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SUMMARY

The authors tested the protective efficacy of, and the
immune response to, immunisation with a synthetic
peptide of glycoprotein D (gD) of HSV-1 in a murine
model of herpes stromal Kkeratitis (HSK). HSV-1
susceptible A/J mice were immunised subcutaneously
with a peptide corresponding to the N-terminal epitope
gD(5-23) prior to corneal HSV-1 challenge. Divergent
immunisation protocols were compared for their
protective potency, their ability to prevent the establish-
ment of latency in the trigeminal ganglion, and their
effect on the immune system. Low dosages (31 pg) of
gD(5-23) protected against encephalitis and HSK.
Protective efficacy was higher when gD(5-23) was
coupled to the carrier protein keyhole limpet haemo-
cyanin (KLH) and was emulsified with adjuvant. Latent
infection was found in all control mice but in only
50-75% of immunised mice. The most potent protec-
tion was correlated with anti-HSV-1 neutralising
antibodies of IgG,; and IgG,, isotypes, but free
gD(5-23) protected in the absence of anti-HSV-1
antibodies. Our results suggest that immunisation with
gD(5-23) stimulates both humoral and cellular immune
mechanisms which protect against HSV-1 keratitis.

Recurrent herpes simplex keratitis is a major cause
of blindness in developed countries.! The destruction
of corneal architecture results from reactivation of
the herpes virus and the associated host inflamma-
tory responses. Currently available anti-viral drugs
are potent inhibitors of active HSV-1 replication but
are not capable of preventing and eliminating latent
HSV-1 infection.” Vaccination strategies for protec-
tion against herpetic ocular disease and latency have
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been explored for nearly three decades.”™ Passive
immunisation with monoclonal antibodies to herpes
simplex virus glycoproteins’™'! has rekindled interest
in polyvalent, subunit and recombinant vaccines for
protection against HSV-1.

Subunit vaccines consisting of purified HSV-1
envelope glycoproteins were effective in protecting
animals against subsequent HSV-1 challenge when
given prior to corneal HSV-1 inoculation.!*!* HSV
glycoprotein D (gD) is one of the dominant
immunogens among the envelope glycoproteins of
HSV. It plays an essential role in the attachment of
HSV to the plasma membrane of cells and is critical
to viral penetration into the cell.'* Furthermore, gD
has a profound influence on both the humoral and
cellular immune responses to HSV-1.'° We have
previously shown that mice immunised subcutan-
eously with live HSV-1 virus or UV-inactivated virus
are protected against keratitis and encephalitis.'® We
showed that immunisation with purified gD is
effective in protecting animals against herpes
simplex stromal keratitis,!” and these findings were
subsequently confirmed by others.'®

Eisenberg et al.'® showed that vaccinotherapy using
synthetic peptides corresponding to the amino (N)-
terminal amino acid residues 1-23 of gD [gD(1-23)]
or gD(8-23) protected mice against an intraperito-
neal or footpad challenge.’” In the study reported
here we investigated the influence of subcutaneous
immunisation with gD(5-23) in a murine model of
herpes simplex stromal keratitis. We tested the ability
of this peptide to confer protection against herpes
stromal keratitis and latent infection of the trigeminal
ganglion. We compared divergent immunisation
protocols for their protective potency and effect on
the immune system.

MATERIALS AND METHODS
Mice
Male and female A/J mice (IgH-1°, H-2%) were
obtained from the Jackson Laboratory (Bar Harbor,
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Table 1. Protocols for the subcutancous immunisation of A/J mice with glyvcoprotein D and the N-terminal 5-23 amino acid residues of

glycoprotein D prior to corncal HSV-1 inoculation

Injection day —35 Injection day =21

Injection day —7

3 pg eD. CFA 1.5 pg ¢D. CFA

31
3l
31

N 09—

PBS. CFA
1.5 pg ¢D. CFA
e eD(5-23). CFA
¢ ¢D(5-23)-KLH. CFA

1
[y
I ng ¢D(5-23)-KLH. PBS

29 00 'L

PBS. phosphate-buffered saline: CFA. complete Freund's adjuvant: KLH. keyhole limpet haemocyanin: gD. glycoprotein D of HSV-1:
e¢D(5-23). synthetic peptide corresponding to the N-terminal sequence 5-23 of glycoprotein D of HSV-1.

ME). All mice were 6-8 weeks old. Previous studies
have demonstrated that this strain is highly suscep-
tible to developing herpes simplex stromal kerati-
tis.'”*" Use and animal housing conformed with the
ARVO guidelines on the Use of Animals in
Ophthalmic and Vision Research and the NIH
Guide for the Care and Use of Laboratory Animals.

Virus

HSV-1 (F strain) stocks were kindly provided by Dr
Priscilla Shaffer (Harvard Medical School. Boston,
MA). They were passed on Vero cell monolayers
(American Type Culture Collection. Rockville. MD)
and suspended in minimal essential medium (MEM:
Gibco, Grand Island. NY) in all experiments.

Inoculation

Mice were anaesthetised intraperitoneally with
ketamine hydrochloride 2 mg (Ketalar. Parke-
Davis, Morris Plains, NJ) and xylazine 400 pg
(Rompun, Mobay, Shawnee. KA). The right cornea
was scratched 8 times in a criss-cross pattern using a
25 gauge needle, and virus solution was instilled into
the cul-de-sac.” Optimal virus dilutions for inducing
stromal keratitis were determined in preliminary
experiments, and 5 ul containing 6 X 10° PFU of
HSV-1 (F strain) were instilled.

Svnthetic Peptide, Glycoprotein D
gD(5-23)" with an additional cysteine residue at the
carboxylterminus of the peptide was synthesised by
Biosearch (San Rafael. CA). The peptide sequence is 5-
N-Ala-Asp-Ala-Ser-Leu-Lys-Met-Ala-Asp-Pro-Asn-Arg-
Phe-Arg-Gly-Lys-Asp-Leu-Pro-23-cysteine.  The car-
boxylterminus of the peptide was covalently coupled
to the carrier protein kevhole limpet hacmocyanin
(KLH; Pierce, Rockford. IL) by employing N-succini-
midyl bromoacetate (Behring Diagnostics. San Diego.
CA). as described by Bernatowicz and Matsueda.”!
Briefly, KLH was bromoacetylated with N-succinimidyl
bromoacetate and then separated from excess reagent
by gel filtration with G-25 columns (Pharmacia. Piscat-
away. NJ). Bromoacetylated KLH was then reacted
with excess cysteine containing synthetic peptide.
followed by gel filtration chromatography. The coup-
ling efficacy was assessed by assaying for S-carboxy-
methylcysteine residues.™

HSV-1 gD was purified from Vero cells infected

with HSV-1 (KOS) by passing detergent extracts of
the cells over Sepharose 4B columns containing
immobilised monoclonal antibodies directed against
gD Bound gD was eluted with 3 M sodium
thiocyanate and analysed for purity using sodium
dodgg:_vl sulphate polyacrylamide gel electrophor-
esis.” .

Vaccination Protocols

We compared five different immunisation protocols
in the present study (Table I). All five groups of A/J
mice were injected subcutaneously. In all groups. the
right cornea was challenged with HSV-1 1 week after
the last injection. The peptide. gD or control vehicle
(phosphate-buffered saline: PBS) was emulsified in
complete Freund's adjuvant (200 pl per mouse) for
groups 1-4: group S5 was immunised without
adjuvant.

Clinical Scoring

The inoculated eyes were examined every other day
for 14 days following HSV infection using a binocular
surgical microscope. The development of herpetic
blepharitis. epithelial keratitis. stromal keratitis and
encephalitis was scored in masked fashion, grading

each on a scale of 0 to 4+. as previously described in
detail.' "

Histopathology

The inoculated eyes were removed on day 14 post-
infection and fixed in Karnovsky's fixative (1%
paraformaldehyde and 1.25% glutaraldehyde in
0.2M sodium cacodylate buffer. pH 7.2). After
rinsing with PBS. the eyes were dehydrated through
ascending ethanol concentrations, embedded in LKB
Historesin (LKB Producter AB. Bromma. Sweden).
sectioned at 2 wm with a Sorvall JB-4 microtome, and
stained with haematoxylin and eosin.

Serum Neutralising Antibody Activity

Serum was pooled from 5 mice just prior to corneal
inoculation with HSV-1. Serial twofold dilutions were
incubated with 8 x 10° PFU of HSV-1 (F strain) for
30 min at 37°C. Serum-virus mixtures were then
incubated on Vero cell monolayers for 60 min at
37°C in Eagle’s MEM (Gibco). containing Earle’s
salts (Gibco). 10% fetal calf serum (Gibco), penicillin
100 U/ml (Gibco), streptomycin 100 pg/ml (Gibco),
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Fungizone 2.5 pg/ml (Flow Laboratories, McLean,
VA), L-glutamine 2 mM (Gibco) and 0.1% pooled
human IgG (Gammar, Armour Pharmaceutical, NJ).
The virus neutralising titres are the highest serum
dilution that produced a 50% reduction in plaque
number relative to control monolayers incubated
with virus alone.?®

Enzyme-linked Immunosorbent Assay (ELISA) for
Anti-HSV-1 Antibodies

An indirect ELISA technique was performed.?’
Briefly, 100 pul of a 1:50 dilution of HSV-1 (F) in
carbonate buffer pH 9.6 were added to each well of
96 well plates (Linbro Titertec, Flow Laboratories)
and incubated overnight at 4°C. The wells were
washed with PBS-Tween buffer then blocked with a
1:20 dilution of normal goat serum for 90 min at
37°C. Following additional washes, serial twofold
dilutions of pooled serum samples, harvested from 5
mice per group at the time of HSV infection, were
added to the wells and incubated for 90 min at 37 °C.
Control wells were incubated with pooled serum
samples collected from normal, non-immunised mice.
The wells were washed and then incubated with
1:2000 dilutions of peroxidase-conjugated goat anti-
mouse IgG;, IgG,,, IgGy, or IgGs (Southern
Biotechnology Associates, Birmingham, AL) for 90
min at 37 °C. After washing, orthophenylenediamine
substrate solution (Sigma, St Louis, MO) was added
and incubated for 30 min at 20 °C. The reaction was
stopped with sulphuric acid and the optical density
read at 492 nm using a TiterTek Multiscan spectro-
photometer (Flow Laboratories). Serum dilutions
with an optical density at least twice that of control
wells were considered positive for anti-HSV anti-
bodies.

Latent Ganglionic HSV-1 Infection

On day 14 after corneal inoculation mice were killed
by cervical dislocation and the trigeminal ganglia
ipsilateral to the inoculated cornea were removed
under sterile conditions, as previously described.?®
Since immediate mincing reduces the viral shed-
ding? we incubated the explanted ganglia. The
ganglia were placed on Vero cell monolayers in 24
well plates (Falcon, Lincoln Park, NY) with 1 ml
MEM containing 5% fetal calf serum, 2mM L-
glutamine, penicillin 100 U/ml and streptomycin 100
pg/ml (all from Gibco) and incubated at 37°C in a
humidified atmosphere with 5% CO, for 3 weeks.
The control wells on each plate contained uninfected
Vero cell monolayers. The co-cultures were observed
for cytopathological effects daily using inverted
phase microscopy. Results of preliminary experi-
ments and of our prior work in this model®
demonstrated that homogenised ganglia were nega-
tive for cytopathic effect on Vero cell monolayers for

21 days, showing the functional latency of this model
and the lack of infectious virus in the ganglia at 14
days after corneal inoculation.

Statistics

Chi-squared analysis was used to analyse the
significance of differences between the groups for
the incidence of herpes simplex keratitis and the
establishment of latent infection. The significance of
differences in the means of the clinical scoring, virus
neutralising titres and anti-HSV titres was deter-
mined by Fisher’s protected test for least significant
difference.

RESULTS

Protective Efficacy of gD(5-23) Against Herpetic
Keratitis

Subcutaneous injection of gD(5-23) or gD of HSV-1
prior to corneal infection with HSV-1 (F) reduced the
incidence (p<0.05) and severity (p<0.0001) of herpes
simplex keratitis in A/J mice (Table II, Fig. 1). As
shown in Table II, 12 of 15 A/J mice injected with
PBS,CFA developed stromal keratitis, confirming
our previous findings in naive A/J mice.!”?° Only 4 of
16 A/J mice injected with gD prior to corneal HSV-1
infection developed stromal keratitis. The best
protection against stromal keratitis was observed
when mice were injected with gD(5-23) coupled to
KLH and emulsified with adjuvant (p<0.05). How-
ever, gD(5-23) had a protective capacity even when
not coupled to this carrier protein, or when given
without adjuvant (Table II, Fig. 1). The protection
against ocular herpetic disease and encephalitis was
similar when A/J mice were boosted twice using the
same dosage of gD(5-23) (data not shown).

A/J mice injected with either gD(5-23) or gD were
completely protected against encephalitis, whereas
20% of the mice developed encephalitis when sham
immunised (p<0.05, Table II).

Histopathology

The corneas of herpes stromal keratitis susceptible
A/J mice injected with gD(5-23) had a normal
appearance by day 14 after infection. Only a few
mononuclear cells were found in the corneoscleral
limbus, while neutrophils were completely absent. In

Table II. A/J mice were immunised as described in Materials
and Methods. Animals were followed for 2 weeks after
inoculation with HSV-1 for signs of stromal keratitis and
encephalitis. The table indicates the number of mice with more
than 1+ stromal haze or with encephalitis

Groups of A/J mice Stromal keratitis  Encephalitis
PBS, CFA 12/15 3/15
Glycoprotein D, CFA 4/16 0/16
gD(5-23), CFA 5/16 0/16
gD(5-23)-KLH, CFA 1715 0/15
gD(5-23)-KLH, PBS 4/16 0/16

Abbreviations as in Table I.
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Table III. Virus neutralising titre in serum harvested from
immunised A/J mice at the time of corncal infection with HSV-1,
The titre is expressed as the highest dilution of antiserum which
produced a 50% reduction in plaque number. as calculated from
the means of plaques counted in samples

Groups of A/J mice

PBS, CFA

gD, CFA

gD(5-23), CFA
gD(5-23)-KLH, CFA
gD(5-23)-KLH, PBS

No. of mice  Virus ncutralising titre

0
1/100
0
17100
1725

DI W

Abbreviations as in Table 1.

contrast, A/J mice injected with the control vehicle
had a marked accumulation of mononuclear cells and
neutrophils in the limbus and in the cornea. The
cornea was markedly oedematous, exhibiting a
profound proliferation of fibrovascular tissue which
was infiltrated with inflammatory cells (Fig. 2).

Anti-HSV-1 Neutralising Antibody Titres

Anti-HSV-1 sera collected from A/J mice immunised
with different injection protocols were tested for
virus neutralisation (Table I1I). The neutralising titre
from A/J mice injected with gD was 1/100. The titres
in mice injected with gD(5-23)-KLH were higher in
those mice which received adjuvant (p<0.01). The
free gD(5-23) failed to induce detectable neutralis-
ing antibody titres even when combined with
adjuvant (p<0.0001).

Anti-gD Antibody Response
While no significant antibody titres were observed in

A. HEILIGENHAUS ET AL.

Table IV. Isotypic characteristics of anti-HSV-1 antibody titres
in immunised A/J mice as analysed by an indirect ELISA
technique.?” Serum samples pooled from 5 mice were harvested
at the time of corneal infection with HSV-1

Titres
Groups of A/J mice IgG, 1gGa, 1gGay, 1gG;
PBS. CFA <1/50 <1/50 <1/50 <1/50
gD. CFA 1/400 1/400 <1/800 <1/50

gD(5-23). CFA <1/50 1/50 <1/50 <1/50
gD(5-23)-KLH. CFA  1/200 1/200 1/50 <1/50
¢D(5-23)-KLH. PBS 1/200 1/200 1/50 <1/50

Abbreviations as in Table 1.

the PBS,CFA group, mice injected with gD(5-23)
coupled to KLH had detectable titres of IgG, and
IgG,, and low titres of IgG,, anti-HSV antibodies
(p<0.05: Table IV).

Latent Ganglionic Infection

In trigeminal ganglia of mice injected with the
control vehicle. latent virus infection was found in
100% of the specimens, while virus was recovered
from 50% of gD injected mice and from 50-75% of
mice injected with free or KLH-coupled gD(5-23)
(p<0.05; Table V).

DISCUSSION

Herpes simplex virus susceptible A/] mice were
injected subcutaneously with gD or gD(5-23) and the
cornea subsequently challenged with HSV-1 (F) in
order to assess the protective efficacy against stromal
keratitis and encephalitis. Our choice of this
particular region of gD, namely the N-terminal

A/J; CFA

A/J; glycoprotein D, CFA

A/J; 5-23 gD peptide, CFA

A/J; 5-23 gD peptide-KLH, CFA
A/J; 5-23 gD peptide-KLH, PBS
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Fig. 1. A/J mice were immunised as described in Materials and Methods and as shown in Table 1. Following inoculation with
HSV-1 (F strain) animals were followed for 2 weeks for signs of stromal keratitis and scored on a scale of 0 to 4+. The figure
shows the severity of stromal keratitis = SEM at different time points after inoculation. The results represent two experiments,

each employing 8 mice per group. Abbreviations as in Table 1.
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Fig. 2. Influence of subcutaneous immunisation with gD(5-23) coupled to keyhole limpet haemocyanin (KLH) and
emulsified with complete Freund’s adjuvant on the development of stromal keratitis in HSK-susceptible A/J mice. (a) Sham
immunisation: marked corneal oedema, fibrovascular tissue with abundant neutrophils and mononuclear cells. (b)
Immunisation with gD (5-23): normal appearance. Haematoxylin and eosin staining of cornea 14 days after corneal infection.
Photomicrographs of representative sections (original magnification X51).

Table V. Effect of subcutaneous immunisation on the establish-
ment of latent viral infection in trigeminal ganglia. The trigeminal
ganglia were removed aseptically 14 days after HSV-1 infection,
cocultured on Vero cells for 3 weeks, and assayed for
cytopathological effects

Groups of A/J mice No. of mice with ganglionic latency

PBS, CFA 6/6
Glycoprotein D, CFA 4/8
gD(5-23), CFA 6/8
gD(5-23)-KLH, CFA 6/8
gD(5-23)-KLH, PBS 4/8

Abbreviations as in Table I.

amino acid residues 5-23, was based on a previous
publication which described the localisation of an
antigenic determinant of gD contained within the N-
terminal amino acid residues 8-23 of HSV-1 gD. This
antigenic epitope was effective in protecting mice
against an intraperitoneal challenge with HSV-1
when coupled to the protein carrier keyhole limpet
haemocyanin.'” However, higher neutralising anti-
body titres were found in mice immunised with the

1-23 peptide sequence, but this had variable
protective capacity. Therefore, we decided to evalu-
ate gD(5-23) in a murine model of herpetic stromal
keratitis. We chose the subcutaneous route of
immunisation, since this had induced both humoral
and cellular responses in previous studies.*

The results presented demonstrate that subcutan-
eous immunisation with gD(5-23) protects mice
against blinding herpes stromal keratitis and lethal
herpes encephalitis, and that protection is achieved
at low dosages of peptide.’! The immunogenicity of
the N-terminal gD segment has been demonstrated
by other studies.!®!'" The use of a peptide for
immunisation is encouraged by the fact that long-
term protection against lethal encephalitis was
achieved after a single peptide immunisation.*?

The glycoprotein D peptide (5-23) stimulates
neutralising antibodies which protect against herpe-
tic keratitis, confirming previous findings with
gD(1-23) peptide.!>!'*?® Our data demonstrate that
gD(5-23) confers better protection against herpes
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stromal keratitis when coupled to carrier proteins
and combined with adjuvant, and the higher virus
neutralising antibodies detected in response to these
preparations may account for this observation.
However, it has been demonstrated that the host’s
defence against HSV-1 following injection of gD was
not due to increased neutralising activity but rather
to complement-dependent cytolysis (CDC) and
antibody-dependent cellular cytotoxicity (ADCC).'®
From earlier studies it is known that gD(1-23) is
recognised by IgG, and IgG,, antibodies;'>* and
non-neutralising anti-viral activities, such as CDC
and ADCC, have been demonstrated for these
isotypes.*>>* Therefore, we examined the anti-HSV-
1 isotypic antibody response. Indeed, in the studies
presented, gD(5-23) coupled to KLH induced IgG,
and IgG,, antibodies without providing neutralising
activity.

Cellular anti-HSV-1 mechanisms may be import-
ant for protection. Reliable protection with gD(5-23)
correlated with considerably lower neutralising anti-
HSV-1 antibody titres compared with anti-gD
sera,”>!” and we and others®® demonstrated that
free peptide was protective without inducing detect-
able anti-HSV-1 antibodies. Furthermore, we have
shown that subcutaneous injection of gD(5-23)
induced lymphocytic responses in the inoculated
eye and spleen.®® Cellular anti-viral mechanisms
were also suggested in previous studies that
analysed the protective efficacy of HSV envelope
glycoproteins!’**37-39 or synthetic gD peptide.'?-*

Further studies were undertaken to investigate
whether immunisation with gD(5-23) prior to
corneal infection influences the establishment of
latent ganglionic infection and virus reactivation.
Previous studies demonstrated that the adoptive
transfer of virus neutralising or non-neutralising
monoclonal anti-glycoprotein D antibodies™'" failed
to inhibit establishment of viral latency and epithelial
keratitis completely, and the authors attributed this
incomplete protection to the failure to induce cellular
immunity."! Both gD(5-23) and gD failed to provide
complete protection against establishment of gang-
lionic latency in the present study, although cellular
immunity was induced by immunising mice with
gD(5-23). We can only speculate that ganglionic
latency and epithelial keratitis might be affected
through reduced primary infection, inhibition of viral
replication,”” absorption and penetration*' or
impaired reactivation from latency.

Taken together. our data suggest that immunisa-
tion with a short peptide of gD of HSV-1 confers
protection against herpes stromal keratitis by anti-
HSV-1 immune responses. Although the protection
against acute keratitis was effective, the protection
against ganglionic latency was incomplete, and this
may result in recurrent keratitis over the long term.

A. HEILIGENHAUS ET AL.

A vaccine consisting of a mixture of peptides may be
suitable for immunisation and may avoid viral
resistance to the vaccine by point mutations.
Whether immunisation with a short peptide of gD
is sufficient to suppress virus reactivation and
shedding and recurrent keratitis is yet to be studied.
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