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Tissue Culture Models
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Introduction

The use of tissue cultures as a research tool to investigate
the pathophysiological bases of diseases has become essen-
tial in the current ag of molecular biomedical research.
Although it will always be necessary to translate and vali-
date the observations seen in vitro to the patient or animal,
the ability to investigate the role(s) of individual variables
free from confounders is paramount toward increasing our
understanding of the physiology and their role in disease.
Additionally, it is not feasible to conduct certain research in
humans because of ethical constraints, yet investigators may
still be interested in the physiological response in human tis-
sues; in vitro characterization of human tissue is an accept-
able choice.

Tissue culture techniques have been utilized extensively to
investigate questions pertaining to physiology and disease.
The isolation and propagation of human epithelial cells has
allowed investigators to begin to characterize the interac-
tions and reactions that occur in response to various stimuli.
Moreover, the culture of other human tissue has allowed
researchers to investigate pathological cascades as well as
other physiological responses. Combining cultured endothe-
lial cells and leukocytes together in vitro under laminar
flow conditions has helped elucidate the critical interactions
that occur in rolling and emigration of leukocytes during
the inflammatory response. Cultured embryonic stem cells
that had been subjected to various growth conditions have
advanced our understanding of cellular differentiation and
growth.

Numerous cancer cell lines have been established to
investigate their responses to chemotherapy and determine
their biological properties. Overall, the use of cultured
human tissue has provided a windfall of information on
the pathogenesis of diseases that affect the body. In light
of this, we briefly discuss the history and principles behind
the utilization of tissue culture. We then discuss the current
use of tissue culture to examine many of the unanswered
questions involved in physiology and pathology.
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History of Tissue Culture

The technique of tissue culture is generally accepted to have
arisen following the experiment of Ross Harrison, around the
turn of the twentieth century. In 1907, Harrison began by
adapting a previously established bacteriology technique, the
“hanging-drop” method, to culture a frog neuron.' In 1912,
Alexis Carrel® built upon this work by successfully culturing
small tissue samples from an 18-day-old chick embryo heart,
thereby becoming the first scientist to propagate mammalian
cells in vitro.? Carrel’s demonstration that cells could be pas-
saged 18 times, remain viable over 3 months, and continue
to maintain cardiac rhythm was the first to show that cardiac
tissues in vitro could retain normal characteristics for a pro-
longed period of time. These elegant studies, conceived by
Carrel, initiated the modern day art of histoculture as it is
now known.*3

Although only a small “sect” of researchers embraced early
tissue culture as a methodology to investigate the pathogenesis
of disease, it is appropriate to describe Carrel as the father of
mammalian tissue culture. In fact, Sven Gard, in his presenta-
tion speech for the Nobel Prize in Physiology or Medicine in
1954, referred to tissue culture as a “tissue cult. . . with Carrel
as their high priest.” In that year, Drs. Weller, Enders, and Rob-
bins shared the prize for their work in propagating poliovirus
in tissue culture. This work was the first Nobel Prize awarded
in medicine and physiology for work accomplished primarily
utilizing tissue culture as a methodology.

An additional important milestone in the use of tissue culture in
biomedical research was the establishment of the first human cell
line. In 1951, cervical cancer cells from Henrietta Lacks were
cultivated into the first immortal cell line — “HeLa.”® HeLa
cells are still one of the most widely used cell lines today. Since
the 1950s, tissue culture has become firmly established as a
mechanism to answer many questions in biomedical research.
Today, tissue culture is widely used to investigate diseases that
affect the body, and through this work we have been able to
increase our understanding of the pathological cascades that
occur in diseases, as well as normal physiologies.
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Types of Tissue Culture

Tissue culture is a commonly used generic term for the in
vitro cultivation of cells, attributed to the early cultures that
generally consisted of heterogeneous cultures of crudely
disaggregated tissues. Currently, many terms are used that
can be encompassed by the term: organ culture, cell culture,
primary explants, and ex vivo propagation all concern the
in vitro cultivation of cells or tissues. Cell culture in gen-
eral can be applied either to primary cells (e.g., those with
a finite lifespan) or to cell lines (e.g., HeLa cells). Addition-
ally, these cultures can be either a homogeneous or a hetero-
geneous group of cells.

Primary cell culture involves the isolation of cells from a
tissue by disaggregation. Single-cell suspensions from tis-
sues can be completed through either enzymatic digestion
of extracellular matrix surrounding the cells — such as with
ethylenediaminetetraacetic acid, trypsin, or collagenase — or
mechanical disaggregation. These disaggregation procedures
have the disadvantage of possibly injuring cells. If the cells of
interest are adherent viable cells, they will be separated from
nonviable cells when the medium is changed. Alternatively,
viable cells can be separated from nonviable cells before
culture by subjecting the single-cell suspension to density-
gradient centrifugation (e.g., Hypaque). Primary cells have
an advantage of possessing many of the biological properties
that they possessed in vivo because they are not transformed.
Primary cells, unlike cell lines, are not immortal and have
only a finite survival time in culture before becoming senes-
cent. Variant cells, however, as well as those obtained from
neoplastic tissue, may proliferate infinitely, thus becoming
immortal in vitro. This development will eventually allow
the immortal cell to take over the culture and can be thought
of as a cell line. In general, primary human cultures will
survive for 30-80 passages in vitro, although this number
is dependent on cell type, conditions, and possibly other
unknown factors. Primary cells are widely used to exam-
ine the effects of toxins, infectious agents, or other cellular
interactions that would not be feasible in vivo. Primary cells
have a disadvantage of being a heterogeneous mixture of
cells upon primary isolation, with the type of cell obtained
generally a component of the disaggregation method used.
The most common contaminant seen following isolation of
primary cells are cells of mesenchymal origin (e.g., fibro-
blasts). However, advances have been made that allow the
culture of homogeneous populations of cells. For instance,
cell-surface molecules specific for the cells of interest may
be tagged with monoclonal antibodies. Techniques such as
fluorescence-activated cell sorting or the use of magnetic
beads can be utilized to enrich the single-cell suspension
for the cell type of interest. Additionally, some investiga-
tors have recently exploited unique characteristics of certain
cells, such as the presence of P-glycoprotein or multidrug
resistance-associated proteins expressed on endothelial cells,
to poison other contaminating cells in culture.’
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Another type of primary cell culture are “primary explants.”
This type of culture is not subjected to a disaggregation pro-
cedure as is the primary cell technique described earlier.
Therefore, single-cell suspensions do not occur. Briefly, tis-
sue samples are dissected and finely minced. These tissue
pieces are then placed onto the surface of a tissue culture
plate. Following plating of tissue pieces, cells have been
shown to migrate out of the tissue and onto the tissue cul-
ture surface.® This technique is useful when cells of interest
may become damaged or lost in the disaggregation technique
described earlier and is often used to culture human bron-
chial epithelial cells.’

Cell lines are another useful source of cells to investi-
gate questions in biomedical research. These cells have
the advantage of being immortal as opposed to the finite
lifespans that primary cells possess. Additionally, they
are generally well studied and characterized, leaving few
experimental variables to worry about. These cells how-
ever, are prone to dedifferentiation, a process by which they
lose the phenotypic characteristics of the cell from which
they began. Many of the early cell lines were established
from tumor tissue and as such possess abnormal growth
characteristics. Newer cell lines have been established by
molecular techniques such as inserting a telomerase gene
into a cell to allow it to replicate infinitely.!® Because of
the phenotypic changes that allow cell lines to replicate
infinitely in culture, they are often a first choice for experi-
ments; however, they are also highly criticized in light of
their nonnatural phenotype.

Organ culture, as the name implies, involves ex vivo cul-
ture of the whole or significant portion of the organ. The
main advantage to this type of culture is the retention and
preservation of the original cell-cell interaction and extracel-
lular architecture. This type of culture may be particularly
important when experimental design necessitates the use
of an ex vivo system, but researchers still need to retain the
original organ architecture to answer questions posed. These
types of cultures do not grow rapidly, however, and are there-
fore not suitable for experiments needing large numbers of a
particular cell type.!!

Advantages and Limitations of
Tissue Culture

Tissue culture has become the penultimate tool of the
reductionist biologist. The utilization of tissue culture as
a research methodology has allowed investigators to study
isolated interactions in its near-normal environment. These
experiments by their very nature introduce artifacts; how-
ever, they do minimize the number of confounding variables
that may affect a particular experiment. For instance, tissue
culture allows investigators to determine the effects of one
particular treatment on a particular cell type, which would
not be feasible in vivo. Additionally, tissue culture models
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of disease allow investigators to obtain samples and make
observations more readily than those done in vivo. However,
it is the relative simplicity of experiments done in vitro
that allows models of disease or physiology to come under
frequent and warranted criticism. These models do not take
into consideration the complexity of biological systems.
Diminishing possible confounding variables by culturing
cells in vitro brings up the constant criticism of how appli-
cable results are because of alterations of the normal cellular
environment in vivo. For example, cell—cell interactions in
vitro are reduced and unnatural. Moreover, the culture does
not contain the normal heterogeneity and three-dimensional
architecture that are seen in vivo. This said, however, tissue
culture biology has proved to be successful in many ways.

Cell Culture and the Study of
Disease Processes

We have discussed the advantages that experimental systems
using tissue culture afford researchers studying physiology
and pathogenesis. Because of its ability to isolate individual
variables and determine their role(s) in physiology, cell culture
has become an integral tool in deciphering the pathological
cascades that occur in human disease.

Many diseases that affect humans are multifactorial.
This begs the question how can cell culture, because of its
reductionist nature only dealing with a minimal number of
variables, help to solve the unknown questions and decipher
the components involved in disease? Often, clinical observa-
tions, and the questions arising therein, have been the launch-
ing pad for investigation.

For instance, observations of massive inflammation in
the bronchoalveolar lavage samples of patients with acute
respiratory disease syndrome (ARDS), consistent with dam-
age seen in histological samples, prompted investigators
to determine the role(s) of inflammation in the etiology of
ARDS. Through the use of cell culture, investigators were
able to determine individual interactions that occurred in the
disease process. Investigators have utilized culture models
employing microcapillary endothelial cells under flow con-
ditions to understand the role of proinflammatory cytokines
in the cytokinesis and emigration of neutrophils in disease.
Using a model of pulmonary endothelium under flow condi-
tions allowed investigators to demonstrate the importance of
certain proinflammatory cytokines in ARDS."

The role of inhaled toxicants in lung injury, and the
mechanism(s) by which they cause disease, is another area
of investigation that has utilized cell culture. Scientists have
developed diverse and unique tissue culture systems that
contain air-liquid barriers of lung epithelium and subjected
these cells to various gaseous toxicants to determine what
occurs following inhalation of various chemicals. Utilizing
these types of systems, investigators are able to control the
exposure time and other variables that may be difficult when
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determining inhaled toxicant effects in vivo. Moreover, the
use of tissue culture, as opposed to an animal model, allows
investigators to observe effects kinetically, without undue
changes (e.g., sacrifice) and expense in the experimental
model."

A tissue culture model also permits an investigator
to observe multiple changes in real time, such as cellular
integrity, cell signaling and intracellular trafficking, protein
expression changes, and oxidant-induced cellular damage.
Deciphering each of these changes in an animal model would
be extremely difficult; by employing a tissue culture model,
researchers are able to tightly control the experimental system
while isolating the events of interest. Further examples
of how tissue culture models are currently being used
to elucidate questions in physiology and disease are
discussed later.

Biology of the Cultured Cell

Culture Environment

Maintaining cells in vitro was initially a very difficult
task. Many characteristics need to be fulfilled before a
successful cell culture occurs. Some of these characteristics
are dependent on the type of tissue being studied; others may
depend on specific requirements of the individual cells. Vari-
ous chemically defined media are now available commer-
cially to support the growth and differentiation of numerous
cell types. The creation of defined media has allowed inves-
tigators to culture a multitude of cell types while control-
ling the local environment to answer pertinent questions. For
example, glucose can be removed from a culture medium to
study its effects on cellular metabolism, relative position in
the cell cycle, and many other effects. Each chemical com-
ponent is known in these media. Additionally, investigators
can add growth factors to nourish their cell cultures.

The medium chosen when culturing cells in tissue
culture must fit two main requirements: (1) it must allow
cells to continue to proliferate in vitro, and (2) it must
allow the preservation of the certain specialized functions
of interest® The most common medium formulations
used currently are Dulbecco’s modified Eagle’s medium,
minimum essential medium, RPMI 1640, and Ham’s F-12.
Occasionally, investigators develop new medium types to
attain a formulation that optimizes their own experimental
conditions. Fetal bovine serum is a common additive to most
tissue culture media, although some investigators choose
to forgo this additive for more defined supplementation.
Additionally, others may choose sera from other sources
such as human serum when culturing cells of human origin.
Inactivation of complement by heat treating serum for 1 h at
56°C was initially very popular in tissue culture. However,
it has become clear that this treatment may in fact damage
some of the proteinaceous growth factors present in the
medium, rendering it less effective. Currently, many experts
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recommend heat inactivation only if the cell type of interest
is particularly sensitive to complement.'?

When deciphering if the current culture conditions are
sufficient for the experimental design, the investigator must
determine which cellular characteristics are important. Not
only are the general characteristics, such as adhesion, multi-
plication, and immortalization of cell types important, but so
are tissue-specific characteristics.

Cell Adhesion

Nearly all normal or neoplastic human epithelial cells will
attach with relative ease to tissue culture surfaces. However,
for culture cells that may loosely adhere, or may not adhere
at all, scientists coat tissue culture surfaces with extracellu-
lar matrix proteins. Incubating tissue culture surfaces with
serum, as well as laminin, fibronectin, or collagen, before
culture has been shown to improve attachment of finicky
cells.” These treatments also help in replicating the normal
attachment of cells to extracellular matrix proteins in vivo.

Development of Continuous Cell Lines

The development of continuous cell lines may be serendi-
pitous, as was the development of early cell lines. In brief,
many investigators would continue splitting primary cell cul-
tures until one or more cell clones became immortal. Unfor-
tunately, the changes that generally occurred in culture led to
cells with abnormal phenotypes that had undergone dediffer-
entiation. Today, many investigators choose to use molecu-
lar biology techniques, exploiting our current knowledge of
oncogenic viruses and enzymatic processes of cellular aging
to transform primary cells in vitro to an immortal phenotype.
It is known that the large T antigen present in the SV (Simian
virus) 40 virus is capable of transforming cells to an abnor-
mal phenotype.'2!*!5> Moreover, transfection of primary cells
with a transposase enzyme has also been shown to induce an
immortal phenotypic change while preserving most normal
cellular functions and phenotypes.'?

Dedifferentiation

A commonly encountered problem in tissue culture is
dedifferentiation. This loss of phenotype may be insignifi-
cant to the research at hand or it may be critical, and it must
be dealt with on a case-by-case basis. When a cell culture
undergoes dedifferentiation, it is often unclear whether
undifferentiated cells took over the culture of terminally dif-
ferentiated cells or whether a primary cell of interest became
immortal under the culture conditions.

Functional Environment

The functional environment in which cells are cultured is
critical when correlating experimental results to those seen
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in vivo. We previously alluded to the importance of the envi-
ronment in which cells are cultured when discussing the
advantages and limitations of tissue culture. Investigators
have frequently striven to replicate integral in vivo environ-
ments in vitro to increase the significance of their experi-
mental results.

The development of cell culture insert wells (e.g.,
Transwells, Corning) has allowed investigators to culture
bronchial or alveolar epithelial cells at an air-liquid inter-
face. This ability allows investigators to begin to replicate a
significant aspect of these cells’ functional environment in
vitro, thereby increasing their understanding of the effects
of gaseous particles on pulmonary epithelial cells. Alterna-
tively, scientists have also cultured epithelial cells on a roller
bottle apparatus. This method allows investigators to deter-
mine the amount of time the apical epithelial cell surface is
in contact with the air.

Capillary cell cultures have also come under frequent
criticism when cultured in a monolayer in a tissue culture
plate. Investigators have been able to utilize gel matrices
in which capillary cells form tubule-like structures, more
closely replicating the architecture these cells maintain
in vivo. Additionally, endothelial cells are constantly
under flow conditions in vivo. Addressing this condition
in vitro has allowed investigators to look at the role of
endothelial cells during inflammation, helping to increase
the understanding of the role endothelium plays in various
diseases.

At times, researchers may also choose to determine the
effects of soluble factors (e.g., cytokines, hormones, neu-
rotransmitters) from acute patients or animal models in a cell
culture model. The milieu of soluble factors present in the
serum that may play a role in a disease state is consider-
able. Moreover, these factors may have actions alone that
are different when combined with other soluble factors.
Reconstituting every factor presents a difficulty in vitro and
leaves the possibility that an unknown factor may be miss-
ing. To address this, investigators have harvested sera from
patients or animal models and used these samples as addi-
tives in their media formulations. For instance, through the
use of serum samples from an animal model of smoke- or
burn injury-induced acute lung injury, investigators have
demonstrated that use of arteriovenous CO, removal in acute
lung injury significantly reduces apoptotic cell death in epi-
thelial cells.'®

Epithelial Cell Culture Models

Epithelial cells provide many important and equally
diverse physiological roles in vivo. Toward the end of
replicating these roles in vitro, investigators have collected
numerous epithelial cells, both primary and immortalized,
to help advance our understanding of the physiological
significance.
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Gastrointestinal Epithelial Cell Cultures

Results from a three-dimensional organotypical tissue
culture experiment from adult murine colon performed by
Bareiss et al'” showed that this model could be useful in
studying epithelial cell-cell interactions, cellular signal-
ing, and microbiological infections. Primary cell cultures of
bovine colon epithelium can further be used in toxicological
studies in vitro as a model for the colon epithelium.!®

Hepatocyte Tissue Cultures

Hepatocytes play an integral role in the metabolism of
numerous drugs, nutrients, and other constituents in vivo.
In vitro culture of hepatocytes has facilitated extending our
understanding of the physiological steps important in mediat-
ing these physiological functions. Additionally, in vitro cul-
ture has allowed investigators to understand the importance
of viral infection, drug interactions, and other physiological
signals that alter metabolism and normal cellular function.

Hepatocytes in Drug Metabolism

Studies performed by Nussler et al'® concluded that the use
of a collagen sandwich or three-dimensional membrane bio-
reactor can be used to study drug metabolism of human hepa-
tocytes. Additionally, to study drug metabolism in human
hepatocyte cells, Zeilinger et al®® developed a three-dimen-
sional bioreactor culture model of liver cells under continu-
ous medium perfusion with decentralized mass exchange of
integral oxygenation.

Hepatocellular Carcinoma

Zen et al,?! using tissue culture methods, discovered support
for the maintenance of the cancer cell hierarchy in human
hepatocellular carcinoma. Utilizing a radial flow bioreactor
system, Kosuge et al*> prompted differentiation of human
hepatocellular carcinoma cells in three-dimensional culture.
The resulting differentiated cells could be useful for improve-
ments in genetic or pharmacological reinforcement and for
the monitoring of bioartificial livers.?

Nervous System Tissue Cultures

To potentially use reconstructed functional cortical-like
tissues for drug screening, in detection of environmental
toxins, and in neural cell therapy, Ma et al*® cultured neu-
ral stem and progenitor cells on three-dimensional type I col-
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lagen gels and then transferred the cell-collagen constructs
to three-dimensional bioreactors. Additionally, using three-
dimensional collagen gel cultures, Ma et al** succeeded in
using neural stem and progenitor cells to recapitulate the
central nervous system stem cell development demonstrating
a functional synapse and neuronal network formation in a
three-dimensional matrix. A tissue-like primary cortical cell
culture using Matrigel and serum free Start V medium was
developed by Braun et al® to be used in the investigation of
basic cell-cell interactions in vitro.

Lymphatic Tissue Culture

The complexity of the lymphatic system has made the
engineering of functional tissues difficult, but progress has
been made in the engineering of lymphatic capillaries
and the development of a bioreactor designed to culture
lymph nodes.?

Pulmonary Endothelial Cells

Pulmonary endothelial cells represent a unique type of endothe-
lium because of their paradoxical responses to hypoxia. This
uniqueness highlights the need to utilize cell culture models of
pulmonary endothelium as opposed to other endothelia when
interested in investigating their role(s) in pulmonary physi-
ology. Several investigators have described the isolation and
culture of pulmonary endothelial cells. Persistent pulmonary
hypertension of the newborn, also known as neonatal pulmo-
nary hypertension, is caused by a disorder of the pulmonary
vasculature from fetal to neonatal circulation, culminating in
hypoxemic respiratory failure and death. The inciting events
that culminate in neonatal pulmonary hypertension are mul-
tifactorial. Despite this, decreased production of vasodilator
molecules such as nitric oxide and prostaglandin I, in the pul-
monary endothelium has been shown to be a critical compo-
nent of disease progression.?’

Infectious Diseases

Infectious diseases play a unique role in lung pathology in
light of their roles as either important contributors or con-
sequences of many lung diseases. For instance, certain
lung diseases may predispose patients to infection: patients
afflicted with obstructive lung diseases, as well as cystic
fibrosis patients, commonly suffer from severe and recur-
rent bacterial infections. Additionally, patients may become
superinfected following a viral respiratory infection. Sys-
temic infections, such as gram-negative bacterial sepsis, may
lead to lung diseases such as ARDS.
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Human Type II Alveolar Pneumocytes
and Acute Lung Injury/Acute Respiratory
Distress Syndrome

Pulmonary alveolar type II cells are a unique cell subset
that carries out highly specialized functions which include
synthesis and secretion of surfactant, a unique composition
of lipoproteins that act to reduce surface tension at the alveo-
lar air-liquid interface.” Defining the molecular mechanisms
leading to production of surfactant by type II pneumocytes is
important in many disease processes.

The pathogenic sequence that results in ARDS, the
most severe manifestation of alveolar lung injury, is gen-
erally thought to be initiated by a systemic inflammatory
response.” Despite this knowledge, there still exist many
questions about the initial triggers and pathological steps that
occur in ARDS. Greater understanding of these steps may
help to develop new treatment regimes. Currently, treatment
of ARDS consists of mechanical ventilation, which helps to
stabilize blood gases. However, mechanical ventilation itself
may provoke further inflammation in the alveoli, thereby
decreasing compliance and gas exchange in the alveoli.*

The cell type of particular interest in ARDS and diffuse
alveolar damage is the type II pneumocyte.*'-* Until recently,
studies trying to decipher the pathological sequence in acute
lung injury have had to rely on standard lung epithelial cell
lines. Recently, however, human type II alveolar epithelial
cells (pneumocytes) have been successfully isolated from
fetal human lung tissue by collagenase digestion.* Briefly,
fetal lung tissues were minced and incubated in a serum-free
medium containing dibutyryl cyclic adenosine monophos-
phate for 5 days. The tissue explants were then treated with
collagenase and incubated with DEAE-dextran to eliminate
contaminating fibroblasts. Cells were then plated onto tissue
culture dishes treated with extracellular matrix derived from
MDCK cells and cultured overnight in Weymouth’s medium
containing 10% serum. These steps resulted in relatively
pure populations of human type II pneumocytes that were
then cultured at an air-liquid interface. Using these methods,
Alcorn et al*® were able to maintain a primary culture that
retained the morphological and biochemical characteristics
of type II pneumocytes for up to 2 weeks.

Three-Dimensional Biology

Conventional Bioreactors and
Three-Dimensionality: The Origins of
Three-Dimensional Culture

Carrel postulated that tissue development was linked to
access to nutrient supply, noting that peripheral cells grew
readily, and internal cells became necrotic, presumably based
on their distance from the nutrient source. To circumvent this
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issue, Carrel implemented cultures on silk veils, preventing
the plasma clots of the growth media from deforming or
becoming spherical, thus facilitating the internal cell’s ability
to obtain nutrient replenishment. Many attempts were made
in standard culture systems (bioreactors) and other culture
apparatuses to escape the constraints of two-dimensional
cell culture, with the intent of yielding high-fidelity human
and mammalian tissues, and thus emphasizing the need for
development of three-dimensional biology.>?

Another famous researcher, Leighton, improved on Car-
rel’s techniques in the 1950s and 1960s. Leighton’s major
contribution to three-dimensional culture technology was the
introduction of the idea of a sponge matrix as a substrate on
which to culture tissues.’’*® Leighton first experimented on
cellulose sponges surrounded by plasma clots resident within
glass tubes. He devised a system to grow tissue explants
1-5 mm? in area on sponges, using small amounts of chick
plasma and embryo extract. After the mixture solidified on
the sponge, Leighton added the nutrient media and inserted
the “histoculture” in a roller apparatus to facilitate nutrient
mass transfer. He experimented with many sponge combi-
nations, discovering that collagen-impregnated cellulose
sponges were optimal for sustaining the growth of native tis-
sue architecture.**

Leighton was successful in growing many different tissue
types on the sponge-matrix cultures.** Leighton also found
that C3HBA mouse mammary adenocarcinoma cells, when
grown on sponge-matrix histoculture, aggregated “much like
the original tumor, forming distinct structures within the
tumors such as lumina and stromal elements, and glandular
structures.” An extremely important difference of this three-
dimensional histoculture from the standard two-dimensional
culture is the apparent quiescence of the stromal compo-
nent and the balanced growth of these cells with regard to
the overall culture. Leighton further advanced the concept
of three-dimensional histoculture to histophysiological gra-
dient cultures.** These cultures are conducted in chambers
that allow metabolic exchange between “the pool of medium
and the culture chamber by diffusion across a membrane.”
Histophysiological gradient cultures mimic, to some degree,
diffusion in tissues.*

From the pioneering work of Carrel and Leighton, other
methods of emulating three-dimensional cultures have been
developed, such as embedding cells and tissues in collag-
enous gels of rat tail as per the techniques of Nandi and
colleagues. Clusters of mammary cells were initiated into
cultures, and Nandi and colleagues observed three-dimen-
sional formation of ductile structures and sustained growth
over a period of several weeks concordant with proliferation
at the edge of the cell mass with minimal fibroblast contami-
nation.*! Thus, mammary tissue cultured in the collagen gels
resembled, histologically, in vivo tissue, differing signifi-
cantly from two-dimensional monolayer cultures. Nandi et
al suggested an important criterion for successful growth of
mammary tissue-like structures in collagen gels, versus the
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monolayer culture, was maintenance of mammary cell shape
in three dimensions as opposed to conventional monolayer
culture. Many of the advantages of three-dimensional cul-
tures seen by Leighton, Nandi, and others may be attributed
to permitting the cells to retain their normal shape and spe-
cial associations.* This global concept will be important as
we begin to understand and recall the physical and environ-
mental characteristics of the rotating-wall vessel systems.

Other methods of three-dimensional culture encompass
a technique known as organ culture or culture on a filter, a
strategy developed by Strangeways*? and Fell and Robison.*
Tissue explants were grown on lens paper in a watch glass
containing liquid culture medium. Browning and Trier*
found “that for some tissues, it is critical to keep the cultures
at the air-liquid interface,” thus allowing the tissues to expe-
rience conditions similar to the in vivo environment.

Another strategy is the use of three-dimensional cultures
known as proto-tissues, or aggregates of cells, used to form
spheroids. This technique was popularized by Sutherland and
colleagues more than 20 years ago when they manipulated
aggregates of cells into a spherical configuration by spin-
ning agitation of the cells in spinner flasks.* This technique
produced pseudo-tissue-like organoids useful for research
evaluations. Each of these methodologies will be of benefit
as we continue to examine strategies for achieving three-di-
mensional lung tissue constructs.**

Bioreactors and three-dimensional systems have been
and are used by medical researchers and by pharmaceutical
production plants to create mimics of human, mammalian,
microbial, and plant physiology. As reviewed, many approaches
have been employed to create these synthetic physiologies;
however, none of these has been entirely satisfactory for
broad-based mammalian cell culture use.

The impact of molecular genetic engineering in the early
1980s was for the most part confined to pharmaceutical
proteins such as interferon, growth hormones, and insulin
molecules. During processing of these valuable, but low-
yield, products, emphasis was placed on downstream recov-
ery rather than on bioconversion or bioprocesses, let alone
three-dimensional tissue development. Advances in modern
biotechnological product recovery are expanding to medium-
and high-volume enzyme products and limited forms of bulk
products. In the world of high-volume, high-value products,
cell culture bioreactor productivity contributes an important
role in determining the economic influence of bioprocess-
ing. Ideal bioprocessing bioreactors will in future have high
reactor productivity with an in situ separation capability of
products.*

Membrane bioreactors fit this description and already
contribute remarkably to the bioprocessing industry.
Membrane bioreactors are capable of retaining enzymes,
organelles, and microbial, animal, and plant cells behind
a membrane barrier, trapped in a matrix or adherent to the
membrane surface. In 1963, Gallup and Gerhardt* initially
used the membrane bioreactor for dialysis culture of Serratia
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marcescens. Immobilized enzyme microencapsulation was
pioneered by Chang,* but Butterworth et al* first developed
the enzyme membrane reactor to successfully accomplish
starch hydrolysis with a-amylase. Similarly, for animal cell
culturing, Knazek et al*® cultured human choriocarcinoma
cells on compacted bundles of Amicon fibers. Many reviews
on the particular applications of hollow-fiber and immobi-
lized bioreactant bioreactors for enzyme catalysts, microbial
cells, and animal cell culture are available.*”'-5

Prolonged human residence in microgravity results in the
atrophy of healthy skeletal muscle. Continued space explo-
ration requires a better understanding of this phenomenon.*
Muscle wasting is likely caused by changes at the system
level marked by increased circulating glucocorticoids and
decreased circulating growth hormone and at local levels as
seen by decreased myofiber resting tensions. Differentiated
skeletal muscle cultures have served as model systems for
gaining a better understanding of the roles of exogenous and
endogenous cytokines and of muscle fiber tension in regulat-
ing muscle cell growth. This effort has led to the beginning
of tissue engineering studies by the space science commu-
nity. Engineering these tissues into three-dimensional bio-
artificial muscle (BAM) constructs has extended their utility
for space flight investigations as a prelude to developing
countermeasures for the microgravity environment. Seren-
dipitously, these bioreactor models in part mimic diseases of
the musculature such as dystrophy.”’

BAMs have been sustained in a viable condition for as
much as a month in perfused hollow-fiber bioreactor car-
tridges.®® Further, investigators have documented® that
growth hormone and/or insulin-like growth factors are poten-
tial protein therapeutics, which may in part attenuate skeletal
muscle degeneration in space as well as show promise for the
treatment of muscle-wasting diseases of the terrestrial com-
munity.”’

An associated application of space bioscience to an Earth-
based disease is the investigation of bone degeneration. The
microgravity effect on bone decalcification has been docu-
mented beginning with early space flights and subsequently
found to mimic conditions analogous to osteoporosis fre-
quently seen in aging females. Over the past three decades,
the relationship between cellular morphology and metabo-
lism and the role of physical stress in bone loss has been
studied. Physiomechanical stresses induce shape changes
in osteoblasts, possibly mediated by reorganization of focal
contacts. Thus, gravity variations (Gz) have been studied to
understand their influence on osteoblast adhesion of ROS
17/2.8 rat osteosarcoma cells during 15-30 parabolic flights.
Nontrivial flight-induced cell shape changes consisting of
decreased area concordant with contact plaque reordering
have been observed; however identical periods of continu-
ous mechanical stress induced by centrifugation (2 Gz) or
clinostatic rotation (Gz randomization) had no discernible
effect on cell adhesion. Synchronization of ROS 17/2.8
G2/M accomplished via treatment in nocodazole inhibited
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the flight-induced decreases in adhesion parameters. Inves-
tigators thus concluded that ROS 17/2.8 cells possess the
ability to sense Gz triggers and that adaptation is related to
cytoskeletal function.”

As presented previously, tissue engineering applications
of three-dimensional function and structure are well known
in medical science research.®® In microgravity, three-dimensional
aggregates form, facilitating the expression of differentiated
organotypic assemblies. Investigations to determine the effect
of composite matrices, spiked with esterified hyaluronic acid
and gelatin, to augment osteochondral differentiation of
cultured, bone marrow-derived mesenchymal progenitor
cells, and the effects of the matrix on cellular differentiation
have been examined in vitro and in vivo.*

Briefly, empty and populated matrices cultured for 28
days with and without transforming growth factor (TGF)-
B1 demonstrated the following results. Cells implanted in
the matrix produced a robust type II collagen extracellular
matrix in vitro. Matrices placed in immunodeficient mice
yielded no differentiation in empty constructs, osteochondral
differentiation in loaded implants, and an enhanced level of
differentiation in preimplantation in vitro-cultured matrices
containing TGF-B1. These results demonstrate the utility
of a three-dimensional matrix for presentation of bone
mesenchymal progenitor cells in vivo for repair of cartilage
and bone defects as well as indicate the efficacy for in
vitro tissue engineering regimes.®® These techniques lend
themselves to microgravity and ground-based research tissue
cultures alike.

Many earth-based laboratories are researching and devel-
oping hematopoietic bone marrow cultures of stem cell
origin, and three-dimensional configurations are providing
promising results, as illustrated by Schoeters and cowork-
ers.! They report that murine bone marrow cells, cultured
under long-term hematopoietic conditions, produce mineral-
ized tissue and bone matrix proteins in vitro but only when
precipitated by the presence of adherent bone stroma cells
in three-dimensional collagen matrices. At a concentration
of 8 x 10° stromal cells, mineralization occurs in 6 days. In
contrast, two-dimensionally oriented marrow fragments at 1
x 107 cells require requires more than 10 days before miner-
alization can similarly be detected.®!

Two-dimensional long-term marrow culture facilitates and
enhances expansion of the stromal component and rudimen-
tary differentiation of osteogenic-like cells in the adherent
stromal layer, as verified by type I collagen or cells posi-
tive for alkaline phosphatase. Production of osteonectin and
osteocalcin, a bone-specific protein, combined with calcifi-
cation is observed only in three-dimensional cultures. These
studies demonstrate the need for and benefit of three-di-
mensionality and the application to the microgravity envi-
ronment.%! As we can see, this further reinforces the quest
for three-dimensionality and the potential of modeling the
microgravity environment.

R.A. Vertrees et al.

Three-Dimensional Models for
Physiological Study

Investigations clearly show the need for the application of
three-dimensional study techniques in pathophysiologi-
cal studies. Interestingly, three-dimensional biology has
facilitated full-scale investigations into most areas of tissue
engineering, cell biology and physiology, immunology, and
cancer research.

Several important factors are necessary when considering
the successful recapitulation of a three-dimensional mam-
malian tissue. These factors include specific elements of dif-
ferentiation which, when replicated accurately, result in the
functionality of the original tissue being mimicked. Figure
18.1 graphically represents the stages of “assembly” and
differentiation needed to result in a functionally accurate
tissue. These stages are three-dimensional assembly, three-
dimensional growth, cellular matrix formation [extracellular
matrix (ECM) and basement membranes], differentiation
(associated with cellular specialization), and vascular formation
(or pseudo-vasculature).

To accomplish the successful recapitulation of an ex vivo
tissue, a series of defined steps are necessary. The creation of
a three-dimensional structure is accomplished by systematic
tissue engineering of the desired tissue architectures. Figure
18.2 demonstrates the assembly process and illustrates some
of the variables that may be employed in the engineering
process.

The assembly of complex functional mammalian tis-
sues in 1x gravity is problematic because of the effects of
shear stress, turbulence, and inadequate oxygenation in
conventional cell culture systems. This study describes the
culture and three-dimensional assembly of baby hamster
kidney (BHK) mammalian cells on microcarriers under con-
trolled oxygenation, low shear stress, and turbulence in the
NASA-designed integrated rotating-wall vessel (RWV).52-64
Anchorage-dependent cells are widely cultured on micro-
carriers.® Studies show that for the purposes of improved
surface-to-volume ratio and scale-up, the microcarrier sus-
pension culture provides excellent potential for high-density
cell growth.® In addition; microcarriers serve well as struc-
tural supports for three-dimensional assembly, the composite
of which is the basis for three-dimensional tissue growth.®

Conventional culture systems for microcarrier cultures
(i.e., bioreactors) use mechanical agitation to suspend
microcarriers and thus induce impeller strikes as well as
fluid shear and turbulence at the boundary layer between
the wall and the fluid. Investigators have attempted to make
a complete study of the most efficient bioreactor designs
and agitation regimens.® They concluded that virtually all
stirred-tank bioreactors operate in the turbulent regimen. It
has been demonstrated that bead-to-bead bridging of cells
is enhanced significantly at lower agitation rates in a stirred
reactor.” Aggregates of as many as 12-15 microcarriers
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F1G.18.1. Stages of cellular differentiation requisite for tissue functionality.
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F1G. 18.2. Development and tissue assembly process for engineering of a three-dimensional tissue.

167



168

bridged with bovine embryonic kidney cells (BEK) have
been reported. Excessive agitation from either stirring or gas
bubble sparging has been documented as a cause of cell dam-
age in microcarrier cell cultures.”*” To overcome the prob-
lems induced by these mechanisms, investigators developed
alternative culture techniques such as porous microcarriers
to entrap cells,” increased viscosity of culture medium,”
bubble-free oxygenation,” and improved methods for qui-
escent inoculation.”> These steps decreased the damage
attributed to turbulence and shear forces but failed to signifi-
cantly rectify the problems. Reactor systems of substantially
increased volume exhibit less agitation-related cell damage,
presumably because of the decreased frequency of cell-mi-
crocarrier contact with the agitation devices in the systems.
Research-scale investigations do not afford the luxury of
experimenting with large-scale production systems. There-
fore, if a large-volume system is indeed more quiescent, an
improved bioreactor system should emulate the fluid dynam-
ics present in the upper regions of large-scale reactors in
which cells and microcarriers reside with minimal agitation.
Microcarriers and cells in large-volume reactors are semi-
buoyant, rendering them practically weightless, a condition
that we hypothesize may be analogous to the environment of
microgravity. It is stated that “Unless a cell culture is grow-
ing in an environment free of gravitational forces, moder-
ate levels of agitation are required to suspend microcarriers
that are not neutrally buoyant.””® The ability to grow cells in

R.A. Vertrees et al.

a rudimentary horizontally rotated chamber has been previ-
ously demonstrated and is intended to simulate in the labora-
tory the effects of weightlessness or microgravity on cells. It
was shown that human embryonic kidney (HEK) cells attach
to microcarriers in microgravity (Space Shuttle experiment)
and that attachment and spreading may be enhanced in a
weightless environment.”” Review articles of cell biology
performed in space flight experiments delineate the growth
of many cell types in an environment devoid of gravitational
influence.” The problem, then, is to suspend microcarriers
and cells without inducing turbulence or shear while provid-
ing adequate oxygenation and nutritional replenishment. One
environment that possesses these attributes is the micrograv-
ity of space flight. Another is the system referenced here,
which randomizes the forces of gravity by classical methods,
thus simulating some aspects of microgravity.

The term rotating-wall vessel (RWV) comprises a fam-
ily of vessels, batch fed and perfused, that embody the same
fluid dynamic operating principles. These principles are
(1) solid body rotation about a horizontal axis that is charac-
terized by (a) colocation of particles of different sedimentation
rates, (b) extremely low fluid shear stress and turbulence,
and (c) three-dimensional spatial freedom; and (2) oxygen-
ation by active or passive diffusion to the exclusion of all but
dissolved gasses from the reactor chamber, yielding a ves-
sel devoid of gas bubbles and gas-fluid interface (zero head
space) (Fig. 18.3).7980

FiG. 18.3. NASA Rotating-Wall Bioreactor. United States Patent: Schwarz et al.* (Courtesy of NASA).
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FiG. 18.4. Three-dimensional baby hamster kidney (BHK) tissues created in rotating-wall vessel (RWYV) culture. (From Goodwin TJ, et
al.®? Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc).

The baby hamster kidney (BHK) model (Fig. 18.4) described
and illustrated here has been used extensively as a means of
transfecting viral and bacterial DNA into cells to accomplish
gene splicing protocols. These three-dimensional models are
proving extremely valuable in viral, microbial, and genetic
research.

Normal Tissue Models

As reviewed in several of the previous sections, investigators
have cultured bone, cartilage (chondrocytes), muscle tissue,
cells of the immune system, and others. Baker and Goodwin
in 1997 employed the RWV to culture chondrocytes (Fig.
18.5) for 36 days to observe the influence of low-shear
and quiescent culture conditions on the development of

three-dimensional differentiation and extracellular matrix
formation in bovine chondrocytes.

Chondrocytes from bovine cartilage were inoculated
into the RWV with 5 mg/ml Cytodex-3 microcarriers in
nonadherent petri dishes with identical conditions and were
initiated with microcarriers as standard tissue culture
controls. Differentiated chondrocytes were observed in
all sections of RWV material through 36 days, while few
were observed in the sections of petri dish material.””®! These
results indicate that the unique conditions provided by
the RWYV afford access to cellular processes that signify the
initiation of differentiation as well as production of normal
matrix material. These experiments demonstrated the ability
to create a synthetic model of cartilage or bone without leaving
Earth’s orbit.
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FiG. 18.5. Chondrocytes. (From Baker TL, Goodwin TJ.?! Reprinted by permission of Springer Berlin/Heidelberg).

Figure 18.6 illustrates a 34-day time course of three-
dimensional culture of normal human chondrocytes (HCH).
Increased Actin (alexa 555 phalloidin; red) and nuclear stain-
ing (sytol6; green) is observed over the time course, result-
ing in yellowish-red staining by day 34. Goodwin et al%
describe the results of experiments where normal human
small intestine epithelium and mesenchyma were cultured
in rotating-wall vessel cultures. They found that the rotating-
wall vessels are a major advance toward constructing a func-
tionally accurate, large-scale, in vitro, three-dimensional
(3-D) tissue model of the small intestine. Because of the pres-
ence of large tissue-like masses that express differentiated
epithelial, mesenchymal, and developing endothelial cells,
a multitude of possibilities are afforded for cell biological
investigations, and further, functional epithelial cell brush
borders with extracellular matrix and basal lamina compo-
nents that represent ordering of tissue and cellular polarity
were nurtured by the molecular conditions and physical
orientations of the culture system. An important additional
finding was that this 3-D model demonstrates a significantly
diminished requirement of complex culture media, which
suggests specific cell-cell interactions and the production of
paracrine and autocrine factors essential to the growth and
development of these fragile tissues.®

The role of basement membranes and extracellular matrix
and their relationship to epithelial mesenchymal development
and differentiation are the subjects of considerable research.
Current studies indicate that the stromal component exerts
a strong and driving influence over developing intestinal
mucosa.?># Stallmach et al®*® have shown that only organ-spe-
cific mesenchyme will produce differentiation in epithelium
from a given organ site and that embryonic mesenchyme of
the same age but from different organs was ineffective. Stud-
ies of rat small intestine development have detailed a shift in
the membrane molecular components of crypt cells as mea-
sured by monoclonal antibody binding in fetal versus new-
born rat epithelium. Quaroni®® postulates that the presence
of specific markers in the crypts indicates undifferentiated
crypt cells, which may be able to perform specific intesti-
nal functions similar to that of the villus cells. Additional
information shows that a single fetal epithelial cell type in
the last 2-3 days of gestation may express the function of
more than one cell, thereby giving rise to DNA synthesis and
proliferation.¥

Cocultures of small intestine produced in the RWV were
initiated with adult epithelium composed of dividing and
terminally differentiated cells and predominantly adult mes-
enchymal cells with one exception, a 2-month-old female
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F1G. 18.6. Human articular chondrocytes stained for actin-binding protein (red) and nuclear protein (green).

donor. Levels of epithelial cell (keratin-positive) and mes-
enchymal cell-specific (vimentin-positive) immunostaining
decreased slightly but consistently over the course of the
RWYV experiments, while total numbers of cells increased.
Levels of endothelial cell (Factor VIII-positive) and epithelial
cell (villin-positive) staining remained reasonably constant,
while staining for angioblasts (endothelial precursor cells)
developed toward the end of each experiment. Functional
brush border markers such as sucrase were also present in
this coculture system. Other brush border-specific monoclo-
nal antibodies, kindly supplied by Dr. Andrea Quaroni (Cor-
nell University, Ithaca, NY), have similarly proved positive
in more recent studies (unpublished results). Collectively,
these results indicate that the model, although not histotypi-
cally correct, exhibits many facets of functional normal small
intestine. Growth conditions, however, may still be skewed
slightly in favor of the mesenchymal versus the epithelial cell
types. Work will continue on further definition of the correct
nutritional and growth-matrix requirements directed toward
attaining the best representation possible. Interestingly, all
the RWV cocultures exhibited laminin, fibronectin, and type
IV collagen production, as well as large amounts of proteo-
glycan. Hahn states that only undifferentiated, highly prolif-
erative intestinal epithelial cells (usually fetal) synthesize the
aforementioned proteins.® Of these, only laminin appeared
to promote differentiation of intestinal epithelial cells. Type
IV collagen and fibronectin had no effect.

The literature reviewed and the data obtained here would
suggest that this model of human small intestine embodies
many aspects of differentiation observed in other in vitro and
in vivo cell and organ models. Primary distinctions would be
(1) the overall scale of the model, (2) the ability to culture
epithelium for long periods (in excess of 40 days) without
loss of functional cell markers, and (3) the ability of the
system to respond to extensive analyses and manipulations
without the termination of a given experiment.

The significance of a complex three-dimensional in vitro cul-
ture system for the growth of normal small intestine should not
be underestimated. The molecular basis and clinical treatment
of diseases such as inflammatory bowel disease (Crohn’s, ulcer-
ative colitis), malabsorptive syndromes (short-gut syndrome),
numerous infectious diseases, and tumors of the small bowel
may be investigated with the advent of this new technology.
For example, the recent demonstration that the human immu-
nodeficiency virus can replicate in human small intestine and
columnar epithelium may be impacted through studies of virus-
cell interactions in the RWV culture system.® This hypothesis is
currently being tested. Additionally, general application of this
culture model may lead to advances in understanding growth
and differentiation in developing organisms and the potential
treatment of a myriad of clinical conditions as well as tissue
renewal (Figs. 18.7 and 18.8).

The RWV systems have been demonstrated as useful for the
development of sophisticated models, which emulate facets of
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F1G.18.7. Early-stage scanning electron micrographs of human small intestine RWV cocultures. (From Goodwin et al.®* Reprinted by

permission of the Society for Experimental Biology and Medicine).

microgravity and at the same moment present characteristics of
in vivo tissues. We have examined the production of normal tis-
sue models for research and experimentation; as we will see in
the next section, the RWYV has the ability to serve as a tremen-
dous tool to construct synthetic tumor tissues, which allows an
in-depth understanding of tumor biology and oncology.

Three-Dimensional Models
of Lung Disease

Current cell culture models have shortcomings resulting in
unreliable tumor growth, uncharacteristic tumor develop-
ment, nonhuman tumors, and inadequate methods of detec-
tion. Cells propagated under traditional culture conditions
differ widely in their expression of differentiated markers,
adhesion receptors, and growth factor receptors compared
with cells in situ or those grown as tissue-like structures.”®!
This factor is of concern because the phenotypic changes

leading to malignant transformation often stem from altera-
tions in the balanced and multifaceted roles of growth factors,
receptors, and cytokines (reviewed by Herlyn et al®’. With
increasing evidence of the importance of adhesive contacts,
paracrine cross-talk between different cell types, and signal-
ing cascades that link the cell with a complex substratum,
there is now recognition that models must be developed that
better simulate these complexities. There is still much to
learn about the dynamic relationships among the different
phenotypes found in the normal lung and in lung cancers.
Until a cell culture system is developed that allows differ-
entiation to occur,? it is difficult to make any conclusive
statement about relating effects in cell culture to clinical
practice. Tissue engineering is very embryonic in develop-
ment and currently nearly universally focused on building
replacement tissues. A new technology developed at the
NASA Johnson Space Center used to study colon cancer
has been adapted to three-dimensional in vitro lung tissue
culture models but has not been reported on to date.
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F1G.18.8. Scanning electron micrographs of mid- and late-stage human small intestine RWV cocultures. (From Goodwin et al.®* Reprinted
by permission of the Society for Experimental Biology and Medicine).

Rotating-wall vessels are horizontally rotating cylindri-
cal tissue culture vessels that provide controlled supplies of
oxygen and nutrients with minimal turbulence and extremely
low shear.” These vessels suspend cells and microcarri-
ers homogeneously in a nutrient-rich environment, which
allows the three-dimensional assembly of cells to tissue.
Before seeding rotating-wall vessels (Synthecon, Houston,
TX, USA), cells were cultured in standard T flasks (Corn-
ing, Corning, NY, USA) in GTSF-2 medium (1993 PSEBM)
in a humidified 37°C, 5% Co, incubator. The rotating-wall
vessels were seeded with 1-2 mg/ml Cultispher-GL micro-
carriers (Hyclone Laboratories, Logan, UT, USA) followed
by BEAS2-B or BZR-T33 cells (ATCC, Baltimore, MD,
USA) at a density of 2 x 10° cells/ml. Cultures were grown
in the rotating-wall vessels for 14-21 days for formation of
3- to 5-mm-diameter tumor masses. Rotating-wall vessel
rotation was initiated at 25 rpm and increased as aggregate
size became larger. Stationary control cultures were initiated
under the same conditions using FEP Teflon bags (Ameri-

can Fluoroseal, Columbia, MD, USA). At 24-h intervals pH,
dissolved Co,, and dissolved O, were determined using a
Corning 238 model clinical blood gas analyzer. Glucose con-
centration was determined using a clinical glucose analyzer.
Cell samples were harvested every 48 h and fixed for immu-
nohistochemistry or for scanning electron microscopy.

Cancer models already developed by NASA investigators
include growth and differentiation of an ovarian tumor cell
line,%292% growth of colon carcinoma lines,? and three-
dimensional aggregate and microvillus formation in a human
bladder carcinoma cell line.”® In support as an appropriate
model for cancer, even the most rudimentary three-
dimensional cellular structures exhibit different phenotypes
than cell lines cultured under two-dimensional conditions.
Properties such as responses to TGF-B3, drug resistance to
cisplatin or cyclophosphamide, and resistance to apoptosis
are all altered in various types of cell aggregates.”

Many investigations sustain consistent evidence that cells
growing in three-dimensional arrays appear more resistant
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to cytotoxic chemoagents than cells in monolayer culture.*
Li et al” found that spheroids were more resistant to cytosine
arabinoside by 11-fold and methotrexate by 125-fold when
compared with single-cell suspensions. Further monolayer
cultures of colon carcinoma cells were sensitive to pierici-
din C in contrast to responses within in vivo colon tumors
or three-dimensional slices of tumors grown in vitro.”
Numerous other investigations have revealed increased levels
of drug resistance of spheroids compared with single-cell
monolayers.**

Questions of poor diffusion and insufficient drug absorp-
tion within spheroids and a relatively frequent high proportion
of resting cells have clouded differences in drug resis-
tance, which could be the result of nutrient deprivation and
hypoxia. Heppner and colleagues executed precise experi-
ments that confirmed three-dimensional structure and func-
tion as the causative agent which was responsible for drug
resistance rather than simple inaccessibility to nutrients or
the drug concentration. Heppner embedded tumor specimens
or cell aggregates in collagen gels, exposed the culture to
various cytotoxic drugs, and compared the drug responses of
the same cells in monolayers. These experiments revealed an
increased resistance in the three-dimensional tumor arrays of
a remarkable 1,000-fold greater than in monolayer cultures,
and a similar result was seen in three-dimensional histocul-
tures in collagen. The tumor cells grew in the presence of
drug concentrations that rendered monolayers to a viabil-
ity less than 0.1% of control cultures. Amazingly, Heppner
observed that the cells became sensitive again when replated
as monolayers, and finally showed that even when exposed
to melphalan and 5-fluorouracil in monolayer culture, cells
transferred to collagen gels were again resistant based on
three-dimensional architecture. Thus, the cells were exposed
to the drugs as monolayers, facilitating access to the drugs,
and, once the cells were transferred after drug exposure to a
three-dimensional structure, high resistance to the drugs was
sustained.¥*7-100

Based on the caliber of data referenced above, Teicher
et al'® serially passaged through multiple (ten) transfers EMT-6
tumors in mice that were treated with thiotepa, cisplatin, and
cyclophosphamide over a prolonged 6-month period, thus
producing extremely drug-resistant tumors in vivo. When
these tumors were grown as monolayer cultures, they were
as drug sensitive as the parental cells. Kobayashi and col-
leagues'® grew the same in vivo drug-resistant tumor cell
lines as spheroids in three-dimensional arrays, and resistance
was almost 5,000 times that of the parent line with selected
drugs, an example being the active form of cyclophosph-
amide used in vitro. Similarly extreme resistance was also
observed to cisplatin and thiotepa. This resistance was not
seen in monolayer cultures, even when the monolayers were
cultured on traditional extracellular matrix substrates. These
experiments reconfirmed that cells in a three-dimensional
array are more drug resistant than monolayer cells in vitro
and demonstrated that three-dimensional cellular configura-
tions can and do become resistant to super-pharmacological
doses of drugs by forming compact structures.®

R.A. Vertrees et al.

Rotating-Wall Vessel Tumor Models

Several important human tumor models have been created
in rotating-wall vessel cultures, specifically, lung, prostate,
colon, breast carcinoma, and ovarian.>$721% Many of these
models involve cancers that are leading killers in our soci-
ety. We present two such examples in this section, colon and
prostate carcinoma. As previously reviewed, the literature
indicates the remarkable difference between chemotherapeu-
tic cytotoxicity in two-dimensional and three-dimensional
cellular constructs, which may be predicated on a number
of criteria. Therefore, a three-dimensional tumor model that
emulates differentiated in vivo-like characteristics would
provide unique insights into tumor biology.

Colon Cancer

Goodwin et al®’ detailed the first construction of a complex
three-dimensional ex vivo tumor in rotating-wall vessel
(RWYV) culture composed of a normal mesenchymal base
layer (as would be seen in vivo), and either of two established
human colon adenocarcinoma cell lines, HT-29, an undiffer-
entiated line, and HT-29KM a stable, moderately differenti-
ated subline of HT-29, were grown in RWV culture. RWVs
were used in conjunction with multicellular cocultivation to
develop a unique in vitro tissue modeling system. Cells were
cultivated on Cytodex-3 microcarrier beads, with and with-
out mixed normal human colonic fibroblasts, which served
as the mesenchymal layer. Culture of the tumor lines in the
absence of fibroblasts produced spheroid-like growth and
minimal differentiation. In contrast, when tumor lines were
cocultivated with normal colonic fibroblasts, initial growth
was confined to the fibroblast population until the microcar-
riers were covered. The tumor cells then commenced pro-
liferation at an accelerated rate, organizing themselves into
three-dimensional tissue masses that achieved 1.0- to 1.5-cm
diameters. Each of these engineered tumor tissues produced
tissue-like aggregates (TLAs) with glandular structures, api-
cal and internal glandular microvilli, tight intercellular junc-
tions, desmosomes, cellular polarity, sinusoid development,
internalized mucin, and structural organization akin to normal
colon crypt development. Necrosis was minimal throughout
the tissue masses up to 60 days of culture while achieving
>1.0 cm in diameter. Other notable results included enhanced
growth of neoplastic colonic epithelium in the presence of
mixed normal human colonic mesenchyme. These results
mimic the cellular differentiation seen in vivo and are similar
to results obtained with other tumor types.

Prostate carcinoma has also been modeled in the RWV
system by several investigators.'®'% One of the most
comprehensive descriptions of these engineered tissues is
detailed by Wang et al'”” In that review, the authors describe
the ability of the RWV system to recapitulate human prostate
carcinoma (LNCaP) and bone stroma (MG63) to illuminate
the evolution of prostate tumorigenesis to the metastatic con-
dition. In particular, the LNCaP and ARCaP models repre-
sented in the review are known to be lethal in the human,
being androgen independent and metastatic. Rotating-wall
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vessel TLA engineering also allowed in-depth study of epi-
thelial and stromal interactions, which are the facilitating
elements of the continuance of LNCaP prostate-specific anti-
gen production in vitro. When LNCaP was cultured in three
dimensions without stroma, production of prostate-specific
antigen ceased, and metastatic markers were not observed.
The authors outline the process of malignant transformation,
demonstrating that these metastatic models are only possible
in three-dimensional TLAs and are achieved by specific geo-
metric relationships in three-dimensional configuration. Fur-
thermore, they show through direct comparison with other
culture systems the advantages of the RWV system to allow
synergistic relationships to study this disease state.'"’

The final two carcinoma models to be reviewed here are
the subject of original ongoing research, breast carcinoma
in Dr. Goodwin’s lab and lung carcinoma in Dr. Vertrees’
lab. As we have seen with the previous data, the model-
ing of three-dimensional tissues is not only achievable,
but also desirable to create an improvement in the fidelity
of the tumor model for research and diagnostic purposes.
Construction of three-dimensional tumor models using
RWVs has revealed striking similarities to tissues grown
in vivo.53¢7

As a demonstration of the capability of these advanced
tumor models to produce unique results, we have developed
three-dimensional breast carcinoma models and subjected
them to assault by lymphokine-activated killer (LAK) cells.
Tumor-infiltrating lymphocyte (TIL) and lymphokine-activated
killer (LAK) cell research has primarily dealt with tumor cells
in single suspension cultured in the presence of LAK cells in
close proximity using 96-well plates. Although a substantial
amount of literature exists in this field, no literature could be
found investigating three-dimensional tumor models and
the kill response elicited in the presence of LAK cells. We
hypothesized that not only would the three-dimensional mod-
els more closely resemble in vivo tissue histologically, but
they also could demonstrate a useful application of using
three-dimensional models. Three breast carcinoma cell lines
were chosen for this investigation: BT-20, an undifferenti-
ated estrogen receptor (ER)— cell line; MCF-7, a moderately
differentiated and metastatic ER+ cell line; and T-47D, an
ER+ cell line. Each cell line was cultured in the RWYV for a
minimum of 21 days. Mononuclear cells were isolated from
peripheral blood lymphocytes and placed in T-flasks at a cell
density of 1.5 x 10° cells/ml in the presence of rhIL-2. A modi-
fied procedure based on the standard >'Cr release assay was
developed to quantitate the activity of LAK cell invasion of
three-dimensional (3-D) RWV-grown tumor aggregates. Cells
from T-flasks (2-D controls) or RWV-grown aggregates (3-D)
were labeled with 3'Cr and seeded into 12-well plates with
LAK cells at a 10:1 ratio to the tumor cells. We chose the low-
est ratio of effector cells to target cells compared to standard
suspension cell protocols of using 10:1, 100:1, or 1,000:1.
Spontaneous release controls were initiated identically with-
out LAK cells. Supernatant samples were taken at 24-h and
48-h intervals and counted using a gamma counter. Maximum
release data were obtained by lysing the entire cell popula-
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tion using Triton X-100. Cytokine analysis of the supernatant
and flow cytometry analysis of the cytokine receptors were
performed from samples taken at the same time points from a
duplicate nonradiolabeled assay.

Comparative data accumulated on the two estrogen recep-
tor (ER)-positive and one ER-negative cell lines indicated
that, in contrast to generally accepted data obtained from
standard two-dimensional LAK assay, three-dimensional
tumor aggregates present significantly different kill rates for
all the breast carcinoma lines than do their two-dimensional
analogues. Additionally, these altered kill ratios are associ-
ated with dramatic response changes in both the receptor and
soluble molecular expression for the cytokines interleukin
(IL)-8, tumor necrosis factor (TNF)-a., transforming growth
factor (TGF)-, and epidermal growth factor (EGF).

In Fig. 18.9, a well-developed histology section of
MCF-7 is seen with organizational structure before LAK
invasion. The scanning electron microscopy (SEM) panel in
Fig. 18.10 demonstrates the adherence and invasion of LAK
cells at 24 and 48 h post inoculation onto a mature, three-
dimensional culture of breast carcinoma. Concomitantly, at
48 h LAK cells are seen digesting the surrounding tumor
cells (Fig. 18.10).

Vertrees et al'® reported on a study that compared various
characteristics between an immortalized (not malignant) and
its malignant transfected counterpart grown both as 2-D and
3-D cultures (Figs. 18.11 and 18.12). Electron microscopy
identified significant mitochondrial and granular endoplas-
mic reticular pathology in the 2-D cells not seen in the 3-D
cells.!® The degree of differentiation determined by immu-
nohistochemistry shows that ultrastructure and antibody
expressions were more representative of control tissue when
cells (both immortalized and transfected) were grown in 3-D
culture than when grown as a 2-D culture. Electron micros-
copy identified the presence of lipid inclusion and lamellar
(surfactant) bodies indicative of type II pneumocytes, a dif-
ferentiation not seen in monolayer cultures. Fluorescence
microscopy allowed for determination of individual migrat-
ing cells (unpublished data). The coculture experiment
(simultaneous cultures of normal and transformed lung cells)
in the three-dimensional environment demonstrates the abil-
ity of the transformed cell to migrate through the preexisting
normal cells.

In contrast to two-dimensional models, these rotating-wall
vessel tumor tissues were devoid of metabolic and nutrient
deficiencies and demonstrated in vivo-like architecture.
These data suggest that the rotating-wall vessel affords a
new model for investigation and isolation of growth, regula-
tory, and structural processes within neoplastic and normal
tissues.

Rotating-Wall Vessel Normal Human Tissue
Models as Disease Targets
In this section, we explore the utility of rotating-wall ves-

sel tissue-like aggregates (TLA)s as targets for microbial
infection and disease. Several studies have been conducted



F1G. 18.9. Hematoxylin and eosin (H&E)-stained sections (x400) demonstrating the superior organization of the RWV-grown cells at days 14
and 21 (a and ¢) versus the static control cultures at days 14 and 21 (b and d). (From Goodwin, 2001: original work; supported by NASA grant
#962-23-0132).
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F1G.18.10. Scanning electron microscopy at 48 h post-LAK invasion. Notice the increased invasion potential of the LAK cells exposed to the
RWV-grown cells (a) as compared to the static control cultures (b). (From Goodwin et al., 2001: original work; supported by NASA grant
#962-23-0132).
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F1G. 18.11. Micrograph of a human lung cancer grown in two-
dimensional (2-D) cultures. Note the lack of any architecture
resembling that of lung.

recently that indicate that three-dimensional tissues respond
to infective agents with greater fidelity and with a more in
vivo-like response than traditional two-dimensional cultures.
Nickerson et al'® describe the development of a three-di-
mensional TLA engineered from INT-407 cells of the human
small intestine, which were used as targets for the study of
Salmonella typhimurium. In this study, three-dimensional
TLAs were used to study the attachment, invasion, and
infectivity of Salmonella into human intestinal epithelium.
Immunocytochemical characterization and scanning and
transmission electron microscopic analyses of the three-
dimensional TLAs revealed that the TLAs modeled human
in vivo differentiated tissues more accurately than did
two-dimensional cultures. The level of differentiation in the
INT-407 TLAs was analogous to that found in previously
discussed small intestine TLAs®* and from other organ tis-
sues reconstructed in rotating-wall vessels. Analysis of the
infectivity studies revealed Salmonella attached and infected
in a manner significantly different from that in control two-
dimensional cultures. During an identical exposure period of
infection with Salmonella, the three-dimensional TLAs dis-
played a minor loss of structural integrity when compared
with the two-dimensional INT-407 cultures. Furthermore,
Salmonella demonstrated a greatly reduced ability to adhere,
invade, and induce the apoptotic event in these INT-407
three-dimensional TLAs than in two-dimensional cultures.
This result is not unlike the in vivo human response. Two-
dimensional cultures were significantly damaged within several
hours of contact with the bacteria; conversely, although “pot
marks” could be seen on the surfaces of the three-dimen-
sional TLAs, they remained structurally sound.

Cytokine analysis and expression postinfection of three-di-
mensional TLAs and two-dimensional cultures with Salmo-
nella exhibited remarkable differences in expressed levels of
interleukin (IL)-1a, IL-1p, IL-6, IL-Ra, and TNF-o. mRNAs.
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Fi1G. 18.12. Micrograph of a human lung cancer in three dimensions
(3-D). Note the overall spherical geometry and lung architecture

Additionally, noninfected three-dimensional TLAs constitu-
tively demonstrated elevated levels of TGF-f1 mRNA and
prostaglandin E, compared with noninfected two-dimen-
sional cultures of INT-407.'%

As previously stated, traditional two-dimensional cell mono-
layers lack adequate fidelity to emulate the infection dynamics
of in vivo microbial adhesion and invasion. The respiratory
epithelium is of critical importance in protecting humans from
disease. Exposed to the environment, the respiratory epithe-
lium acts as a barrier to invading microbes present in the air,
defending the host through a multilayered complex system.'°
The three major layers of the human respiratory epithelium
are pseudo-stratified epithelial cells, a basement membrane,
and underlying mesenchymal cells. Ciliated, secretory, and
basal epithelial cells are connected by intercellular junctions
and anchored to the basement membrane through desmosomal
interactions. Together with tight junctions and the mucociliary
layer, the basement membrane maintains the polarity of the
epithelium and provides a physical barrier between the mes-
enchymal layer and the airway.!'"!"? Infiltrating inflammatory
and immune cells move freely between the epithelial and sub-
epithelial compartments.

Airway epithelial cells play a vital role in host defense''’
by blocking paracellular permeability and modulating air-
way function through cellular interactions. Ciliated epithe-
lial cells block invasion of countless inhaled microorganisms
by transporting them away from the airways.!!* As regulators
of the innate immune response, epithelial cells induce potent
immunomodulatory and inflammatory mediators such as
cytokines and chemokines that recruit phagocytic and
inflammatory cells that remove microbes and enhance
protection.11(),112,114,115

Ideally, cell-based models should reproduce the struc-
tural organization, multicellular complexity, differentiation
state, and function of the human respiratory epithelium.
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Immor-talized human epithelial cell lines, such as BEAS-
2B,!¢ primary normal human bronchial epithelial cells,'’
and air-liquid interface cultures,!!® are used to study respira-
tory virus infections in vitro. Traditional monolayer cultures
(two-dimensional) of immortalized human bronchoepithe-
lial cells represent homogeneous lineages. Although grow-
ing cells in monolayers is convenient and proliferation rates
are high, such models lack the morphology and cell-cell and
cell-matrix interactions characteristic of human respiratory
epithelia. Thus, their state of differentiation and intracellular
signaling pathways most likely differ from those of epithelial
cells in vivo. Primary cell lines of human bronchoepithelial
cells provide a differentiated model similar to the structure
and function of epithelial cells in vivo; however, this state
is short lived in vitro.!'”!" Air-liquid interface cultures of
primary human bronchoepithelial cells (or submerged cul-
tures of human adenoid epithelial cells) are grown on col-
lagen-coated filters in wells on top of a permeable filter.
These cells receive nutrients basolaterally, and their apical
side is exposed to humidified air. The result is a culture of
well-differentiated heterogeneous (ciliated, secretory, basal)
epithelial cells essentially identical to airway epithelium in
situ.!18120 Although this model shows fidelity to the human
respiratory epithelium in structure and function, maintenance
of consistent cultures is not only difficult and time consum-
ing but also limited to small-scale production and thus limits
industrial research capability.

True cellular differentiation involves sustained complex
cellular interactions'?'~'?* in which cell membrane junctions,
extracellular matrices (e.g., basement membrane and ground
substances), and soluble signals (endocrine, autocrine, and
paracrine) play important roles.'**'?” This process is also
influenced by the spatial relationships of cells to each other.
Each epithelial cell has three membrane surfaces: a free apical
surface, a lateral surface that connects neighboring cells, and
a basal surface which interacts with mesenchymal cells.!?

Viral studies by Goodwin et al'® and Suderman et
al’®® were conducted with RWV-engineered TLA mod-
els of normal human lung. This model is composed of a
coculture of in vitro three-dimensional human bronchoe-
pithelial TLAs engineered using a rotating-wall vessel to
mimic the characteristics of in vivo tissue and to provide
a tool to study human respiratory viruses and host—patho-
gen cell interactions. The TLAs were bioengineered onto
collagen-coated cyclodextran beads using primary human
mesenchymal bronchial tracheal cells as the foundation
matrix and an adult human bronchial epithelial immor-
talized cell line (BEAS-2B) as the overlying component.
The resulting TLAs share significant characteristics with
in vivo human respiratory epithelium, including polariza-
tion, tight junctions, desmosomes, and microvilli. The
presence of tissue-like differentiation markers, includ-
ing villin, keratins, and specific lung epithelium markers,
as well as the production of tissue mucin, further confirm
these TLAs differentiated into tissues functionally similar to
in vivo tissues. Increasing virus titers for human respiratory

R.A. Vertrees et al.

syncytial virus (WfRSVA2) and parainfluenza virus type 3
(wfPIV3 JS) and the detection of membrane-bound glyco-
proteins (F and G) over time confirm productive infections
with both viruses. Viral growth kinetics up to day 21 pi with
wtRSVA2 and wrPIV3 JS were as follows: wPIV3 JS rep-
licated more efficiently than wfRSVA2 in TLAs. Peak rep-
lication was on day 7 for w/PIV3 JS [approximately 7 log,,
particle-forming units (pfu) per milliliter] and on day 10 for
wtRSVA2 (approximately 6 log,, pfu/ml). Viral proliferation
remained high through day 21 when the experiments were
terminated. Viral titers for severe acute respiratory syndrome
coronavirus were approximately 2 log,, pfu/ml at 2 days post
inoculation.

Conclusion

Although great strides have been made in recent years in the
understanding of the biology of cancer, the role that cellular
differentiation and three-dimensional structural organization
play in metastasis and malignancy is still unclear. A model
that more closely links the expression of specific antibodies
in normal lung cells, transformed lung cells, and cancerous
lung cells to cellular biology may provide new informa-
tion about cancer. The development of three-dimensional
cell cultures in bioreactors may ultimately provide a model
that facilitates discovery and interpretation of more relevant
information for the expression of an antibody and its role in
cellular pathobiology of the lung.

Human lung tissue-like aggregations mimic aspects of
the human respiratory epithelium wall and provide a unique
opportunity to study the host-pathogen interaction of respira-
tory viruses and their primary human target tissue indepen-
dent of the host immune system, as there can be no secondary
response without the necessary immune cells. These rotating-
wall vessel-engineered tissues represent a valuable tool in the
quest to develop models that allow analysis and investigation
of cancers and infectious disease in models engineered with
human cells alone.

We have explored the creation of three-dimensional tissue-
like aggregates for normal and neoplastic studies and finally
as targets for microbial infections. Perhaps Carrel and Leigh-
ton would be fascinated to know that from their early experi-
ments in three-dimensional modeling and the contributions
they made has sprung the inventive spirit to discover a truly
space age method for cellular recapitulation.
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