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Abstract

Researchers are recognizing the limitations of two-dimensional (2D) cell cultures, given the fact that they do not reproduce the morphology
and biochemical features that the cells possess in the original tissue. As an alternative, the three-dimensional (3D) cell culture approach offers
researchers the possibility to study cell growth and differentiation under conditions that more closely resemble the in vivo situation with regard to
cell shape and cellular environment. Currently, 3D culture models are being employed in many areas of biomedical research because they offer
a more realistic milieu than 2D cultures. The era of 2D culture techniques is moving towards a new epoch of culture systems in 3D. The present
review is focused on topics of research on 3D cell cultures in virology and their use in antiviral drug development.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the early period of animal virus research, progress in sim-
plifying the experimental systems came one step at the time:
from initial studies with animals in the wild to laboratory ani-
mals (such as the mouse or the embryonated chicken eggs), then

to the culture of tissues, and finally to the single cells in culture
(Levine, 2001). Between 1948 and 1955, four important steps
converted animal virology into a laboratory science: (i) Sanford
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t al. at the National Institute of Health (NIH) overcame the diffi-
ulty of culturing single cells, (ii) George Gey and his colleagues
t John Hopkins Hospital cultured and passaged human cells for
he first time and developed a line of cells (HeLa) derived from
cervical carcinoma, (iii) Harry Eagle at the NIH developed an
ptimum medium for culturing single cells, and (iv) in 1949,
ohn Enders, Thomas Weller and Frederick Robbins found out
hat poliovirus could multiply in cultures of nonneuronal human
ells; because of this discovery, the authors were awarded the

obel Prize in physiology of medicine in 1954 (Levine, 2001).
hese revolutionary findings had two immediate effects in ani-
al virology. First, they led to the development of the polio

accine as the first vaccine produced in cell culture, and later
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o the production of other viral vaccines such as measles and
ubella. Second, the use of cell culture for the study of viruses
ermitted studies of the biochemistry and molecular biology of
iral replication beginning the modern era of molecular virology.

Cell culture is still the most common method used for the
ropagation of viruses. There are three main types of animal
ell cultures: (i) primary cell cultures with a limited life span,
sually not more than 5–20 cell divisions, (ii) diploid cell cul-
ures, consisting of a homogeneous population of a single cell
ype, that can divide up to 100 times before dying and retain
he diploid chromosome number despite the numerous cell divi-
ions, and (iii) continuous cell lines which consist of a single
ell type that can be propagated indefinitively; they are often
bnormal in chromosome morphology and number (aneuploid)
nd can be tumorigenic. In these two-dimensional (2D) cultures
he cells are grown either in suspension or as a monolayer.

Cultures of primary cells from different sources, including
hose from chicken embryos, and the kidneys of monkeys, dogs,
abbits and hamsters, have been used worldwide for the pro-
uction of life and inactivated viral vaccines for human use for
ore than 40 years. Major success in the control of viral dis-

ases, such as poliomyelitis, measles, mumps and rubella, were
ade possible through the use of vaccines prepared in primary

ell cultures and experience have indicated that these products
re safe and effective (WHO, 1998). However, in case alter-
ative cell substrates are available, primary cell cultures are
ess likely to be used due to the fact that the quality and sen-
itivity of cultures obtained from different animals is variable;
t will become increasingly difficult to obtain cultures derived
rom non-human primates and mostly, because contamination
y infectious agents, such as viruses is a common problem.

The main advantage of diploid cell lines of human or mon-
ey origin in comparison to primary cells is that they can be well
haracterized and standardized, and production can be based on a
ell bank system. Vaccines prepared in two different diploid cell
ines made from lung fetuses (e.g. WI-38 and MRC-5) have been
xtensively used for vaccine production over the past decades
nd the vaccines proved to be very safe. Diploid cell substrates

ave a finite capacity for serial propagation, which ends in senes-
ence; they are non-tumorigenic and display diploid cytogenetic
haracteristics with a low frequency of chromosomal abnormal-
ties of number and structure.

a
b
t
i

able 1
pproaches commonly used to produce 3D cultures

ype of culture Properties

rganotypic explant cultures Whole organs or organ elements o
tationary or rotating microcarrier cultures Dissociated cells aggregate aroun
ulticellular spheroid (MCS) cultures Spheroids are grown in recipients

explants derived from a tissue pro
icromass cultures Cells are pelleted and suspended i
otating wall vessels (RWVs) or
microgravity bioreactors

Free cells in a rotating vessel adh

el-matrix systems Cells are embedded in a substrate
collagen or other organic or synth

rganotypic epithelial raft cultures Epithelial cells are placed on top
differentiation
ch 71 (2006) 96–107 97

Continuous cell lines have the potential for an infinite life
pan and have been derived by the following methods: (a) serial
ubcultivation of a primary cell culture of a human or animal
umor, such as HeLa cells; (b) transformation of a normal cell
aving a finite life span with an oncogenic virus, for example, a B
ymphocyte transformed by Epstein-Barr virus; (c) serial subcul-
ivation of a normal cell population generating a new cell popu-
ation having an infinite life span; (d) fusion between a myeloma
ell and an antibody-producing B lymphocyte. Continuous cell
ines are now considered to be suitable substrates for the produc-
ion of many biological medicinal substances; a cell bank system
imilar to that used for the diploid cell lines provides a means for
he production of biologicals for an indefinite period based on
ell characterized and standardized cells. Many of them express

ndogenous viruses and are tumorigenic; therefore, the risk of
umorigenicity associated with residual cellular DNA that may
ncode transforming proteins and growth-promoting proteins.
HO (World Health Organization) requirements for continuous

ell lines used for biologicals production have been published
WHO, 1998).

Cell cultures have been used not only for the propagation of
iruses and production of biologicals, such as vaccines, but also
or studies of biochemistry and molecular biology of viral repli-
ation. Increasingly, researchers are recognizing the limitations
f 2D cell cultures, given the fact that they do not reproduce
he morphology and biochemical features that the cells possess
n the original tissue. As an alternative, the three-dimensional
3D) cell culture approach offers researchers a means to study
ell growth and differentiation under conditions that reproduce
n in vivo environment. Holtfreter (1944) and later Moscona
1952, 1961) pioneered the field of 3D cell cultures by their sys-
ematic research on morphogenesis using spherical reaggregated
ultures of embryonic or malignant cells. Subsequent studies by
utherland (1988) and Sutherland et al. (1971) and associates
nlarged considerably the spectrum of research on cell aggre-
ates, by using multicellular tumor spheroids as an in vitro model
or systematic studies on tumor cell response to therapy.

Although the importance of cellular context has been appreci-

ted since a long time technical steps in 3D cell culture have not
een introduced until relatively recently. The consequences of
rying to extrapolate 2D findings into notions of cellular behav-
or in 3D are becoming clear (Edelman and Keefer, 2005). For

r slices are harvested and grown on a substrate in media
d porous circular or cylindrical substrates with adhesive properties
with a non-adhesive surface, on which aggregates of isolated cells or small
gressively round up and form spheres that can grow up to 1 mm in diameter
n media containing appropriate amounts of nutrients and differentiation factors
ere to one another and eventually form tissue- or organ-like structures

, such as agarose or matrigel, that may or may not contain a scaffolding of
etic fiber which mimics the cell-extracellular matrix (ECM)
of a dermal equivalent and then raised at the air–liquid interface to allow full
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xample, insights into the differences in properties of cells in
D versus 3D cell cultures were made by cancer researchers
ho showed the reversion of the malignant phenotype of human
reast cells in 3D cultures and in vivo by �1-integrin blocking
ntibodies (Weaver et al., 1997). This effect was not reproducible
n 2D cell cultures. Later studies have shown that environmental
onditions have important effects on the neoplastic properties of
umor cells, and such effects may influence the pharmacological
esponses of cancer cells to chemotherapeutic drugs (Sahai and

arshall, 2003).
One major advantage of 3D cell cultures is their well-defined

eometry and in comparison with conventional cultures, they
ore closely resemble the in vivo situation with regard to cell

hape and cellular environment, and shape and environment
an determine gene expression and the biological behavior of
ells (Mueller-Klieser, 1997). Different approaches have been
mployed to produce 3D cultures (Table 1). At present, research
n 3D cell systems is more vital and productive than ever, the
otential of 3D cell cultures being exploited in many areas of
iomedical research. The present review is focused on topics
f research on 3D cell cultures in virology and their use in the
evelopment of antiviral chemotherapeutics.

. 3D cultures using tissue or organ explants

Various biological tissues can be kept as explants in tissue or
rgan culture, maintaining cellular function for a limited period

f time.

The development of organ cultures with human mucosal tis-
ues has provided some insight into human immunodeficiency
irus (HIV-1) infection and transmission across the mucosal

T
w
d
d

ig. 1. Organ culture models with cervical tissues using Transwell with tissue surrou
urrounded by agarose. (B) Negative control well with agarose only. (C) Positive con
alactosidase indicator assay) exploits the ability of the viral Tat protein to transactiva
LTR) promoter in CD4+ cells (CD4-LTR/�-gal indicator cells). Individual infected
lue color after incubation with X-Gal (Kimpton and Emerman, 1992). HIV-1 isolate
ells (expresses CXCR4) vs. cMAGI cells (expresses CXCR4 and CCR5) (Sista et al
ch 71 (2006) 96–107

arrier. Collins et al. (2000) reported an organ culture model,
erived from squamous cervical tissue, showing transmission
f HIV-1 to cells of the female genital tract. In this organ culture
odel a piece of squamous cervical tissue with the epithe-

ium layer oriented on top was placed in the top chamber on
3.0 �m filter in a Transwell, with the area surrounding the

issue sealed with agarose (Fig. 1). A Transwell with agarose
nly in the top chamber served as a negative control, whereas
Transwell with a 3.0 �m membrane only served as a posi-

ive control for virus transmission. At various days following
ddition of cell-associated or cell-free virus, HIV-1 transmis-
ion across the mucosa was determined by measuring HIV-1
n the bottom chambers using an infectivity assay in cMAGI
ells (Kimpton and Emerman, 1992; Sista et al., 2004). The
ercentage of virus transmission in the tissue-containing well
as compared with the amount of virus transmitted through the
embrane in the control well containing medium alone (Fig. 1).
he 3.0 �m membrane in the Transwell allowed the passage of
irus, but not the infected cells, into the bottom chambers. The
uthors reported that transmission of a cell-free T-cell-tropic (T-
ropic) HIV-1 isolate, like that of a cell-free macrophage-tropic
M-tropic) HIV-1 isolate, was highest within 24 h. Lack of trans-
ission of HIV-1 inactivated by ultraviolet irradiation indicated

he specificity of HIV-1 transmission in this organ culture model.
s this model used tissues rather than a monolayer of cells (pri-
ary or transformed), it provided the natural tissue architecture,

ncluding epithelial cells, submucosa and immune cells, such as

cells, macrophages and Langerhans cells (LCs). Viral RNA
as detected mostly in memory CD4+ T cells located imme-
iately beneath the epithelial layer. Viral RNA signal was also
etected, to a lesser extent, in scattered CD14+ macrophages.

nded by agarose (adapted from Collins et al., 2000). (A) Transwell with tissue
trol well with membrane alone. The MAGI assay (multinuclear activation of a
te an integrated �-galactosidase gene driven by the HIV-1 long terminal repeat
cells or syncytia are counted in situ with a light microscope by virtue of their
s can be typed for coreceptor phenotype using relative infectious titer in MAGI
., 2004).
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that diversity was most likely to be the result of transmis-
ig. 2. Organ culture models with cervical tissues using tissue grown on
tainless-steel mesh.

The same year, Greenhead and collaborators, also found that
he target cells for HIV-1 infection in the cervical mucosal tissue
ere found directly below genital epithelium, suggesting that
IV must cross this barrier to establish infection (Greenhead et

l., 2000). Moreover, dual immunohistochemistry identified the
ajority of HIV-infected cells as macrophages. In these stud-

es, cervical and vaginal explants, comprising both epithelial
nd stromal tissue, were cultured on squares of stainless-steel
esh, individually, so that a meniscus of culture medium was in

ontact with the under surface of the grid (Fig. 2). Genital epithe-
ial cells were not susceptible to HIV infection and appeared
o play no part in the transfer of infectious virus across the
pithelium, suggesting that intact normal cervical and vaginal
pithelial cells, in the absence of inflammatory stimuli, provide
barrier for HIV-1 (Greenhead et al., 2000). Thus, transmis-

ion of HIV infection at such tissue sites is likely enhanced
y any physical breach in epithelial integrity, caused by phys-
cal abrasion, ulceration, or inflammation. Immune activation
treatment with phytohemaglutinin and IL-2) of ectocervical,
ndocervical and vaginal explants enhanced HIV infection. This
bservation suggests that transmission and productive infection
f genital mucosa are likely to be enhanced by concomitant
mmune activation in vivo. Thus, infection with sexually trans-

itted diseases (STDs) resulting in local inflammation, and
ctivation of local inflammatory cells renders an individual more
usceptible to HIV infection. This is in agreement with epidemi-
logical data showing a correlation between STDs and HIV
nfection (Grosskurth et al., 1995; Miller, 1998) and an asso-
iation between STDs and increased CD4 levels and coreceptor
xpression in genital mucosa (Levine et al., 1998; Patterson et
l., 1998). The localization of cells expressing HIV-1 imme-
iately below the epithelial layer is in keeping with findings
eported in the macaque model. In this model, it was demon-
trated that following vaginal transmission of either HIV-1 or
imian immunodeficiency virus (SIV), infection was exclusively
estricted to subepithelial cells (Miller et al., 1992; Nuovo et al.,
993; Pomerantz et al., 1988).

The model of HIV-1 infection described by Greenhead and
olleagues (2000) appeared to be suitable for the evaluation of
otential virucidal agents. Experiments using a panel of viruci-
al agents demonstrated differential efficiency to block HIV-1
nfection of subepithelial cells from partial to complete inhi-
ition. Nonoxynol-9 (N-9; a nonionic surfactant known to be
ctive against HIV-1 and other sexually transmitted diseases)

nd gramicidin (GD; a peptide antibiotic with virucidal activity)
id not provide complete protection from HIV-1 infection in the
ervical tissue at non-toxic concentrations, while PRO 2000 (a

s
a
w
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aphthalene sulfonate polymer that appears to disrupt the initial
inding and fusion events of HIV-1 infection) efficiently blocked
IV infection of cervical tissue under conditions which mimic
oth compromised epithelial integrity and inflammatory condi-
ions (Greenhead et al., 2000).

Studies analyzing cervical biopsies have shown that CCR5,
he predominat coreceptor for M-tropic HIV-1 isolates, is the

ajor HIV coreceptor expressed in the female genital tract
nd CXCR4, the coreceptor for T-tropic HIV-1 isolates, is the
redominantly expressed HIV-1 coreceptor in peripheral blood
Patterson et al., 1998). Patterson et al. (2002) used explants
rom foreskin tissue and cervical biopsies (Fig. 1A) to assess
he proportion of all cells that are the major target cells for HIV-
, i.e. CD4+ T cells, macrophages, and LCs, the expression of the
hemokine receptors (CCR5 and CXCR4) and the infectability
f these target cells with HIV-1. Foreskin and cervical biopsies
ere infected ex vivo in organotypic culture with HIV and the
IV-1 RNA copies in foreskin and cervical mucosal tissue were

ompared. Foreskin mucosa contained higher mean proportions
f CD4+ T cells (22.4%), macrophages (2.4%) and LCs (11.5%)
n adults than in children (4.9%, 0.3%, and 6.2%, respectively) or
n cervical mucosa (6.2%, 1.4%, and 1.5%, respectively). Fore-
kin immune cells expressed predominantly the CCR5 HIV-1
oreceptor and furthermore, adult foreskin mucosa was found
o have a greater susceptibility to infection with a homogeneous

-tropic isolate of HIV-1 than cervical mucosa or the external
urface of foreskin tissue. According to these findings it appears
hat circumcision likely reduces risk of HIV-1 acquisition in men
y decreasing HIV-1 target cells, supporting observational epi-
emiological studies reporting a significant association between
ack of male circumcision and HIV-1 acquisition (Bailey et al.,
001; Weiss et al., 2000).

In a later work, Patterson’s group (Gupta et al., 2002) by
sing the in situ hybridization assay for HIV-1 RNA in the
ervical organ culture system determined that memory CD4+

cells and not LCs were the first cells that became infected
uring HIV-1 transmission across the cervical mucosa 6 h after
irus exposure. At 96 h post-inoculation, in addition to mem-
ry CD4+ T cells, infected LCs and macrophages were also
etected. When the effects of viral phenotypes on HIV-1 trans-
ission across the mucosa were examined, significant levels of

ransmission of both R5 (isolates using CCR5) and X4 (iso-
ates using CXCR4) HIV-1 were demonstrated, although the
ransmission efficiency was higher from the cell-free R5 virus.
hese data suggested that at least in women there is no pref-
rential transmission of M-tropic HIV-1, although there could
e a difference in transmission efficiency between strains of
IV-1 with different phenotypic properties. This hypothesis
as supported by the data obtained in a study performed in
enya, where it was found that women from Kenya were often

nfected with multiple virus variants, whereas men from Kenya
ere not (Long et al., 2000). Moreover, a heterogeneous virus
as present in women before their seroconversion, indicating
ion of multiple variants. These findings indicated that there
re important differences in the transmitted virus population in
omen and men, even when cohorts from the same geographic
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egion who are infected with the same subtypes of HIV-1 are
ompared.

Some of these studies that used human organ culture tech-
iques to document the physical transfer of HIV-1 virions across
pithelial surfaces drew criticism because of possible virion
eakage around the tissue pieces. Maher et al. (2005) devel-
ped human cervicovaginal organ culture systems to examine
he initiating events in HIV-1 transmission after exposure to
arious sources of HIV-1 infectivity, including semen and their
nvestigations were focused on the detection of individual HIV-1
nfected cells and direct visualization of bound virions and cells
t and beneath the exposed mucosal surfaces. Newly infected
ells could be detected in the cervical submucosa 3–4 days after
xposure to a primary HIV-1 isolate. At earlier times extensive
nd stable binding occurred when the cervical surfaces were
xposed to virions or seminal cells and virions could actually
enetrate beneath the epithelial surface, confirming previous
bservations.

Hu et al. (2004) evaluated HIV-1 attachment and entry
nhibitors for their ability to prevent infection of, and dissemi-
ation from, human cervical tissue ex vivo. Cervical explants
ere incubated before infection with inhibitors specific for
D4 (anti-CD4 mAb RPA-T4), CCR5 (TAK-779), CCR5 and
CR3 (AOP-RANTES), and CXCR4 (AMD3100). The authors
emonstrated that blockade of the primary receptors for HIV-1
nfection, CD4 or CCR5 or/and CXCR4, was sufficient to inhibit
ocalized HIV-1 infection of human cervical tissue, suggesting
hat CCR5 and CXCR4 are the predominant coreceptors for HIV
nfection of cervix in vivo. However, inhibition of HIV-1 uptake
nd subsequent transmission to T lymphocytes by migratory
ells required blockade of both CD4 and mannose-binding C-
ype lectin receptors including dendritic cell-specific intercellu-
ar adhesion molecule-grabbing integrin (DC-SIGN). Two major
opulations of migratory cells were identified: CD3+HLA-DR−
nd CD3−HLA-DR+ cells, the latter accounted for as much as
0% of HIV-1 dissemination and expressed also DC-SIGN. DCs
ave been proposed to be targets of HIV during transmission
Pope, 1999). After infection or the attachment to DCs via DC-
IGN, they migrate to the draining lymph node and are thought

o transmit the virus to helper T cells during antigen presenta-
ion (Geijtenbeek et al., 2000). Therefore, strategies aimed at
lockade of HIV-1 uptake by cells within genital mucosa should
arget both localized infection and dissemination pathways and
he ex vivo organ culture model may provide a frame of reference
or future evaluation of microbicides. Two important points con-
luded from studies using the organ cultures should guide the
ormulation of new microbicides: (i) there are multiple ways by
hich HIV-1 can infect target cells in the genital mucosa and

hus, a successful host-target microbicide formulation will have
o block all the potential pathways of HIV entry and (ii) even
f all host receptors for viral entry are blocked, HIV may be
apable of evading these inhibitors by hitching a ride on DCs,
llowing the virus to remain in an infectious state long enough

o reach areas where the microbicides do not penetrate (Davis
nd Doms, 2004).

Different reports documented the ability of the nonnucleoside
everse transcriptase inhibitor (NNRT) UC-781 to block both

s
p
m
w
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irect HIV-1 infection of human explants and dissemination of
irus by migratory cells (Gupta et al., 2002; Zussman et al., 2003;
letcher et al., 2005). In contrast with other NNRT inhibitors,
C-781 has great potential to serve as a microbicide. The main

eason is that UC-781 is a tight-binding inhibitor, the only so far
escribed for HIV-1 RT. UC-781 binds very rapidly to HIV-1 RT,
ith very high affinity and does not readily dissociate from the

nzyme. This property confers to UC-781 the potential to be a
topical’ barrier for HIV transmission. Exposure of the cervical
xplants to a topical formulation of UC-781 resulted in block-
ng of subsequent HIV-1 viral infection of mucosal tissue and
ransinfection mediated by migratory cells without toxicity, indi-
ating that UC-781 may be a good candidate microbicide. PMPA
9-[2-(phosphonomethoxy)propyl]adenine}, a nucleotide ana-
ogue that blocks viral replication by inhibiting reverse tran-
criptase, was also shown to be able to inhibit viral transmission
cross the mucosa (Gupta et al., 2002). These findings support
he utility of organ cultures with human mucosal tissues to screen
opical microbicides for their ability to block sexual transmis-
ion of HIV-1.

. 3D cell cultures using microcarriers

As a strategy to improve the production of some viral vac-
ines, large-scale cultivation of Vero cells in microcarrier cul-
ures has been used. Today, Vero cells are considered as a suitable
ubstrate for the production of viral vaccines, and this cell line
resents advantages over primary and diploid cell substrates
Kumar et al., 2002). Vero cells can be used in microcarrier and
uspension cultures for large scale production in bioreactors and
he production of virus titers achieved in these culture systems
s higher (Montagnon et al., 1981; Duchene et al., 1990). These
roperties facilitate the transfer of vaccine production to devel-
ping countries, which is an important goal of the WHO. Vero
ells have been shown to be free of oncogenic property and they
o not present any threat to human health when used as a sub-
trate for biological production (Vincent-Falquet et al., 1989;
oraud, 1992; Montagnon and Vincent-Falquet, 1998). There-

ore, Vero cells have been accepted for vaccine production by
he WHO and are currently used in the manufacture of rabies
Montagnon, 1989), polio (Montagnon, 1985) and Japanese
ncephalitis (Sugawara et al., 2002) vaccines. The optimization
f virus yield as a strategy to improve viral vaccine production
y Vero cells in microcarrier cultures (in spinner flasks or in a
ioreactor) is documented by several reports (Montagnon et al.,
983; Sugawara et al., 2002; Yokomizo et al., 2004; Trabelsi et
l., 2006).

In one of the many attempts that have been made to culture
epatitis C virus (HCV) in vitro, Aizaki et al. (2003) reported
he production and release of infectious HCV from human liver
ell cultures in a 3D radial-flow bioreactor, in which human
iver cells retained their differentiated hepatocyte functions and

orphological appearance for an extended period of time. This

ystem consists of a vertically extended cylindrical matrix com-
rised of porous glass bead microcarriers through which liquid
edium flows and the cells solidly attached on the surfaces and
ithin the pores of the microcarriers in highly dense colonies
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Kawada et al., 1998). When human liver cells (FLC4 cells
erived from the cloning of JHH4 cells) grown in a 3D radial-
ow bioreactor were transfected with full-length HCV RNA or

noculated with infectious serum, propagation of HCV could be
hown, although the titers were not high (Aizaki et al., 2003).
urthermore, infectious virus was released into the supernatant

n the absence of obvious cell lysis.

. 3D cell cultures using multicellular spheroids (MCS)

Multicellular spheroids (MCS) have gained experimental
mportance as a model of tumors; they can be grown from cell
ines or can be derived from primary tumors. The complex tissue
rchitecture present in the tumors (that is, tumor cells, connective
issue, immune cells, capillaries, and non-cellular constituents)
s present in the organotypic spheroids grown from primary
umors. Therefore, these cultures resemble the situation in vivo

ore closely than tumor cell lines, with the advantage that tumor
ells remained in their original microenvironment without any
rocess of in vitro selection.

The use of adenovirus for gene transfer and as an oncolytic
gent has gained importance in the last years. As adenovirus
istribution and spread cannot be studied in 2D cell cultures,
3D model mimicking the in vivo biology of tumors, like

he MCS, is required. Grill et al. (2002) studied adenovirus
eplication and penetration in tumor spheroids grown from pri-
ary brain tumor material using �-galactosidase and luciferase

eporter genes expressed by adenoviruses. Infection with a
eplication-defective adenovirus was restricted to the first layer
f cells, while transgene expression and viral spreading deep
n the 3D structure took place when spheroids were infected
ith a replication-competent adenovirus. The authors demon-

trated that the oncolytic activity of replication-competent ade-
oviruses in the MCS could be evaluated using a tetrazolium-
ased metabolic assay.

The importance of performing studies using multicellular
pheroids was recently confirmed by Finocchiaro et al. (2004),
ho reported the efficacy of the herpes simplex thymidine
inase/ganciclovir (HSVtk/GCV) suicide system using HSVtk-
xpressing cells assembled as MCS. HSVtk-expressing cells
rown as MCS manifested a lower GCV cytotoxicity and
ystander effect compared to the same cells grown as mono-
ayers, although HSVtk-expressing cells in 2D or 3D cultures
ere always significantly more sensitive to GCV than the �-
alactosidase counterparts, supporting the feasibility of this sui-
ide approach in vivo.

. 3D cell cultures using rotating-wall vessels or
icrogravity bioreactors

Cells grown in rotating-wall vessels (RWVs) are subjected
o low shear motion, and the replication of certain viruses such
s rhinoviruses has been described to be enhanced by motion

Hughes, 1993). Long et al. (1998) reported rhinovirus replica-
ion in HeLa cell cultures under conditions of simulated micro-
ravity, using RWVs. Rhinovirus replication was enhanced in
ultures grown in the presence of motion (Teflon roller bottle

c

d
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ultures and RWV cultures). Additionally, multiple rounds of
hinovirus replication yielded more virus in simulated micro-
ravity conditions. Viral transmission in cell cultures in RWVs
as efficient and was similar to, or better than, what occurred

n the Teflon roller bottles. The authors speculated that the cul-
ivation of cells in simulated microgravity possibly affected the
ate of viral adsorption/uptake, the viral replication cycle, and/or
he viral yield, and concluded that RWVs provide an effective

eans for culturing human rhinoviruses.
Margolis et al. (1997) reported that the use of blocks of human

ymphoid tissue cocultured with a suspension of tonsilar lym-
hocytes in a RWV culture system constitute a useful model for
imulating normal lymphocyte recirculatory traffic and provide
new tool for testing the various aspects of HIV pathogene-

is. Fragments of the surgically excised human lymphoid tissue
emained viable for at least 3 weeks when cultured in the RWV
ystem and such lymphoid tissue gradually showed a loss of
oth T and B cells to the surrounding growth medium. This
ellular migration could be partially or completely inhibited by
mbedding the blocks of lymphoid tissue in either a collagen
r agarose gel matrix, these embedded tissue blocks retaining
ost of the basic elements of a normal lymphoid cytoarchitec-

ure. Both embedded and nonembedded RWV-cultured blocks
f human lymphoid tissue were capable of productive infec-
ion by strains of HIV-1 with different tropism and phenotype,
s demonstrated by an increase in both p24 antigen levels, free
irus in the culture medium and HIV-1 RNA-positive cells inside
he tissue.

. 3D cell cultures using gel-matrix systems

Although explants of tissue have been used for many years,
onsiderable progress has been made more recently in gener-
ting bioartificial tissues in vitro from single cells of primary
aterial or of cell lines. In the gel-based techniques, the cells are

mbedded in a substrate, such as agarose or matrigel that may
r may not contain a scaffolding of collagen or other organic
r synthetic fiber which mimics the cell-extracellular matrix
ECM). Three-dimensional growth in culture using gel-matrix
ystems has been demonstrated in diverse tissue types, including
ardiac myocytes, osteoblasts, myoblasts, condrocytes, hepato-
ytes, cerebral microvascular endothelial cells, mesothelial and
ndothelial cells, odontoblasts, cortical neurons, astrocytes and
euronal progenitor cells (Edelman and Keefer, 2005).

So far, the use of gel-matrix systems in virology appears to
e very limited. Recently, Thach and Stenger (2003) studied the
ffects of collagen matrix on Sindbis virus infection of baby
amster kidney (BHK) cells grown in 3D collagen gels. Using
indbis virus carrying the green fluorescent protein gene, the
irions were found to be capable of penetrating the 3D collagen
atrix and infecting the cells.

. 3D cell cultures using organotypic epithelial raft

ultures

Several techniques have been used to culture three-
imensional epithelium in vitro. These efforts led to the
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Fig. 3. Scheme showing the different steps used in the production of organotypic
epithelial raft cultures. The epithelial cells are seeded on the top of the dermal
equivalents collagen matrix with feeder cells and maintained submerged for
24–48 h. The rafts are then lifted (day 0) and placed onto stainless steel grids
at the air–liquid interface and feeded by the medium underneath and incubated
for a period of 10–14 days. Epithelial cells stratify and differentiate into full-
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hickness tissue mimicking the in vivo situation. The rafts can be then harvested
nd examined by standard histological, molecular, and biochemical techniques.

evelopment of the organotypic epithelial raft cultures, which
ermit full differentiation of the epithelial cells and accurately
imic the physiology of the epidermis. These cultures are

onstructed by placing the epithelial cells on top of a dermal
quivalent and then raising the cells to the air–liquid interface
Fig. 3). The dermal equivalent is composed of natural dermal
lements (collagen matrix with fibroblasts) or a synthetic dermal
atrix maintained on a rigid support. Normal epithelial cells

tratify and differentiate into full-thickness tissue mimicking
he original tissue from which the particular keratinocytes
ere derived (Wilson et al., 1992; Chow and Broker, 1997)
hile cells derived from neoplasias exhibit in the raft cultures
ysplastic morphologies similar to the (pre)neoplastic lesions
een in vivo (Regnier et al., 1988).

Many important human pathogens, including various viruses,
arget the epithelium during at least some part of their natural his-
ory. Pathogenic viruses use human epithelium as the initial site

f infection, the site for replication, a staging area for transporta-
ion to other tissues, and a site for latency or persistence (Bodily
t al., 2006). The 3D raft cultures allow the cells to undergo
he authentic program of differentiation, providing a unique and

w
M
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ssential tool for the study of differentiation-dependent biology
f viruses and other pathogens.

Organotypic epithelial raft cultures have proven to be a break-
hrough in the research on human papillomaviruses (HPV), since
heir life cycle is tightly linked to the differentiation of the host
pithelial tissue. This link to differentiation hampered the study
f the HPV life cycle for many years. The organotypic epithe-
ial raft culture system, which mimics important morphological
nd physiological characteristics of the epithelium proved to be
valuable tool for studying HPV (Meyers et al., 1992, 1997,

002; McLaughlin-Drubin et al., 2003, 2004; Fehrmann and
aimins, 2005). Applications of the organotypic culture sys-

ems to HPV-11 infected condylomatous tissue explants and to
n immortalized human epithelial cell line that is derived from
cervical dysplasia and harbors episomal HPV-31b DNA have
alidated this culture system, in that progeny HPV virions were
roduced for the first time in vitro (Dollard et al., 1992; Meyers
t al., 1992).

HPV-containing cells that are either derived from biopsies
r created by transfection of keratinocytes with HPV genomic
NA are used in this system, the organotypic cultures of HPV-

mmortalized keratinocytes resembling to different grades of
eoplasia as seen in vivo (Hurlin et al., 1991; Blanton et al.,
991; Steenbergen et al., 1998). These cell lines grown in raft
ultures allow the study of all stages of the HPV life cycle,
ncluding episomal maintenance of the viral genome, amplifi-
ation of the viral genome, differentiation-dependent viral gene
xpression and virion morphogenesis. A detailed review of the
se of organotypic raft cultures for the study of the natural his-
ory of HPV has been recently published (Bodily et al., 2006).

A small number of studies have used organotypic cultures to
xamine the interaction of infected keratinocytes with cells and
actors of the immune system. Organotypic cultures of HPV-
ransformed keratinocytes have been proposed as a convenient

odel for studying the ability of allogeneic peripheral blood
ononuclear cells (PBMCs) to migrate in a (pre)neoplastic

pithelium (Jacobs et al., 1998; Delvenne et al., 2001). Most
f the infiltrating cells were T cells and a small number of natu-
al killer cells. Also, DCs were shown to be able to infiltrate raft
ultures and differentiate (Hubert et al., 1999).

So far, published data concerning the use of raft cultures
or testing the efficacy of therapeutic interventions for HPV
ppears to be rather limited, mostly due to the difficulty in
etting an endpoint for activity and in proving the selectivity
f the agents. Most of the reports are based on morphological
lterations of the rafts observed following treatment with the
ifferent agents without quantification of the antiviral effects.
n general, treatment of dysplastic raft tissue with retinoic acid,
nterferon-gamma (INF-�) and tumor necrosis alpha (TNF-�)
ppeared to induce a less dysplastic, more normal differentia-
ion program (Yokoyama et al., 2001, Delvenne et al., 2001).
imilar results were obtained when cervical intraepithelial neo-
lasia (CIN) grades I and III and invasive carcinoma raft cultures

ere treated with tumor growth factor � (TGF-�) (Ozbun and
eyers, 1996). Sen et al. (2004) tested the effects of two com-
ercially available IFNs, interferon-�-n3 and interferon-�-2b,

n vegetative HPV replication in raft cultures able to sustain the
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omplete viral life cycle of HPV 16, 18, and 31b. These studies
howed that the two IFNs differed in their ability to affect viral
oad of the different HPV types. This is in keeping with studies
sing monolayer cultures to determine the efficacy of INF ther-
py for the treatment of cervical cancer where the results were
nconsistent with controversial conclusions.

Based on the fact that expression of EGF receptor (EGFR)
as abundant throughout the thickness of the epithelium of HPV-
ositive rafts and it was less expressed only in the basal layer
f rafts of normal cervical keratinocytes, Renard et al. (2002)
ested bispecific antibodies, which bind both the EGFR and CD3
n the raft culture model. These antibodies facilitated the infil-
ration of T cells into carcinoma rafts and increased killing of
he HPV-positive cells by the lymphocytes, while they had no
ffect on T cell infiltration into rafts of normal keratinocytes.
n the contrary, Mason et al. (1999) could not demonstrate an

ffect of Vitamin E in the raft culture model since little differ-
nce between vitamin-treated and control cultures, except for a
eduction in the number of layers in the vitamin-treated cultures,
ere observed.
The major tea polyphenol, (−)-epigallocatechin (EGCG)

as shown to decrease the thickness of rafts of both HPV-
mmortalized and HPV-transformed cells and to inhibit telom-
rase activity regardless of the cell type used (Yokoyama et
l., 2004). However, induction of apoptosis following EGCG
reatment was detected in raft cultures grown from HPV-18
mmortalized cells but not from HPV-18 transformed cells. The
dverse effects of microbicides (i.e. nonoxinol 9, benzalkonium
hloride, chlorhexidine and cholic acid) have also been evalu-
ted in the raft culture model (Aebischer and McDougall, 1997).
ollowing repeated treatment of rafts from normal keratinocytes
nd HPV-immortalized cells, harmful effects (histological alter-
tions) were seen, while no alterations were observed in undif-
erentiated monolayer culture models.

HIV-1 infection of LCs in a reconstructed vaginal mucosa has
een recently reported (Sivard et al., 2004). The reconstituted
ucosa included two cell types (LCs and vaginal keratinocytes)

nd a submucosa (a de-epidermized dermis). Infection of LCs
ould be inhibited by the use of azidothymidine (AZT) and in
ddition, HIV-1 infected LCs of the reconstituted mucosa were
ble to transmit R5 or X4 HIV-1 strains to activated peripheral
lood mononuclear cells.

Organotypic epithelial raft cultures have also been success-
ully applied to the study of herpes simplex virus (HSV) infec-
ion (Syrjanen et al., 1996; Visalli et al., 1997; Hukkanen et al.,
999; Meyers et al., 2003). In these studies a productive HSV-
infection was established with morphological characteristics

f herpes lesions in vivo. However, differences in virus spread
nd the course of infection were observed among these studies.
yrjanen et al. (1996) and Hukkanen et al. (1999) obtained HSV-
infection throughout the whole epithelium only when the cells
ere infected before lifting, whereas Visalli et al. (1997) found a
roductive infection with HSV-1 in the basal and parabasal cells

f the epithelium. The latter group used foreskin and cervical
eratinocytes as the source of epithelial cells and mouse 3T3
ells as feeders, while Syrjanen et al. (1996) and Hukkanen et
l. (1999) used a spontaneous transformed HaCaT keratinocyte
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ell line as the source of epithelial cells. Also, Visalli’s group
nfected a fully stratified and differentiated organotypic culture
issue.

Meyers et al. (2003) found that HSV infection was able to
nduce significant cytopathic effects in HPV positive raft cul-
ures and interestingly, HPV genome copy numbers were main-
ained in steady amounts during HSV-induced cytopathogenic-
ty.

In the last years, we have reported the feasibility of using
rganotypic epithelial raft cultures of human keratinocytes as
model to evaluate both replication of poxviruses and �-

erpesviruses and efficacy of antiviral agents (Snoeck et al.,
002; Andrei et al., 2005; Dal Pozzo et al., 2005). As ker-
tinocytes are one of the main target cells for productive infec-
ion of both poxviruses and �-herpesviruses, characterization
f virus replication in organotypic raft cultures of these cells
epresent a relevant model for studying virus–host cell interac-
ions and antiviral agents. In our studies we have used normal
eratinocytes derived from human neonatal foreskins and 3T3
ouse fibroblasts as feeder cells, and we could show that infec-

ion at different stages of differentiation with either HSV-1 or
SV-2, as well as with vaccinia virus (VACV) and cowpox virus

CPV) on the surface of the lifted epithelium occurs throughout
he different layers of the epithelium (Fig. 4). Typical cytopathic
hanges identical to those found in the squamous epithelium in
ivo were observed. Infection of organotypic raft cultures with
aricella-zoster virus (VZV) appeared to depend on the stage of
ifferentiation of the rafts, i.e. with the time the rafts were lifted
o induce differentiation (Fig. 4). The discrepancies between the
tudies that have used HSV in organotypic epithelial raft cultures
ay be due to the type of murine fibroblasts used as feeders, the

egree of maturation and proliferation of the epithelium pro-
uced, and the viral inoculum used for the viral infection.

In addition, we have demonstrated that the 3D epithelial
aft culture represents a novel model for the study of antivi-
al agents against poxviruses and �-herpesviruses. The activity
f reference antiviral compounds was evaluated in this system
y histological examination of the viral-induced cytodestructive
ffects and quantified by measuring viral titers and/or viral DNA
oad (Snoeck et al., 2002; Andrei et al., 2005). A correlation
etween the degree of protection as determined by histologi-
al examination and viral quantification could be demonstrated.
ince no animal model is available for the evaluation of antiviral
gents against VZV, the organotypic cultures may be consid-
red a model to evaluate the efficacy of new anti-VZV antivirals
efore clinical trials. Furthermore, we showed that the 3D epithe-
ial raft culture system could be also applied for the study of
nimal viruses, like the parapox orf virus, using epithelial cells
solated from the natural host, in this case lamb keratinocytes
Fig. 4) (Dal Pozzo et al., 2005).

Studies regarding the viral life cycle of adenovirus in strati-
ed epithelia have been recently performed due to the potential
mployment of replication-competent adenoviruses as oncolytic

gents in clinic, especially with neoplasias of epithelial origin.
sing the raft culture system it was possible to study differ-

ntiation dependency of some of the early promoters of aden-
virus (Noya et al., 2003). The effects of deletions of specific
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Fig. 4. (a) Pattern of herpesvirus infection in organotypic cultures of primary human keratinocytes (PHKs) infected with herpes simplex virus type 1 (HSV-1) or
t 2 or 8
v c cult
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d
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A
V

ype 2 (HSV-2) at 8 days after lifting, and with varicella-zoster virus (VZV) at
irus (CPV)] and parapoxvirus (orf virus) infection in, respectively, organotypi
fter lifting. Magnification 40×.

omains of adenovirus E1A protein in replication competent
denoviruses on their ability to selectively target and kill ker-
tinocytes expressing the HPV-18 oncogenes E6 and E7 has
een also reported (Balague et al., 2001).

The efficacy of using the differentiating epithelial tissue sys-
em to provide a proper environment for the complete life cycle
f the adeno-associated virus type 2 (AAV) has also been shown
Meyers et al., 2000). AAV is a small, single-stranded DNA

irus of the parvovirus family that requires the host cells to be
o-infected with another virus type (helper, usually members of
he adenovirus and herpes virus families) for productive replica-
ion. However, when primary foreskin keratinocyte monolayers

e
c
w
s

days after lifting. (b) Pattern of poxvirus [vaccinia virus (VACV) and cowpox
ures of PHKs or primary lamb keratinocytes (PLKs) infected after 7 or 6 days

rown on collagen matrices were infected with AAV while still
ubmerged in medium and then raised to the air–liquid interface
to allow grow and differentiation into epithelial tissue), AAV
nderwent its complete life cycle without a helper virus. AAV
rogeny production correlated with epithelial differentiation,
s non-differentiating keratinocytes were not able to support
AV replication devoid of a helper virus (Meyers et al., 2000).
iral particles were detected in the granular layers of the raft

pithelium by electron microscopy and additionally, histological
hanges, some of which might be interpreted as cytopathology,
ere induced in the AAV-infected epithelial tissues. These data

uggest a new biological model for AAV: an epithelio-tropic
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utonomous parvovirus that can alter normal squamous differ-
ntiation.

In a recent report, Johnson et al. (2005) described the activa-
ion of Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic
ene expression during epithelial differentiation in an organ-
typic raft culture model of epithelium using keratinocytes
rom human tonsils that produced a nonkeratinized stratified
quamous oral epithelium. The activation of KSHV lytic-gene
xpression was examined by using a recombinant virus (rKSHV)
hat expresses the green fluorescent protein during latency from
he cellular EF-1alpha promoter and the red fluorescent protein
RFP) during lytic replication from the viral early PAN pro-
oter. Infection of keratinocytes with rKSHV resulted in a latent

nfection; however, when these keratinocytes differentiated into
multilayered epithelium, lytic cycle activation of the KSHV

ccurred, as evidenced by RFP expression, expression of late
roteins and the production of infectious rKSHV at the epithelial
urface. These findings demonstrate that KSHV lytic activation
ccurs as keratinocytes differentiate into a mature epithelium,
nd it may be responsible for the presence of infectious KSHV
n saliva.

Although 3D cultures may be expensive and laborious, sev-
ral examples here described demonstrated the utility of these
ystems for the study of virus–host interactions in a more real-
stic milieu than that provided by 2D cell cultures.
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