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Impact statement
The rapid pace of scientific innovation in

the tissue chip (TC) field requires a cohe-

sive partnership between innovators and

end users. Near term uptake of these

human-relevant platforms will fill gaps in

current capabilities for assessing import-

ant properties of disposition, efficacy and

safety liabilities. Similarly, these platforms

could support mechanistic studies which

aim to resolve challenges later in devel-

opment (e.g. assessing the human rele-

vance of a liability identified in animal

studies). Building confidence that novel

capabilities of TCs can address real world

challenges while they themselves are

being developed will accelerate their

application in the discovery and develop-

ment of innovative medicines. This article

outlines a strategic roadmap to unite

innovators and end users thus making

implementation smooth and rapid. With

the collective contributions from multiple

international pharmaceutical companies

and partners at National Institutes of

Health, this article should serve as an

invaluable resource to the multi-disciplin-

ary field of TC development.

Abstract
Tissue chips are poised to deliver a paradigm shift in drug discovery. By emulating human

physiology, these chips have the potential to increase the predictive power of preclinical

modeling, which in turn will move the pharmaceutical industry closer to its aspiration of

clinically relevant and ultimately animal-free drug discovery. Despite the tremendous sci-

ence and innovation invested in these tissue chips, significant challenges remain to be

addressed to enable their routine adoption into the industrial laboratory. This article

describes the main steps that need to be taken and highlights key considerations in order

to transform tissue chip technology from the hands of the innovators into those of the

industrial scientists. Written by scientists from 13 pharmaceutical companies and partners

at the National Institutes of Health, this article uniquely captures a consensus view on the

progression strategy to facilitate and accelerate the adoption of this valuable technology. It

concludes that success will be delivered by a partnership approach as well as a deep

understanding of the context within which these chips will actually be used.
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Introduction

Quality of life and life expectancy have increased in part
due to the discovery and market approval of innovative

medicines. Such medicines are increasingly moving
beyond symptomatic control and towards modifying dis-
ease progression in a patient-centric and disease-specific
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manner. But, the current drug discovery process is vulner-
able to poor prediction of human physiological responses
especially relating to age-, sex-, and patient-specific phe-
nomena;1 so ensuring clinical translation will be central to
accelerating the next generation of innovative medicines.
We believe that TCs will enable a paradigm shift in drug
discovery by increasing the predictive power of early pre-
clinical modeling with their distinctive bioengineered fea-
tures more accurately emulating human physiology.2,3 In
the United States, TC development has received consider-
able support from the National Institutes of Health (NIH)
National Center for Advancing Translational Sciences
(NCATS) and Defense Advanced Research Program
Agency (DARPA) in partnership with the US Food and
Drug Administration (FDA). NCATS has also engaged the
partnership of the Innovation and Quality Consortium’s
(IQ) Microphysiological Systems Working Group. These
pharmaceutical scientists from 13 different companies are
uniquely positioned to provide insights into uses and per-
formance expectations for novel technologies that might
have use in drug development given their deep

engagement and experience in contemporary approaches.
In this article, the IQ working group has partnered with
NCATS colleagues to present a collaborative view on
opportunities for early applications of TCs by sharing in
which context their use will generate the best immediate
value, build confidence, and advance the field. We also
define a path forward or roadmap to the expedited devel-
opment, characterization, and validation of TCs within
drug discovery and make recommendations on the respon-
sible parties at each step. Figure 1 pictorially represents the
main themes discussed within this manuscript.

TCs as novel preclinical modeling platforms offer a
number of unique opportunities, with improved clinical
predictivity the most apparent and the greatest hope for
this innovation. But, they may also provide a more efficient
approach to mechanistic investigation, early safety liability
screening and even more translationally relevant modeling
of drug distribution and metabolism. Species-specific chips
could provide novel insights into comparative animal and
human biology. In the opinion of these authors, TCs are
unlikely to completely replace animal studies in the near

Figure 1 Pictorial representation of the key aspects of the roadmap that have been discussed within the manuscript. (A color version of this figure is available in the

online journal.)
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term but they can certainly complement and reduce their
use in certain cases. A future of animal-free drug develop-
ment is a reasonable aspiration if we are deliberate in our
development of relevant alternatives. This manuscript
intends to bring that focus to TCs.

Partnership

Innovation often generates considerable early excitement
and a lot of uncoordinated efforts to assess the opportunity.
In drug development, this approach has not historically
facilitated rapid, efficient and widespread adoption and
hence impact of novel technologies. Accordingly, we
believe that establishing successful partnerships is therefore
a crucial first step and a shared responsibility between the
TC innovators and the end users such as pharmaceutical
scientists. We recommend multi-party frameworks (e.g.
consortia) as a good mechanism for TC partnership but
stress the need for focus and agility to keep pace with
innovation. Partners should establish early alignment on
basic concepts and shared goals. They should also recog-
nize the differing incentives and goals across sectors and
facilitate mutual success by, for example, ensuring ‘‘drugs’’
provided for characterization and validation are cleared for
inclusion in academic publications. NCATS, working with
AstraZeneca, GSK, Pfizer, Roche/Genentech and Sanofi,
has already established a material transfer agreement
(MTA) to expedite and simplify this process. The use of
well-vetted template agreements, such as MTA or
Memorandum of Understanding (MOU) has greatly
facilitated the partnerships between pharmaceutical part-
ners and NCATS and has tremendously decreased the
transaction time it takes to come to terms. Through these

partnerships, NCATS was able to broker and facilitate the
transfer of relevant compounds specific for a particular TC
from its pharma partner to TC developer for use character-
ization and validation. Securing funding is a fierce,
competitive process, so by setting out key needs, real life
challenges and agreeing on the attributes of each TC, the
pharmaceutical scientists aspire to maximize the available
funds and the return on the investment by providing a con-
sistent guidance to academics and vendors alike.

Context of use

There are a number of scenarios along the drug develop-
ment progression pathway where TCs might be applied
representing discrete ‘‘contexts of use.’’ Each of these con-
texts has a different set of technical standards or require-
ments and potential value proposition (Figure 2). These
contexts are also associated with a standard against which
success would be measured and a threshold of confidence
that would need to be achieved to foster uptake and appli-
cation. These uses are not necessarily mutually exclusive
but may also not be interchangeable in that a system built
for one application may not be fit for another.
Pharmaceutical partners should define use scenarios,
some insights into technical standards and approaches to
characterization and validation thus facilitating rapid
uptake by end users, creation of near term value and con-
fidence building across the field. As the adoption of novel
technologies is often an evolutionary process, any initial
context of use does not and should not restrict future
uses. We believe that there are three primary contexts of
use that provide initial value and points of evolutionary
traction for the first generation of TCs.
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Figure 2 Illustration of the purpose of the phases of early drug development and how the context of use of a TC will vary depending upon the phase in which it is

intended to be used. It is conceivable that boutique assays and/or linked systems can be used in other phases too but at least in the first generation of these devices, the

proposed deployment is preferred. (A color version of this figure is available in the online journal.)
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Mechanistic investigation

TCs that would support mechanistic investigation of either
pharmacology or toxicity are likely to be a popular initial
context of use with published examples already available.4

Combination with technologies such as iPSC and CRISPR
cas9 offer unique opportunities to test functional conse-
quences of making precise targeted changes to the
genome of living cells.5 TCs will enable efficient responses
to development-limiting liabilities by facilitating rapid
assessment of on- or off-target mechanisms. Such under-
standing will provide a platform for screening new drug
candidates which are safer as the off-target effect once iden-
tified can be chemically ‘‘designed out’’ or an accurate
‘‘black box’’ warning to specific patient populations can
be included. TCs may also be used to discover new bio-
markers of toxicity or disease as well as offer opportunities
to increase disease understanding especially when this is
not attainable in animal models, something that we will see
more often as the pharmaceutical industry learn more from
human genome sequencing and editing. This was recently
demonstrated with a human gut-on-a-chip micro-device
where the authors found that immune cells and lipopoly-
saccharide together stimulated epithelial cells to produce
pro-inflammatory cytokines that induced villus injury lead-
ing to compromised intestinal barrier function. The TC on
this occasion was able to provide unique insights and as
such enhanced the understanding of mechanisms involved
in human gut pathophysiology.6

Technical standards for use in mechanistic investigations
would largely be defined by the biology or pathobiology of
the site of action to be investigated. Accordingly, the focus is
more localized and defined than a screening assay might
need to be. The number of compounds that are generally
considered in an investigative application are generally
small (e.g. no more than 10), so analytical throughput
would not be a significant limitation. The use would be
bespoke and sporadic so large supplies and costs also
would not be limiting. Initial applications would likely pri-
oritize or triage very similar molecules for a known param-
eter with a view to inform internal decision-making and
thus would require a lower confidence burden compared
to that which would inform regulatory decisions.

Preclinical safety screening

Safety liability screening presents a broader opportunity
with a greater potential value proposition. For efficiency,
we propose a prioritization of TC development aligned to
common target organ sources of safety-related compound
attrition. The cardiovascular, hepatic, renal, and gastro-
intestinal organ systems are frequently cited as those that
drive a significant proportion of safety-related attrition.7

Each of these organ systems has unique physiology, mul-
tiple cellular targets and manifestations of toxicity and bio-
markers of those injuries to consider. In the case of the
cardiovascular system, the myocardium, heart valves, and
intra- and extra-cardiac arteries are all primary targets of
both structural and functional toxicity.8 The ability to recap-
itulate these toxicities in an in vitro model would offer con-
siderable value. But, given the challenges of recreating the

entire system in a single platform, more than one TC may be
required. That is likely true for the other organs as well. A
portfolio of relevant TCs applied as a pre-animal safety
screen offers a significant opportunity to identify develop-
ment-limiting liabilities earlier in development when
mitigation strategies (e.g. drug design) are most available
and efficient.

Technical standards for screening assays or platforms are
a little more challenging given the diversity of toxicologic
mechanisms and cellular targets that may need to be repre-
sented. In vivo animal systems engender inherent
confidence because they more closely replicate the com-
plexity of integrative physiology than any non-animal
system can at this time. For safety assessment, we are
most concerned about the liabilities we do not expect that
might involve biology we do not yet understand.
Accordingly, the hurdle of confidence is greater than for a
mechanistic platform. But it would be a higher hurdle to
replace an animal model and it could fill a current gap in
our development scheme. A screening platform would also
need to accommodate a bit greater throughput (e.g. 10s) and
warrant greater scrutiny of the economics given the need
for a ‘‘portfolio’’ of assays.

Drug disposition

The third use for TCs could be in determination of human
drug absorption, distribution, metabolism and excretion
(ADME). In this area, TCs will need to demonstrate
higher value (e.g. superiority in its predictive capacity
and cost or speed advantages) as current methods have
reasonable success in predicting human pharmacokinetics
(PK). Key PK parameters are clearance, volume of distribu-
tion and fraction absorbed (Fa). For clearance, human hep-
atocytes and microsome preparations are routinely used
and have a high level of confidence associated with the
resultant data. The same applies for Fa where an analysis
of permeability via Caco-2 and solubility is performed.
Application of TCs for PK may involve single organ TC
platforms, but the value of linked platforms should not be
overlooked, especially when considering the volume of dis-
tribution which is most reliably predicted from in vivo PK
experiments in conjunction with known plasma protein
binding. Linked or multi-organ microphysiological systems
are an aspirational intent of both the NCATS and DARPA
Tissue Chip programs. Multi-organ systems are starting to
be described in the literature.9,10 Given the challenges of
representing the influences of liver metabolism in single
organ or 2D cell culture systems, linking liver to other
important target organs of toxicity (e.g. kidney, intestine)
would be a useful starting point for exploring the value of
linked systems. The current challenge is that many of the
today’s TCs are partial representations of the complete
organ system which will in turn complicate their relevance
in a linked system. We therefore encourage investigators to
have a clear understanding of the respective individual chip
performance, reproducibility and relevance before under-
taking significant efforts to link them.
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Building the platform

The construct of relevant and useful TCs including their
biological content, microfluidic dynamic properties and
throughput should be aligned to their intended context of
use. Since TCs provide an opportunity to understand com-
parative species biology, their cellular source may be animal
or human. The varying responses of different species and,
at times, even strains of individual species are well recog-
nized.11–13 Species selection for translational animal studies
for either efficacy or safety are often more traditional than
evidence based. Species-specific TCs could provide an abil-
ity to gain informed insights into species-specific drug
responses and also help in understanding the human rele-
vance of preclinical toxicities. Such experiments are only
possible if TCs are developed using animal and non-
animal (i.e. human) cells.14

We also acknowledge a growing need to study not only
small molecules but also the emerging new drug modalities
(e.g. monoclonal antibodies, protein therapeutics, antibody-
drug conjugates, and other biotherapeutic modalities).
Current approaches to investigate on and off target
pharmacology, safety liability, and disposition of these
modalities is often limited to in vivo preclinical studies in
large animals that share binding affinity (e.g. non-human
primates) with the human patients (i.e. the molecules are
humanized). Few in vitro systems provide the opportunity
to study the cell, tissue and organ-level fate of these more
complex molecules. Accordingly, molecular design is lar-
gely predicated on target binding affinity alone rather
than cell-specific trafficking or pharmacodynamics, and
safety assessment is delayed until very labor, cost and
animal-intensive studies late in preclinical development.
This is due to the complexity associated with large molecule
disposition and therapeutic activities, especially monoclo-
nal antibodies, in which they often require extravasation to
reach the target cell/tissues and the degree of extravasation
and tissue accumulation is dependent upon the tissue/
organ system and post-translational modifications (e.g. gly-
cosylation) on the protein.15 Therefore, human-relevant
organ-based TCs, in particular those that include both vas-
cular and tissue components, would offer significant oppor-
tunity to design complex biological therapeutics optimized
for tissue penetration, target engagement, accumulation,
and catabolism in a relevant biological context.

The ability to perform a morphological assessment is
also attractive when assessing structural integrity and
drug- or disease-induced structural changes. Application
of non-invasive sensors and imaging modalities would be
advantageous features while real-time sampling of liquid
and cellular components would be key to characterizing
and assessing circulating biomarkers.

Performance characterization

Confidence in the outputs of microphysiological systems
will be substantially increased by representation of relevant
in vivo biology, responses to injury, pharmacology, and an
ability to relate in vitro cellular and organ level biology to
more integrated and phenotypic in vivo responses. The

level of fidelity to which these various features are demon-
strated or represented is very much dependent on the
context of use for the platform as described above.

Characterization of basic TC microanatomy, physiology,
pharmacology and response to injury is imperative to estab-
lishing the biological relevance of these platforms. For
example, the microanatomy of a TC representing the gastro-
intestinal tract for safety screening or drug absorption
should look to mirror the structural characteristics of the
appropriate epithelium through the inclusion of entero-
cytes, paneth cells, stem cells, and goblet cells at relevant
in vivo proportions. Exhibiting critical molecular and bio-
chemical features including expression and/or activity of
transporters and drug metabolizing enzymes would also be
important. A more mechanistic platform to evaluate a spe-
cific cellular interaction might need to be less complex and
thus allow a simpler, higher throughput system. It may be
impossible to replicate all of the necessary features in a
single chip, thus requiring the ability to integrate or collate
data gathered from complementary systems. Application of
clinically relevant or translational biomarkers may also be
useful to provide a line of sight from in vitro to in vivo
biological responses.

Defining superiority to current capabilities will also be
important. Taking the liver as an example, two-dimensional
cell models are used successfully to screen for direct hepa-
tocellular toxicities as well as drug metabolism. They are
amenable to high throughput screening, return good posi-
tive predictive values of direct injury and are capable of
detecting metabolite driven toxicities.16 But there is a
rapid loss of ‘‘liver’’ phenotype during culture and they
are not amenable to repeat-dose studies. As only parenchy-
mal cells are present, a degree of fidelity and cellular inter-
action is lost which may ultimately impact on our desire to
improve clinical translation.17

For drug development applications, the ability of TCs to
model drug–cell interactions and induce pharmacology or
toxicity is critical. A myriad of well-characterized pharma-
cologic and toxic compounds are available and can be used
to demonstrate in vivo-like responses in these novel plat-
forms. For example, an airway smooth muscle chip should
demonstrate the ability to contract in the presence of hista-
mine and relax in response to beta agonists such as formo-
terol. An important role for pharmaceutical scientists is to
identify organ-specific tool compounds, in vivo exposure
concentrations and expected responses. They may also
need to provide proprietary compounds to demonstrate
pharmacology and toxicology of contemporary interest.
TCs should be able to demonstrate clear pharmacological
responses delineated by concentration–response curves
over a relevant concentration range. For example in a
renal TC, there should be a concentration-related increase
in diuresis in response to increasing concentrations of a
diuretic, and in a cardiac TC, there should be a decrease
in beat rate in response to a calcium channel blocker.

Another key enabler for building confidence in in vitro
systems will be our ability to relate more mechanistic and
molecular endpoints to their likely clinical manifestations
or outcomes. Though changing rapidly, modern clinical
medicine is still largely rooted in the characterization of
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phenotypes (e.g. the cardinal clinical signs of inflammation
or measurable changes in organ function). We will also need
to be able to distinguish species-specific responses (i.e. does
response in a human-relevant in vitro system supersede a
response in a whole animal system or vice versa?). Taking
the cardiovascular system as an example, cardiac contract-
ile force in vivo can be assessed by measuring left ventricu-
lar pressure with a surgically implanted pressure catheter
(as it is in some animal studies) or ejection fraction and
fractional shortening with echocardiography. Changes in
cardiac contractility may result from direct effects on the
cardiomyocyte (e.g. digitalis increases intracellular cal-
cium), effects on downstream vascular tone (vasodilators
decrease downstream resistance/afterload), and changes
in blood volume (preload) or signaling from the autonomic
nervous system. Additionally, changes in any one of those
influences are often compensated by changes in the others.
In contrast, in vitro systems are generally composed only of
cardiomyocytes and measure cellular contractile force, cel-
lular shortening, intracellular calcium flux or changes in
impedance (surrogate for changes in cellular conformation).
Vascular, fluid volume and autonomic influences would not
be represented. Also, changes in cellular physiology (e.g.
how much of a change in calcium flux would equate to
some measurable change in ejection fraction?) would need
to be related to expected changes in whole organ or circu-
latory system function with consideration for the compen-
satory changes. In the context of integrative in vivo
physiology, in vitro to in vivo extrapolation is challenging.

Analytical validation

Aside from biological characterization, there is a need to
establish analytical performance standards which should
be the responsibility of the end-user (i.e. pharmaceutical
industry). Key aspects to validate include throughput
capability, biological platform stability, drug-biomaterial
interactions, intra- and inter-laboratory reproducibility,
integration and compatibility with existing laboratory pro-
cesses and feasibility of shipping these delicate systems
between vendors and users. Third party Testing Centers
(https://ncats.nih.gov/tissuechip/projects/centers)
recently proposed and funded by NCATS are an opportu-
nity to conduct robust analytical validation required by the
pharmaceutical industry without distracting the academic
innovators who continue to refine their platforms. These
testing centers will test and validate TC platforms inde-
pendently; determine portability, reproducibility and
robustness of TC technology as developed by the TC devel-
opers, particularly for use by regulatory agencies and
pharmaceutical companies; and promote adoption of this
technology by the broad research community through cre-
ation of a publicly accessible database of TC-based pre-clin-
ical outcomes from a well-defined set of reference
validation compounds. The reference set is specific for
each organ or tissue platform and is compiled based on
known performance metrics and technical specifications
provided by the TC developers, and input from IQ and
FDA on the most appropriate compounds, biomarkers
and assays. A formal qualification of TC models to enable

drug regulatory approvals may be an eventual interest but
in the spirit of partnership early engagement with regula-
tory authorities will be key.

Commercialization

The ultimate uptake and impact of TCs depends on the
ability to industrialize or scale up their manufacture and
distribution as well as attain some level of commercial
sustainability. This sustainability could be the product of
the right partnerships throughout the TC development
and testing process. As illustrated, these platforms will
clearly have wide application in drug discovery which
will require their consistent supply either as a product
that organizations can purchase and use in their labora-
tories or a service that is outsourced. Broad application as
a screening strategy which would facilitate more rapid
uptake and confidence-building is more likely to come as
a product than a service. Mechanistic applications might be
sustainable as a fee-for-service. These two contexts of use
have very different long-term development implications
impacting the biological and analytical complexity of the
systems, the throughput, cost and even the engineering
infrastructure needed to support them. In a rapidly
developing area of technology, these are critical enablers
that are often neglected.

Conclusion

TCs are uniquely poised to fill the need for improved
human models and will enable investigators to develop a
deeper understanding of drug responses in different gen-
ders, genetic backgrounds and disease phenotypes.
Minimizing the leaps of faith between ‘‘healthy’’ human
non-physiological in vitro models, healthy and ‘‘disease’’
animal models and the eventual human patient will no
doubt offer a distinct advantage to the discovery of new
therapeutics by avoiding late detection of safety liabilities.
The speed of innovation in this field is rapid and the pos-
sibilities seem endless. But, in order to help deliver the
benefits of this technology, a robust characterization, valid-
ation, and industrialization process must be defined,
agreed, and implemented. This must involve partnership
between the innovators and end users as well as significant
stakeholders such as the regulatory authorities. This article
has set out the challenges, scripted a progression strategy,
and produced a call to action for each party involved so
now it really is time to sharpen our pencils and turn scien-
tific fiction into scientific fact.
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and BB wrote the manuscript.
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