
Antiviral Research, 18 (1992) 291-302 291 
© 1992 Elsevier Science Publishers B.V. / All rights reserved / 0166-3542/92/$05.00 

AVR 00561 

Baculovirus expressed herpes simplex virus type 1 
glycoprotein C protects mice from lethal HSV-1 

infection 

Homayon Ghiasi a'b, Ravi Kaiwar a, Anthony B. Nesburn a'b 
and Steven L. Wechsler a'b 

aOphthalmology Research, Cedars-Sinai Medical Center, Los Angeles, CA 90048, USA and 
bDepartment of  Ophthalmology, UCLA School of  Medicine, Los Angeles, CA 900242, USA 

(Received 10 October 1991; accepted 30 January 1992) 

Summary 

A recombinant baculovirus (vAc-gC1) was constructed that expresses the 
glycoprotein C (gC) gene of herpes simplex virus type 1 (HSV-1). When Sf9 
cells were infected with this recombinant, a protein that was smaller in size than 
authentic HSV-1 gC was detected by Western blotting using anti-gC polyclonal 
antibody. The recombinant gC was susceptible to tunicamycin, partially 
resistant to Endo-H, and was found on the membrane of Sf9 cells. Antibodies 
raised in mice to recombinant gC reacted with gC from HSV-1 infected cells 
and neutralized the infectivity of HSV-1 in vitro. Immunized mice were 
protected from lethal challenge with HSV-1. 

Glycoprotein C; HSV-1; Immunogenicity; Baculovirus 

Introduction 

Each of the ten HSV-1 glycoproteins is encoded by a different viral gene 
(McGeoch et al., 1988; Spear, 1985). Although the functions of each 
glycoprotein have not yet been completely defined, the viral glycoproteins 
appear to play an important role in the infectious process and in viral 
pathogenesis (Spear, 1985). Specific glycoproteins are involved in virus 
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attachment (Fuller and Spear, 1985; Herold et al., 1991), penetration 
(Sarmiento et al., 1979; Fuller and Spear, 1987; Highlander et al., 1988), 
envelopment and egress from the infected cell, and membrane fusion (Gompels 
and Minson, 1986; Minson et al., 1986). 

It is important to understand the role each glycoprotein may play in terms of 
protective immunity, gC is of particular interest because it is a receptor for the 
C3b component of complement (Baucke and Spear, 1979; Seidel-Dugan et al., 
1988). Langeland et al. (1987) suggested that gC is involved with, but not 
essential for, binding to the cellular receptor. Recently, Tanner et al. (1987) 
postulated that gC, by analogy to EBV gP350/220, may play some role in the 
process of HSV-1 infection by binding to the C3b fragment of complement. 
Herold et al. (1991) also reported that gC may play a role in the adsorption of 
HSV-1 to the cell surface. 

gC has been termed 'non-essential', since viruses with mutations in this gene 
grow normally in tissue culture (Holland et al., 1984; Homa et al., 1986b). 
However, this 'non-essential' designation is without regard to potential in vivo 
roles for gC (Friedman et al., 1986). gC is a major antigenic determinant of 
HSV-1 (Glorioso et al., 1984b). gC can elicit cell-mediated immunity 
(Rosenthal et al., 1987; Glorioso et al., 1985), and antibodies against gC can 
participate in complement-dependent and cell-mediated lysis of HSV- 1 infected 
cells (Balachandran et al., 1982; Glorioso et al., 1984a). Monoclonal antibodies 
against gC can neutralize HSV-1 in vitro and protect animals against lethal 
HSV-1 challenge (Balachandran et al., 1982). Vaccinia virus expressing gC 
(Weir et al., 1989) has been shown to be protective in animals. 

The purpose of the present study was to use the strong polyhedrin gene 
promoter of baculovirus in a baculovirus expression system to produce large 
quantities of HSV-1 gC and analyze its biochemical properties and its 
immunogenicity in mice. The DNA sequence encoding the complete HSV-1 
glycoprotein C (gC) was inserted into a baculovirus transfer vector under 
control of the polyhedrin gene promoter of Autographa californica nuclear 
polyhedrosis virus (AcNPV) and recombined into baculovirus. The recombi- 
nant gC that was produced was glycosylated and was found on the membrane 
of Sf9 cells. Antibodies raised in mice to recombinant gC neutralized the 
infectivity of HSV-1 in vitro and immunized mice were protected from lethal 
challenge with HSV-1. 

Materials and Methods 

Viruses and cells. The E2 strain of  Autographa californica nuclear 
polyhedrosis virus (AcNPV) and Spodoptera frugiperda (Sf9) cells were 
grown in TNM-FH media (J.R.H. Biosciences, Lenexa, KS) containing 10% 
fetal bovine serum as described previously (Inumaru et al., 1987). 

Construction of AcNPV recombinant transfer vector. Clone pGC364 (Homa et 
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al., 1986a) from HSV-1 strain KOS containing a complete DNA copy of the gC 
gene was linearized by restriction enzyme digestion with Nhe I and the 
linearized plasmid was treated with Bal 31. After addition of BamH I linker, 
the resulting fragment was inserted into the BamH I site of the pVL941 vector 
(Summers and Smith, 1987). As confirmed by restriction enzyme analysis and 
partial sequencing, this construct contains the entire sequence of the gC gene. It 
has a non-coding region of 20 nucleotides in front of the first ATG. This is 
followed by the complete coding region of 1533 nucleotides and 403 nucleotides 
after the gC termination codon at the 3' end. 

Transfection and selection of recombinant viruses. Sf9 cells were co-transfected 
with purified infectious baculovirus (AcNPV) DNA and pAc-gC1 plasmid 
DNA as described (Summers and Smith, 1987). Following three cycles of 
plaque purification, five polyhedrin-negative recombinant viruses were 
selected. The five recombinant baculoviruses all expressed gC with similar 
properties as determined by Western blotting using anti-gC polyclonal 
antibody. One of the recombinants was chosen for further study and 
designated vAc-gC1. 

Western blots. The procedures used for Western immunoblot analyses have 
been described previously (Ghiasi et al., 1991a). 

Endoglycosidase H (Endo-H) treatment. Endo-H treatment was done on 
lysates from Sf9 infected cells (10 PFU/cell; 72 h post-infection) as described by 
the manufacturer (Boehringer Mannheim Biochemicals). Briefly, 1 × 105 cells 
were lysed in 20 #1 of 1% n-octylglucoside. 180 #1 of sodium acetate (50 mmol, 
pH 5.0), phenylmethylsulfonyl fluoride (0.5 mmol), and 20 mU of Endo-H 
(Boehringer Mannheim Biochemicals) were added, and the samples were 
incubated at 37°C overnight. At the end of the incubation period, samples were 
precipitated with acetone and 50 #1 of sample buffer (Laemmli, 1970) was 
added. 

Tunicamycin treatment. Infected cells (10 PFU/cell) were incubated in 4 #g/ml 
tunicamycin (Sigma, St Louis, MO) in TNM-FH media from 0 to 48 h post- 
infection. 

Immunofluorescence. Sf9 cells were infected with wild-type AcNPV or 
recombinant gC (vAc-gC1) at an MOI of 10 PFU/cell and incubated for 72 
h. To look at intracellular (total cell) fluorescence, cells were washed with PBS, 
fixed with acetone and incubated with rabbit antibody to gC (R46) (Eisenberg 
et al., 1987) for 1 h at 37°C. To examine cell surface immunofluorescence, 
unfixed, unpermeabilized cells were incubated with rabbit anti-gC polyclonal 
antibody for 1 h at 4°C and then fixed with acetone. Slides for intracellular and 
surface fluorescence were then stained with fluorescein-conjugated goat anti- 
rabbit IgG antibody for 1 h at 37°C, and examined for fluorescence. 
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Immunization of mice. Sf9 cells infected with wild type AcNPV or vAc-gC1 
(10 PFU/cell, 72 h post-infection) were collected, washed and suspended in 
PBS. Mice (Balb/C, 6-8 weeks old) were vaccinated 3 times subcutaneously and 
intraperitoneally with whole insect cells expressing gC or whole insect cells 
infected with wild type AcNPV (mock vaccination). Subcutaneous injections 
were done using 1 x 106 cells with Freund's complete adjuvant on day 0, or 
with Freund's incomplete adjuvant on days 21 and 42. Intraperitoneal 
injections were done on the same days using 1 x 106 cells in PBS. A group 
of positive control mice were immunized three times intraperitoneally with 2 x 
10oPFU of KOS. 

ELISA and serum neutralization assays. Sera from immunized mice were 
collected 3 weeks after the final vaccination and pooled. Antibody titrations 
were performed in triplicate on the pooled sera by ELISA as described (Ghiasi 
et al., 1991 a). 

For in vitro serum neutralization assays, serial 2-fold dilutions of heat- 
inactivated pooled sera were made in MEM, mixed with 30 pfu of HSV-1 strain 
KOS and incubated for 30 min at 37°C. Fresh or heat-inactivated guinea pig 
complement (2.5%) was added and the mixture incubated for another 30 rain. 
Duplicate samples were assayed for residual HSV-1 infectivity on CV-1 cells in 
24-well microtiter plates. The plates were incubated at 37°C for 72 h, stained 
with 1% crystal violet, and plaques were counted. The neutralization titer of 
the serum is expressed as the reciprocal of the highest dilution showing a 50% 
reduction in the number of plaques compared to virus controls. 

Viral challenge. Three weeks after the final vaccination, mice were challenged 
intraperitoneally with 4 LD50 (2 x 106 PFU) of HSV-1 (strain Mckrae) and 
monitored for a period of two weeks. 

Results 

Expression of gC in insect cells. To determine the steady-state levels of 
recombinant gC expression, infected Sf9 cells (10 PFU/cell) were harvested at 
various times post-infection and analyzed by Western blotting. The 
recombinant  gC reacted strongly with rabbit antibody to gC (R46) 
producing a broad band (Fig. 1, lanes 3-6). Shorter exposure times suggested 
that this band may consist of two closely migrating bands (arrows). gC was 
readily detected at 48, 72, and 96 h post-infection (lanes 3-5). The decline at 
120 h (lane 6) is coincident with the beginning of cell lysis. The anti-gC 
antiserum used here did not react with any proteins from wild-type baculovirus 
infected or uninfected Sf9 cell extracts (lanes 7 and 8). 

In HSV-1 infected cells, two major forms of gC (mature gC and the partially 
glycosylated gC precursor, pgC) are detected (Peake et al., 1982; Spear, 1976; 
Compton and Courtney, 1984a; Wenske et al., 1982). In this study, pgC and gC 
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Fig. 1. Time course of the synthesis and accumulation of baculovirus expressed gC. Sf9 cells were infected 
with the baculovirus-gC recombinant (vAc-gC1) at an MOI of 10 PFU/cell. Vero cells were infected with 
HSV-1 strain KOS at an MOI of 10 PFU/cell for 20 h. 1 x 105 gC infected Sf9 cells or Vero-infected HSV-1 
cells were lysed in sample buffer and analyzed by Western blots using polyclonal anti-gC antibody. Lanes: 
M, molecular weight markers; I, HSV-1 infected Vero cells; 2, vAc-gC1 infected cells harvested at 24 h post- 
infection; 3, vAc-gC1 infected cells harvested at 48 h post-infection; 4, vAc-gCl infected cells harvested at 
72 h post-infection; 5, vAc-gC1 infected cells harvested at 96 h post-infection; 6, vAc-gC1 infected cells 

harvested at 120 h post-infection; 7, wild-type baculovirus-infected cells; 8, mock-infected Sf9 cells. 

from HSV- 1 infected Vero cells had apparent molecular weights of 90 kDa and 
120 kDa respectively (Fig. 1, lane 1; also see Fig 2, A and B, lanes 1). The broad 
(doublet) band representative of the major baculovirus expressed gC species 
appeared similar in size to pgC (Fig. 1 lane 1, lower band; also compare lanes 1 
with lanes 2 in Fig. 2A and Fig. 2B). Thus, the baculovirus expressed gC had an 
apparent molecular weight of 85-105 kDa. 

Glycosylation of gC. To determine if the expressed gC was N-glycosylated, 
infected cells were treated with tunicamycin (an inhibitor of asparagine-linked 
glycosylation). Total cell extracts were analyzed by Western blotting using anti- 
gC polyclonal antibody. The tunicamycin treatment generated an expressed gC 
related polypeptide (Fig. 2A, lane 3), smaller than the untreated expressed gC 
(lane 2), with an apparent molecular weight of 70 kDa. This apparent 
molecular weight is similar to that of HSV-1 gC synthesized in vivo (Compton 
and Courtney, 1984b) and in vitro (Frink et al., 1983) in the presence of 
tunicamycin. Thus, like native gC, the untreated expressed gC appeared to 
contain N-linked sugars and hence be glycosylated (although the glycosylation 
pattern may not be identical). In HSV-1 infected cells, gC also contains O- 
linked sugars (Wenske and Courtney, 1983). However, Sf9 cells do not usually 
add O-linked glycans at serine or threonine residues (Sissom and Ellis, 1989). A 
lack of O-linked glycosylation may account for the 'mature' expressed gC being 
smaller than the HSV-1 gC. 

To determine if the expressed gC contained complex sugars, recombinant gC 
and viral gC were treated with Endo-H (removes high mannose chains). Fig. 2B 
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Fig, 2. Glycosylation of baculovirus expressed gC. Panel A: effect of tunicamycin on the electrophoretic 
mobility of gC. Insect cells were infected with the baculovirus recombinant vAc-gC1 (10 PFU/cell) in the 
presence of 4 /~g of tunicamycin/ml of media. Total cell lysates were analyzed by Western blots using 
polyclonal anti-gC antibody. Lanes: M, molecular weight markers; 1, HSV-I infected Veto cells, 2, vAc- 
gC1 infected cells; 3, vAc-gC1 infected cells treated with 4 #g/ml tunicamycin throughout the infection (0 
48 h). Panel B: effect of endoglycosidase H treatment on baculovirus expressed gC. Lysates from 
baculovirus-gC recombinant (vAc-gC1) infected cells were treated with endoglycosidase H (Endo-H) as 
described in Materials and Methods, and analyzed by Western blots using polyclonal anti-gC antibody. 
Lanes: M, molecular weight markers; 1, HSV-I infected Vero cells; 2, vAc-gCl infected cells; 3, Endo-H 

treated HSV-I infected Veto cells; 4, Endo-H treated vAc-gCl infected cells. 

shows a comparison by Western analysis of viral HSV-1 gC synthesized in Vero 
cells (lane 1, no Endo-H; lane 3, + Endo-H) and recombinant gC synthesized 
in Sf9 cells (lane 2, no Endo-H; lane 4, + Endo-H). Digestion of recombinant 
gC with Endo-H resulted in a new protein with an apparent molecular weight 
of 70 kDa (lane 4, lower arrow) similar to that seen above following 
tunicamycin treatment. However, a significant amount of the original band 
remained, apparently not affected by Endo-H treatment (lane 4, upper arrow). 
Endo-H treatment also generated a minor protein band of approximately 70 
kDa in HSV-1 infected cells (lane 3). In addition, Endo-H treatment of HSV-1 
gC appeared to most greatly affect pgC (the lower band in lane 1). These results 
suggest that similar to native gC (Wenske et al., 1982; Compton and Courtney, 
1984a,b; Kuhn et al., 1988), the baculovirus expressed gC is a mixture of both 
Endo-H resistant and Endo-H susceptible sugars. 

Localization of  recombinant gC in insect cells. To determine whether the 
expressed gC was transported to the cell surface, vAc-gC1 infected Sf9 cells 
were examined by indirect immunofluorescence staining using anti-gC 
polyclonal antibody (Fig. 3). Intracellular immunofluorescence was readily 
observed in cells infected with the recombinant gC (panel, A). To look 
specifically for gC on the cell surface, indirect immunofluorescence staining was 
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TABLE 1 

HSV-1 specific ELISA and neutralization responses after immunization of mice with a baculovirus 
recombinant (vAc-gC1) expressing HSV-1 gC 
ELISA titers and neutralization titers are expressed as reciprocal geometric means + standard 
e r r o r .  

Antigen ELISA titer Neut. Titer 

Fresh C' Heat inactivated C' 

vAc-gC1 1200 _ 400 178 ± 34 127 + 87 

HSV-1 2400 + 800 > 320 > 320 

AcNPV (mock) < 50 < 30 < 20 

done on cells prior to fixation (and permeabilization) (panel, B). The surface 
fluorescence on vAc-gC1 infected cells was strong. No immunofluorescence 
was seen in cells infected with AcNPV (wild-type baculovirus) (panel, C). 
Immunofluorescence studies using gC monoclonal antibody similarly showed 
that in HSV-1 infected cells gC is located on the nuclear envelope and cell 
surface (Koga et al., 1986). 

Antibody response induced by recombinant gC. Balb/C mice were immunized 
three times subcutaneously and intraperitoneally with whole insect cells 
expressing gC as described in Materials and Methods. Three weeks after the 
final vaccination, mice were bled. Sera pooled from groups of mice immunized 
with the recombinant gC, HSV-1, or wild-type baculovirus (mock-vaccinated) 
were heat-inactivated and reacted with HSV-1 in the presence of fresh or heat- 
inactivated complement.  Sera from recombinant  gC vaccinated mice 
neutralized HSV-1 infectivity in vitro (Table 1). The presence of fresh 
complement slightly enhanced this neutralizing activity. Mice vaccinated with 
live HSV-1 had higher neutralization titers than gC vaccinated animals. 
Neutralizing antibody was low in the mock (AcNPV) vaccinated animals. 

Pooled sera were also analyzed by ELISA (Table 1). vAc-gC1 vaccinated 
mice had lower ELISA titers than mice vaccinated with live HSV-1. This may 
be due to using total HSV-1 protein as the antigen for these ELISAs. Controls 

TABLE 2 

Immunizat ion of mice with a baculovirus recombinant (vAc-gC1) expressing HSV-1 gC 
Survival rates (protection) following i.p. challenge with HSV-1 (McKrae) (see Materials and 
Methods) of the baculovirus gC recombinant and KOS-vaccinated mice were significantly different 
from the mock-vaccinated survival rate (Fisher's Exact test, P =  0.01). 

Antigen No. of mice % Survival 

vAc-gC 1 20 100 

HSV-1 11 100 

AcNPV (mock) 18 39 
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inoculated with wild-type AcNPV infected cells had minimal ELISA titers to 
HSV-1. 

Vaccination with baculovirus expressed gC protects mice from HSV-1 
challenge. Mice were challenged by intraperitoneal injection of 4 LD50 (2 
x 10 6 PFU) of HSV-1 (strain McKrae) 3 weeks after the third vaccination. 
Sixty-one percent of the mock vaccinated mice died within 14 days. 100% of 
mice vaccinated with expressed gC survived (Table 2). This protection was 
statistically significant (P=0.01). 100% of mice immunized with KOS also 
were protected. Similar results were reported by Schrier et al. (1983) using 
purified gC, and Weir et al. (1989) using vaccinia expressed gC. 

Discussion 

A recombinant baculovirus expressing full-length HSV-1 gC in insect cells 
was constructed. The level of baculovirus expressed gC at 72 h post-infection 
was higher than the level of gC produced in HSV-1 infected Vero cells (10 pfu/ 
cell, 20 h post-infection) (Fig. 1, compare lane 3 to lane 1). This is similar to 
what we have found with other baculovirus expressed HSV-1 glycoproteins 
(Ghiasi et al., 1991a; Ghiasi et al., 1991b). 

Like other glycoproteins expressed in insect cells (Kuroda et al., 1986; Ghiasi 
et al., 1991a; Greenfield et al., 1988), the baculovirus expressed gC had a 
smaller apparent molecular weight than native HSV-1 gC. This is likely due to 
a lack of O-glycosylation in insect cells, gC contains 12-16 potential O-linked 
oligosaccharide sites (Serafini-Cessi et al., 1984; Serafini-Cessi et al., 1989; 
Johnson and Spear, 1983). 

As judged by immunofluorescence, the baculovirus expressed gC was 
transported to the cell surface. Both tunicamycin and Endo-H treatments 
generated a new, smaller, gC-related band with an apparent molecular weight 
of 70 kDa, similar in size to the un-glycosylated form of gC (Compton and 
Courtney, 1984a; Wenske et al., 1982). This change in mobility is consistent 
with 8 potential N-linked gC glycosylation sites (Serafini-Cessi et al., 1984; 
Serafini-Cessi et al., 1989; McGeoch et al., 1988) and suggests that the 
expressed gC was N-glycosylated. 

Vaccination of mice with expressed gC resulted in production of ELiSA and 
neutralizing antibodies to HSV-1. In contrast to Eberle and Courtney (1980) 
who reported that in the absence of complement the neutralizing activity of 
antibody to gC was poor, the neutralizing activity of sera from mice immunized 
with baculovirus gC was only slightly enhanced by complement. Finally, 
vaccinated animals were completely protected against lethal HSV-1 infection. 
Similar results were reported for purified HSV-1 gC (Schrier et al., 1983) and a 
vaccinia virus recombinant expressing gC (Weir et al., 1989). 

gC is one of the most abundant HSV-1 glycoproteins, and antibody for gC 
(along with that for gB) predominates in the sera of mice infected with HSV-1 
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(Glorioso et al., 1984b; Oakes and Lausch, 1981). The ability to produce large 
amounts of baculovirus expressed gC combined with its effectiveness in 
protecting mice against lethal HSV-I challenge suggests that baculovirus 
expressed gC may be a useful candidate for subunit vaccine production. 
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