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ABSTRACT The previous demonstration of the efficacy
and tolerability of the Oka strain of varicella—zoster virus
(VZV) in clinical trials involving vaccination of both normal
and immunocompromised individuals has laid the foundation
for its use in preventing chickenpox. In this context, VZV could
be useful as a vector for vaccinating against other infectious
agents as well. As an initial application, a live recombinant
VZV expressing Epstein-Barr virus (EBV) membrane glyco-
proteins (gp350/220) was generated by inserting a gene fusion
of the VZV gpl promoter and hydrophobic leader-encoding
sequence with the gp350/220 coding sequence into the thymi-
dine kinase (TK) gene of VZV(Oka). Insertion of the foreign
DNA into the thymidine kinase gene was demonstrated by
Southern blot analysis and the ability of the recombinant virus
to replicate in the presence of bromodeoxyuridine. RNA
splicing, glycosylation, and plasma membrane presentation of
gp350/220 in cells infected with the recombinant virus were
similar to those seen in EBV-infected cells. In addition, the
expression of VZV-specific glycoproteins was unaltered by the
concomitant expression of this large foreign glycoprotein.
Thus, VZV can be used as a live viral vector for active
immunization against EBV and other pathogens.

Varicella-zoster virus (VZV) is an Alphaherpesvirus and the
etiological agent of chickenpox and zoster (shingles) (1).
Most people are infected with VZV by age 20, and, after a
variable latent period, reactivation of the virus causes an
estimated 5 million cases of zoster worldwide each year (2).
VZV causes a relatively benign disease in healthy children.
However, it can be morbid in adults and life-threatening to
neonates (3, 4) as well as to immunocompromised patients
with leukemia (5, 6), bone marrow transplants (7), and
lymphoma (8, 9). An attenuated strain (Oka) of VZV has been
developed for use as a live viral vaccine (10). It has been
tested clinically in several thousand normal children as well
as in hundreds of children with acute lymphocytic leukemia
(henceforth referred to as immunocompromised, as a conse-
quence of chemotherapy) and has proven in clinical trials to
be both well tolerated and effective in preventing chickenpox
(11, 12). Moreover, VZV(OKka) is the only live viral vaccine
approved for use in such immunocompromised patients. For
these reasons, we decided to test the feasibility of using
VZV(Oka) as a live viral vector capable of expressing
heterologous antigens and thereby protecting against other
common human pathogens.

Epstein-Barr virus (EBV) is a lymphotropic Gammaher-
pesvirus that infects almost the entire population of the
world. Primary infection with EBV usually results in mild
disease but may lead to life-threatening complications in
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immunocompromised individuals (13, 14). In contrast, pri-
mary infection of adolescents can result in infectious mono-
nucleosis (15). EBV is etiologically associated with Burkitt
lymphoma and undifferentiated nasopharyngeal carcinoma;
the latter affects up to 2% of the male population in southern
China and other areas within Africa and Asia (16, 17). The
possibility of protecting individuals from developing Burkitt
lymphoma or nasopharyngeal carcinoma by preventing pri-
mary EBYV infection through vaccination has been proposed
(18). Moreover, the development of such a vaccine might
result in prevention of infectious mononucleosis. However,
EBV is intractable to its development as a live viral vaccine.
EBYV replicates poorly in vitro and efficiently transforms
human B lymphocytes by mechanisms that are incompletely
understood (19). Thus, EBYV is a prototype agent for which a
recombinant live viral vaccine would be appropriate; initial
experiments have been carried out using vaccinia virus as a
vector (20). The two major envelope glycoproteins of M,
350,000 and 220,000 (gp350 and gp220) of EBV are derived
from a single gene (21) by splicing out a portion of the protein
coding sequence for gp350 to yield gp220 without a change in
reading frame. Because of the abundance of EBV gp350/220
on the outer surface of virions and virally-infected cells (22,
23) and the role of these glycoproteins in inducing neutral-
izing antibodies (24, 25, 32, 54), gp350/220 are likely to be
important in immunity to EBV infection. Therefore, we
sought to create a VZV(Oka)-EBV gp350/220 recombinant
virus that could be evaluated as a prototype VZV(Oka)-based
recombinant live viral vaccine.

MATERIALS AND METHODS

Cells and Virus. The MRC-5 cell strain of human diploid
fibroblasts (26) was maintained in Dulbecco’s modified Ea-
gle’s medium (GIBCO) supplemented with 10% fetal bovine
serum (FBS), 100 units of penicillin per ml, and 100 ug of
streptomycin per ml (growth medium). Attenuated VZV-
(Oka) (10) was propagated by infection of MRC-5 cells with
either cell-associated (infected MRC-5 cells) or cell-free
virus.

Construction of a Recombinant VZV. The construction of
an expression cassette [VZV P,L(gpI)-gp350], containing the
promoter (P) and hydrophobic leader (L) sequence of VZV
gpl adjacent to the gp350/220 coding sequence, is described
elsewhere in detail (55). This plasmid potentially encodes a
fusion protein containing the first 36 amino acids of VZV gpl
and all but the first 20 amino acids of gp350/220. VZV
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P,L(gpI)-gp350 was cloned into the unique Nisi I site (27) of
the VZV thymidine kinase (TK) gene (28) within the cloned
Sac I H (29) fragment of VZV, creating pPK-4 (Fig. 1).
Calcium phosphate precipitates (30) containing 1 ug of pPK-4
and 1 ug of VZV(Oka) genomic DNA (31) were added to
35-mm plates containing 3 X 10° MRC-5 cells. After 4 hr of
incubation at 37°C, the cells were rinsed with growth medi-
um, exposed to 15% glycerol for 3 min, again rinsed, and
incubated for an additional 24 hr. The cells from each plate
were trypsinized and passaged into two 60-mm plates. Five
to ten days later, cells showing cytopathic effects were
passaged to fresh MRC-5 cells and screened for recombinant
virus by an indirect immune hemadsorption assay—i.e.,
erythrocyte rosetting (see below). Positive plaques were
picked by cylinder cloning of infected cells, and virus was
grown by serial passage in MRC-5 cells. Cell-free virus was
isolated by sonicating infected cells for 30 sec, followed by
freeze-thaw and plaque-purification in 96-well microtiter
plates containing MRC-5 cells.

Serological Assays. Infected MRC-5 cells were incubated
with growth medium containing 10 ug of murine monoclonal
antibody (mAb) C1.4 (32) per ml to gp350/220 (Atlantic
Antibodies, Westbrook, ME) for 1 hr at 37°C. The cells were
washed three times with growth medium and incubated for 1
hrin growth medium containing human erythrocytes to which
rabbit anti-mouse immunoglobulin had been coupled (33).
The cells then were washed three times and screened visually
for the formation of erythrocyte rosettes on VZV plaques.
Double-label immunofluorescence was performed by incu-
bating MRC-5 cells infected with recombinant VZV or
parental VZV(Oka) for 1 hr in growth medium containing
murine anti-gp350 mAb (mAb 2L.10 and C1.4 were gifts from
G. Pearson) and polyclonal human anti-VZV (EBV-negative)
antibody. The cells then were washed, incubated for 1 hr in
growth medium containing fluorescein isothiocyanate-conju-
gated goat anti-mouse IgG (Tago, Burlingame, CA) and
rhodamine-conjugated goat anti-human IgG (Cappel Labora-
tories, Cochranville, PA), washed again, and examined by
fluorescence microscopy (Zeiss). For immunoblot, lysates
from infected MRC-S cells were prepared (34), and proteins
were electrophoresed in 6% NaDodSQ,/polyacrylamide gels
and electroblotted to nitrocellulose (35). The nitrocellulose
filter was placed in buffer A (150 mM NaCl/50 mM Tris, pH
7.6/0.1% NaN3/0.1% Tween 20) with 20% FBS for 24 hr at
4°C and then incubated with either human anti-EBV or
human anti-VZV IgG in buffer A with 3% FBS for 12-16 hr
at 4°C. The filters then were washed for 2 hr at 37°C in buffer
A, placed in buffer A with 3% FBS and 0.25 uCi of
12].]1abeled protein A per ml (1 Ci = 37 GBq) for 2 hr at room
temperature, washed, and exposed to film.

Immune-Electron Microscopy. mAb 2L.10 was coupled to
12-nm colloidal gold (36). Infected MRC-5 cells were washed
once and incubated with the colloidal gold-coupled 2L10
antibody (60 pug/ml) in growth medium at 37°C for 1 hr. Cells
were washed, fixed, and processed for electron microscopy.
For detection of VZV glycoproteins, infected cells were
incubated first with anti-gpl mAb C1 (34), then with 5-nm
colloidal gold-coupled goat anti-mouse IgG.

DNA Restriction Analysis of Recombinant VZV Virus. VZV
genomic DNA digested with Sac I or Bg! II was electropho-
resed on 0.8% agarose gels. Digested DNA fragments were
transferred to nitrocellulose and probed with nick-translated
[a-*?P]dCTP-labeled DNA from either the VZV Sac I H
fragment or the EBV gp350/220 open reading frame (ORF).

RESULTS

Construction of an Expression Plasmid and Viral Recombi-
nant. VZV expresses three major glycoproteins on the virion
envelope—gpl, gpll, and gplll; the genes for all three have
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been mapped and sequenced (37-39). Of these glycoproteins,
gpl is apparently the most abundant (34) and is expressed at
relatively high levels late during viral infection. Therefore,
we chose to utilize the VZV gpl promoter to express
non-VZV glycoproteins in a recombinant VZV. The salient
features of the DNA sequence for this region include a
CAAT-90 base pairs (bp)-TATAA-60 bp—ACCATGG-gpl
ORF organization, suggesting that gp]l mRNA is a nonspliced
transcript regulated by a contiguous upstream promoter. To
favor its recognition and processing as a VZV gene product,
the EBV gp350/220 gene beginning at its 21st codon was
fused in-frame to codon 35 of the putative gpl promoter-
mRNA leader-gpl ORF fragment. Because cotransfected
herpesvirus DNAs characteristically undergo homologous
recombination with a high frequency, VZV gpl-EBV
gp350/220 inserted into the VZV TK ORF (pPK-4) might be
expected to recombine with cotransfected VZV genomic
DNA through the homologous flanking TK DNA (Fig. 1).
Indeed, cotransfection of MRC-5 cells resulted in 10% of the
resulting foci being positive for the expression of gp350/220
as manifested by indirect immune hemadsorption. No back-
ground of positive foci was found when the pPK-4 DNA was
omitted from the cotransfections or when an irrelevant mAb
was used in the immune hemadsorption test. Three indepen-
dent recombinant viral isolates (designated E/V-1, E/V-2,
and E/V-3) were plaque-purified and further characterized.
The recombinant virus developed plaques on MRC-5 cells at
a rate similar to parental VZV(Oka). Parental and recombi-
nant viruses also grew to comparable titer in MRC-S cells.
Thus, expression of gp350/220 did not interfere overtly with
VZYV replication. )

Characterization of the Recombinant VZV Genome. In
order to confirm that the gpl-gp350/220 gene fusion had
recombined properly into the VZV(Oka) TK gene, analyses
of recombinant viral isolate E/V-1 DNA were done. Bgl 11
digestion of VZV(Oka) DNA generates 20 fragments (29),
with the fourth largest (Bg/ II D fragment) containing the 7K
gene (27). Because there are no Bgl II sites within the
3.7-kilobase pair (kbp) gpI-gp350/220 gene fusion (Fig. 1), the
Bgl 11 D fragment of the parental virus (seen as the Bgl IID/E
doublet, Fig. 2A, arrow 2) was increased in size by 3.7 kbp
(Fig. 2A, arrow 1). A VZV TK probe hybridized to the
parental and recombinant fragments (Fig. 2B). Digestion of
the VZV parental DNA with Sac I yielded the expected
fragments including the Sac I H fragment, which contains the
TK gene (Fig. 2D, arrow 4). Because there is a single Sac I
site within the gpl-gp350/220 DNA (Fig. 1), cleavage of VZV
recombinant DNA with Sac I yielded two other fragments
(Fig. 2D, arrows 3 and 5). These two recombinant fragments
hybridized to probes for VZV Sac I H and gp350/220 (Fig. 2
E and F). The sizes of the recombinant VZV Sac I fragments
are identical to those of the cotransfected recombinant
plasmid pPK-4, indicating that there was no substantial
insertion or deletion at the sites of recombination and that the
gpl-gp350/220 insert had retained the same orientation in the
recombinant VZV genome as it had in pPK-4.

The parental VZV did not grow in a TK™ cell line (A673)
in the presence of 100 ug of bromodeoxyuridine per ml, since
the viral TK protein phosphorylates the bromodeoxyuridine,
which then becomes incorporated into viral DNA. In con-
trast, the recombinant VZV isolates grew in the TK ™ cells in
the presence of bromodeoxyuridine, indicating that the
insertional inactivation of TK gene by homologous recombi-
nation with the gpl-gp350 gene fusion had occurred.

Immunological Characterization of the Recombinant Virus
by Microscopy. Double immunofluorescent labeling demon-
strated expression of both VZV glycoproteins and gp350/220
on the surface of infected cells (Fig. 3). However, electron-
microscopic examination of immunogold-labeled cells infect-
ed by recombinant virus revealed a qualitative difference in
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Fic. 1. Construction of live recombinant VZV expressing gp350/220. Major structural features: long unique region (Uy), short inverted
repeat (IR,), short unique region (Uy), and short terminal repeat region (TR;) of the VZV genome are indicated and aligned with a scale of
fractional genome length. The organization of pPK-4 is described in Materials and Methods.

the pattern of distribution of VZV gpl and EBV gp350/220
(Fig. 4). Gold-labeled anti-gpI mAb primarily reacted with
mature viriohs in the extracellular space; less antibody
reacted with the cellular plasma membrane. In contrast,
anti-gp350 mAb primarily localized to the plasma membrane;
less than 10% of virions were labeled. Thus, even though the
recombinant gp350 is a fusion protein, the amino terminus of
which is predicted to be 35 amino acids of gpl, the gp350
coding domain is the important determinant of the fate of the
molecule in the surface of the infected cell. The small degree
of anti-gp350 labeling of recombinant virus was significant,
because the antibody did not bind to virus or cells infected
with parental VZV. The density of VZV gpl as well as the
morphology and size of the virions appear similar in both the
parental and recombinant virus.

Recombinant VZV Glycoprotein Expression. The expres-
sion of VZV glycoproteins was not affected by insertion of
the gpl-gp350/220 gene fusion into the VZV TK gene.
Recombinant VZV isolates expressed VZV glycoproteins at
the same level as the parental VZV (Fig. 5, lanes 6-8). The
recombinant virus also expressed high levels of gp350/220,
whereas no gp350/220 cross-reactive material was detected
in parental VZV-infected cells (lanes 2-4). The gp350/220
comigrated with antigens expressed in Vero cells trans-
formed with an expression vector (lane 1).

DISCUSSION

We have demonstrated the use of VZV as a live viral vector
for the efficient expréssion of EBV gp350/220. One major

advantage of using a live viral vector to immunize against
heterologous pathogens is the ability of the virus to express,
modify, and present antigens as they are expressed during the
course of natural infection. Post-translational modifications,
such as proper protein folding, glycosylation, and membrane
insertion and presentation, may play critical roles in the
ability of the processed protein to elicit a long-lasting and
neutralizing immune response. For instance, glycosylation
has been shown to influence the recognition by the immune
system of influenza virus hemagglutinin and murine leukemia
virus gp70 glycoproteins (40). The presentation of a protein
also can greatly influence its immunogenicity (41-43). While
neither processing nor presentation may be hecessary for the
production of neutralizing antibodies in every case, the
epitopes needed for protective immune responses against a
particular pathogen may be in question. The use of a live viral
vector would address some of these concerns.

A second major advantage of a live recombinant viral
vaccine is the ability of the virus to replicate in the host. This
amplifies the expression of the heterologous proteins, often
increasing both humoral and cellular immune responses to
that antigen (44). Moreover, the expression of a viral antigen
in association with class I histocompatibility antigens at the
surface of infected cells enables recognition of the foreign
antigen by cytotoxic T cells (45). The use of a very active
promoter sequence, such as gpl, adjacent to the coding
region of the heterologous gene also may increase the amount
of protein expressed.
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FIG. 2. Analysis of parental and recombinant viral DNA. DNAs
isolated from VZV(Oka), recombinant viral isolate E/V-1, or recom-
binant viral isolate E/V-2 (labeled P, 1, and 2, respectively) were
digested with Bgl II (A-C) or Sac 1 (D-F) and electrophoresed in
agarose gels. After visualization with UV light (A and D), the DNA
fragments were transferred to nitrocellulose and probed with radio-
labeled DNA from either the VZV Sac I H fragment (B and E) or the
éntire gp350/220 coding region (C and F). Molecular mass markers
are in kbp.

VZV has the smallest genome among human Alphaherpes-
viruses. Because its virion is similar in size to those of
cytomegalovirus and herpes simplex virus, it is likely that
VZV could carry significant amounts of heterologous genetic
information without selection against the larger DNA. More-
over, like other herpesviruses, VZV likely has significant
parts of its genome that are dispensable without interference
with the ability of the virus to replicate. Thus, significant
parts of the genome can be deleted, creating additional space
for heterologous genes.

The use of VZV as a viral vector provides many distinct
advantages over other live viral vectors for the expression of
foreign genes. Viruses from live viral vaccines have been

A B
FiG. 3. Double immunofluorescent labeling of MRC-5 cells
infected with recombinant viral isolate E/V-1. Infected cells were
incubated with murine anti-gp350 mAb and human anti-VZV poly-
clonal convalescent serum. They subsequently were incubated with
fluorescein isothiocyanate-conjugated goat anti-mouse IgG and rho-
damine-conjugated goat anti-human IgG. Excitation with a fluores-

cence-specific light source of narrow bandwidth allows visualization
of gp350-specific fluorescence (A) or VZV-specific fluorescence (B).

Proc. Natl. Acad. Sci. USA 84 (1987) 3899

A ’ . " g £

FiG. 4. Immune-electron microscopy of recombinant VZV.
(A-C) Recombinant viral isolate E/V-1-infected cells treated with
anti-gp350 mAb coupled to colloidal gold. (4) Gold particles label the
infected cellular plasma membranes, indicating the presence of
gp350/220. (B and C) Arrows indicate gold-labeled mature virions.
(D) gpl on the virion envelope is detected by mAb to gpl and
gold-coupled goat anti-mouse IgG. Arrows, gold particles labeling
the virion envelope. Size bars, 100 nm.

transmitted inadvertently to immunocompromised individu-
als through contact with recently vaccinated individuals, and,
in the case of vaccinia and polio, such transmission has had
severe consequences (44, 46, 47). This should not be a
concern with VZV(Oka), since its efficacious use has been
demonstrated in clinical trials in immunocompromised indi-
viduals (11). VZV(Oka) is the only live viral vaccine currently
licensed for use in immunocompromised individuals, making
it an extremely attractive virus for use as a vector to
vaccinate the general population against other serious dis-
eases. Other viruses proposed for use as vectors contain
genetic elements with the capacity of cellular transformation
(48) or mitogenesis through binding to cellular receptors for
growth factors (49, 50). Unlike other viral vectors (51-53) that
have a wide host range and potentially could be transmitted
horizontally between humans and other species, the host
range of VZV is limited essentially to humans, thus minimiz-
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FiG. 5. Immunoblot of parental and recombinant viral proteins.
Lysates from MRC-5 cells infected with parental VZV(Oka) (lanes 2
and 6) or recombinant viral isolate E/V-1 (lanes 3, 4, 7, and 8) or
immunoaffinity-purified gp350/220 from a stably transfected Vero
cell line (lanes 1 and 5; ref. 55) were electrophoresed on 6%
polyacrylamide gels, electro-blotted to nitrocellulose, and incubated
with anti-EBV (lanes 1-4) or anti-VZV (lanes 5-8) polyclonal sera
followed by incubation with 12°I-labeled Protein A. Molecular mass
markers are in kDa.
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ing the risk of uncontrolled environmental spread. It is
possible that the application of genetic engineering to these
other viral vectors could limit deleterious effects in im-
munocompromised individuals, eliminate the risk of adverse
interactions in normal human cells, and restrict host range,
but these applications have yet to be demonstrated. It also is
noteworthy that, because VZV replicates in the nucleus,
mRNA splice sites contained within foreign gene transcripts
appear to be properly spliced, as indicated by the production
of both gp350 and gp220. This contrasts to the recombinant
vaccinia virus containing the same gp350/220 gene, which
expresses only gp350 owing to its cytoplasmic site of repli-
cation (20).

The integration and expression of the gp350/220 gene
within the VZV genome does not appear to alter overtly
either expression or incorporation within the virion envelope
of the major glycoproteins of VZV. At the same time, the size
of gp350/220 expressed by the recombinant virus and de-
tected within the plasma membranes of infected fibroblasts
provides preliminary evidence for correct post-translational
modifications and presentation of these heterologous glyco-
proteins. The growth characteristics of the recombinant virus
and its ability to elicit a protective immune response in an
animal model system deserve further investigation.

The ultimate use of a live viral vaccine will be determined
by the perceived risk involved in vaccinating against
heterologous pathogens compared to the risk involved in
contracting the natural disease. The efficacious and well-
tolerated use of VZV(Oka) in vaccinating both normal and
immunocompromised individuals lays the foundation for its
use as a live recombinant viral vector for protecting against
both chickenpox and other human diseases.

We gratefully acknowledge M. Armstrong, E. Emini, E. Scolnick,
and M. Silberklang for helpful discussions, E. Emini and G. Pearson
for reagents, and G. Albanesius for careful preparation of the
manuscript.
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