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Papiine herpesvirus 2 as a Predictive Model for

Drug Sensitivity of Macacine herpesvirus 1
(Monkey B Virus)

Lauren A Brush,' Darla H Black," Kimberly A McCormack,' Lara K Maxwell,> George Wright,* Jerry W Ritchey,"
Mark E Payton,® and Richard Eberle'”

Monkey B virus (Macacine herpesvirus 1; BV) is endemic in macaques. BV (a BSL4 agent) is the primary zoonotic concern for
persons working with macaques in research, and human BV infections frequently are fatal. We assessed the use of a BSL2 baboon
herpesvirus (Papiine herpesvirus 1; HVP2) for predicting the drug sensitivity of BV by comparing the sensitivity of the 2 viruses
to 12 antiherpetic drugs. Plaque reduction assays showed that 4 drugs (HBPG, BVdU, PFA, and BrdU) were ineffective against
both viruses. Of the 8 effective drugs, both viruses were most sensitive to TFT, whereas sensitivity to the remaining 7 drugs varied
between BV and HVP2 as well as between strains of HVP2. In addition, the efficacy of 5 drugs (ACV, PCV, GCV, CDV, and EDU)
was tested by using a murine model. ACV and EDU were completely ineffective against both HVP2 and BV, and high doses of PCV
only delayed death by a few days. GCV and CDV both protected mice against death, and CDV also prevented the development of
neurologic symptoms. When the initiation of drug therapy was delayed until after virus gained access to the CNS, both GCV and
CDV were ineffective. The similarity of the drug sensitivities of HVP2 and BV in both models validates the use of HVP2 as a BSL2
level model that can be used to predict drug sensitivity of BV. The greater efficacy of CDV relative to GCV suggests the potential
for use of CDV in the treatment of zoonotic BV infections.

Abbreviations: ACV, acyclovir; AraA, 9-f-D-arabinofuranosyl-adenine; BrdU, 5-bromo-2’-deoxyuridine; BV, monkey B virus; BVdU,
(E)-5-(2-bromovinyl)-2’-deoxyuridine; CDV, cidofovir; EDU, 5-ethyl-2’-deoxyuridine; GCV, ganciclovir; HBPG, 9-(4-hydroxybutyl)-N*-
phenylguanine; HSV, herpes simplex virus; HVP2, Herpesvirus papio 2; IUdR, 5-iodo-2’-deoxyuridine; PCV, penciclovir; PFA, phospho-

noformic acid; TFT, trifluorothymidine.

Macacine herpesvirus 1 (monkey B virus; BV) is an alpha-her-
pesvirus of macaque monkeys and is closely related to human
herpes simplex virus (HSV) types 1 and 2.5"% Although BV pri-
marily causes asymptomatic or mild, self-limiting disease in
healthy macaques, the virus is extremely neurovirulent when
transmitted via bites or scratches to other nonmacaque primate
species, including humans. Although human infections are not
common, approximately 80% of untreated patients die of BV
infection, and survivors frequently continue to suffer from neu-
rologic sequelae. As a consequence of its lethality in humans,
BV is classified as a BSL4 pathogen® and is the single most se-
rious zoonotic concern for veterinary and research personnel
who work with macaques. The increasing popularity of eco-
tourism to monkey temples in Southeast Asia, where tourists
and wild, BV-infected macaque populations come into direct
contact, represents another potential concern for zoonotic BV
infections.*1>132!
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The antiviral drugs recommended for use in treating BV infec-
tions all were originally developed for treatment of HSV infec-
tions.*!® Because the genes encoding the enzymes targeted by
these drugs are conserved between these viruses, BV is sensi-
tive to many of these anti-HSV drugs. However, compared with
HSV, BV is less sensitive to these drugs.*'* Although more ef-
fective drugs are needed for the treatment of BV infections, the
biohazardous nature of and facility requirements associated with
studying a BSL4 agent severely limit research on BV. A potential
solution to this problem is using a closely related virus whose
biologic and molecular properties are very similar to those of BV
as a surrogate or model system in which preliminary research can
be conducted safely, leaving only confirmative testing to be done
with infectious BV.

Baboons carry an alpha-herpesvirus (Papiine herpesvirus 2;
HVP2) that is biologically and genetically very similar to BV and
HSV/78152 In mice, most HVP2 isolates are extremely neuroviru-
lent and closely reflect the pathogenesis of BV in mice?* At the
antigenic level, HVP2 and BV are so similar that HVP2 has found
use as an alternative antigen for diagnostic BV serology.” %2
Despite the virus’s similarity to BV, HVP2 infections have never
been reported in humans. Consequently, HVP2 is rated as a BSL2
pathogen and, as such, HVP2 can be used under BSL2/ABSL2



containment. This study was conducted to assess the potential
use of HVP?2 as a surrogate model system for predicting the sen-
sitivity of BV to antiviral drugs.

Materials and Methods

Viruses and cells. African green monkey kidney (Vero) cells
were obtained from the Oklahoma Animal Disease Diagnostic
Laboratory and were propagated in DMEM supplemented with
5% FBS and 2 mM glutamine. After infection, Vero cell cultures
were maintained in DMEM supplemented with 2% FBS and 2
mM glutamine. Vero cells were used for all experiments and to
prepare and titrate viral stocks. The E90-136 strain of BV isolated
from a cynomolgus macaque'®* and HVP2 strains OU1-76 and
X313°%1° were used in this study. BV and HVP2 strain OU1-76
were passed fewer than 10 times in cell culture; the passage his-
tory of HVP2 strain X313 is unknown. All work with infectious
BV was performed under biocontainment conditions approved
by the Oklahoma State University Institutional Biosafety Com-
mittee and the US Centers for Disease Control and Prevention.

Drugs. Analytical grade reagents were used in all experiments.
Drugs evaluated were acyclovir (ACV), penciclovir (PCV), gan-
ciclovir (GCV), cidofovir (CDV), 5-iodo-2"-deoxyuridine (IUdR),
5-trifluoromethyl-2’-deoxyuridine (TFT), (E)-5-(2-bromovinyl)-2’-
deoxyuridine (BVdU), 5-bromo-2’-deoxyuridine (BrdU), 5-ethyl-
2’-deoxyuridine (EDU), 9-(4-hydroxylbutyl)-N?-phenylguanine
(HBPG), arabosinyladenine (AraA), and foscarnet (PFA). Drugs
were purchased from LKT Laboratories (PCV; St Paul, MN),
Sigma Chemical Company (ACV, AraA, BrdU, BVdU, EDU,
GCV, and IUdR; St Louis, MO), and Gemini Biologicals (CDV,
GCV; West Sacramento, CA) or were synthesized by GLSynthesis
(EDU, HBPG, and TFT, Worchester, MA). Stock solutions of all
drugs were prepared in DMSO, and dilutions for in vitro testing
were made in sterile DMEM. For in vivo testing, drugs were dis-
solved in sterile acidified water and brought to pH neutrality by
the addition of sterile 10x PBS.

Plaque reduction assay. Details of plaque assays have been
described previously.'” Briefly, Vero cell monolayers in 6-well
plates were infected with 100 PFU of virus, and virus adsorbed
for 45 min at 37 °C. Duplicate wells then were overlaid with me-
dium containing 1% methylcellulose and antiviral drug. Wells
with no drug were included in all assays as negative controls.
At 48 to 60 h after infection, plaques were counted. Although the
initial antiviral effect of some drugs was evident as a decrease
in plaque size, plaque size was not considered in determining
drug efficacy.

Mouse model. All animal experiments were reviewed and ap-
proved by the Oklahoma State University IACUC, and mice were
maintained in AAALAC-accredited facilities. The mouse model
used for BV and HVP2 has been described previously.?** Brief-
ly, the left flank of female (weight, 10 to 12 g) Balb/c mice was
shaved, lightly scarified to disrupt the integrity of the epidermis
(without breaking the skin or drawing blood) by scratching the
skin with a 22-gauge needle in a 6 x 6 checkerboard pattern, and
1x10° PFU of virus (approximately 10 LD,;) in 10 uL was applied
and then rubbed in using the side of a micropipet tip. Drugs were
diluted in sterile PBS and administered by intraperitoneal injec-
tion (250 puL) every 12 h for a total of 7 d. Groups of 8 to 10 mice
were used in all experiments. Because some mice receiving drug
treatment survived with neurologic symptoms, acetaminophen
was included in drinking water (2 mg/mL) in all experiments.

HVP2 as a predictive model for B virus drug sensitivity

Mice euthanized later than 10 d after infection were bled and their
serum tested by ELISA for antiviral IgG to confirm infection.'®

In addition to using mortality as a measure of protection,
neurologic disease was assessed. A scoring system based on
the highly reproducible progression of neurologic symptoms in
untreated infected mice was developed (Figure 1). The clinical
signs and disease progression were the same for BV and HVP2,
although some variation in the timing of disease progression was
evident among different virus strains. The initial sign of infec-
tion was an abnormal reflex in abduction of the hindlegs when
lifted by the tail, with marked flexion of the foot ipsilateral to
site of infection. This condition rapidly evolved into paresis of
the ipsilateral foot, followed by spastic then flaccid paralysis of
the leg. Mice progressively became immobile with a decrease
in body temperature, developed bilateral paralysis of the hind-
legs, developed tremors or exhibited loss of balance control, and
were euthanized. Some mice receiving drugs survived at vari-
ous points along this disease progression, and survivors infected
with the X313 strain of HVP2 sometimes demonstrated addi-
tional symptoms including bloating (due to intestinal ileus), in-
continence, and urinary retention.” Although skin lesions were
often evident, their presence was not used in the scoring system
because not all mice developed lesions, lesions were inconsistent
in severity, some mice regrew hair very quickly making detec-
tion of lesions problematic, and lesions appeared both soon after
infection (as a result of primary infection), with new lesions oc-
curring a few days later when virus traveled retrograde from the
dorsal root ganglia back to the skin.

Statistical analyses. EC, values for plaque reduction assays and
ED,, values for in vivo drug studies were calculated by using
the Hill model (Kinetica version 5.0, Thermo Fisher Scientific,
Waltham, MA). All in vitro tests were done at least 3 times for
each drug.

Results

Comparative in vitro drug sensitivity of HVP2 and BV. To deter-
mine whether the sensitivity of HVP2 to various drugs is similar
to that of BV, we assessed the sensitivity of 2 different strains of
HVP2 and the E90-136 strain of BV to 12 drugs by using a plaque
assay (Table 1). Four drugs (HBPG, BVdU, BrdU, and PFA) had
very poor activity against HVP2 and BV, and reliable EC, val-
ues could not be calculated. Although very toxic, TFT was the
most effective drug against both BV and HVP2, with EC, values
of 0.7 to 1.3 nug/mL. Both ACV and IUdR showed considerable
variation in EC_ values among the 3 viruses. Whereas PCV, GCV,
CDV, and AraA all showed some activity against all 3 viruses,
virus sensitivity varied (2- to 8-fold differences in EC, values). BV
was somewhat more sensitive to GCV and PCV than was HVP2.
Overall, these results indicate that HVP2 and BV exhibit similar
in vitro sensitivity to the 12 drugs tested.

Comparison of drug efficacy in vivo. Drug efficacy as deter-
mined by in vitro testing does not always reflect the efficacy ob-
tained in vivo. To further assess the predictive accuracy of HVP2
for BV drug sensitivity, we used a mouse model to compare the
efficacy of several drugs in vivo. For initial assessment of drug ef-
ficacy, antiviral drugs were administered prophylactically to mice
over 7 d beginning 1 d prior to infection, thus providing maxi-
mal opportunity for drug efficacy. Because ACV, PCV, and GCV
are currently recommended for treatment of zoonotic BV infec-
tions,*'® these 3 drugs were tested. We also tested EDU and CDV
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Score  Clinical signs
0 None; within normal limits.

Slightly abnormal tail-lift reflex response, curling of
ipsilateral foot or leg.

2 Paresis of ipsilateral hind foot or leg. Active and alert.
3 Paralysis of ipsilateral hindleg. Active and alert.

4 Bilateral paralysis, scruffy coat, inactive, not alert.

5 Tremors, lack of balance, requiring euthanasia.

Figure 1. Scoring system for HVP2- and BV-infected mice.

because they exhibited efficacy similar to those of ACV, PCV, and
GCV in the in vitro assay.

Despite having antiviral activity in vitro, ACV and EDU were
completely ineffective against both HVP2 and BV in the in vivo
model (Figure 2). All mice dosed with either of these drugs devel-
oped neurologic symptoms that progressed in severity to lethality
along a time course similar to that of untreated (no-drug) control
mice. At high doses, PCV delayed the development of neurologic
symptoms and death in HVP2- and BV-infected mice. However,
even at the highest doses tested, PCV was ineffective in protecting
mice from the development of neurologic symptoms or lethality
due to HVP2 or BV.

Although PCV and GCV had similar EC, values in vitro,
GCV—unlike PCV—was effective in vivo against both HVP2 and
BV (Figure 2). GCV doses of 200 or 100 mg/kg daily provided
complete protection against lethal infection by BV and HVP2
strain OU1-76, with progressively lower doses providing increas-
ingly less protection. Although these doses protected against
lethality, all mice infected with BV or HVP2 strain OU1-76 still
developed neurologic symptoms consistent with infection. In-
formation from the manufacturer of GCV (Pfizer) lists an LD, in
mice of 1 g/kg IP, making it extremely unlikely that the clinical
signs were due to drug toxicity.

In repeated experiments, HVP2 strain X313 gave slightly dif-
ferent results from those of the other viruses. Like mice infected
with BV or OU1-76, X313-infected mice treated with GCV doses
of 25 and 12.5 mg/kg daily and most mice treated with 50 mg/
kg daily died 7 to 9 d after infection after developing typical signs
of neurologic involvement. Also like mice infected with BV or
OU1-76, X313-infected mice given GCV at 200 or 100 mg/kg daily
developed mild or no neurologic symptoms involving the ipsi-
lateral hindlimb until 10 d after infection. However, after 10 d,
some mice infected with X313, even those receiving the highest
GCV dose, developed severe urinary retention and marked dila-
tion of the cecum and colon due to inflammatory destruction of
the intramural and myenteric ganglia, respectively. These mice
exhibited progressively severe intestinal and urinary bladder dis-
tension and inactivity and died or were euthanized as a result. At
necropsy, very segmentally restricted and chronic spinal cord le-
sions limited to the entry zone of the dorsal root were evident; the
severity of these spinal cord lesions was consistent with nongut-
related neurologic symptoms. According to their location, lesions
in gastrointestinal neurons resulted from centrifugal spread of
virus from the CNS.

Like GCV dosage, CDV doses of 200, 100, 50, and 25 mg/kg
daily provided complete protection against lethal HVP2 and BV
infection (Figure 2). Some mice treated with 12.5 mg/kg CDV
daily developed neurologic symptoms that progressed to fatality,
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and CDV doses less than 12.5 mg/kg daily were not completely
protective; all mice developed neurologic disease, and most pro-
gressed to lethality. Also of note, mice infected with HVP2 X313
did not exhibit delayed development of the debilitating urinary
retention and constipation that occurred in GCV-treated mice.

Although high GCV doses provided complete protection
against lethality, all infected (BV or HVP2) mice developed neu-
rologic symptoms up to and including paralysis of the ipsilateral
hindlimb (Figure 3). In addition, all GCV-treated survivors de-
veloped antiviral IgG serum antibodies, indicating that although
GCV is protective, it does not immediately or completely stop the
infection and so allows the development of an adaptive immune
response to the virus. In contrast to GCV-treated mice, many
mice treated with higher doses of CDV developed much milder
or no neurologic symptoms or skin lesions. Information from the
manufacturer of CDV (Roche) an LD, of 40 mg/kg intraperito-
neally, a concentration well above the highest doses used in our
experiments, making the occurrence of any drug toxicity unlikely.
Consistent with these results, most mice in the higher CDV dose
groups remained serologically negative at the end of the experi-
ment (87% to 100% in the 50-, 100-, and 200-mg/kg dose groups
with all 3 viruses).

ACYV, PCV, and EDU were ineffective, so in vivo ED,; values
could not be calculated for these 3 drugs. For GCV and CDV,
ED,, values (mg/kg daily) were calculated based on protection
against lethal infection (Table 2). CDV ED, values for the 2 strains
of HVP2 and BV were very similar (5.9 to 6.5 mg/kg daily). Much
greater variation in the efficacy of GCV occurred among the 3 vi-
ruses, as evidenced by the differences in the ED, values for the 3
viruses. GCV was effective against both OU1-76 and BV, although
somewhat more effective against BV. The GCV ED,, for HVP2
strain X313 was higher than those for the other viruses, because
mice died at later times of enteric or urinary involvement even at
the highest doses.

In human BV cases, prevention of even mild neurologic in-
volvement is important. To address this need, another ED, value
was calculated for the GCV and CDV doses that protected against
severe neurologic involvement as defined by paralysis of the ipsi-
lateral hindleg (a score of 3). Again, paralysis ED_ values for CDV
were similar among the 3 viruses and were approximately twice
that for protection against death. Unlike lethality ED,; values,
GCV ED,, values for paralysis did not differ markedly among
the 3 viruses.

Effect of delaying drug therapy. Patients with zoonotic BV in-
fection start drug therapy sometime after infection, not the day
before infection as used in our previous experiments. To assess
the efficacy of GCV and CDV when initiation of therapy is de-
layed until after infection, the effect of starting therapy at various
times after infection was investigated. The lowest dose of drug
that provided 100% protection against lethal infection (100 mg/
kg daily for GCV, 25 mg/kg daily for CDV) was used for these
experiments, and results are shown in Figure 4. Mice infected
with either HVP2 or BV showed a definite temporal transition
from complete to no protection with increasing delay in the initia-
tion of drug therapy. In control mice, the temporal progression of
infection (from inoculation to severe neurologic signs warranting
euthanasia) is typically 6 to 7 d for BV strain E90-136 and HVP2
strain X313 and 7 to 8 d for HVP2 strain OU1-76. Consistent with
these slight temporal variations in lethality for the 3 viruses, the max-
imal time that the start of therapy could be delayed yet remain
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Table 1. Comparison of EC, | values (Mean * 1 SD) for antiviral drugs against BV and HVP2

EC,, value (ug/mL) for

ACV AraA BUdR BvVdU CDhV

BV (E90-136) 11.0£72 39+0.1 >200 >200

HVP2 (OU1-76) 39.9+134 143+3.7  >200 >200

HVP2 (X313) 258+34 5.0%0.6 >200 >200

EDU GCV HBPG IUdR PCV PFA TFT
13.6+2.8 57+34 35+25 >200 23+22 31+22 >200 1.3+£0.3
84+34 128+£50 109+24 >200 419+124 16.7+57 >200 0.7+0.2
14.0+£74 27+20 25.0£13.4 >200 93+28 162+15 >200 1.2+£0.7
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Figure 2. Comparative in vivo efficacy of drugs against HVP2 and BV. Groups of mice were infected with virus on day 0 and observed for neurologic
symptoms through day 14 after infection. Drugs were administered for 7 d, beginning 1 d prior to infection. Untreated (no drug) control groups are
indicated by a heavy solid line. Drug and doses (mg/kg daily) tested were ACV (150, dashed line; 100, dotted line); PCV (200, solid line; 100, dashed
line; 50, dotted line); EDU (400, dashed line; 200, dotted line); GCV (100, solid line; 50 dashed line; 25, dotted line); and CDV (200, 100, and 50: solid
lines; 25, large dashed line; 12.5, medium dashed line; 6.25, small dashed line; 3.1, dotted line; 1.6, thin solid line).

protective varied slightly for the 3 viruses. Drug therapy for BV
or X313 infection was only protective when initiated on or before
day 2. Protection against lethality after infection with OU1-76
was effective when initiated on day 2 in one experiment and day
3 in another. These results were the same for both GCV and CDV.

The abrupt temporal transition from protective to ineffective
suggested that some event occurred at this transition point and

had a major effect on the efficacy of drug therapy. Because both
GCV and CDV are relatively polar, weak bases, neither drug
would be expected to partition effectively into the CNS. This situ-
ation raised the possibility that once the virus had invaded the
CNS, drug therapy may become less effective. To address this
possibility, mice infected with HVP2 were euthanized every 24
h between 0 and 5 d after infection. Ipsilateral dorsal root gan-
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Figure 3. Neurologic symptoms in mice treated with GCV compared with CDV. Mice were infected with the virus indicated at top, treated with GCV
or CDV as described in Figure 1, and scored for neurologic symptoms. GCV doses (mg/kg daily) shown are 200 (solid line), 100 (large dashed line), 50
(small dashed line), and 25 (dotted line). CDV doses (mg/kg daily) were 100 (solid line), 50 (large dashed line), 25 (small dashed line), and 12.5 (dotted

line). No-drug controls are indicated by heavy solid lines.

Table 2. Efficacy of antiviral drugs in a mouse model of HVP 2 infection

ED,, (ug/mL) for lethality

ED,, (ug/mL) for paralysis

BV OUl1-76 X313 BV OUl1-76 X313
ACV >150 >150 >150 >150 >150 >150
EDU >400 >400 >400 >400 >400 >400
PCV >200 >200 >200 >200 >200 >200
GCV 27.3 51.7 102.7 100 94.9 102.7
CDV 5.9 6.5 6.1 14.7 13.6 9.9
glia, lumbar spinal cord, and skin from the site of inoculation Discussion

(strain X313 only) were collected and assayed for the presence of
infectious virus (Table 3). Virus was first detected in dorsal root
ganglia at 2 (X313) or 3 (OU1-76) days after infection, a finding
that is consistent with the slightly longer progression of OU1-76
infection. In both cases, virus was detected in the spinal cord 24
h after its detection in dorsal root ganglia. The lack of efficacy
thus correlated with the presence of HVP2 in the spinal cord, in-
dicating that once the virus has invaded the CNS, initiating drug
therapy is ineffective.
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We performed these studies to assess the accuracy of HVP2
drug sensitivity as a potential predictive model for BV drug sen-
sitivity. If HVP2 can serve as a predictive model for BV, its use
would allow preliminary screening of many drugs under BSL2/
ABSL2 containment rather than the restrictive BSL4/ABSL4
measures recommended by the Centers for Disease Control and
Prevention for work with BV.> We used 2 neurovirulent strains
of HVP2 to assess the potential role of strain variation in drug
sensitivity. The 2 HVP2 strains did display some variation
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Figure 4. Effect of delaying initiation of GCV and CDV treatment regimens. Mice were infected with virus (HVP2 OU1-76, dark gray; HVP2 X313, light
gray; BV, black) and treated with the minimal 100% protective dose of GCV (100 mg/kg daily) or CDV (25 mg/kg daily). Mice received a 7-d treatment
regimen, with groups starting treatment on the indicated day after infection (samples were not collected on days —1 and 0) from HVP2 X313-infected
mice treated with GCV.

Table 3. Temporal progression of HVP2 invasion of neural tissue

Time (d) after infection

0 1 2 3 4 5
Virus S D C S D C S D C S D C S D C S D C
OU1-76 (n = 4) ND 0 0 ND 0 0 ND 0 O ND 4 ND 4 4 ND 4 4
X313 (n =3) 3 0 0 3 0 0 3 3 0 3 3 3 3 3 3 3 3

D, ipsilateral dorsal root ganglia; ND, not done; C, lumbar spinal cord; S, skin

(>2-fold differences in EC,; values) in sensitivity to some drugs
(GCV, IUdR, and AraA), but EC, values were very similar be-
tween HVP2 strains for most drugs. Part of this variation may
have been due to the time period over which these experiments
were conducted (approximately 5 y) or in some cases acquisition
of drugs from multiple sources. However, similar variation in
the sensitivity of different BV strains to several drugs has been
reported.’** HVP2 and BV were resistant to the same 4 drugs
and were most sensitive to TFT, with sensitivity to all other drugs
falling between these extremes. Despite variations in EC, values
among individual drugs, overall HVP2 and BV do have similar in
vitro drug sensitivity profiles.

Similarly, in vivo drug testing using a mouse model also dem-
onstrated comparable sensitivity of BV and HVP2, with 4/5
drugs showing little difference in ED,; values for HVP2 and BV.
The X313 strain of HVP2 appeared to be less sensitive to GCV in
vivo than was HVP2 strain OU1-76 since the virus spread from
the CNS to gut neurons after the 7 d course of GCV treatment was
over. Despite these differences, overall the drugs tested had quite
similar efficacy against HVP2 and BV. From this we conclude that
HVP2 drug sensitivity can serve as an accurate predictor of BV
drug sensitivity in both in vitro and in vivo assays.

Current recommendations for the treatment of persons poten-
tially exposed to BV include ACV and valacyclovir, a prodrug
form of ACV.*!8 Whereas very effective against HSV, ACV is con-
siderably less effective against BV according to in vitro sensitivity
testing.'*” These treatment recommendations are based in part
on studies of rabbits, which were inoculated by subcutaneous

injection of BV.!? These studies found ACV to be effective in that
survival after potentially lethal infection was significantly greater
in treated than in control rabbits.! However, protection required
intravenous administration of 200 mg/kg ACV every 6 h at for
14 d, with delayed disease appearing when ACV treatment was
stopped after 9 d PI. Therefore, although ACV provided partial
protection in this rabbit model, the drug was not highly effective,
and the complete lack of efficacy of ACV in the mouse model is
consistent with these results.

The murine model that we describe here involved drug ad-
ministration by intraperitoneal injection for 7 d, beginning 1 d
before infection and ceasing on day 6. With the exception of mice
infected with HVP2 strain X313 and treated with GCV, this 7-d
dosing regimen clearly identified drugs that were effective com-
pared with those that were not. For all drugs, doses that were
not protective resulted in death of all mice within a 3- to 5-d time
span, whereas mouse deaths occurred over a longer time span
for doses that were partially protective. Whereas mice treated
with PCV showed delayed development of neurologic disease
and death relative to that in untreated controls, mice treated with
ACV or EDU died on time courses that were only slightly lon-
ger than the termination of drug dosing. This pattern suggests
that these drugs had little inhibitory effect on the virus in vivo;
consequently, prolonged drug administration likely would not
improve survival.

Mice infected with HVP2 strain X313 and treated with GCV
continued to develop symptoms and die until termination of the
experiment at 21 d after infection. Perhaps administering GCV
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for longer than 7 d would have resulted in greater efficacy, as oc-
curred in previous experiments with ACV in rabbits.! The X313
strain of HVP2 is more neuroaggressive than is strain OU1-76 as
evidenced by the more rapid death of untreated X313-infected
controls, the eventual development of urinary retention and intes-
tinal ileus as X313 invaded mural ganglia, and its slightly lower
LD,,.” In the delayed treatment initiation experiment, X313-infect-
ed groups that began therapy on days 1 and 2 (and ended on days
8 and 9) after infection failed to develop this neurologic gastroin-
testinal involvement, again suggesting that treatment with GCV for
longer than 7 d would be more effective. Even though prolonged
administration of PCV may be effective, clearly both GCV and
CDV are much more effective than is PCV in protecting against
BV and HVP2 infection. Given the apparent high lethality of BV in
humans, the differential efficacy of the nucleoside analogs against
disease progression is a very important factor to know.

Humans experiencing BV exposure typically begin drug thera-
py within 24 h of an exposure incident, and GCV is recommend-
ed if neurologic symptoms are evident. If, as in mice (both in vitro
and in vivo, this study) and in rabbits,> ACV is not very effective
against BV in humans, initial treatment of patients with ACV may
not effectively inhibit virus replication but rather would allow the
virus to replicate at the site of infection and so gain access to the
nervous system. In addition, such primary treatment with ACV
would delay initiation of therapy with a more effective drug like
GCV. In experiments designed to examine the effect of delaying
the onset of drug therapy, it was evident that if sufficient time
elapsed before drug treatment was started that the virus was able
to invade the CNS, at which point even an effective drug like
GCV was unable to protect mice from lethality. This scenario is
consistent with the poor prognosis for BV patients once neuro-
logic symptoms become evident and suggests that immediate
initiation of treatment with GCV may be warranted (at least in
high-risk exposure incidents) despite the necessity of administer-
ing the drug in hospital due to its significant toxicity.

Currently the most effective drug used for treatment of human
BV infections is GCV. Although CDV has shown efficacy against
BV in vitro," its use for treating human BV infections has not been
reported. Several observations from our current mouse model
suggest that CDV may actually be more effective in vivo against
BV than is GCV. At the higher CDV doses tested (200 to 100 mg/
kg daily), infected mice did not develop any clinical signs of neu-
rologic involvement or skin lesions at the site of inoculation. In
addition, most of these mice failed to develop antiviral IgG titers.
Because seronegative survivors only rarely occur when mice are
inoculated with 10° PFU of virus via skin scarification (<5% in
greater than 800 mice infected to date), the high incidence of sero-
negative survivors in CDV-treated mice suggests that CDV com-
pletely suppresses viral replication early in infection such that not
only do mice survive infection but an adaptive immune response
is also not stimulated. Taken together, these observations suggest
that viral replication in the skin at the site of infection was inhib-
ited sufficiently effectively to prevent the stimulation of an adap-
tive immune response to the virus. In contrast, although higher
doses of GCV did protect against lethal HVP2 and BV infection,
all mice developed significant clinical signs of neurologic involve-
ment and a strong antiviral IgG response. Furthermore, mice in-
fected with HVP2 strain X313 and treated with GCV developed
delayed neurologic involvement of the gut, while those infected
with X313 infected but treated with CDV did not. This pattern
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again indicates that whereas both GCV and CDV effectively sup-
pressed viral replication, only CDV completely eradicated the
infection. The potential effectiveness of CDV for treatment of zoo-
notic BV infections may be somewhat offset by its greater toxicity
(relative to GCV) in humans. CDV doses used to treat cytomega-
lovirus infections (intravenous) are approximately 15-fold lower
(mg/kg daily) than for GCV. However, CDV doses 10-fold lower
than the protective dose of GCV were still protective in the mouse
BV model. Given these findings, additional testing of CDV and
consideration of its potential use in treating zoonotic BV infec-
tions clearly are warranted.
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