The Journal of Antibiotics (2012) 65, 509-512
© 2012 Japan Antibiotics Research Association All rights reserved 0021-8820/12

=)

www.hature.com/ja

ORIGINAL ARTICLE

Geldanamycin, a ligand of heat shock protein 90,
inhibits herpes simplex virus type 2 replication both
in vitro and in vivo

Yu-Huan Li'?, Qiao-Ni Lul3, Hui-Qiang Wangl, Pei-Zhen Tao! and Jian-Dong Iiangl’2

Previously, we discovered geldanamycin, a ligand of heat shock protein 90, effectively inhibited herpes simplex virus type 1
replication in vitro and in vivo (mouse encephalitis model). In this study, we demonstrate that geldanamycin has very strong
activities against herpes simplex virus type 2 in vitro and in vivo (mouse vagina model). In mouse vagina model, administration
of geldanamycin suspension to vagina after virus infection protected the infected mice from death and increased the average
survival days in a dose-dependent manner. Geldanamycin also significantly reduced virus shedding from mouse vagina. All
geldanamycin-treated groups were statistically significant when compared with the infected control group. The high-dose group
of geldanamycin (5.72 mgkg ~1) was better than acyclovir group (2.86 mgkg—1). All geldanamycin vaginal administration mock-
infected groups did not show significant body weight loss. Although geldanamycin has strong antiviral activities against various

DNA and RNA viruses, geldanamycin is not suitable for systemic administration because of its high toxicity. We consider that
geldanamycin is a candidate of topical usage for the treatment of herpes simplex virus type infections.
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INTRODUCTION

Herpes simplex virus type 2 (HSV-2) is a member of the a-subfamily
of human herpes viruses. HSV-2 infects the human genital tract
mucosa, leading to sexually transmitted diseases. Genital herpes is one
of the most prevalent sexually transmitted diseases worldwide,
especially in immuno-compromised population.! And HSV-2 infec-
tion increases the risk of HIV infection.’> Moreover, HSV-2
transmission can occur via sexual and perinatal route during
asymptomatic viral shedding.®> There are several drugs licensed for
the treatment of HSV infections and most of them target viral DNA
polymerase. Because of the rapid emergence of drug-resistant virus
strains, the development of effective therapies for HSV-caused
diseases becomes more and more important, especially the
development of novel therapeutic agents with different mechanisms
of action.

Geldanamycin (GA) is an antibiotic with its primary target on the
ADP/ATP-binding site of heat shock protein 90 (Hsp90). GA binding
blocks the activity of Hsp90 chaperone function and results in rapid
degradation of Hsp90-associated client proteins via the ubiquitin-
proteasome pathway. These client proteins include RAF-1, ERRB-2,
CDK4 and AKT/PKB, p53, pRb and steroid hormone receptors.»> As
a specific inhibitor of Hsp90, GA and its derivatives display antitumor

activities in a multitude of animal models.>’ 17-AAG, a derivative of
GA, is now in clinical trial for the treatment of various cancers, which
include multiple myeloma (phase IIT), breast, renal, thyroid, ovarian,
pancreas (phase II), pediatric solid tumors (phase I).%°

In the field of virology, Hsp90 is important for several virus
replications, including HBV, HCV, HCMYV, HSV, VSV, vaccinia virus,
coxsackie virus, rhinovirus and Ebola virus.!%1° It has been shown
that Hsp90 specific inhibitor GA blocks the replication of the viruses
mentioned above in cell culture systems. We also confirmed that GA
significantly decreased the mortality and increased the mean survival
day of mice in HSV-1 mouse encephalitis model.?

In this study, anti-HSV-2 activities of GA were evaluated both in
cell culture and in a genital model of mice infected with HSV-2.

MATERIALS AND METHODS

Animals

Female Kunming mice (5-6 weeks in age and 13—15 g in weight) were obtained
from the Center of Experimental Animals, Chinese Academy of Medical
Sciences in Beijing, China. Mice were maintained at the animal facility of the
Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences
and Peking Union Medical College, under permit of the Ethical Committee for
Animal Experiments of the Institute of Medicinal Biotechnology. Mice were
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distributed randomly into groups (6 or 10 mice per group) with wood chip
bedding and provided with chow pellets and tap water ad libitum. The mice
were housed at 21-24 °C and 40-60% humidity with a 12-h light-dark cycle.

Cells and viruses

African green monkey kidney (Vero) cells and HSV-2 (333 strain) were
obtained from the Institute of Virology, Chinese Academy of Medical Sciences
in Beijing, China. Cells were grown in Eagle’s Minimum Essential Medium
supplemented with 10% heat inactivated fetal bovine serum, supplemented
with penicillin at 100Uml !, streptomycin at 100pgml~!, and 2mm
L-glutamine. HSV-2 was propagated in Vero cells. After three cycles of
freeze—thawing and a brief centrifugation, the supernatant was aliquoted and
kept at —80 °C until use, while virus titer of the supernatant was determined
by plaque formation assay.

Compounds

GA was purchased from Sigma Chemicals (St Louis, MO, USA). It was
dissolved in DMSO at 10 or 100 mm as a stock solution and further diluted in
culture medium or 0.1% Tween-80 before use. Acyclovir (ACV) was kindly
provided by the Department of Chemical Drugs, the Chinese State Drug
Administration. It was dissolved in sterile water as a stock solution and further
diluted in culture medium or saline before use.

Cytotoxicity determination in cell culture

Vero cells in exponential growth were seeded into 96-well microplates (Falcon,
Oxnard, CA, USA) at a density of 2.5 x 10* cells per well, followed by addition
of GA at final concentrations between 0-1000 pm. After incubation at 37 °C for
72h, cell viability was assessed by MTT assay (3-(4,5-dimethylthiazol-2,5-
diphenyl tetrazolium bromide.'® Cytotoxicity was determined in duplicate, and
each experiment was repeated three times under identical conditions. CCsy was
defined as the concentration that inhibits 50% cellular growth in comparison
with untreated controls and calculated by Reed and Muench method.

Anti-HSV-2 activity in vitro

Confluent Vero cells grown in six-well plates were infected with 100 PFU
HSV-2 (strain 333) per well. After 1-h adsorption at 37 °C, cell monolayers
were washed with phosphate-buffered saline and maintained with culture
medium (MEM containing 1% methylcellulose) with or without various
concentrations of GA. After 3-day incubation at 37 °C in 5% CO,, the plates
were fixed with 10% buffered Formalin aqueous, and stained with 0.5% crystal
violet in 20% methanol. Plaques were counted. The ICs, was determined by
Reed & Muench method.

Virus titration by the cytopathic effect method for virus shedding
experiment

Confluent cell cultures grown in 96-well microplates were infected in duplicate
with consecutive 10-fold dilutions of each viral sample collected from each
mouse of different groups. After 1-h adsorption at 37 °C, the monolayers were
washed by phosphate-buffered saline and incubated at 37°C in the main-
tenance medium (MEM plus 2% fetal bovine serum). Viral cytopathic effect
was observed and the TCIDs5, was determined by the Reed & Muench method.

Inoculation of kunming mice

We used a mouse vaginal model of HSV-2 infection with modification to study
in vivo anti-HSV-2 efficacy of GA.?! Briefly, Mice vaginas were extensively
cleaned by sterile cotton swab. A 20-ul solution containing HSV-2
(2x 10°PFUmI™!) prepared in MEM was inoculated intravaginally. The
virus doses used in all infected experiments resulted in a high rate of
mortality (>80%).

Antiviral effect in vivo

In vagina model (10 mice per group), the mice were treated intravaginally with
three different concentrations of GA suspension (5.72, 2.86 and 1.43 mgkg 1)
1h post infection, three times a day for 7 days. The same procedure was
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applied to ACV group (2.86 mgkg ~!) and the infected control group (vehicle).
Animals were monitored for morbidity and mortality for 14 days.

Virus shedding experiment

Mice were randomly grouped (six in each group), color labeled and inoculated
intravaginally with HSV-2. GA treatment was done in the same way as
described above, except the duration of treatment was 4 days. Samples of
vaginal secretions from all mice in each group were collected individually at
96 h post infection. For sampling, the cotton sterile swab wetted by MEM were
put into the vaginas for 5s and very gently swabbed. Then the cotton swabs
were put into a test tube with 1-ml MEM and antibiotics (penicillin
100Uml !, streptomycin 100 pgml~!) as soon as possible. Samples were
frozen at —70 °C until titration was performed by cytopathic effect assay.

Drug toxicity in vivo
Uninfected mice were grouped and treated with the same doses as the infected
mice groups. Mice were weighed individually on days 0, 7 and 14.

Statistical analysis

Statistical significance was estimated according to y? analysis for mortality
data, Kaplan—-Meier analysis for mean survival days and t-tests analysis for
body weight by using SPSS software (SPSS Software). A P-value of 0.05 or less
was considered as significant.

RESULTS

In vitro anti-HSV-2 activities of GA

We used plaque reduction assay to study anti-HSV-2 activities of GA.
GA significantly inhibited HSV-2 replication in Vero cells in a
dose-dependent manner (Figure 1). IC5y values of GA were
0.171£0.001 um. The cytotoxic effect of GA on Vero cells was
measured with a conventional MTT method, and the CCs, was
350 pm. The therapeutic index of GA for HSV-1 infection in Vero cells
was 2047, better than that known for the HSV drug ACV (Table 1).

In vivo anti-HSV-2 activities of GA
We evaluated the in vivo anti-HSV-2 activity of GA in the mouse
HSV-2 vagina model.

In preliminary experiments, Kunming mice were inoculated with
variable doses of HSV-2 to find an adequate virus dose that would
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Figure 1 Geldanamycin (GA) inhibited Herpes simplex virus type 2 (HSV-2)
replication in Vero cells in a dose-dependent manner. HSV-2 infected Vero
cells were incubated in the absence or presence of GA at final
concentration in the 0-0.5um range (0, 0.0625, 0.125, 0.25, 0.5um).
Viral-reduced plaque assay was determined on 72h post infection. A full
color version of this figure is available at The Journal of Antibiotics journal
online.



Table 1 Comparison of in vitro anti-HSV-2 activities between GA
and ACV
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Table 3 Effect of topical administration of drug on mice body
weights

Drug Cell line CCsp (um)? ICs0 (um)® Tl (CC5¢/IC50)  Group 0 day 7 days 14 days

GA Vero 350+12 0.171+0.001 2047 Normal control 14.05+1.08 22.21+0.80 27.34+£1.04

ACV Vero 4400+ 84 8.98+0.07 490 GA 1.43 mgkg’1 14.15+0.96 22.52+1.77 27.83+1.41
-1

Abbreviations: ACV, acyclovir; GA, Geldanamycin; HSV-2, Herpes simplex virus type 2. GA 2.86 mgke 14.08+1.42 22.70£1.37 27.47+1.52

Values provided in this table represent the mean of three independent experiments. GA 5.72mgkg ! 14.11+1.56 22.71+£1.87 27.93+1.45

2Cytotoxic effect was determined by MTT assay. CC50 was the concentration that showed 50% ACV 2.86 mg kg’l 14.09+1.61 22.60+1.32 27.09+1.94

cellular toxicity.
bAntiviral activity was determined by plaque assay. IC50 was the concentration that inhibited
50% of HSV-2 replication in Vero cells.

Table 2 Anti-HSV-2 effect of GA in a mouse vagina model
(2 x 105 PFU ml 1 virus in 20 pl)

Group Dose (mgkg—1) Survival % Average survival days
Infected control Vehicle 1/10 7.5

ACV 2.86 6/10 11.7

GA 1.43 8/10* 12.8%*

GA 2.86 8/10* 12.7*

GA 5.72 10/10** 14%*
Mock-infected 10/10%** 14%*

Abbreviations: ACV, acyclovir; GA, geldanamycin; HSV-2, Herpes simplex virus type 2.
*P<0.05; **P<0.001.
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Figure 2 Mice were randomly grouped and inoculated intravaginally with
Herpes simplex virus type 2 (HSV-2). Geldanamycin (GA) treatment was
done in the same way from 1 h post infection, three times a day for 4 days.
Samples of vaginal secretions from all mice in each group were collected
individually at 96 h post infection. Samples were frozen at —70°C until
titration performed by cytopathic effect assay.

cause death of majority of infected mice. In formal experiments, virus
doses used resulted in a high rate of mortality (>80%).

In mouse HSV-2 vaginal model, symptoms of illness that were
observed in mice after vaginal HSV-2 infection include: puff fur,
arched backs, feeble gait, hind limb paralysis, wet fur that was stained
by feces in the anus vaginal region, swollen red vulva, hair loss and
skin lesions in the anus vaginal region and on the hind limbs, and
death. Disease signs evolved from inflammation and redness, to hair
loss, ulcerous lesions in the genital region and finally flaccid paralysis.
In this study, HSV-2 infected mice died around 5 days post infection
if no treatment was involved. Administration of GA suspension to

Abbreviations: ACV, acyclovir; GA, geldanamycin.

vagina after HSV-2 infection (1.43, 2.86 and 5.72 mgkg ~!, t.i.d. for
7 days) protected the infected mice from death, and increased the
average survival days in a dose-dependent manner. The differences
were statistically significant when compared with untreated infected
controls (Table 2).

As shown in Figure 2, GA also significantly reduced the shedding of
HSV-2 from mice vagina. Samples of vaginal secretions from all mice
in each group were collected individually at 96 h post infection. HSV-2
titers were determined by a cytopathic effect assay. GA 5.72, 2.86
and 1.43 mgkg ~! treatment reduced HSV-2 shedding by 794, 126 and
126 times, as compared with the infected control group, respectively.
ACV 2.86 mgkg ! treatment reduced HSV-2 shedding by 31.6 times,
as compared with the infected control group.

In summary, GA efficiently inhibits HSV-2 replication in vivo and
shows therapeutic effects better than that of ACV.

Mouse growth impact by GA in mouse vaginal model
Uninfected mice were grouped and treated with the same doses as the
infected mice groups. Mice were weighed individually on days 0, 7
and 14. As shown in Table 3, All GA vaginal administration groups
had no effects on mice growth by weight measurement.

DISCUSSION

Hsp90 has crucial roles in the maintenance of the conformation,
stability, activity and cellular localization of several key proteins that
are involved in cell signaling, proliferation and survival. Hsp90 is a
novel target for cancer therapy.?>** Hsp90 is important for several
virus replications and Hsp90 specific inhibitor GA blocks the replica-
tion of the viruses mentioned above in cell culture systems.!!~1°

Most antiviral drugs in clinic use target a specific viral protein
ensuring their specificity and limited toxicity. Though great progresses
have been made through this approach, it is obvious that antiviral
drugs targeting viral proteins have a relatively narrow antiviral
spectrum and associate with the emergence of drug-resistant viral
strains. Therefore, it is worthwhile to develop new antivirals with
different mechanisms of actions. Targeting a cellular protein related to
virus replication is a potential alternative approach for antiviral drug
development. It will generate inhibitors with broad antiviral spectrum
and less likelihood of emergence of drug resistance.

We reported GA, a ligand of heat shock protein 90, effectively
inhibited HSV-1 in vitro. And the mechanism of GA against HSV-1
were explored.!® The antiviral mechanism of GA against HSV-1
appears to be associated with Hsp90 inactivation and cell cycle
restoration, which indicates that GA exhibits broad-spectrum antiviral
activity. In fact, GA exhibited broad-spectrum antiviral activity
against HSV-2, VSV, Coxsackie virus B3, HIV-1, SARS coronavirus
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in vitro.'® And other paper reported GA effectively inhibited
replication of HCMYV, HPIV-2, HPIV-3, poliovirus, rhinovirus.!>16

GA exhibited antiviral activity in vitro was reported in many
papers.'®1° Relevant reports about antiviral activity of GA in vivo
are relatively rare. We confirmed GA effectively inhibited HSV-1
in vivo in our previous work?® GA were administrated by
intraperitoneal injection and subcutaneous injection and exhibited
inhibitory effect against HSV-1 in mouse encephalitis model.?’

It is difficult to develop systemic administration of GA because of
low water solubility and high hepatotoxicity.* So we did lot of work
for modification of GA and got some GA derivatives. We have
discussed the structure—activity relationship of GA derivatives in HCV
replicon system19 and HSV-1, HSV-2, HCMV, HBYV, Coxsackie virus
B3, Coxsackie virus B6.2* Overall, the cytotoxicity of most of the
tested derivatives was decreased as compared with the lead compound
GA. But the antiviral activity against HSV-2 of most of the tested
derivatives' except one compound was also reduced compared with
GA (see Supplementary data).

Topical treatment is very important for cutaneous HSV infection.
Topical treatment can reduce systemic exposure to drug side effects
and reach high tissue drug level. So our study in this paper focuses on
GA topical treatment HSV-2 infection in mouse vaginal model. In
mouse vagina model, administration of GA suspension to vagina after
virus infection protected the infected mice from death and increased
the average survival days and significantly reduced virus shedding
from mouse vagina in a dose-dependent manner. GA effectively
inhibited HSV-2 replication in mouse vaginal model by topical
treatment. At the same time, GA vaginal administration groups had
no effects on mice growth by weight measurement. The high-dose
group of GA was up to 5.72mgkg .

Our findings that GA effectively inhibited HSV-1 and HSV-2
replication both in vitro and in vivo further consolidate our opinion
that Hsp90 is a potential novel target for antiviral research. Although
cellular protein inhibitors might associate with apparent toxicities,
they might be attenuated by administrating properly or reducing
dosage through a combination with a viral protein-targeting drug.
More importantly, target on Hsp90 may provide an antiviral
approach refractory to development of drug resistance.'®

GA is not suitable for systemic administration because of its
toxicity. We consider that GA is a candidate of topical usage for the
treatment of HSV infections.
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