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Herpesvirus entry into cells and herpesvirus-induced cell fusion are related processes in that virus pene-
tration proceeds by fusion of the viral envelope and cell membrane. To characterize the human herpesvirus 8
(HHV-8) glycoproteins that can mediate cell fusion, a luciferase reporter gene activation assay was used.
Chinese hamster ovary (CHO) cells expressing the HHV-8 glycoproteins of interest along with a luciferase
reporter gene under the control of the T7 promoter were cocultivated with human cells transfected with T7
RNA polymerase. Because HHV-8 glycoprotein B (gB) expressed in CHO cells localizes to the perinuclear
region, a truncated form of gB (designated gB™V") that lacks putative endocytosis signals was constructed by
deletion of the distal 58 amino acids of the cytoplasmic tail. HHV-8 gB™YT was expressed efficiently on the
surface of CHO cells. HHV-8 gB, gH, and gL could mediate the fusion of CHO cells with two different human
cell types, embryonic kidney cells and B lymphocytes. Substituting gB™V" for gB significantly enhanced the
fusion of CHO cells with human embryonic kidney cells but not B lymphocytes. Thus, two human cell types
known to be susceptible to HHV-8 entry were also suitable targets for cell fusion induced by HHV-8 gB, gH, and
gL. For human embryonic kidney cells and B cells at least, optimal fusion was noted with the expression of all

three HHV-8 glycoproteins.

Herpesvirus glycoproteins expressed in the virion envelope
mediate the initial attachment of the virus to the cell surface
and the subsequent penetration of the nucleocapsid into the
cell cytoplasm (14, 62). For herpesviruses, entry and virus-
induced cell fusion are related processes in that penetration
proceeds by fusion of the viral envelope with the cell mem-
brane and requires many of the same viral glycoproteins as
virus-induced cell fusion (62, 63).

By use of a variety of techniques to detect viral nucleic acids
or proteins, human herpesvirus 8 (HHV-8) has been detected
in B cells (3, 16), endothelial cells (10, 16, 55, 64), monocytes
(8), and epithelial cells (16) in vivo. Cell types that HHV-8 can
infect in vitro include human primary B cells (7, 57), macro-
phages (7), epithelial cells (19, 21, 57, 70, 71), endothelial cells
(7, 18, 44, 57), fibroblasts (70), and a variety of human carci-
noma cells (57, 70), along with owl monkey kidney cells (43,
57) and hamster kidney cells (57). Serial infection of a human
embryonic kidney cell line (293 cells) with HHV-8 derived
from primary Kaposi’s sarcoma explants and the ability of
human cytomegalovirus (HCMV) to activate HHV-8 lytic rep-
lication in latently infected human fibroblasts have been re-
ported (19, 70). However, inoculating cells with HHV-8 in vitro
typically results in abortive or latent infections rather than
productive infections (7, 21, 43, 44, 57). The difficulty in sus-
taining a productive HHV-8 infection in vitro limits the ease
and extent to which the functional domains of HHV-8 glyco-
proteins can be studied.

The herpesviruses studied to date, including HHV-8, encode
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glycoprotein B (gB), gH, and gL homologues (43, 60, 62). Both
gB and gH are highly conserved (22, 23, 51, 62), and all three
appear to be essential for herpesvirus infectivity (20, 26, 31, 42,
56, 59, 62). Only alphaherpesviruses, such as herpes simplex
virus (HSV) type 1 (HSV-1), HSV-2, and pseudorabies virus
(PrV), express gD (62). HHV-8, a type 2 gammaherpesvirus,
does not appear to encode a gD homologue.

HHV-8 gB is a type | membrane protein 845 amino acids in
length (5, 53). The first 23 amino acids are most likely a
cleavable signal sequence. Predicted near the C terminus are
two hydrophobic regions, with the last domain most likely the
transmembrane domain. The hydrophilic ectodomain contains
numerous N-glycosylation sites and a putative proteolytic
cleavage site. HHV-8 gB possesses a putative heparan-binding
domain, and the glycoprotein can interact with heparan sul-
fate-like moieties (1), consistent with the observation that the
binding of HHV-8 to cells involves an interaction with heparan
sulfate (2, 6).

The cellular distribution and processing of HHV-8 gB de-
pend on the cell type in which the glycoprotein is expressed. In
Chinese hamster ovary (CHO) cells, HHV-8 gB tagged with a
hemagglutinin (HA) epitope localizes to the perinuclear re-
gion without any apparent movement to the periphery (53). In
Vero cells, HHV-8 gB is expressed throughout the cytoplasm
(5). Although a proteolytic cleavage site is predicted, HHV-8
gB is not cleaved when expressed transiently in CHO cells,
simian virus 40 (SV40)-transformed African green monkey
kidney cells (COS-1 cells), or Epstein-Barr virus (EBV)-in-
fected lymphoblastoid cells (5, 53). In the HHV-8-infected
body cavity-based lymphoma cell line BCBL-1, however, gB is
expressed on the cell surface and is cleaved (1, 5). The enve-
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lope of virions purified from BCBL-1 cells expresses cleaved
gB (1).

In most herpesviruses, the correct transport of gH from the
endoplasmic reticulum to the cell membrane and incorpora-
tion into virions require the coexpression of gL (17, 27, 29, 37,
61, 73). One exception is PrV gL, which is required for viral
infectivity but not for the incorporation of gH into virion par-
ticles (31). However, the absence of gL results in a different
form of processing of the N-glycans on PrV gH. A third gly-
coprotein, gp42, associates with the EBV gH-gL complex and
is required for viral entry into B cells but not epithelial cells
(36). In addition, the correct glycosylation but not the cell
surface expression of EBV gH requires the coexpression of
gp42 (35). Preliminary work with HHV-8 has shown that the
cell surface expression of gH in B cells also requires the coex-
pression of gL (S. I. Gerber, R. M. Longnecker, P. G. Spear,
and P. E. Pertel, Abstr. Infect. Dis. Soc. Am. 36th Annu. Meet.,
abstr. 59, 1998, Clin. Infect. Dis. 27:931). HHV-8 does not
appear to encode a gp42 homologue.

The expression of HSV-1 or HSV-2 gB, gD, and gH-gL in
cells susceptible to infection by these viruses is sufficient to
induce cell-cell fusion (45, 52, 69). For the alphaherpesvirus
PrV, the fusion of at least some susceptible cell types can occur
with only three glycoproteins, gB, gH, and gL (32). This finding
is consistent with previous studies showing that, although PrV
gD is essential for viral penetration into cells, gD-negative PrV
mutants can still form plaques (50, 56). Similarly, transient
expression of EBV gB, gH-gL, and gp42 in CHO cells is nec-
essary and sufficient to induce fusion with the human B-cell
line Daudi (24).

In addition to gB, another HHV-8 envelope glycoprotein,
K8.1A, can interact with cellular heparan sulfate (6, 72). K8.1A
and K8.1B are generated by splicing of the HHV-8 open read-
ing frame K8.1 (12, 13, 54). This open reading frame is a
positional homologue of EBV gp350/220 (12, 54), the glyco-
protein that mediates the initial attachment of EBV to B cells
by interaction with cellular CD21 (46, 66). The expression of
EBYV gp350 is not required for the fusion of CHO and Daudi
cells (24).

Described below is a quantitative and efficient cell fusion
assay used to identify the HHV-8 glycoproteins that are nec-
essary and sufficient to mediate cell-cell fusion. Two human
cell types known to be susceptible to HHV-8 entry, embryonic
kidney cells and B lymphocytes, were also suitable targets for
cell fusion induced by HHV-8 gB, gH, and gL.. The fusion assay
described here should allow further investigation into the func-
tional domains of HHV-8 glycoproteins and possibly the cel-
lular factors that are important in mediating cell fusion.

MATERIALS AND METHODS

Cells. CHO cells were obtained from the American Type Culture Collection
(Rockville, Md.) and were passaged in Ham’s F12 medium (Gibco BRL, Gaith-
ersburg, Md.) supplemented with 10% fetal bovine serum (FBS) and antibiotics.
293T cells are human embryonic kidney cells expressing the SV40 large T antigen
(15) and were passaged in Dulbecco’s modified Eagle medium (MEM) supple-
mented with 10% FBS and antibiotics. Vero cells are an adult African green
monkey cell line (American Type Culture Collection) and were passaged in
medium 199 supplemented with 5% FBS and antibiotics. BCBL-1 is an HHV-
8-infected body cavity-based lymphoma cell line (58) obtained from the AIDS
Research and Reference Reagent Program (Rockville, Md.). BIAB is an EBV-
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negative lymphoma B-cell line (41). Daudi is an EBV-infected Burkitt’s lym-
phoma cell line (30). The lymphoblastoid cell lines LCL-1, LCL-2, and LCL-10
were transformed by wild-type EBV, while 6.16, KC.1, and M.2 were transformed
by gB-negative EBV mutants (26, 34, 38). All B-cell lines were passaged in RPMI
1640 medium containing 10% FBS and antibiotics, except for BCBL-1 cells,
which were passaged in RPMI 1640 medium containing 10% FBS, 5 X 107> M
2-mercaptoethanol, and antibiotics.

Construction of expression vectors. Y. Kawaoka (University of Wisconsin,
Madison) provided expression plasmid pCAGGS/MCS (33). Plasmid pCAGT7
expresses T7 RNA polymerase under the control of the chicken B-actin promoter
and the HCMV immediate-early enhancer (49), while plasmid pT7EMCLuc
expresses the firefly luciferase gene under the control of the T7 promoter. Y.
Matsuura (National Institute of Infectious Diseases, Tokyo, Japan) provided
both plasmids.

Amplification of the glycoprotein open reading frames of interest from the
HHV-8-infected cell line BCBL-1 was done by PCR with Vent polymerase (New
England Biolabs, Beverly, Mass.) as described previously (53). HHV-8 DNA was
isolated from BCBL-1 cells by using a Trizol reagent kit (Gibco BRL). Ampli-
fication of the open reading frames was done in duplicate independent reactions
to exclude the presence of PCR-introduced mutations. PCR products were
desalted and concentrated with a QITAEX II gel extraction kit (Qiagen, Valencia,
Calif.). The HHV-8 gL open reading frame was amplified by using a BamHI
restriction endonuclease site-tagged sense primer (5'-TTGGATCCGTCTGAG
CAGCGAGAGCAG-3") and an EcoRI-tagged antisense primer (5'-TGAATTC
ATGGGGATCTTTGCGCTATTTG-3'); introduced restriction endonuclease
sites are shown in bold type. The amplified fragment was digested with BamHI
and EcoRI and then inserted between the Bg/II and EcoRI sites of pPCAGGS/
MCS, generating pPEP109. Nucleotide sequencing of the gL open reading frame
revealed no polymorphisms compared to the sequence derived from HHV-8-
infected cell line BC-1 (60).

The HHV-8 gH open reading frame was amplified by using a BamHI restric-
tion endonuclease site-tagged sense primer (5'-TTGGATCCATGCAGGGTCT
AGCCTTCTTGGC-3") and a BamHI-tagged antisense primer (5'-TTGGATCC
GGTCGAACTGATATGTGACGG-3"). After digestion with BamHI, the PCR
fragment was inserted into the BamHI site of pSG5 (Stratagene, La Jolla, Calif.)
and screened for orientation, generating pPEP39. Nucleotide sequencing of the
gH open reading frame revealed one silent polymorphism at base position 867 (T
to C) and two polymorphisms at base positions 524 (T to A) and 982 (A to G)
that result in isoleucine-to-asparagine and threonine-to-alanine substitutions,
respectively. The gH open reading frame was subsequently excised from pPEP39
with BamHI, inserted into the Bg/II site of pPCAGGS/MCS, and screened for
orientation, generating pPEP103.

Construction of the plasmid containing HHV-8 gB (pPEP29) was described
previously (53). The gB gene was excised by digestion with EcoRI and Bgl/II and
inserted between these sites of pPCAGGS/MCS, generating pPEP102. To trun-
cate the HHV-8 gB open reading frame, part of the cytoplasmic tail was PCR
amplified by using a sense primer (5'-GCTCATTGGTTACCGGATTC-3") and
a BgIII restriction endonuclease site- and stop codon-tagged antisense primer
(5'-GGTAGATCTAGATTTCCTCCCGTGTTG-3'); the introduced restriction
endonuclease site is shown in bold type, while the stop codon is underlined. The
PCR fragment was digested with Bg/IT and Sphl and inserted between these sites
of pPEP102, generating pPEP120. Nucleotide sequence analysis of the PCR-
amplified region revealed no mutations.

The construction of plasmids containing HSV-1 strain KOS [HSV-1(KOS)] gB
(pPEP98), HSV-1(KOS) gD (pPEP99), HSV-1(KOS) gH (pPEP100), and HSV-
1(KOS) gL (pPEP101) was previously described (52).

The Northwestern University Biotechnology Facility and the Great Lakes
Regional Center for AIDS Research constructed the primers and performed the
nucleotide sequencing.

Cell enzyme-linked immunosorbent assay (CELISA). Subconfluent CHO cells
were transfected with plasmids expressing HHV-8 glycoproteins by using Lipo-
fectamine reagent in Opti-MEM (Gibco BRL). Individual wells were transfected
with 0.5 to 2.0 g of each expression vector, keeping the total amount of DNA
constant by the addition of empty vector DNA. After incubation at 37°C in 5%
CO, for 8 h, the transfection mixture was removed and Ham’s F12 medium
containing 10% FBS was added. The cells were incubated for an additional 4 h
before they were detached with 0.25% trypsin—1 mM tetrasodium EDTA (Gibco
BRL) and replated on 96-well plates. After incubation for 18 h, cells were
washed with phosphate-buffered saline (PBS). For detection of intracellular and
cell surface glycoprotein expression, cells were fixed with PBS containing 2%
formaldehyde and 0.2% gluteraldehyde, permeabilized with buffer containing 2
mM magnesium chloride, 0.02% (octylphenoxy)polyethoxyethanol, and 0.01%
deoxycholic acid, and then incubated with primary antibody diluted in PBS
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containing 3% bovine serum albumin; for detection of cell surface glycoprotein
expression, cells were incubated with primary antibody first and then fixed.
Subsequently, cells were sequentially incubated with biotinylated goat anti-
mouse immunoglobulin G (IgG) conjugate (Sigma, St. Louis, Mo.) and strepta-
vidin-horseradish peroxidase conjugate (Amersham Pharmacia Biotech, Piscat-
away, N.J.). After the addition of 50 mM phosphate-citrate buffer containing
0.03% sodium perborate and 3,3',5,5'-tetramethylbenzidine (Sigma) dissolved in
dimethyl sulfoxide, optical density (OD) readings at 370 nm were obtained with
a plate spectrophotometer (SpectraMax 250; Molecular Devices, Sunnyvale,
Calif.).

Antibody production. Antibodies specific for HHV-8 glycoproteins were pro-
duced by immunizing BALB/c mice intradermally with HHV-8 gB or HHV-8 gH
and gL expression vectors as previously described for HSV-1 gB (39, 65). For
immunization, 50 ug of each expression vector was injected. The Animal Care
and Use Committee of Northwestern University approved the protocol.

Fusion assays. Cell fusion was quantified and visualized by using a luciferase
reporter gene activation assay (49). Subconfluent effector cells in six-well plates
were transfected with vectors expressing the glycoproteins of interest and a
vector expressing luciferase under the control of the T7 promoter. Target cells in
six-well plates were transfected with a vector expressing T7 RNA polymerase.
After incubation at 37°C in 5% CO, for 10 h, the transfection mixture was
removed. Target cells were subsequently detached with trypsin-EDTA and then
overlaid on the effector cells at a 1:1 ratio. B-cell lines were transfected by
electroporation. Briefly, 107 cells were resuspended in 400 pl of RPMI 1640
medium containing 50 pg of the T7 RNA polymerase expression vector. Cells
were electroporated by using a Gene Pulser electroporator (Bio-Rad Laborato-
ries), transferred to 25-cm? flasks containing RPMI 1640 medium, and then
incubated for 10 h at 37°C in 5% CO,. Approximately 10° viable B cells were
overlaid on the effector cells.

Luciferase activity was quantified by using a luciferase reporter assay system
(Promega, Madison, Wis.) 6 to 48 h after cocultivation. Cells were washed with
PBS and then lysed with passive lysis buffer. After the supernatant was collected,
beetle luciferin substrate was added, and luminosity readings were obtained by
using a TD-20/20 luminometer (Turner Designs; Promega). The supernatant was
diluted 1:10 in water for all readings. To visualize cell fusion, an antiluciferase
immunoassay was used. Cells were fixed with 4% paraformaldehyde in PBS,
permeabilized with 0.1% Triton X-100 (Sigma) in PBS, and then incubated with
antiluciferase antibody (Promega) diluted to 20 pg/ml in PBS containing 3%
bovine serum albumin. Subsequently, cells were sequentially incubated with
biotinylated goat anti-mouse IgG, streptavidin—f-galactosidase conjugate (Sig-
ma), and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) substrate
(Sigma) dissolved in and diluted to 1.0 mg/ml in ferricyanide buffer [3 mM
K;Fe(CN)g, 3.125 mM K, Fe(CN)4]. Cells were counterstained with 0.1% nu-
clear fast red (Sigma). Photographs of the cells were taken with an Olympus
digital camera.

Immunoprecipitation. Subconfluent CHO cells were transfected with plasmids
expressing HHV-8 glycoproteins as described above. The cells were subsequently
washed, incubated with MEM depleted of both methionine and cysteine for 20
min at 37°C in 5% CO,, and then incubated for 2 h with depleted MEM
containing [**S]Met and [**S]Cys (Amersham Pharmacia Biotech). The cells
were washed with ice-cold PBS and then lysed with RIBA buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) containing protease inhibitors
(2 pg of aprotinin/ml, 2 g of leupeptin/ml, and 1 ug of pepstatin A/ml) for 30
min on ice. After centrifugation, the cleared lysates were preabsorbed with
mouse serum and a mixture of protein G- and protein A-Sepharose (Amersham
Pharmacia Biotech). The lysates were then incubated at 4°C with either mouse
anti-HHV-8 gB polyclonal sera or anti-HHV-8 gH-gL sera before collection of
the immune complexes by the addition of protein G- and protein-A Sepharose.
After the addition of SDS sample buffer, the samples were boiled for 5 min and
then loaded onto an SDS-polyacrylamide gel (N,N'-methylene-bisacrylamide)
(Bio-Rad Laboratories). Following electrophoresis, the gel was fixed with a
methanol-acetic acid solution, soaked in Amplify (Amersham Pharmacia Bio-
tech), and then dried. Radiolabeled proteins were visualized after exposure to
autoradiography film (Amersham Pharmacia Biotech).

Statistical analysis. Comparison of means was done by two-tailed ¢ tests.
Correction of all P values for multiple comparisons was done by the Bonferroni
procedure.

Nucleotide sequence accession number. The gH nucleotide sequence was
deposited in GenBank under accession number AF448055.

J. VIROL.

RESULTS

Cell surface expression of HHV-8 glycoproteins. To investi-
gate if HHV-8 glycoproteins could induce cell-cell fusion, the
open reading frames for several HHV-8 glycoproteins, includ-
ing ¢B, gH, and gL, were inserted into plasmid pCAGGS/MCS.
This plasmid permits the expression of inserts under the con-
trol of the chicken B-actin promoter and HCMV immediate-
early enhancer (47). The reasons for testing these three glyco-
proteins were as follows. (i) HSV-induced cell fusion requires
the expression of only gB, gD, and gH-gL (45, 52, 69). (ii)
Although PrV gD is required for viral entry (50, 56), PrVv-
induced cell fusion requires the expression of only gB, gH, and
gL (32). (iii) EBV-induced cell fusion requires the expression
of gB, gH, gL, and gp42 (24). (iv) HHV-8 encodes homologues
of gB, gH, and gL but not gD and gp42 (43, 60).

Antibodies specific for HHV-8 glycoproteins were produced
by immunizing mice with HHV-8 gB or HHV-8 gH and gL
expression vectors as previously described by others for HSV-1
gB (39, 65). The specificities of the generated antibodies were
confirmed by CELISA. When fixed cells were used to detect
total glycoprotein expression, mouse anti-HHV-8 gB poly-
clonal sera (diluted 1:1,000) could detect gB expressed in CHO
cells, while anti-HHV-8 gH-gL sera (diluted 1:1,000) could
detect gH and gH-gL.. Mouse anti-HHV-8 gB sera could not
detect expressed gH or gH-gL, nor could mouse anti-HHV-8
gH-gL sera detect expressed gB (data not shown).

To further confirm the specificity of the antibodies, mouse
polyclonal sera were used to immunoprecipitate radiolabeled
proteins from CHO cells transfected with HHV-8 glycopro-
teins. As shown in Fig. 1, anti-gB sera could immunoprecipi-
tate an approximately 120-kDa protein from CHO cells ex-
pressing HHV-8 gB (lane 2) but not from cells transfected with
a vector (lane 1). The apparent size of this protein is similar to
that previously described for HHV-8 gB and HA-tagged gB
expressed in CHO cells (53). Anti-gH-gL sera could immuno-
precipitate an approximately 120-kDa protein from CHO cells
transfected with HHV-8 gH (Fig. 1, lane 4) or with gH and gL
(lane 6) but not from cells transfected with gL (lane 5) or with
a vector (lane 3). Similarly, anti-gH-gL sera could immunopre-
cipitate 15-, 18-, 21-, and 24-kDa proteins from cells trans-
fected with gL (Fig. 1, lane 5) or with gH and gL (lane 6) but
not from cells transfected with gH (lane 4) or with a vector
(lane 3). The apparent sizes of these proteins are similar to
those obtained after expression of HA-tagged gH (120 kDa) or
HA-tagged gL (18 to 28 kDa) in B cells (Gerber et al., Abstr.
Infect. Dis. Soc. Am. 36th Annu. Meet.).

Wild-type HHV-8 gB expressed in CHO cells localizes to the
perinuclear region (53). Contained within the cytoplasmic tail
of gB are two endocytic sorting signals, a tyrosine-based signal
of the form Yxx¢ (where ¢ represents a hydrophobic amino
acid and x is any amino acid) and a dileucine-containing signal
(Fig. 2) (40). To potentially enhance the cell surface expression
of gB, the last 58 amino acids of the gB cytoplasmic tail were
deleted. The predicted transmembrane domain was not de-
leted. The truncated form of gB was designated gBMYT. De-
tection of HHV-8 glycoprotein expression was done by
CELISA. Total expression was detected by fixing and perme-
abilizing cells transfected with the glycoproteins of interest
before incubation with the primary antibody. Cell surface ex-
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FIG. 1. Immunoprecipitation of HHV-8 gB, gH, and gL.. CHO cells
were transfected with plasmids expressing the indicated HHV-8 gly-
coproteins. The cells were radiolabeled 24 h after transfection and
then lysed before immunoprecipitation with the indicated mouse poly-
clonal sera. In the left panel (lanes 1 and 2), radiolabeled proteins were
immunoprecipitated with anti-HHV-8 gB sera. In the right panel
(lanes 3 to 6), proteins were immunoprecipitated with anti-HHV-8
gH-gL sera. Two bands (designated with an asterisk) were consistently
visualized in all six lanes on the original autoradiographs at between
approximately 70 and 80 kDa, although the intensities varied.

pression was detected by incubating the transfected cells with
the primary antibody before fixing. Transfected CHO cells
expressed similar total amounts of gB and gBMYT (Fig. 3B),
but only gBMYT was detected in appreciable amounts on the
cell surface (Fig. 3A).

HHV-8 gB 726 INFIKHPLGGMLMIIIVIAIILIIFMLSRRTNTIAQAPVK

766 MIYPDVDRRAPPSGGAPTREE IKNI.GMHQLQQEERQKA

806 DDLKKSTPSVFQRTANGLRQRLRCGYKPITQSLDISPETGE

FIG. 2. Amino acid sequence of the final 120 amino acids of
HHV-8 gB. The amino acid sequence of HHV-8 gB was derived from
the nucleotide sequence obtained from published reports (53, 60). The
predicted transmembrane domain is in bold letters. The Yxx¢ (YKPL)
and dileucine endocytosis motifs are boxed. The 58 amino acids de-
leted in the truncated form of gB (designated gBMYT) are underlined.
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FIG. 3. Enhanced cell surface expression of HHV-8 gBMYT, CHO
cells were transfected with plasmids expressing HHV-8 gB or gBMVT,
replated on 96-well dishes, and incubated for 18 h. (A) For detection
of cell surface glycoprotein expression, cells were first incubated with
primary antibody and then fixed. (B) For detection of intracellular and
cell surface glycoprotein expression, cells were fixed, permeabilized,
and then incubated with primary antibody. Subsequently, cells were
incubated with biotinylated goat anti-mouse IgG and streptavidin-
horseradish peroxidase conjugate. After the addition of substrate, OD
readings at 370 nm were obtained. Shown are the means and standard
deviations for four replicate samples. In panel A, the difference be-
tween the OD readings obtained for cells transfected with a vector
alone and cells transfected with gBMYT was statistically significant (P <
0.001; two-tailed ¢ test), while the difference between the readings
obtained with the vector alone and gB was not (P = 0.155). In panel B,
the differences between the readings obtained with the vector alone
and gB and gBMYT were both statistically significant (P < 0.001 and
P = 0.013, respectively).

Preliminary work with HHV-8 has shown that the cell sur-
face expression of gH in B cells also requires the coexpression
of gL (Gerber et al., Abstr. Infect. Dis. Soc. Am. 36th Annu.
Meet.). In these studies, HA-tagged HHV-8 gH and gL were
transfected either alone or in combination into BJAB cells (an
EBV-negative lymphoma B-cell line), and cell surface proteins
were subsequently labeled with biotin. After collection of the
biotin-labeled proteins, immunoblotting with an anti-HA
monoclonal antibody demonstrated that the cell surface ex-
pression of HA-tagged HHV-8 gH required the coexpression
of HA-tagged gL. Figure 4 shows the results of a CELISA to
detect the total and cell surface expression of HHV-8 gH and
gL transfected alone or in combination into CHO cells. De-
tection of gH and gL on the cell surface by anti-gH-gL sera was
optimal when both glycoproteins were coexpressed (Fig. 4A).
Significantly less gH was detected on the cell surface in the
absence of gL, and no cell surface gL was detected in the
absence of gH. The anti-gH-gL sera detected the total expres-
sion of gH and gL when the glycoproteins were transfected into
CHO cells alone or in combination (Fig. 4B).

The cell surface expression of gBMYT (Fig. 5, left panel) and
gH-gL (Fig. 5, right panel) was demonstrated when all three
glycoproteins were transfected into CHO cells together. Again,
the specificities of the mouse polyclonal sera were confirmed
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FIG. 4. Detection of gH and gL on the cell surface. The detection
of gH and gL on the cell surface was optimal when both glycoproteins
were coexpressed. CHO cells were transfected with plasmids express-
ing the indicated HHV-8 glycoproteins. Detection of cell surface
(A) and total (B) glycoprotein expression was done by using anti-
gH-gL sera as described in the legend to Fig. 3. Shown are the means
and standard deviations for three to eight replicate samples. In panel
A, the differences between the OD readings obtained for cells trans-
fected with a vector alone and cells transfected with gH or with gH plus
gL were both statistically significant (P < 0.001; two-tailed ¢ test), as
was the difference between the readings obtained with gH and with gH
plus gL (P < 0.001). The difference between the readings obtained
with the vector and with gL was not statistically significant (P = 0.774).
In panel B, the differences between the readings obtained with the
vector and those obtained with gH, gL, or gH plus gL were all statis-
tically significant (P = 0.015, P = 0.007, and P = 0.002, respectively).
The difference between the readings obtained with gH and with gH
plus gL was not statistically significant (P = 0.632).

when mouse anti-HHV-8 gB polyclonal sera detected the sur-
face expression of gB™MV" but not gH-gL. (Fig. 5, left panel),
while anti-HHV-8 gH-gL sera detected the surface expression
of gH-gL but not gBMYT (Fig. 5, right panel). Less cell surface
expression of gBMYT and gH-gL. was noted when all three
glycoproteins were expressed together rather than individually.
These results may represent differences in expression, expo-
sure on the cell surface, or ability to detect exposure.

HHYV-8 glycoprotein-mediated fusion of CHO and 293T
cells. The cells that HHV-8 can infect in vitro include the
human embryonic kidney cell line 293 and primary B cells (7,
19, 21, 57, 70, 71). The techniques used to confirm the ability
of HHV-8 to infect these cells have included detection of viral
DNA by PCR (19, 71), viral RNA by reverse transcriptase PCR
(7, 57, 71), viral proteins by immunofluorescence (70), and
green fluorescent protein expressed by a recombinant HHV-8
mutant (70). Because the efficient fusion of cells by HSV-1
glycoproteins requires the expression of entry receptors (52), it
was reasoned that cells susceptible to HHV-8 entry may also be
able to fuse with CHO cells expressing the correct set of
HHV-8 glycoproteins. The following experiments were done
with 293 cells expressing the SV40 large T antigen (293T cells)
instead of 293 cells. The results obtained with 293 cells were
similar but less reproducible (data not shown).
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FIG. 5. Cell surface expression of HHV-8 glycoproteins. CHO cells
were transfected with plasmids expressing the indicated HHV-8 gly-
coproteins. After cells were replated on 96-well dishes and incubated
for 18 h, they were incubated with primary antibody. Subsequently,
cells were fixed and then incubated with biotinylated goat anti-mouse
IgG and streptavidin-horseradish peroxidase conjugate. After the ad-
dition of substrate, OD readings at 370 nm were obtained. Shown are
the means and standard deviations for four replicate samples. In the
left panel, the differences between the OD readings obtained for cells
transfected with a vector alone and those obtained for cells transfected
with gBMUT alone or with gBMYT, gH, and gL were both statistically
significant (P < 0.001 or P = 0.005, respectively; two-tailed ¢ test),
while the differences between readings obtained with the vector and
those obtained with gH plus gL or with a combination of gB, gH, and
gL were not (P = 1.0). In the right panel, the differences between the
readings obtained with the vector and those obtained with gH plus gL,
a combination of gB, gH, and gL, or a combination of gBMYT, gH, and
gL were all statistically significant (P < 0.001). The difference between
the readings obtained with the vector and with gBMYT was not statis-
tically significant (P = 0.986).

To detect cell fusion, a luciferase reporter gene activation
assay was used (49). Effector cells transfected with the lucif-
erase reporter gene under the control of the T7 promoter and
the HHV-8 glycoproteins of interest were cocultivated with
target cells transfected with T7 RNA polymerase. In these and
subsequent experiments, the effector cells were CHO cells
expressing HHV-8 glycoproteins. Because the contents of the
effector and target cells must mix in order for the T7 RNA
polymerase to transcribe the luciferase gene, the level of lucif-
erase activity represents the extent of fusion between the ef-
fector and target cells.

To estimate the numbers of cells that expressed all three
glycoproteins, an immunoassay with a pool of mouse anti-gB
and anti-gH-gLL polyclonal sera was used. CHO cells were
transfected with each glycoprotein alone or in combination
under the same conditions as those used for the fusion assay.
Twenty-four hours after transfection, the cells were fixed and
permeabilized before sequential incubation with mouse sera,
mouse-specific biotinylated anti-IgG conjugate, streptavidin—
B-galactosidase conjugate, and X-Gal substrate. Cells were
counterstained with nuclear fast red. The total number of cells
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FIG. 6. Kinetics of cell fusion as measured by luciferase produc-
tion. Luciferase activity was measured at the indicated times after
cocultivation of effector and target cells. CHO effector cells were
transfected with plasmids expressing the indicated glycoproteins or a
control vector and the luciferase reporter plasmid. 293T target cells
were transfected with T7 RNA polymerase. Shown are mean relative
luminosity units (RLU) and standard deviations for six replicate sam-
ples obtained on two separate occasions.

and the number of blue cells were counted in three represen-
tative high-power fields. The percentage of blue cells after
transfection with a vector alone was 0.2% (range, 0.0 to 0.6%).
In contrast, the percentages of blue cells were 6.2% (4.3 to
9.2%), 8.0% (6.8 t0 9.1%), 6.7% (2.8 to 9.9%), and 7.0% (3.7
to 9.0%) after transfection of gB, gH, or gL or of all three
glycoproteins together, respectively. The percentages of blue
cells detected among cells transfected with all three glycopro-
teins were 7.3% (6.6 to 7.8%) and 6.1% (4.7 to 7.2%) when
anti-gB sera and anti-gH-gl. sera were used, respectively.
Based on these results, the transfection efficiency was between
6 and 8%, and successfully transfected cells expressed all three
glycoproteins.

Figure 6 shows the results obtained when effector cells trans-
fected with (i) gB, gH, and gL, (ii) gBM"Y7T, gH, and gL, or (iii)
a vector were cocultivated with target 293T cells and the ex-
pression of luciferase activity was monitored over time. Signif-
icant luciferase activity occurred after cocultivation of 293T
target cells with effector cells expressing gB and gH-gL but not
the vector. Substituting gBMYT for gB significantly enhanced
the level of luciferase activity. Maximal luciferase activity oc-
curred approximately 18 to 24 h after cocultivation and per-
sisted at 48 h. Because luciferase mRNA and protein degrade
over time (67), the persistence of luciferase activity implies
that cell-cell fusion was continuing over the 48 h.

Efficient fusion of CHO and 293T cells requires gB and
gH-gL. As shown in Fig. 7, efficient luciferase activity required
the expression of HHV-8 gB and gH-gL. Consistent with the
results shown in Fig. 6, substituting gBMYT for gB resulted in
significantly enhanced luciferase activity. Of note, cocultivating
293T cells with effector cells expressing only gH-gL resulted in
an approximately 30-fold increase in mean luciferase activity
compared to that in cells transfected with a vector. Similarly,
cocultivating 293T target cells with CHO effector cells express-
ing only gB or gBMY" resulted in about five- or sevenfold
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FIG. 7. Efficient cell fusion requires HHV-8 gB and gH-gL. CHO
effector cells were transfected with plasmids expressing the indicated
glycoproteins or a control vector and the luciferase reporter plasmid.
293T target cells were transfected with T7 RNA polymerase. After
cocultivation for 24 h, luciferase activity was measured. Shown are the
mean relative luminosity units (RLU) and standard deviations for six
replicate samples obtained on two separate occasions. Mean differ-
ences between values for the vector and those for gBMVT, ¢H plus gL,
a combination of gB, gH, and gL, or a combination of gBMYT, gH, and
gL were all statistically significant (P < 0.001; two-tailed ¢ test). The
difference between the vector and gB values was also statistically sig-
nificant (P = 0.012). Additional experiments done independently re-
sulted in similar findings (data not shown). For comparison, coculti-
vation of 293T cells with CHO effector cells expressing HSV-1
glycoproteins gB, gD, and gH-gL resulted in a mean RLU of 226.2.

increases in mean luciferase activity, respectively. Although
these increases were all reproducible and statistically signifi-
cant, efficient luciferase activity required the expression of all
three HHV-8 glycoproteins. Luciferase activity increased over
130- and 200-fold when effector cells were transfected with gB,
gH, and gL or with gB™YT, gH, and gL, respectively. Coculti-
vating target cells with effector cells expressing only gH or gL
resulted in an approximately fivefold increase in mean lucif-
erase activity (data not shown). When preincubated with ef-
fector cells, neither anti-gH-gLL nor anti-gB polyclonal sera
(diluted 1:50) could inhibit cell fusion (data not shown). Be-
cause HHV-8 gB, gH, and gL could induce the fusion of CHO
and 293T cells, it is possible that the antibodies in the mouse
sera did not recognize epitopes involved in cell fusion.
Visualization of the cells expressing luciferase was per-
formed by immunostaining with an antiluciferase antibody.
Scattered luciferase-expressing cells were noted after coculti-
vation of 293T cells with effector cells transfected with a vector.
Significantly more luciferase-expressing cells were noted after
cocultivation of effector cells expressing HHV-8 gB and gH-gL
or HHV-8 gBMYT and gH-gL.. The number of blue cells cor-
related with luciferase activity (Table 1 and Fig. 7). At least
80% of the blue cells observed after cocultivation of 293T cells
with effector cells transfected with the HHV-8 glycoproteins
had two to four nuclei, demonstrating that the expression of
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TABLE 1. Viral glycoproteins required for cell fusion, as quantified
by an antiluciferase immunoassay”

Glycoprotein(s) expressed

b
in CHO effector cells No. of blue cells

g e 0. .
HHV-8 @BMUT oo 103 +32
13 02 AV 0 OO 28.7 + 11.6
HHV-8 gB and gH-gL..... e 813 %219
HHV-8 gBMUT and gH-gL ... ..1943 +41.1
HSV-1 gB, gD, and gH-gL cooooeocccceereeeeoeeeeeessoeeeerens 547.3 + 189.7

“ CHO effector cells were transfected with plasmids expressing the indicated
viral glycoproteins and the luciferase reporter plasmid. 293T target cells were
transfected with T7 RNA polymerase. Visualization of cells expressing luciferase
was done with an antiluciferase immunoassay. Shown are the mean number of
blue cells per 500,000 cells and standard deviations from three replicate samples
obtained on two separate occasions.

® Mean differences between values for the vector and those for a combination
of gB, gH, and gL, for a combination of gBMVT, ¢H, and gL, and for a combi-
nation of HSV-1 gB, gD, gH, and gL were all statistically significant (P = 0.022,
P = 0.008, and P = 0.046, respectively; two-tailed ¢ test). Mean differences
between values for the vector and those for gB, gBMUT, or gH plus gL were not
statistically significant (P = 1.0, P = 0.334, and P = 0.134, respectively). Cocul-
tivation of target cells with effector cells expressing only gH or gL resulted in no
significant increase in the number of luciferase-expressing cells (data not shown).

luciferase resulted from cell fusion. Cell fusion mediated by
HSV-1 gB, gD, and gH-gL. was more efficient. The number of
luciferase-expressing cells observed was larger with effector
cells expressing HSV-1 glycoproteins. In addition, the
polykaryocytes tended to be larger and to contain more nuclei.
Figure 8 shows representative examples of the visualized cells.

HHYV-8 gB and gH-gL can induce the fusion of CHO and B
cells. Experiments similar to those described above were per-
formed to test the ability of HHV-8 gB, gH, and gL to mediate
the fusion of CHO cells with other cell lines. BJAB is an
EBV-negative immortalized lymphoma B-cell line, while
LCL-10 is a lymphoblastoid cell line transformed with wild-
type EBV (34, 41). As shown in Fig. 9, HHV-8 gB, gH, and gL
could mediate the fusion of both BJAB and LCL-10 cells with
CHO cells. In contrast to the results obtained with 293T cells,
however, substituting gBMYT for gB did not increase luciferase
activity. Testing of additional immortalized B-cell lines, includ-
ing an EBV-positive Burkitt’s lymphoma cell line (Daudi) and
several lymphoblastoid cell lines transformed with either wild-
type EBV (LCL-1 and LCL-2) or gB-negative EBV (6.16,
KC.1, and M.2) (26, 30, 34, 38), resulted in similar findings
(data not shown). As before, luciferase activity was optimal
when all three glycoproteins were coexpressed (data not
shown).

When effector CHO cells expressing HHV-8 gB and gH-gL
were cocultivated with Vero or CHO cells, increases in lucif-
erase activity were also noted. However, the relative increases
were considerably smaller than those noted with 293T or B
cells. Figure 10 shows that approximately 6- and 15-fold in-
creases were noted after cocultivation of effector CHO cells
expressing gB and gH-gL with target Vero and CHO cells,
respectively. Substituting gB™MYT for gB did not enhance lucif-
erase activity for either cell line. For comparison, the relative
increases noted when 293T or BJAB cells were used as the
target cell lines were calculated from the data presented in Fig.
7 or 9, respectively. Cocultivating 293T cells with effector CHO
cells expressing gB and gH-gL or gBMYT and gH-gL resulted in
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approximately 130- or 200-fold increases in luciferase activity,
respectively. For BJAB cells, the increases were approximately
50-fold for both gB and gH-gL and gB™Y" and gH-gL. The
observation that Vero and CHO cells functioned poorly com-
pared to 293T and B cells as targets for HHV-8 glycoprotein-
mediated cell fusion provides support for the hypothesis that
this fusion is a receptor-mediated process. It is possible that
either the receptor used differs between the cell types or that
the same receptor is expressed but at different levels.

DISCUSSION

The fusion of CHO cells with two human cell types (293T
and B cells) was induced by three HHV-8 glycoproteins, gB,
gH, and gL. For 293T cells and B cells, optimal fusion was
noted with the expression of all three HHV-8 glycoproteins.
The fusion noted after the expression of these glycoproteins
occurred even though efficient cell surface expression of gB by
CHO cells was not detected. It is possible that the antibodies
or the assay used in these studies was not sufficiently sensitive
to detect low-level expression of gB on the cell surface. It is
more likely, however, that efficient cell surface expression of
gB is not required for mediating cell fusion.

Consistent with these results, efficient cell fusion induced by
the alphaherpesvirus PrV requires the expression of gB, gH,
and gL but not gD (32). In contrast, cell fusion induced by two
other alphaherpesviruses, HSV-1 and HSV-2, requires the ex-
pression of all four glycoproteins, gB, gD, and gH-gL (45, 52,
69), and cell fusion induced by the type 1 gammaherpesvirus
EBV requires gB, gH-gL, and gp42 (24). HHV-8, a type 2
gammaherpesvirus, does not appear to encode gD or gp42
homologues.

Significant fusion was also noted when effector CHO cells
expressing HHV-8 gH-gLL were cocultivated with 293T target
cells. This result is consistent with the ability of varicella-zoster
virus gH-gL. to mediate the fusion of transfected HeLa and
human melanoma cells (17). In addition, minimal but repro-
ducible fusion was induced when HHV-8 gB or the truncated
form of gB, gBMYT, was expressed alone. These results imply
that both gH-gLL and gB possibly interact with cellular factors
expressed by 293T cells. Although speculative, it is possible
that gH-gL or gB mediates cell fusion by interacting with one
or more cellular factors that also can function as receptors for
viral entry. This scenario would be similar to the observation
that efficient fusion of CHO cells induced by HSV-1 glycopro-
teins requires the expression of an entry receptor (52).

Enhanced cell fusion was noted when HHV-8 gBMYT was
expressed with gH-gL.. Previously, it was shown that gB local-
izes to the perinuclear region of CHO cells (53). In contrast, a
truncated form of gB lacking the distal 58 amino acids of the
cytoplasmic tail (gBMYT) was expressed efficiently on the sur-
face of CHO cells. Located within the sequences of the deleted
amino acids are two potential endocytic sorting signals
(dileucine and Yxxp motifs) (40). Deletion of one or both of
the sequences may be required for efficient cell surface expres-
sion of gB in CHO cells. Interestingly, HHV-8 gB is expressed
throughout the cytoplasm of Vero cells (5), implying that in-
tracellular processing of gB is cell type dependent. Wild-type
PrV gB, which encodes both motifs, aggregates in the cell
cytoplasm of rabbit kidney cells (RK13 cells), while a truncated
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FIG. 8. Visualization of cells that express luciferase. CHO effector cells transfected with plasmids expressing the indicated glycoproteins
along with the luciferase reporter plasmid were cocultivated for 24 h with 293T target cells transfected with T7 RNA polymerase. After cells
were fixed and permeabilized, detection of luciferase expression was performed by immunostaining with an antiluciferase antibody. For com-
parison, results obtained after cocultivation of 293T cells with effector cells expressing HSV-1 glycoproteins gB, gD, and gH-gL are shown.

form that has these sequences deleted (PrV gB-008) localizes
to the plasma membrane (48). Similar motifs are located in the
cytoplasmic tails of HCMV gB, varicella-zoster virus gB, and
HSV-1 gB, yet all three glycoproteins are expressed on the
plasma membrane (9, 25, 28, 48, 68).

In addition to facilitating cell surface expression in CHO
cells, removal of the last 58 amino acids of HHV-8 gB
enhanced its ability to mediate the fusion of CHO and 293T
cells. Removing part of the C-terminal tail of both PrV gB
and HSV-1 gB significantly alters the fusogenicity of these

glycoproteins (4, 11, 32, 48). The expression of the truncated
form of PrV gB (gB-008) and gH is sufficient for cell fusion
(32). It is not clear, however, if the effect of the deletion is
to enhance cell surface expression, to remove a putative
block to cell fusion, or to enhance the fusogenicity of gB.
The studies presented here used a quantitative and effi-
cient cell fusion assay to identify the HHV-8 glycoproteins
that could mediate the fusion of CHO cells with 293T and B
cells. Although only HHV-8 gB, gH, and gL were tested,
these three glycoproteins were found to be sufficient and
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FIG. 9. HHV-8 gB and gH-gL can mediate fusion of CHO and B
cells. CHO effector cells were transfected with plasmids expressing
the indicated glycoproteins or a control vector and the luciferase
reporter plasmid. Target B cells were electroporated with T7 RNA
polymerase. Luciferase activity was measured 24 h after cocultiva-
tion of effector and target cells. Shown are the mean relative lumi-
nosity units (RLU) and standard deviations for three replicate
samples. In the left panel, differences between values for the vector
and those for a combination of gB, gH, and gL or a combination of
¢BMYT ¢H, and gL were both statistically significant (P < 0.001;
two-tailed ¢ test), while the difference between values for gB, gH,
and gL and for gBMYT, gH, and gL was not (P = 0.219). In the right
panel, differences between values for the vector and those for a
combination of gB, gH, and gL or for a combination of gBMYT, g¢H,
and gL were both statistically significant (P = 0.002; two-tailed ¢
test), while the difference between the values for gB, gH, and gL
and for gBMYT, gH, and gL was not (P = 0.920). Similar results were
obtained in additional experiments done independently (data not
shown).

necessary to induce cell fusion under the described condi-
tions. However, it is possible that additional viral glycopro-
teins may well influence the ability of HHV-8 glycoproteins
to induce cell fusion. Further work to characterize any ad-
ditional viral factors that can influence cell fusion is needed.

For herpesviruses, entry and virus-induced cell fusion are
related processes. Penetration proceeds by fusion of the
viral envelope with the cell membrane. Entry and cell-cell
fusion require many of the same viral glycoproteins. The
unavailability of high titers of virus and the limited suscep-
tibility of cultured cells limit the study of HHV-8 glycopro-
teins. The fusion assay described here has been used to
study the viral glycoproteins and cellular factors required
for cell fusion induced by other herpesviruses, including
HSV-1 and EBV (24, 52). This assay should facilitate inves-
tigation into the functional domains of HHV-§8 glycopro-
teins and the cellular factors that are important in mediating
cell fusion and possibly viral entry. Ultimately, further work
with additional assays is necessary to prove that these
HHV-8 glycoproteins are sufficient and necessary for fusion
and viral entry in vivo.
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FIG. 10. Fusion of various cell lines mediated by HHV-8 glyco-
proteins. CHO effector cells were transfected with plasmids expressing
the indicated glycoproteins or a control vector and the luciferase re-
porter plasmid. CHO or Vero target cells were transfected with T7
RNA polymerase. After cocultivation of the effector and target cells,
luciferase activity was measured. Shown are the means and standard
deviations for calculated fold increases for three replicate samples.
The fold increases (or relative luciferase activities) were calculated as
the ratio of values obtained with effector cells expressing the indicated
glycoproteins to values obtained with effector cells transfected with the
vector. For comparison, relative luciferase activities were calculated
from the results presented in Fig. 7 and 9 when 293T and BJAB cells
were used as target cells. Using the unadjusted mean luciferase values,
the differences obtained with CHO target cells between values for the
vector and those for a combination of gB, gH, and gL or a combination
of gBMYT, gH, and gL were both statistically significant (P < 0.001;
two-tailed ¢ test). The differences obtained with Vero target cells be-
tween values for the vector and those for a combination of gB, gH, and
gL or a combination of gBMYT, gH, and gL were also both statistically
significant (P = 0.002 and P < 0.001, respectively). The differences
between values for gB, gH, and gL and those for gBMYT, gH, and gL
with both CHO and Vero target cells were not statistically significant
(P = 0.871 and P = 1.0, respectively).
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