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A Better, Faster Road From Biological Data to Human Health: 
A Systems Biology Approach for Engineered Cell Cultures
Brian T. Hawkins and Sonia Grego

Key Issues and Opportunities
• Because of the limitations of animal models and in vitro 

assays, the pipeline for new therapeutics grows smaller 
and chemical toxicity screening is failing to meet the 
growing demand for hazard assessment. 

• Engineered cellular constructs provide access to 
physiologically relevant in vitro data of sufficient quality 
for improved predictive modeling of human responses. 

• Sophisticated computational tools are needed to translate 
in vitro biological data to actionable information about 
health effects of bioactive compounds.
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Traditionally, the interactions of drugs and toxicants with 
human tissue have been investigated in a reductionist way—for 
example, by focusing on specific molecular targets and using 
single-cell-type cultures before testing compounds in whole 
organisms. More recently, systems biology approaches attempt 
to enhance the predictive value of in vitro biological data by 
adopting a comprehensive description of biological systems 
and using sophisticated computational tools that can deal 
with the complexity of these systems. However, the utility of 
computational models resulting from these efforts completely 
relies on the quality of the data used to construct them. 
Here, we propose that recent advances in the development of 
bioengineered, 3D, multicellular constructs provide in vitro 
data of sufficient complexity and physiological relevance to be 
used in predictive systems biology models of human responses. 
Such predictive models are essential to maximally leveraging 
these emerging bioengineering technologies to improve both 
therapeutic development and toxicity risk assessment.

This brief outlines the opportunities presented by emerging 
technologies and approaches for the acceleration of drug 
development and toxicity testing, as well as the challenges lying 
ahead for the field.   

What Is Systems Biology?
•	 The data-based, computational, and mathematical modeling of 

complex biological systems and their dynamic behavior 

•	 A paradigm in antithesis to reductionist approaches of biological 
response focused on “one gene, one receptor, one mechanism”

•	 Driven by the advent of high-throughput bioassays and increased 
computational power that enable bioinformatics analysis of -omics 
data

•	 Network-centric view, with focus on mathematical description 
of signaling, transcriptional, and metabolic networks and their 
interactions 

•	 Aims at discovering network-level properties not evident from the 
study of individual components (emergent properties) 
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New Technologies Are Needed to Drive Therapeutic 
Development and Toxicant Screening in the 21st 
Century 
The cost of drug development continues to increase 
(>$1.2 billion per drug), even as the pipeline for new 
therapeutics grows increasingly smaller. It has been proposed 
that “[t]he decline in the productivity of the pharmacological 
industry may stem partly from the underestimation of the 
complexity of cells, organisms and human disease.”1 With the 
goal of developing more effective ways to treat disease and 
prolong health, approaches that leverage new technologies 
have emerged. For example, precision medicine aims at 
health care that considers individual variability in genes, 
environment, and lifestyle. A parallel set of challenges exists 
in toxicology, where the introduction of novel chemicals into 
industrial, agricultural, and household use has outpaced the 
ability of regulatory entities to thoroughly assess their potential 
hazards. In response, efforts have been made to employ 
high-throughput screening and computational modeling for 
more efficient classification and prioritization of chemical 
risks.2 However, these efforts to date have focused largely on 
compound screening by cell monocultures and molecular 
targets. 

Advances in Bioengineering Have the Potential to 
Revolutionize In Vitro Biology
Engineered cell cultures are biomimetic “organotypic” cellular 
constructs that represent key functional units of living 
human organs. Key features include a 3D microarchitecture 
defined by the spatial distribution and arrangement of cells 
in their “native” environments, tissue–tissue interfaces, 
tissue functionalities such as barrier properties and muscle 
contraction, and organ-specific interactions of cells with their 
physical microenvironments. These constructs, by better 
reflecting the complexity of native tissue, may recapitulate its 
emergent properties. For example, recent studies in constructs 
containing multiple cell types have demonstrated that 
heterotypic cell–cell interactions underlie responses that are 
not observed in monocultures.3-5

This field, which combines cell biology and microfabrication 
technologies, has grown quickly thanks to the support of large-
scale federal programs. Multiple engineered organ models 
(e.g., liver, lung, heart, brain, kidney, bone, muscle) have been 
demonstrated. To date, development of these constructs has 
been limited primarily to their characterization, and only a 
few studies have demonstrated the amenability of engineered 
constructs for pharmacological6 or toxicological4 testing 
applications. In vitro cardiac myocyte cultures for cardiac 
adverse effects screening are being evaluated by the US Food 
and Drug Administration (FDA) for regulatory approval 

according to an updated testing paradigm, the Comprehensive 
In Vitro Proarrhythmia Assay (CiPA).7 Other platforms have 
become commercially available, such as the HepatoPac® 
system for liver toxicity screening, which demonstrated good 
predictivity for drug-induced liver injury in a 45-drug test set, 
particularly when human cells were used.8 Despite these early 
promising outcomes, the recapitulation of tissue functionalities 
by many constructs remains largely untested, and their 
predictive performance against current models remains to be 
validated.9

A long-term goal is to incorporate organotypic cell cultures 
into precision medicine applications by using induced 
pluripotent stem cells to generate patient- and population-
specific organs-on-chips.10 However, in vitro data do not 
directly emulate clinical observations, and several challenges 
remain in translating insight from in vitro systems to in vivo 
outcomes.  

Systems Biology Manages Complexity Across Scales
Biological systems are inherently complex and nonlinear given 
the multiplicity of molecular pathways, their interactions 
across spatial and temporal scales, and their regulation by 
parallel, redundant, and feedback loop processes. Addressing 
this “multiscale problem” is the core of systems biology, 
as reflected in efforts to define mathematical relationships 
between perturbations (drug/toxicant exposure, genotypic 
variation, environmental interactions) at the molecular/cellular 
levels and physiological consequences of those perturbations 
(drug action, toxic response, disease) that manifest at tissue, 
organ, and organism levels. In pharmacology and toxicology, 
which focus on dose- and time-dependent responses, the 
systems biology approach seeks to extend the description of 
differential gene expression to a quantification of network-level 
perturbations.11

Because it is not feasible to take all components of a 
complex system into account, systems biology uses various 
approaches to reduce complexity, most notably network-
based mathematical descriptions,11 and takes advantage 
of both deterministic and probabilistic methods12 to 
account for the influence of incomplete knowledge. For 
example, differential equations are used in pharmacokinetic/
pharmacodynamic (PK/PD) modeling of absorption, 
distribution, and metabolism. This deterministic approach 
has been used successfully for in silico models for in vitro 
to in vivo extrapolation in pharmaceutical development, as 
evinced by low drug attrition due to PK-related issues. For 
modeling and predicting more complex cellular behaviors 
such as proliferation (cancer) and cytokine production 
(inflammation), the dynamics of multiple signal pathways must 
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be integrated, and a high degree of uncertainty is introduced 
due to limited knowledge of the regulatory biochemistry 
and limited experimental data at the needed scales. For such 
phenomena, modeling using probabilistic, stochastic methods 
is more predictive than purely deterministic models.13

The systems biology approach can offer advantages in cases 
in which purely experimental approaches would take too 
many resources. This utility is perhaps best demonstrated 
in combinatorial drug studies. For example, Morris and 
colleagues recently showed good predictivity of target kinase 
activation in hepatocellular carcinoma cells stimulated by 
various combinations of cytokines and in the presence of many 
different drug combinations, using a “constrained fuzzy logic” 
modeling approach.14 Importantly, they also demonstrated that 
deviations of the biological data from the model predictions 
could be used to identify previously unknown relationships 
among signaling pathways, thus guiding further experiments 
and subsequent model refinement.14 Another example of the 
utility of a systems biology approach is the use of a feedback 
system control platform, which has been exploited for the 
rapid optimization of dozens of drug combinations out of 
billions of possibilities, aimed at new therapeutic regimens in a 
macrophage infection model of tuberculosis.15

Bioengineering Integrated with Systems Biology–
Based Modeling Is a Mutually Beneficial Relationship 
We posit that before bioengineered cell culture technology can 
find precision medicine applications, a predictive, accurate 
model of human responses must be developed combining 
physical models of tissue and an across-scale systems biology 
approach. 

Access to quality data at the right biological 
scales is key. The development of sophisticated 
multicellular models offers access to in vitro 
response data in physiologically relevant 
settings and at a higher hierarchical level than 
ever before, as illustrated in Figure 1. Efforts 
are ongoing to demonstrate the feasibility of 
physically integrating multiple organs into 
one system—“human on a chip”—to capture 
even higher-level data in vitro. The ability to 
create a computational model capturing data 
across scales from molecular-level pathways 
to tissue-level (and possibly higher) responses 
will provide unprecedented comprehensiveness 
in the prediction of human responses.16

The development of computational tools and 
bioengineered constructs is not typically 
integrated. An iterative approach is needed, 

with computational modeling both informing the design of 
experiments to be conducted with bioengineered constructs 
and extrapolating key in vitro data to in vivo outcomes. The 
ideal computational model will show us how to get better 
data rather than simply more data. Early steps toward this 
goal have been undertaken in a study of network modeling 
of global gene expression profiles in tendon and cartilage 
cells in vitro to compare comprehensively the differentiation 
of these cells in monolayer cultures and 3D cultures to the 
native tissue; this approach can be used to guide design 
and refinement of engineered cultures in a rigorous and 
evidence-based manner.17 Conversely, the biologically rich, 
high-quality in vitro data from organotypic constructs will 
serve as the indispensable backbone for the development of 
a computational testbed that will enable more accurate and 
predictive modeling of the human response to a drug or 
toxicant.16

Human physiology is far too complex to be modeled fully 
using current computing technology. More powerful 
computing capacity is needed to create models large enough 
to incorporate pathways of response and to operate across 
biological scales. Appropriate software platforms for such 
models may need to include specialized architectures geared 
toward life sciences applications and to incorporate hybrid 
systems that merge deterministic models of higher-level 
processes with the probabilistic, network-based approaches 
used to model biological pathways.  

Systems Biology Computational Framework
Network, Di�erential Equations, Agent-Based, Boolean and Fuzzy Logic, Causal Models
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Figure 1. Hierarchical structure of a multiscale systems biology approach 
needed to translate biological data into predictions of human health effects

Source: The pathway image in the Molecular Interactions bubble is used under the Creative Commons CC0 Waiver 
and has been reprinted from http://www.wikipathways.org/index.php/Pathway:WP358
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Future Directions
The integration of bioengineering with systems biology–based 
modeling has tremendous potential to accelerate toxicity 
screening and therapeutic development. Some of the greatest 
added value is anticipated in addressing diseases and toxicant 
responses that develop over time and involve multiple 
biological pathways and biological scales. The integrated 
approach can better address chronic and degenerative 
diseases with complex clinical presentations and high care 
costs. For example, better models of inflammatory responses 
in specific organs may enable treatments that address the 
underlying causes of conditions including asthma, chronic 
obstructive pulmonary disease, and neurodegenerative 
diseases—including the potential roles of environmental 
toxicants in the onset of disease—rather than simply treating 
their symptoms. Similarly, incorporation of patient-specific 
cells into physiologically relevant constructs would enable 
more powerful predictive modeling of individual responses to 
cancer drugs and their combinations to optimize therapeutic 
intervention (personalized medicine). Cellular constructs that 
capture the dynamics of cell–cell interactions in inflammation 
and drug responses in brain and lung have been developed,3-5 
but correlating data from these constructs with biomarker data 
from clinical trials will require further research efforts and 
considerable improvements in computational resources. 

A systems biology approach for engineered cell cultures will 
also benefit infectious disease studies. Modeling the host 
response to infection generally requires an animal model 
to capture the complexity of cell–cell interactions involved, 
including the immune response. To study infectious agents 
and potential therapeutics in a human system, engineered cell 
cultures of the relevant tissues created with human cells—
primary cells from healthy or diseased individuals and induced 
pluripotent cells—will be a powerful tool in the fight against 
old foes such as hepatitis as well as newly emerging threats 
such as Zika.
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