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Deletion of the S component inverted repeat sequence
c'and the nonessential genes Ug1 through Ug5 from the
herpes simplex virus type 1 genome substantially
impairs productive viral infection in cell culture and
pathogenesis in the rat central nervous system

Siyamak Rasty™*, P Luigi Poliani*?, David J Fink"? and Joseph C Glorioso®

'Departments of Molecular Genetics and Biochemistry and ?Neurology, University of Pittsburgh School of Medicine,
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A distinctive feature of the genetic make-up of herpes simplex virus type 1
(HSV-1), a human neurotropic virus, is that approximately half of the 81 known
viral genes are not absolutely required for productive infection in Vero cells,
and most can be individually deleted without substantially impairing viral
replication in cell culture. If large blocks of contiguous viral genes could be
replaced with foreign DNA sequences, it would be possible to engineer highly
attenuated recombinant HSV-1 gene transfer vectors capable of carrying large
cellular genes or multiple genes having related functions. We report the
isolation and characterization of an HSV-1 mutant, designated d311, contain-
ing a 12 kb deletion of viral DNA located between the L-S Junction a sequence
and the Us6 gene, spanning the S component inverted repeat sequence ¢’ and the
nonessential genes Us1 through Us5. Replication of d311 was totally inhibited
inrat B103 and mouse Neuro-2A neuroblastoma cell lines, and was reduced by
over three orders of magnitude in human SK-N-SH neuroblastoma cells
compared to wild-type (wt) HSV-1 KOS. This suggested that the deleted genes,
while nonessential for replication in Vero cells, play an important role in HSV
replication in neuronal cells, particularly those of rodent origin. Unlike wt KOS
which replicated locally and spread to other regions of brain following
stereotactic inoculation into rat hippocampus, d311 was unable to replicate
and spread within the brain, and did not cause any apparent local neuronal cell
damage. These results demonstrate that d311 is highly attenuated for the rat
central nervous system. d311 and other mutants of HSV containing major
deletions of the nonessential genes within Ug have the potential to serve as
useful tools for gene transfer applications to brain.
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Introduction

The 152 kb linear double-stranded DNA genome of
herpes simplex virus type 1 (HSV-1) consists of a
108 kb long (L) and a 13 kb short (S) component,
each of which are flanked by inverted repeat
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elements. The b inverted repeat sequences (9 kb)
surround the unique long (U,) component, while
the c¢ inverted repeats (6.5 kb) flank the unique
short (Us) component (Hayward et al, 1975;
Sheldrick and Berthelot, 1975; Wadsworth et al,
1975). Each of the b inverted repeats contain a copy
of the ICPO and 734.5 genes (Chou and Roizman,
1986), as well as the latency-associated transcript
(LAT) sequence and the newly discovered ORF P
(Lagunoff and Roizman, 1994; 1995; Ward and
Roizman, 1994). The c-inverted repeats each con-
tain a copy of the ICP4 gene (Morse et al, 1978) and
an origin of viral DNA replication (oris) (Deb and
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Doelberg, 1988; Stow, 1982; Stow and McMonagle,
1983; Vlazny and Frenkel, 1981; Ward and Roiz-
man, 1994). A third origin of viral DNA replication,
ori,, has been mapped within the L component
(Weller et al, 1985). Bracketing the b and c repeat
elements is the a inverted repeat sequence (250—
500 bp), contained in one to several copies at the L
component terminus and at the L-S junction, but
present as a single copy at the S component
terminus (Locker and Frenkel, 1979; Wagner and
Summers, 1978). The a sequence has been pre-
viously shown to promote standard homologous
recombinational inversion of L. and S components
during viral DNA replication (Mocarski and Roiz-
man, 1981; 1982a; Weber et al, 1988), and to
contain a cis-acting site for cleavage of concate-
meric DNA and packaging of unit-length genomes
into capsids (Varmuza and Smiley, 1985; Vlazny et
al, 1982).

The HSV-1 genome encodes at least 81 genes
(Lagunoff et al., 1996, Ward and Roizman, 1994).
Forty-three of these are nonessential for productive
viral infection in cell culture (Ward and Roizman,
1994). Nonessential or accessory genes map
throughout the HSV-1 genome, in both U, and Us,
and in the inverted repeats flanking U,. The
clustering of nonessential genes in Us is particularly
striking in that 13 of 14 U genes are nonessential.
Moreover, only three essential genes encoding
ICP27 (U,54), ICP4, and glycoprotein D (Us6), map
to the right-hand 40 kb of the 152 kb viral genome.
Replacement of this entire region of nonessential
viral genes by foreign DNA would allow HSV-1 to be
used as a carrier for complex genomic DNA
sequences containing both promoter and noncoding
introns.

Nonessential HSV-1 Ug genes encode diverse
accessory functions. ICP22 (Ugl), an immediate-
early (IE) regulatory protein, is involved in
phosphorylation of the large subunit of host RNA
polymerase II (Rice et al, 1995), and is itself
phosphorylated by viral protein kinases encoded
by U.13 and U3 (Purves and Roizman, 1992). A
novel HSV-1 IE gene, Usl.5, whose open reading
frame is contained within the carboxy-terminal
273 amino acids of ICP22, codes for the functions
associated with optimal expression of ICPO and
late genes, and replication in human primary or
rodent cells (Carter and Roizman, 1996). The Ug3-
encoded cytoplasmic kinase phosphorylates ICP22
and the non-glycosylated, membrane-associated
virion protein encoded by U, 34 (Purves et al,
1991). gG, the Us4 gene product, is a nonessential
envelope glycoprotein involved in virion entry,
egress, and cell-to-cell spread (Balan et al, 1994).
Glycoproteins I(Us7) and E (Ug8) facilitate neuron-
to-neuron viral spread in vivo and across junctions
of fibroblasts and neurons in culture (Dingwell et
al, 1994, 1995). A complex composed of gl bind
the Fc domain of immunoglobulin G (Johnson et

al, 1988), potentially reducing immune cytolysis
of virus-infected cells (Adler et al, 1978; Lehner et
al, 1975). The Us9 and Ug10 gene products are
tegument proteins (Frame et al, 1986), and U1l
encodes an RNA binding protein (Roller and
Roizman, 1990, 1992). ICP47 (Us12), a cytoplasmic
IE protein, contributes to the escape of HSV from
immune surveillance by down-regulating antigen
presentation to major histocompatibility complex
class I-restricted CD8* T cells (York et al, 1994)
through inhibition of antigen peptide translocation
from the cytosolic proteosomes into the lumen of
the endoplasmic reticulum (Fruh et al, 1995; Hill
et al, 1995). No functions have yet been ascribed
to the gene products encoded by Us2, Us5, and
Us8.5.

HSV-1 mutants in which single or multiple
nonessential Us genes have been inactivated are
viable in the absence of complementation in cell
culture. These include single gene mutants in Ug2
(Weber et al, 1987), Us3 (Longnecker and Roizman,
1987; Weber et al, 1987), U4 (Weber et al, 1987),
Ugsb (Weber et al, 1987), Us7 (Johnson et al, 1988;
Longnecker et al, 1987), Us8 (Dingwell et al, 1994;
Johnson et al, 1988; Longnecker et al, 1987;
Neidhardt et al, 1987), and Ug12 (Mavromara-Nazos
et al, 1986; Umene, 1986); double gene mutants in
U1 and Ug1.5 (Post and Roizman, 1981), Us2 and
Us3 (Longnecker and Roizman, 1987), Us3 and Ug4
(Longnecker and Roizman, 1987), Us8 and Ug8.5
(Meignier et al, 1988), and Us11 and Ug12 (Meignier
et al, 1988); and a mulitple gene mutant from which
Us8, 9, 10, 11 and 12, as well as one copy of each of
the three diploid genes mapping in inverted repeat
sequences (ICPO, y34.5, and ICP4) have been
deleted (Longnecker and Roizman, 1986). Other
HSV-1 mutants containing a deletion of one copy of
the three genes in the inverted repeat sequences
have also been isolated (Jenkins et al, 1985;
Poffenberger and Roizman, 1985; Poffenberger et
al, 1983), suggesting that single copies of these
genes are sufficient for replication of HSV-1 in cell
culture. In addition, both copies of oris have been
shown to be dispensable for replication of the virus
in culture (Igarashi et al, 1993).

Although nonessential for viral growth in cell
culture, deletion of one or more of these genes can
reduce the efficiency of virus replication and alter
viral pathogenesis or host range in vivo. For
instance, virus mutants lacking the carboxy-term-
inal domain of ICP22, starting with amino acid 200,
exhibit a reduced capacity to replicate in primary
human cells or in cells of rodent origin, and show a
reduced expression of ICPO and a subset of viral
late genes (Carter and Roizman, 1996; Sears et al,
1985). Similarly, mutants in either gE or gl do not
spread as efficiently as wt virus in cell culture,
giving rise to phenotypically smaller plaques on
Vero cells (Dingwell et al, 1994). In addition, these
accessory genes may play an important role in the



complex life cycle of the virus in the infected host,
affecting viral growth and spread in non-dividing
cells such as neurons (Dingwell et al, 1995), and
thereby contributing to neurovirulence. Single gene
mutants in Usl (Meignier et al, 1988), Us3 (Fink et
al, 1992; Meignier et al, 1988), Usd (Weber et al,
1987), and a double mutant in both Ug11 and Us12
(Meignier et al, 1988) have all been shown to be
significantly attenuated for replication in the rodent
central nervous system (CNS).

The sole essential gene within Ug is Ugs6 which
encodes glycoprotein D (gD), a component of the
virion envelope required for post-attachment entry
of the virus into cells (Ligas and Johnson, 1988).
This gene is centered among a group of five
glycoprotein-encoding genes, of which four (U4,
5, 7, and 8) code for accessory glycoproteins (gG, gJ,
gl, gE, respectively). The host-range of HSV-1 is
defined in part by the ability of the virus to adsorb to
and penetrate cells, and these functions are carried
out by viral envelope glycoproteins. Deletion of
nonessential envelope glycoprotein genes and other
accessory functions from the HSV-1 genome may be
expected to alter the mutant virus host range and
reduce viral pathogenesis for the nervous system.
Moreover, construction of HSV-1 mutants contain-
ing deletions of nonessential Us genes may provide
molecular tools for analysis of the role of these
genes in the viral life cycle and pathogenesis in the
nervous system. It may eventually become possible
to replace viral attachment and penetration func-
tions with novel receptor-binding proteins or
foreign glycoproteins, thus permitting targeting of
the virus to particular cell types. Additionally, such
deletions would allow the accommodation of at
least 12 kb of foreign DNA sequences for construc-
tion of recombinant HSV vectors for gene therapy
applications.

In order to determine the effect of deleting these
accessory genes on viral pathogenesis in vivo, and
to provide a viral genomic backbone devoid of
nonessential Us functions for construction of
recombinant HSV-1 vectors to be used in gene
transfer applications, we designed experiments to
delete the entire group of 13 nonessential genes
from the S component of the viral genome in a two-
step fashion. In the first step, reported in this
manuscript, we describe the deletion of a contig-
uous 12 kb segment of DNA located between the L-S
junction a sequence and the Us6 gene of the HSV-1
genome. The genome of the resulting recombinant
virus, designated d311, carries a deletion spanning
all but 84 nucleotides of the S component inverted
repeat sequence ¢’ along with nonessential genes
Us1 through Ug5. Thus, d311 contains a single copy
of the essential ICP4 gene and a single oris present in
the S component inverted repeat sequence c.
Although the d311 genome is deleted for the ¢
inverted repeat sequence, its S component still
undergoes genome isomerization events, suggesting
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that the a sequence alone is sufficient for the
inversion process. We present data showing that
the deletion substantially impairs productive viral
infection in primate fibroblasts and neuronal cells,
almost totally abolishes viral replication in neuro-
nal cells of rodent origin, and highly attenuates
replication and spread of the virus in the rat central
nervous system.

Results

Homologous recombination of a plasmid containing
Us6 and the a sequence into HSV-1 DNA

We constructed KLP, a recombinant HSV-1 (strain
KOS), by marker rescue of the ICP4 deletion mutant,
d120 (DeLuca et al, 1985) with a recombinant
plasmid, pICP4-lox-pac (Rasty and Glorioso, un-
published data). The KLP genome contains a unique
Pacl restriction site and a bacteriophage P1 loxP
recombination site (Sauer et al, 1987) inserted into
the BamHI site located 27 bp downstream of the
ICP4 transcriptional initiation site and within the
untranslated 5'-leader sequence of each copy of the
ICP4 gene (m.u. 0.863 on the HSV-1 genome; Figure
1A) (Rasty and Glorioso, unpublished data). The
insertions of Pacl and loxP sites flanking Us at a
benign location within the KLP genome were
intended to allow future modification of KLP DNA
by restriction digestion or Cre-loxP recombination
of JoxP plasmids and viral DNA (Rasty et al, 1995).
We also generated a multigenic shuttle plasmid,
pSR581 (Figure 1B), which contained the essential
Usb gene, a reporter lacZ expression cassette, and
the a sequence. We reasoned that homologous
recombination between DNA sequences shared by
the Us6 gene in circular pSR581 plasmid DNA and
the Us6 gene in the Us segment of the KLP genome
would target the entire plasmid into the Ug6 locus in
Us (Figure 1C). Separate portions of the homologous
DNA sequence on the plasmid (i.e. Us6) would serve
as flanks for the intervening sequence (i.e. the
remainder of the plasmid), thus duplicating Us6 in
the recombinational product (Figure 1C). Because of
the orientation of the U6 gene in pSR581 relative to
the a sequence and the lacZ gene in the plasmid,
such an homologous recombination event would
insert lacZ and the plasmid-derived a sequence into
Us such that in an I arrangement of the recombinant
viral genome the novel a sequence would be a direct
repeat of the 3’-terminal a sequence in KLP viral
DNA (Figure 1C). Earlier studies on isomerization of
the HSV-1 genome had indicated that insertion of an
additional copy of the a sequence into the non-
essential thymidine kinase (U,23) gene would cause
rearrangements of the viral genome including
deletion of sequences located between two directly
repeated a sequences (Mocarski et al, 1980); Smiley
et al, 1981). We theorized that introduction of an
additional copy of the a sequence into the Us
segment of KLP through homologous recombination
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Figure 1 Strategy for generation of d311. (A) Schematic
diagram of the KLP genome showing the location of the Pac/
loxP sites upstream of the ICP4 structural gene in both copies of
the inverted repeats flanking Us. The S component of the viral
genome in an Ig isomer of viral DNA is enlarged below. (B)
Schematic diagram of pSR581, showing the relative orientation
and location of loxP, oris, Us6, HCMV IEp-lacZ-SV40 poly(A),
and c-a-b elements on the 13.55 kb shuttle plasmid. Inclusion of
the SV40 poly(A) signal downstream of the Ug6 coding
sequences was necessary since the Ugb transcription unit in
the HSV-1 genome is co-terminal with that of Ug5 and Ug7, thus
its natural transcriptional termination signals are located down-
stream of the Us7 gene. (C) Intermediate recombinational
product, generated through homologous recombination between
Ugsb sequences in KLP viral DNA and those in plasmid pSR581.
Either a deletion of DNA sequences between the two directly
repeated copies of the a sequence (hashed lines) by homologous
recombination, or a bona-fide genomic cleavage event at the
pSR581-derived a sequence would delete a 12kb viral DNA
sequence located between the repeated a sequence, giving rise to
the d311 mutant (D). HCMV IEp, human cytomegalovirus
immediate-early promoter; P, prototype; Is, inverted short.

with the Us6 gene of pSR581 would similarly allow
for deletion of sequences by either homologous
recombination between the two directly repeated
copies of the a sequence in the intermediate
recombinational product (Figure 1C), or occurrence
of genome cleavage events at the plasmid-derived a
sequence prior to packaging of viral DNA. Either

mechanism would thus remove the entire plasmid
vector sequence, the second copy of Ugb, the
original viral genes for Us5, Ug4, U3, Us2, Ugl.5,
Us1, and the terminal repeat of the KLP genome.
This would delete a 12 kb viral DNA sequence
located between the L-S Junction a sequence and
the Usb gene in a P isomer of KLP DNA, precisely
spanning the S component inverted repeat se-
quence ¢’ and the nonessential genes Ugl through
Uss (Figure 1D). The resulting mutant would
contain a single copy of the ICP4 gene, a single oris,
the lacZ cassette from pSR581, and genes encoding
Us6 through Ug12. Since mutants of HSV-1 bearing a
single copy of the ICP4 gene had already been
shown to be viable in cell culture without the need
for complementation (Jenkins et al, 1985; Poffen-
berger and Roizman, 1985; Poffenberger et al, 1983),
we expected the KLP-derived Us mutant to plaque
on Vero cells.

pSR581 plasmid and infectious KLP viral DNA
were co-transfected into Vero cells, and lacZ-
expressing progeny recombinant viruses obtained
from the co-transfection were plaque-purified.
Detailed analysis of genomic DNA from all such
lacZ-expressing recombinants designated d311,
indicated that their genomes differed from the
parental KLP genome as predicted above. In
summary, (i) the deletion in d311 DNA was a
12 kb segment of the viral genome located between
the L-S Junction a sequence and the Ug6 gene. The
deletion spanned all but 84 nucleotides of the S
component inverted repeat sequence ¢’ along with
the genes encoding U1 through Us5. (ii) In place of
the deleted viral DNA sequences, d311 had
acquired the 5.5 kb HCMV IEp-lacZ-SV40 poly(A)
cassette from the plasmid pSR581. (iii) d311
contained a single copy of the essential ICP4 gene
and a single oris. These conclusions are supported
by the folowing data.

Southern hybridization analysis of the d311 genome
To analyse the structure of d311 DNA compared to
that of the parental KLP genome, KLP and d311 viral
DNA were digested with Pacl, EcoRI, BamH]I, and
BstEIl, and Southern blotted with a panel of *2P-
labelled DNA probes spanning Us and the joint
sequences of the HSV-1 (KOS) genome (Figure 2A).
To provide an overall picture of the rearrangements
or deletions in the Us-specific Pacl, EcoRI, BamHI,
and BstEIl DNA fragments of d311 compared to
those derived from KLP, the EcoRI-H fragment
containing the entire HSV-1 Us; DNA sequence
(Goldin et al, 1981) was used as a probe in the
Southern analysis. This was followed by hybridiza-
tion to a series of smaller probes originating within
Us, its inverted repeats, or the lacZ transgene in the
d311 genome.

In Pacl digests of d311 DNA two separate viral
DNA fragments, 131.4 and 15.4 kb in size, hybri-
dized to either of the EcoRI-H, U6, and lacZ probes,



all containing unique sequences (Figure 2B, C, G,
lanes 2), while only the 15.4 kb Pacl fragment of
KLP DNA was detected by the EcoRI-H and Ug6
probes (Figure 2B and C, lanes 1). This suggested
that d311 had retained only one of the two Pacl sites
present in the KLP genome and that the two Pacl
fragments of d311 DNA appeared to originate from
two viral DNA isomers differing in the orientation of
their S components. Both BamHI-Y and a sequence
probes, containing sequences from the inverted
repeats flanking Us, hybridized to 131.4 and 5.6 kb
Pacl fragments of d311, while they detected 131.4
and 5.4 kb Pacl fragments in KLP DNA (Figure 2D
and E, lanes 1 and 2). This indicated that the 3’-
terminus of the d311 S component had increased in
size by approximately 0.2 kb, possibly as a result of

HSV-1 Us deletion mutant
S Rasty et al

incorporation of the pSR581-borne a sequence
which was originally derived from HSV-1 (F), and
is approximately 0.2 kb larger than that present in
the KOS-derived KLP genome (Mocarski and Roiz-
man, 1981; Smiley et al, 1990). A probe containing
sequences from Ug1-Us5 did not hybridize to any of
the restriction fragments from d311 DNA (Figure 2F,
lanes 2, 4, 6, and 8), while it detected the expected
Pacl, EcoRl, BamHI, and BstEIl fragments of KLP
DNA (Figure 2F, lanes 1, 3, 5, and 7). This indicated
that the 4.5 kb Us1-Us5 DNA sequence contained
within this probe was deleted from the d311
genome.

To further examine the extent of the rearrange-
ments in d311 DNA, EcoRI digests of d311 and
KLP DNA were compared. An 8.9 kb d311 EcoRI
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fragment was detected by the EcoRI-H and Us6
probes (Figure 2A, d311 EcoRI fragment-1; Figure
2B and C, lanes 4), while the same two probes had
hybridized to the 15.2 kb EcoRI fragment of KLP
DNA (Figure 2B and C, lanes 3). This indicated
that either a deletion event had removed 6.3 kb
from the KLP EcoRI-H fragment during generation
of d311, or that a rearrangement event had
introduced a novel EcoRI site 8.9 kb from either
terminus of the KLP EcoRI-H in generating d311.
Both BamHI-Y and a sequence probes detected a
terminal EcoRI-K fragment in d311 DNA that was
approximately 0.2 kb larger than that of KLP,
migrating at approximately 5.6 kb (Figure 2D and
E, lanes 3 and 4), confirming the previous
observation related to the sequence rearrangement
at the 3'-terminus of the d311 genome. In addition,
the a probe also hybridized to a novel 1.1 kb
EcoRI fragment of d311 DNA (Figure 2E, lane 4),
suggesting that a newly acquired EcoRI site in
d311 DNA had released a fragment approximately

1.1 kb in size, which contained all or a part of the
a sequence, and originated from either the joint or
the termini of the d311 genome. The lacZ probe
hybridized to a 4.1 kb d311 EcoRI fragment
(Figure 2A, d311 EcoRI fragment-2; Figure 2G,
lane 4), also detected in EcoRI digests of plasmid
pSR581 (data not shown).

In BamHI digests of d311 DNA, the EcoRI-H probe
did not detect the 6.5 kb BamHI-J and the 4.9 kb
BamHI-N fragments. Instead, it hybridized to a
novel 9.5 kb BamHI fragment (Figure 2A, d311
BamHI fragment-1; Figure 2B, lane 6). Thus,
sequences contained in all or a part of wt BamHI-J
and -N fragments were missing from d311 DNA. The
same 9.5 kb d311 BamHI fragment was also
detected by the Us6 (Figure 2C, lane 6) and lacZ
probes (Figure 2G, lane 6), indicating that this DNA
fragment contained sequences from U6 as well as
those from lacZ. Several observations were made
from the differential hybridization patterns of the a
probe to BamHI digests of KLP and d311 DNA’s. The
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Figure 2 (A) Schematic diagram of the HSV-1 genome and the location of the probes used for comparitive Southern blot analysis of
KLP and d311 viral DNA. Top, KLP; bottom, d311. The enlarged Pacl, EcoRl, BamHI, and BstEIIl restriction maps within the Ug
component and its inverted repeats in viral DNA are pictured above (for KLP) and below (for d311) the genomic location of the probes
used for Southern blot analyses. The dashed lines in restriction maps of d311 DNA refer to sequences absent from KLP parental DNA.
The probes included the 15.2kb EcoRI-H fragment, containing the entire Ug component and 1.1kb of the inverted repeats flanking Usg;
a 0.47 kb Nael fragment internal to Ugsb coding sequences; the 1.8kb BamHI-Y fragment of ICP4 coding sequences; a 318 bp BamHI
fragment from plasmid pA23 (69) encompassing the entire HSV-1 KOS a sequence; a 4.5kb HindlIlI-Sacl subfragment of HindIII-N
encompassing sequences from Ug1-Ug5; and a 2.5 kb fragment from the lacZ gene in plasmid pSR581. (B—G) Southern blots of KLP
(lanes 1, 3, 5, 7) or d311 (lanes 2, 4, 6, 8) viral DNA digested with Pacl (P; lanes 1 and 2), EcoRI (E; lanes 3 and 4), BamHI (B; lanes 5
and 6) and BstEII (Bs; lanes 7 and 8), and hybridized to EcoRI-H (B), Ug6 (C), BamHI-Y (D), a (E), Ug1-Us5 (F), and lacZ (G) probes.
Numbers on either the left or the right side of each blot refer to the sizes of viral DNA fragments hybridizing to each probe in kb. *:

novel fragments detected only in d311 DNA.



probe hybridized to the joint-spanning BamHI-K
fragments, ranging in size from approximately 5.7 to
7.0 kb due to the presence of multiple a sequences
at the joint (Wagner and Summers, 1978), in BamHI
digests of DNA from either virus (Figure 2E, lanes 5
and 6). The 2.9 kb BamHI-S fragment, originating
from the 5'-terminus of the L. component ab repeat,
and its ladder of bands containing multiple copies
of a (Locker and Frenkel, 1979; Wagner and
Summers, 1978), were detected in DNA from either
virus (Figure 2E, lanes 5 and 6). However, the 3.4 kb
BamHI-Q) fragment, originating from the 3'-terminus
of the S component ca repeat, was detected only in
DNA from KLP but not from d311 (Figure 2E, lanes 5
and 6). This could be explained by the 0.2 kb
increase in size at the 3'-terminus of the d311
genome as described above, which would shift the
size of the BamHI-QQ fragment of d311 to 3.6 kb,
possibly causing it to co-migrate with one of the
DNA bands in the ladder of d311 BamHI-S
fragments during electrophoresis.

The d311 genome was found to be deleted of two
wt BstEIl fragments: a joint-derived 2.9 kb fragment,
containing 5-sequences of the ICP4 gene, oris, and
the entire Us1 coding sequence; and a 6.0 kb BstEIl
fragment encompassing Us2-U7 (Figure 2B, lanes 7
and 8). The 2.9 kb BstEIl fragment was detected in
DNA from KLP but not from d311 by either of the
EcoRI-H, BamHI-Y, and Us1-5 probes (Figure 2B, D,
F, lanes 7 and 8). The 6.0 kb BstEIl fragment was
similarly detected only in KLP DNA by either of the
EcoRI-H, Ug6, and Ugl-5 probes (Figure 2B, C, F,
lanes 7 and 8). Instead of these two missing BstEIl
fragments, a number of closely migrating, novel
d311-derived BstEIl fragments, ca. 9.5 kb in size
(Figure 2A, d311 BstEIl fragments-1), hybridized to
either of the EcoRI-H, U6, a or lacZ probes (Figure
2B, G, E, G, lanes 8). Additionally, it was apparent
that the BamHI-Y probe had hybridized with greater
intensity to the 5.2 kb U inverted repeat c-derived
BstEIl fragment in DNA from KLP than that from
d311 (Figure 2D, lanes 7 and 8). Similarly, the probe
hybridized more strongly to the joint-spanning
BstEII fragments of KLP than those of d311, ranging
in size from approximately 5.4 to 6.2 kb (Figure 2D,
lanes 7 and 8). This differential intensity of the
hybridization signals indicated that sequences
homologous to BamHI-Y were present in the L-S
junction and S-terminal BstEIl fragments of d311 at
a molar ratio less than that present in KLP DNA. In
contrast, the 1.7 kb BstEIl fragment, containing a
268 bp sequence, which overlaps Ug11 and Ug12,
followed by a 1.45 kb sequence from the ¢ inverted
repeat containing oris and the 5’-untranslated leader
sequence of the ICP4 gene, was common to both
viruses and was present at the same molar ratio in
either viral genome (Figure 2D, lanes 7 and 8).

Because one to multiple copies of the a sequence
are present at the 5'-terminus of the HSV-1 L
component (Locker and Frenkel, 1979; Wagner
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and Summers, 1978), digestion of viral DNA within
the U, inverted repeat sequence b would generate a
ladder of DNA fragments containing one to multiple
copies of the a sequence. Due to the presence of a
BstEII restriction site at position 596 of the viral
genome (McGeoch et al, 1991), such a ladder was
detected following hybridization of BstEIl digests of
either KLP or d311 viral DNA to the a probe (Figure
2E, lanes 7 and 8). The slight difference in the
electrophoretic mobility of the ladder fragments,
derived from KLP and d311 was not unexpected,
though, since variations in a sequence size occur
naturally depending on the number of reiterations
of internal repeats (Mocarski and Roizman, 1981).
However, the 5'-terminus of the d311 genome’s L
component had apparently not increased in size by
approximately 0.2 kb as had its S component 3'-
terminus. This suggested that rearrangements at the
3’-end of the d311 genome, possibly occurring as a
result of incorporation of the pSR581-derived,
strain (F) a sequence, had not duplicated them-
selves in the 5-end of d311 genomic DNA by
recombination.

Taken together, the results of the Southern blot
analysis of d311 DNA confirmed the genomic
structure depicted in Figure 1D, consisting of the
deletion of a 12 kb viral DNA sequence located
between the L-S Junction a sequence and the U6
gene, precisely spanning the inverted repeat se-
quence ¢’ and the nonessential genes Ugl through
Us5. In place of the deletion, the d311 genome has
acquired a 5.5 kb lacZ expression cassette from
pSR581, resulting in a viral genome size of
approximately 144 kb. It is worth noting that the
homologous recombination event shown in Figure 1
predicts that all bacterial plasmid vector sequences
would be removed from d311 DNA due to cleavage
and packaging of the recombinant genome at the
plasmid-derived a sequence. This prediction was
confirmed by the finding that d311 DNA did not
hybridize to a full-length pBSIISK™ plasmid probe
(data not shown).

Sequencing of DNA across the junctions of deletion
in the d311 genome

To precisely determine the boundaries of HSV-1
nucleotide sequences deleted from the d311 gen-
ome, two Dral subfragments of d311 DNA, approxi-
mately 1.2 and 4.5 kb in size, were subcloned from
viral DNA into plasmid pBSIISK™ and subjected to
DNA sequencing. The 1.2 kb fragment, absent in
KLP DNA (data not shown), was generated due to
Dral restriction at a Dral site located 1.2 kb up-
stream of the 3'-terminus of d311 DNA, derived
from pSR581-borne SV40 poly(A) sequences. We
reasoned that sequencing of this DNA fragment
using a primer complementary to SV40 poly(A)
sequences would precisely define the 5’-terminus of
the deletion in an Is isomer of d311 DNA (Figure
1D). As shown in Figure 3A, the nucleotide
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$V40 poly(A) 10
GTGGTCAGTG TTCATCTGCT GACTGTCAAC TGTAGCATTT

80

TTTGGGGTTA CAGTTTGAGC AGGATATTTG GTCCTGTAGT
Estl EcoRI

T 120

TTGCTAACAC ACCCTGCAGG AATTCCCCGG AGGGTTTGGA

160
TCTCTGACCT GAGATTGGCG GCACTGAGGT AGAGATGCCC

DR6
190 b 220
GAACCCCCCC GAGGGAGCGC GGGACGCGGC TGGGGAGGGC

) DR6 ! DR !
TGGGGCTGGG GAGGGCTGGG GCTGGGGAGG GCTGGGGCTG

-
Ug6

40
TACGACAACT GGGTCCATGT AGGGATGGTA ACGCCCCCAC

| Sacl . EcoRI Clal 80
T T
CCGCGGCACG TACGACGCAG GAGCTCGAAT_ TCATCGATGA

EcoRV (Bglll) Psrl Belll
I E— r T — 120
TATCAGATCC C CTGC _A CAGAT CTGGTAGGTA
—_—
HCMV IE 160

P
TGGAAAATCT ATACATTGAA TCAATATTGG CAATTAGCCA

200
TATTAGTCAT TGGTTATATA GCATAAATCA ATATTGGCTA

240
TTGGCCATTG CATACGTTGT ATCTATATCA TAATATGTAC

Figure 3 DNA sequences across the 5'- and 3'-junctions of the
deletion in d311 DNA. (A) Sequences starting upstream of the 3'-
terminus of the SV40 poly(A) site (plain-text letters), followed by
pSR581-derived Pstl and EcoRI sites (underlined letters), and
extending into 84 nucleotides of the ¢’ repeat followed by the
DR6 repeats of the HSV-1 (F) o sequence in d311 DNA
(italicized letters). (B) Sequences starting within the 5'-promo-
ter-regulatory sequences of Ugb, derived from the 2.9kb Sacl
fragment of BamHI-J in pSR581 (italicized letters), followed by
pSR581-derived polylinker sequences (underlined letters), and
extending into the 5’-promoter-regultory sequences of HCMV IEp
(plain-text letters). (BglIl) refers to the original BgllI site at the 5'-
terminus of the Us6-poly(A)-containing fragment in pgD-PA
which was destroyed after ligation to the unique BamHI site in
the pSR521 polylinker (see Materials and methods). Arrows
denote the 5" to 3’ direction of the various DNA elements in viral
DNA.

sequence of this fragment indicated the presence of
SV40 poly(A) sequences terminating at a Pstl site,
immediately followed by an EcoRI site. As
expected, both of these restriction sites were
derived from pSR581, as the Pstl site was the
3'-terminus of SV40 poly(A) sequences on the
plasmid, and the joint-spanning, (F)-derived c-a-b
fragment (Mocarski and Roizman, 1982a) had been
subcloned immediately downstream of this site in

100 4
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Figure 4 Assay for kinetics of virus penetration into Vero cells.
400PFU of either KLP or d311 was used to adsorb virus onto
confluent monolayers of Vero cells. Following 2h of virus
adsorption at 4°C, monolayers were washed with PBS-MgCl,,
overlaid with 0.5ml of DMEM-10% FBS, and shifted to 37°C to
allow virus penetration. At 30min intervals following the
temperature shift, media was aspirated and cells were treated
for 1min with 1ml of citrate buffer (pH3.0) to inactivate
unpenetrated viruses, washed twice with PBS-MgCl, and over-
laid with growth medium containing 1% methylcellulose. %
Survival: percent of viral PFU surviving citrate treatment at a
given time, where 100% is the number of plaques formed on a
monolayer treated with PBS-MgCl, only.

the pSR581 polylinker as an EcoRI fragment. The
sequence following the EcoRI site included 84
nucleotides belonging to the ¢ element from the
pSR581-derived c-a-b fragment, followed by the
DR6 repeats of the (F) a sequence (Mocarski and
Roizman, 1981). The results indicated that in this
segment of the d311 genome all but 84 nucleotides
of the ¢’ inverted repeat sequence were deleted, and
that SV40 poly(A) sequences were juxtaposed to
these 84 nucleotides followed by the a sequence.
This confirmed previous Southern blot data which
had indicated the presence of half-molar viral DNA
fragments spanning the ¢’ inverted repeat sequence
and the deletion of the joint copy of oris from d311
DNA (Figure 2).

The 4.5 kb Dral subfragment of d311 DNA, also
absent in KLP DNA (data not shown), was generated
due to Dral restriction of d311 DNA at a Dral site
located upstream of the Ug6 promoter [position
138,311 on the HSV-1 genome (McGeoch et al,
1985)] and at a Dral site located 4.5 kb upstream
near the 3'-terminus of lacZ sequences. Similar to
sequencing of the 1.2 kb fragment, we reasoned that
sequencing of the 4.5 kb Dral fragment using a
primer complementary to Us6 promoter sequences
would precisely define the nucleotide sequence of
the segment of d311 genome where Ug6 promoter
sequences would be juxtaposed next to those from
HCMV IEp, thus defining the 3'-terminus of the
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Figure 5 Single-step growth curves of KOS and d311 in Vero
(A) or EB (B) cells. C, cell-associated virus. M, virus released
into the media supernatant.

deletion. As shown in Figure 3B, the nucleotide
sequence of this fragment indicated the presence of
HSV-1 sequences upstream of the Us6 promoter and
within the 5-end of the 2.9 kb Sacl subfragment of
BamHI-]J (originally subcloned into pSR581), fol-
lowed by polylinker sequences from plasmid
pSR581 and sequences corresponding to the 5'-
terminus of the HCMV IEp. This indicated that the
3’ boundary of the deletion in d311 DNA was
exactly as that predicted by Southern blot analysis
(Figure 2), where sequences corresponding to Us1-5
were deleted from the viral genome, and the HCMV
IEp sequences were immediately followed by the
Us6 promoter sequence, precisely as they were
engineered into pSR581.

Replication kinetics of d311 in cell culture
During the isolation of d311 on Vero cells we had
observed a dramatic decrease in the size of plaques
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Figure 6 Single-step growth curves of KOS and d311 in rat
B103 (A) or mouse Neuro-2A (N2A) (B) neuroblastoma cells. C,
cell-associated virus. M, virus released into the media super-
natant.

produced by the recombinant compared to those
arising from either the parental wt KLP or KOS
viruses (data not shown). This suggested that
certain aspects of d311 replication were inhibited
in Vero cells. Either the mutant was less efficient in
its attachment and penetration into cells, progeny
d311 virions were produced more slowly, or d311
could not spread and infect neighboring cells as
efficiently as wt virus.

To examine the kinetics of virus entry into Vero
cells, we used an assay designed to inactivate
extracellular virus by exposure to low pH (High-
lander et al, 1987; Huang and Wagner, 1964). As
shown in Figure 4, there were no significant
differences in the kinetics of entry of d311 into
Vero cells compared to wt HSV-1 (KOS), suggesting
that the small-plaque phenotype of d311 was not
due to impairment in attachment and penetration
functions.
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To determine whether progeny d311 viruses were
produced more slowly or less efficiently in Vero
cells, we compared d311 to wt KOS following a
single round of viral replication after infection at a
multiplicity of infection of 5 PFU per cell. The titer
of infectious virus present in cells and culture
media collected separately at various times post-
infection was determined in three separate experi-
ments. In a single round of viral replication on Vero
cells the yield of infectious d311 virus was over one
order of magnitude lower than that of wt KOS,
either in cells or released into the culture media
(Figure 5A). Since similar yields of virus were
detected that were either cell-associated or were
released into media, we concluded that the growth
defect of the mutant on Vero cells was probably not
due to any functions associated with viral egress.
Because the d311 genome was shown to contain a
single copy of the ICP4 gene, we performed similar
studies in Vero-derived, ICP4-complementing E5
cells (DeLuca and Schaffer, 1987). Similar results
were observed in E5 cells (Figure 5B), suggesting
that the missing copy of the ICP4 gene in d311 was

Figure 7 Hippocampal expression of f-galactosidase from the
lacZ transgene in the d311 recombinant. X-gal-positive staining
(arrows) predominantly of granule cells in the dentate gyrus of
hippocampus 2 days after stereotactic inoculation of d311. (A)
10 x magnification. (B) 20 x magnification of a different section
of the injected hippocampus from the same brain.

not responsible for the growth defect on Vero cells,
and that the mutant’s impairment in growth was
most probably a result of the missing copy of oris,
the deleted genes U1 through U5 or both.

Becauseanatural site of HSV infection in vivoisthe
nervous system, we also examined the growth
properties of the d311 mutant in neuronal cell lines.
Replication ofd311 was almosttotallyinhibited inrat
B103 or mouse Neuro-2A neuroblastoma cell lines
(Figure 6 A and B). In Neuro-2A cells (Figure 6B), this
inhibition of d311 replication was more strongly
pronounced than that in B103 cells (Figure 6A).

HSV-1 mutants in Ugl.5 have previously been
shown to be restricted for replication in cells of
rodent origin (Carter and Roizman, 1996; Sears et al,
1985), and this gene is deleted from the d311
genome. To determine whether inhibition of d311
replication in B103 or Neuro-2A cells represented a
rodent host-range effect or a neuronal cell-specific
restriction, we examined its growth properties in
human SK-N-SH neuroblastoma cells. Titers of
d311 obtained following a single round of replica-
tion in SK-N-SH cells were over three orders of
magnitude lower than those reached following wt
KOS infection (data not shown). However, replica-
tion of the mutant was not totally restricted in this
human cell line as it had been in neuronal cell lines
of rodent origin, suggesting that the growth restric-
tion of d311 in B103 or Neuro-2A cell lines was due
to a combination of neuronal cell restriction and
host-range effect.

Replication and spread of the d311 mutant in the

rat brain

The ability of the d311 mutant to replicate in
neurons and to spread in brain after focal intracra-
nial inoculation was compared to wt KOS.
1.5 x 10° pfu of either KOS or d311 was injected
stereotactically into the hippocampus of Sprague
Dawley rats. At 2 or 7 days post-inoculation (dpi)
the rats were sacrificed, the expression of f-
galactosidase from the lacZ transgene in the d311
recombinant was assayed by X-gal staining and the
presence of virus determined by immunocytochem-
ical staining using a polyclonal rabbit anti-HSV
antibody.

At 2 dpi, expression of f-galactosidase by d311
could be detected in a large number of neurons of
the dentate gyrus by X-gal staining (Figure 7A and
B). This indicated that the deletion in d311 had not
compromised its ability to infect neurons in vivo. By
7 dpi, no f-galactosidase activity could be seen in
cells of the injected hippocampus, nor in other
regions of brain (data not shown). The lacZ
transgene is not present in wt HSV-1 (KOS), so no
blue cells were seen following infection with that
virus (data not shown), but viral spread could be
followed by immunocytochemistry for HSV antigen
(Figure 8A). By 7 dpi, wt KOS infection had
destroyed the dentate gyrus of infected hippocam-
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Figure 8 Immunostaining with anti-HSV antibodies (A and B) and Nissl staining (C and D) of the injected hippocampus 7 days after
stereotactic inoculation with wt KOS (A and C) or the d311 mutant (B and D). Arrows: immunostained pyramidal cells of the

hippocampus. *: destruction of dentate gyrus.

pus (Figure 8A and C), with extensive infection of
pyramidal cells of the hippocampus proper evident
by immunocytochemistry. In contrast, the d311-
injected hippocampus showed no evidence of HSV
antigen expression by immunostaining (Figure 8B),
and appeared intact by Nissl stain (Figure 8D). At
7 dpi, the KOS-infected brain also showed spread of
viral infection to many brain regions including the
contralateral hippocampus, entorhinal cortex bilat-
erally, septal nuclei and the supramammilary
nucleus (Figure 9A), as well as several areas of
cortex (Figure 9B). Both HSV-positive cells and
obvious damage were observed. On the other hand,
at 7 dpi the d311-injected brain was negative for
HSV antigen by immunostaining (data not shown),
and showed no evidence of damage by Nissl stain
(Figure 8D).

Discussion

Recombinant viral vectors as vehicles for gene
transfer and therapy may require the ability to
accommodate large segments of foreign DNA and to
stably infect specific cells without virus-associated
cytotoxicity. HSV-1 should fill a unique niche for
gene transfer to the nervous system because it is
naturally neurotropic and can persist long-term in a
non-integrated latent state. Moreover, its large

152 kb double stranded DNA genome encodes a
substantial number of accessary functions, which
although nonessential for viral replication in cell
culture contribute to viral pathogenesis in vivo.
Since 13 of the 14 genes located within the Us
component of the viral genome fall into this
category, construction of an HSV-1 mutant deleted
of all nonessential Us genes offers the possibility of
developing a recombinant vector that is highly
attenuated for replication and spread in vivo, is
capable of packaging large (14—20 kb) segments of
foreign DNA, and may show an altered host-range
or tissue specificity since four nonessential glyco-
proteins (gG, gJ, gl, and gE) would be removed from
the viral envelope. For example, vector mutants
may replicate in rapidly dividing but not in post-
mitotic cells.

As the first component of a two-step strategy for
deletion of the entire group of nonessential genes
from the HSV-1 U, we have described the isolation,
characterization and properties of a Us deletion
mutant of HSV-1, d311. The mutant contains a
12 kb deletion of viral DNA located between the L-S
Junction a sequence and the Us6 gene. The deletion
spans the S component inverted repeat sequence ¢
and the nonessential genes U1 through U5, leaving
a single copy of the essential ICP4 gene and a single
oris within the ¢ inverted repeat sequence of the S
component.
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Figure 9 (A) HSV-positive immunostained neurons in entorh-
inal cortex (arrows), and (B) HSV-positive immunostaining in
the septum of KOS-infected brain (arrows) 7 days after
stereotactic inoculation of wt KOS into the hippocampus.

Implications for HSV-1 genome isomerization and

the role of the a sequence

Southern blot analysis of Pacl digests of d311 DNA
confirmed the presence of two viral DNA isomers
differing in the orientation of their S component.
Since we showed that all but 84 nucleotides of the
¢ inverted repeat sequence have been deleted from
the d311 genome, the observation that the S
component of d311 DNA underwent isomerization
events supports evidence from previous studies
which suggested that the a sequence alone, and not
the sequence homology between the inverted
repeats per se, is sufficient for the inversion
process (Davison and Wilkie, 1983; Mocarski et
al, 1980; Mocarski and Roizman, 1982b; Smiley et
al, 1990). Our Southern blot data indicated that the
3’-terminus of the d311 genome acquired the
pSR581-derived, HSV-1 (F) a sequence that was
approximately 0.2 kb larger than the KOS-derived
a sequence at the 5'-terminus of d311 DNA. This

suggested that the heterogeneity in direct repeat
(DR) sequences within the a sequence were not
only tolerated within the same viral genome, but
existed independent of viral genome isomerization
events.

Growth phenotype of d311 in vitro

In single-step growth experiments in Vero or Vero-
derived, ICP4-complementing E5 cells (DeLuca and
Schaffer, 1987), d311 grew to titers that were over
one order of magnitude lower than those reached
by wt KOS. This suggested that the growth defect of
d311 was not due to the missing copy of the ICP4
gene, and was most probably a result of the
deletion of one copy of oris, the deletion of Usl-
U5, or both. Furthermore, d311 penetrated Vero
cells with nearly the same efficiency as wt KOS,
and yields of infectious virus that was either cell-
associated or released into the culture media were
similar. This indicated that the growth impairment
of d311 in Vero cells was associated with the loss
of viral functions required for viral replication at
some step post-penetration into cells but prior to
egress. Growth kinetics of d311 in Vero cells
reported here are very similar to those of an HSV-
1 (KOS) mutant whose Us1-Us1.5 genes have been
replaced by a lacZ cassette (D Krisky and JC
Glorioso, unpublished data), suggesting that it is
the absence of one or both of these accessory genes
which contributes to the growth impairment of
d311 in Vero cells. Compared to wt virus,
replication of d311 was totally inhibited in rat
B103 or mouse Neuro-2A neuroblastoma cell lines,
while the mutant could replicate, albeit poorly, in
human SK-N-SH neuroblastoma cells. These re-
sults suggested that the nonessential functions
missing from the d311 genome play an important
role in HSV replication in neuronal cells, particu-
larly those of rodent origin. The latter observation
confirmed previous studies which showed HSV-1
Us1-Ugl.5 mutants are restricted for replication in
rodent cells (Carter and Roizman, 1996; Sears et al,
1985).

Growth phenotype of d311 in vivo

The lack of replication and spread of d311 in the rat
CNS shown here is similar to the growth phenotype
of a Ug3 mutant of HSV-1 previously reported to be
highly attenuated for the rat CNS (Fink et al, 1992).
It is unclear as to what role, if any, the larger
deletion in d311 compared to inactivation of Us3
alone may play in attenuation of d311 in vivo. It is
reasonable to predict that the loss of Us1-Usl.5
alone may further attenuate d311 in the rodent CNS.
However, the deletion of Ug4 and 5, encoding
accessory glycoproteins which may play a role in
HSV attachment or cell-to-cell spread functions,
would suggest that d311 is even more highly
attenuated in vivo than single gene mutants in
either Ug3 or Ug1-Ugl.5.



Deletion of the remaining Us genes from the d311

genome

Because a lacZ expression cassette has replaced the
deleted sequences in d311 DNA, it provides a
convenient phenotypic screen for isolation of lacZ
deletion mutants derived from d311. Coupled to a
genetic screen based on deletion of the essential Us6
gene, a second homologous recombination scheme
can be utilized to delete the remaining U genes
(including Ug6) from d311 DNA. d311 genomic
DNA could be co-transfected into Us6-complement-
ing VD60 cells (Ligas and Johnson, 1988) with a
recombinant DNA fragment which would juxtapose
ICP4 coding sequences in the ¢ repeat (3’ of Us) to
those of ICPO in the b’ repeat (3’ of U,). Since
sequences coding for Ug6 through Us12, as well as
the lacZ cassette, would be deleted from progeny
viruses arising from a homologous recombination
event occurring between this construct and d311
DNA, one may be able to isolate a deletion mutant
lacking all Us and da'-¢’ sequences based on the
mutant’s ability to form white plaques (in the
presence of chromogen) only on VD60 but not on
Vero cells. For efficient virus growth in cell culture,
it is possible that deletion of the entire group of
nonessential Us genes from d311 DNA may require
complementation of some of the nonessential
functions through construction of complementing
cell lines expressing those genes.

It may ultimately be possible to replace 40 kb at
the 3'-terminus of the HSV-1 genome with foreign
sequences. Such mutants will be particularly useful
for accommodating multiple or genomic genes and
promoters, raising the possibility that foreign
promoters integrated into the viral genome may
respond to cellular signals for gene expression.

Materials and methods

Plasmids

Using synthetic linkers, the polylinker of the loxP-
containing vector pBS64 (Sauer et al, 1987) was
modified by converting the HindIlI site to Bglll, and
the Pstl site to Pacl (New England Biolabs, Beverly,
MA) (Sambrook et al, 1989). The new plasmid,
pBS64-BP, contained a IoxP site flanked by novel
restriction sites in the following arrangement: 5'-
BamHI-loxP-Pacl-Bglll-3'. The wunique BamH]I,
Aval, Smal, Sacl and EcoRI polylinker sites of
pBS64-BP were all destroyed by digestion with
BamHI and EcoRI, filling-in with Klenow and
dNTP’s (Sambrook et al, 1989), and self-ligation
of the vector using T4 DNA ligase to create pBS64-
BPAEB. pPac was generated by converting the
unique Sacl site in the polylinker of pBSIISK- to
a Pacl site using Pacl linkers. A 13 kb joint-
spanning EcoRI fragment of plasmid pRB380
(Mocarski and Roizman, 1982), containing the
HSV-1 (F) L-S junction a sequence, was inserted
into the EcoRI site of pPac to create pPac-a. A
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1.3 kb Pacl-EcoRV fragment of pPac-a, containing
the a sequence and several unique restriction sites
derived from the pBSIISK- polylinker, was then
subcloned into the Pacl/Nael sites of pBS64-
BPAEB to generate pSR521, a IoxP plasmid
containing several unique restriction sites, includ-
ing Pacl, and the HSV-1 (F) a sequence. The Us6
gene, driven by its native promoter, was taken out
on a 2.9 kb Sacl fragment from plasmid pSG364
(Goldin et al, 1981). a BamHI ] subclone of KOS,
and subcloned into the Sacl site of pSP72-pA to
generate pgD-pA. pSP72-pA had been previously
derived from pSP72 (Promega, Madison, WI) by
insertion of the 133 bp Hpal-BamHI fragment
encoding SV40 late poly(A) signals (Fiers et al,
1978; Reddy et al, 1978) into the Smal/BamHI sites
of pSP72. The chimeric 3.0 kb Ug6-poly(A) frag-
ment was released from pgD-pA by a Bglll-BamHI
digestion, and subcloned into the unique BamHI
site of pSR521 to generate pSR540. Subsequently, a
5.5 kb Pstl fragment from plEp-lacZ, containing the
E. coli lacZ gene under the transcriptional control
of the human cytomegalovirus (HCMV) immediate-
early promoter-enhancer (IEp) and followed by
SV40 late poly(A) signals, was inserted into the
unique Pstl site of pSR540 to create pSR580. An
820 bp Xbal-Pacl fragment, containing oris and
ICP4 upstream regulatory sequences extending to
27 bp downstream of the transcriptional initiation
site and within the untranslated 5'-leader sequence
of ICP4 (m.u. 0.863 on the HSV-1 genome), was
inserted into the Xbal/Pacl sites of pSR580 to
generate pSR581. Plasmid DNA was prepared from
250-ml overnight bacterial cultures, and purified
on QIAGEN-tip 500 columns (QIAGEN, Chas-
tsworth, CA).

Cells and viruses

Vero (African green monkey kidney), Neuro-2A
(mouse neuroblastoma), and SK-N-SH (human
neuroblastoma) cells were obtained from American
Type Culture Collection (ATCC). E5, a Vero-derived
cell line stably transfected with the HSV-1 (KOS)
ICP4 gene driven by its native promoter (DeLuca
and Schaffer, 1987), was obtained from Neal
DeLuca, University of Pittsburgh. B103 is a rat
neuroblastoma cell line (Stallcup and Cohn, 1976)
obtained from Myron Levine, University of Michi-
gan. All cell lines were maintained in Dulbecco’s
minimal essential medium (DMEM) supplemented
with nonessential amino acids, antibiotics and 10%
(v/v) fetal bovine serum (FBS) (Gibco, Long Island,
NY). d120 is an ICP4 deletion mutant of HSV-1
(KOS) (DeLuca et al, 1985), and was obtained from
Neal DeLuca. KLP virus was constructed by co-
transfection of an Xbal/Kpnl double-digest of
pICP4-lox-pac plasmid (Rasty and Glorioso, unpub-
lished data) and d120 viral DNA onto Vero cells by
the calcium phosphate precipitation method as
described previously (Graham and Van der Eb,
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1973). Viral DNA from single plaques growing on
Vero cells was isolated by a modified Hirt extraction
protocol (Rasty et al, 1995) and analyzed by
Southern blotting to confirm the presence of a Pacl
site in each copy of the diploid ICP4 gene (Rasty and
Glorioso, unpublished data). d311 blue plaques
were isolated as described previously (Rasty et al,
1995), and progeny virions were subjected to three
rounds of plaque purification by limiting dilution
on 96-well plates.

Southern hybridization analysis of viral DNA
Following complete digestion by the appropriate
restriction enzymes, extraction with phenol-chloro-
form, ethanol precipitation, 70% ethanol wash and
resuspension in TE buffer (pH 8.0) (Sambrook et al,
1989), 5.0 ug of each viral DNA sample was
fractionated by electrophoresis through 25 cm
0.8% agarose gels in Tris-borate-EDTA buffer
(Sambrook et al, 1989) at 40 V overnight. DNA
was then transferred overnight to duplicate sheets
of Nytran Plus nylon membranes (Schleicher &
Schuell, Keen, NH) according to a bidirectional
alkaline transfer protocol (Sambrook et al, 1989).
Viral DNA fragments to be used as hybridization
probes were obtained by restriction digestion of
appropriate plasmid subclones of the HSV-1 (KOS)
genome. Subsequently, DNA fragments were gel
purified using a GeneClean kit (Bio101, La Jolla, CA)
and labelled with [¢-**P]dCTP to specific activities
of greater than 10° cpm pg using a random-primed
labelling kit (Boehringer Mannheim, Indianapolis,
IN). Prehybridization of the Southern blots was
carried out at 42°C for 2 to 4 h in a buffer containing
50% formamide-5 x Denhardt’s-6 x SSC-1% SDS-
250 pg/ml denatured salmon sperm DNA-25 mM
sodium phosphate (pH 6.5) (Sambrook et al, 1989).
Hybridization was performed at 42°C for 18—-24 h
in a buffer containing the same composition as that
of the prehybridization buffer, with the exception
that 1 x Denhardt’s was used in the hybridization
buffer and to which was added 10° cpm of *?P-
labelled, denatured probe per ml of solution.
Following hybridization, blots were washed for
30 min in 2 x SSC-0.2% SDS at room temperature
and for 1 h in 0.2 xSSC-0.2% SDS at 65°C. They
were then exposed to Kodak X-OMAT AR film at
—80°C for 12 to 40 h depending on the relative
strength of the hybridization signal from the various
probes.

DNA sequencing

Two Dral subfragments of d311 viral DNA, 4.5 and
1.2 kb in size, were gel-purified following electro-
phoresis through a 0.8% agarose gel in Tris-acetate-
EDTA buffer (Sambrook et al, 1989), and subcloned
into the Smal site of the cloning vector pBSIISK-.
The 1.2 kb Dral fragment was subjected to a 15 min
treatment with T4 DNA polymerase in the presence
of 200 uM dNTP’s (Sambrook et al, 1989) to flush

the 3'-terminus of d311 DNA prior to subcloning.
Recombinant plasmids from clones containing the
4.5 kb Dral fragment as insert were subjected to
Southern blot hybridization to a *P-labelled probe
prepared from the 760 bp HCMV IEp to confirm that
their insert was a d311-specific DNA fragment.
Subsequently, double-stranded plasmid DNA pre-
pared from two such clones which hybridized to the
probe were subjected to automated cycle sequen-
cing (Olesen et al, 1993) using a synthetic oligonu-
cleotide primer containing the sequence 5'-
GGTGATTTATACCATGCCAGCTGG-3"  [comple-
mentary to nucleotides 138069-138192 on the
HSV-1 genome (McGeoch et al, 1985) upstream of
the Us6 promoter sequences]. Similarly, recombi-
nant plasmids containing the 1.2 kb Dral fragment
as insert were identified by Southern blot analysis
using a **P-labelled 318 bp HSV-1 (KOS) a sequence
probe derived from plasmid pA23 (Smiley et al,
1990), and subjected to automated cycle sequencing
(Olesen et al, 1993) using a synthetic oligonucleo-
tide primer containing the sequence 5-GCAT-
TATCCTTATCCAAAACAGCC-3' [complementary
to nucleotides 2088-2112 on the SV40 genome
(Fiers et al, 1978; Reddy et al, 1978) within the late
poly(A) signall].

Assay for kinetics of virus penetration

To compare the rate of entry of d311 into Vero cells
to that of KOS, a low pH inactivation assay was used
(Highlander et al, 1987; Huang, 1964). A 0.5 ml
inoculum containing 400 PFU of either virus was
used to overlay confluent monolayers of Vero cells
in six-well plates. Virus adsorption was allowed to
proceed for 2 h at 4°C with gentle rocking of the
plates every 15 min. Monolayers were then washed
three times with phosphate buffered saline (PBS)-
MgCl,, overlaid with 0.5 ml of DMEM-10% FBS,
and shifted to 37°C to allow virus penetration. At
30 min intervals following the temperature shift,
media was aspirated and cells were treated for
1 min with 1 ml of citrate buffer (40 mM citric acid,
10 mM KCl, 135 mM NaCl, pH 3.0). The mono-
layers were then washed twice with PBS-MgCl, and
overlaid with growth medium containing 1%
methylcellulose. The fraction of intracellular virus
ata given time was calculated as the per cent of viral
PFU surviving citrate treatment, where 100% is
defined as the number of plaques formed on a
monolayer treated with BPS-MgCl, only.

Single-step growth curves of viral replication

Vero, E5, B103 and Neuro-2A cells were seeded in
35-mm dishes. Confluent cell monolayers were
infected with either KOS or d311 using 5 PFU per
cell for 2 h at 37°C, after which the monolayers were
rinsed once with PBS-MgCl,, treated for 1 min with
1 ml of citrate buffer (pH 3.0) to inactivate unpene-
trated viruses, washed twice with PBS-MgCl,, over-
laid with 3.0 ml of DMEM-10% FBS and incubated



at 37°C. At various times post-infection plates were
removed, media and cells were collected separately
and frozen at —80°C. Time-point samples were later
thawed, infected cells were subjected to two more
cycles of freeze-thaw, sonicated, and all samples
were plaques on Vero cell monolayers under
standard HSV plaque assay conditions. After 72 h
for KOS or 96 h for d311 infections monolayers
were fixed and stained with crystal violet-methanol
and plages were counted.

In vivo studies of viral invasiveness

5 ul containing 1.5 x 10° pfu of KOS or d311 virus
was injected stereotactically into the hippocampus
of Sprague Dawley rats (225-250 g) using a pulled
glass microelectrode according to the coordinates of
the Watson and Paxinos atlas. At 2 or 7 days post-
inoculation the rats were sacrificed by intracardiac
perfusion with 4% paraformaldehyde. Brains were
removed and post-fixed overnight in the same
fixative, cryoprotected in 30% sucrose in PBS for
48 h, and 40 um sections were cut on a sliding
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