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Abstract

Objective Newly identified human rhinovirus C (HRV-C) and human bocavirus (HBoV) cannot
propagate in vitro in traditional cell culture models; thus obtaining knowledge about these viruses and
developing related vaccines are difficult. Therefore, it is necessary to develop a novel platform for the
propagation of these types of viruses.

Methods A platform for culturing human airway epithelia in a three-dimensional (3D) pattern using
Matrigel as scaffold was developed. The features of 3D culture were identified by immunochemical
staining and transmission electron microscopy. Nucleic acid levels of HRV-C and HBoV in 3D cells at
designated time points were quantitated by real-time polymerase chain reaction (PCR). Levels of
cytokines, whose secretion was induced by the viruses, were measured by ELISA.

Results Properties of bronchial-like tissues, such as the expression of biomarkers CK5, ZO-1, and PCK,
and the development of cilium-like protuberances indicative of the human respiration tract, were
observed in 3D-cultured human airway epithelial (HAE) cultures, but not in monolayer-cultured cells.
Nucleic acid levels of HRV-C and HBoV and levels of virus-induced cytokines were also measured using
the 3D culture system.

Conclusion Our data provide a preliminary indication that the 3D culture model of primary epithelia
using a Matrigel scaffold in vitro can be used to propagate HRV-C and HBoV.

Key words: 3D cell culture; Human airway epithelium (HAE); Human rhinovirus C; Human bocavirus;
Propagation
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INTRODUCTION syncytial virus (RSV), and human coronavirus affect
people of all age groups, and they can cause mild to
on-influenza respiratory viruses such as severe respiratory illnesses from common colds to
parainfluenza virus, human rhinovirus, severe respiratory disease™ . The human rhinovirus
human metapneumovirus, respiratory C (HRV-C) species was discovered in 2006[3], and it is
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more virulent than HRV-A and HRV-B species, which
are associated with severe illnesses such as
pneumonia, acute wheezing, and exacerbation of
asthma in infancy[4]. Human bocavirus (HBoV) was
identified in 2005 from human nasopharyngeal
aspirates of patients with respiratory tract illness™.
Acute wheezing was the most common clinical
symptoms observed in HBoV-infected patients[GJ.
Infections caused by these two viruses pose a
substantial disease burden to young children;
however, the biological properties and pathogenesis
of HRV-C and HBoV have not been fully clarified.
The ability of HRV-C and HBoV to propagate
in traditional monolayer (2D) cellular culture or
animals represents the bottleneck that limits related
studies.

Traditional 2D cellular culture is a common
platform to study infectious diseasem; however, this
method cannot mimic the physiological complexity
of in vivo microenvironments, which might restrict
the propagation of HRV-C and HBoV. The
development of suitable cell culture models is thus
promising for studying the life cycle of infectious
viruses and their interactions with the host.
Previously, studies have shown that HRV-C15 and
HRV-C11 strains propagate in fully differentiated
human nasal or bronchial epithelial cells®, and
HRV-C15 and HRV-C41 strains propagate in the
differentiated human sinus epithelial cells®*,
Additionally, HRV-C2, HRV-C7, HRV-C12, HRV-C15,
and HRV-C29 types were all capable of mediating
productive infection in reconstituted 3D human
airway epithelia[u]. Human trachea epithelial cells
were previously cultured in an air-liquid interface
(ALI), and they formed a pseudostratified epithelium,
in which HBoV propagated[m. These studies suggest
that novel 3D tissue-like cell culture systems are
suitable for studying HRV-C and HBoV.

Matrigel basement membrane matrix is a
commercial cell culture medium consisting of a
gelatinous protein mixture secreted by Engelbreth-
Holm-Swarm (EHS) mouse sarcoma cells. It is rich in
extracellular matrix (ECM) components, and used
widely for 3D cell culture™. Cells cultured in
Matrigel show many differences in gene and protein
expression, survival, proliferation, differentiation,
and metabolism, compared to those cultured by
traditional 2D culture methods™ ™. Cells grown in
2D and 3D cultures also respond differently to
chemical drugs or radiation™?®. Thus, 3D cell
culture is the third model that bridges the gap

between traditional cell culture and animal
models®* %,

Although it has been demonstrated that viruses
(HBoV, infectious bronchitis virus, avian influenza
viruses, RSV, and HRV-C) propagate well in 3D
cultured cells using ALI methodologies[24'27], this
strategy is time-consuming (approximately 15 days).
In the current study, we constructed a 3D cell culture
model using Matrigel as the scaffold and measured
the propagation abilities of HRV-C and HBoV using
this platform. The results of this study showed that
both HRV-C and HBoV propagate in the 3D Matrigel
system, whereas they could not be detected in 2D

cultures.
MATERIALS AND METHODS

2D Cell Culture

Primary human airway epithelial (HAE) cells
were obtained from the Chinese Center for Disease
Control and Prevention. Cells were cultured in BEGM
media (Lonza, Walkersville, MD). HAE cells were
used from passage 1 to passage 5 for all experiments,
with passage 1 defined as the thawed cells from the
nitrogen canister.

Trypsin-EDTA (0.25%) was used to remove cells
from culture flasks for sub-culturing. Cells were
incubated at 37 °C in a humidified atmosphere
containing 5% CO,. Two million cells were seeded in
75 cm’ culture flasks and sub-cultured at 80%
confluence.

3D Culture

The 3D culture system using Matrigel as a
scaffold was prepared according to the
manufacturer's protocol. Briefly, the mixture of
Matrigel (BD Biosciences, Baltimore, MD) solution,
thawed in an ice box, and cell suspension (1 x 10
cells/insert, 200 uL/insert) was added to the insert
(12-Transwell plate), or pre-plated cells in the
membrane of the insert, using cooled pipette tips,
and then covered with a Matrigel layer. These
samples and Matrigel only-coated plates, were
incubated at 37 °C for 30-45 min for solidification.
Further, the cells were plated on the surface of the
Matrigel layer, for Matrigel only-coated inserts, and
then 3D culture medium was added to all inserts and
wells; medium was changed every 2 days. Cells in
the inserts of 12-well uncoated plates were used as
2D controls. The morphology of cells at day 7 was
observed using a reverse phase-contrast microscope.
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Immunochemical Staining

The primary antibodies used for immunostaining
of 2D and 3D cells included Z0O-1 (1:500, Abcam,
USA), Cytokeratin 5 (1:500, CST, USA),
Pan-cytokeratin (1:500, Abcam, USA), and B-tubulin
(1:1,000, CST, USA). Secondary antibodies
(anti-mouse or rabbit conjugated with Alexa
Fluor488 and Alexa Fluor594) were purchased from
Beyotime (1:2,000, China).

For 2D cultures, cells were seeded at 1 x 10*
cells in each well of 12-well tissue culture plates and
cultured for 48 h before detection. Cells were fixed
with 4% paraformaldehyde (PFA) for 20 min at room
temperature and permeabilized with 0.5% triton
X-100 in PBS on ice for 10 min. Non-specific binding
was blocked with 5% bovine serum albumin (BSA) in
PBS for 60 min at room temperature prior to probing
with primary antibodies. The cells were incubated
with the primary antibody diluted in 5% BSA/1 x PBS
for 1 h at room temperature. After incubation, cells
were washed three times with 1 x PBS (10 min each)
and then incubated with the appropriate Alexa Fluor
secondary antibodies diluted in 5% BSA for 1 h. Cells
were then washed three times with PBS for 10 min
each. Nuclei were counterstained with DAPI
(Beyotime, China).

The 3D structures in  Matrigel were
immunostained as described previouslym] with the
following modifications. The 3D cultures were fixed
with 4% PFA for 30 min at room temperature and
thereafter washed three times with PBS for 20 min
each. Blocking was performed by incubating the
structures in immunofluorescence buffer (5%
BSA/0.2% triton X-100 in PBS) for 4 h. The 3D
structures were incubated with primary antibody
diluted in 5% BSA/1 x PBS overnight at room
temperature. After incubation, the structures were
washed three times with PBS, for 20 min each, and
then incubated with the appropriate Alexa Fluor
secondary antibodies diluted in 5% BSA for 1 h. The
structures were washed three times with PBS for 20
min each. Nuclei were counterstained with DAPI.
Analyses were performed with a fluorescence
microscope (Axio Imager Z2) at 20x magnification.

Measurement by Transmission Electron Microscopy
(TEM)

Specimens were post-fixed in 1% osmium
tetroxide, en bloc stained with 4% uranyl acetate,
dehydrated through a graded series of alcohol and
propylene oxide, and embedded in a mixture of

Epon substitute and Araldite. Thin sections were
stained with 4% uranyl acetate and Reynolds’s lead
citrate, and the images were obtained using a
transmission electron microscope.

Virus and Infection

HRV-C15 and HBoV uncultured specimens were
obtained from the Chinese Center for Disease
Control and Prevention. They were then identified
and quantified as previously described®*”,

Media used for 3D cultures for a period of 7
days, and those for 2D cultures at exponential
growth phase, were removed, and the cells were
washed three times with sterile PBS. Viruses were
diluted with BEGM to a desired concentration.
Briefly, a 100 pL inoculum [approximately 10° copies
of viral nucleotides (PCR genome equivalents)] per
well was added to either the 3D cultures after
culturing for 7 days or the 2D cultures. Cultures were
gently shaken for 15 min at room temperature and
then incubated with virus at 34 °C for 3 h'*". The
inoculum was removed and cells were washed twice
with BEGM. Then, 500 pL and 1 mL of BEGM were
added to the insert and basolateral chamber of the
well, respectively. The media in the insert and
basolateral chamber and cells were harvested at the
designated time after infection and stored at -80 °C
for further analysis.

RNA Extraction and Quantitative RT-PCR (qRT-PCR)

Viral nucleic acids were extracted using the
QIAGEN Viral DNA/RNA Kit (Valencia, CA) according
to the manufacturer's protocol. Viral RNA or DNA
loads were determined using the ABI 7500 real-time
PCR system (Applied Biosystems). The RT-PCR
reactions were prepared using the ABI Tagman EZ
RT-PCR kit (Applied Biosystems, CA) according to the
manufacturer's instruction. The primers for the
detection of HRV-C were as follows: forward primer,
5’-AAAGATTGGACAGGGTGTGAAGA-3; reverse
primer, 5’-GAAACACGGACACCCAAAGTAGT-3';
and probe-linked with FAM/MGB,
5’-CCGGCCCCTGAAT-3". The primers for the
detection HBoV were as follows: forward primer,
5'-CCTATATAAGCTGCTGCACTTCCTG-3’; and reverse
primer, 5'-AAGCCATAGTAGACTCACCACAAG-3'. The
RT-PCR conditions were as follows: (i) reverse
transcription at 60 °C for 30 min; (ii) denaturation for
2 min at 95 °C, and (iii) 40 cycles of PCR
amplification, with 30 s of denaturation (at 95 °C)
and 1 min of annealing and extension (at 60 °C).
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Enzyme-linked Inmunosorbent Assay (ELISA)

Tumor  necrosis factor alpha  (TNF-a),
interferon-inducible protein-10 (IP-10), Interleukin-6
(IL-6), and interleukin-8 (IL-8) levels were measured
using ELISA kits (R&D system, USA) according to the
manufacturer’s instructions. The intensity of the
color was measured with a TECAN Microplate
Reader at 450 nm. The levels of cytokines in samples
were calculated based on a standard curve and were
corrected for protein concentration.

Statistics

All statistical analyses were performed using
GraphPad Prism unless otherwise noted.

RESULTS

Differences in Morphological Features between 2D-
and 3D-cultured Cells

First, we investigated the optimum location of
cells and their number when seeding the Matrigel
layer. Cells were seeded on (Figure 1A), within
(Figure 1B), within and on (Figure 1C), and under
(Figure 1D) the Matrigel layer. After being cultured
for 7 days, we found that more cell microspheroids
grew within and on Matrigel (Figure 1C).
Comparatively, only a few microspheroids were
found when the cells were seeded under the
Matrigel layer (Figure 1D). We also found that
1 x 10%to 1 x 106cells/per Transwell insert (12-well
plate) were suitable for the formation of 3D
microspheroids at day 7. The number and size of 3D
cell microspheroids were ideal at a density of 1 x 10°
cells/insert and the diameter of the microspheroids
ranged from 100 to 200 um (Figure 1B).

A Medium B Medium

Cell microspheres Cell microspheres
Insert—— / Insert ——

E ) 3 3
Matrigel Matrigel £ -

Medium Medium

C
Cell microspheres Cell microspheres
Insert—— Insert——
EEEY RN
Matrigel ¥ 3 Matrigel

Figure 1. Schematic of the 3D cultured cells
grown on (A), within or in/on (B and C), and
under (D) the Matrigel layer.

The morphological features of the 2D and 3D
cultured HAE cells at day 7 were then investigated
using a phase-contrast microscope. Figure 2 shows
that 2D-grown cells were flat and spread as a
monolayer on the tissue culture dish (Figure 2A),
whereas 3D-grown cells cultured within the
Matrigel microenvironment formed microspheres
(Figure 2B).

Signature Proteins and Structure of Organotypic
Tissue Expresses in 3D-cultured Cells

The cytokeratin family of proteins forms the
intermediary filaments of keratin, which are present
in the cytoskeleton of all epithelial cells®, They
interact with desmosomes and hemidesmosomes,
thereby assisting cell-cell adhesion and barrier
functions®***. Monoclonal anti-pan-cytokeratin is a
broadly reactive reagent that recognizes epitopes
present in most human epithelial tissues.

In this experiment, we initially identified the
expression of pan-cytokeratin (PCK) in 3D-cultured
HAE cells, and the results showed that PCK was
expressed in 3D-cultured HAE cells; however,
2D-cultured HAE cells did not express this marker
(Figure 3A). Subsequently, we examined the
expression of CK5 and Z0O-1; the results also showed
that CK5 and ZO-1 were only expressed in
3D-cultured HAE cells, but not in 2D-cultured HAE
cells (Figure 3B-C). B-tubulin was expressed in
3D-cultured and 2D-cultured HAE cells (Figure 3D).
Finally, we identified the surface characteristics of
3D-cultured HAE cells using TEM, results showed
that cilium-like protuberances appeared in the
microspheroids of 3D-cultured HAE cells (Figure
4A), but not in 2D-cultured cells (Figure 4B).

Figure 2. Different morphological features
between 2D and 3D cultured cells. The
morphology of 2D and 3D cultured HAE cells

were captured under phase-contrast
microscope (A & B). 3D cultures form
microspheres (B), while 2D cells are flat and
spread as a monolayer (A).
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3D-cultured HAE Cells Are Suitable for HRV-C and
HBoV Propagation

As we observed some organoid features in
3D-cultured HAE cells (primary cell line), we sought
to investigate whether HRV-C could propagate in this
3D system. We incubated 3D and 2D culture with
HRV-C viruses for 2 h, and subsequently washed out
the remaining viruses that did not enter the cells.
Subsequently, cells and media were harvested at 6 h
and 1, 2,3,4,5, 6, 7,8, and 9 days post-inoculation.
We next sought to evaluate whether these
3D-cultured HAE cells could support HRV-C and
HBoV replication, after identifying the biological
characteristics of these cells. Results showed that
HRV-C RNA content in 3D cultures decreased 3 days
post-inoculation, as compared to that detected 6 h

A

DAPI CK5 Merge

post-inoculation; it then dramatically increased at
the 5" day reaching its peak level. At this time,
HRV-C RNA content began to decline. The level of
HRV-C released into the supernatant followed a
similar trend for HRV-C infection of 3D-cultured HAE
cells. However, viral RNA was not detected using
gRT-PCR in the 2D cell culture system (Figure 5A).
We also examined the infectivity of the tested
DNA virus (HBoV) in 2D- and 3D- cultured HAE cells.
HBoV DNA content decreased in 3D cultures from
6 h to 2 days post-inoculation, and then increased on
the 3™ day, compared to that at the 2™ day,
reaching its peak. The content of HBoV DNA declined
to undetectable levels by 5 days post-infection. We
could not detect the propagation of HBoV in the 2D
cell culture system by real-time RT-PCR (Figure 5B).

DAPI

2D

3D

Figure 3. Signature protein expressions of organotypic tissue in 3D cultured HAE cells. The 2D and 3D
cultured cells were immunostained with anti-cytokeratin 5 (A), anti-ZO-1 (B), anti-pan-cytokeratin (C)
and anti-B-tublin (D), and the nuclei were counterstained with DAPI. The representative confocal
images are shown (x10).

A

1um %9700

Figure 4. More cilium-like protuberances of human respiration tract appeared in 3D cultured cells. The
2D (A) and 3D (B) cultured HAE cells were made the thin section for TEM detection (x9700). Many ciliary
in 3D cultured HAE cells were observed (B). Arrows indicates the ciliary on cell.
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Cytokine were Inducd in HRV-C- and HBoV-

infected-3D Cultured HAE Cells

When cells are infected by viruses, they secrete
cytokines such as TNF-a, IP-10, IL-6, and IL-8 to
activate an immune response[lz'zsl. To further
confirm whether 3D cultures were infected by the
virus, cytokines in the media of 3D HAE cultures
were examined by ELISA at the indicated time points
after infection with HRV-C and HBoV.

Cytokine levels in the media significantly
increased in 3D-cultured HAE cells after infection with
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HRV-C (Figure 6) and HBoV (Figure 7), as compared
to levels in 2D-cultured cells. The cytokine increases
appeared as two peaks in 3D cultures after infection
with HRV-C. The first peak appeared in the early
stage after HRV-C infection (at 2 days post-infection),
whereas the second peak appeared at the 5™ (for
IL-8 and IP-10) or 6" (for TNF-a) day after infection,
which might represent the stage of HRV-C
amplification. However, the levels of cytokines in the
media 2D cultures only increased slightly at 6 h after
virus inoculation, and then decreased to background
levels.
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Figure 5. The viruses propagation in 2D and 3D cultures measured by gRT-PCR. (A) HAE cultures were
infected by HRV-C; (B) HAE cultures were infected by HBoV. Each data point represents the mean of

three independent experiments at least.
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Figure 6. Cytokine secretion measured in the 2D and 3D cultured HAE cells after infection with HRV-C.
TNF-a (A), IL-6 (B), IL-8 (C), and IP-10 (D) levels in the media of HAE cultures at the indicated day after
infection were measured by ELISA assay. Each data point represents the mean of three independent

experiments at least.
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DISCUSSION

Emerging data indicate a significant role for
HRV-C and HBoV in respiratory tract disease,
particularly in children®*>*. HRV-C and HBoV could
not propagate using the traditional cell culture
model; thus, studies on virus isolation, virus-host cell
interaction, and vaccine development for these
types of viruses are limited. In addition, the cellular
receptors for these viruses remain unknown®”.
HRV-C viruses are clearly rhinoviruses, but unlike
HRV-A and HRV-B, they do not readily propagate in
traditional cell culture systems, including WI-38,
WisL, BEAS-2B, A549, and Hela lines®®. Thus, we can
only construct infectious clone plasmids to generate
progeny virus in vitro.

Although HRV-C can propagate in HAE cells
cultured with the ALI technique[39'4°], the amount of
virus is not sufficient for extensive biological studies;
meanwhile, cells must be cultured for more than 15
days before virus inoculation. In this study, we
sought to develop a time-saving organoid culture
system comprising respiratory epithelial cells to
mimic the host microenvironment, and to propagate
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HRV-C and HBoV, which cannot propagate in
traditional 2D cell culture systems.

In  this study, we constructed a human
organotypic tissue model using HAE cells in vitro for
the propagation of HRV-C and HBoV. Cells were
cultured in Matrigel for 7 more days, and then the
3D microspheres were observed by light microscopy.
TEM and immunostaining assays indicated that 3D
cultures had the properties of organotypic tissue
(respiratory epithelium). They had more brush
borders with cilia and expressed the signature
protein of the respiratory tract, properties that are
not observed with 2D cells. Next, these 3D cultures
were inoculated with HRV-C and HBoV, both of
which cannot propagate in traditional 2D cells.
Fortunately, the viral titer increased and cytokines
were secreted in 3D cultures after infection, as
detected by gRT-PCR and ELISA, respectively. This
suggests that HRV-C and HBoV can propagate in our
3D cell culture system using Matrigel as a scaffold.

To determine the optimal conditions for virus
propagation, different cell densities and Matrigel
concentrations were tested. A primary cell density
of 10° cells/insert (12-well Transwell plate) and a ratio
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Figure 7. Cytokine secretion measured in the 2D and 3D cultured HAE cells after infection with HBoV.
TNF-a (A), IL-6 (B), IL-8 (C), and IP-10 (D) levels in the media of HAE cultures at the indicated day after
infection were measured by ELISA assay. Each data point represents the mean of three independent

experiments at least.
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of cell suspension/Matrigel of 1:(6-8) (v/v) were
optimal for viral replication (data not shown). We
cultured different cell lines (A549, BEAS-2B, MCF-7,
HNEPC, HAE, and HBEC-3KT) in Matrigel, and then
attempted to infect them with HRV-C and HBoV.
Finally, we identified two types of human normal
airway epithelial cells, HAE (primary cell line) and
BEAS-2B cell (immortal cell line), that were suitable
for 3D growth and for inoculation and isolation of
the viruses. It is likely that the other cell lines (A549,
MCF-7, HNEPC, and HBEC-3KT) no longer express the
receptor or specific structures (such as cilia) required
for respiratory virus invasion. The results of this
study showed that both HRV-C and HBoV can
propagate in 3D-cultured HAE cells (primary), but
not well in BEAS-2B (immortal) cultures. This might
be due to decreased differentiation ability and
absence of specific features of organotypic tissue in
the immortal cell lines, compared to those features
in primary cell lines.

The results of this study showed that HRV-C and
HBoV virus contents deceased at 2 or 3 days
post-inoculation, and subsequently increased for
several days. The period with diminished viral
detection is called the ‘eclipse period’. This is the
time following infection but before productive virus
growth, and it is often associated with a decrease in
the amount of viral DNA or RNA.

It has been observed that many infants generate
HRV-specific cytokine responses during HRV
infection, such as increased levels of TNF-a, IP-10,
IL-6, and IL-8“**%. The immune response to virus
includes the vigorous production of cytokines and
chemokines  including IL-8 and IL-613,
Cytokines/chemokines play a critical role in
regulating local inflammatory processes in the lung
and subsequent tissue damage. Concentrations of
these cytokines/chemokines secreted by respiratory
epithelial cells might correlate with disease
severity[46'47]. The results of this study showed that
two peaks of cytokine secretion occur in 3D cultures
after infection. We think that the inoculated virus
initially enters the cell, stimulating the secretion of

cytokines/chemokines, which results in the first peak.

The cytokines activate the cellular self-protection
mechanism, which results in the subsequent
decrease. Upon amplification of new virus, cells
secrete more cytokines/chemokines, resulting in the
appearance of the second peak. Cytokine secretion
by 3D-cultured HAE cells, after infection with HRV-C
or HBoV, indicates that 3D cells exhibit an activated
innate immune response against HRV-C and HBoV;

however, further studies are required to elucidate
the exact mechanisms of antiviral innate immunity
and virus replication.

In summary, our 3D culture system using
Matrigel as a scaffold in vitro is a simple, time-saving,
and low-cost system that does not need specialized
equipment, unlike 3D culture systems with rotating
instruments. The morphology and function of the
3D-cultured human cells are similar to those in
human tissues. Although the efficiency of
propagation of HRV-C or HBoV virus is very low and
culture conditions need to be optimized, the results
of this study suggest that this in vitro 3D culture
model is a good platform for the propagation of
viruses that are difficult to culture using traditional
monolayer cell and animal models.
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