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Coxsackieviruses are significant human pathogens, and the neonatal central nervous system (CNS) is a
major target for infection. Despite the extreme susceptibility of newborn infants to coxsackievirus infection and
viral tropism for the CNS, few studies have been aimed at determining the long-term consequences of infection
on the developing CNS. We previously described a neonatal mouse model of coxsackievirus B3 (CVB3)
infection and determined that proliferating stem cells in the CNS were preferentially targeted. Here, we
describe later stages of infection, the ensuing inflammatory response, and subsequent lesions which remain in
the adult CNS of surviving animals. High levels of type I interferons and chemokines (in particular MCP-5,
IP10, and RANTES) were upregulated following infection and remained at high levels up to day 10 postinfec-
tion (p.i). Chronic inflammation and lesions were observed in the hippocampus and cortex of surviving mice
for up to 9 months p.i. CVB3 RNA was detected in the CNS up to 3 months p.i at high abundance (~10°
genomes/mouse brain), and viral genomic material remained detectable in culture after two rounds of in vitro
passage. These data suggest that CVB3 may persist in the CNS as a low-level, noncytolytic infection, causing
ongoing inflammatory lesions. Thus, the effects of a relatively common infection during the neonatal period
may be long lasting, and the prognosis for newborn infants recovering from acute infection should be

reexplored.

Early damaging events on the central nervous system (CNS)
by infection can result not only in severe physical and intellec-
tual disability but also in less obvious neurological deficits. For
example, children who were thought to have fully recovered
from neonatal CNS virus infections exhibited some deficiency
in scholastic performance (12). Thus, the enduring harmful
effects of childhood infections on the CNS may be greatly
underappreciated. Picornaviruses including polioviruses, cox-
sackieviruses, and other unclassified enteroviruses frequently
infect the CNS (60). Although these infections often are con-
sidered acute and self-limiting, evidence is emerging that these
viruses—or at least the viral RNAs—may persist for months or
years after the initial infection. For example, ~50 years after
the primary infection, a large percentage (~30%) of polio
victims are now experiencing new symptoms (postpolio syn-
drome), which some investigators have correlated with the
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presence of viral RNA in the CNS (43). Worldwide distribu-
tion of enterovirus infection is revealed by the detection of
enterovirus-specific antibodies in the serum of approximately
75% of individuals within developed countries. For example, in
1996, approximately 10 to 15 million diagnosed cases of en-
terovirus infection occurred in the United States alone (49).
Few studies have been done to determine if enteroviruses, or
their close relatives, have the ability to persist and cause long-
term damage in the CNS (10, 56) or whether previous infection
of neurons may indirectly lead to the degeneration of aging
motor neurons.

Coxsackievirus, a member of the enterovirus genus, is a
fairly frequent childhood infection and may cause severe mor-
bidity and mortality in humans, predominantly in the very
young. Infants infected with coxsackievirus have been shown to
be extremely susceptible to meningitis and encephalitis. Severe
demyelinating diseases may occur following infection, includ-
ing acute disseminated encephalomyelitis (18) and acute trans-
verse myelitis (27). Also, a number of delayed neuropatholo-
gies have been associated with previous coxsackievirus
infection, including schizophrenia (47, 52), encephalitis lethar-
gica (16), and amyotrophic lateral sclerosis (62, 63). If human
neurotropic viruses persist, they could provide a chronic in-
flammatory stimulus, leading to regional cytokine induction
and activation of autoreactive T cells through molecular mim-
icry and bystander activation (32, 45). This may be especially
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true for viruses, such as coxsackievirus, which have the ability
to infect stem cells (24) and neurons (1). Recently, we have
shown that coxsackievirus B3 (CVB3) targets proliferating
cells in regions of the neonatal CNS supporting neurogenesis
(24). Nonetheless, infected migratory neuronal progenitor cells
were able to differentiate into mature neurons. Many neurons
eventually underwent caspase-3-mediated apoptosis at later
stages of disease (22).

Intriguingly, viral RNA was detected in the CNS of surviving
pups in the absence of infectious virus for up to 30 days postin-
fection (p.i.). The detection of CVB3 RNA in target tissues
may have great significance for CVB3-mediated disease, given
that the long-term presence of replication-restricted CVB3
RNA in the heart (generated using transgenic techniques) has
been directly associated with dilated cardiomyopathy in a pre-
vious study by Wessely et al. (59). We were therefore inter-
ested in expanding this notable observation in the CNS by
significantly increasing the number of animals examined, more
precisely quantifying the amounts of viral RNA, and determin-
ing how long viral RNA might persist in the CNS. In addition,
we thoroughly assessed the nature and degree of neuropathol-
ogy in surviving animals harboring CVB3 RNA. These studies
may help predict the lasting neurological sequelae of a previ-
ous viral infection on the developing host.

MATERIALS AND METHODS

Isolation and production of recombinant coxsackieviruses. The generation of
recombinant coxsackieviruses expressing enhanced green fluorescent protein
(eGFP) or lymphocytic choriomeningitis virus (LCMV) T-cell epitopes has been
described previously (50). Briefly, the CVB3 infectious clone (pH 3; obtained
from Kirk Knowlton at University of California at San Diego) was engineered to
contain a unique Sfil site which facilitates the insertion of any foreign sequence
into the CVB3 genome. All virus stocks were grown on HeLa RW cells main-
tained in Dulbecco’s modified Eagle’s medium (Gibco-BRL, Gaithersburg, MD),
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U of peni-
cillin, and 100 pg of streptomycin per ml. Virus titrations were carried out as
described previously (23).

Mice and viral inoculations. Mouse experimentation conformed to the re-
quirements of the Scripps Research Institute Animal Research Committee and
the National Institutes of Health. BALB/c mice were obtained from the Scripps
Research Institute animal facilities. Breeding pairs were checked every day, and
1-day-old or 3-day-old pups were infected intracranially (i.c.) with 10* PFU of
recombinant CVB3 virus expressing LCMV nucleoprotein residues 118 to 126
(rCVB3-LCMVypi15.126) OF With 2 X 10° to 2 X 107 PFU of CVB3 expressing
eGFP (eGFP-CVB3). Two different recombinant coxsackieviruses were em-
ployed in order to minimize the possibility that any findings of persistent viral
materials were an artifact of the particular virus that was used. Viral doses for
both recombinant viruses and time of administration (1 day or 3 days postbirth)
were optimized to inoculate the greatest amount of infectious virus leading to
greater than 50% mouse survival. Since rCVB3 replication kinetics depends
upon the size insert, TCVB3-LCMVp;15.126 required less inoculum to reach a
similar level of mouse survival. The procedure for i.c. inoculation of 1-day-old
pups has been described previously (22). Young pups (1 to 5 days p.i.) were
sacrificed by hypothermia/CO,, followed by immediate decapitation. Older pups
(10 days and beyond) were sacrificed by halothane treatment, followed by cer-
vical dislocation. The brains were fixed by immersion in 10% neutral-buffered
formalin for >4 h, paraffin-embedded, and stained with hematoxylin and eosin.

Viral RNA extraction and nested RT-PCR. All work involving PCR was carried
out in a designated PCR-clean area. Viral RNA was isolated from brain tissue
using TRIzol reagent (Gibco-BRL, Rockville, MD), as described by the manu-
facturer. Reverse transcription-PCR (RT-PCR) was done utilizing first-round
primers (CVB3 first-round forward primer, 5'-GCGGCCTGCCTATGGGGAA
ACC-3'; CVBS3 first-round reverse primer, 5'-CTCTCAATTGTCACCATAAG
CAGCCAGTA-3") which amplified the 5" untranslated leader of CVB3. Second-
round (nested) primers (CVB3 second-round forward primer, 5'-GCTAGTTG
GTAATCCTCCGGCCCCTGAATG-3'; CVB3 second-round reverse primer, 5'-
AATAAAATGAAACACGGACACCCAAAGTAG-3") recognized sequences
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internal to the product generated by the first-round primers. For nested (second
round) PCR, 2 pl of the first-round product was added to the second-round reaction
mixture. PCR amplification products were detected by electrophoresis on a 1.2%
agarose gel. The first-round forward primer was designed to bind 370 nucleotides
upstream from the 5 termini of CVB3 (Woodruff strain).

Quantitative real-time RT-PCR. 5’ Untranslated region (UTR) CVB3-specific
primers (forward primer, 5'-CACACTCCGATCAACAGTCA-3'; reverse
primer, 5'-GAACGCTTTCTCCTTCAACC-3') and a FAM/TAMRA (6-car-
boxyfluorescein/6-carboxytetramethylrhodamine)-labeled probe (5'-CGTGGCA
CACCAGCCATGTTT-3") were designed for the TagMan method of quantita-
tive real-time RT-PCR. The first-round forward primer was designed to bind 120
nucleotides downstream from the 5’ terminus of CVB3. Reverse transcription
reaction mixtures included 5 pg of total RNA and were carried out using
SuperScript IIT reverse transcriptase (Invitrogen Inc., Carlsbad, CA) following
the procedure described by the manufacturer. Separate RT reaction mixtures
included either the reverse primer or forward primer to quantify the number of
positive- and negative-sense viral genomes, respectively. The RT reaction mix-
ture also included 1 pl of RNaseOUT (Invitrogen Inc.). Prior to PCR amplifi-
cation, completed RT reaction mixtures were treated with 1 ul of RNase H
(Invitrogen Inc.) to remove RNA complementary to the cDNA. PCR amplifi-
cation was done using Platinum quantitative PCR SuperMix-UDG ready-to-use
cocktail (Invitrogen Inc.) containing all components except the amplification
primers and FAM/TAMRA-labeled probe, as described by the manufacturer.
Quantitative analysis of viral RNA was carried out using a Stratagene Mx3000P
real-time PCR system in 96-well optical reaction plates heated to 50°C for 2 min
to digest dUTP-containing contaminants, followed by 95°C for 2 min to deacti-
vate uracil N-glycosylase and activate Platinum 7aqg DNA polymerase. Forty
cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for
30 s were carried out. All samples were evaluated in triplicate amplification
reactions. To normalize the amount of RNA in each sample, separate RT
reactions were generated using random hexamers instead of CVB3-specific prim-
ers and amplified for 18S rRNA. 18S ribosomal products were amplified in
triplicate with 18S forward (5'-CGGCTACCACATCCAAGGAA-3") and re-
verse (5'-GCTGGAATTACCGCGGCT-3") primers and including a FAM/
TAMRA-labeled probe (5'-TGCTGGCACCAGACTTGCCCTC-3"). Two sep-
arate standards using both diluted pH 3 CVB3 plasmid and in vitro transcribed
pH 3 CVB3 RNA generated the standard curve. The standard curve was based
on threshold cycle (C;) values (cycle number at which relative fluorescence
crossed the threshold), and C; values from unknown samples (normalized for
18S rRNA signal) were compared to the standard curve to determine viral RNA
copy numbers.

RPA. mRNA levels for chemokines, cytokines, and type I interferon (IFN)
response genes in the CNS were determined by multiprobe RNase protection
assays (RPAs), as described in detail previously (51). The probe sets used in-
cluded chemokine 1 and 2 probe sets (6, 9), cytokine probe sets ML11 and ML26
(31, 46), and an IFN-regulated probe set (7). The levels of mRNA were quan-
tified using ImageJ software (NIH imaging software; http://rsb.info.nih.gov/ij).

Histochemical and immunofluorescence staining. Paraffin-embedded sections
were stained by hematoxylin and eosin (H&E). In addition, sections were stained
with Oil Red O, which identifies lipids and lipoproteins, and counterstained with
hematoxylin. The procedure for immunofluorescence staining has been de-
scribed previously (22). Briefly, paraffin-embedded sections (3-wm thickness)
were deparaffinized with three washes in xylene and serial washes in 100%, 90%,
and 70% ethanol, followed by a final wash in phosphate-buffered saline. Sections
were blocked with 10% normal goat serum for 30 min and incubated overnight
with primary antibody at 4°C. Alternatively, sections stained with a mouse pri-
mary monoclonal antibody were treated with a Mouse on Mouse kit (Vector
Labs), as described previously (24). All antibody dilutions were made in 2%
normal goat serum. The detection of CD3 and Ibal required high-temperature
antigen unmasking in 0.01 M citrate buffer (pH 6.0). Sections were incubated
with a rabbit primary monoclonal antibody against Ibal at 1:100 (Wako Chem-
icals USA Inc., Richmond, VA) and CD3 at 1:50 (Biocare Medical Inc., Walnut
Creek, CA) at 4°C overnight. A goat secondary antibody [goat biotinylated
anti-rabbit immunoglobulin G(H+L)] at 1:500, (Vector Laboratories Inc., Bur-
lingame, CA) was diluted in 2% normal goat serum and incubated on sections for
30 min. After being stained with secondary antibodies, all sections were washed
twice with phosphate-buffered saline and incubated for 30 min with a streptavi-
din-rhodamine red complex (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA) diluted 1:500 in 2% normal goat serum. Specificity controls for
immunostaining included sections stained in the absence of primary antibody or
in the presence of rabbit immunoglobulin G control antibody at 0.1 pg/ml
(Vector Laboratories, Inc). Sections were overlaid with Vectashield mounting
medium (Vector Laboratories, Inc.) containing DAPI (4', 6-diamidino-2-phe-
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nylindole) to detect DNA/nuclei (blue). The sections were observed by fluores-
cence microscopy (Zeiss Axiovert 200 inverted microscope). Green, red, and
blue channel images were merged using AxioVision software. Confocal micros-
copy was done using a Rainbow Radiance 2100 laser scanning confocal system
attached to a Nikon TE2000-U inverted microscope (Bio-Rad-Zeiss) located at
the Core Microscopy Facility at the Scripps Research Institute. Images were
acquired using Laser Sharp 2000 software, and further analysis was done with 3D
Imaris Isosurface analysis software (Bitplane Inc, Saint Paul, MN) and ImageJ
software.

RESULTS

Acute CVB3 infection in the CNS is followed by viral RNA
persistence. To determine the kinetics of virus clearance from
the CNS and to investigate the possibility of persistence, 21
1-day-old BALB/c pups were infected with rCVB3-
LCMV p115.126 (10 PFU i.c.). Virus titers were determined at
seven time points, ending at 30 days p.i.; a recombinant virus
was used because the probability of lethal disease is greatly
reduced, and the window of survival is larger than for wild-type
virus (data not shown), thus facilitating our investigation of this
long-term outcome. In parallel, the presence of viral RNA was
determined using nested RT-PCR at four time points. High
levels of infectious virus were detected as early as 24 h after
infection and remained high to at least day 10 p.i. (Fig. 1A).
However, infectious virus could no longer be detected at 30
days p.i. Despite the lack of infectious virus at this time point,
viral RNA was detected after one round of RT-PCR in the
brain tissue of two out of three mice and in all three mice after
nested RT-PCR (Fig. 1B). The presence of viral RNA in the
absence of infectious virus suggests that CVB3 may establish a
persistent infection in the CNS at the viral RNA level, similar
to what has been observed in other target tissues (34, 36, 48).

Viral RNA in the CNS quantified by real-time RT-PCR.
Next, the copy number of viral RNA present during acute and
persistent infection was determined using quantitative real-
time RT-PCR. 5" UTR CVB3-specific primers and a FAM/
TAMRA-labeled probe were designed for the TaqMan
method of quantitative real-time RT-PCR. Both plasmid DNA
(serial dilutions of CVB3 infectious clone plasmid) and RNA
standards (in vitro transcribed RNA from the CVB3 plasmid)
were generated and compared by real-time RT-PCR in sepa-
rate triplicate reactions. The results for the DNA standards
amplification are shown in Fig. 1C. The detection limit of
real-time RT-PCR was found to be approximately 100 copies
of diluted DNA (Fig. 1C) or RNA standard. After the standard
curve for viral copies was generated using Stratagene Mx3000P
software, both DNA (Fig. 1D) and RNA standards revealed
similar R? values (0.997 and 0.996, respectively). An R value of
1.000 indicates that all data points lie perfectly on the graphed
data set line. Both DNA and RNA standards also generated
efficiency of amplification values within acceptable ranges
(104.8% and 99.0%, respectively). An efficiency of amplifica-
tion equal to 100% indicates that the amount of template
doubles with each cycle of PCR.

High levels of viral RNA persist in the CNS. Using the DNA
standard curve, we calculated the number of viral copies/ig of
cellular RNA for each sample after determining the detection
C, for each sample (automatically calculated by the Strat-
agene Mx3000P software package). In addition, input cellular
RNA was normalized for each sample in separate triplicate
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reactions by including primers plus a FAM-labeled probe for
18S rRNA. Quantification of viral RNA by real-time RT-PCR
(Fig. 1E) closely paralleled results determined by plaque assay.
Replicate samples within any time point showed substantial
correlation, perhaps reflecting the high degree of accuracy for
both the plaque assay and real-time RT-PCR. The highest
amount of positive-sense-strand viral RNA was seen in the
CNS of animals on days 5 and 10 p.i. Additional animals
analyzed for day 30 and day 90 p.i. also demonstrated detect-
able levels of viral RNA (Fig. 1E). In total, viral RNA was
detected in five of six mice harvested at 30 days p.i. Further-
more, all mice harvested at day 90 p.i. showed detectable levels
of viral RNA despite the lack of infectious virus. Analysis by
real-time RT-PCR revealed the presence of ~10* copies of
positive-sense-strand viral RNA per pg of cellular RNA in the
CNS of one animal from day 90 p.i. (mouse 2). Assuming a
yield of 5 pg of cellular RNA per mg of brain tissue and an
average brain weight of 200 mg for a young (30-day-old)
mouse, we estimate that up to 10 million copies of persisting
CVB3 RNA may be isolated from brain tissue. These results
were suggestive of relatively high viral copy numbers in the
CNS despite the apparent lack of infectious virus (by viral
plaque assay) at these later time points. We cloned and se-
quenced representative amplified viral products using the real-
time RT-PCR primers described above. By standard T/A clon-
ing methodology (TOPO PCR Cloning kit; Invitrogen Inc.),
viral sequences were obtained from infected mice at days 1, 30,
and 90, yet sequence analysis revealed only a synonymous
nucleotide change (U to C) in a single day 90 viral clone (data
not shown).

Similar amounts of plus- and minus-strand viral RNA dur-
ing CVB3 persistence. Quantification of negative-sense-strand
viral RNA also was determined for each sample. The ratio of
positive- to negative-sense-strand viral RNA was calculated
and graphed over time (Fig. 1F). Intriguingly, the ratio was
high early after infection (day 1 p.i.; ratio of 30.5/1) and slowly
decreased over the course of infection. By day 30 p.i., a ratio of
positive- to negative-sense-strand viral RNA closer to 1/1 was
observed (ratio of 1.7/1) in the CNS. The ratio of positive- to
negative-sense-strand viral RNA remained relatively low (ratio
of 2.2/1) up to day 90 p.i. In a previous publication, a 1/1 ratio
has been found in other tissues persistently infected with
CVB3 and may indicate a latent double-stranded viral RNA
complex (54).

Rapid upregulation of chemokines following CVB3 infection
in the CNS. We determined RNA expression levels of chemo-
kines, cytokines, and type I IFN response genes in the CNS of
infected animals by utilizing RPAs. A representative RPA au-
toradiographic film for chemokine RNA expression levels
(chemokine probe set 1) is shown in Fig. 2A. Additional che-
mokines (chemokine probe set 2) were quantitatively evalu-
ated, and the data are graphically represented in Fig. 2B. Each
lane in Fig. 2A represents chemokine RNA expression levels
from an individual mouse, and the expected size band for each
chemokine is depicted on the right side of the autoradio-
graphic film. In addition, viral titers determined for each
mouse are represented above each lane. Within 24 h p.i., IFN-
v-inducible protein 10 (IP10/CXCL10) RNA expression levels
increased dramatically in the CNS for three infected animals
compared to three mock-infected control samples (Fig. 2A).



1.E+10

Days Post-Infection
1.E+08

1.E+06

1.E+04

1.E+02

1.E+00

Viral Titers (pfu / gram of brain)

—&— 10”9 Copies
C 100000 1 —o— 108 Copies D
—— 1077 Copies
—O—10%6Copies 30 - = -1.3921Ln(x) + 40.708
—— 105 Copies 2_
10000 1 —3— 10"4 Copies . R" = 0:997.
E —x— Water Efficiency of Amplication = 104.8%
2 Threshold 25
S 3
g 1000 )
o
] = 20 -
o o
=]
=
% 100 15
10 '0 c 10 1E+03 1.E+04 1E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
Viral Copy Number
E F =
[}
§
S 40 4
[
o
(2]}
< 1.E+08 A 3
z 4
[ £ % 30.5
s =
S ] ~
= 1.E+06 @
b = 20 1
2 o
2
~ 1.E+04 4 9 19.1
8 S 14.8
& x 10
O 1.E+02
g
£ 1.7 2.2
1.E+00 0 T T T T \
1 5 10 30 90
Days Post-Infection 1 5 10 30 90
“ - No Viral RNA Signal Days Post-Infection

FIG. 1. CVB3 RNA, but not infectious virus, persists in the neonatal CNS. Neonatal mice were infected with rCVB3-LCMVyp,5.126, and the
brains were harvested (three mice per time point) at the indicated time points p.i. (A) Viral titers were determined over the course of 30 days,
as described in Materials and Methods. Viral titers increased over the course of 10 days. By 30 days p.i., infectious virus could no longer be
detected. Each bar indicates virus titer results from an individual mouse, and the single line represents the average viral titer for three animals over
time (error bars represent standard deviation for three mice per group). (B) RNA from the brains of mice was utilized for nested RT-PCR. Two
sets of CVB3-specific nested primers (5" UTR region) were used for amplification. The first- and second-round virus-specific PCR-amplified
products (269-bp band) were separated and visualized by gel electrophoresis on a 1.2% agarose gel. Viral RNA was detected after the first round
of PCR in all samples harboring infectious virus. Viral RNA was also detected in two of three samples isolated at 30 days p.i. at a time when no
infectious virus was observed. After a second round of PCR, viral RNA was detected in one additional sample isolated at 30 days p.i. A DNA
molecular weight marker lane (m) was included. Water control reactions (w lanes) were run in parallel for both the first and second rounds of PCR.
(C) DNA (CVB3 plasmid) and RNA (in vitro transcribed viral RNA) standards were diluted to between 10° and 10° viral copies and amplified
utilizing a Stratagene Mx3000P real-time PCR system with 5" UTR CVB3-specific primers and a FAM-labeled probe designed for the TagMan
method of quantitative real-time RT-PCR. Fluorescence units (dR) were plotted versus PCR cycle number, and the threshold value was calculated
automatically using Stratagene software. (D) The efficiency of amplification (104.8%) and R? value (0.997) were determined by plotting C;- values
versus viral copy number using Stratagene software. Both values were found to be within acceptable ranges. (E) The number of viral RNA copies
in the brains of infected animals was calculated by real-time RT-PCR and graphed over time. Viral RNA levels increased over time and remained
high through 10 days p.i. By day 30 p.i., two out of three animals continued to have detectable, although greatly reduced, levels of viral RNA in
the brain. Each bar indicates viral RNA results from an individual mouse. Asterisks indicate the lack of detectable viral RNA in a mouse found
to be positive by nested RT-PCR. (F) The ratio of values for positive- and negative-sense-strand viral RNA was calculated for all time points
determined in panel C. High ratio values (ratio of 30.5/1) were observed during early (day 1) infection, which may be expected during the high
levels of viral replication and positive-sense stranded viral RNA production occurring initially. However after 5 and 10 days p.i., the ratios (ratio
of 19.1/1 and 14.8/1, respectively) dropped with time, indicating lower levels of positive-sense-strand and higher levels of negative-sense-strand viral
RNA generated later during infection. By 30 days p.i. (a time when no infectious virus is observed), the ratio decreased closer to a 1/1 ratio
(ratio of 1.7) of positive- to negative-sense-strand viral RNA and stayed near this ratio (ratio of 2.2/1) up to 90 days p.i. Error bars represent
the standard deviation for three mice per group. Statistical significance (P = 0.0146) was determined by (nonparametric) one-way analysis
of variance.
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FIG. 2. Quantitative analysis of chemokines, cytokines, and type I IFN response gene expression levels in the neonatal CNS over time.

One-day-old BALB/c pups (three mice per time point) described in the legend of Fig. 1 were evaluated for chemokine gene expression by RNase
protection assay on days 1, 5, 10, and 30 p.i. (A) Each sample lane of the autoradiographic film represents chemokine gene expression levels from
a single mouse. Three mock-infected and three infected animals were analyzed per time point. Viral titers (PFU/g) for each mouse are depicted
above each sample lane. Nine chemokines were analyzed for gene expression levels (lymphotactin, MIP-2, MCP-3, MIP-1pB, TCA-3, MCP-1, IP-10,
MIP-1a, and RANTES). Six of nine chemokines (MCP-3, MIP-18, MCP-1, IP-10, MIP-1a, and RANTES, indicated by boldface with asterisks)
were upregulated specifically within infected animals as late as 10 days p.i. However by day 30 p.i., chemokine gene expression levels returned to
levels observed in mock-infected animals. The ribosomal gene L.32 was probed to demonstrate equal loading of cellular RNA per lane. Band
intensities evaluated for chemokine (B), cytokine (C), and type I IFN (D) gene expression by RPAs were calculated using ImagelJ software (NIH
public domain software), and arbitrary units were determined after compensating for RNA levels utilizing the housekeeping ribosomal gene, L32.
Expression levels (in triplicate) were graphed as a relative increase over mock-infected controls. Standard error bars are shown for each sample.
(B) As illustrated in panel A, chemokines were induced to high levels relative to mock-infected animals at days 5 and 10 p.i In particular, high levels
of MCP-5 and IP10 were observed as early as 24 h p.i. (C) Inflammatory cytokines, including TNF, were induced at days 5 and 10 p.i. (D) Many
type I IFN response genes, including IFN-B, were induced 5 and 10 days following infection. By 30 days p.i., chemokine, cytokine, and type I IFN

response gene expression returned to levels seen in mock-infected control mice. Error bars represent the standard deviation for each group.

Similar kinetics were observed for MCP-5 (macrophage/mono-
cyte chemotactic protein-5) RNA expression levels analyzed
using chemokine probe set 2 (Fig. 2B). By 5 days p.i., high
RNA levels of many chemokines (RANTES/CCLS, MIG/
CXCL9, macrophage inflammatory protein-loe [MIP-1a]/
CCL3, MIP-1B/CCL4, 1P10, MCP-1/CCL2, MCP-3, and
MCP-5) were preferentially upregulated in CVB3-infected an-
imals. The expression levels of these chemokine genes re-
mained high for at least 10 days p.i. By day 30 p.i., expression
of activated chemokines dropped to undetectable levels or
levels similar to those of mock-infected animals. The relative
increase in chemokine RNA levels compared to mock-infected
animals was quantified using ImageJ software and is graphi-
cally illustrated in Fig. 2B. The highest relative increase for all
chemokines examined was seen for MCP-5, IP10, and

RANTES (between a 3.5- and 4.5-fold increase) at days 5 and
10 p.i.

In addition to the chemokines described above, a number of
chemokine genes showed no change in RNA levels compared
to levels in mock-infected control animals. These included
lymphotactin, MIP-2, TCA-3 and -4, SDF1a, KC, and eotaxin.
In contrast, fractalkine RNA levels increased steadily in both
infected and mock-infected animals. Similar results describing
the developmental upregulation of fractalkine expression lev-
els in the neonatal CNS have been published previously (37).

Cytokine induction in the CNS following CVB3 infection.
Similar experiments were carried out using two cytokine probe
sets and revealed the upregulation of a number of cytokine
mRNAs (tumor necrosis factor [TNF], interleukin-1a [IL-1a],
IL-1B, and IL-12 p40) in response to CNS infection (Fig. 2C).
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The temporal pattern of cytokine mRNA upregulation was
similar to that observed for chemokines. At 5 and 10 days p.i.,
a small increase in TNF mRNA levels was observed in each of
three animals (average of 1.5-fold) compared to mock-infected
control animals. In contrast, little or no IFN-y mRNA expres-
sion was observed at any time points following infection (data
not shown). A slight upregulation of IL-12 p40 mRNA was also
observed at 5 and 10 days pi. IL-12, a heterodimeric protein
composed of p40 and p35 subunits, plays a central role in
cell-mediated immunity. The p40 subunit is also a component
of IL-23 and by itself may be a chemoattractant for macro-
phages (28). The preferential upregulation of the p40 subunit
mRNA has been observed in a number of autoimmunity mod-
els (4, 17). The lack of IL-12 p35 mRNA upregulation (data
not shown) suggests that IL-12 p40 mRNA was expressed by
microglia or infiltrating monocytes/macrophages (13).

In addition, IL-1a and IL-18 mRNAs were upregulated in
CVB3-infected animals at 5 and 10 days p.i. IL-1-a and IL-1-8
are known to be primarily released from stimulated macro-
phages and monocytes, and these molecules play key roles in
the inflammatory response. The preferential induction of TNF,
IL-1e, IL-1B, and the IL-12 p40 subunit mRNAs, along with
high levels of MIG, RANTES, and IP10 gene expression, sug-
gests that activated microglia or macrophages play a primary
role during the initial response to CVB3 infection in the CNS.
As with the chemokine gene expression pattern, cytokines ac-
tivated in response to CVB3 infection fell to normal or unde-
tectable levels by 30 days p.i. Also, no changes were observed
in the CNS for other cytokine genes, including lymphotoxin-a,
IL-2 through IL-7, IL-10, and IL-13 (data not shown).

Induction of type I IFN response genes following CVB3
infection. Type I IFNs (IFN-a and IFN-B) and their down-
stream response genes are critical components of innate im-
munity. By RPA analysis, relatively high expression levels of
IFN-B mRNA were detected in the neonatal CNS at 5 and 10
days p.i. compared to levels in mock-infected control animals
(Fig. 2D). As might be expected, downstream targets of IFN-3
were upregulated specifically in CVB3-infected animals, in-
cluding IFN response factors 1 and 2 (IRF-1 and IRF-2),
double-stranded RNA-activated protein kinase R (PKR), 2'-5
oligoadenylate synthetase (OAS), and TGTP1 antiviral
GTPase. In contrast, little or no increase in the levels of IFN-
al, IFN-k, IFN-t, and the major histocompatibility complex
class II transactivator was seen at any time point after infection
(data not shown). Similar to what was observed for fractalkine,
P58™X (a cellular PKR inhibitor) expression levels increased
during CNS development equally in both mock-infected and
infected animals. P58 has been shown previously to be re-
cruited by influenza virus to inhibit PKR function during viral
infection although it does so by inhibiting protein-protein in-
teractions rather than by influencing mRNA expression levels
(40). RPA analysis indicated the lack of IFN-f gene upregu-
lation or expression of downstream mediator genes (PKR,
OAS, IRF-1, or IRF-2) at a time when viral RNA remained in
the CNS (day 30 p.i.). These data indicate that remaining viral
material detected at later time points following infection may
not efficiently activate the type I IFN response. Alternatively,
CVB3 may alter the type I IFN response during viral RNA
persistence.
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Acute infection leads to reactive microgliosis in the neonatal
CNS. We evaluated the degree of microglial activation during
acute infection with eGFP-CVB3 (day 5 p.i.). At this time
point, high levels of virus protein expression (Fig. 3A) and
neuropathology were observed within the hippocampus and
cortex. A number of Ibal™ microglia/macrophages (red) were
observed within these regions, as well as in the subventricular
zones, the lateral ventricles, and the meninges (Fig. 3A). Nu-
merous Ibal™ cells of distinctive morphology were identified
within infected regions of the hippocampus (Fig. 3B). Higher
magnification of Fig. 3B revealed gitter cells or compound
granular corpuscles (Fig. 3C), indicative of microglial activa-
tion. Engulfment or phagocytosis of infected cells (green) was
readily observed by Ibal™ cells (Fig. 3D and E) and confirmed
by confocal microscopy plus 3D Imaris Isosurface reconstruc-
tion (Fig. 3F).

Chronic inflammation and lesions in the CNS of surviving
mice previously infected with CVB3. Reactive microgliosis con-
tinued for extended periods of time in pups surviving initial
infection. In one litter of 3-day-old pups infected with eGFP-
CVB3 (2 X 10° PFU i.c.), all four animals exhibited ataxia and
showed signs of hydrocephalus. Overt signs of hydrocephalus
included a rounded, enlarged cranium, cerebral spinal fluid
exudate upon dissection of the cranium, and enlarged ventri-
cles identified by H&E-stained sections of brain. We therefore
examined these animals for clinical motor disturbance and
determined that these animals displayed flaccid tail tone and
hind limb weakness with mild paresis. When lifted by the base
of their tails, these mice exhibited a significant hind limb clasp-
ing response and a diminished righting response. These mor-
ibund animals were euthanized at 33 days p.i. No viral titers
were detected in these mice although by real-time RT-PCR all
animals displayed relatively high levels of CVB3 RNA. No viral
protein could be detected in these mice by immunohistochem-
istry, possibly due to the relatively low sensitivity of this tech-
nique. Representative histopathology of one animal from this
litter is shown in Fig. 4. By H&E staining, lesions and perivas-
cular cuffs adjacent to lesions were readily observed in regions
of the cortex (Fig. 4A). Perivascular cuffs were populated with
high numbers of CD3™ T cells (Fig. 4B). In addition, wide-
spread Ibal staining revealed reactive microgliosis (Fig. 4C)
although the strongest Ibal signal was seen within lesions (Fig.
4D). Furthermore, the majority of Ibal™ cells was morpholog-
ically represented by pleomorphic or activated forms of micro-
glia. No obvious histopathology was observed in H&E-stained
or Luxol fast blue/periodic acid-Schiff-stained sections of spi-
nal cord (data not shown), suggesting that the hind limb dys-
function observed following infection may be associated with
the histopathology seen in the brain.

The presence of lipid-laden, activated microglia was deter-
mined by Oil Red O staining, a fat-soluble dye used for stain-
ing lipids and lipoproteins present in regions of neurodegen-
eration (3). Oil Red O staining was observed extensively in the
damaged regions of the cortex and hippocampus (Fig. 4E).
Higher magnification revealed Oil Red O staining in pyramidal
neurons (Fig. 4F) and within regions of the cortex where in-
flammation was apparent (Fig. 4G). Parallel sections demon-
strated the presence of Ibal™ cells in identical regions showing
Oil Red O staining (Fig. 4H). Higher magnification showed the
greater numbers of Iba™ cells preferentially found within Oil
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FIG. 3. Induction of reactive microgliosis during acute infection. One-day-old pups were infected with eGFP-CVB3 (2 X 10° PFU i.c.) or mock
infected. Brain sections from pups harvested on day 5 p.i. were immunostained for GFP (viral protein expression; green) and Ibal (marker for
activated macrophages and microglia; red) and counterstained with DAPI (nuclear stain; blue). (A) Fluorescence images of overlapping fields at
a magnification of X5 were taken and assembled into a composite image. Ibal staining revealed high numbers of activated microglia/macrophages
in the meninges, the lateral ventricles and subventricular zones, the hippocampus, and regions of the cortex (notched cyan arrows). Many of these
regions correspond to areas of the CNS targeted by CVB3. (B) Higher magnification (X20) of the image in panel A revealed many gitter cells or
compound granular corpuscles in the hippocampus, indicative of microglial activation. (C) White arrows point to high-magnification regions of the
dentate gyrus which further demonstrate the distinctive morphology of gitter cells (shown at a magnification of X100.8 plus a further ~Xx2 digital
magnification). (D) In many examples, activated microglia/macrophages were observed engulfing CVB3-infected target cells (shown at a magni-
fication of X100.8 plus a further ~X2 digital magnification). The engulfment of infected target cells by activated microglia/macrophages
(magnification of X100.8 plus a further ~X4 digital magnification) was confirmed by confocal microscopy (E) and 3D Imaris Isosurface

reconstruction (F). The fluorescent data are representative images from two pups.

Red O-stained lesions (Fig. 41 and J). These results suggest
that microglia or macrophages present within damaged regions
of the cortex and hippocampus contained large amounts of
lipid or lipoprotein debris. No infectious virus was detected in
these mice, and no viral protein was observed by immunohis-
tochemistry. However, when analyzed by real-time RT-PCR,
all brains contained relatively high levels of CVB3 RNA (see
Fig. 6A).

Remarkably, histopathology and reactive microgliosis were
still ongoing in the hippocampus 3 months after infection (in
three mice, all of which also were positive for viral RNA by
RT-PCR) and in the cortex of one mouse harvested 9 months
after infection (RNA for this sample not available for real-time

RT-PCR analysis). Lesions were observed in the dentate gyrus
and CA3 regions of the hippocampus at 3 months p.i. (Fig.
5A). Furthermore, Oil Red O staining could be seen in iden-
tical regions of the hippocampus (Fig. 5C). A dramatic in-
crease in Ibal™ microglia was observed and was shown to
localize near lesion regions (Fig. SE). No lesions, Oil Red O
staining, or signs of microgliosis were observed in mock-in-
fected control mice (Fig. SA, D, and F, respectively).

At 9 months p.i., lesions in the retrosplenial cortex remained
clearly visible (Fig. 5G), and higher magnification revealed
inflammatory cells encircling the lesions (Fig. SH). At this later
time point, CD3" cells (i.e., T cells), although few in number,
remained visible near the lesion (Fig. 5I). In addition, pleo-
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FIG. 4. Chronic inflammation and CNS pathology during persistent infection. Three-day-old pups were infected with tCVB3 (2 X 10° PFU i.c.).
Brains were harvested 33 days later for histological analysis and the presence of persistent viral RNA by real-time RT-PCR. All four animals from
one litter (one of which is represented below) suffered from hind limb dysfunction, showed signs of hydrocephalus, and exhibited similar
histopathology and immunofluorescence staining, as described below. (A) Lesions (notched white arrows) associated with inflammatory cells and
perivascular cuffing (small white arrow) were observed in cortex (magnification, X5). (B) Higher magnification (X20) of the images in panel A
stained with an antibody against CD3 identified the vast majority of cells within the perivascular cuff as T cells. CD3" T cells were also observed
within the lesions and the surrounding parenchyma. (C) Ibal staining of parallel sections revealed the presence of numerous activated microglia/
macrophages (magnification, X5). (D) Higher magnification (X20) of the images from panel C demonstrated the elevated presence of Ibal™ cells
within lesions (white arrow). (E) Lipid-laden microglia or macrophages, indicative of phagocytic gitter cells, were detected by Oil Red O staining
(magnification, X5). Sections stained with Oil Red O (dark red) and counterstained with hematoxylin revealed dark staining regions (notched red
arrows) which overlapped precisely with lesions in the cortex and hippocampus. Higher magnification (X40 and X20, respectively) revealed
staining in damaged pyramidal cells and surrounding areas of the hippocampus (F) and within inflammatory regions seen in the cortex (G).
(H) Parallel sections of the images from panel E stained with an antibody against Ibal (red) showed high levels of expression in a subset of
pyramidal cells of the hippocampus and in damaged regions of the cortex (magnification, X5). (I and J) Higher magnification (X40 and X20,
respectively) illustrated the presence of numerous activated microglia or macrophages (notched white arrows) in regions corresponding to Oil Red

O staining.

morphic Ibal™ microglia were found in higher numbers within
or near lesions (Fig. 5J and K). In some cases, chronically
activated microglia (rod-shaped form) were observed nearby
(Fig. 5L). Similar to results described in the legends of Fig. 4E
and Fig. 5C, Oil Red O staining was present within the lesion
(Fig. 5M). Higher magnification of parallel sections showed
the presence pleomorphic Ibal™ microglia within the Oil Red
O staining region (Fig. SN and O).

Viral RNA detected in second-round cultures of passaged
brain homogenates from infected animals. Analyses of addi-
tional mice infected with rCVB3 indicated that viral persis-
tence in the CNS of surviving animals may be a frequent event.
In all, 15 of 21 animals harvested at 30 days p.i. and beyond
displayed detectable levels of viral RNA, as determined by
real-time RT-PCR (Fig. 6A). Furthermore, no animals har-

vested at these late time points showed signs of infectious virus,
as determined by a standard viral plaque assay (data not
shown). We determined if genome replicative activity could be
detected in vitro by cocultivating brain homogenates from
RNA-positive animals with HeLa cells, similar to experiments
published previously for cardiac tissue persistently infected
with CVB3 (35). By real-time RT-PCR, we detected the pres-
ence of viral RNA in the supernatants of second-round HeLa
cells passaged with brain homogenates from 12 out of 15 RNA-
positive animals (Fig. 6B). Significantly lower viral copy num-
bers were detected in supernatants of HeLa cells passaged with
brain homogenates from mice at day 30 to 60 p.i. than in
acutely infected brain homogenates (day 5 p.i.). Also, no cyto-
lytic virus was detected by a standard viral plaque assay from
the second-passage HeLa cell supernatants of animals at day
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FIG. 5. Signs of CNS pathology and chronic inflammation remain up to 9 months p.i. Three-day-old pups were infected with rCVB3 (2 X 10°
to 107 PFU i.c.). Brains were harvested 3 months and 9 months later for histological analysis. (A) Lesions were observed in the dentate gyrus and
CA3 region of the hippocampus in three mice harvested 90 days p.i. (cyan arrows; representative sample shown). Oil Red O staining (C; cyan
arrow) and microgliosis/Iba™ cells (E; cyan arrow) were seen in parallel sections. No lesions (B), Oil Red O staining (D), or microgliosis (F) was
observed in the hippocampus of mock-infected control mice (representative of three mice). (G) Lesions in the cortex (magnification, X5) were
observed as late as 9 months after initial infection (magnification, X5; cyan arrows). (H) Furthermore, inflammatory cells were identified within
or adjacent to these lesions (magnification, X63; cyan arrows). (I) The continued presence of CD3™ T cells, although reduced in number, was
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30 to 60 p.i. These results suggest that an attenuated variant of
CVB3 may remain in the CNS of surviving animals, similar,
perhaps, to the virus that was recently identified in the heart by
Kim et al. (35). Further analysis of the molecular structure of
persisting CVB3, both in vivo and in culture, will be necessary
to determine whether deletions or nucleotide changes in the
viral genome are responsible for the ability of CVB3 to persist
for extended periods of time in the adult CNS following acute
infection early in life.

DISCUSSION

Enteroviruses, which include coxsackieviruses, are among
the most widespread and medically important human patho-
gens and remain a frequent cause of CNS disease (44). Indeed,
enterovirus infections are the most common causes of enceph-
alitis and meningitis in the United States (11). Evidence in a
clinical setting suggests that type B coxsackieviruses (CVB) can
cause acute demyelinating diseases, such as acute disseminated
myelitis and acute transverse myelitis (18, 27). Intriguingly,
persistent CVB infections have been associated with myocar-
ditis (29, 61), diabetes (32), chronic inflammatory myopathy
(53), and, most recently, Sjogren’s disease (55). Viral RNA
persistence is thought to correlate with chronic disease, which
suggests that the long-term presence of viral materials may be
a potential mechanism for disease induction. The lack of in-
fectious virus during viral RNA persistence has been cited by
others to suggest that CVB3-associated diseases may occur
through autoimmune mechanisms. However, an alternative
model is that CVB3 may slowly replicate or remain in a latent
state with periodic reactivation, similar to other latent viruses,
such as herpes virus (23). Alternatively, residual amounts of
protein generated by the persisting viral genome may be toxic
to cells harboring CVB3 (57, 59) or, conversely, may contribute
to a chronic inflammatory response in the CNS (60).

Previously, we have shown that CVB3 targets proliferating
neuronal progenitor cells in the neonatal CNS (24) and that
acute CVB3 infection induced profound pathology in specific
regions of the developing CNS of mice (including the hip-
pocampus, olfactory bulb, and entorhinal cortex). Here, we
analyzed the ability of low-dose CVB3 to persist in the CNS
following infection early in the life of the host. We report that
many pups given lower doses of CVB3 or infected at a later age
survive the initial infection and that viral RNA persistence
commonly ensued. Utilizing quantitative real-time RT-PCR
and extensive histopathological analysis of harvested brain tis-
sue, we demonstrated that CVB3 can persist in the CNS, at
least at the level of viral RNA. Furthermore, the presence of
viral RNA in surviving animals was associated with chronic
immunopathology in specific regions of the CNS. Finally, brain
homogenates were passaged on HeLa cells, and the continued
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presence of viral RNA was detected in second-passage super-
natants harvested and analyzed by quantitative real-time RT-
PCR. These results suggest that CVB3 infection of the CNS
may be characterized by sporadic reactivation or chronic, low-
level replication of attenuated virus.

How does CVB, an inherently lytic virus, persist in vivo, and
what mechanisms might regulate CVB persistence? Two re-
cent publications suggest that the presence of CVB in the heart
relies upon the generation of noncytolytic variants with 5’
terminal mutations and deletions (35, 38). Yet it is not clear
from this study if attenuated, noncytolytic variants are found in
human patients and how these variants may out-compete wild-
type virus, assuming that CVB grows without major impedi-
ments in cardiomyocytes, as has been shown in vitro (2, 30, 39).
Furthermore, recent data suggest that engineered deletions of
the 5" UTR of an infectious CVB3 clone (similar, although not
identical, to those identified by Kim et al.) failed to give rise to
infectious progeny or detectable levels of viral protein expres-
sion (33).

Data from other CVB models suggest that, contrary to the
mechanism proposed by the above studies, virus persistence is
facilitated not by genetic alterations in the virus that give rise
to replication-defective forms but by the genetic stability of
double-stranded complexes of wild-type viral RNA (54). Data
from a number of laboratories which have identified a 1/1 ratio
of positive- to negative-strand viral RNA genome during per-
sistence in the heart would fit well with the model proposed by
Tam and Messner (54). We determined the ratio of positive- to
negative-strand CVB3 RNA genome in the brain and observed
a reduction in this ratio over time. By day 30 p.i., the ratio
approached 1/1 (ratio of 1.7/1), which suggests that CVB3
RNA might persist in the CNS in a double-stranded confor-
mation. The ratio remained close to 1/1 in samples isolated
from mice at 90 days p.i. Along with our previous data which
support the view that proliferating neuronal progenitor cells
are the target cells for active CVB3 replication, the data sug-
gest that virus may remain in a double-stranded latent confor-
mation in nondividing, differentiated cells of the CNS. Cells
harboring persistent CVB3 RNA may represent the progeny of
infected stem cells that survived initial infection during their
differentiation process and progressed into mature neurons.
However, the passage of brain homogenates (described in the
legend of Fig. 6) may indicate the presence of limited amounts
of noncytolytic virus which may replicate sporadically or at a
low level, thereby not greatly affecting ratios of positive- to
negative-strand CVB3 RNA genome.

The persistence of potentially labile viral RNA within a
cellular environment rich with degradative enzymes might be a
difficult phenomenon to consider. Viral RNA may be retained
in the absence of infectious virus by at least two mechanisms.

observed within the lesions (magnification, X63; notched cyan arrows). (J) Similarly, Ibal™ cells continued to be found in high numbers within the
cortex (cyan arrow) and hippocampal lesions (magnification, X5). (K) Higher magnification (magnification, X63) of image in panel J demonstrated
pleomorphic Ibal™ microglia within the cortex lesions. (L) The presence of rod-shaped Ibal™ cells near lesions indicated chronically activated
microglia (magnification, X63). (M) Parallel sections of images in panel J stained with Oil Red O revealed dark-staining regions overlapping with
lesions in the cortex and Ibal™ cells (magnification, X5). (N) Higher magnification (magnification, X63) showed Oil Red O-stained lesions in the
cortex adjacent to the hippocampus. (O) Ibal™ cells were found in high numbers within regions outlined by Oil Red O staining (magnification,

X63).
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FIG. 6. Viral RNA persistence in the CNS and in vitro passage of noncytolytic virus in tissue culture. Additional animals were infected at either
1 or 3 days postbirth with rCVB3 (2 X 10° to 107 PFU i.c.), and the brains were harvested up to day 90 p.i. None of the additional mice harvested
beyond day 30 p.i. had detectable levels of infectious virus, as determined by viral plaque assay. (A) In contrast, 15 of 21 animals analyzed at or
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Viral RNA may remain in a latent state which sporadically
reactivates in response to physiological stimuli (23). Alterna-
tively, viral RNA may denote the presence of slowly replicating
attenuated viral variants; the lack of infectious virus may be a
consequence of the inability of attenuated viral variants to
induce cytopathic effects necessary for detection by standard
viral plaque assays. These two mechanisms might not be mu-
tually exclusive. For example, attenuated virus may replicate
sporadically in vivo, which may allow sluggish viral variants to
partially circumvent the innate and adaptive immune response.
Furthermore, a cellular environment inhospitable to viral rep-
lication (cellular quiescence and activation of cellular mole-
cules with antiviral activity) may assist attenuated viral variants
to outcompete rapidly growing wild-type virus.

We determined if virus material in brain homogenates from
infected mice showing no infectious virus by a standard plaque
assay could be passaged in HeLa cells. We hypothesized that
the detection of viral RNA signal (by real-time RT-PCR) from
HeLa cells cultured with brain homogenate would disappear
during serial passage, and any remaining viral RNA detected
within the supernatants of second-round HeLa cell cultures
might indicate the presence of replicative virus (although per-
haps not cytolytic) (35). Surprisingly, viral RNA was readily
detected by real-time RT-PCR in second-round HeLa cell
cultures passaged with brain homogenates from 12 of 15 in-
fected animals showing no infectious virus by plaque assay. In
contrast, no plaque titers (by standard viral plaque assay) were
detected for these samples. Consequently, the lack of detect-
able infectious virus in brain homogenates (as identified by
viral plaque assay) may be primarily due to the generation of
noncytopathic viral variants in vivo. These conclusions would
parallel a recent publication describing attenuated, noncyto-
pathic CVB3 with 5’ deletions in persistently infected cardiac
tissue (39).

For persistent or latent viruses, the ability to circumvent the
immune system is vital. RNA viruses would be expected to
induce type I IFNs and associated IFN response genes follow-
ing the appearance of double-stranded RNA during viral rep-
lication. Likewise, mice deficient in type I IFN responses are
highly susceptible to CVB3 infection and disease (20, 25, 58),
suggesting that these immune molecules partially control
CVB3 replication. Nevertheless, picornaviruses have mecha-
nisms to evade the immune response during persistence/la-
tency (14, 19, 21). Since CVB3 establishes persistence in many
of its target organs, we thought it important to determine
whether chemokines and cytokines were upregulated during
acute and persistent infection. The rationale for infecting mice
with rCVB3-LCMV p15.126 Was to eventually track and follow
adoptively transferred memory T cells from LCMV yp115.126
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T-cell receptor transgenic (SMARTA) mice and determine
viral protein expression levels during CVB3 persistence. These
studies are ongoing. However, both eGFP-CVB3 and rCVB3-
LCMVyp115.126 Were able to persist at the RNA level and
induce similar immunopathologies in the CNS of mice surviv-
ing neonatal infection. Viral doses for both recombinant vi-
ruses were optimized to inoculate the largest amount of infec-
tious virus leading to greater than 50% mouse survival. Since
CVB3 replication kinetics depends upon the size insert,
rCVB3-LCMVp;15.126 Tequired less inoculum to reach a sim-
ilar level of mouse survival.

A number of chemokine genes were induced, some within
24 h (CXCL10 and MCP-5), following infection in the neona-
tal CNS. Many of these upregulated chemokine (CCLS,
CXCL9, and CXCL10) genes have been described in other
models of viral infection in the CNS (8), and these immune
molecules may play a direct role in chronic inflammation and
disease. It remains to be determined which cell types are con-
tributing to early chemokine production although other inves-
tigators have described astrocytes and activated microglia as
the main chemokine producers during the early phase of a
generalized infection in the CNS. Activation of a subset of
cytokines was also observed after CVB3 infection. IL-12 p40
mRNA was upregulated in the absence of IL-12 p35 mRNA,
which suggests that IL-23 may preferentially be upregulated in
the CNS. IL-23 may, in turn, activate microglia or recruit
macrophages into the CNS (17). Alternatively, the presence of
IL-23 may reflect the degree of microgliosis and susceptibility
to autoimmunity (5). The upregulation of the IL-1a and IL-1B
genes also indicates the activation of microglia or macrophages
in the CNS in response to CVB3 infection. As expected, a
number of type I IFN response genes (IFN-B, PKR, OAS,
TGTP1, and antiviral GTPase) were upregulated in the CNS
following infection although others (IFN-a) were not. It re-
mains to be determined if CVB3 infection influences the pref-
erential activation of a subset of IFN response genes, perhaps
for its own advantage. We failed to observe the upregulation of
a type I IFN response and other immune regulatory genes
during the persistent stage of infection. The lack of upregu-
lated immune molecules at later time points at a time when
viral RNA is present (30 days p.i.) may be explained by at least
three possible scenarios. (i) CVB3 may remain in a latent state
with little or no apparent virus replication or viral protein
expression. (ii) An extremely low level of chemokine, cytokine,
or type I IFN response gene induction may be produced but
may be beyond detection limits of our RPA analysis. (iii) Viral
modulation of the innate immune response may diminish the
activation of chemokines, cytokines, or type I IFN response
genes. Although one might expect a direct correlation of che-

after 30 days p.i. contained viral RNA, as detected by real-time RT-PCR. Of interest, one litter of pups euthanized after 33 days and suffering from
hind limb dysfunction appeared to have relatively high copy numbers of viral RNA in the brain. The histopathology of one animal from this litter
is depicted in Fig. 4. (B) The brain homogenates from 3 acutely infected pups and 15 infected animals (day 30 p.i. and beyond) displaying no
infectious virus by plaque assay were passaged on HeLa cells. Supernatants from treated HeLa cells were isolated and plated onto fresh HeLa cells.
After 1 h, supernatants were removed, and the HeLa cells were washed and placed in complete medium. After 24 h, supernatants only (no cell
lysates) from the second-passage HeLa cells were analyzed by viral plaque assay and real-time RT-PCR for viral RNA. As expected, second-
passage supernatants from acutely infected pups gave rise to high levels of infectious virus (as determined by virus plaque assay) and viral RNA
copies. Surprisingly, low levels of viral RNA, in the absence of infectious virus, were observed in a high proportion (12 of 15) of HeLa cell

supernatants from infected animals.
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mokine/cytokine gene expression levels with viral load, many in
vivo variables may make such a close correlation uncertain. For
example, slight differences in viral replication rates in certain
regions of the CNS (hippocampus versus the cortex) may lead
to a slightly altered immune response and subsequent chemo-
kine/cytokine induction when individual animals are com-
pared. Stochastic processes may also be in play during the
activation and recruitment of immune cells responding to in-
fection.

CVB3 may influence normal CNS development by inducing
apoptosis in both infected stem cells and neurons (22, 24).
Potential disruption of normal neurogenic activity might lead
to developmental defects and CNS deficiencies, such as cogni-
tive dysfunction (10). An extended immunopathology in the
CNS following CVB3 infection may adversely affect normal
CNS development and function. In our present study, reactive
microgliosis was seen in the developing CNS during acute and
persistent infection. In addition, signs of inflammation includ-
ing activated microglia and infiltrating T cells were readily
visualized within lesions in the hippocampus and cortex as late
as 9 months after initial infection. Although older pups inoc-
ulated with a greater amount rCVB3 were not analyzed for
chemokine and cytokine mRNA levels, the presence of inflam-
matory cells in the CNS suggests that immune molecules might
be detected in older pups given a higher dose of virus. Fur-
thermore, greater levels of persistent viral RNA were generally
observed in these high-dose pups, in parallel with more pro-
found signs of disease in the form of hind limb dysfunction.
The hind limb dysfunction may possibly be a consequence of
the inflammatory response or, alternatively, of acute or persis-
tent infection and apoptosis of targeted neurons.

Defective or attenuated viral variants with 5’ or 3’ deletions
have been identified for other persistent RNA viruses (41, 42).
However, one might expect a low level of either attenuated or
wild-type virus to induce detectable levels of type I IFN re-
sponse molecules and other chemokines/cytokines during a
chronic infection, something we have not seen. Therefore, it
remains to be determined whether the viral RNA detected by
real-time RT-PCR during second-passage brain homogenates
represents active virus replication of attenuated variants within
the CNS. For example, picornaviral RNA is considered infec-
tious; cultivation of brain homogenates with HeLa cells may
allow for the engulfment/transfection of latent CVB3 RNA
into an activated cell population, which may stimulate attenu-
ated viral replication. Further genomic analysis of second-pas-
sage virus isolates may help determine if 5 or 3’ deletions
occur in the viral genome and allow attenuated CVB3 to per-
sist in the CNS. Also, future studies are necessary to determine
which cell types are contributing to CVB3 persistence in the
CNS. Virus might persist in a subpopulation of quiescent stem
cells which remain, albeit at low frequency, in the adult CNS.
Although stem cells might be clear candidates, differentiated
neurons or other CNS cell types (astrocytes, microglia, and
oligodendrocytes) may also harbor persistent viral RNA. The
relatively quiescent state of differentiated cells may help the
virus to remain in a restricted, nonreplicative state, similar to
what has been described for poliovirus (15, 26). Regardless of
the site of persistence, the presence of viral material in the
CNS for extended periods of time may contribute to chronic

J. VIROL.

immunopathology and long-term clinical consequences in the
surviving host.
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