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Biological phenomena often emerge based on the inter-
action between pathways, cells and tissues, rather than
a single set of genes or proteins. This has led to the emer-
gence of systems medicine. Predictive medicine is another
emerging field that aims to predict the disease onset,
progression, deterioration, risk and treatment strategies.
In this article, we review how systems and computational
tools are being used globally in the drug discovery
pipeline. With increase in the amount of biological data
being generated, data integration is also a critical aspect
in systems biology. Towards this, we describe the use of
various data integration frameworks. We also analyse
the global and local funding patterns, regulations and
challenges and propose recommendations to enable
India as a key player in this area.
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Incorporating precision and systems paradigm
into drug discovery

ADVERSE drug reactions in patients contribute to more than
2 million cases of hospitalization and 100,000 deaths every
year in USA. Premarketing studies of drugs are based on
preclinical studies in animal models and around 500-3000
human participants for relatively short duration during
clinical trials'. However, the drug response can vary between
individuals based on disease heterogeneity, as well as envi-
ronmental and genetic factors. For example, substantial
frequency differences in genetic variants of drug-metabo-
lizing enzymes and transporters have been observed across
various geographical regions’. These can lead to changes
in local and systemic drug exposure and/or the target leading
to variabilities in drug response. This realization has led to
increasing discontentedness with the ‘one size fits all’ para-
digm currently being followed in the drug discovery pipe-
line, which is primarily dependent on a homogenously
raised (in bred) test species to understand both drug safety
and efficacy before being extrapolated to a highly diverse
and heterogenous human population. Dosing is often based
on mean values which disregard individual variabilities,
including differences in body surface area. These limitations
are also reflected in the failure of significant increase in
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the number of drugs approved by the US Food and Drug
Administration (USFDA) every year despite witnessing a
linear increase in amount of funding in the drug discovery
process. Also, out of the 302 drugs approved during 2008—
17 by USFDA, majority were anticancer drugs (17.54%) and
biologics (15.56%) with a drop in cardiovascular, neurologi-
cal, antibiotic and antiviral drugs, indicating huge gaps in
the drug discovery process”.

While India is a single country, studies that have mapped
high-density single nucleotide polymorphism (SNP) arrays
and genome-wide genotype data specifically from India*
and southeast Asia’ show that Indian populations have large
amounts of genetic variation that needs to be studied and
documented further. This indicates the need for precision
methodologies that can account for these genetic variations
which in turn may translate to heterogeneities in drug res-
ponse.

Precision medicine attempts to customize medical treat-
ments and decisions based on the genetic heterogeneities
in individuals. Various aspects of precision medicine include
probing and identifying genomic variation in a population,
leveraging and analysing demographic and clinical data,
and high-throughput holistic functional phenotypic profiling
which goes beyond genomic, transcriptomic, proteomic and
metabolomic differences to measure individual-level phe-
notypic differences, and sub-grouping of diseases’.

Apart from the ‘one size fits all’ approach, disease biology
research also usually follows a reductionist approach for
understanding various components of a system. However,
the paradigm of systems medicine attempts a complementary
approach to analyse the interactions between different
components within one biological organizational level, and
then between the different levels (molecular, cellular, tissue
and organism)’. This is also reflective of the native biological
phenomenon where various components from different
pathways often crosstalk and regulate each other. Thus, there
is a need to develop methodologies that promote pathway-
based approaches to disease biology®.

Future of medicine: predictive paradigm in
precision and systems medicine

Predictive medicine is a relatively new field that seeks to pre-
dict the onset, deterioration or reduction in disease progres-
sion in an individual, risk associated with a particular disease
outcome and its treatment. For example, identification of
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biomarkers, a biological event which can be measured accu-
rately and reproducibly, is one methodology to predict the
disease onset or progression and therapeutic outcome.
Whereas systems medicine is a complementary approach
that analyses interactions between the various components
within a biological organization (genome, transcriptome,
proteome) and then between the different organizational
levels’.

However, one of the key elements of both predictive pre-
cision medicine and pathway-based systems medicine is
informatics. Thus, methodologies to analyse, integrate and
interpret biological data along with simulation and visualiza-
tion methods are key for building mathematical models of
biological processes, including cellular interaction net-
works in these fields’. Several tools and techniques are being
currently developed in the various areas of informatics,
including data collection (such as data mining), data anal-
ysis (such machine learning) and predictive modelling.

The last decade there has seen a rise in complex hetero-
geneous data, including omics data, such as genomics, epi-
genomics, transcriptomics, proteomics, metabolomics, inter-
actomics, pharmacogenomics; biomedical and clinical data.
Big data are often described using the six Vs, viz. value,
volume, velocity, variety, veracity and variabilitylo. This
has also led to the parallel evolution of big data analytics
and data science to analyse and interpret large and complex
datasets''. Apart from analysis, there has also been a deve-
lopment of platforms to collect, clean, store, transform, trans-
fer and visualize the data in appropriate and user-friendly
formats'>. Big data analytics has immense potential in
tackling long-standing challenges in drug development,
including therapeutic target discovery, prioritization of
candidate drugs, clinical toxicity and machine-learning
methods. For example, an analysis of genomic biomarkers
in sporadic breast cancer indicated a 70-gene combinatorial
signature that served as a biomarker with a 83% accuracy
to predict poor prognosis'*'*. Such analysis would be extre-
mely difficult using conventional methods of investigation.

Machine learning and deep learning are also being em-
ployed in various aspects of the drug discovery process. For
example, quantitative structure—activity relationship (QSAR)
is a commonly used tool to predict on-and off-target activi-
ties, and QSAR datasets consist of a large number of com-
pounds (>100,000) and descriptors (>1000). This leads to
computational challenges for prioritizing drug compounds.
Thus, various machine learning methods have been applied
to QSAR to achieve a good prediction rate'>'¢.

However, traditional algorithms often have difficulties
with processing raw data, which then requires manual extrac-
tion of data features for representation. Deep learning algo-
rithms are providing solutions in this arena where they can
automatically extract data features from raw data'”.

It is also well accepted that in contrast to single-candidate
approaches, diseases are often outcomes of networks of
genes or pathways. Informatics also assists in pathway-based
systems biology approaches where disecase networks at-
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tempt to connect diseases to biological pathways via over-
lapping genes'®. Network-based cluster approaches are also
used for drug repurposing to identify biological networks
that share similar properties, or for discovering novel rela-
tionships between networks, sub-networks or groups'® .

Need for data integration frameworks

While data informatics and analytics form the basis of pre-
dictive modelling and systems medicine, highly structured
information is one of the main steps of informatics. The
advancements in bioinformatics, omics and other high-con-
tent and high-throughput technologies are leading to huge
amounts of data being generated every year at various levels
of biological organization (molecular, cellular, tissue and
organ level), life states (gestational, neonatal, early and late
development), gender and model organisms. The informa-
tion at each of these steps or stages is invaluable however,
a systems understanding of human biology will rely on
developing frameworks that can integrate this information.
While tools for generating new and more resolved data are
being rapidly developed, there needs to be parallel evolution
of tools that could assist in integrating or structuring vast
amounts of data in varied format and biological organization.

The adverse outcome pathway (AOP) framework pro-
moted by Organisation for Economic Co-operation and De-
velopment (OECD) is one such open-access, crowd-sourced
framework that attempts to integrate the information that
currently exists for various levels of biological organiza-
tion (molecular, cellular, tissue, organ and organism) and
developmental stages to provide mechanistic and pathway-
based understanding of various adverse events. The AOP
framework was initially proposed by the US Environmental
Protection Agency (EPA) as a conceptual framework to
support ecotoxicology research and risk assessment”. The
OECD AOP framework captures existing biological infor-
mation related to the linear sequence of how a stressor inter-
acts at a the molecular level, how molecular perturbation
leads to a measurable change at the cellular and tissue levels,
and how the tissue-level changes cause an adverse effect
at the level of organism or population®.

The key steps of AOP include the molecular initiating
event (MIE) that captures the molecular-level interaction of a
stressor; key events (KEs) that capture essential and meas-
urable cellular and tissue-level changes due to molecular per-
turbation and finally, the adverse outcome that usually has
regulatory significance (Figure 1). The causal relationship
between the two KEs is captured by the key event relation-
ships (KERs).

A single AOP depicts a linear sequence of events that
connects a molecular-level interaction to a population- or
organism-level adverse outcome. However, real-world situa-
tions may often involve single stressors acting via multiple
pathways or multiple stressors inducing the same adverse
outcomes. Thus, single linear AOPs cannot be considered
in isolation while understanding biological phenomena and
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the interactions between pathways and KEs need to be incor-
porated to understand the effects resulting from a single or
multiple stressors. In this light, AOP networks which are an
assembly of two or more AOPs with common KEs, are
viewed as the most likely unit of predicting biological events.
In an AOP network, single linear AOPs interact with each
other, where the KEs and MIEs are shared between different
AOPs (Figure 2). This network, that more closely resem-
bles biology, represents the functional unit of a biological
system™.

The role of AOPs in the development of
computational predictive models

The AOPs are also subject to weight of evidence (WoE)
analysis to assess their maturity and level of confidence,
and are accordingly scored ‘high’, ‘moderate’ or ‘low’. The
OECD AOP guidance document consists of a template for

|

exposure Organism

Sonam Organ Population

B

response

¥l @ NI

Molecular
initiating
event
(MIE)

Keyevent 1
(KE 1)

Key event 2 Adverse outcome

Stresssor (KE2) (A0)

Figure 1. Adverse outcome pathways (AOPs).
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WoE evaluation that is based on the three Bradford hill
criteria of biological plausibility, essentiality of KEs and
associated empirical support®®. These WoE evaluations
provide a qualitative assessment of feasibility of various
outcomes that are based on MIEs and KEs, and the predic-
tivity of the associated adverse outcomes®’*,

The structured knowledge that is depicted in an AOP can
assist in reducing the overwhelming complexity of a bio-
logical phenomenon to its essential elements; and this re-
ductionist approach can be extremely useful during the
development of a predictive model. The identification of
the MIE in an AOP can also provide insightful information
regarding the initial molecular interactions with respect to
QSAR models and chemical categories that may have rel-
evance in the context of a particular adverse outcome. An
AOP also provides the context of each KE and level of bio-
logical organization, developmental stage, gender, etc. asso-
ciated with it, indicating and suggesting the scope or the
boundary conditions under which a model may operate.
Additionally, each AOP also provides information regarding
the methodology through which a particular KE may be
measured. This can be critical to determine the available
data and how additional data to inform a predictive model
may be generated®’.

For instance, several cellular and molecular events are
known to be critical for the functioning of the central nervous
system (CNS) and peripheral nervous system (PNS). How-
ever, the high degree of biological complexity in CNS and
PNS has led to challenges in understanding and establish-
ing causative relationships between chemical exposures to
an adverse outcome in the nervous system. A recent study
proposed the use of potential or putative AOPs for develop-
mental or adult neurotoxicity towards developing predic-
tive models of neutotoxicity*’.

While qualitative AOPs provide a framework for hazard
assessment and indicate which hazards can possibly be
connected with a biological perturbation, they may not be
sufficient to predict the probability of an adverse outcome
under a specified exposure situation. Thus, quantitative
adverse outcomes are also being developed to provide
quantitative understanding of the transition from one KE
to the next, critical factors for modulating such relationships,
and quantitative prediction of the probability or severity
of the adverse outcome®'**. Needless to say, such quanti-
tative information can be invaluable during the develop-
ment of quantitative predictive models.

National and global status of data integration
frameworks

Global status of development and promotion of the
frameworks

OECD launched the AOP knowledge base (KB) to serve as a
hub for AOP-related information (Figure 3). The KB includes
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AOP-Wiki, AOPXplorer, Effectopedia and Intermediate Ef-
fects Database. The main entry point into the AOP KB is the
eAOP portal (https://aopkb.oecd.org/). However, the primary
repository of qualitative information for the international
AOP development efforts is AOP-Wiki (https://aopwiki.
org), which is a user-friendly platform to support browsing
and searching for AOPs, KEs, KERs and stressors. AOP-
Wiki provides off-line access via creation of each AOP in
html and pdf formats. AOP-Wiki is a joint effort between
the European Commission (EU-DG Joint Research Centre)
and the EPA. In 2013, the Society for the Advancement of
Adverse Outcome Pathways (SAAOP) was formed for host-
ing AOP-Wiki and promoting the development of AOPs.
Currently, there are 330 AOPs in AOP-Wiki (as on 6 May
2021) and they span adverse events in various areas of bio-
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Figure 3. AOP knowledge base (KB).

Table 1. Mapping of biological end-points currently covered in AOP-

Wiki

Number of related adverse outcome

Broad subject area pathways (AOPs) in the AOP-Wiki

Reproductive dysfunction 51
Cancer 46
Miscellaneous 45
Mortality 29
Population increase/decline 26
Liver dysfunction 22
Colony loss/failure 21
Growth and development 19
dysfunction
Endocrine dysfunction 15
Lung dysfunction 12
Neuroscience 9
Kidney dysfunction 8
Cardiac dysfunction 6
Learning and memory impairment 5
Neurodegeneration 5
Gastric disorders 4
Increased predation 3
Immune dysfunction 3
Hereditary mutations 1
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logy. We mapped the most prevalent and represented areas
of biology in AOP-Wiki and found that reproductive dis-
orders, cancer and mortality constitute three of the widely
covered adverse end-points in it (Table 1). This also indicates
the untapped potential of many of the other highly relevant
human diseases and end-points. We also examined the geo-
graphical distribution of AOPs that have been submitted
to AOP-Wiki. This was done via mapping the current geo-
graphical location of the workplace of authors who have
contributed to AOP-Wiki. We found that the distribution
was highly skewed towards, the US and Europe, with few or
no AOPs submitted from countries such as India (Figure 4).

This data points towards the need for AOP outreach for
including more researchers from biologically and geogra-
phically diverse areas to contribute to the growing data-
base of AOP-Wiki.

Status of development of the frameworks in India

In a public—private partnership, the Department of Biotech-
nology (DBT) under the Ministry of Science and Techno-
logy, Government of India (Gol) along with Persistent
Systems Pvt Ltd, a technology services company in India,
the ambitious MANAV ATLAS Project in 2019. This is a
crowd-sourced citizen science project to annotate and col-
late the human biological data that exist in public databases,
and map how changes at the molecular level affect the organ
and human body. Such frameworks are powerful tools for
biological organization. In addition, the project also regularly
conducts webinars on topics such as ‘How to read scien-
tific literature’, various aspects of data science and its appli-
cations, from astronomy to biology and public health, etc.
It also provides training to students for understanding and
extracting relevant information from the scientific litera-
ture using digital annotation tools.

However, apart from a few initiatives, research and deve-
lopment for the use and promotion of frameworks that can
integrate existing data is still in its infancy in India.

Global and national status on the use of systems
and computational biology

Research

The pathway-based information that is being generated using
the array of new tools, such as omics and high-throughput
approaches is being increasingly tackled employing sys-
tems and network-based methods to derive insights on
human development and disease. Recently, EPA’s chemical
safety sustainability research is developing a ‘virtual em-
bryo’ and ‘virtual thyroid’ model using systems biology-
based tools. In these models different data types, including
in vitro, in vivo and in silico are integrated and used to simu-
late key steps during foetal development which would
help regulators better understand the developmental risks
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Figure 4. Geographical mapping of the workplace of authors contributing to AOP-Wiki.

posed by chemicals and other environmental stressors™.
The Virtual Mouse Brain is another opensource system
that allows neuroscientists to automatically extract structural
and functional connectomes using diffusion-weighted MRI
and fMRI data, and use various methods for image pro-
cessing, tractography reconstruction and connectome gene-
ration®*. Apart from simulating individual organs, another
area where systems and computational tools have a signif-
icant footprint is the understanding of molecular networks
and processes, and how they interact with each other. For
example, The Cancer Genome Atlas Program™, the flagship
program of the National Cancer Institute, National Insti-
tutes of Health (NIH), USA, has characterized over 20,000
primary cancer samples and matched normal samples from
33 cancer types, leading to the generation of 2.5 petabytes
of genomic, epigenomic, transcriptomic and proteomic data.
This program aims to integrate several layers of molecular
information, including genome, transcriptome, proteome
and metabolome, thus providing multilayered insights to
cancer biology.

The Disease Maps Project is a community-driven resource
with a focus on knowledge-based representation of disease
mechanisms®®. Tt includes data involving disease-related
signalling, metabolic and gene regulatory processes, evi-
dence towards pathophysiological causes, clinical data and
outcomes. Such multi-scale management of knowledge
can be used to develop computational disease models and
advanced data interpretation tools.

Systems biology approaches have also been used for un-
derstanding various facets of infectious diseases, including
discovery (data collection and analysis), modelling and
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visualizing complex datasets and the interpretation and
prediction of outcomes®’. Machine learning methods that
incorporate electronic health and clinical data have also been
recently used to predict disease outcome and severity’®.

Global market growth and patterns of investment

The global computational biology market size which was
valued at USD 2.9 billion in 2018 is expected to see a
Compound Annual Growth Rate (CAGR) of 21.3% over
the forecast period and reach USD 13.6 billion by 2026.
Various factors have contributed to this expected growth,
including rise in the R&D for drug discovery and predictive
models, population-based sequencing projects such as the
human genome project and increased funding. The com-
putational biology market can be further categorized into
drug discovery and disease modelling, cellular and biological
simulation, pre-clinical research, clinical trials and human
body simulation software. While cellular and biological
simulation leads the market share, drug discovery and dis-
ease modelling is projected to be the fastest growing sub-area
during the forecast period®’.

USA: The US Department of Energy (DoE) provides ma-
jority of the funding in this space in USA. To develop a
predictive understanding of complex biological, earth and
environmental system, the Biological and Environmental
Research (BER) programme of DoE supports transformative
science and scientific user facilities. In 2020, the Systems
Science Division of DoE received US$ 404.8 million funding
to understanding complex interactions that determine the
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Table 2. Major global funding initiatives in systems and computational biology
Country Initiatives Period Funding
USA DoE: Systems Science Division FY 2020 USS$ 404.8 million
USA NIGMS: Biophysics, Biomedical, Technology and Computational Biosciences FY 2020 US$ 572 million
EU IBISBA 201721 € 5 million
EU Horizon 2020 2018-20 € 184 million
Future and Emerging Technologies (FET) Proactive — Boosting Emerging
Technologies Program
EU Infrastructure for Systems Biology for EU (ISBE) 2012-15 € 4.74 million
EU BioS: Digital Skills on Computational Biology 2018-20 Multi-stakeholder project EU
contribution — € 999.6 million
EU Casym: Coordinating Systems Medicine across Europe 2012-16 € 2.9 million
EU ERASysAPP 2013-15 € 17.79 million
EU Innovative Systems Toxicology for Alternatives to Animal Testing (InnoSysTox) 2015-18 € 2.9 million
EU ERACoSysMed Collaboration on Systems Medicine 2015-20 € 4.9 million
EU (Germany) LiSyM — Research Network Systems Medicine of the Liver 201620 € 20 million
EU (Germany)  MED — Systems Medicine 2015-18 € 200 million
UK EPSCRC — Biological Informatics 2019 € 1.4 million
UK BBSRC — Systems Biology 2019 € 19.6 million
UK BBSRC — Bioinformatics and Biological Resource (BBR) Fund 2019 € 2 million

function of biological systems. Around US$ 572 million
extramural funds were provided by the Biophysics, Bio-
medical Technology and Computational Biosciences Divi-
sion of the National Institute of General Medical Sciences
(NIGMS) under NIH in 2020. One of the major NIH-sup-
ported projects for the research and development of innova-
tive tools in using big data and data science in biomedical
research is ‘Big Data to Knowledge’®. This programme has
helped in the development of more than 200 software tools
for tackling the challenges associated with funding and
accessing biomedical datasets. Another initiative of NIH
includes the ‘The Brain Research through Advancing Inno-
vative Neurotechnologies (BRAIN)’ project that aims to map
how cells and complex networks interact in time and space
using innovative tools, thus revolutionizing our understand-
ing of the human brain. Under this project, single-nucleus
RNA-sequencing analysis was performed on various cell
types in temporal gyrus of the human cortex, which revealed
extensive differences between the cell types of mouse and
human, such as differences in proportions, distributions,
gene expression and morphology of brain cell types®'.
Such studies also help in resolving and providing mecha-
nistic understanding behind the failure of animal models.

EU: One of the biggest flagship programme’s of the Euro-
pean Union Research and Innovation initiative is the Horizon
2020 Project available over 7 years (2014-20). In 2020,
€ 184 million was allocated to Future and Emerging
Technologies (FETs), one of the initiatives under this um-
brella and the funding areas under this project include Al
and cognition, Bio Neuro-ICT (information and communica-
tion technologies), complexity, human—computer interac-
tions, etc. Another EU programme is the € 4.74 million
infrastructure for Systems Biology in Europe (ISBE) de-
signed to meet the infrastructural needs of European systems
biology. ‘BioS: Digital Skills on Computational Biology
is a multi-stakeholder initiative of which € 999.6 million
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was contributed by EU, which was approved in the European
Framework of Erasmus+/Sector Skills Alliances Programme.
This initiative aims to advance the digital skills of medical
doctors through the design, development and delivery of
new tools associated with computational biology. Another
project launched by the EU is the IBISBA programme for
which € 5 million was allocated. This programme aims to
provide infrastructure to carry out research, development
and innovation activities to various stakeholders of the indus-
trial biotechnology sector. ERASysApp—ER NET for Sys-
tems Biology Network was one of the programmes launched
to enhance and improve research opportunities in the field
of systems biology; a total of € 17.79 million was allocated
to this scheme from 2013 to 2015.

UK: The funding towards research in the UK can be pri-
marily divided into two programmes — Biotechnology and
Biological Sciences Research Council (BBSRC), and Engi-
neering and Physical Sciences Research Council (EPSRC).
The latter has a Biological Informatics Division that is invol-
ved with the understanding of information processing in
biological systems, such as development of novel compu-
tational methods for analysing data and modelling of bio-
logical systems. The division provided a total of £ 1.4
million in grants in 2019. Funding of £ 19.6 million was
provided by BBSRC in the field of systems biology and
£ 2 million was provided to bioinformatics and biological
resource fund.

Table 2 highlights some of the main funding initiatives
in USA, EU and UK.

Government funding and regulatory initiatives
in India

The computational and systems biology ecosystem of India
has seen rapid growth with an exponential increase in the
information technology (IT) sector. There are nearly 40,000
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IT companies in India, which indicates a population with
computational skills. Steps to advance this field had begun
as early as in 1986 in India when a nation-wide bioinfor-
matics system was initiated. This programme assisted in
the transfer and exchange of information, knowledge and
technology within the country. India was the first country
in the world to establish a Biotechnology Information System
Network (BTISNet) in 1987. This initiative, started by
DBT, Ministry of Science and Technology, Gol, provided
infrastructure, education, manpower and tools in bioin-
formatics. In addition, seven Centres of Excellence (CoEs),
11 Distributed Information Centres (DICs), and 70 Bioinfor-
matics Infrastructure Facilities for Biology Teaching through
Bioinformatics (BTBIs) were supported by BTISNet. A
Virtual Public Network with high speed and high band-
width, named as BioGrid India, was also established by
DBT to allow exchange of databases and software created or
acquired by individual nodes of BTIS.

Department of Biotechnology

DBT constitutes one of the largest funding bodies of science
in India and sanctions projects in various categories, in-
cluding plant biotechnology, animal biotechnology, basic
research in modern biology, biomedical engineering, bio-
sciences, medical biotechnology, neuroscience and nano-
technology in biology, public health, food and nutrition,
theoretical and computational biology, and biosystems and
bioprocessing technologies every year. In 2019, artificial
intelligence was added to the above list. DBT also announced
a Call for Proposals in 2019 for building Bioinformatics
Centres (BCs) across the country, where each Centre would
be based on a core theme spanning various areas of com-
putational biology.

A task force on ‘Bio-informatics, Computational and Sys-
tems Biology’ has been set up by DBT for developing compu-
tation-based tools, conducting data-driven R&D, developing
algorithms in biological sciences, enhancing big data ana-
lysis skills, capacity building; and for encouraging networ-
king and collaboration. The Flagship Consortium Project
on TBRice Bioinformatics, Mango Database, Interactive
Visual Diagnostic software to check nutrient deficiency in
crops, etc. are some of the projects supported by DBT.

We estimated the yearly funding allocated to systems
and computational biology projects by DBT during 2013—
20, and around 12.75% of the total funding was allotted to
systems/computational projects during that period (Figure 5).
The data were collected from the DBT website which pro-
vides year-wise details of projects and funding amounts
approved.

Department of Science and Technology

The Science and Engineering Research Board (SERB) was
set up under the Department of Science and Technology
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(DST) in 2008 by an Act of Indian parliament. This body
was initiated to allocate funds for dedicated projects in the
arcas of chemical sciences, earth atmospheric sciences,
engineering sciences, life sciences, mathematical sciences
and physical sciences. We collected the list of projects that
have been approved by SERB during 2015-19 to assess the
number of projects and amount allocated under the umbrella
of ‘systems and computational biology’. We found that an
average of 1.6% of the SERB funds was allocated to systems/
computational biology projects during 2015-19 (Figure 5).

The SERB grant scheme ‘MATRIX is geared towards the
areas of theoretical sciences, including all areas of science
and engineering (other than mathematical and allied areas).
This scheme includes a grant of ¥ 2 lakhs per annum plus
overheads for a period of three years.

Indian Council of Medical Research

The Indian Council of Medical Research (ICMR), one of the
oldest medical research bodies in the world, is the apex body
in India for formulating, coordinating and promoting bio-
medical research. The Informatics, Systems, and Research
Management (ISRM) Division was set up by ICMR in 2017
to nucleate, promote and support biomedical informatics
through services, focused programmes and CoEs. This Divi-
sion received around 6% of the total ICMR funds for the
year 2017-18.

While DBT, SERB and ICMR have set up specific divi-
sions and task forces to strengthen these fields in India in the
past few years, there is still a huge scope for improvement
in the percentage of funds allocated towards research, deve-
lopment and training in these areas.

Status of research in India

A comparison of model systems used in India for research
has shown that in silico model systems are the second most
popular ones (mice and rat models being the first), where
almost 24% of the published studies in India use in silico
methodologies*. A further analysis of sub-divisions of com-
putational biology research in the country showed high
frequency of computational research was focused on omics,
sequence analysis and databases (Figure 6).

Disease phenotypes often manifest due to malfunctioning
of many genes rather than one or two key genes, and these
group of genes are referred to as ‘disease modules’. A re-
search team in the Indian Institute of Technology (IIT)
Madras, Chennai, proposed a detection algorithm to identify
the core modules of disease phenotypes using heterogeneous
datasets of genes/proteins®. Identification of such disease
modules can help in understanding the critical nodes of a
disease and these nodes can act as points of focus for thera-
peutic targets®.

While annotation of protein functions is key to understand-
ing molecular events in our body, performing experimental
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Deep learning

Databases

Sequence analysis

Area of publication No. of papers
Network analysis 2628
Omics 36,508
Sequence analysis 21,195
QSAR 6443
Databases 6461
Deep learning 1003
Total since 2000 74,238

Figure 6. Mapping of sub-areas of computational biology research in
India.

studies for all DNA-binding proteins (DBPs) under all bio-
logical contexts will be an expensive and time-consuming
exercise. Thus, many potential protein—DNA interactions
remain unknown. In a recent study, researchers from the
Jawaharlal Nehru University, New Delhi, utilized deep con-
volutional neural networks to predict DNA-binding proteins
using sequences which showed higher accuracy compared
to other models with similar profiles*.

Network analysis has also been performed to study gene
expression networks in the post-mortem brain for various
neurodegenerative disorders such as schizophrenia and bipo-
lar disorder compared to normal adult. A research group from
Tezpur University, Assam used RNAseq data from data-
bases and discovered unique and overlapping gene expres-
sion networks for various disorders®.
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Recommendations to develop systems and
predictive biology in India

Encouraging collaborations between biologists,
computational scientists and clinicians

To encourage novel research in this interdisciplinary field
of systems and computational tools, more creative collabo-
rations are required between scientists trained in various
fields, such as pharmacology, systems biology, bioengi-
neering, pharmaceutical science, cell and molecular biology,
chemical biology, genetics and bioinformatics. Many res-
earch institutions in India, barring a few such as the various
Indian Institutes of Science Education and Research
(ISERs), IITs, Indian Institute of Science (IISc), Bengaluru
and Tata Institute of Fundamental Research (TIFR), Mum-
bai, have been established for predominantly one discipline,
such as life sciences, chemistry or physics. This reduces
the interaction of scientists from different domains of sci-
ence, limits crosstalk and collaboration. Thus, we must focus
on establishing more interdisciplinary Centres of Higher
Education and Research.

Including end-users in the model/framework
development

More models of engagement with the end-users of a techno-
logy, such as the pharma company, need to be established
during the technology development process. This would help
in understanding their concerns and needs, which could be
incorporated during the development process. This step in
essential to scale the technology once it is developed.

Increasing dialogue between regulatory agencies,
funding bodies and academia

At various stages of development of a technology, a forum
where the new advances can be shared, discussed and
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critiqued by various stakeholders is needed. This is re-
quired to keep the regulatory agencies and government bod-
ies involved and updated about the current advancements
in the field. It would also help in addressing their concerns
regarding the technology itself, and ease the path towards
regulatory approval.

Developing and maintaining Indian clinical
databases

Databases on biological data from the Indian population
can provide the foundation to perform meta-analysis, and
build and validate quantitative models. While such databases
are currently lacking in the country, DBT has recently relea-
sed the Draft Biological Data Storage, Access, and Sharing
Policy of India*. This Policy states that ‘Data generated
from publicly-funded projects should be shared openly for
public good, with few restrictions and in a timely manner,
safeguarding the ethical issues that may arise out of shared
data’. The types of data covered in the Policy include
DNA and RNA sequence data, genotype data, epigenomic
data, microbiome data, protein structure, mass spectrometry,
flow cytometry and imaging data.

However, preclinical animal data and clinical data are
currently not included in the Policy. Creation and analysis
of large-scale and managed access omic datasets of patients
and their treatment history can help in understanding dis-
ease and drug responses in various Indian populations.
Such databases can also assist in building and training in
silico models and subsequently validating them.

Training programmes and workshops to create
awareness and expertise

There are currently few on-line or off-line short-term training
programmes for either students or faculty in the area of
systems and computational tools and technologies. A core
set of skills should be defined to pursue specific domains
of this field, for example, systems pharmacology. In addition,
creating a national database of such training programmes
can help in raising awareness among students.

Encouraging interdisciplinary education and
research

Most colleges and institutions in India still provide the binary
choice between mathematics and biology. Systems biology is
an interdisciplinary field with an overlap of various fields,
such as engineering, mathematics, statistics, computer science
and biology. Some institutions in the country, like IISERs
and IITs can provide interdisciplinary training as they in-
clude biology, chemistry, mathematics and physics disci-
plines in their curriculum. However, most institutions in
India provide an option of either biology or engineering. This
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makes the students ill-trained to cope up with the nuances of
both engineering and biology. Thus, a well-structured in-
terdisciplinary curriculum should be designed for students
to understand interdisciplinary subjects.

Conclusion

India currently has several programmes and initiatives that
are geared towards enabling research in various fields of
systems and computational biology. The Council of Scien-
tific and Industrial Research (CSIR), Gol recently launched
‘IndiGen’, an ambitious project aimed to sequence the whole
genomes of 10,000 individuals of diverse ethnicity from
across the country over the course of the next three years
(2019-22)". Thus, India is at an opportune moment where
government initiatives and research are tuned to further em-
power and support the generation of novel technologies. We
hope that these analyses and recommendations will further
enable the development of emerging technologies associated
with systems and computational biology to change the land-
scape of biomedical research and drug discovery in the coun-

try.
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