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Viral pathogenesis depends on a suitable milieu in target host cells permitting viral gene expression,
propagation, and spread. In many instances, viral genomes can be manipulated to select for propagation in
certain tissues or cell types. This has been achieved for the neurotropic poliovirus (PV) by exchange of the
internal ribosomal entry site (IRES), which is responsible for translation of the uncapped plus-strand RNA
genome. The IRES of human rhinovirus type 2 (HRV2) confers neuron-specific replication deficits to PV but
has no effect on viral propagation in malignant glioma cells. We report here that placing the critical �134.5
virulence genes of herpes simplex virus type 1 (HSV) under translation control of the HRV2 IRES results in
neuroattenuation in mice. In contrast, IRES insertion permits HSV propagation in malignant glioma cell lines
that do not support replication of HSV recombinants carrying �134.5 deletions. Our observations indicate that
the conditions for alternative translation initiation at the HRV2 IRES in malignant glioma cells differ from
those in normal central nervous system (CNS) cells. Picornavirus regulatory sequences mediating cell type-
specific gene expression in the CNS can be utilized to target cancerous cells at the level of translation
regulation outside their natural context.

Herpes simplex virus type 1 (HSV) and poliovirus (PV) are
neuropathogens that target cells in the central nervous system
(CNS). Both use cellular receptors belonging to the nectin
family: nectin-1 or the PV receptor-related molecule 1 for
HSV (15) and CD155 or the PV receptor for PV (35). Both
viruses have been genetically engineered to attenuate neuro-
pathogenicity. Nonneurovirulent variants of both HSV and PV
selectively propagate in malignant glioma cells and are being
investigated as oncolytic agents against glioblastoma multi-
forme (GBM).

The HSV double-stranded DNA (dsDNA) genome of
�152,250 bp encodes at least 84 gene products. Attenuation
was achieved by deletion of the �134.5 gene, abolishing neu-
rovirulence in mice (2, 5) and primates (21). Moreover,
��134.5 HSVs, either with or without a mutation in another
nonessential gene, have been safely administered to GBM pa-
tients (32, 48). A key function of the �134.5 gene product,
infected-cell protein 34.5 (ICP34.5), is to oppose host antiviral
responses that culminate in protein synthesis shutoff. HSV
infection results in dsRNA-dependent protein kinase (PKR)
activation, which unchecked, arrests translation via phosphor-
ylation of the � subunit of eukaryotic initiation factor (eIF-2�)
(4, 6). ICP34.5 redirects cellular protein phosphatase 1� to
dephosphorylate eIF-2�, maintaining a pool of active eIF-2�
(19). ��134.5 mutants are unable to counter PKR, and viral
growth is therefore inhibited in the CNS (4, 6). However, these
mutants propagate efficiently in tumor cells with defective or
suppressed PKR responses (1), spurring clinical application as
oncolytic agents (32, 48).

��134.5 growth is impeded in some cancer cell lines (39, 50),
indicating that ICP34.5 is required for robust propagation in
these cell types. HSVs that conditionally express ICP34.5 in
GBM would resolve this impasse, selectively supplying the
protein in tumor cells resistant to ��134.5 viruses. This strategy
has been pursued by selection for second-site suppressor mu-
tants capable of PKR inhibition yet attenuated for neuroviru-
lence (52) or by placing �134.5 under transcriptional control of
glioma-specific promoters (24, 25, 43).

We report here engineering of HSVs specifically targeting
GBM at the level of translation control. This was achieved by
replacing noncoding regions driving translation of the �134.5
transcript with picornavirus 5� and 3� untranslated regions
(UTRs) conferring active gene expression in GBM, while
thwarting ICP34.5 synthesis in the CNS.

Neurovirulence of PV, a plus-strand RNA virus of the Pi-
cornaviridae family associated with paralytic poliomyelitis, de-
pends on its internal ribosomal entry site (IRES). The �7,400-
nucleotide (nt) PV genome consists of a single open reading
frame (ORF) (27), which is translated in a 5� end-, cap-inde-
pendent fashion by an IRES in the �750-nt 5�UTR (22, 45).
The PV IRES codetermines pathogenicity, because substitu-
tion with the corresponding segment of human rhinovirus type
2 (HRV2) eliminates neurovirulence in human PV receptor
transgenic mice (16) and in primates (17). The HRV2 IRES
produces neuron-specific growth defects (3, 16) but does not
affect propagation in established (18) and primary (36) GBM
cell lines. PV/HRV2 chimeras efficiently reduce the tumor
burden in GBM xenograft animal models (18, 44). Specificity
for GBM is attributed to neuronal repressors of HRV2 IRES
function, the dsRNA binding protein 76 (DRBP76) and nu-
clear factor 45 (NF45) (37, 38). DRBP76 forms a heterodimer
with NF45 in neuronal cells (but not in GBM cells) (38), which
binds to the HRV2 IRES and produces a nonperforming
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ribonucleoprotein (RNP) complex (38). The heterodimer as-
sociates with the translation apparatus exclusively in neuronal
cells and inhibits translation initiation at the HRV2 IRES (38).

Placing the HSV �134.5 transcript under translation control
of the HRV2 IRES leads to efficient ICP34.5 expression in
HRV2 IRES-permissive cell lines. Insertion of picornavirus
UTR sequences does not compromise the integrity of the
�134.5 transcript in HSV-infected cells. HSV recombinants
expressing ICP34.5 under HRV2 IRES control display vastly
improved growth in glioma cells resistant to ��134.5 virus.
Neurovirulence assessment in mice indicates that ICP34.5 is
not expressed or is expressed at very low levels in neuronal
cells, as the recombinant virus was safely administered to mice
over a range of doses that were lethal with wild-type (wt) HSV.

MATERIALS AND METHODS

Cells and growth curves. Vero and U373 cells (ATCC, Manassas, VA) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad,
CA) supplemented with penicillin, streptomycin, and amphotericin B and 10%
fetal bovine serum (FBS). SMA-560 cells (a gift from D. Bigner, Duke Univer-
sity) were propagated in 1:1 DMEM-Ham’s F-12 medium (Invitrogen, Carlsbad,
CA) containing 10% FBS and penicillin, streptomycin, and amphotericin B. Cells
were maintained at 37°C in 5% CO2. For multicycle growth curves, 106 cells were
plated in 35-mm dishes. After 24 h, medium was replaced with DMEM contain-
ing 1% FBS (DMEM–1% FBS), and 104 PFU of virus was applied. After a 1-h
incubation period at 37°C, cells were refed with DMEM–1% FBS. Following
incubation at 37°C for 24, 72, or 120 h, cells were lysed by two freeze-thaw cycles,
and titers were determined by plaque assay on Vero cells following established
protocols (40).

Construction of virus recombinants. The HSV (Patton) strain is used as the
backbone for all recombinants described in this study; viral nucleotide numbers
refer to the HSV strain 17 sequence (GenBank accession number X14112). To
generate recombinant HSVs, foreign sequences were cloned into a plasmid
containing the HSV (Patton) BamHI SP fragment. First, an XbaI restriction site
was engineered, including the stop codon of the �134.5 ORF, by ligating frag-
ments from SexAI/BstXI-digested plasmid, SexAI/XbaI-digested PCR product
generated with primers (i) (5�-CCACCTGGTGGTCTGGGCCTCGGC-3�) and
(ii) (5�-CGTCTAGACCGAGTTCGCCGGGCC-3�), and XbaI/BstXI-digested
PCR product obtained with primers (iii) (5�-GTCTAGACGTTACACCCGAG
GCGGCCT-3�) and (iv) (5�-CCCCAGGGGAGTGGTTACGCGC-3�). An
XbaI/ClaI fragment containing the PV 3�UTR (8) was ligated to annealed com-
plementary oligonucleotides (v) (5�(phospho)-CGATAATAAAAGATCTTTAT
TTTCATTACATCTGTGTGTTGGTTTTTTGTGTG-3�) and (vi) (5(phospho)�-TC
GACACACAAAAAACCAACACACACAGATGTAATGAAAATAAAGAT
CTTTTATTAT-3�) comprising a synthetic polyadenylation signal sequence (30)
to generate an XbaI/SalI fragment. This fragment was 3� blunted and cloned into
BstXI/XbaI-digested BamHI SP plasmid along with a BstXI/StuI fragment from
the BamHI SP plasmid to yield plasmid BamX3. A SacI/XbaI-digested fragment
from BamX3 spanning the �134.5 5�UTR/ORF was subcloned into SacI/XbaI-
digested pUC19 (New England Biolabs). The resulting plasmid was digested with
DraIII and XbaI to remove a portion of the 5�UTR and the entire �134.5 ORF.
The digested vector was ligated with a DraIII/NcoI-digested fragment containing
the PV cloverleaf (CL) and HRV2 IRES derived from PCR with primers (vii)
(5�-GCTTTAAAGCGGTGGCGGCGGGCAGCCTTAAAACAGCTCTG GG
GT-3�) and (viii) (5�-CATGTGCGCCCACTTTCTGTG-3�) from a PV1(RIPO)
template (16) and an NcoI/XbaI-digested BamX3 fragment containing the
�134.5 ORF. The SacI/XbaI fragment from the resulting plasmid, which includes
the PV CL, HRV2 IRES, and �134.5 ORF, was ligated back into BamX3 to yield
plasmid BamIR. ATGmut-34.5 was obtained by ligation of an EcoRI/BsaAI-
digested PCR product generated with primers (ix) (5�-CGCCTGTTTTATACT
CCCTTCCC-3�) and (x) (5�-GTTACGTGCTCTAGCTGCAGGGTTAAGGTT
AGCCACGTTCAG-3�) from PV1(RIPO) template cDNA with pUC19 vector
containing the HRV2 IRES and �134.5 ORF EcoRI/XbaI fragment from
BamIR. The HpaI/XbaI fragment from this plasmid was then ligated back into
BamIR to yield BamIR/ATGmut.

To construct PV-34.5, a SacI site was introduced at the start of the �134.5 ORF
via PCR from plasmid BamIR template DNA with primers (xi) (5�-ATGGGA
GCTCGCCGCCGCCGCCATCGCG-3�) and (ii). The SacI/XbaI-digested PCR
product, encompassing the �134.5 ORF, was cloned into SacI/XbaI-digested

vector pPV1(M)-Luc-PVA50 (3) to insert the ORF downstream of the PV IRES.
To repair the SacI site insertion, this plasmid was digested with SacI, blunt ended
with Klenow fragment, cleaved near the 3� end of the PV IRES with MunI, and
ligated with annealed complementary oligonucleotides (xii) (5�(phospho)-AAT
TGTATCATAATGGCC-3�) and (xiii) (5�(phospho)-GGCCATTATGATAC-
3�). The KpnI/XbaI restriction fragment from the resulting plasmid, which con-
tained a portion of the PV CL, the entire PV IRES, and the �134.5 ORF, was
cloned into KpnI/XbaI-digested BamIR to yield plasmid BamPV.

Full-length recombinant viruses were generated as described previously (41)
by homologous recombination of the BamIR, BamIR/ATGmut, or BamPV plas-
mid with SPBg5e viral DNA, an HSV mutant in which the ORFs in both �134.5
copies are replaced with �-glucuronidase-coding sequences (40).

Southern blot. Following two rounds of plaque purification on Vero cells, the
genetic structures of virus recombinants were assessed by Southern blot analysis.
Viral DNA was isolated and prepared for Southern blotting as described previ-
ously (40). Briefly, viral DNAs were digested with BamHI and EcoRI (HRV-
34.5/ATGmut-34.5) or BamHI alone (PV-34.5), fractionated by electrophoresis
in 1% agarose gels, transferred to nylon membranes, and incubated with labeled
probe. Digoxigenin-labeled probes were prepared by random priming with the
DIG High Prime kit (Roche, Indianapolis, IN) from (i) the BamHI-BstXI seg-
ment of BamHI SP, which hybridizes to HSV genomic sequences downstream of
the �134.5 ORF; (ii) PV CL/HRV2 IRES DNA amplified by PCR using primers
(vii) and (viii) from PV1(RIPO) cDNA; and (iii) PV CL/PV IRES DNA ampli-
fied by PCR with primers (vii) and (viii) from BamPV plasmid DNA. Probe (i)
identifies �6-kb and �2.8-kb fragments in HSV (Patton) viral DNA correspond-
ing to the genomic BamHI SP and S fragments, respectively. Insertion of the
IRES to engineer HRV-34.5 and ATGmut-34.5 introduces an EcoRI site so that
probe (i) recognizes an identical �2.8-kb segment from both the BamHI SP and
S fragments. Probe (ii) is derived from HRV2 IRES cDNA and hybridizes only
to a �2.8-kb segment in the HRV-34.5 and ATGmut-34.5 genomes. Due to the
presence of a BamHI site within the PV IRES, probes (i) and (iii) both hybridize
to a �2.8-kb fragment following BamHI digestion of PV-34.5 viral DNA.

Northern blot. U373 cells were infected at a multiplicity of infection (MOI) of
10, and total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA)
18 h postinfection (p.i.). Glyoxal-denatured RNA (8 �g per lane) was separated
by electrophoresis on 1% agarose gels and transferred to nylon membranes.
DNA probes were generated by random-primed labeling (Roche, Indianapolis,
IN) with [�-32P]dCTP (GE Healthcare, Piscataway, NJ) from template DNA
derived from PCR with primers (i) and (iv) on plasmid BamHI SP or BamIR.
Prehybridization and hybridization were each carried out for 1 h at 70°C in
ExpressHyb buffer (Clontech, Mountain View, CA). The membranes were
washed in 2	 SSC (1	 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.05%
sodium dodecyl sulfate (SDS) for 40 min at 25°C and in 0.1 	 SSC–0.1% SDS for
40 min at 52°C. Bands were visualized by exposure to X-ray film.

Analysis of viral protein synthesis and immunoblotting. Metabolic labeling of
infected cells to monitor late viral protein synthesis was carried out as described
previously (40). For immunoblot analysis, Vero cells were infected at an MOI of
3 and lysed at various times postinfection. Cell lysis, SDS-polyacrylamide gel
electrophoresis (PAGE), and Western blotting were carried out as described
before (8) with rabbit polyclonal anti-ICP34.5 or anti-ICP27 sera (42).

Neurovirulence assay and histopathology. Four-week-old female BALB/c
mice were procured (Charles River Laboratories), anesthetized, and injected
intracranially (i.c.) with 20 �l of virus diluted in DMEM–1% FBS via a 28.5-
gauge syringe (insuject; Becton-Dickinson, Franklin Lakes, NJ). All mice were
closely observed following the inoculation event to exclude neurological deficits
as a result of the injection procedure. Survival of the animals was monitored for
28 days; mice exhibiting symptoms of neurological illness were sacrificed, and
their brains were dissected and processed for paraffin embedding by standard
procedures (10) for further tests. NCSS software (NCSS, Kaysville, UT) was used
for statistical analysis of survival data with the nonparametric log rank test. All
animal procedures were performed according to protocols approved by the
Institutional Animal Care and Use Committee. Paraformaldehyde-fixed, paraf-
fin-embedded mouse brains were processed into 8-�m sections. Deparaffinized
and cleared slides were treated to block endogenous peroxidases with 0.6%
H2O2 for 8 min. Slides were immunostained with primary rabbit polyclonal
anti-HSV-1 antibody (B0114; Dako, Carpinteria, CA), secondary anti-species
biotinylated antibody and horseradish peroxidase-streptavidin conjugate using
the EnVision � Dual Link kit (Dako, Carpinteria, CA) following the manufac-
turer’s instructions. The slides were counterstained with hematoxylin and
mounted for microscopic analysis.
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RESULTS

Construction of recombinant HSVs. Picornavirus UTRs
were inserted into the HSV genome to regulate expression of
the �134.5 gene. We generated constructs containing the
5�UTRs of wt PV type 1 (Mahoney) and PV-RIPO (16), re-
spectively (Fig. 1). Both feature the 5� terminal cloverleaf of
PV preceding either the HRV2 (HRV-34.5) or PV (PV-34.5)
IRES (Fig. 1C and E). In addition, the PV 3�UTR was in-
cluded in this design, since it is implicated in the neuron-
specific defect of PV-RIPO (8). The group of IRES-containing
HSVs described in this report will be referred to collectively as
IRES-34.5. The native �134.5 5�UTR was replaced by the het-
erologous picornavirus 5�UTR, which was inserted immedi-
ately downstream of the �134.5 transcriptional start site (Fig.
1C to E). The PV 3�UTR and a synthetic polyadenylation
signal sequence were positioned downstream of the �134.5 stop
codon in place of the cognate 3�UTR (Fig. 1C to E). All
genetic manipulations were carried out with a plasmid contain-

ing the BamHI SP fragment of the HSV genome (see Mate-
rials and Methods). We confirmed the genetic structure of the
plaque-purified recombinant viruses PV/HRV-34.5 by South-
ern blotting using IRES-specific probes as well as the BamHI-
BstXI segment from the BamHI SP fragment (see Materials
and Methods; Fig. 2A and B).

IRES-driven ICP34.5 expression in recombinant HSV-in-
fected cells. To determine whether the IRESs drive �134.5
expression during infection with recombinant HSVs, we per-
formed immunoblot assays for detection of ICP34.5 (Fig. 2C).
Production of ICP34.5 is evident following infection of Vero
cells with all recombinants, indicating that the inserted foreign
regulatory elements do indeed mediate translation of the
IRES-34.5 mRNAs in permissive cells (Fig. 2C). Insertion of
heterologous UTRs into the HSV genome does not affect
general HSV gene expression, as ICP27 was expressed at wt
levels by all recombinant viruses (Fig. 2C).

Unexpectedly, in addition to ICP34.5, our antibody detected

FIG. 1. Genetic structure of recombinant viruses. (A) The wild-type HSV genome features unique long (UL) and unique short (US) regions
each flanked by repetitive regions (rectangles), containing both �134.5 copies (arrows). (B) The ��134.5 variant SPBg5e contains �-glucuronidase
ORFs in place of the �134.5 coding regions (shown only for one locus). (C) HRV-34.5 was engineered by inserting the PV CL and HRV2 IRES
downstream of the �134.5 transcriptional start site and immediately upstream from the initiation codon. The sequence context of the initiation
codon (underlined) is shown. The PV 3�UTR and a synthetic polyadenylation signal sequence were positioned directly downstream of the �134.5
stop codon (underlined). Numbers in boxes correspond to HSV nucleotides. The size of inserts is shown in brackets, and junction nucleotide
sequence is indicated below. The predicted structure of the HRV-34.5 transcript is shown at the top of the panel (the locations of the initiation
codon [**] and the location of the point mutation in ATGmut-34.5 [*] are indicated). (D) ATGmut-34.5 is identical to HRV-34.5 except for a point
mutation within the IRES (T450fC). Nucleotide numbers are from the numbering of the wt HRV2 genome sequence (GenBank accession
number X02316). (E) PV-34.5 is identical to HRV-34.5 except for the presence of the PV IRES instead of its HRV2 counterpart.
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a higher-molecular-weight protein in cells infected with HRV-
34.5 (Fig. 2C). The presence of this protein suggested transla-
tion initiation at an upstream cryptic AUG in frame with the
true initiation codon (at position 622 of the 5�UTR [Fig. 1C]).
This may be due to scanning of the capped HRV-34.5 message
or irregular cap-independent initiation at a normally silent

AUG. An in-frame AUG in poor Kozak context within IRES
stem-loop domain V (nt 449 to 451; Fig. 1C) without a down-
stream in-frame stop codon, if used, could give rise to the
enlarged ICP34.5 polypeptide. To eliminate synthesis of this
enlarged variant, we changed the sequence in HRV-34.5
[T450fC (Fig. 1D)] to generate ATGmut-34.5 (Fig. 1D). This
eliminated biosynthesis of the higher-molecular-weight protein
(Fig. 2C). We employed both the HRV-34.5 and ATGmut-34.5
viruses in subsequent studies.

Interestingly, the cryptic AUG giving rise to the aberrant
translation product with HRV-34.5 is conserved in the PV
IRES and in frame with the true PV initiation codon. Yet, we
did not detect enlarged ICP34.5 proteins generated at the PV
IRES (Fig. 2C). This discrepancy could be due to different
conditions for initiation at upstream AUGs mediated by di-
verse higher-order structures of the PV and HRV2 IRESs.
Translation products generated by aberrant initiation at the
equivalent upstream AUGs in the PV and HRV2 IRESs would
differ by 41 amino acids in size (due to the larger size of the
former); this may influence recognition by antibodies used in
the ICP34.5 immunoblot. Last, control of aberrant initiation at
picornavirus IRESs in vitro has been assigned to IRES trans-
acting factors (34). Different RNP complexes forming at the
PV and HRV2 IRESs in cells infected with HSV recombinants
may affect initiation codon choice. Since PV-34.5 generates a
single ICP34.5 protein of the correct predicted size, we used
this construct for further studies.

Efficient synthesis of ICP34.5 suggests that the IRES-driven
�134.5 message is stable and translation competent in infected
cells. Nevertheless, to exclude effects of heterologous UTRs on
template stability, we evaluated the integrity of IRES-34.5
mRNAs in infected cells. Previous studies reported Northern
blot detection of specific �134.5 transcripts of �1.3, 4, and 5.2
kb in infected Vero or neuroblastoma cells (7, 29). We isolated
total RNA from U373 glioblastoma cells infected with
ATGmut-34.5 or PV-34.5 18 h p.i. Using a probe that hybrid-
izes to the 3� 185 nt of the �134.5 ORF and the 3�UTR, we
observed �134.5-specific transcripts of approximately 1.3 and 4
kb in length (Fig. 2D). In addition, we detected a third band of
approximately 2.5 to 3 kb. Further studies would be required to
determine the exact nature and significance of these various
transcripts. Importantly, �134.5 transcript integrity and stability
following infection with ATGmut-34.5 or PV-34.5 do not ap-
pear to differ from wt HSV-infected cells, and overt transcript
degradation was not apparent under the conditions tested with
any of the viruses (Fig. 2D).

Replication of recombinant HSV in glioma cells. ICP34.5 is
produced during infection of Vero cells with HSV IRES-34.5
and ATGmut-34.5 recombinants at reduced levels than those
of wt virus infection (Fig. 2C). To evaluate whether �134.5
gene expression in our recombinant viruses occurs at levels
sufficient to counter the PKR-induced shutoff of protein syn-
thesis, we measured viral protein synthesis at late times of
infection. We evaluated universally permissive Vero cells, the
human glioma cell line U373, which is resistant to ��134.5
HSVs (52), and murine SMA-560 glioma cells.

Cells were infected with virus at an MOI of 3 and labeled for
1 hour with 35S-labeled amino acids 18 h p.i. Cell lysates were
fractionated by SDS-PAGE, and protein expression was de-
tected autoradiographically. Late viral protein synthesis is

FIG. 2. Mapping the IRES insert and ICP34.5 expression of recom-
binant viruses. (A and B) Southern blots of recombinant HSV ge-
nomes; (C) Western blot of ICP34.5 from infected cells; (D) Northern
blot of �134.5 mRNA from infected cells. (A) Probe corresponding to
the BamHI-BstXI segment hybridizes downstream of the �134.5 gene
and yields the expected segments in all viral genomes (see Materials
and Methods). (B) Probe derived from HRV2 (left) or PV IRES
(right) cDNA uniquely detects the expected �2.8-kb fragments in the
HRV-34.5, ATGmut-34.5, and PV-34.5 lanes. (C) Vero cells were
infected at an MOI of 3, and the cells were lysed in SDS buffer 18 h p.i.
(Top) ICP34.5 (arrowhead) was detected by immunoblotting. A high-
er-molecular-weight protein (asterisk) produced during HRV-34.5 in-
fection is not detected after infection with ATGmut-34.5 or PV-34.5.
(Bottom) Expression of ICP27 detected in Vero cells infected with the
indicated recombinant. (D) Total RNA was isolated from U373 cells
18 h p.i. and subjected to Northern blot analysis with DNA probes specific
for the PV 3�UTR-containing �134.5 transcript (mock, ATGmut-34.5,
and PV-34.5 lanes) or for the cognate 3�UTR-containing �134.5 tran-
script (wt HSV lane).
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roughly equivalent for all viruses tested in Vero cells, which are
permissive for growth of the ��134.5 virus SPBg5e (Fig. 3A).
However, as previously shown (52) SPBg5e protein expression
is thwarted in U373 cells (Fig. 3B). In contrast, robust viral
protein synthesis was evident after infection with HRV-34.5 or
ATGmut-34.5 in U373 cells. These findings suggest that
ICP34.5 production was sufficient to antagonize the PKR re-
sponse at late times in HRV-34.5- or ATGmut-34.5-infected
U373 cells (Fig. 3B). Similar results were obtained in SMA-560
cells (Fig. 3C). Unexpectedly, there is incomplete shutoff of
host protein synthesis during SPBg5e infection of SMA-560
cells, and viral gene products could not be clearly discerned
(Fig. 3C). In contrast, viral gene expression levels in HRV-
34.5- or ATGmut-34.5-infected SMA-560 cells were at wt lev-
els (Fig. 3C). We did not evaluate PV-34.5 in this assay, since
it exhibited a propagation rate similar to those of HSV (Pat-
ton) and the other IRES-34.5 recombinants in U373 and SMA-
560 cells (Table 1).

We performed multicycle growth curve analyses to deter-
mine the efficiency of IRES-34.5 recombinant replication in
human and murine glioma cells. U373 and SMA-560 cells were
infected at an MOI of 0.01, and viral titers were quantified at
various times p.i. SPBg5e replicates exceedingly poorly, reach-
ing titers of only 3.6 	 104 PFU/ml and 34 PFU/ml after 5 days
in U373 and SMA-560 cells, respectively (Table 1). In contrast,
the IRES-containing recombinant viruses grew very efficiently,
with titers 
1,000- to 30,000-fold above those of SPBg5e at 3
and 5 days p.i. (Table 1). The titers of IRES-34.5 viruses were
only �4- to 40-fold below those achieved by wt HSV (Table 1).

Thus, translation control elements in IRES-34.5 recombi-
nants permit productive infection of both mouse and human
glioma cells resistant to ��134.5 HSV. Replication of HRV-
34.5, ATGmut-34.5, and PV-34.5 did not significantly differ in
either cell line. We conclude that diverse picornavirus IRESs
driving HSV ICP34.5 expression mediate efficient viral gene
expression and propagation in U373 glioma cells and that there
are no significant species-specific effects on the performance of
HRV- or PV-derived IRESs in murine glioma cells.

Neuropathogenicity of HSV IRES recombinants in mice.
HRV-34.5 and ATGmut-34.5 HSVs propagate efficiently in
glioma cells, but do they recapitulate in vivo the neuron-spe-
cific translation deficit of the HRV2 IRES observed with PV-
RIPO? This question was addressed by neurovirulence assess-
ment of the recombinant viruses, as well as SPBg5e and HSV
(Patton) by intracranial inoculation of BALB/c mice. Groups
of four female 4-week-old mice received intracerebral injec-
tions of the virus strain to be tested into the right caudate
nucleus. The mice were observed, and their neurological status
was monitored over a 28-day period. Injection with HSV (Pat-
ton) virus resulted in death of all four mice at the highest dose
(10,000 PFU) within 24 h p.i. and was fatal at even the lowest
dose (10 PFU) by 7 days p.i. (Table 2). Confirming prior
observations (5), SPBg5e is severely attenuated, and accord-
ingly, no deaths occurred in the animals injected with SPBg5e

FIG. 3. Analysis of late viral protein synthesis. Vero (A), U373 human glioma (B), or SMA-560 mouse astrocytoma (C) cells were mock infected
or infected at an MOI of 3. Eighteen hours p.i., proteins were pulse-labeled for 1 h with 35S-labeled amino acids. Whole-cell lysates were
fractionated by SDS-PAGE, and the fixed and dried gels were exposed to X-ray film. The positions of molecular mass standards (in kilodaltons)
are indicated to the left of the gels.

TABLE 1. Replication of the recombinant viruses in glioma cellsa

Cell and virus
Titer (PFU/ml)

Day 1 p.i. Day 3 p.i. Day 5 p.i.

U373 cells
SPBg5e 3 	 103 1.8 	 104 3.6 	 104

HRV-34.5 6 	 104 5 	 107 4 	 107

ATGmut-34.5 2.8 	 105 5.4 	 107 3 	 107

PV-34.5 4 	 105 8 	 107 8 	 107

Wild-type virus 4 	 105 1.6 	 108 1.4 	 108

SMA-560 cells
SPBg5e 400 1 	 103 34
HRV-34.5 5 	 104 3 	 105 1.2 	 105

ATGmut-34.5 1.8 	 105 6 	 105 1 	 105

PV-34.5 6 	 105 2 	 106 3 	 105

Wild-type virus 1.2 	 106 5 	 106 4 	 106

a U373 or SMA-560 cells (1 	 106) were infected with 104 PFU of virus. Cells
were lysed at 1, 3, and 5 days p.i., and viral titers were determined by plaque assay
on Vero cells.
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at any dose in the range tested (Table 2). Similarly, HRV-34.5
and ATGmut-34.5 were significantly attenuated compared to
HSV (Patton) at all doses (P � 0.05). A single mouse inocu-
lated with HRV-34.5 at the highest dose (10,000 PFU) suc-
cumbed on day 3, but all remaining mice injected with HRV-
34.5 and ATGmut-34.5 survived (Table 2). Attenuation of
HRV-34.5 and ATGmut-34.5 is not due to host range defects
of HRV2 IRES function in murine cells, because in contrast to
SPBg5e, these viruses exhibited efficient gene expression (Fig.
3C) and growth in mouse SMA-560 glioma cells (Table 1). Our
data indicate that placing the �134.5 gene under translation
control of PV-RIPO regulatory genetic elements results in
attenuation of neurovirulence.

Evaluation of PV-34.5 in vivo revealed a significant differ-
ence in neurovirulence potential compared to ATGmut-34.5
(at 10,000 and 1,000 PFU; P � 0.05) and HRV-34.5 (at 1,000
PFU; P � 0.05). This suggests that, in contrast to the HRV2
IRES, the PV IRES is capable of mediating viral gene expres-
sion and growth in the CNS, resulting in considerable neuro-
virulence: all animals inoculated with 1,000 PFU and beyond
succumbed to the infection (Table 2). The fact that HSV (Pat-
ton) was lethal at doses lower than those of PV-34.5 suggests
that the PV IRES insert slightly lowers HSV propagation
and/or invasion, at least in the CNS.

Immunohistopathology of HSV in mouse brain. In addition
to attenuating neurovirulence, placing �134.5 under translation
control of picornavirus UTRs could in principle redirect HSV
cell type specificity in the infected mouse brain. To evaluate
this possibility, we conducted immunohistopathological analy-
ses of the brains of mice infected i.c. with ATGmut-34.5 and
HSV (Patton). Mice infected with 1,000 PFU of either virus
were sacrificed 3 days p.i., and their brains were dissected and
histologically processed. The entire brain of sacrificed animals
was cut into sections 8 �m thick, and a series of 20 sections
containing overt lesions corresponding to the inoculation site
and adjacent areas were chosen for further analysis (Fig. 4).
We detected unambiguous HSV gene expression only in the
brains of mice infected with HSV (Patton) (Fig. 4). We iden-
tified four main sites of HSV gene expression: the ependymal
cell layer (Fig. 4A to D), sporadic neurons in the hippocampal
formation (Fig. 4E to H), the meninges (Fig. 4I and J), and in
the vicinity of the inoculation site (Fig. 4K and L). This pattern
of viral gene expression is reminiscent of earlier observations
regarding HSV encephalitis after intracerebral inoculation
into BALB/c mice (26, 33).

By far the most obvious and widespread site of HSV gene
expression was the ependymal cell layer. We observed widely
distributed infection of cells in the ependymal lining of all
ventricles (Fig. 4A to D). Occasionally, HSV-positive staining
was detected in subependymal clusters of cells adjacent to
affected ependymal areas (data not shown). Productive infec-
tion of ependymal cells has been observed before with HSV
(1716), a ��134.5 variant, as well as with wt HSV (26). How-
ever, in this study, ependymal cells were affected only after
intraventricular, but not parenchymal, injection of virus (26).
Intracranial inoculations in our study were targeted to the
basal ganglia (Fig. 4K) in a location not communicating with
the ventricular system. The fact that we did observe ependymal
cell infection may reflect either enhanced neuropathogenicity/
invasiveness of wt HSV (Patton) compared to HSV (17) (which
was studied in reference 26) or unintended ventricular spread
(which commonly occurs after i.c. inoculation in mice, due to
the small size of their brain). We did observe a low level of
staining in parts of the ependymal layer in the brains of mice
infected with ATGmut-34.5. However, the signal was margin-
ally above background observed with isotype-matched control
immunoglobulin G (data not shown).

We observed sporadic HSV antigen expression in neurons
located in the hippocampal formation. The total number of
neurons affected in individual brains was low; the example
shown (two neurons in the hippocampal formation; Fig. 4E to
H) were the only neurons identified in 20 consecutive sections
in the animal tested. The location of the infected neurons bears
no apparent relation to the inoculation site (in the caudate
nucleus) or confirmed sites of HSV infection (e.g., the ependy-
mal cell layer). On the basis of these findings, we assume that
infection of solitary neurons may be a chance phenomenon.
HSV (Patton)-infected animals were sacrificed in a pretermi-
nal state. Further expansion of HSV infection to neighboring
neurons may be curtailed by the rapid death of affected ani-
mals. We did not observe HSV antigen in any neurons or glia
in ATGmut-34.5-infected mice. Detection of HSV in ependy-
mal cells and the hippocampus could indicate a preference for
HSV propagation in dividing CNS cells (26); both structures
are known to harbor mitotically active populations in the adult
brain (14, 49).

Mice infected with HSV (Patton) showed signs of meningeal
viral gene expression (Fig. 4I and J). Positive stain was visible
in cells of the pia mater (Fig. 4I) and occasionally in small
clusters of cells in the underlying cortex (data not shown).
Finally, there was evidence of viral gene expression in the
vicinity of the inoculation site. Generally, the signal was diffuse
and difficult to assign to defined populations of cells (Fig. 4K
and L). We did not detect viral gene expression at the site of
inoculation with ATGmut-34.5 (data not shown). Our findings
suggest that expression of ICP34.5 under HRV2 IRES control
does not redirect HSV cell type specificity in the mouse brain
and that HSV gene expression in the main structures affected
by HSV (Patton) is substantially reduced or absent with
ATGmut-34.5.

DISCUSSION

We demonstrated that HSV neuropathogenicity in mice can
be attenuated by modifying translation regulation of key viru-

TABLE 2. Neurovirulence attenuation of recombinant virusesa

Virus

No. of surviving mice/no. of mice injected with the
following dose (PFU):

10,000 1,000 100 10

SPBg5e 4/4 4/4 4/4 NDc

HRV-34.5 3/4 (3)b 4/4 4/4 ND
ATGmut-34.5 4/4 4/4 4/4 ND
PV-34.5 0/4 (2, 3, 4, 5) 0/4 (6, 6, 6, 7) 4/4 ND
Wild-type 0/4 (1) 0/4 (1, 2, 3, 3) 0/4 (4) 0/4 (6, 6, 7, 7)

a BALB/c mice were mock infected or injected intracranially with various
doses of virus, and survival was monitored over 28 days. Four mock-infected
animals survived.

b The time to death in days is shown in parentheses.
c ND, not determined.

796 CAMPBELL ET AL. J. VIROL.



lence genes in the brain. Moreover, the principle of targeting
translation control in GBM, first discovered with PV replicat-
ing under control of a heterologous IRES, can be applied to
direct HSV gene expression and cytotoxicity specifically to
malignant glioma cells.

HRV2 IRES function in the CNS exhibits similar cell type-
specific restrictions in the context of PV, an RNA virus that
depends on cap-independent translation, and HSV, a DNA
virus that does not. Translation regulation of the HSV �134.5
gene by the HRV2 IRES results in profound neuroattenuation,
while PV IRES-controlled ICP34.5 expression retains a high
level of neurovirulence inherent in wt HSV.

Parallel cell type-specific function of picornavirus IRESs
within their native and an artificial HSV context is surprising,
since both PV and HSV cause profound and fundamentally
different perturbations of translation control in their hosts. The
artificial IRES-�134.5 transcript may thus be at an inherent
disadvantage in HSV-infected cells lacking PV-induced alter-
ations of the host cell translation machinery.

Enterovirus (e.g., PV) and HRV IRES efficiency may be
affected by alterations of translation initiation factors in in-
fected host cells: enteroviruses and rhinoviruses express pro-
teases that cleave the eukaryotic initiation factor 4G (eIF4G)

(11) and poly(A) binding protein (PABP) (23). We recently
reported that enterovirus IRES function is remarkably robust
in the absence of eIF4G or PABP cleavage and that viral
IRES- and cap-driven translation efficiencies are comparable
in uninfected cells (9). The fact that the HRV2 IRES mediates
efficient ICP34.5 expression in glioma cells in the absence of
enterovirus proteases and their effects on the translation ap-
paratus corroborates these findings.

Posttranscriptional control of host and viral gene expression
during lytic HSV infection is in part determined by the virion
host shutoff (Vhs) protein, which associates with eIF4F and
endoribonucleolytically degrades mRNAs (12, 13, 51). It has
been proposed that VP16 binding to Vhs prevents degradation
of viral mRNAs to protect viral gene expression during lytic
infection (28). Studies with encephalomyocarditis virus IRES-
containing mRNAs in rabbit reticulocyte lysate suggested that
Vhs may target IRESs for destruction in vitro (31). It is thus
conceivable that the IRES-�134.5 transcript, containing com-
plex structured foreign UTRs, is prone to degradation by Vhs
in HSV-infected cells. Our data exclude this scenario: IRES-
�134.5 transcripts were intact in HSV-infected cells and the
IRES-34.5 constructs grow with near wt efficiency in U373 and
SMA-560 glioma cells, while SPBg5e hardly grows at all. If Vhs

FIG. 4. Immunohistopathology of HSV (Patton) in mouse brain. Adjacent sections were stained with anti-HSV polyclonal antiserum (A, C, E,
G, I, and K) or isotype-controlled nonspecific rabbit immunoglobulin G (B, D, F, H, J, and L). (A and B) Ependymal lining of the third ventricle.
HSV-positive cells line the entire surface of the ventricle and are particularly abundant adjacent to the choroid plexus (indicated by the arrow in
panel A). There was no staining with control antibody (B). (C and D) Detail of panels A and B. Higher-power magnification demonstrates the
distribution of HSV-infected cells with relation to the choroid plexus. (E and F) Overview of the hippocampal formation. The arrow points at two
individual hippocampal neurons staining positive for HSV antigen. Note prominent stain of the ependymal cell layer (lower right). (G and H)
Detail of panels E and F. Solitary neurons within the hippocampal formation and their axonal/dendritic extensions stain positive for HSV. (I and
J) HSV-positive cells in the pia mater. (K and L) The immediate vicinity of the inoculation site.
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preferentially degraded IRES-containing messages, both con-
structs would exhibit similar growth properties.

Our prior investigations have revealed different conditions
for translation initiation in GBM versus neuronal cells. We
reported that the DRBP76:NF45 heterodimer binds to the
HRV2 IRES and prevents polysome assembly at the PV-RIPO
RNA specifically in neuronal cells (37, 38). Our observation
that the HRV2 IRES exhibits identical cell type-specific func-
tion in a diverse context reinforces the notion of a different
environment for translation initiation at the HRV2 IRES in
GBM and the normal CNS. It has been suggested that Ras/Akt
oncogenic signaling, which transforms normal glial precursors
and produces a GBM-like phenotype (20), affects gene expres-
sion patterns through differential polysome recruitment of ex-
isting mRNAs (46, 47). It was speculated that RNA binding
proteins with cell type-specific function or distribution may
selectively recruit certain mRNA subsets into polysomes (47).
Genetically engineered HSVs with translationally controlled
virulence genes provide a precedent for this hypothesis and
implicate the DRBP76:NF45 heterodimer in differential trans-
lation initiation in normal and transformed cells in the CNS.
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