making it

possible for timely exposure adjustment and patient stratification to mitigate risk.

3. Development of Companion Diagnostics: to help an individual patient personalize the use of a

therapy to unique conditions of their disease presentation/progression.

Recently, there is an expansion of the above approach to build clinical pathways integrating

multiple platforms such as the MultiP framework in an unbiased way. Whilst challenges remain to ensure

these are developed in a scientifically rigorous manner, these approaches can potentially offer efficient

channels for closing the translational gap. (Tran et al., 2024)

Right Time & Right Price



The overall global burden of disease has an increasing representation by chronic multi-systemic diseases

and rare diseases, thanks in large part to the tremendous progress made in the management of infectious

and acute disorders. Pursuant to evolving understanding of the heterogeneity of diseases at molecular,

genetic and clinical phenotype levels, is the emerging need for exploring technology to aid in precision

dosing. Advanced computer modeling and simulation to predict a drug dosage regimen that is most likely

to yield a better benefit-to-harm balance for a given patient, based on their individual characteristic than

traditional dosing deducted from traditional drug development process are envisioned within the framework

of Model-informed precision dosing (MIPD). An impetus to develop workable solutions for MIPD has

come from different stakeholders including policy makers, health economists, regulators and drug

developers at large to contain the human and fiscal cost attendant to suboptimal and potentially unsafe use

of medicines based on population level evidence generated during traditional drug development. Clinically

validated MIPD tools have potential for significantly improving patient care. This can be facilitated by

integration into EHRs. Such tools could combine clinical and demographic information available in

electronic health records with relevant biomarkers, validated drug and population databases and a

physiologically based pharmacokinetics (PBPK) model. However, this will need massive scale validation

efforts that will require a fostering regulatory, business & policy environment that is currently lacking.

Conclusion

As countries across the globe struggle with persistent affordability crisis with regards to health care,

meaningful change to drug development cost and probability of success has and will remain to be an urgent

need due to the far-reaching impact such a change can bring to patients suffering with the diseases impacted

by success in development. This has an outsized impact on healthcare resource utilization, work

productivity, employment and consequently on the economy. While advances described above have shifted

the needle significantly within individual stages of drug development, governments, industry and healthcare

community at large recognize that fundamental changes that integrate and leverage technology in a

scientifically rigorous and socially responsible manner are essential to help address the sustainability of

health care.
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