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Herpes simplex virus 1 (HSV-1) glycoprotein E (gE) mediates cell-to-cell spread and functions as an IgG Fc
receptor (FcyR) that blocks the Fc domain of antibody targeting the virus or infected cell. Efforts to assess the
functions of the HSV-1 FcyR in vivo have been hampered by difficulties in preparing an FcyR-negative strain
that is relatively intact for spread. Here we report the FcyR and spread phenotypes of NS-gE264, which is a
mutant strain that has four amino acids inserted after gE residue 264. The virus is defective in IgG Fc binding
yet causes zosteriform disease in the mouse flank model that is only minimally reduced compared with
wild-type and the rescue strains. The presence of zosteriform disease suggests that NS-gE264 spread functions
are well maintained. The HSV-1 FcyR binds the Fc domain of human, but not murine IgG; therefore, to assess
FcyR functions in vivo, mice were passively immunized with human IgG antibody to HSV. When antibody was
inoculated intraperitoneally 20 h prior to infection or shortly after virus reached the dorsal root ganglia,
disease severity was significantly reduced in mice infected with NS-gE264, but not in mice infected with
wild-type or rescue virus. Studies of C3 knockout mice and natural Killer cell-depleted mice demonstrated that
the HSV-1 FcyR blocked both IgG Fc-mediated complement activation and antibody-dependent cellular
cytotoxicity. Therefore, the HSV-1 FcyR promotes immune evasion from IgG Fc-mediated activities and likely

contributes to virulence at times when antibody is present, such as during recurrent infections.

Herpes simplex virus 1 (HSV-1) encodes a receptor for the
Fc domain of IgG (FcyR) (57). The HSV-1 FcyR is expressed
on the viral envelope and at the surface of infected cells (4, 44,
45). HSV-1 glycoprotein E (gE) forms a heterodimeric com-
plex with glycoprotein I (gI) that binds the Fc domain of IgG
at a higher affinity than gE alone (5, 9, 17, 25, 48). HSV-1 gl
alone fails to function as an FcyR (5, 17). The HSV-1 FcyR
participates in immune evasion by promoting antibody bipolar
bridging, which refers to the IgG Fab domain of HSV antibody
binding to its target antigen while the Fc domain of the same
antibody molecule binds to the HSV-1 FeyR (18, 20, 42, 55).
The concept of antibody bipolar bridging was supported by
resolving the crystal structure of the HSV-1 FcyR bound to
IgG Fc (53).

Functions assigned to the IgG Fc domain include activation
of the classical complement pathway and binding to immune
effector cells that express FcyRs. In vitro studies to address the
functions of the HSV-1 FcyR have demonstrated that the
FcyR protects the virus from antibody-dependent complement
neutralization, antibody-dependent cellular cytotoxicity
(ADCC), and Fc-mediated attachment of granulocytes to
HSV-1-infected cells (18, 20, 42, 55). However, in vivo studies
of HSV-1 FcyR function have been hampered by difficulties in
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producing a HSV-1 gE mutant strain that is defective in FcyR
function but in which other gE-mediated activities are intact.

HSV-1 gE is required for efficient spread of virus from one
epithelial cell to another and from epithelial cells to neurons
(14, 15, 39, 47, 49, 56, 58). HSV-1 gE also mediates targeting of
capsid, tegument, and viral glycoproteins from the neuron cell
body into axons (56). Partially overlapping gE domains medi-
ate FcyR activity and spread, posing a challenge to separate
these functions (42, 47, 58). In vivo studies have also been
hampered by the observation that the HSV-1 FcyR binds the
Fc domain of human IgG, but not murine or guinea pig IgG
(24). Although the IgG Fc domain of rabbit IgG binds to the
HSV-1 FcyR, the best-defined HSV-1 rabbit model is HSV-1
keratitis (6). This model is not optimal for evaluating the
function of the HSV-1 FcyR, since the cornea is an avascular
structure and low titers of IgG are present in tears (50).

The biologic relevance of the HSV-1 FcyR cannot be eval-
uated in mice or guinea pigs unless the animal models are
modified. The murine flank model was modified by passively
immunizing animals with human IgG antibody to HSV (human
immune IgG) prior to HSV-1 infection (34, 42). The results
demonstrated a role for the HSV-1 FcyR in virulence at the
inoculation site; however, the study was limited by the fact that
HSV-1 FcyR-defective gE mutant strain NS-gE339 was im-
paired in causing zosteriform disease because the mutant virus
was defective in spread activity (42). Here, we define the FcyR
and spread phenotypes of a previously reported HSV-1 mu-
tant, NS-gE264, and demonstrate that it is capable of causing
zosteriform disease that is only minimally impaired compared
with wild-type and rescue strains (56). In the murine flank
model, human IgG antibody to HSV reduced the severity of
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zosteriform disease caused by the mutant strain while having
no effect on wild-type or rescue virus. The HSV-1 FcyR pro-
tected the virus by blocking IgG Fc-mediated complement
activation and NK cell-mediated ADCC in vivo.

MATERIALS AND METHODS

Cells. Vero (African green monkey kidney epithelial) cells and HaCaT (hu-
man keratinocyte) cells were propagated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 mM HEPES (pH 7.3), 2 mM L-glutamine, 20
pg/ml gentamicin, and 5% heat-inactivated fetal bovine serum (FBS). HaCaT
cells were maintained at confluence for 3 to 4 days to allow them to polarize prior
to infection (39).

Viruses. HSV-1 strain NS is a low-passage clinical isolate (21). NS-gEnull
contains the lacZ gene under the control of the HSV-1 ICP6 promoter, with gE
amino acids 124 to 512 replaced, and produces no functional gE protein (42, 56).
NS-gE264 was constructed as previously described and contains an Xhol linker
that results in the insertion of four amino acids after gE residue 264, based on the
sequence of HSV-1 strain 17. The linker insertion is actually after gE amino acid
266 in HSV-1 strain NS, which has two additional amino acids at gE positions 186
and 187 compared to strain 17 (16, 56). A rescue virus (rNS-gE264) was con-
structed by cotransfection of NS-gE264 viral DNA with pCMV3-gE containing
the entire gE coding sequence. Recombinants were selected by PCR amplifica-
tion of gE DNA and screening for loss of the Xhol restriction site. The rescue
strain was plaque purified three times. Virus stocks were prepared by infecting
Vero cells at a multiplicity of infection (MOI) of 0.01 and collecting the infected
cells and media when the cytopathic effect reached 100%. Campenot chamber
and mouse retina infections used virus that was purified on a sucrose gradient
and resuspended in phosphate-buffered saline (PBS) (39). Virus titers were
determined by plaque assay on Vero cells.

Mouse strains. BALB/c mice were purchased from the National Cancer In-
stitute, and C57BL/6 mice were purchased from Jackson Laboratory. C3 knock-
out mice homozygous for depletion in the complement C3 gene were originally
obtained from Richard Wetsel (University of Texas) and bred at the University
of Pennsylvania under IACUC guidelines (35).

Antibodies. Human IgG antibody to HSV was purchased from the Michigan
Department of Public Health, Lansing, MI, and contained high titers of antibody
to HSV-1 and HSV-2. The IgG was prepared from sera of thousands of HIV-
negative blood donors (42). Murine IgG antibody to HSV-1 (murine immune
IgG) was purified from sera of mice infected by flank scarification with HSV-1
NS and bled 2 to 3 weeks postinfection. Polyclonal rabbit anti-HSV-1 (Dako),
UP575 anti-gE, UP1928 anti-gl, and NC-1 anti-VP5 and murine monoclonal
antibody (MAb) Fd69 anti-gI have been previously described (3, 12, 22, 31, 40,
56). Antiactin MAb C4 was obtained from MP Biomedicals, while rat anti-mouse
Thy1.2 (PharMingen) was used as a neuronal cell marker. Secondary antibodies
used were Alexa-555 goat anti-rabbit, Alexa-488 donkey anti-rat (Invitrogen),
horseradish peroxidase (HRP) anti-mouse, and HRP anti-rabbit (GE Health-
care) antibodies. Anti-NK1.1 (PK136) and CL18 (isotype control) were used to
deplete NK cells (Bio X Cell) (27, 52).

Western blotting and immunoprecipitation. Infected Vero cell extracts were
treated with 1% Triton X-100, the nuclei were pelleted, and the supernatant
fluids were stored at —80°C until testing. Immunoprecipitation was performed by
incubating cell extracts with anti-gl MAb Fd69 and protein G-agarose beads
(Invitrogen). Cell extracts and immunoprecipitates were separated by SDS-
PAGE on 4-to-15% Tris-HCl gels (Bio-Rad), transferred to Immobilon P mem-
branes, and probed with the indicated antibodies. Blots were incubated with
enhanced chemiluminescence substrate (GE Healthcare) and imaged on X-
Omat film (Kodak).

Complement-enhanced antibody neutralization. For complement-enhanced
antibody neutralization, approximately 10° PFU of NS-gE264 or the rescue virus
was incubated for 1 h at 37°C in 100 pl of DMEM containing 10% FBS and 5%
HSV-1 and HSV-2 antibody-negative human serum as the source of comple-
ment, or human IgG antibody to HSV at 50 pg/ml as the source of antibody, or
50 pg/ml of human IgG antibody to HSV and 5% human complement as sources
of antibody and complement. Murine IgG antibody to HSV-1 at 12.5 pg/ml was
used in some neutralization experiments.

FACS analysis of infected cells. For fluorescence-activated cell sorting (FACS)
analysis, Vero cells were infected at an MOI of 2 to 5 for 16 h and treated with
0.25 U/ml of neuraminidase for 30 min at 37°C (31, 42). Surface expression of the
HSV-1 FcyR was detected using 10 pg/ml biotinylated HSV-1 and HSV-2 non-
immune human IgG, while gE expression was evaluated using 1 pg/ml anti gE
MAD 1BA10 added for 1 h at 4°C followed by streptavidin-phycoerythrin-con-
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jugated or fluorescein isothiocyanate-conjugated anti-mouse IgG for 1 h at 4°C.
Analysis was performed using a BD FACSCalibur and CellQuest Pro software.

Plaque sizes. For determination of plaque sizes, confluent HaCaT cells were
infected with approximately 50 PFU in 12-well plates, overlaid with 0.6% low-
melt agarose, and stained with neutral red. Plaque areas were calculated at 72 h
by measuring two perpendicular diameters by using an eyepiece micrometer at
40X magnification (39, 49).

Infection of SCG neurons in Campenot chambers. Superior cervical ganglia
(SCG) neurons were cultured in Campenot chambers (10, 11, 38, 39). Dissoci-
ated neurons from half a SCG were seeded into the soma (S) chamber and
cultured for 2 to 3 weeks until extensive neurite (axon) growth was observed in
the neurite (N) chamber. One day prior to infection, the middle (M) chamber
was filled with neuron medium containing 1% methylcellulose. For anterograde
spread experiments, Vero cells were mixed 1:1 with medium and added to the N
chamber 1 day prior to infection at a density sufficient to produce a confluent
monolayer the next day. A total of 1 X 10° PFU was added to the S chamber for
1 h at 37°C. At 48 h postinfection, cells and supernatant fluids in the N and S
chambers were harvested for determinations of viral titers. For retrograde spread
experiments, HaCaT cells were added to the N chamber and allowed to reach
confluence for 3 to 4 days prior to infection. A total of 1 X 10° PFU was added
to the N chamber for 1 h at 37°C, and then the inoculum was removed and
medium containing 1% methylcellulose was added to the N chamber. At 48 h
postinfection, the cells and supernatant fluids in the N and S chambers were
harvested for determinations of viral titer.

Mouse retina infection. For the mouse retina infection experiment, 8- to
9-week-old BALB/c mice were inoculated with 1 .l containing 4 X 10° PFU (38,
56). Mice were sacrificed 5 days postinfection, and eyes were cut in 10-pm
sections for immunofluorescence analysis in the saggital plane and mounted
directly on slides that were heated at 45°C for 30 min prior to staining. Retinas
were incubated with rabbit anti-HSV-1 and rat anti-Thy1.2, followed by Alexa-
555 anti-rabbit and Alexa-488 anti-rat secondary antibodies. Nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen). Slides were mounted
with Pro-Long Gold antifade reagent (Invitrogen) and viewed under a Nikon
Eclipse E1000 microscope with a BW Evolution QE camera. Brains were cut in
40-pm sections in the coronal plane and transferred to cryoprotectant solution
(30% sucrose, 30% ethylene glycol, 1% polyvinylpyrrolidone in PBS). Tissues
were stored at —20°C until staining. Immunohistochemistry was performed on
brain sections using rabbit anti-HSV-1 IgG and avidin-biotin complex. Sections
were counterstained with cresyl violet and viewed under a Nikon Eclipse E1000
microscope with a Color Insight QE camera. Images were processed using Phase
3 imaging software and Adobe Photoshop.

Murine flank model. For the murine flank model experiments, BALB/c mice
were anesthetized and the hair was removed (34, 35, 42). Nonimmune human
IgG or human IgG antibody to HSV was passively transferred intraperitoneally
(i.p.) in 100 wl DMEM. Twenty hours later, 10 pl of virus was applied to the flank
by scratch inoculation. Zosteriform disease was scored as follows: individual
lesions separate from the inoculation site were each given a score of 1 to a
maximum value of 10. To deplete NK cells, C57BL/6 mice were inoculated i.p.
three times with 100 pg of PK136 (anti-NK1.1) or CL18 (mouse IgG2A isotype
control) 1 day prior to infection and 2 and 5 days postinfection (27, 52).

Quantitation of virus in murine DRG. For quantitation of virus, at the indi-
cated times dorsal root ganglia (DRG) from the infected side were harvested and
titers were determined by plaque assay on Vero cells (7).

Statistical analysis. All statistical analyses were performed with GraphPad
Prism software. One-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test was used for the results shown below in Fig. 2 and 5,
and a two-way ANOVA with Bonferroni post tests was used for the results shown
below in Fig. 6 to 8.

RESULTS

gE264 forms a complex with gl. The expression of gE and gl
and the ability of gE to form a complex with gl were evaluated
by infecting Vero cells with NS-gE264 or with HSV-1 strains
NS, NS-gEnull, and rNS-gE264 as controls (Fig. 1). NS-gE264
expresses gE and gl, although at reduced levels and with di-
minished glycosylation compared with the rescue and wild-type
strains; however, as discussed below, gE and gl expression
levels are sufficient to maintain relatively intact spread activi-
ties in vivo. HSV-1 gE coimmunoprecipitated with gl from
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FIG. 1. Characterization of NS-gE264. Immunoprecipitation (IP)
of cell extracts using anti-gl MAb Fd69 were prepared from mock-
infected or HSV-1-infected Vero cells (top row) and probed by West-
ern blotting with anti-gE UP575. Mock or infected cell extracts (next
four rows) were probed by Western blotting with the indicated anti-
bodies. All lanes shown are from the same gel, but lanes containing
irrelevant samples were cropped from the image.

NS-gE264-infected cells, indicating that the mutation at resi-
due 264 does not disrupt the interaction between gE and gl.

Spread phenotype of NS-gE264 in vitro. We previously deter-
mined that NS-gE264 antigens were detected in axons of SCG
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neurons by immunofluorescence by using a polyclonal anti-HSV
antibody in vitro (56). Here, the Campenot chamber system was
used to more fully assess spread in the anterograde and retro-
grade directions and to quantify differences between the mutant
and wild-type strains (Fig. 2A) (10, 11, 38, 39). To evaluate an-
terograde spread, neuron cell bodies in the S chamber were in-
fected with NS-gE264 of rNS-gE264 and the titers were deter-
mined for the contents of the N and S chambers 48 h
postinfection. The two viruses produced similar titers in the S
chamber, indicating similar input titers and replication in S cham-
ber neurons; however, NS-gE264 titers in the N chamber were
approximately 1 log,, lower than the rescue virus (Fig. 2B), sup-
porting a partial defect in anterograde spread for NS-gE264.

To evaluate retrograde spread, NS-gE264 or INS-gE264 was
added to HaCaT cells in the N chamber, and titers were de-
termined for the contents of the N and S chambers 36 h
postinfection (39). No significant difference was detected in N
chamber titers, indicating comparable replication in HaCaT
cells. Importantly, S chamber titers were similar for the two
viruses (Fig. 2C), supporting intact retrograde spread. In ad-
dition, no significant difference in S chamber titers was de-
tected when N chamber neurites were infected in the absence
of HaCaT cells (data not shown), which supports intact retro-
grade transport of NS-gE264.
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FIG. 2. Spread phenotype of NS-gE264 in vitro. (A) Cartoon of the Campenot chamber system. A Teflon ring is placed on silicon grease within
a tissue culture dish to divide the culture into three compartments. SCG neurons are added to the cell body (S) chamber. Neurites (axons) grow
through the silicon barrier into the middle (M) and neurite (N) chamber over 2 to 3 weeks. (B) A total of 1 X 10° PFU NS-gE264 or rNS-gE264
was added to S chamber neurons. The titers for the contents of the S and N chambers were determined on Vero cells 48 h postinfection. Results
shown are the means * standard errors of five chambers. *, P < 0.05. (C) HaCaT cells were added to N chamber neurites 1 week prior to infection.
A total of 1 X 10° PFU of NS-gE264 or rNS-gE264 was added to the N chamber and overlaid with methylcellulose following infection. The titers
of the contents of the N and S chambers were determined on Vero cells 36 h postinfection. Results are the means * standard errors of six
chambers. (D) Plaque sizes of NS and NS-gE264 viruses in HaCaT cells. Results are the means * standard errors of an experiment that counted
30 to 40 plaques. ***, P < 0.001, comparing NS-gE264 with NS or NS-gEnull. gE-264 is strain NS-gE264; gEnull is strain NS-gEnull.
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FIG. 3. Spread phenotype of NS-gE264 in the mouse retina model. Mice were infected with 4 X 10° PFU rNS-gE264 (n = 3) or NS-gE264 (n =
5), and tissues were harvested 5 days postinfection. Sections were stained by immunofluorescence with anti-HSV-1 IgG (red), the neuronal marker
anti-Thy1 (green), and DAPI (blue). (A) Sections of retina showing multiple cell layers extending from ganglion cell neurons, shown in green at
the top of each image, to retina pigmented epithelial cells, shown in red at the bottom of each image. Magnification, X200. (B) The retina, rotated
90° counterclockwise compared with the image shown in panel A, is shown on the left side of each image, while the optic nerve at the exit site from
the retina is shown on the right. Magnification, X100. (C) Anterograde transport to the optic tract (black arrows) and multisynaptic retrograde
spread to the suprachiasmatic nucleus (white arrows). (D and E) Anterograde axonal transport to the optic tract (black arrows) and anterograde
spread to the lateral geniculate nucleus (black arrowheads). (F) Anterograde spread to the superior colliculus (black arrows) and retrograde spread
to the oculomotor and Edinger-Westphal nuclei (white arrows). Magnification in panels C to F, X20.

Plaque size in HaCaT cells was evaluated to assess epithelial
cell-to-cell spread. NS-gE264 produced plaques that were ap-
proximately 25% smaller than wild-type plaques; however, the
NS-gE264 plaques were significantly larger than plaques pro-
duced by NS-gEnull, which fails to encode a gE protein (Fig.
2D), indicating a partial cell-to-cell spread defect for NS-
gE264.

Spread phenotype of NS-gE264 in vivo. NS-gE264 spread in
vivo was evaluated in the mouse retina infection model. We
previously reported that NS-gE264 produced extensive retinal
infection and that viral antigens were detected in the optic
nerve, consistent with intact anterograde spread (56). A more
detailed analysis was performed by comparing retinal infection
of NS-gE264 versus that with rINS-gE264 and evaluating spread
to the brain. Both viruses showed extensive retina infection
(Fig. 3A) and anterograde axonal transport of viral proteins
into the optic nerve (Fig. 3B), although NS-gE264 antigens
were diminished in the retina and optic nerve compared with
the rescue strain. Both viruses spread along anterograde and
retrograde pathways to the brain (Fig. 3C to F); however,
NS-gE264 anterograde spread was reduced compared with the
rescue virus. Based on the retina infection model, SCG neuron
cultures, and plaque sizes, we conclude that NS-gE264 is par-

tially impaired in cell-to-cell and anterograde spread, with no
impairment in retrograde spread.

NS-gE264 expresses gE at the cell surface and is defective in
FeyR activity. We previously reported that cells infected with
NS-gE264 do not form rosettes with IgG-coated erythrocytes,
which indicates that the mutant strain does not express the
lower-affinity FcyR formed by gE (17). Vero cells were in-
fected with NS-gE264, or NS, rNS-gE264, and NS-gEnull as
controls, to assess the level of expression of gE at the infected
cell surface and determine whether NS-gE264-infected cells
form the higher-affinity FcyR produced by the gE/gl complex
(Fig. 4A to D) (17). NS- and rNS-gE264-infected cells ex-
pressed gE at the cell surface and an FcyR that bound mono-
meric nonimmune human IgG (Fig. 4A and B). The NS-gEnull
mutant strain did not express gE or the higher-affinity FcyR
(Fig. 4C). NS-gE264 expressed gE at the cell surface, although
at slightly lower levels than NS or the rescue strain, and was
almost totally defective in binding nonimmune human IgG
(Fig. 4D).

NS-gE264 is more susceptible to complement-enhanced an-
tibody neutralization. We postulated that NS-gE264 would be
more susceptible than the rescue strain to complement-en-
hanced antibody neutralization, because the IgG Fc domain is
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available to activate complement (Fig. 5A). Viruses were in-
cubated with (i) 5% human complement, (i) human IgG an-
tibody to HSV at a concentration that neutralizes by ~50% (50
wg/ml), or (iii) antibody and complement (Fig. 5B). The rNS-
gE264 strain was neutralized to 0.3 log;, by antibody alone
compared with 0.4 log,, by antibody and complement. In con-
trast, NS-gE264 was neutralized to 0.2 log,, by antibody alone
and 1.6 log,, by antibody and complement. Neither strain was
neutralized by complement alone. Therefore, the inability of
NS-gE264 to bind the Fc domain of antibody renders the virus
significantly more susceptible to complement-enhanced anti-
body neutralization.

We postulated that murine antibody and complement would
have similar neutralizing activities against NS-gE264 and the
rescue strain, since the HSV-1 FcyR does not bind the Fc
domain of murine IgG (24). NS-gE264 or rNS-gE264 was in-
cubated with (i) 5% human complement, (ii) murine IgG an-
tibody to HSV-1 at a concentration that neutralizes by ~50%
(12.5 wg/ml), or (iii) antibody and complement (Fig. 5C). The
titers of both virus strains were significantly reduced by anti-
body and complement, with a slightly greater effect on the
rescue strain than NS-gE264. The results indicated that the
ability of the gE/gl complex to bind the Fc domain of human
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FIG. 5. Antibody-dependent complement neutralization. (A, left) HSV-1 IgG antibody binds to HSV-1 antigen by the Fab domain, and the Fc
domain of the same antibody molecule binds to the HSV-1 FcyR (gE/gl). (Right) The cell is infected with NS-gE264, which expresses gE/gl but
fails to form an FcyR. HSV-1 IgG antibody binds to HSV-1 antigen by the Fab domain, but the Fc domain fails to bind to the FcyR (gE/gl).
(B) NS-gE264 and rNS-gE264 were incubated with 5% human serum as a source of complement (C) from an HSV-1- and HSV-2-seronegative
donor, or incubated with human IgG antibody to HSV (Ab) at a concentration that neutralizes virus by ~50%, or with antibody and complement
(Ab+C). #x%, P < 0.001 for comparison of Ab+C with Ab alone or C alone. (C) NS-gE264 and rNS-gE264 were incubated with human
complement as described above, or with murine IgG antibody to HSV-1, or with antibody and complement. ***, P < (0.001 for comparison of
Ab+C with Ab alone or C alone for NS-gE264 and rNS-gE264. Results in panels B and C are the means and standard deviations of three

experiments.
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FIG. 6. Zosteriform disease scores obtained in the mouse flank model. Mice were scratch inoculated on the flank with NS-gE264, rNS-gE264,
or NS at 5 X 10° PFU (A) or 5 X 10* PFU (B) and scored for zosteriform disease. Results represent 10 mice in each group * the standard

deviation. Curves were not significantly different (P > 0.05).

IgG antibody to HSV protects the virus from complement-
enhanced antibody neutralization.

NS-gE264 produces zosteriform disease comparable to that
produced by wild-type and rescue strains. The mouse flank
model is useful for assessing spread, since it requires the virus
to spread from the skin inoculation site to the DRG and back
to the skin to produce zosteriform disease. Viruses were
scratch inoculated at 5 X 10° PFU (Fig. 6A) or 5 X 10* PFU
(Fig. 6B), and zosteriform disease was scored from days 3 to 7.
Inoculation site disease was not different for any of the viruses
at 5 X 10° or 5 X 10* PFU (results not shown). Zosteriform
disease scores were also comparable for the three viruses at
5 X 10° PFU, while at 5 X 10* PFU, NS-gE264 caused slightly
less zosteriform disease on days 5 and 6 than did the wild-type
and rescue strains, although the differences were not statisti-
cally significant (Fig. 6B). Therefore, NS-gE264 causes exten-
sive zosteriform disease, and the flank model can be used to
assess whether the HSV-1 FcyR contributes to virulence.

The HSV-1 FcyR blocks IgG Fc-mediated activities in the
murine flank model. HSV-1 IgG antibody is present during
recurrent infections but not during the early stages of primary
infection. Passive transfer experiments of human IgG antibody
to HSV were performed prior to flank challenge to mimic
conditions during recurrent infection. The hypothesis was that
human IgG antibody to HSV is more active against an FcyR-
negative mutant strain than against wild-type or rescue virus,
since activities mediated by the IgG Fc domain will not be
blocked by the mutant strain. BALB/c mice were passively
immunized with 200 pg of human IgG antibody to HSV 20 h
prior to infection with NS, rNS-gE264, or NS-gE264. The an-
tibody had no effect on zosteriform disease produced by the
wild-type or rescue virus (Fig. 7A); however, the antibody had
a dramatic effect on zosteriform disease caused by NS-gE264
(Fig. 7B), while nonimmune human IgG had no effect on any
of the strains (Fig. 7A and B). The experiment was repeated by
passively immunizing mice with murine IgG antibody to
HSV-1 with the expectation that the antibody would have a
similar effect on HSV-1 FcyR-positive and FcyR-negative
strains, since neither virus can block activities mediated by the
murine IgG Fc domain (20, 24). Zosteriform disease was re-
duced in mice passively immunized with murine nonimmune
IgG and infected with NS-gE264 compared with rNS-gE264,
possibly as a result of the spread defects discussed above;
however, the important observation was that murine IgG an-

tibody to HSV-1 had a comparable effect on reducing disease
severity for both viruses (Fig. 7C and D).

Mice were passively immunized with 200 pg of human IgG
antibody to HSV, or nonimmune human IgG as a control, 20 h
prior to flank infection and DRG harvested for virus titers to
evaluate the contribution of the HSV-1 FcyR in facilitating
virus infection of the DRG. Mice passively immunized with
nonimmune human IgG had lower virus titers when infected
with NS-gE264 than rNS-gE264 at 3 days postinfection, possi-
bly related to a spread defect of the mutant virus (compare
titers of tNS-gE264 NIG with NS-gE264 NIG in Fig. 7E and
F); however, the important observation was that human IgG
antibody to HSV had no effect on DRG titers of the rescue
virus (Fig. 7E), but significantly lowered DRG titers of NS-
gE264 on day 3 postinfection (Fig. 7F).

The HSV-1 FcyR blocks IgG Fc-mediated activities when
antibody is given after the onset of infection. In humans, HSV
IgG antibody is commonly present during recurrent infections
as virus travels from the DRG to the site of recurrence. Mice
were infected with HSV-1 and antibody was administered 56 h
postinfection in an effort to mimic conditions during recurrent
infection. Fifty-six hours was chosen based on our preliminary
studies (results not shown) and reports by others (51) that
demonstrated virus reaches the DRG by that time point.

BALB/c mice were infected by flank inoculation with NS-
gE264 or rNS-gE264, and at 56 h postinfection the mice were
passively immunized with 200 g of human IgG antibody to
HSV or nonimmune human IgG. Extensive zosteriform dis-
ease was detected in all mice (results not shown). Previous
reports demonstrated that higher titers of antibody are re-
quired to modify zosteriform disease if administered after in-
fection; therefore, the experiment was repeated using 2 mg of
immune or nonimmune IgG given 56 h postinfection (51). This
higher antibody dose was highly effective in reducing zosteri-
form disease in mice infected with NS-gE264 but had no effect
on the rescue virus (Fig. 7G and H). Therefore, the HSV-1
FcyR provides protection for the virus against antibody in a
model that simulates recurrent infection.

The HSV-1 FeyR blocks complement-mediated protection
and ADCC in vivo. Zosteriform disease was evaluated in com-
plement-sufficient and C3 knockout mice to determine if com-
plement contributes to the reduced zosteriform disease caused
by NS-gE264. The C3 knockout mice are in a C57BL/6 back-
ground; therefore, C57BL/6 mice were used as controls. A
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FIG. 7. The HSV-1 FcyR blocks IgG Fe-mediated activities in the murine flank model. (A and B) Mice were passively immunized with 200 g
of human IgG antibody to HSV (human immune globulin [HulG]) or nonimmune human IgG (NHulG), and 20 h later they were flank inoculated
with 5 X 10° PFU of rNS-gE264 or NS (A) or 5 X 10° PFU NS-gE264 (B). No differences were detected for the results shown in panel A, while
zosteriform disease was significantly lower in the HulG group on days 5 to 7 in the experiment shown in panel B. Results represent the means and
standard deviations of 10 mice per group. (C and D) Mice were passively immunized with 200 pg of murine IgG antibody to HSV-1 (murine
immune globulin [MulG]) or murine nonimmune IgG (NMulG) and infected with 5 X 10° PFU of the rescue strain (C) or 5 X 10° PFU of
NS-gE264 (D). Zosteriform disease scores in mice that received MulG were significantly lower than the NMulG-treated mice on days 5 to 7.
Results are the means and standard deviations of 10 animals per group. (E and F) DRG titers in mice passively immunized with 200 pg NHulG
or HulG and infected with 5 X 10° PFU of the rescue virus (E) or 5 X 10° PFU of NS-gE264 (F). No difference was detected between NHuUIG
and HulG in (E), while a significant difference was detected on day 3 in the experiment shown in panel F. LOD, limit of detection of the assay,
which is 2.5 PFU. Results are the means and standard deviations of five animals per group. (G and H) Mice were infected with 5 X 10° PFU of
the rescue virus (G) or 5 X 10° PFU of NS-gE264 (H) and 56 h postinfection were passively immunized with 2 mg of NHuIG or HulG. No
difference was detected in zosteriform disease in animals infected with the rescue virus (G), while significant differences were noted in the
NS-gE264 mice on days 6 and 7 postinfection (H). Results are the means and standard deviations of 10 mice per group. *, P < 0.05; **, P < 0.01;
=x%, P < 0.001.
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FIG. 8. The HSV-1 FcyR blocks complement-mediated protection and ADCC. (A) C57BL/6 mice (complement sufficient) were passively
immunized with human IgG antibodies to HSV (HulG) or nonimmune human IgG (NHulG), and 20 h later they were flank inoculated with 5 X
10° PFU of NS-gE264. (B) C3 knockout mice were passively immunized as described for panel A and flank inoculated with 5 X 10° PFU of
NS-gE264. Results in panels A and B are the means and standard deviations of five mice per group. (C and D) C57BL/6 mice were treated i.p.
three times with an isotype control MAb (NK intact mice) (C) or anti-NK MAb PK136 (NK-depleted mice) (D), passively immunized with HulG
or NHulG, and infected with 5 X 10° PFU of NS-gE264. Results in panels C and D are the means and standard deviations of five animals per

group. **, P < 0.01; #x%, P < 0.001.

higher-titer inoculum (5 X 10° PFU) was used for these ex-
periments, since C57BL/6 mice are more resistant than
BALB/c mice to HSV-1 infection (33, 36). C57BL/6 (comple-
ment-sufficient) mice were passively immunized with 200 pg of
human IgG antibody to HSV or nonimmune human IgG 20 h
prior to flank infection with NS-gE264. Animals passively im-
munized with human IgG antibody to HSV had significantly
less zosteriform disease than animals treated with nonimmune
human IgG (Fig. 8A), which was similar to results obtained in
BALB/c mice (Fig. 7B). The experiment was performed in C3
knockout mice, except a lower inoculation titer was used (5 X
10° PFU) because the animals are partially immunodeficient
(8, 28). We postulated that human IgG antibody to HSV would
have no effect on zosteriform disease if antibody activity was
dependent on complement activation. If complement activa-
tion were not required, HSV antibody would be as effective as
in complement-sufficient mice.

Zosteriform disease was significantly reduced in mice that
received human IgG antibody to HSV (Fig. 8B); however,
disease scores were considerably higher than in complement-
sufficient mice treated with human IgG antibody to HSV, de-
spite our using a 10-fold-higher inoculum in complement-suf-
ficient mice (Fig. 8A and B, compare human IgG antibody to
HSV) (P < 0.05 on days 5 and 6). Therefore, blocking com-
plement activation contributes partially to the protection pro-
vided by the HSV-1 FcyR.

ADCC is primarily mediated by NK cells that express
FeyRIII (CD16) (23). CS7BL/6 mice were passively immu-
nized i.p. with 100 pg of antibody to deplete NK cells (NK-
depleted mice) or with an isotype control (NK-intact mice)

given 1 day prior to infection and 2 and 5 days postinfection.
Mice were passively immunized i.p. with human IgG antibody
to HSV or nonimmune human IgG and challenged 20 h later
by flank inoculation with NS-gE264. The NK-intact mice
treated with nonimmune human IgG developed extensive zos-
teriform disease, while those receiving human IgG antibody to
HSV developed minimal disease (Fig. 8C). We postulated that
the HSV-1 FcyR blocks ADCC by binding the Fc domain of
human immune IgG; therefore, depleting NK cells should
greatly reduce the protection provided by the HSV-1 FcyR.
NK-depleted mice passively immunized with nonimmune hu-
man IgG developed extensive zosteriform disease. In contrast,
NK-depleted mice treated with human IgG antibody to HSV
had considerably more disease than NK-sufficient mice (Fig.
8C and D, compare human IgG antibody to HSV) although
less disease than NK-depleted mice treated with nonimmune
human IgG (Fig. 8D). Therefore, blocking ADCC mediated by
NK cells also partially contributes to the protection provided
by the HSV-1 FcyR.

DISCUSSION

HSV-1 is not unique among viruses in expressing an FcyR;
however, a role in virulence has only been demonstrated for
the HSV-1 FcyR (34, 42). Other alphaherpesviruses that ex-
press an FcyR include HSV-2, varicella-zoster virus, and pseu-
dorabies virus (19, 20, 25, 26, 32, 44-46, 54). Human cytomeg-
alovirus (CMV) encodes two FcyRs, while murine CMV
encodes an FcyR (1, 30). The function of the murine CMV
FcyR in virulence is unclear, since a deletion of the m138 gene
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that encodes the FcyR leads to attenuation of the virus even in
the absence of antibody (13). The m138 protein downregulates
NK cell ligands from the infected cell surface and the costimu-
latory molecule B7-1 from the surface of dendritic cells, sug-
gesting that m138 mediates immune evasion independent of its
FcyR activity (29, 41). Hepatitis C virus core antigen has FcyR
activity. Of interest, IgG Fc genotype variants that bind to the
viral FcyR are detected more frequently in patients with per-
sistent HCV infection than in those who clear the virus, sug-
gesting a role for the FcyR in virulence (37, 43).

Efforts to assess the importance of gE in immune evasion in
vivo have been hampered by difficulties developing an HSV-1
mutant strain that is intact for spread and axonal targeting but
defective in FcyR activity. We previously reported that NS-
g¢E339 is defective in FcyR activities; however, that mutant
strain produced little zosteriform disease in the mouse flank
model, suggesting that NS-gE339 cell-to-cell spread or axonal
targeting is impaired (42). Other gE mutant strains include
NS-gE210, which is defective in cell-to-cell spread but retains
FcyR activity, and NS-gE380, which is impaired in cell-to-cell
spread and FcyR activity (49). To date, NS-gE264 represents
the only gE mutant strain that is defective in FcyR activity
while maintaining sufficient cell-to-cell spread and axonal tar-
geting activity to permit in vivo studies of HSV-1 FcyR func-
tion.

Evidence that NS-gE264 is defective in FcyR activity is
based on a previous report (56) that the mutant strain does not
form rosettes with IgG-coated erythrocytes, and in two assays
reported here. First, NS-gE264 is more susceptible to comple-
ment-enhanced antibody neutralization than the rescue strain,
indicating that the HSV-1 FcyR is not blocking complement
activation by the Fc domain of human IgG antibody to HSV.
Second, flow cytometry demonstrates decreased binding of
nonimmune human IgG to HSV-1-infected cells. Binding of
the Fc domain of nonimmune IgG to the HSV-1 FcyR requires
intact gE sequences and formation of a complex between gE
and gl at the infected cell surface (17). NS-gE264 forms a
gE/gl complex, as demonstrated by coimmunoprecipitation of
¢E and gl from infected cells. The slightly reduced expression
of gE at the surface of NS-gE264-infected cells is consistent
with the Western blot results, that showed underglycosylation
of gE and gl, suggesting a possible defect in gE and gl traf-
ficking from the endoplasmic reticulum to the Golgi complex
and cell surface. However, the modest reduction in gE expres-
sion is not sufficient to account for the marked decrease in IgG
Fc binding, which is best attributed to altered binding to gE.

The observation reported here that the mutation in gE264
does not disrupt the gE/gl complex differs from our prior
report, in which gE/gl failed to coimmunoprecipitate from cells
transfected with plasmids expressing gE264 and gl (2). Subse-
quent work by others showed that the HSV-1 gE N-terminal
188 amino acids are sufficient for gE/gl complex formation
(48). The crystal structure of gE/gl bound to IgG Fc also
suggests that residues near gE amino acid 264 are not required
for gE/gl complex formation (53). The observation that gE and
gl form a complex in NS-gE264 but not in cells transfected with
plasmids expressing gE264 and gl may reflect differences be-
tween transfected and infected cells, or differences in antibod-
ies used for immunoprecipitation. In the present study, gl
MAD Fd69 was used, while Basu et al. used gl MADb 3104,
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which may interfere with the complex formed between gE264
and gl (2).

The NS-gE264 strain is partially impaired in epithelial cell-
to-cell spread, based on its forming small plaques in HaCaT
cells, similar to observations reported by others (47). This
cell-to-cell spread phenotype may be explained partly by the
slightly reduced expression of gE at the surface of NS-gE264-
infected cells, or by the altered glycosylation pattern of gE and
¢l detected by Western blotting. However, NS-gE264 epithelial
cell-to-axon spread was not impaired as determined by using
SCG neuron cultures. The mouse retina infection model was
used to further assess the NS-gE264 spread phenotype in vivo.
The results demonstrated a partial impairment in cell-to-cell
spread in the mouse retina based on the approximate number
of immunofluorescent cells. Previously we reported that NS-
gE264 antigens were detected in the optic nerve (56). Here we
report that NS-gE264 antigens are also detected in regions of
the brain that require intact anterograde spread from the optic
nerve; however, antigens were present at reduced levels com-
pared with the rescue strain. Retrograde spread was evaluated
by antigen detection in specific brain nuclei, with only slight
reductions noted in retrograde spread. Importantly, the spread
phenotype of NS-gE264 was only minimally impaired in the
mouse flank model. The fact that NS-gE264 caused extensive
zosteriform disease enabled us to evaluate the function of the
HSV-1 FceyR without confounding the results because of im-
paired spread.

The HSV-1 FcyR blocks antibody functions mediated by the
IgG Fc domain; therefore, its immune evasion activities are
relevant in recurrent infections. The zosteriform infection
model was selected since the pathway traveled by the virus
from the DRG to the skin is similar to the pathway traveled
during recurrent infections in humans. The Fc domain of mu-
rine IgG does not bind to the HSV-1 FcyR; therefore, to assess
FcyR activity we passively immunized mice with human IgG
antibody to HSV. When antibody is injected prior to infection,
the model assesses the role of the HSV-1 FcyR in evading
antibody that is produced by immunization or in newborns, in
whom HSV IgG is passively transferred from mother to baby.
When antibody is given after infection, the model addresses
the contribution of the HSV-1 FcyR during recurrent infec-
tions.

Passive immunization with human IgG antibody to HSV
prior to infection had no impact on zosteriform disease caused
by the wild-type and rescue viruses. In contrast, zosteriform
disease scores were significantly reduced by human IgG anti-
body to HSV in mice infected with the HSV-1 FcyR mutant
strain, while nonimmune human IgG had no effect. When
murine IgG antibody to HSV-1 was administered, disease
scores of rescue and FcyR mutant strains were both reduced,
which supports the conclusion that the HSV-1 FcyR blocks
activities mediated by the IgG Fc domain of human, but not
murine, antibody. Virus titers in the DRG were significantly
reduced in mice infected with NS-gE264 and passively immu-
nized with human IgG antibody to HSV, compared with those
treated with nonimmune human IgG at 3 days postinfection,
although by 5 days the titers were not different. These results
suggest that by delaying the time it takes virus to infect the
DRG, other host defenses may have sufficient time to mount
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an effective immune response to reduce the severity of zosteri-
form infection.

The HSV-1 FcyR may also protect the virus from antibody
as the virus exits axons in the skin. To better assess this stage
of infection, human IgG antibody to HSV was administered at
56 h postinfection, after the virus had reached the DRG.
Higher antibody titers were required to demonstrate an effect
on zosteriform disease when administered after infection; how-
ever, the results clearly demonstrated that the HSV-1 FcyR
reduces the effectiveness of antibody at this later stage of
infection.

In vitro studies demonstrate that the HSV-1 FcyR protects
the virus and infected cells from complement-enhanced anti-
body neutralization and ADCC (18, 20). Experiments were
performed in C3 knockout mice or NK cell-depleted mice to
assess the importance of the HSV-1 FcyR in blocking IgG
Fc-mediated complement activation and ADCC in vivo. Zos-
teriform disease was partially reduced in NS-gE264-infected
mice passively immunized with human IgG antibody to HSV,
indicating that complement is not the only host defense factor
interacting with the IgG Fc domain. We reached a similar
conclusion when assessing ADCC, since preventing ADCC by
depleting NK cells did not totally explain the protection pro-
vided by the HSV-1 FcyR. Therefore, the HSV-1 FeyR blocks
the interaction of both complement and NK cells with the IgG
Fc domain.
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