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Abstract

Three-dimensional cell culture has the potential to revolutionize toxicology studies by allowing
human-based reproduction of essential elements of organs. Beyond the study of toxicants on the
most susceptible organs such as liver, kidney, skin, lung, gastrointestinal tract, testis, heart and
brain, carcinogenesis research will also greatly benefit from 3D cell culture models representing
any normal tissue. No tissue function can be suitably reproduced without the appropriate tissue
architecture whether mimicking acini, ducts or tubes, sheets of cells or more complex cellular
organizations like hepatic cords. In this review, we illustrate the fundamental characteristics of
polarity that is an essential architectural feature of organs for which different 3D cell culture
models are available for toxicology studies /n vitro. The value of tissue polarity for the
development of more accurate carcinogenesis studies is also exemplified, and the concept of using
extracellular gradients of gaseous or chemical substances produced with microfluidics in 3D cell
culture is discussed. Indeed such gradients-on-a-chip might bring unprecedented information to
better determine permissible exposure levels. Finally, the impact of tissue architecture, established
via cell-matrix interactions, on the cell nucleus is emphasized in light of the importance in
toxicology of morphological and epigenetic alterations of this organelle.
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1. Introduction

Organisms are exposed to a plethora of natural compounds, chemically engineered
molecules and nanodevices that might exert a lasting impact on organs via their influence on
genes and tissue homeostasis. Beyond well known risks of DNA aberrations, the epigenome
(i.e., the collection of chemical modifications on the DNA and histones at any given time) is
a primary target in toxicology, as it might be the source of chronic disorders linked to
changes in gene expression, such as diabetes, obesity and cancer. However, for /n vitro
studies, the epigenome of a particular tissue is best mimicked using three-dimensional (3D)
cell culture that places cells under physiologically relevant extracellular conditions.

The concept of 3D cell culture was developed 40 years ago, primarily via the use of floating
collagen gels that helped maintain cellular differentiation and organization (Emerman and
Pitelka, 1977). Importantly, a major article in this field was in toxicology, with the
demonstration /n vitro of hepatocellular changes induced by phenobarbital administration
normally observed /n vivo (Michalopoulos et al., 1976a). This early work illustrated the
concept proposed by Elizabeth Hay that the extracellular matrix (ECM) controls the
expression of genetic information (Hay, 1981). This concept was further developed by taking
into account tissue architecture that can be defined as the recognizable features of tissue
organization responsible for organ function. In summary, the ECM dictates the organization
of cells and their nuclei via a continuous, but dynamic, network of connections, and thus, it
controls gene expression; reciprocally, the given arrangement of the cell nucleus (notably
chromatin) controls the cell’s response to extracellular stimuli (Bissell et al., 1982; Lelievre,
2009).

The arrangement of cells into structures that resemble their organization /n vivois the basic
definition of 3D cell culture, but for years the main representation of 3D cell culture was
linked to making multicellular nodules or spheroids with tumors as well as with non-
neoplastic cells. Many of the studies to produce tissue-like structures with non-neoplastic
cells came from work with mammary epithelial cells, via the mimicry of polarized glandular
structures or acini (Barcellos-Hoff et al., 1989) that, like tumor nodules, appear spheroidal in
shape. It is likely that reproducing tumors and mammary acini /7 vitro gave the impression
that 3D cell culture meant production of multicellular spheroids. Yet, beside acini or alveoli,
some neuronal formations and a good portion of tumors, /n vivo organs rarely contain
spheroidal tissue structures. Moreover, any spheroidal structure /n vivo, even a malignant
tumor, has a specific organization of cells. Cellular organization reflects tissue function,
itself linked to the microenvironment, notably the nature of the ECM. Achieving tissue
organization requires time, as shown by the clonal nature of mammary acini in cell culture,
i.e., each acinus is formed from the division of a single cell (Petersen et al., 1992).
Therefore, cell culture methods that force the rapid formation of cell aggregates, without a
possibility for the organization of cells and their extracellular milieu before analysis, prevent
achieving proper tissue architecture.

Most 3D cell culture methods have made use of hydrogels based on collagen I or
preparations from Engelbreth-Holm-Swarm (EHS) tumors that are enriched in components
of the basement membrane (Grant et al., 1985), as well as newer formulations that do not
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include ECM components. Understandably placing cells within or on top of hydrogels favors
spheroid formation; however, with certain cell types and a specific medium, ductal or tubular
structures can also be formed within the appropriate ECM (Hirai et al., 1998; DesRochers et
al., 2013). Also, with the correct chemistry and mechanistic property, these gels permit the
establishment of proper architecture in tissues that indeed have a spheroidal organization /n
vivo. Such is the case for the polarized architecture of glandular epithelia in the breast,
prostate, salivary gland, pancreas among other organs. Polarity is created by the
asymmetrical distribution of proteins in the cell membrane, and determined by the formation
of cell-cell tight junctions that separate basolateral and apical membrane domains (Wodarz
and Nathke 2007). It is the backbone of proper epithelial, endothelial and liver functions. As
such its reproduction is essential in 3D cell culture, and it can be obtained either in gels,
when producing spheroidal multicellular structures is indicated, or by coating cell culture
surfaces with ECM molecules that act as inducers of polarity for other types of multicellular
structures (Inman and Bissell 2010). Other architectural elements encompass the
directionality of cells (e.g., in different portions of the dermis and in the brain) and the
specific distribution of one cell type relative to another cell type (e.g., support and
contractile role of myoepithelial and smooth muscle cells). Importantly, architectural
elements ought to be reproduced with the proper tissue geometry, like a duct, a planar
structure, a network or a flexible wall. The development of organs-on-a-chip, a sophisticated
form of 3D cell culture, can help approach the actual organization of certain tissues by
providing a mold on which cells can reproducibly adopt a complex assembly.

Toxicological studies /n vitro require the reproduction of normal tissues and portions of
functional organs, as well as the mimicry of tumor formation. Normal tissues are used for
assessing the impact of exogenous factors (e.g., drugs, cosmetic materials, pollutants,
oxidative environments) on cellular functions and the risk of carcinogenesis (Kim et al.,
2015). Whereas tumors are used to assess mechanisms of toxicity that could help improve
anticancer treatments (Katt et al., 2016). In pharmacological and toxicological applications it
is important to take into account polarity, an inevitable feature of the architecture of most
tissues that controls differentiation. Cell-cell or cell-ECM interactions are other usual
aspects of the structural organization /n vivo, they control polarity and are also disturbed
with loss of polarity. In this review, our main focus it to examine how the polarized
architecture in normal tissues and its impact on the cell nucleus plays a central role in
toxicology assays. In a first part, we briefly highlight 3D cell culture models of major organs
used for toxicology assays, in which complete or partial tissue architecture has been
reproduced. When reproducing polarity is not enough to obtain proper tissue function,
examples are given of additional steps necessary for improved mimicry of tissue
architecture. In a second part, we present the role of tissue architecture, first in the context of
polarity, in the study of carcinogens before extending the notion of tissue architecture to
tissue geometry. In a last part, we discuss how tissue architecture dictates the cell’s response
to external stimuli via an impact on the nucleus, and how this understanding will help further
develop exquisite models for toxicology /n vitro.
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2. Mimicry of tissue architecture in 3D cell culture for toxicology

A major challenge in toxicology is to define relevant /n vitro systems for human studies.
Animal models have been widely used to assess the toxicity of chemicals, but many of the
models do not accurately predict the effects of chemical exposure in humans, notably due to
species specificity. An additional reason for moving away from using laboratory animals is
the recognition that, ethically, it is better to focus on the development of /n vitro models
since technological advances allow scientists to design such models. While using primary
cells is appealing, when placed in 2D cultures they dedifferentiate rapidly, resulting in the
loss of tissue specific phenotype and function. Therefore, chronic toxicity of chemicals that
often relies on insidious effects, specifically on gene expression (Kulkarni et al., 2008),
entails maintaining tissue differentiation. This endeavor requires establishing, thanks to 3D
cell culture, the cell-ECM interactions and the tissue architecture necessary for tissue
differentiation.

3D cell culture models are being developed for toxicology studies related to the liver, the
kidney, the skin, the lungs, the gastrointestinal track, the neurological system, the testis and
the heart that bear major consequences for an individual upon toxic exposure. An increasing
number of studies are moving away from nonrelevant spheroids for most of these organs and
are making strides to mimic the polarized architecture underlying fundamental functions.
The functional unit in the liver, a hub for toxin and drug metabolism, is the hepatic lobule. It
encompasses rows of hepatocytes that intermingle with Kupffer cells, stellate cells and
endothelial cells, and are arranged hexagonally, radiating outward from a central vein. In the
absence of a complete basement membrane type of ECM, fibronectin has been shown to be
essential for hepatocyte polarity (Martinez-Hernandez and Amenta, 1993). The apical
membrane of hepatocytes forms the continuous network of bile canaliculi and the basal
membrane makes contact with the sinusoidal network, hence enabling hallmark endocytosis
function, itself necessary to maintain basoapical polarity (Fig. 1). The collagen sandwich,
using primary murine hepatocytes cultured between two layers of collagen, has been
confirmed as a reliable method to reproduce basoapical polarity (Zeigerer et al., 2016).
Another method encompassed the use of a cell sheet-manipulator coated with hydrogel
(fibrin-coated gelatin) to create two layers of hepatocytes in sandwich between layers of
endothelial cells. Here important elements of the ECM to establish polarity (collagen 1V and
fibronectin) were present in-between endothelial cells and hepatocytes, as were the apical
locations of tight junction protein claudin-3 and apical marker multidrug-resistance protein
(MRP2) between the two layers of hepatocytes. The triple layering ‘endothelial cells-
hepatocytes-endothelial cells’ appeared essential to reproduce basoapical polarity (Kim et
al,. 2015). Although human embryonic stem cells have been successfully used for
differentiation into cholangiocytes with formation of polarized cysts and biliary ducts in 3D
cell culture (Dianat et al., 2014), recapitulation of the polarized architecture of hepatic cords
with human cells using the sandwich method is awaited. Ultimately, these relatively simple
monoculture and coculture systems can serve as basis to include more complex parameters
of liver physiology, such as a directional movement of medium to mimic sinusoidal blood
flow and shear forces (Burkhardt et al., 2014; Choi et al., 2016).

Toxicol In Vitro. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lelievre et al.

Page 5

The basic functional unit of the kidney, another organ with constant exposure to chemicals,
consists of a corpuscle linked to polarized tubular segments interlaced with the renal
vasculature that transforms the plasma filtrate into urine. Reproducing polarity is essential
for the vectorial transport of ions and uids that is the basis for the regulation of re-absorptive
and secretory renal functions. The tight junctions responsible for polarity display different
patterns depending on the tubular segment, notably in terms of composition of proteins and
lipids within the plasma membrane domains on each side of the tight junction barrier
(Wilson, 2011). Polarity was inferred in a model of proximal tubules made from hTERT-
immortalized human renal cortical cells using a cell culture insert system with a mixture of
EHS and collagen | matrix; (in a cell culture insert system, cells are in contact with medium
underneath as well as above the culture surface). These cells formed interconnected tubular
structures within two weeks and expressed functions resembling those /n vivo, including the
expression of transport proteins compared to 2D culture (DesRochers et al., 2013).
Importantly, this simple model showed sustained differentiation allowing drug toxicity
testing over time. Given the emerging grasp of the importance of mechanics in polarity
(Asnacios and Hamant, 2012) and the presence of uid-induced shear forces in renal tubules,
on-a-chip systems designed to study shear stress by seeding tubular cells in micro uidic
channels ought to take polarity into account (Jang et al., 2013; DesRochers et al., 2014).
Indeed, fluid shear stress was proposed to improve polarization (notably via tight junction
protein assessment) of primary human kidney cells cultured on basement membrane
component collagen 1V compared to the static cell culture insert system (Jang et al., 2013).

Skin exposure to chemicals from the environment and cosmetic applications, makes this
organ a prime target for 3D cell culture. The skin is comprised of keratinocytes sitting on top
of dermis layers containing a mixture of fibroblasts, Langerhans cells, Merkel cells,
endothelial cells, among other cell types. In this organ the polarity axis is established along
several layers of keratinocytes, with the apical boundary made of the stratum granulosum
that expresses tight junctions. The remainder of the polarity axis relies on the differential
expression and/or localization of polarity markers, including adhesive junctions (Muroyama
and Lechler, 2012). Proper skin function is therefore dependent on a hierarchical cell
population with a complex organization of polarity. Several /n vitro 3D reconstructed human
skin models consisting of human keratinocytes, sometime cocultured with human
fibroblasts, within an ECM are currently available. One of the early models displayed the
polarized multilayered differentiation of keratinocytes thanks to a series of differentiating
culture media and to air exposure, i.e. the top of the culture is exposed to air and the bottom
portion is resting on a collagen I-based gel in contact with the medium (Gangatirkar et al.,
2007). It has also been shown that the production of a mature ECM by fibroblasts in the
dermis is essential for sustained differentiation of the epithelium (Stark et al., 2004).
However, establishing polarity is not enough for applications in toxicology that require
absorption studies; here, including mixed populations of stromal cells seems important to
recreate the strong barrier function of the skin (Mathes et al., 2014).

The airways are primary sites for air pollution and treatments with inhalants. They are lined
with a layer of polarized epithelial cells, forming the air-liquid interface between the gaseous
and the interstitial compartments. Polarity is essential for vectorial transport; it appears
important for maintenance of a transepithelial pH gradient, notably via the degree of
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impermeability of the apical cell membrane to acid/base equivalents (Joseph et al., 2002).
The cellular compaosition and function of the epithelium differ depending on the localization
along the airways, such as trachea, bronchi, bronchioles and alveoli, which creates a
challenge for pulmonary toxicology. Moreover, pulmonary toxicity involves different cell
types such as alveolar epithelial type | and type 1 cells, fibroblasts, endothelial cells and
other cells specific of the anatomical portion of the airway system. Polarity as indicated by
the location of tight junction proteins has been described in models established in cell
culture insert systems and microfluidic platforms in the presence of hydrogels with human
and animal cells that reproduce different parts of the respiratory system (Nichols et al., 2014;
O’Leary et al. 2016). The study of the basement membrane and ECM in general is of
particular interest since composition and stiffness vary greatly depending on the region of
the respiratory system. For instance, type 1 collagen and hyaluronate were used as bilayered
scaffold to enable the mimicry of a tracheobronchial architecture (O’Leary et al., 2016).
Microengineered lung-on-chip models have been developed for pharmacological, clinical
and toxicological applications (Huh et al., 2010; Huh et al., 2013). These models include
physiological flow and cyclic suction to mimic breathing movements in a system containing
alveolar and capillary cells thus, adding an essential mechanical aspect of lung function.
Indeed, mechanical strain enhances the response to silica nanoparticles and their cellular
uptake. However, extended toxicology investigation will require the design of models with
lung alveoli interconnecting with bronchial airways and blood vessels in order to reproduce
the dynamic /n vivo setting in the human lungs (Nichols et al., 2014).

Another critical development of 3D models in toxicology has been the gastrointestinal tract,
as it is the site for enterohepatic recycling of drugs and their metabolites, as well as the
target of deleterious effects from toxicants. Each segment in the gastrointestinal tract, e.g.
small intestine, large intestine, has its specific cellular composition and functions. In the /n
vitro models established with human colon adenocarcinoma cells Caco-2 polarity was
reproduced using cell culture inserts, as shown by transepithelial electrical resistance and
tight junction markers (Hidalgo et al., 1989; Ranaldi et al., 1992; Rothen-Rutishauser et al.,
2000). Polarity is only one step in building this model. More recently on-a-chip systems
have been designed allowing fluid perfusion and cyclic air suction to exert mechanical
stretch on the epithelium, with shear forces on the apical surface, and the possibility of
mimicking peristaltic contractions. Mechanical stimulus led to morphogenesis of intestinal
villi with tight junction marker, brush borders and mucus deposition (Kim and Ingber, 2013).
The complexity of the environment, with multiple cell types, lumen characteristics (e.g. pH)
and mechanical peristaltic movement are challenging, but worthwhile features to integrate in
3D culture models for toxicology.

The brain and the heart are vital organs that are targets of systemic toxicity and for which
3D cell culture models are beginning to emerge although serious challenges in mimicking
these organs’ structure and function need to be overcome. Polarity is an important feature of
the organization and function of the brain that is present in two forms, basoapical polarity of
the glial cells and the dendrite-axon polarity of the neurons. Difficulties in apprehending the
best culture conditions include physiological and structural differences between the brain of
mammals and other vertebrates with which most studies have been performed. Organoids in
a dish have been developed to study developmental stages in the context of neurological
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disorders (Lancaster et al., 2013; Lancaster and Knoblich 2014). The main challenge to the
existing organoid models for planar cell polarityneuronal and glial cells is that they do not
organize as /n vivo (Kelava and Lancaster 2016). Improvements in technical design are
necessary to reproduce cell-cell interaction (for neural cells and glial cells) and cell-ECM
interaction (neural cells and glial cells with proteoglycans, tenascins, laminin, collagen, etc.)
necessary for polarity.

Microengineered biological models that mimic valvular and vascular microenvironment
features of the heart have been created to have an insight into the physiology of
cardiomyocytes in the context of drug development (Ribas et al., 2016). Proper
differentiation of cardiomyocytes is critical for normal cardiac development and function,
and this process is dependent at least on planar cell polarity (i.e., coordinated polarization of
cells across the tissue plane) and mechanical stimulus of cardiomyocytes (Wu et al., 2011,
Hirt et al., 2014). Adult cardiomyocytes appear terminally differentiated, which is an
obstacle for the use of primary human cardiomyocytes for /n vitro modeling. Human
induced pluripotent stem cell (iPSC)-derived cardiomyocytes and other cardiac cell types are
currently included in 3D culture systems to replicate physiological conditions for a specific
region of the heart. In these systems, the cells reside within or on the surface of hydrogels
(e.g. fibrin) or prefabricated scaffolds (e.g., polyurethane). Cells might also be cultured
scaffold-free, in a cast-model or as stacked sheets (Zuppinger 2016). Critically, microfluidic
3D models with mimicry of pulsation are necessary to mimic heart functions. As an
example, to provide a screening platform for cardiotoxins, human iPSC-derived
cardiomyocytes were embedded in a fibrin gel on a microfluidic system, including
pneumatic actuation for the production of uniaxial cyclic strains (Marsano et al., 2016).
Organs can be altered during development; therefore, it is important to be able to reproduce
these initial alterations in order to include function-impaired tissues in toxicity studies.
Polarity dynamics needs further understanding to study the formation of congenital heart
malformation, but cardiac contractility and neuregulin signaling have recently been shown to
be required for cardiomyocyte apical constriction and depolarization during the
developmental process of trabeculation (i.e., a process involving delamination and
proliferation of cardiomyocytes necessary for the formation of the ventricular wall)
(Jiménez-Amilburu et al., 2016).

In the organ-on-a-chip models described above, microfluidics is often used to mimic
delivery of nutrients and gases. However, it might be necessary for the study of certain
functions or toxins (Prozialeck et al., 2008; Woods et al., 2008) to recreate the vasculature
alone or along with other tissues. Angiogenesis is guided by polarity of the endothelial cells
(Lee and Bautch 2011), and vessel formation is regulated by the presence of angiogenetic
growth factors, the ECM and mechanical shear force (McCure et al., 2006; Herbert and
Stainier 2011). Polarity exists at several levels during the development of vessels including
apical-basolateral polarity, planar cell polarity and migratory polarity. Several approaches
have been developed for engineered tissue vascularization, for instance by embodiment of
angiogenesis growth factors in polymeric scaffolds or coculture of endothelial cells with
angiogenesis signaling cells (Kaully et al., 2009).
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For all the portions of organs discussed above, the ECM plays a major role in promoting
tissue polarity. Some cell types might make a complete basement membrane or other
specific ECM once in culture (e.g., when combining myoepithelial cells and epithelial cells
to make a basement membrane or combination of fibroblasts and myocardial cells), but it is
also often necessary to include a naturally-derived inducer molecule of polarity and
differentiation. This inducer depends on the tissue type. For instance, fibronectin needs to be
present to induce polarity in hepatocytes and possibly in myocardial cells, and laminin is
important to induce polarity in epithelial, endothelial and glial cells. Mixtures of these
molecules [e.g., laminin and collagen 1V for epithelial cells] might also be envisioned
depending on the scaffold or cell type used (e.g., regular cell line or primary cells vs. iPSC).
Subtypes of laminin might be different as a main basement membrane element depending on
the tissue type and may be commercially available for cell culture (Pajecka et al. 2017). The
use of a coat of natural ECM molecules or inclusion of ECM molecules within synthetic
hydrogels depends on the tissue to be reproduced and the chosen culture conditions. The
ECM aspect of cell culture alone would deserve a separate article. Examples of processes
used to include ECM molecules in complex cell culture systems are given in a recent review
(Hinderer et al., 2016).

3. Importance of tissue architecture for carcinogenesis

Studying carcinogenic effects would logically require starting from phenotypically normal
tissues and using long-term cultures. Theoretically, any model of normal tissue
differentiation could serve the assessment of potential carcinogens, the agents that initiate
cancers. The International Agency for Research on Cancer (IARC) had classified nearly
1000 compounds, both natural and synthetic, as possible, probable or known carcinogens
based on /n vitro, in vivo and epidemiological studies (Thun et al., 2003). Classification
relying on toxicity assays in two-dimensional (2D) cell culture has been shown to
underestimate the carcinogenic potential of several compounds (Stevens et al., 2009). One of
the reasons for the weakness of the classification model is the lack of reproduction of the
extracellular microenvironment that normally modulates cellular functions. Earlier
demonstration that a matrix from cancer can lead to carcinogenesis (Bergers et al., 2000;
Bourboulia et al., 2010; Buchheit et al., 2012) is a testament to the importance of the
extracellular milieu for the control of cancer onset. Already in 1976, experiments with
hepatocytes in floating collagen cultures had revealed that under these conditions the cells
retain functions (e.g., increase in cytochromes) responsible for the activation of carcinogenic
substances (Michalopoulos et al, 1976b). Currently, essential biochemical and biophysical
features of the extracellular milieu such as oxidative stress and matrix stiffness are known
contributors to carcinogenesis by directly (or indirectly via stromal cells) influencing the
homeostasis of the organ. These extracellular features ought to be integrated in the /n vitro
models to study carcinogenesis.

Dietary nutrients, metabolites of alcohol and cigarette smoke, heavy metals and other toxic
substances through drinking water or as an occupational hazard play a role in carcinogenesis
(Lutz and Fekete, 1996). Cellular responses to environmental factors are a result of cell-
stromal interaction, and toxicity testing requires a model that can capture this feature
efficiently to determine the permissible exposure levels (PELs), formerly termed the
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threshold limit values, for any compound of interest that is to be classified as a carcinogen.
Specifically, the model needs to take into account local microenvironmental features that
limit, concentrate or guide the distribution of nutrients, oxygen and other molecules such as
reactive oxygen species that influence cells. There is evidence that 3D culture models with
non-neoplastic cells can be used to study cancer initiation, as it was shown via the activation
of certain signaling pathways in the breast (Muthuswamy et al., 2001), but such models have
not been traditionally focused on carcinogens. In these models, evidence of cancer onset was
brought by the formation of tumors with alteration of epithelial polarity and cell
proliferation. Using physiologically relevant 3D cell culture of non-neoplastic cells is
conceptually superior to current carcinogenesis tests consisting of colony formation on
agarose from cells usually transformed following genetic damage. Indeed the ECM and the
architecture of tissues can tame cells with genetic anomalies, demonstrating the overriding
impact of the microenvironment on disease onset (Weaver et al., 1997).

Here we give an example of how PELs might be better studied in 3D cell culture models that
integrate the microenvironment. Metabolites of numerous organic and inorganic toxic
compounds, reactive oxygen species are important components of the tissue
microenvironment that play a role in cancer initiation (Waris et al., 2006), via the
accumulation of oxidative stress inside cells (Klaunig et al., 2004). In addition to the direct
oxidization of cellular components in epithelial or liver cells prone to cancer, stromal
fibroblasts under oxidative stress become activated, which leads to the release of paracrine
factors and an alteration of stromal composition with matrix stiffening (Jezierska-Drutel et
al., 2013) conducive to cancer onset potentially in any organ. Hence, testing tools that
include a metabolic product of exposure to cancer risk factors such as reactive oxygen
species in the presence of a stroma might be ideal for PELs determination. In earlier studies
aimed at testing drug effects on osteogenic differentiation (Jang et al., 2008), the authors
pointed out that one of the limitations in their microfluidic system was the lack of possibility
to monitor concentration-dependent changes in cellular activity and consequently, a
concentration gradient needed to be created in the microchannels. Indeed, a gradient-capable
microfluidic system would enable to identify threshold concentrations of toxins or drugs,
depending on set microenvironmental conditions (e.g., matrix stiffness or shear forces),
leading to phenotypic, genotypic or metabolic switches that can be monitored in cell culture
(Figure 2). Microfluidic devices have been created for oxygen gradient production using
spatially confined chemical reactions and successfully used in cell culture with drug
treatment (Chen et al., 2011).

There are several advantages in using microfluidics in cell culture, including microscale
consumption of reagents, individual cell capture, medium control and compartmentalization
of cells. Mimicking the action of capillaries in microchannels and the use of components
such as polydimethyl siloxane (PDMS) that are permeable to diffusion of oxygen are
essential for cell survival in long-term 3D cell cultures necessary in toxicology studies.
Microfluidic platforms integrate a plethora of other substrates to allow flexibility in use such
as glass, paper, natural ECM compounds and agarose (Xia et al., 1998; Jang et al., 2008;
Derda et al., 2009; Webster et al., 2011). Importantly, synthetic and natural substrates
provide different stiffness degrees that contribute to determining the response to
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microenvironmental stimuli, notably via an impact on the epigenome (Qin et al., 2010;
Johnstone et al., 2010; Du et al., 2016).

The design of organs-on-a-chip involves other important aspects beyond microfluidics; each
aspect of the design ought to be carefully chosen to best mimic the necessary architecture
and function of tissues and organs. For instance microfabrication might be used to create
culture surfaces of certain shapes. We showed that a curved geometry of microchannels in
which tumors are cultured and that mimics ductal geometry in the breast had an influence on
drug sensitivity (Vidi et al., 2014). This extended view of tissue architecture considers that
the higher order organization of cells or the geometrical constraints for tissue expansion also
influence phenotypes. This concept has been illustrated by the fact that a curved surface vs.
a flat surface of culture has an impact on the morphology of cell nuclei within tumor nodules
(Vidi et al., 2014). Novel microengineering and 3D bioprinting methods are being developed
to design organs-on-a-chip that integrate the culture of different cell types on a single
platform and assess the response of the target cell type under external stimuli, in a manner
consistent with a body-on-a chip (Lee and Cho 2016). Systems are being built for easy
reuse; such is the case for mimicry of the brain vasculature with PDMS-fabricated
microchannels to build endothelialized microvasculature on-a-chip (Pitingolo et al., 2017).
There are increasing examples of on-chip microfluidic models that reproduce mechanical
features of the organs of interest. One of the latest reported devices mimics blood pressure
and heart beat as /7 vivo. The device consists of four chambers as in the heart and an
adjustable pressure based on a pumping system that can monitor changes in pressure over
time (Chen et al., 2017).

4. Tissue architecture-cell nucleus relationship to control the response to

external stimuli

In routine screenings for environmental risk factors, measured parameters have often
included, but were not limited to chromosomal aberrations, cell proliferation and cell death
(e.g., lymphocyte proliferation and death for effects on the immune systems) (Eastmond et
al., 2009; Parasuraman 2011). However, these alterations correspond to late or acute effects
of exposure to toxic molecules. The cell nucleus, a highly structured organelle linked to
tissue architecture (Lelievre, 2010), provides a source of recognizable alterations
corresponding to early responses to toxins, notably via changes in the nucleus shape and size
that can influence chromosomal arrangement and gene expression (Stein et al., 2000;
Versaevel et al., 2012). Most cell behaviors are under tight control by the cell nucleus that
houses the epigenome. Sensitivity to external stimuli and long-term impact of toxicants may
lead to sustained gene modifications often with an obvious impact on nuclear organization.
For instance, induction of oxidative stress upon metabolism of toxic compounds like heavy
metals and ethanol is accompanied with altered nucleus morphology (Coluzzi et al., 2014).

The importance of changes in nuclear organization linked to cell behavior in 3D cell culture,
as visualized by the redistribution of nuclear proteins, was demonstrated almost two decades
ago (Leliévre et al., 1998). The nuclear structural protein NuUMA was shown to drastically

change its distribution depending on the phenotype of breast epithelial cells (e.g., quiescent,
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proliferating, cancerous) (Leliévre, et al., 1998; Knowles et al., 2006). An essential step to
illustrate the role of protein location on cell phenotype was to demonstrate that forcing the
relocation of the protein, instead of changing its expression level, was sufficient to alter the
differentiation stage of cells (Leliévre et al., 1998). Structural proteins such as CTCF, NUMA
and lamins organize chromatin (Abad et al., 2007; Dechat et al., 2008; Kim et al., 2015), and
by doing so they might redistribute when the phenotype of cells changes. Proteins like
NuMA and splicing factor speckle SC35 have been used with high-content analysis of
nuclear morphometric descriptors to identify changes in differentiation stages, notably of
stem cells, before standard markers are modified (Liu et al., 2010; Vega et al. 2015; Vega et
al., 2017. More simply, changes in nuclear morphology such as shape (circularity) and size
(area) might be sufficient to indicate a drastic impact of the microenvironment on cell
behavior. The expression level of master regulator of cell death and proliferation, p53, was
found to correlate positively with nuclear circularity (Mijovic et al., 2013). We also showed
that nuclear circularity correlated with different levels of drug sensitivity in cancer cells
(Vidi et al., 2014; unpublished data Lelievre laboratory). Logically, since cell phenotypes,
and particularly differentiation stages, are best mimicked in 3D culture, the distribution of
nuclear proteins and nuclear morphology is dramatically different when comparing
physiologically relevant 3D culture and 2D culture (Leliévre et al., 1998; Le Beyec et al.,
2007; Leliévre, 2009; Vidi et al., 2014). The plasticity of nuclear structure can be in part
linked to the relationship between tissue architecture and the cell nucleus (Chandramouli et
al., 2007; Lelievre, 2010; Bray et al., 2010; Versaevel et al., 2012). For instance, we have
shown that the distribution of the chromatin organizer NuUMA is sensitive to the type of ECM
connection, and controls the cellular response to DNA damage in the presence of functional
basal polarity inducer B4-integrin (Vidi et al., 2012). Other structural proteins such as
nuclear lamins and dystroglycans have been shown to be responsive to mechanochemical
changes in the ECM (Swift et al., 2014; Varshney et al., 2015; Maya-Mendoza et al., 2016).

We propose that markers of nuclear organization combined with appropriate 3D cell culture
models will bring a higher level of analysis for toxicology /n vitro. Indeed, carcinogenesis
involves drastic modifications in gene transcription and nuclear morphology (Cox et al.,
1991; Zink et al., 2004). The effect of toxicants might lead to more subtle stress reaction
(e.g. nucleolar stress) for which a typical redistribution of nucleolar proteins such as C23,
fibrillarin or polymerase | can be recognized (James et al., 2014), as well as changes in gene
transcription that could lead to the development of chronic diseases. As an example of gene
expression impact, long noncoding RNAs have become of high interest due to their
dysregulation associated with cancers, and Alzheimer’s, cardiovascular and autoimmune
diseases, as well as to the influence of exposures to chemicals and xenobiotics on their
regulation (Dempsey and Cui, 2016). Similar observations of perturbed control of
microRNAs and gene-specific CpG methylation associated with the response to
environmental contaminants or toxicants and increased disease risk have been made
(Koturbash et al., 2012; Fry et al., 2014; Sollome et al., 2016; Martin and Fry, 2016). An
impact on the integrity of DNA can be measured by the response to DNA damage with
redistribution or foci-like appearance of proteins such as 53BP1 or yH2AX, as it was shown
in toxicity tests of dental composite components on gingival fibroblasts (Styllou et al.,
2015). As mentioned earlier, the response to DNA damage is greatly dependent on the
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presence of basal polarity (Vidi et al., 2012) and thus, like for epigenetic regulators, 3D cell
culture that reproduces polarity is best suited to readily measure a response to exposure that
involves DNA damage. In addition, an increasing number of studies are mentioning altered
nuclear morphology upon toxicology tests (Swarnkar et al., 2012; Styllou et al., 2015). The
consequences of changes in nuclear morphology on cell phenotype are still poorly
understood, but emerging directions of investigation include an impact on higher order
chromatin organization and thus, gene transcription. For instance, the testis, an organ for
which 3D cell culture models from rat testicular cells are being developed (Lee et al, 2006;
Harris et al., 2016), includes cells characterized by specific nuclear shapes under PARP11
control. A means to investigate chemical exposure impact on fertilization might be via
measuring spermatozoid head shape, as a change in shape can be a mark of chromatin
detachment (Meyer-Ficca et al., 2015).

Overall, most toxicological approaches make use of nuclear events (e.g., apoptosis,
chromatin alterations, changes in nuclear morphology) that, themselves, depend on the
proper organization of tissues in 3D cell culture, with adhesion and polarity as primary
characteristics for proper organization when investigating noncancerous situations.
Moreover, fluidic and other mechanical constraints in some of the organs of interest might
also have an impact on nuclear mechanics that, in turn, modulates cell function
(Lammerding 2012) and thus, cellular responses to toxicants and other detrimental
exposures.

5. Conclusion

Models with cells in 3D culture are available for most of the major organs investigated in
toxicology, and efforts are being made to step away from nonphysiologically relevant
spheroids when appropriate and reproduce tissue architecture. Carcinogenesis is a research
field where progress is lacking with 3D cell cultures because the means of evaluation greatly
remain linked to colony formation upon DNA damage induction, although it is shown that
events other than a direct impact on DNA and associated with alterations in tissue
architecture are determinant. The urgency to understand the normal behavior of cells to
improve cancer research has led to the development of 3D cell culture models of
phenotypically normal differentiation for most organs. These models represent great
resources for the study of carcinogenesis and for establishing PELs. Moreover, the advent of
organs-on-a-chip making use of microfluidics brings novel directions to study chemical and
gaseous exposures in a gradient-based manner. The concept of gradient in 3D cell culture is
particularly important since the ECM and blood vessels contribute to creating heterogeneity
in the spreading of chemicals and gaseous molecules (Watt et al., 2011; Shin et al., 2013).

The next frontier in 3D cell culture for toxicology /n vitrowill be to produce models that
target specific populations based on gender, ethnicity, race and the environment at large. In
contrast to patient-derived xenografts for which tumors or primary tumor cells from patients
are implanted in mice, precision toxicology dealing with noncancerous tissues will likely
only rely on 3D cell cultures. Several of the 3D cell culture models discussed in this review
already made use of primary cells instead of transformed cell lines. But primary cells were
often of animal origin. The path to a bright future with 3D cell culture models for human
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toxicology might be in the use of iPSC, enabling the reproduction of all cell types in the
model and the use of genotypes that influence the response to toxicants. Another important
aspect of toxicology /n vitro will be the mimicry of extracellular conditions that might
modify the impact or access of chemicals and gaseous molecules to the cells. Here organs-
on-a-chip and well-defined matrices with tunable stiffness are likely to become a standard to
deliver, for instance, combinations of chemicals, in desired quantity, sequence and intervals,
as gradients, with embedded sensors, hence permitting the modulation of metabolic and
architectural tissue characteristics that are important for carcinogenesis and the onset of
other disorders (Vidi et al., 2013; Robey et al., 2016).
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Highlights

. Polarity is an architectural feature necessary for normal function of most
organs.

. Methods to reproduce polarity are tissue specific and rely on cell-ECM
interactions.

. The cell nucleus-tissue polarity relationship controls tissue homeostasis.

. The cell nucleus can serve as main and early readout for toxicology
assessment.

. Microfluidics-based chemical gradients ease permissible exposure level
evaluation.
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Figure 1. Examples of polarity axis in various organs or functional units of organs
Simple drawings represent the cells in which polarity is established with, at the apical pole,

the presence of tight junctions at lateroapical cell-cell contacts, and at the basal pole,
contacts with the ECM (most often a basement membrane type of ECM or a modified
version of a basement membrane). Note: Not all cell types in a particular organ are
represented.
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>
>

Increasing concentration of a chemical

Figure 2. Applying a chemical gradient in cell culture
A cell culture specimen receives a chemical at increasing concentrations (as displayed by the

widening triangle and the arrows) depending on the location in the culture area. Here cells of
an epithelium are represented by rectangles with nuclei drawn in black, in the culture
platform. With such system, it is possible to create controlled heterogeneity of the presence
of the chemical throughout the culture surface. It is also possible to identify concentration
thresholds for the impact of the chemical on cells depending on a given variation in cell
culture parameters.
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