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Human Astrocytic Cells Support Persistent Coxsackievirus B3
Infection
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Enteroviruses can frequently target the human central nervous system to induce a variety of neurological diseases. Although en-
teroviruses are highly cytolytic, emerging evidence has shown that these viruses can establish persistent infections both in vivo
and in vitro. Here, we investigated the susceptibility of three human brain cell lines, CCF-STTG1, T98G, and SK-N-SH, to infec-
tion with three enterovirus serotypes: coxsackievirus B3 (CVB3), enterovirus 71, and coxsackievirus A9. Persistent infection was
observed in CVB3-infected CCF-STTG1 cells, as evidenced by prolonged detection of infectious virions, viral RNA, and viral an-
tigens. Of note, infected CCF-STTG1 cells expressed the nonfunctional canonical viral receptors coxsackievirus-adenovirus re-
ceptor and decay-accelerating factor, while removal of cell surface chondroitin sulfate from CCF-STTG1 cells inhibited the repli-
cation of CVB3, suggesting that receptor usage was one of the major limiting factors in CVB3 persistence. In addition, CVB3
curtailed the induction of beta interferon in infected CCF-STTG1 cells, which likely contributed to the initiation of persistence.
Furthermore, proinflammatory chemokines and cytokines, such as vascular cell adhesion molecule 1, interleukin-8 (IL-8), and
IL-6, were upregulated in CVB3-infected CCF-STTG1 cells and human progenitor-derived astrocytes. Our data together demon-
strate the potential of CCF-STTG1 cells to be a novel cell model for studying CVB3-central nervous system interactions, provid-

ing the basis toward a better understanding of CVB3-induced chronic neuropathogenesis.

Enteroviruses (EVs) are small, nonenveloped, single-strand
positive RNA viruses which belong to the Enterovirus genus of
the Picornaviridae family. On the basis of the phylogenetic se-
quence analysis, the genus Enterovirus consists of 12 species (1, 2),
including the notable members poliovirus (PV), coxsackievirus
(CV), and enterovirus 71 (EV71). EV infections have a wide spec-
trum of clinical manifestations, ranging from mild febrile illness
to potentially fatal multisystem disorders. Numerous pieces of
clinical and epidemiologic evidence link EV infections to type 1
diabetes mellitus, myocarditis, and acute respiratory illness (3-5).
In addition, EVs are the most frequent etiological agents of central
nervous system (CNS) infections, which lead to aseptic meningitis
and encephalitis, predominantly in the very young (6, 7).

In general, EVs are highly cytolytic to their host cells, mainly
due to the rapid and pronounced shutdown of host transcrip-
tional and translational machinery, resulting in substantial inhi-
bition of host cell metabolism (8, 9). EV infections can also persist
long after the initial infection in vivo as well as in vitro. Emerging
evidence suggests that EV persistence is associated with a variety of
chronic diseases, such as myalgic encephalomyelitis/chronic fa-
tigue syndrome (10), dilated cardiomyopathy (11, 12), and post-
polio syndrome (PPS) (13, 14), in clinical settings. Although a
number of cell models of EV persistence, including human thymic
epithelial cells (15, 16), microvascular endothelial cells (17), myo-
cardial fibroblasts (18-20), glomerular and tubular kidney cells
(21), as well as murine cardiac cells (22), have been described, the
mechanisms responsible for EV persistence remain to be fully ad-
dressed. It has been proposed that selection of attenuated or rep-
lication-defective variants from viral quasispecies under host im-
munological pressure in vivo is likely to be the most pivotal factor.
For instance, CVB mutants with mutations due to 5’-terminal
deletions in the genome persist in host tissues, and RNAs of such
variants can be stably detected from human cases of myocarditis
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(9, 23). It has been observed that CVB RNA can persist for dozens
of months in skeletal muscle or the CNS through the formation of
a stable double-stranded RNA complex, rather than through ge-
netic alterations in the viral genome that generate replication-
defective forms (24, 25). Persistent EV infections occurring in
vitro seem to result from the coevolution of both host cells and
viruses. While induced cellular responses, such as mutational al-
terations of the receptors, can inhibit virus replication and spread
(26, 27), the emergence of viral variants with enhanced infectivity
counteracts the host responses described above, leading to the
establishment and maintenance of persistence (22, 28).

The relative inaccessibility of the CNS to the surveillance effec-
tors of the immune system makes it particularly vulnerable to
persistent virus infection (29). Indeed, various RNA and DNA
viruses of different virus families, such as measles virus (MV),
human immunodeficiency virus (HIV), and herpes simplex virus
(HSV) (30), can persist in the human CNS. Virological evidence
indicates that EVs may also persist in the human CNS. For instance,
the detection of persistent viral RNA in brain tissue or cerebrospinal
fluid implicates a close association of EVs with the late onset of neu-
rological deterioration, exemplified by the development of PPS and
amyotrophic lateral sclerosis (ALS) (14, 31, 32).

Despite the significance of EVs in human neurologic illnesses
(e.g., aseptic meningitis, meningoencephalitis, and encephalitis),
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much remains to be elucidated about their neurotropism to dif-
ferent CNS cell types and their potential capacity for long-lasting
infection establishment. In the present study, three established
human brain cell lines, CCF-STTG1, T98G, and SK-N-SH, which
retained numerous physiological properties (33, 34) were em-
ployed as in vitro models. It is disclosed herein that only CCF-
STTG1 human astrocytoma cells support a persistent and pro-
ductive coxsackievirus B3 (CVB3) infection, an outcome not
previously demonstrated for CVB3 infection in human brain cells.
Analysis of CCF-STTGI cells persistently infected with CVB3 re-
vealed that these cells (i) continued to release infectious virions up
to 60 days postinfection (p.i.), (ii) did not express the functional
canonical viral receptors coxsackievirus-adenovirus receptor
(CAR) and decay-accelerating factor (DAF), and (iii) continued
to secrete high levels of proinflammatory chemokines and cyto-
kines. Our findings demonstrate the potential of CCF-STTGI cells
to be a novel cell model for studying the CVB3-CNS interaction
and shed light on a new avenue for investigating CVB3-induced
chronic neuropathogenesis.

MATERIALS AND METHODS

Virus source, inoculation, and titer determination. CVB3 strain AH30
was isolated from a patient with encephalitis complications who was sus-
pected of having enterovirus infection during an outbreak of hand, foot,
and mouth disease (HFMD) in Anhui Province in central China. CVB3
strain AH30 was further purified by four sequential plaque purification
assays on Vero (an African green monkey kidney cell line; ATCC CCL-81)
cell monolayers and confirmed by immunofluorescence assay (IFA) with
anti-CVB3 monoclonal antibody (MAb). Human coxsackievirus A9
(CVA9) strain Griggs (provided courtesy of the Institute of Biomedical
Engineering, Chinese Academy of Medical Sciences, and Peking Union
Medical College), CVB3 strain Nancy (provided courtesy of Z. Q. Yang
from Wuhan University), and CVB3 strain AH30 were grown on 80 to
90% confluent monolayers of Vero cells. For EV71 propagation, rhabdo-
myosarcoma (RD; a human rhabdomyosarcoma cell line; ATCC CCL-
136) cell monolayers were infected with EV71 strain BrCr and EV71 strain
HN2 (provided courtesy of G. H. Chang from the Beijing Institute of
Microbiology and Epidemiology). Virus stocks were prepared as de-
scribed previously (35). Briefly, cell cultures displaying >90% cytopath-
icity were further disrupted by three sequential freeze-thaw cycles
between —80°C and 37°C. The cellular debris was removed by centrifu-
gation, and cell-free supernatants were filtrated through 0.22-pwm-pore-
size sterile membranes. Virus titers were determined as the 50% tissue
culture infectious dose (TCIDs,) in Vero cells using the Reed-Muench
formula.

Cell culture and NPC differentiation. Vero, SK-N-SH (a human neu-
roblastoma cell line; ATCC HTB-11), and T98G (a human glioblastoma
cellline; ATCC CRL-1690) cells were grown in minimal essential medium
(MEM). CCF-STTG1 (a human astrocytoma cell line; ATCC CRL-1718)
cells were cultured in RPMI 1640 medium. RD cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM)-MEM at a ratio of 1:1. All
media were supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U ml ™" penicillin, and 100 mg ml ™' streptomycin (Life
Technologies, NY). Human neural progenitor cells (NPCs) were obtained
from human fetal brain tissue and characterized as previously described
(36). For astrocyte differentiation, progenitor medium was replaced with
DMEM-F-12 medium supplemented with 10% FBS, gentamicin (50 g/
ml), and amphotericin B (1.5 pg/ml). Cultures showing >95% positivity
for glial fibrillary acidic protein (GFAP) after 21 days of differentiation
were used (37).

Virus infection. For virus infection experiments, cells (1 X 10°in 2 ml
medium) were seeded into 6-well plates and incubated overnight at 37°C.
Cells were washed once with phosphate-buffered saline (PBS) and in-
fected with enteroviruses at the multiplicity of infection (MOI) indicated
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below in serum-free medium. Inoculated cell cultures were incubated at
37°C for 1 h, before being washed twice with PBS and replenished with
complete medium. Mock infections were performed in parallel for each
cell line. Enterovirus infection was monitored daily by evaluating the de-
velopment of a cytopathic effect. At the indicated time points, culture
supernatants and cell monolayers were harvested for further analysis.

Establishment and maintenance of persistently infected cell cul-
tures. To establish CVB3 persistent infection in CCF-STTGI cells, cell
cultures were infected with CVB3 strain Nancy at an MOI of 1. The cul-
tures were maintained at 37°C and subcultured for 4 days p.i. The culture
medium was changed every 4 days if the cell density was not sufficient for
passage. Upon subculture, equal numbers of persistently infected cells and
mock-infected cells were seeded in cell culture plates for comparison anal-
yses. Cell culture samples were collected at the time points indicated below
for viable cell counting (trypan blue staining). Samples of supernatants
were harvested at various times for later determination of the TCID,, and
further analyses.

LDH assay. Virus-induced cytopathic effects were assessed as de-
scribed previously (38, 39). Briefly, the culture supernatants from cell
samples were analyzed for the release of the cytosolic enzyme lactate de-
hydrogenase (LDH), by using a commercial kit (cytotoxicity detection kit;
Roche, Mannheim, Germany) according to the manufacturer’s instruc-
tions. The cytotoxicity index was calculated as follows: [(LDH activity in
the medium of virus-infected cells — background LDH activity)/(LDH
activity in the medium of cells Iysed with 1% Triton X-100 — background
LDH activity)] X 100.

Cell viability assay. To determine the impact of CVB3 persistent in-
fection on CCF-STTGI cell viability, equal numbers of persistently in-
fected cells harvested at the time points p.i. indicated below and mock-
infected cells were seeded in 96-well plates. Cell viability was measured
using a Cell Counting Kit-8 (Beyotime, Nantong, China) according to the
manufacturer’s instructions. The relative viability of the infected cultures
was calculated as a percentage versus the viability of uninfected parallel
cultures.

Determination of growth characteristics of enteroviruses in human
brain-derived cell lines. Subconfluent monolayers of CCF-STTGI,
T98G, and SK-N-SH cells grown in 24-well plates were inoculated with
CVB3 Nancy, CVB3 AH30, EV71 BrCr, and CVA9 Griggs atan MOI of 1.
Following incubation at 37°C for 1 h, the inoculum was removed and cell
cultures were rinsed twice with PBS (pH 7.4) and subsequently incubated
in complete medium for the times indicated below. Culture supernatants
were then harvested and stored at —80°C. The infected CCF-STTGI cells
were scraped into the same volume of medium, and the preparation was
frozen and thawed three times to release the intracellular virus. The virus
titers in the culture supernatant (extracellular virus) and cell-associated
fraction (intracellular virus) were determined by TCID;, assay.

Immunofluorescence staining. To detect CVB3 antigen in acutely
infected cells, cell monolayers grown on glass slides were infected with
CVB3 Nancy or CVB3 AH30 at an MOI of 1 for 24 h. Cells were fixed in
4% paraformaldehyde—PBS for 15 min at room temperature (RT), per-
meabilized with 0.2% Triton X-100—PBS for 10 min, and blocked in PBS
with 3% bovine serum albumin (BSA) and 5% normal goat serum for 1 h
at RT. Cells were subsequently incubated with the specific mouse anti-
CVB3 MAb MAB948 (Chemicon International, CA) at RT for 45 min and
washed three times with PBS, followed by incubation with fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Thermo Fisher
Scientific Inc., IL) for 1 h at RT. After three washes with PBS, cell nuclei
were counterstained with Hoechst 33258. For IFA to detect both the as-
trocyte maker GFAP and CVB3 antigen, cells harvested at the time points
p.i. indicated below were seeded on glass slides. After 12 to 16 h, adherent
cells were fixed and blocked as described above. The primary antibodies
used were mouse anti-CVB3 MAb MAB948 and rabbit anti-GFAP poly-
clonal antibody (Boster, Wuhan, China). The slides were rinsed three
times with PBS and incubated for 1 h with the secondary antibodies FITC-
conjugated goat anti-mouse IgG and Texas Red-conjugated goat anti-
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TABLE 1 Oligonucleotides used in this study

Genome
Name Nucleotide sequence (5'—3")" position”
Pos-Fwd TAATACGACTCACTATAGGTCTGTTACC 173-192
CCGGACTGAGT
Pos-Rev GCTCTATTGGTCACCGGATG 653-634
Neg-Fwd TAATACGACTCACTATAGGGCTCTATT 653-634
GGTCACCGGATG
Neg-Rev TCTGTTACCCCGGACTGAGT 173-192
Tag-FP CGGTCATGGTGGCGAATAACAGACATG 407-427
GTGCGAAGAGTCT
Tag-RP CGGTCATGGTGGCGAATAAAGTAGTC 547-529
GGTTCCGCTGCA
RP AGTAGTCGGTTCCGCTGCA 547-529
Fp AGACATGGTGCGAAGAGTCT 407-427
Probe FAM_TAGTCCTCCGGCCCCTGAATGC-TAMRA 444-465
Tag CGGTCATGGTGGCGAATAA

“ The T7 promoter sequence is shown in boldface. The nonenterovirus Taq sequence is
indicated in italics. FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.
Y Relative to CVB3 strain Nancy.

rabbit IgG (Thermo Fisher Scientific Inc.). After washes, cell nuclei were
counterstained with Hoechst 33258. Cells were visualized under a
PerkinElmer UltraVIEW VoX live-cell imaging system (PerkinElmer,
CA), and data were obtained and processed using Volocity image analysis
software.

IC assay. An infectious center (IC) assay was used to determine the
percentage of cultured CCF-STTG1 cells releasing infectious CVB3 as
previously described (40). Briefly, single-cell suspensions were obtained
by trypsinization, followed by incubation with CVB3-neutralizing anti-
body MAB948 at a titer of 1:6,000 for 1 h at RT. After three washes with
PBS, 10° cells were seeded on HeLa cell monolayers. The cultures were
incubated for 1 h at 37°C and then overlaid with 0.6% agar in complete
medium. After 5 days, the monolayers were stained with 2% crystal violet
and virus plaques were counted.

Strand-specific quantitative real-time PCR. Primers and probe (Ta-
ble 1) were synthesized by Invitrogen (Shanghai, China). To generate
standard curves for strand-specific quantitative real-time PCR, CVB3-
positive and -negative RNAs were transcribed in vitro from PCR products
encompassing the CVB3 Nancy strain 5’ untranslated region (nucleotides
173 to 653). PCR products were synthesized from RNA extracted from a
CVB3 stock solution using an EZNA viral RNA kit (Omega Bio-Tek, Inc.,
GA). Primer pairs Pos-Fwd/Pos-Rev and Neg-Fwd/Neg-Rev were used to
obtain positive- and negative-strand amplicons, respectively, both of
which contained a T7 promoter sequence. Inn vitro transcription and RNA
isolation were performed using a MEGAscript kit (Life Technologies)
according to the manufacturer’s instructions. The concentration of RNA
was determined by use of a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific Inc.), and the copy number of the transcript was calcu-
lated as previously described (41). cDNA synthesis of both polarities was
performed with either the Tag-RP or Tag-FP primer endowed with a 5’
nonenterovirus Taq sequence to quantify the positive- or negative-strand
viral RNA copies. The cDNAs used in the generation of the standard curve
in the real-time PCR were stored at —20°C until use. Quantitative real-
time PCR was carried out with a combination of Tag and FP primers and
probe (for the positive strand) or Tag and RP primers and probe (for the
negative strand) on DNA Engine Opticon real-time systems (Bio-Rad
Laboratories, Inc., CA). Data acquisition and analysis were carried out
with Opticon Monitor Software, version 3.1. The viral RNA copy num-
bers were determined from the threshold cycle values relative to those in
standard curves and expressed as the number of viral copies per 1 g
cellular RNA.
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CVB3-neutralizing antibody-mediated curing of persistent infec-
tion. To determine whether CCF-STTG1 cells persistently infected with
CVB3 could be cured, cell cultures (60 days p.i.) were maintained in me-
dium containing either CVB3-neutralizing antibody MAB948 or normal
mouse IgG control antibody at a titer of 1:6,000. Antibody was supple-
mented in medium over a period of 20 days. The cultures were then
passaged in antibody-free medium. On the indicated days posttreatment,
both the culture supernatant and the cell lysate were tested for infectious
virus on Vero cell monolayers (24). Viral RNA was detected by a CVB3-
specific nested RT-PCR as described previously (25).

Flow cytometry. For CAR and DAF staining, cells were detached with
trypsin-EDTA, followed by filtration through a 70-pwm-pore-size cell
strainer (BD Biosciences, NJ) to remove cell aggregates. After two washes
with PBS containing 2% FBS, 10 cells were incubated with 0.5 g anti-
human DAF MAD (Biolegend, CA) or anti-CAR MAD clone RmcB (Mil-
lipore, MA) for 30 min at 4°C. Cells were subsequently washed twice with
PBS containing 2% FBS and exposed to 0.5 g of FITC goat anti-mouse
IgG (minimal cross-reactivity) antibody (Biolegend, CA) for 30 min at
4°Cin the dark. After two washes with PBS containing 2% FBS and 0.09%
Na azide, cells were incubated with 1 pg/ml propidium iodide (Sigma,
NY) for 10 min at 4°C to determine the proportion of living cells. Cells
were then subjected to flow cytometry using a FACSDiva flow cytometer
(Becton, Dickinson, NJ). A single cell population was identified by light
scatter properties (forward scatter area [FSC-A] versus side scatter area
[SSC-A]) on the P1 gate, followed by an FSC-A/propidium iodide area
(PI-A) combined plot as the P2 gate to exclude dead cells. The P3 gate for
FITC-A sorting was based on the fluorescence intensity of the isotype
control [purified mouse IgG1(k) isotype control antibody; Biolegend].

Antibody-mediated inhibition of CVB3 replication. To determine
the amount of antibodies for effective blocking to be used in the assay,
permissive HeLa cells in 96-well plates (7.5 X 10° cells/well) were prein-
cubated with anti-DAF or anti-CAR antibodies at concentrations ranging
from 0.78 to 50 pg/ml of 2-fold serial dilutions or with a combination of
both antibodies for 1 h at RT, followed by infection with CVB3 at an MOI
of 1. Antibody blockade of CVB3-mediated cell lysis was monitored as
previously described (42), and total inhibitory effects were observed with
the combination of anti-DAF and anti-CAR antibodies at a concentration
of 25 pg/ml. CCF-STTGI cells were seeded into 96-well plates and incu-
bated with anti-DAF antibody (25 jg/ml) or anti-CAR antibody (25 pg/
ml), followed by infection with CVB3 Nancy or CVB3 AH30 at an MOI of
1. The presence of antibodies in the cell culture medium was maintained
throughout the experiment thereafter. Viral titers were determined at the
times indicated below to measure the efficiency of CVB3 replication in
host cells.

Enzymatic removal of heparan sulfate (HS) and chondroitin sulfate
(CS) from the surface of CCF-STTG1 cells. Heparinase III (HSase; EC
4.2.2.8) and chondroitinase ABC (CSase; EC 4.2.2.4) (Sigma) were solu-
bilized in resuspension buffer containing 20 mM Tris (pH 7.5), 50 mM
NaCl, 4 mM CacCl,, and 0.01% bovine serum albumin (BSA). CCF-
STTGI cells were seeded in 96-well plates at 7.5 X 103 cells/well overnight,
washed once with digestion buffer (20 mM HEPES, pH 7.5, 150 mM
NaCl, 4 mM CaCl,, 0.1% BSA), and treated with heparinase III and chon-
droitinase ABC as previously described (43). Cells were then washed and
inoculated with CVB3 at an MOI of 0.1 for 60 min in 50 pl of Opti-MEM
I medium at 37°C in 5% CO,. The viral inoculum was then washed off,
and the cells were incubated for the times indicated below. Thereafter, the
presence of enzymes in the cell culture medium was maintained through-
out the experiment. Viral titers at the times indicated below were deter-
mined to measure the efficiency of CVB3 replication in host cells.

CVB3 RNA transfection. The DNA template for T7 RNA transcrip-
tion was amplified by PCR using the full-length CVB3 cDNA as the tem-
plate. The T7 promoter sequence and a poly(A) tail (44, 45) were added to
the 5" and 3" ends of the DNA segment, respectively. In vitro transcription
was carried out to generate viral genomic RNA using a MEGAscript kit.
After lithium chloride (LiCl) precipitation, the RNA was quantified by
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FIG 1 Effects of enterovirus acute infection on human brain-derived cell lines. (A) Effects of enteroviruses on cell morphology. CCF-STTGI, T98G, and
SK-N-SH cells were infected with CVB3, EV71, and CVA9 at an MOI of 5 for 48 h. Photographs were taken under a phase-contrast microscope. The results of
one representative experiment out of three are shown. Magnification, X100. (B) Enterovirus infection-induced cytotoxicity. Cell lines were inoculated with
enteroviruses at an MOI of 0.2 or 20 for the indicated times, and the culture supernatants were assayed for the release of the cytosolic enzyme LDH to measure
cytotoxicity. The results are presented as the means * standard deviations of triplicate measurements.

spectrophotometry and stored at —80°C until use. CCF-STTGI cells were
transfected with viral genomic RNA using Lipofectin and Opti-MEM 1
(Life Technologies), as previously described (46). The presence of CVB3
in these cells and the corresponding supernatants was determined at the
time points indicated below.

IFN-B or poly(I-C) treatment. CCF-STTGI cells (7.5 X 10° cells/well)
were seeded into 96-well plates, followed by inoculation with CVB3
Nancy or CVB3 AH30 at an MOI of 1 for 6 h. Then, the cells were cultured
with recombinant human beta interferon (IFN-(3; 2,000 IU/ml; Millipore)
or poly(I-C) (500 ng/ml; InvivoGen, CA) for an additional 36 h. Unin-
fected and CVB3-infected cells were set as negative and positive controls,
respectively. Cells incubated with IFN-B or poly(I-C) alone were used to
measure the direct cytotoxicity of each treatment. Titers of virus released
with each treatment were determined at the time points indicated below,
as described above. To investigate the long-term impact of IFN-$ on
CVB3 persistence, CCF-STTGL cell cultures (60 days p.i.) were main-
tained in medium containing 20, 200, or 2,000 IU/ml of IFN- at the times
indicated below. Supernatants were collected, and virus production was
titrated by the TCIDs, assay.

ELISAs. The concentrations of IFN-[3, vascular cell adhesion molecule
1 (VCAM-1), interleukin-6 (IL-6), IL-8, and monocyte chemotactic pro-
tein 1 (MCP-1) in the supernatants of virus-infected cells were measured
using commercialized enzyme-linked immunosorbent assay (ELISA) kits
(PBL Biomedical Laboratories, NJ, or Boster). Briefly, cells were infected
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with CVB3, EV71, or CVA9 as described above. IFN-B production in
poly(I-C)-treated cells was measured as a positive control. The specificity
of virus-induced chemokine or cytokine release was ascertained using a
mock heat-inactivated virus suspension. For kinetic assays, supernatant
samples of the cell culture were collected at the time points indicated
below and processed as recommended by the manufacturer. The absor-
bance at 450 nm was recorded for each well. The target protein levels were
determined by plotting the optical densities (ODs) using a 4-parameter fit
for the standard curve (Gen5 data analysis software; BioTek).

Nucleotide sequence accession number. The nucleotide acid se-
quence of CVB3 AH30 was deposited in the GenBank database (accession
number KC481610).

RESULTS

Susceptibility of human brain-derived cell lines to enterovirus
infection. To investigate the susceptibility of human brain-de-
rived cell lines to enteroviruses in vitro, SK-N-SH, CCF-STTG1,
and T98G cells were infected with CVB3, EV71, and CVA9. At an
MOI of 5, visible cytopathic effects, such as cell rounding and
detachment, were observed at 48 h p.i. in all three cell lines in-
fected with EV71 or CVA9. As for CVB3 infection, typical cyto-
pathic effects were observed for SK-N-SH and T98G cells as early
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FIG 2 Replication kinetics of enteroviruses in human brain-derived cell lines. Subconfluent monolayers of CCE-STTG1, T98G, and SK-N-SH cells were infected
with enteroviruses at an MOI of 1 in 24-well plates. At various times after infection, the virus titers in the culture supernatant (extracellular virus) for all three cell
lines tested and the cell-associated fraction (intracellular virus) for CCF-STTGL cells were determined by the TCID,, assay. The results are presented as the

means * standard deviations obtained from three independent experiments.

as 48 h p.i., but little, if any, cytopathicity was observed for CCF-
STTGI cells up to 7 days p.i. (Fig. 1A).

To quantify the cell damage induced by enterovirus infection,
culture supernatants were analyzed for the release of the cytosolic
enzyme LDH to measure cytotoxicity. As shown in Fig. 1B, EV71
or CVA9 infection led to a significant increase in cytotoxicity in all
three cell lines. CVB3 infection also remarkably induced cell dam-
age in SK-N-SH or T98G cells but did not trigger significant cyto-
toxicity in CCF-STTG1 cell monolayers. In addition, two CVB3
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strains of different origins showed almost identical results, indi-
cating that the impact of CVB3 infection on CCF-STTGI cells was
not strain specific.

We next sought to determine the kinetics of enterovirus repli-
cation in the three cell lines described above. All three enterovi-
ruses tested replicated efficiently in CCF-STTGL1 (Fig. 2A), T98G
(Fig. 2B), and SK-N-SH (Fig. 2D) cells, as indicated by a rapid
increase of virus titers at early stages of infection. The highest titers
were detected after 24 to 48 h p.i., followed by the plateau effect,

Mock
Hoechst 33258

Phase Anti-CVB3

FIG 3 Detection of CVB3 antigens by IFA in human brain-derived cell lines. Cells were infected with CVB3 Nancy or CVB3 AH30 at an MOI of 1 for 24 h. CVB3
antigen (green) was detected by IFA using the specific mouse anti-CVB3 MAb MAB948, followed by FITC-conjugated goat anti-mouse secondary antibody.
Nuclei were counterstained with Hoechst 33258 (blue). Magnification, X 100. The results of one representative experiment out of three are shown.
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with a slow decrease for the remainder of the infection. Despite the
quite different susceptibilities of CCE-STTG1 cells to EV71 and
CVB3 (see above), the infectious virus production kinetics of both
extracellular (Fig. 2A) and intracellular (Fig. 2C) CVB3 was not
markedly different from that of EV71, and virus titers at various
times were of approximately the same order of magnitude. In
addition, the ratios of maximum intracellular to extracellular vi-
rus for CCF-STTGI cells were approximately the same for the
three enteroviruses tested (data not shown), suggesting that virion
synthesis and liberation were not defective for CVB3 in CCF-
STTGI cells. However, compared with SK-N-SH and T98G cells, a
relatively lower level of increase in virus abundance was detected
CCE-STTGI cell cultures. This suggests that CVB3 exhibited a
host cell-specific, lower replication rate in CCF-STTG1 cells than
SK-N-SH and T98G cells. Moreover, as indicated in Fig. 3, only a
small proportion of CCF-STTGL cells (about 5%) was found to be
viral antigen positive at 24 h postinoculation by IFA. On the con-
trary, both SK-N-SH and T98G cells were infected at a higher rate
with the same MOI of 1 (Fig. 3), and this high rate of infection
presumably contributes to high yields of infectious virus progeny
and predisposition to acute cytocidal effects. Taken together, these
data demonstrate that CCF-STTG1 human astrocytoma cells sup-
port CVB3 replication but do not display significant cytolytic
changes usually associated with enterovirus infection in vitro.

Persistent CVB3 infection of CCF-STTG] cells. After confir-
mation of productive and noncytopathic CVB3 infection in
CCF-STTGI cells, we focused our investigation on determining
whether CVB3 could establish a long-standing persistent infection
in this cell line. CCF-STTG1 cells were infected with CVB3 Nancy
at an MOI of 1, and cell morphology was monitored daily for 60
days under an inverted microscope. CCF-STTG1 cells kept grow-
ing as compact and adherent monolayers for up to 60 days p.i.
with no significant cytopathic effect (data not shown). The viabil-
ities of CVB3-infected CCF-STTGI cells presented at steady-state
levels ranging from approximately 81% to 97% over all time
points p.i., comparable to those of the corresponding mock-in-
fected controls (Fig. 4A). These data indicate that the vast majority
of CVB3-infected CCF-STTGI cells escape from cell lysis and re-
main intact and viable up to 60 days p.i.

Next, the copy numbers of both positive- and negative-strand
viral RNA present during acute and persistent infection phases
were determined using strand-specific quantitative real-time
PCR. The assay sensitivity ranged from 107 to 10° copies. Using the
standard curves, the viral copy number/pg of cellular RNA was
calculated for each sample. Overall, the kinetic profiles of positive-
and negative-strand viral RNA proved to be similar. As shown in
Fig. 4B, the largest amounts of both polarities were observed at day
2 p.i., with 5.57 X 10° + 0.55 X 10°and 1.76 X 10° + 0.13 X10°

Persistent CVB3 Infection of Human Astrocytic Cells

copies per g cellular RNA detected, respectively. Thereafter, the
copy numbers of both strands gradually decreased over the fol-
lowing four time points, and by day 60 p.i. the levels of positive-
and negative-strand RNA were approximately 3- and 8-fold lower,
respectively, than they were at day 2 p.i. Restricted replication of
CVB3 RNA is likely to be a hallmark of establishing long-standing
infection, and perturbation of virus RNA synthesis probably con-
tributes to the conversion of CVB3 infection from acute to persis-
tent in CCF-STTG1 cells.

CVB3-infected CCF-STTG1 cells were costained with antibod-
ies against CVB3 and the astrocyte-specific marker GFAP at vari-
ous days p.i. Both green signals (indicating the presence of CVB3
antigen) and red signals (indicating the presence of GFAP) were
recognized in the cytoplasm, confirming that persistent CVB3 in-
fection did not alter the astrocyte lineage of CCF-STTG1 cells (Fig.
4C). In addition to the long-term presence of CVB3 antigen and
viral RNA, infectious particles were also detected in CVB3-in-
fected CCF-STTG1 cells, as determined by titration on Vero cells
after establishing virus persistence (Fig. 4D). The highest virus
titer (10°° TCIDsos/ml) was found at day 1 p.i., and virus produc-
tion decreased thereafter but remained at relatively constant levels
with moderate fluctuations up to 60 days p.i., suggesting that
CVB3 persistently replicated in CCF-STTG1 cells. As shown in
Fig. 4E, the proportions of CVB3 antigen-positive CCF-STTG1
cells were quite stable: about 5% at day 1 p.i. in the acute phase of
infection and 1% to 3% further in the persistent phase thereafter.
Similar results were obtained by the infectious center (IC) assay.
About 6% of CCF-STTGI1 cells scored positive at day 1 p.i., and the
percentage of virus-producing cells remained at a level of about
3% in the persistent phase. Taken together, these data indicate that
CVB3 can readily establish persistent infection in CCF-STTG1
cells.

To evaluate whether persistently infected CCF-STTG1 cells
could be cured, anti-CVB3 neutralizing antibody was added to
cultures at the beginning of 60 days p.i. By the time that the cells
were cultured for 8 days, the cell-free supernatant and cell lysate
were negative for both infectious virus and viral RNA. Continued
culturing in the presence of anti-CVB3 antibody resulted in the
cure of viral persistence (Table 2). We did not detect virus or viral
RNA after completion of antibody treatment (data not shown).

CAR and DAF are not involved in CVB3 infection of CCF-
STTGI cells. The restricted expression of virus receptor on the cell
surface has been shown to be an important cellular determinant of
viral persistence in cultured cells (22, 47). Therefore, we intended
to explore whether persistent infection of CVB3 in CCF-STTG1
cells was due to a low abundance of the CVB3 receptors CAR and
DAF. The expression levels of CAR and DAF in six cell lines, CCF-
STTG1, T98G, SK-N-SH, HeLa, A549, and 293T, were measured

FIG 4 Human astrocytoma cell line CCE-STTGI supports persistent CVB3 infection. (A) Impact of CVB3 persistent infection on viability of CCF-STTG1 cells.
Equal numbers of cells persistently infected for the indicated times p.i. and mock-infected cells were seeded in 96-well plates. Relative cell viability was measured
with a Cell Counting Kit-8 using the corresponding uninfected cells (mock) as controls (for which viability was set equal to 100%). The results are presented as
the means * standard deviations of triplicate measurements. (B) Persistence of both positive- and negative-strand CVB3 RNA in CCF-STTGI cells. The levels
of viral RNA replication dynamics of both positive and negative polarity were determined in persistently infected CCF-STTGI cells by strand-specific real-time
PCR. The results are presented as the means * standard deviations of triplicate measurements. (C) Detection of viral antigen (green) and GFAP (red) in
CCF-STTGI cells persistently infected with CVB3 by IFA. Cell nuclei (blue) were counterstained with Hoechst 33258. Bars, 10 wm. The results of one
representative experiment out of three are shown. (D) CCF-STTGI cells persistently infected with CVB3 showed continuous detectable levels of infectious virus
progeny ranging from 10*® to 10°° TCID,,s/ml. Means and standard deviations of three independent experiments are shown. (E) The percentage of CVB3-
infected CCF-STTGI cells was determined by both IFA and IC assay at the indicated times p.i. The results are presented as the means * standard deviations of

triplicate measurements.
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TABLE 2 CCF-STTGTI cells are cured of persistent infection following by flow cytometry analysis. Overall, CCF-STTG1, T98G, and SK-
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FIG 5 CAR and DAF are not involved in CVB3 infection of CCF-STTGI cells. (A) CAR and DAF expression in various cell lines. The levels of expression of CAR
and DAF on the cell surface were analyzed using flow cytometry. (Left) Fluorescence with isotype antibody as a control; (middle and right) expression of CAR and
DAF, respectively. Representative histograms are shown. (B) CVB3 replication in CCF-STTGI cells in the presence of anti-CAR or anti-DAF antibodies.
CCF-STTGI and HeLa cells were incubated with anti-CAR antibody or anti-DAF antibody, or with both, followed by inoculation with CVB3. Virus titers in
culture supernatants were determined at the indicated times p.i. The means of three independent experiments are shown, and error bars represent the standard
deviations. ND, not detectable. (C) Inhibition of CVB3 replication in CCF-STTGL cells by treatment with CSase. CCF-STTGI cells were treated with chon-
droitinase ABC or with heparinase III, or with both, prior to inoculation of CVB3, EV71, or CVA9. Virus titers were measured as described for panel B. Bars
represent the means * the standard deviations of three independent experiments. Asterisks, significant differences between groups (P < 0.01, determined by
Student’s t test).
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treated with anti-CAR or anti-DAF antibodies alone or in combi-
nation. However, the replication of CVB3 was completely blocked
with the combination of both antibodies or was significantly re-
duced with the presence of each antibody in HeLa cells (Fig. 5B).
These results indicate that CVB3 infection of CCF-STTGL cells is
mediated by interactions between the virus and cell surface mol-
ecules other than CAR and DAF.

To investigate the possible role of cell surface glycosaminogly-
cans (GAGs) in CVB3 infection of CCF-STTGI1 cells, HS and CS
was enzymatically cleaved with heparinase (HSase) and chon-
droitinase (CSase), respectively. HSase treatment induced a less
than 2-fold reduction in virus titers over all time points of infec-
tion, whereas CSase treatment or combination HSase and CSase
treatment caused a sharp decrease in virus titers by 15- to 20-fold
at 24 h p.i. However, neither CSase nor HSase significantly inhib-
ited or enhanced EV71 and CVA9 replication in CCF-STTG1 cells
(Fig. 5C) or CVB3 infection in HeLa cells (data not shown). These
results implicate that CS is important for CVB3 infection of CCF-
STTGI cells and that alternative receptor usage probably confers a
low rate of infection for CVB3, which is one of the limiting factors
for establishing virus persistence.

Transfection of CVB3 genomic RNA results in significant cell
death in CCF-STTG1 cell monolayers. To test the hypothesis that
abated entry of CVB3 in CCF-STTGI cells was a critical element
for regulating persistence, we examined the impact of virus infec-
tion on cells by direct genomic RNA transfection, bypassing the
surface receptor-mediated restriction. Following transfection of
CCE-STTGI cells, high percentages of cells (40%) were found to
be CVB3 antigen positive by IFA, and an extensive cytopathic
effect was observed in the cultures on day 1 (Fig. 6A). Significant
levels of virus replication were also evident, with infectious virus
detected in the culture medium as early as 6 h after transfection,
and then the levels increased, reaching a maximum of 107
TCID5,s/ml by 24 h posttransfection. In contrast, the infectivity of
synthetic RNA was lost upon treatment with RNase, and no infec-
tious virus progeny could be identified at any time point (Fig. 6B).

Next, we determined whether the virus progeny produced by
RNA transfection could induce a significant cytopathic effect in
naive CCF-STTG1 cells. Though maximal yields of about 10°
TCID5,s/ml of infectious particles were detected in the superna-
tant, no significant cytopathic effect was observed within 7 days
p.i. Of note, about 5% of cells were found to be viral antigen
positive (data not shown). Taken together, these data implicate
that the initiation of CVB3 persistence is somewhat dependent on
the inherent early blockage of virus entry by naive CCF-STTG1
cells.

CVB3 infection blunts IFN-f3 release in CCF-STTGI1 cells.
Production of innate antiviral mediators by host cells may con-
tribute to the initiation of CVB persistence (48). To investigate the
possible role of IFN in persistent CVB3 infection of CCF-STTG1
cells, the expression kinetics of IFN-3 was determined by ELISA.
Superinduction with the double-stranded RNA mimic poly(I-C)
demonstrated that both CCF-STTG1 and T98G cells were capable
of expressing IFN-. Both EV71 and CVA9 infections effectively
induced IEN-B protein production in CCF-STTGI cells. How-
ever, little or no IFN-@ induction was observed in culture super-
natants of CVB3-infected CCF-STTGI cells either early after in-
fection or during CVB3 persistence (Fig. 7A). In contrast, almost
equal efficiencies of IFN- induction were observed in CVB3-
infected T98G cells and EV71- or CVA9-infected control cells,
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FIG 6 Cell morphology change, viral antigen detection, and virus yield fol-
lowing RNA transfection. (A) CCF-STTGI cells were transfected with CVB3
genomic RNA or RNA upon treatment with RNase. An extensive cytopathic
effect was observed in the cultures on day 1 following RNA transfection, and
high percentages of cells (40%) were shown to be CVB3 antigen positive
(green) by IFA. Nuclei were counterstained with Hoechst 33258 (blue). Mag-
nification, X 100. The results of one representative experiment out of three are
shown. (B) At the indicated times posttransfection, samples of supernatant
were harvested and virus titers were determined. The means and standard
deviations of three independent experiments are shown.

suggesting that the CVB3-induced blunted expression of
IEN-B in CCF-STTG1 cells is likely to be a cell type-specific
response (Fig. 7B).

To get a glance into the role of CVB3-induced attenuation of
IFN- release in persistent infection, CCF-STTG1 cells inoculated
with CVB3 Nancy or CVB3 AH30 were cocultured with IFN-{ or
poly(I-C). Similar to the observations described above, CVB3 in-
oculation alone induced no obvious alteration in cell morphology
(Fig. 7Cd) compared to that for the mock-infected control (Fig.
7Ca). Treatment of CCF-STTGI cells with IFN-{3 (Fig. 7Cb) or
poly(I-C) (Fig. 7Cc) alone elicited a modest impact on cell mor-
phology, causing sporadic cell death. However, CVB3 inoculation
plus treatment with IFN- (Fig. 7Ce) or poly(I-C) (Fig. 7Cf) aug-
mented the effect of cell death, with cells exhibiting signs of clus-
tered cell shrinkage and detachment. To extend our analysis, virus
titers were measured in CVB3-infected and IFN-B- or poly(I-C)-
treated CCF-STTGI cells at acute phase. As shown in Fig. 7D,
application of IFN-B or poly(I-C) to the CVB3-infected cell cul-
ture resulted in a substantial reduction in the production of infec-
tious virus progeny. The long-term effect of exogenous IFN-f3
treatment on CCF-STTGI cell cultures persistently infected with
CVB3 (60 days p.i.) was determined (Fig. 7E). Compared to un-
treated control CVB3-infected carrier cells, a consistently dose-
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FIG 7 CVB3 curtails host IFN- induction in CCF-STTGI cells. CCE-STTG1 (A) and T98G (B) cells were infected with CVB3, EV71, or CVA9 for the indicated
times. The expression kinetics of IFN-f in cell culture supernatants were measured by ELISA. IFN-B production in poly(I-C)-treated cells was measured as a
positive control. (C) Exogenous addition of IFN-$ or poly(I-C) induces cytopathicity in CCE-STTGI cells acutely infected with CVB3. CCF-STTGI cells
inoculated with CVB3 Nancy or CVB3 AH30 for 6 h were cultured with IFN-3 (e) or poly(I-C) (f) for an additional 36 h. Uninfected (a) and CVB3-infected (d)
cells were set as negative and positive controls, respectively. Cells incubated with only IEN-B (b) or poly(I-C) (c) were used to measure the direct cytotoxicity of
each treatment. Photographs were taken under a phase-contrast microscope. Magnification, X 100. The results of one representative experiment out of three are
shown. (D) Effect of IFN-f or poly(I-C) treatment on virus yields of CCF-STTGI cells acutely infected with CVB3. CVB3-infected cells were treated with IFN-3
or poly(I-C), and 24 or 36 h later, samples of medium were retrieved and viral production was determined by the TCID,, assay. Asterisks, significant differences
between groups (P < 0.01, determined by Student’s t test). (E) CVB3 titers in persistently infected CCF-STTG1 cells treated with recombinant human IFN-f3.

Bars represent the means * standard deviations of three independent experiments. ND, not detectable.

dependent reduction of virus titers in culture supernatants was
observed with treatment with IFN-3. Moreover, the 2,000-1U/ml
IFN-f regimen was able to eliminate infectious virus as early as 8
days posttreatment, and cell lysates were negative for viral RNA
thereafter (data not shown). The observations presented above
demonstrate that curtailing of IFN-f release by CVB3 contributes
to both the initiation and maintenance of persistent infection in
CCF-STTGI cells.

Persistent CVB3 infection modulates secretion of proin-
flammatory chemokines and cytokines in CCF-STTGI cells. The
levels of VCAM-1, IL-6, IL-8, and MCP-1 in the supernatants of
virus-infected cell cultures were measured in this study to eluci-
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date their potential roles as mediators of cytotoxic effects, main-
tenance of infection, and disease progression. CCF-STTG1 cells
were infected with CVB3, EV71, or CVA9 for various times at an
MOI of 1. The release kinetics of VCAM-1, IL-6, IL-8, and MCP-1
(Fig. 8A to D) in cell culture supernatants were measured by
ELISA. CVB3 infection induced an increased production of
VCAM-1, IL-6, and IL-8 up to 72 h p.i., as did lytic infection with
EV71 or CVAO9. Prolonged high levels of VCAM-1, IL-6, and IL-8
proteins were also detected in culture supernatants of CCE-
STTGI cells persistently infected with CVB3 up to 60 days p.i.
Moreover, a modestly increased level of MCP-1 relative to that in
mock-infected cultures was detected in CVB3-infected CCEF-
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FIG 8 Chronic production of chemokines and cytokines in CCF-STTGI cells persistently infected with CVB3. CCF-STTGI1 cells were infected with CVB3, EV71,
or CVA9 at an MOI of 1 for the indicated times. The release kinetics of VCAM-1 (A), IL-6 (B), IL-8 (C), and MCP-1 (D) in cell culture supernatants were
measured by ELISA. Bars represent the means = standard deviations of three independent experiments.

STTG1 cells at 36 h p.i., and thereafter, the production of MCP-1
decreased progressively.

CVB3 infection induces secretion of chemokine and cyto-
kine proteins in human progenitor-derived astrocytes. Further
experiments were conducted using human progenitor-derived as-
trocytes (HPDAs) as a model to examine whether CVB3 infects
primary astrocytes and induces chemokine and cytokine expres-
sion. By 21 days after serum induction, astrocytic differentiation
of progenitors resulted in staining for the astrocytic marker GFAP
by more than 95% of the astrocytes, which showed a large, flat-
tened, and pleomorphic morphology (Fig. 9A), as described pre-
viously (37, 49). The ability of CVB3 to infect HPDAs was assayed
at an MOI of 0.01, and susceptibility was demonstrated by viral
antigen expression. By 24 h after exposure to CVB3, approxi-
mately 30% of HPDAs showed signs of infection, indicating high
CVB3 susceptibility. Anti-CVB3 antigen reactivity was clearly lo-
calized in the cytoplasm of cells which were intensely stained for
GFAP, indicating that the infected cells retained their astrocytic
phenotype (Fig. 9B). The kinetics of CVB3 replication in HPDAs
is illustrated in Fig. 9C. HPDAs infected with CVB3 showed an
increase in infectious progeny virus, with a peak in virus titer of
107 TCIDs,s/ml at day 2 p.i. and then with a plateau at between
approximately 10”* and 107 TCID5,s/ml for the remaining ob-
servation period (day 4). To test whether CVB3 infection would
lead to the synthesis and secretion of proinflammatory chemo-
kines and cytokines, HPDAs were infected with CVB3 and secre-
tion of VCAM-1, IL-6, and IL-8 was detected at various times p.i.
using ELISA. As indicated in Fig. 9D to F, all three proteins tested
were efficiently synthesized and secreted into the culture superna-
tants of CVB3-infected HPDAs, compared with the findings for
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mock-infected cultures. The pattern of induction was virtually
identical to that seen in CVB3-infected CCF-STTGL cells, rein-
forcing the potential role of CVB3 infection in modulating neu-
roinflammatory responses.

DISCUSSION

Neurologic illnesses, including those occurring in the context of
HFMD outbreaks, predominate among the clinical manifesta-
tions of EV71 and CVA9 infections (50). In addition, CVB3-asso-
ciated aseptic meningitis has also become an emerging concern of
public health in recent years (51). Using in vitro cell culture sys-
tems, we investigated the potential tropisms of CVB3, EV71, and
CVA9 in human brain-derived cell lines of three different origins.
Our results demonstrated that SK-N-SH, CCF-STTG1, and T98G
cells were permissive to infection by CVB3, CVA9, and EV71,
indicating the broad host range of these three enteroviruses. How-
ever, these viruses showed distinct efficiencies of replication which
correlated with the severity of cytopathicity, virus one-step growth
curves, and their impacts on cellular viability.

To date, limited data are available concerning the susceptibility
of human CNS cell lines to CVA9 infection. Our results showed
that, compared to CVB3 and EV71, CVA9 replicated more aggres-
sively and quickly in all three tested cell lines. In addition, CVA9
infection was the most destructive to infected cells. Although they
produced lower levels of infectious virus progeny than CVA9,
EV71 strains BrCr and HN2 (data not shown) were also capable of
inducing acute cytopathic effects in all three brain-derived cell
lines, which was consistent with the findings of previous studies
(52, 53). Infection of T98G or SK-N-SH cells by CVB3 was pro-
ductive and cytopathic, suggesting the fully permissive nature of

jviasm.org 12417


http://jvi.asm.org

Zhang et al.

Anti-GFAP

Hoechst 33258

Phase

Hoechst 33258 Anti-CVB3 Anti-GFAP Merge

8 D 1600 -

| =]
1200
1000 -
800
600
400

w
1
VCAM-1 (pg/mL

200 A

3 T T T T T T T 1 0 _l[’—l

[ 12 24 36 48 60 72 84 96 24 48 72
Hours post infection Hours post infection

Virus titer(logTCID50/mL)

“

800 -
-~ ~ 600
- ol |
E 400 - E
2 300 | 2 400 -
© -
2 200 A ?
= = 200 4
100
0 |’_-_| T T 1] ID r T
24 48 72 24 48 72

Hours post infection Hours post infection

FIG 9 Induction of chemokines and cytokines in CVB3-infected human progenitor-derived astrocytes. (A) Human neural progenitor cells differentiated into
astrocytes and immunostained with antibodies against GFAP (red), with nuclei stained with Hoechst 33258 (blue). Magnification, X100. The results of one
representative experiment out of three are shown. (B) Detection of CVB3 antigen in HPDAs by double IFA for CVB3 antigen (green) and GFAP (red) on HPDAs
at 24 h p.i. with CVB3. Nuclei were counterstained with Hoechst 33258 (blue). Bars, 20 pwm. (C) Production of infectious CVB3 by HPDAs. HPDAs were infected
with CVB3 atan MOI 0f 0.01, and the production of infectious virus particles was tested by the TCID5, assay at the indicated times p.i. Bars represent the means =
standard deviations of three independent experiments. (D to F) Expression of chemokine and cytokine proteins by CVB3-infected HPDAs. HPDAs were infected
with CVB3 atan MOI 0f 0.01, and supernatants were collected and analyzed for the expression of VCAM-1, IL-6, and IL-8 by ELISA. Bars represent the means *+
the standard deviations of three independent experiments.

these two cell lines during acute cytolytic virus infection. These
observations support the notion that common EV infections are
able to trigger direct cell death and the loss of function within the
CNS (54-56). In contrast, cells of the human astrocytoma cell line
CCF-STTGLI seem to be refractory to CVB3-induced cell death,
though they support productive virus replication. Thus, a clear
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difference in the susceptibility of CCF-STTGI cells to different
EVs exists, and this difference is presumably due to the distinct
patterns of virus-host interactions.

Our study established an in vitro cell model for persistent pro-
ductive CVB3 infection in CCF-STTG1 cells. The prolonged pres-
ence of positive- and negative-strand viral RNA in cultures, as well
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as the detection of both infectious particles and CVB3 antigens,
collectively demonstrates that continuous virus replication occurs
in persistently infected cell cultures. During the course of persis-
tent infection, only a small proportion of cells scored positive.
Furthermore, CCF-STTGI cell cultures persistently infected with
CVB3 could be readily cured by the addition of virus-specific an-
tibodies. Thus, our model of persistent CVB3 infection in CCF-
STTGI cells was probably established through the mechanism of a
carrier-state culture involving CVB3 replication among a minor-
ity of cells at any given time, in line with previous reports of CVB3
persistence in human vascular endothelial cells (57), a lymphoid
cellline (58), myocardial fibroblasts (18, 20), and a murine cardiac
myocyte cell line (22).

Of great interest, persistent CVB3 infection of CCF-STTG1
cells appeared to involve an entry pathway distinct from that of
acutely infected cells, such as HeLa cells. CCF-STTG1 cells did not
express detectable CAR and DAF on the cell surface. In addition,
there was no inhibition of CVB3 infection of CCF-STTG1 cells by
MAbs against the CAR and DAF molecules. Notably, CAR knock-
down resulted in decreased acute CVB3 infection and virus-in-
duced death of cardiac cells in vitro (59, 60). Furthermore, inhib-
ited expression of CAR was found in a murine cardiac myocyte cell
line persistently infected with CVB3 (22). The present study also
hinted that CVB3 infection was much less efficient in CCF-STTG1
cells expressing restricted levels of CAR and DAF. Such cell-de-
pendent resistance appeared to be at the level of entry, because
transfection of abundant viral genomic RNA into CCE-STTG1
cells resulted in significant cell death and virus replication. There-
fore, it is speculated that host cell resistance due to a limited re-
ceptor distribution likely contributes to the establishment of
CVBS3 persistence in CCF-STTG1 cells.

Cell surface glycosaminoglycan (GAG) chain components, in-
cluding heparan sulfate (HS) and/or chondroitin sulfate (CS),
have been reported to serve as initial receptors for various viruses
(61-68). The expression of HS and CS in astrocytes of the central
nervous system both in vivo and in vitro (69) raises the possibility
that HS and/or CS in astrocytic cells may function in viral binding
during an infection. The present work disclosed that removal of
cell surface CS significantly reduced the ability of CVB3 to infect
CCF-STTGI cells, whereas enzymatic removal of HS did not affect
CVB3 infection. These results suggest that cell surface CS rather
than HS plays an important role in CVB3 infection of CCEF-
STTG1 cells. It should be noted that removal of CS did not com-
pletely abolish CVB3 infection, implying that there might be ad-
ditional receptor molecules involved in CVB3 entry in this system.

In addition to the modulation of virus receptors, several other
factors, such as the production of antiviral mediators, can also
have a great influence on the initiation and maintenance of CVB
persistence (21, 48). IFN-f exerts its antiviral function in two
ways: one is to elicit an antiviral state in uninfected cells and the
other is to selectively trigger apoptotic cell death in infected cells
(70, 71). The current study showed that very limited IFN-[3 secre-
tion was detected in CCF-STTGI cells persistently infected with
CVB3, indicating that CVB3 persistence attenuated inducible
IFN-f release in CCF-STTGL cells. Moreover, exogenous addi-
tion of IFN-f led to the elimination of infection in CCF-STTG1
cells persistently infected with CVB3. Therefore, CVB3-induced
curtailing of IFN-f release likely facilitates the establishment of
persistent CVB3 infection in CCF-STTGI cells, while IFN-3 treat-
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ment could be an effective means of eradicating CVB3 from per-
sistently infected CCF-STTG1 cells.

It was also disclosed in this study that CVB3 infection stimu-
lated the production of proinflammatory chemokines and cyto-
kines, such as VCAM-1, IL-6, and IL-8, in both CCF-STTG1 cells
and HPDAs. Induced production of chemokines may promote
the chemoattraction of a variety of inflammatory cells and blood-
brain barrier (BBB) dysfunction (72). Chemokines and cytokines
may also be directly toxic to neuronal and glial cells (73). Because
astrocytes are the most abundant cell type in the CNS (74), CVB3
replication accompanied by the induced production of chemo-
kines and cytokines in astrocytes, if it occurs in vivo, is detrimental
to the largely non-self-renewing brain tissues. Notably, EV71 or
CVA9 infection also stimulated the production of VCAM-1, IL-6,
and IL-8 in CCF-STTGI cells, suggesting that the induced pro-
duction of chemokines and cytokines is probably common during
EV infection of astrocytic cells. Further work is needed to deter-
mine whether our findings in primary cells and cell lines translate
to appropriate animal models. Such work was beyond the scope of
this study.

In conclusion, our results show that CCF-STTG1 human as-
trocytoma cells can support a persistent CVB3 infection in vitro.
Inherent early blockage of virus entry by naive CCF-STTGI cells
may account for the unique outcome of persistent CVB3 infection
in this cell line. Through it curtails IFN-f expression, CVB3 may
modulate antiviral responses to maintain the balance of virus-host
interactions and thus facilitate the establishment and maintenance of
persistence. The remarkable properties of infected astrocytic cells to
produce chemokines and cytokines may have important implications
for the pathogenesis of CVB3-induced neuroinflammatory diseases.
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