1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Chem Res Toxicol. Author manuscript; available in PMC 2017 August 31.

-, HHS Public Access
«

Published in final edited form as:
Chem Res Toxicol. 2017 January 17; 30(1): 43-52. doi:10.1021/acs.chemrestox.6b00269.

21st Century Cell Culture for 21st Century Toxicology

David Pamiest and Thomas Hartung™+~

TCenter for Alternatives to Animal Testing (CAAT), Johns Hopkins Bloomberg School of Public
Health, Baltimore, Maryland 21205, United States

*CAAT-Europe, University of Konstanz, 78464 Konstanz, Germany

Abstract

There is no good science in bad models. Cell culture is especially prone to artifacts. A number of
novel cell culture technologies have become more broadly available in the 21st century, which
allow overcoming limitations of traditional culture and are more physiologically relevant. These
include the use of stem-cell derived human cells, cocultures of different cell types, scaffolds and
extracellular matrices, perfusion platforms (such as microfluidics), 3D culture, organ-on-chip
technologies, tissue architecture, and organ functionality. The physiological relevance of such
models is further enhanced by the measurement of biomarkers (e.g., key events of pathways),
organ specific functionality, and more comprehensive assessment cell responses by high-content
methods. These approaches are still rarely combined to create microphysiological systems. The
complexity of the combination of these technologies can generate results closer to the in vivo
situation but increases the number of parameters to control, bringing some new challenges. In fact,
we do not argue that all cell culture needs to be that sophisticated. The efforts taken are
determined by the purpose of our experiments and tests. If only a very specific molecular target to
cell response is of interest, a very simple model, which reflects this, might be much more suited to
allow standardization and high-throughput. However, the less defined the end point of interest and
cellular response are, the better we should approximate organ- or tissue-like culture conditions to
make physiological responses more probable. Besides these technologic advances, important
progress in the quality assurance and reporting on cell cultures as well as the validation of cellular
test systems brings the utility of cell cultures to a new level. The advancement and broader
implementation of Good Cell Culture Practice (GCCP) is key here. In toxicology, this is a major
prerequisite for meaningful and reliable results, ultimately supporting risk assessment and product
development decisions.
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INTRODUCTION

The statement that “there is no good science in bad models” might sound very apodictic.
However, the best available model is the one which gives us most likely the best result, i.e.,
the most reliable (reproducible) and the most relevant one. Simple and complex models are
both valuable depending simply on the task at hand. Simple models are usually more
reproducible, and if we are looking for something simple, they can be very relevant. It is
about being fit for purpose. However, many questions in toxicology are very complex,
involving networked responses of the biological model. Thus, often the closer our model
comes to, in doubt human, physiology, the more likely the results are relevant. In an area of
science, where little is reproduced, many results for regulatory toxicology are not published,
but important decisions for the safety of consumers and patients as well as for the fate of a
product are taken, and we need to strive for such relevance. We cannot leave it to time that
wrong results are simply forgotten as we do in most preclinical research. Formal validation
is the key tool to ensure reliability and relevance for a given purpose. Good models are the
starting point for successful validation and before validation for obtaining meaningful
results.

Human cell cultures (Figure 1) are becoming more and more the prime tool of research and
preclinical drug development. While the number of researchers is continuously increasing,
the number of animals used dropped strongly, by about 50% from the mid-seventies to 2000
according to U.K. statistics,! though this development has plateaued, or there is even an
increase again because genetically modified animals are increasingly used in academic
research nowadays.?

Noteworthy, in Europe, over the past decade drug development despite increased
investments showed at the same time 30% decline in animal use. This suggests that this very
strategic, progressive, and less resource-limited area of the life sciences is transitioning to
new approaches.3

Technologies to maintain cells in culture to enable their study and their use for the testing of
substances have continuously improved over the 20th century. Especially, the access to
human cells of high quality was very limited, until human stem cells and the respective
differentiation protocols became most recently available. Stem cell technologies are strongly
impacting on all life sciences including toxicology;* they are extensively reviewed here as
this perspective discusses more how we culture our cells than what cells to culture. It
requires an understanding of the shortcomings of traditional culture to systematically
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improve and approximate the physiological situation. The advances in cell technologies and

bioengineering are accelerating and in combination creating synergistic effects, promising to
become a disruptive technology, i.e., one that displaces an established technology and shakes
up the industry; organs-on-chip or even multiorgans-on-chip, often referred to as human-on-
chip, come into reach.®

Efforts to modernize the field of toxicology, often termed Toxicology for the 21st Century,’
rely very strongly on Jn vitro approaches.’~2 Here the prospects and challenges of current
cell culture developments shall be addressed. We first discuss the shortcomings of traditional
cell cultures, especially the limitations of cell materials used, their culture conditions, and
lack of architecture and organ functionality. Second, the technological possibilities to
overcome these deficits are summarized. Third, we will argue for a fit-for-purpose
compromise of sophistication of our cell cultures. Finally, the need for quality assurance and
the assessment of whether the purpose is met, i.e., validation, will be discussed.

1. SHORTCOMINGS OF TRADITIONAL CELL CULTURES

The art of cell culture too often leads to the artifacts of cell culture: The high number of
conditions to control and the many parameters to measure lead to artifacts as a result of cell
culture procedures. A few limitations, not really comprehensive, are shown in Figure 2.

1.1. Cell Sources

Human cells are difficult to obtain in high quality and quantity; with very few exceptions,
such as blood, bone marrow, placenta, fat, and skin, it is difficult to obtain healthy human
tissue. However, these tissue donations are the prerequisite for human tissue models and are
nowadays regulated.10:11 The infrastructures to make surgical tissues and organ donations
available commercially and by biobanking are improving,12 but limitations in quantity,
costs, and interindividual differences persist. Some human primary cells can be passaged
and thereby expanded, but the total number of cell divisions is typically limited.
Technologies to immortalize cells represent a prime opportunity to increase the available
quantities, with many positive examples such as LUHMES cells,13 i.e., human
mesencephalic cells conditionally immortalized with a v-myc retroviral vector allowing to
generate dopaminergic neurons, or the telomerase-immortalized human renal epithelial cell
line RPTEC/TERT14 but unavoidably mean maintenance culture (passaging) with the risks
of dedifferentiation and genetic instability (see below).

Human tumors have for long been the source of naturally immortalized cells. Since 1951,
when the HeLa cell was brought into culture as first human tumor cells successfully
maintained, many lines have been established, shared between laboratories and cell banks,
and led to hundreds of thousands of scientific articles. HeLa alone were used in more than
70,000 articles and 11,000 patents. However, tumor cells differ dramatically in their genetic
repertoire and thus physiology: In 2015, Frattini and co-workers' reported the tremendous
genetic differences in HeLa cells from different laboratories. The four samples showed gain
and loss of genomic material varying widely between laboratories, drastically affecting basal
gene expression. We recently showed16 similar findings using MCF-7 cells. This cell line
has been used since 1970 in more than 23,000 articles. We found by comparative genome
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hybridization in cells obtained from a leading cell bank, that about 10% of genome was lost,
50% of genes were present with less than the normal two copies, and that 30% were
multiplied with often more than 16 copies. A worrying finding was that substantial
differences in genetic repertoire were found even in different frozen samples from the same
lot obtained from the cell bank, which corresponded with different morphology, growth
characteristics, estrogen responses, and transcriptomic and metabolomic measurements.16
Tumor cell lines like HeLa and MCF-7 are so strongly genetically distorted that rarely a
physiological response can be expected. Furthermore, this genetic instability continues, and
we must expect that after some more passages we face a culture with again a different
genotype and often phenotype. These changes obviously do not occur in all cells of our cell
culture flasks at the same time. What we often forget is that, in many cases, we handle a mix
of different variants of the cell in culture, even if at some point they were monoclonal. This
becomes very evident in comparative genome hybridization experiments:16 we would have
discrete values of 0, 1, 2, 3, 4, etc. genes if all cells were the same; however, we observe a
continuum of values, and not even neighboring genes show similar values. This can only be
explained by many subpopulations. Consequently, any response measured in tumor cells will
be the mixed response of the subpopulations. Sometimes we see indeed, that, for example,
not all cells can be killed by a given substance and that other responses show a plateau
below 100% of cells reacting. There must be a real evolutionary process of competition and
survival of the fittest in our culture flasks. With the selection pressure of our nonhomeostatic
culture conditions and driving cell growth (both to be discussed later), we maximize the
evolutionary process in the cell culture flask. Perhaps this is an interesting model to study
evolution at large. As a consequence, the proportions of these subpopulations can change
from passage to passage and affect our results more quickly than genetic drift would make
us expect.

As to be discussed below, as a basic quality measure, cell identification is required in order
to work according to Good Cell Culture Practice (GCCP). A technical solution has been
introduced by the leading cell banks (ATCC, CellBank Australia, ECACC, JCRB, sDSMZ,
and RIKEN), i.e., short tandem repeat (STR) microsatellite sequences. It is considered the
reference technique for identity control of human cell lines and should be done regularly
(i.e., for each cell line) to exclude cross-contamination by cells of other cell types or form
other species. ISCBI has published guidance related with the best practices on identification
of PSCs.18

1.2. Cell Differentiation and Organ Functionality

The cellular phenotype is very much determined by gene expression. For most applications,
terminally differentiated (mature) cells are ideal. However, a key element of cell culture is
the expansion, i.e., production of more cells, for future experiments. To be able to grow the
cells we need, we have to control differentiation and proliferation. For example, in the case
of stem cell culture, it is key to maintain pluripotency of the cells, which in many cases is a
tricky and tedious procedure. Growth is the opposite of differentiation, and too often, we
sacrifice differentiation for cell expansion, not necessarily being able or even only seeking to
reestablish a tissue-like phenotype. This process requires often paracrine growth factors
from other cell types, extracellular matrix, functional demands, and time. All of this is not
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present in simple culture systems. Instead we use nonphysiological or embryonal factors,
such as fetal calf serum, recombinant growth factors, superphysiological insulin, etc. to drive
growth but hindering the expression of the desired phenotype.

Many cell functions are expressed because there is demand. A good example is the
metabolism of chemicals. We know well that exposure to chemicals induces the expression
of the enzymes, which do metabolize them. However, during maintenance culture, we do not
expose the cells to any chemicals and are then surprised that these capabilities are not found
in the cells, when testing substances.1®

The lack of differentiation obviously limits organ functionality. Continuous growth together
with usually only one or two cell types present and two-dimensional cultures do not allow
replicating tissue architecture in many tissues necessary for organ functionality.

1.3. Nonhomeostatic and Nonphysiological Culture Conditions

The artificial cell and tissue culture environments differ in many respects from those /n
vivo.29.21 Traditional cell culture changes media ever 2—3 days. In this time, the medium,
i.e., the environment of the cells, has changed dramatically: nutrients were extracted, other
substances degraded, oxidized, metabolized, or attached to culture devices; waste and
metabolic end products as well as secreted factors have accumulated; the pH often changed
as indicated by color changes in phenol red typically included in our media; oxygen has
been extracted and replenishment depending on the liquid/air interface; and access to cells is
diffusion-limited. This all changes within seconds, when media are first removed and then
with some delay with all of the disturbing impact on the culture, in an instant replaced with
fresh media, most likely not only different in composition from what was removed but also
temperature, pH, osmotic strength, etc. All this differs dramatically from the homeostasis of
the environment, which most cells in the body are exposed to, where thanks to the liver most
other organs see no or slow changes in exposures taking place. The necessary consequence
of this regular stress to the cells is the need to adapt quickly, something undifferentiated cells
are more apt to.

Many other parameters of our cultures are set to values not necessarily reflecting the
physiological values of the species in culture: body temperatures, pH, and osmotic strength
of our media mimic humans not necessarily other species. There is very little insight on how
this affects cell physiology.

1.4. Cell Culture Contaminations

There are various types of contaminations, other mammalian cells, microbial ones (viruses
and bacteria, especially mycoplasma), and chemical ones. Contaminations can have a
serious impact on the results, producing genetic instability, transformation, changes in
normal physiological function, and changes in virus susceptibility (Table 1).

The astonishing experience is that all these are much more frequent than most researchers
think. Data available are typically coming from the more conscious laboratories and those
who can afford controls (both financially and practically), thus likely even underestimating
the problem. What we learn from these laboratories actually shows that we should say we
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cannot afford not to control for this. When even cell banks some 10 years ago reported 15%
wrongly identified cells in 529 cell lines analyzed,22:23 often not even from the species
claimed, this is indeed alarming. We have to assume that people depositing cells to cell
banks truly know what they are submitting. Cell banks have reacted, and authentication has
improved dramatically, but how many old lines are still around, and how many new cross-
contaminations take place all the time? A recent study from China?* showed 25%
misidentification in close to 400 samples; most strikingly 86% of cell lines established in
China were misidentified. There is even a Web site,?> which lists cell lines now known to be
nothing but, e.g., HeLa cells. However, too few researchers and reviewers consult them, and
articles continue to be published assuming to work with very different organs and not a
cervix carcinoma as in the case of Hela cells. Bad news travels slow in science.

Mycoplasma are another contamination, for which we can control but do not do it
everywhere and not always often enough.2® The reason is that they are less visible and less
acute than other bacterial infections. However, their impact can be very profound, perturbing
completely the cell physiology. Some common sources of mycoplasma are (primary) tissue
isolates, culture reagents (predominantly fetal bovine serum), laboratory personnel, and
cross-contaminations from infected cultures and were found in a cell bank at 28% of 426
submitted cell lines.22 Trypsin produced from slaughterhouse materials, a major
mycoplasma source in the past, is nowadays better controlled by the producers, but half of
the species commonly found are actually human pathogens, suggesting that laboratory
personnel are the source. Still, the percentage of infected cell cultures is probably
somewhere in the 15-30% range.23 A more recent study from Brazil found 34% of 88 cell
culture samples from eight laboratories contaminated?” and one in India with 23% of 77
cultures.?8 In the biopharmaceutical industry, the problem is more closely controlled, but
still up to 8% contaminated cultures were found.2® Other contaminations are less on our
radar, such as porcine circovirus 1 (PCV1), bovine leukemia virus (BLV), or bovine viral
diarrhea virus (BVDV), but not necessarily less frequent.2” This means that we have in an
academic setting about 50% chances that work on cell lines is either not the right cell or one
infected with mycoplasma. Who is still surprised about reproducibility issues?30

2. NOVEL CELL CULTURE TECHNOLOGIES TO IMPROVE CELL CULTURE

The many problems of traditional culture make it poor luck when they reflect physiology in
a given experimental setup. This explains the need for validation of cellular responses,
something we have called mechanistic validation.3! From a different point of view, it is not
the reflection of physiology but just the fitness for purpose, as we will argue in the third
section. However, when looking for more complex phenomena and studying unknown
biology, we will better come as close as possible to physiological conditions. There are
many technical solutions to each and every problem, but we do so rarely and arguably can
address them all at the same time, though there is synergy in producing an “organo-typic
culture” (Figure 3) to achieve what is often referred to as microphysiological systems.32
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2.1. Coculture

A lot of effort in cell culture is spent in the derivation of pure, often monoclonal cultures.
This makes sense, when a single cell types’ response is assessed, but comes with the
detriment of depriving cells from their natural environment, interactions, and coordinated
responses.

Besides the direct mixture of different cell types, tissue slice culture, reaggregating tissues
(following dissociation), or the generation of multiple cell types by codevelopment out of
stem cells32 are opportunities to derive cocultures. All of these have their problems. The
direct combination of cells typically requires access to the cells at the same time in
appropriate quality and quantity. They will not necessarily come from the same donor and
have other mismatches. Given the enormous complexity of many organs, e.g., more than 40
cell types of the lung,3* these mixes will usually be incomplete. The reproduction of tissue
architecture is also challenging.35:36

The culture of tissue slices37—39 starts at least with some of this architecture, but isolation
damage, outgrowth, and dedifferentiation can deteriorate this often fast. Slice thickness,
limited by technical aspects such as access to oxygen and nutrients, limits how much of
tissue architecture can be transferred into culture to begin with. The lack of blood perfusion
is mainly responsible, though some techniques allow even perfusion of slices, parts of, or
entire organs.*0 The dissociation of tissues and their subsequent reaggregation and self-
assembly#142 come with damage to the cells and a subselection of some populations, which
are more robust to the dissociation and the culture conditions.

Arguably the most physiological creation of a coculture is out of stem cells, replicating some
embryonic developments. However, as we are typically not interested in creating embryos
but organoids, these developments need to be directed, typically by growth factors, e.g., first
moving them into pluripotent organ-specific stem cells. These are, however, very artificial
conditions, forcing a certain development, not necessarily adequate for all desired cell types,
and some cells do not originate from the organ stem cell reservoir but, for example, invade
organs such as immune cells or cause angiogenesis leading to blood vessel formation.

Cocultures can show cellular interactions such as inflammatory responses, as we showed
many years ago for hepatocyte/Kupffer cell cocultures.*344 Other interactions include
metabolic activation of toxicants (e.g., by cocultured liver cells), myelination of axons, the
formation of the blood—brain barrier, and many others.

2.2. 3D Culture

Our tissues are 3D, and it seems logical that cultures reflecting this should be more
physiologically similar to the intact organism. Cell—cell contacts are key for interactions as
well as to induce differentiation, as we know from contact inhibition often observed when
cultures become confluent. A lot of positive things have been shown for 3D cultures,*
among others (i) increased cell survival, (ii) increased differentiation, (iii) increased cell-cell
interaction, or (iv) better reproduction of the complexity of the organ.
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Many approaches to produce 3D cultures are emerging,*6-50 but 3D cultures come at a price:
Arguably, all cells in 2D are the same, though center positions vs edges likely differ quite a
bit with respect to the height of the culture medium, for example. This is not the case for 3D
cultures: A cell on the surface is very different from one in the center, quite evidently with
respect to access to oxygen and nutrients again, but also, for example, shear forces. Many
organoids will not be homogeneous, showing polarizations or more or less physiological
structures forming. Not all organoids, even if produced in one batch, will be necessarily the
same; this can include size, form, and cell composition among others. Especially for
designing test systems, e.g., for toxicology or efficacy testing, this represents a major
problem.

There is also a lot of effort necessary to keep cells in 3D: Cells usually try to attach and will
grow out. Culture materials prohibiting that, such as Teflon (not translucent!), are limited.
Hanging drop methods or keeping organoids in shakers/bioreactors under constant
movement (not all cells like the associated shear) represent alternatives.

Because of the thickness and high scattering of this 3D models (preventing light from
penetrating), many microscopical or spectrometrical measurements are not easily applicable
to organoids. Techniques that can image thicker biological specimens at high resolution
include confocal microscopy, multiphoton microscopy, and optical coherence tomography.®!

The cell mass can also be limiting. The most important dimension in 3D-cultures is the 1-
dimensional outside-in-path of nutrients and oxygen diffusion into the core of cell
aggregates, and in the opposite direction, the inside-out-removal of metabolic end products
and CO,. Oxygen and nutrient access by diffusion does typically limit organoid size to less
than 300 gm. This will correspond to about 20,000 cells per organoid. In many instances
more than one organoid can be used, but this starts complicating experimental setups.

The complexity of organoids and duration to produce them imply complex protocols,
difficulties in standardizing, low reproducibility, opportunities for infections, as well as the
requirement for the respective skills of personnel to do all this. In addition, the lack of
detailed understanding of some human organs and tissues makes /n vitro modeling difficult.
This leads to the needs and opportunities of outsourcing these processes, and indeed, an
industry producing organoids is forming.

2.3. Homeostatic Culture

The key to homeostatic culture is perfusion (e.g., by microfluidics). Microfluidics is born
from the combination of microelectro-mechanical systems (MEMS) and fluidic channels
and allows for the manipulation of small amounts of fluids on a micrometer scale.52
Perfusion can be applied to the entire culture device, can be done with fibers, or by using
(acellular) blood vessels from organs, to mention only a few approaches. This can be done
recirculating or as run-through. Both come with advantages and disadvantages. Strictly, only
the run-through setup represents a constant environment, but obviously, secreted factors are
washed out and cells cannot “condition” their medium. Recirculation is actually closer to
static conditions or requires the replenishment of oxygen and nutrients in a continuous
manner. There are technical solutions for this, ideally with sensors controlling this process,
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but they complicate the experimental setup even further. Advances in microfluidics and other
engineering technologies such as microfabrication, material sciences, sensors, etc. allowed
for the development of organ-on-chip or microphysiological systems.2 They often enable
more than the homeostatic culture conditions, increasingly even accommodating several
types of organoids, often referred to as human-on-chip approaches,>3 though this term is still
largely overselling what we actually have in hand. However, perfusion systems bring some
challenges related to the technology of such a protein and test substance binding to the
materials or accumulation of bubbles in the conducting tubes.

Perfusion of 2D cultures has been around for more than two decades, to which one of the
authors contributed early on.>*25 It is a market with some commercial solutions to it.> If 3D
is complex, perfused 3D is even more so. For all perfusion, there are some challenges: The
low cell mass vs the perfusion volume is often problematic; a homogeneous flow equally
reaching all cells is too. The number of replicates is often limited by the number of pumps
and parallel units available, but these are engineering challenges, and the grant support and
increasing interest in these technologies promise more and more appropriate solutions.

2.4. Tissue Architecture and Functionality

A ball of cells, even of different cell types or perfused, is not yet a representation of an
organ.>® This requires organ functionality, and this can often only be achieved by tissue like
architecture (Figure 4). Sometimes, this architecture will self-assemble especially in stem-
cell-derived systems. In other cases, we will have to create these by bioprinting or scaffolds
to achieve /n vivo like structures. Some organoids, such as the lung or gut,>7-36 benefit from
physical stretch. Impressive technical solutions were found, but they are even more complex
than perfusion cultures, only leaving this normally to a few specialized laboratories and not
allowing high throughput. However, commercialization is on the way and standardization,
quality assurance, and broader availability can be expected.

3. FIT FOR PURPOSE CELL CULTURE

We have argued earlier for a utilitarian approach to cell models.>8 Utilitarianism judges the
moral worth of an action only by its resulting outcome: “The end justifies the means”. Cell
culture most closely representing the physiology in question, appears desirable, but there are
many reasons to go for more simple systems (feasibility, costs, and throughput). We might
argue that we should use the highest complexity versus efficiency/throughput for a given
purpose because we would expect better results. However, often some of the most successful
test systems are the simplest, e.g., the Ames test in bacteria (still the most predictive
mutagenicity test>%) or the Limulus Amebocyte Lysate test for pyrogens. What the simple
systems loose with regard to physiological resemblance they gain from the higher number of
replicates, ease of interpretation of results, and reproducibility (reduction in systematic and
random errors). The more components or work steps in a test system, the more things can go
wrong and need to be controlled, as detailed above.

The utilitarian approach likely to be most successful is the one that uses the simplest test
system that gets the job done. As Albert Einstein coined it: “Everything should be made as
simple as possible, but not simpler”. For the identification of pathways of toxicity,50 this
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means that a system that shows a hazard manifestation will allow pathway identification
(notably, not all pathways if alternative routes can lead to the same phenotype). However, it
is likely to be easier to use a number of test systems, which together cover all the relevant
reference toxicants, than trying to find a single test system that almost completely reflects
human pathophysiology.

Cell-based assays should be tailored for specific needs. Robust predictions about the toxic
potential of agents tested by cellular systems strictly depend on the principle that
mechanistically defined perturbations induced /n vitro match recognized adverse effects and
responses at an organismal level. This relies on two major premises: the identification of
function-specific responses and the validation of cell-based assays suitable for the detection
of those responses.

Cell-based assays developed for toxicity testing and other areas should capture the
complexity underlying selected processes and convey the relevant biological information
into readouts to account for the mechanistic bases of their occurrence, thereby embodying
the specificity of a recognizable functional perturbation. The development of procedures
tailored to detect specific functional alterations will be a driver for the establishment of
effective suites of cell-based assays for toxicity testing that support mechanistic-based risk
assessment and for their use as alternatives to animal experimentation. In fact, it is not only
the model itself and how it is cultured (2D or 3D) but also most importantly the mode
through which data are achieved and collected. In this respect, successful examples are
recent European consortia DETECTIVE and Predict-1V,61-63

4. QUALITY ASSURANCE, REPORTING STANDARDS, AND VALIDATION

Adequate quality assurance of any test system is necessary to safeguard the reproducibility
and reliability of results. GCCP84-68 has over the last two decades pioneered the
development of guidance in this field. Not applying GCCP in laboratories significantly
increases the risk of generating erroneous data, withdrawal of publications, loss of scientific
reputation, failed patent applications, wasted resources, laboratory worker infections, and
exposure of host institutes to legal liability.59 Validation of cell models has pioneered such
quality assurance, but much work still needs to be done to create a culture of evidence-based
science. The 21st century cell culture technologies discussed here pose many challenges for
this.

4.1. Good Cell Culture Practices (GCCP)

Efforts between 1996 and 2005 (summarized earlier’917) led to the development of GCCP
guidance.®8 In brief, parallel initiatives (1996 in Berlin under the auspices of the German
Society for Cell and Tissue Culture and 1999 in Bologna at the Third World Congress on
Alternatives and Animal Use in the Life Sciences) led to a declaration toward GCCP:4

“The participants... call on the scientific community to develop guidelines defining
minimum standards in cell and tissue culture, to be called Good Cell Culture
Practice... should facilitate the interlaboratory comparability of in vitro results...
encourage journals in the life sciences to adopt these guidelines...”
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A GCCP task force was then established, which produced two reports.55:66 The six GCCP
principles are:%8 (1) Establishment and maintenance of a sufficient understanding of the in
vitro system and of the relevant factors, which could affect it; (2) assurance of the quality of
all materials and methods, and of their use and application, in order to maintain the integrity,
validity, and reproducibility of any work conducted; (3) documentation of the information
necessary to track the materials and methods used, to permit the repetition of the work, and
to enable the target audience to understand and evaluate the work; (4) establishment and
maintenance of adequate measures to protect individuals and the environment from any
potential hazards; (5) compliance with relevant laws and regulations, and with ethical
principles; and (6) provision of relevant and adequate education and training for all
personnel, to promote high quality work and safety.

At the time of the GCCP report, most of the approaches of 21st century cell culture
discussed here were in their infancy. Induced pluripotent stem cells, which are currently
transforming human cell culture, were not even yet available. The advent of human
embryonic in 1998 and induced pluripotent stem cells in 2006 has had a significant impact
on human cell culture models. First, it promises to overcome the problems of the availability
of human primary cells, though a variety of commercial providers nowadays make almost all
relevant human cells available in reasonable quality but at costs that are challenging, at least
for academia. However, for human pluripotent stem cells we do not yet have optimal
protocols to achieve fully functional differentiation of any cell type. This will probably be
achieved given time and effort, but many of the nonphysiologic conditions taken from
traditional cell culture contribute to the problems here. Originally, hPSC cultures were
thought to be genetically stable, but we increasingly learn about their limitations in that
respect t0o.”2~73 Other limitations are costs of culture and complex differentiation protocols,
which may require months of labor, media, and supplements. The risk of infection also rises
for these long and complex procedures. Despite these challenges and risks, we still we
cannot obtain pure cell types, often requiring cell sorting, which requires detachment of cells
disrupting the culture conditions and physiology.

GCCP guidance was developed before the broad use of human stem cells. We attempted an
update in a workshop:’4 “Human embryonic stem cell (hESC) technology for toxicology
and drug development: summary of current status and recommendations for best practice
and standardization. The Report and Recommendations of an ECVAM Workshop”.

Another important development was the bionengineering leading to organo-typic cultures
(also known as organoids, spheroids, microphysiological systems, 3D cultures, organ-on-
chip, perfusion cultures, etc.).> The novel types of tests will represent additional challenges
as to standardization of design and generation of optimized culture systems and devices. The
systems are considerably more complex than traditional /n vitro approaches, involving 3D
constructs,* various cell types, and other engineering.

Together, this further prompted a revision of the earlier GCCP guidance. A number of
organizations (such as NIH NCATS, FDA, EPA, ECVAM, ASCCT, ATTC, NIH, and UK
Stem Cell Bank) therefore teamed up and organized two workshops in 2015 in the US and
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Europe8®.75 in order to form the International GCCP Collaboration to ultimately develop
GCCP 2.0.

4.2. Reporting Standards for in Vitro Systems

GCCP already addresses aspects of reporting but is not explicitly giving checklists or any
detailed guidance. In order to fill this gap, CAAT started an initiative, which over the last
five years developed such detailed guidance (Daneshian et al., in preparation). Leist et al.”®
made early suggestions for guidance as to the publication of /n vitro journal articles. A
CAAT workshop was held in March 2012 in San Francisco, and a taskforce was formed to
further this work. These activities are currently unitedly forming the GCCP 2.0.76 Notably,
they have not at this stage expanded to the new approaches of 21st century cell culture, a
gap, which shall be filled by the GCCP Collaboration.

Recently developed reporting standards for animal studies (the ARRIVE guidance’”) have
been adopted by more than 350 journals, though implementation seems to be slow.”8 Still it
represents a tremendous advance, and strategies for implementation and enforcement will be
needed. Noteworthy, ARRIVE is not the only framework, e.g., the Gold Standard
Publication Checklist has been proposed.’® This is the role model on which the in vitro
reporting standards are based.

An important contribution to the quality of /n vitrowork and its reporting is the development
of cell culture standard operating procedures for general procedures and for specific cultures
giving more detail than those available from cell banks. They give guidance for establishing
methods but also improve reporting of experiments, where methods can be referenced and
only deviations from these protocols noted. Some of this has pioneered in the field of
alternatives to animal experiments to ease finding alternatives and to change to cell culture
methods. The offers are steadily expanding by journals (including video-based journals),
commercial providers, and various governmental and nongovernmental groups. Some
prominent examples include DB-ALM (https://ecvam-dbalm.jrc.ec.europa.eu) by the
European Center for the Validation of Alternative Methods (ECVAM), which is a public,
factual database service that provides evaluated information on development and
applications of advanced and alternative methods to animal experimentation in biomedical
sciences and toxicology, both in research and for regulatory purposes; the ZEBET database
(http://www.bfr.bund.de/en/
zebet_database_on_alternatives_to_animal_experiments_on_the_internet__animalt_zebet_-
1508.html) on alternatives to animal experiments on the Internet, which provides scientists
from industry, universities, and public authorities with information on alternative methods in
a database developed for that specific purpose; Nature Protocols (http://www.nature.com/
nprot/index.html) is an online journal of laboratory protocols for bench researchers; Springer
Protocols (http://www.springerprotocols.com) is the largest subscription-based online
database of reproducible laboratory protocols in the biomedical and life sciences; and
ThermoFisher Scientific (formerly Gibco) Methods & Cell Culture Protocols (https://
www.thermofisher.com/us/en/home/references/gibco-cell-culture-basics/cell-culture-
protocols.html) provides a number of basic protocols.
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4.3. Validation

Formal validation is typically applied only to regulatory tests and especially alternatives to
current animal tests.8%-83 At this moment, no test based on the 21st century technologies
discussed here has been proposed for formal validation, but this might change soon. The
complexity of these models will make this a challenge, though arguably already the very
successful validation of skin models for skin irritation and corrosion that employ an organo-
typic culture exists. It was the commercial availability of these models which allowed for the
validation, and similarly, the new approaches will have to be brought out of individual
academic laboratories to allow for standardization and broad availability.

5. CONCLUSIONS

The age of organoid culture has only just begun. Technical opportunities come with
challenges. Many technologies are synergistic and only in combination will achieve a truly
organo-typic culture. This level of complexity is clearly not needed for all in vitro work; on
the contrary, there is good reason to use the simplest system possible. However, many of the
complex questions we pose to our models require /in vivo-like responses and thus
physiological behavior, i.e., organ functionality, perhaps even inter-organ functionality. The
rigorous quality assurance and reporting of the new approaches can accelerate their
implementation into routine use, making them fit for purpose, increasing reliability and
reproducibility. Their commercial availability and the resulting market forces®4 will be
important for moving them into validation and use.
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Figure 1.
Derivation of different types of human cell cultures. IVF = jn vitro fertilization.
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Figure 2.

Some pertinent problems of traditional cell culture.
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Figure 3.
Synergy of different approaches to achieve organo-typic cultures.
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Figure 4.
Some key features of tissues to be reproduced by organo-typic cultures.

Chem Res Toxicol. Author manuscript; available in PMC 2017 August 31.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Pamies and Hartung

Table 1

Types of Microbial and Other Contaminations in Cell Culture

“can be known”, where we have tests mycoplasma, cell authentication, Gram-negative pyrogens, i.e., endotoxins
“known unknowns “, where we do not have routine tests human pathogenic viruses, nonendotoxin pyrogens

“unknown unknowns”, where we do not think of as today  prions, chemicals in culture materials
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