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Although acyclovir (ACV) has proven to be of value in the therapy of certain herpes simplex virus (HSV)
infections, there is a need for more effective therapies, particularly for serious infections in neonates and
immunocompromised individuals, where resistance to this drug can be problematic. CMX001 is an orally
bioavailable lipid conjugate of cidofovir that is substantially less nephrotoxic than the parent drug and has
excellent antiviral activity against all the human herpesviruses. This compound retains full antiviral activity
against ACV-resistant laboratory and clinical isolates. The combined efficacy of CMX001 and ACV was
evaluated in a new real-time PCR combination assay, which demonstrated that the combination synergistically
inhibited the replication of HSV in cell culture. This was also confirmed in murine models of HSV infection,
where the combined therapy with these two drugs synergistically reduced mortality. These results suggest that
CMXO001 may be effective in the treatment of ACV-resistant HSV infections and as an adjunct therapy in

individuals with suboptimal responses to ACV.

Effective therapies are available for the management of both
genital herpes (23) and herpes labialis (1). Acyclovir (ACV)
can inhibit the replication of both herpes simplex virus type 1
(HSV-1) and type 2 (HSV-2) (6), and its oral prodrug, valacy-
clovir, is well tolerated and suitable for long-term suppressive
therapy (38). Prophylactic therapy in individuals with frequent
or severe symptoms can reduce the frequency of lesions by
80% to 95% (19) and can also reduce significantly, although
not eliminate, asymptomatic virus shedding (8, 11) and trans-
mission of the virus (5). Resistance to the drug is observed
infrequently in the general population, even after long-term
prophylactic therapy (38), and resistance occurs in immuno-
competent individuals at a very low frequency (=0.5%) (17).
However, resistance to the drug has been reported to arise in
up to 7% of immunocompromised hosts (38). Drug-resistant
isolates selected by ACV therapy are also generally cross-
resistant to famciclovir, and secondary therapies such as cido-
fovir (CDV) and foscarnet are associated with significant tox-
icities. Thus, there is a clear need for improved therapies for
herpes infection in immunocompromised hosts (21, 42).

High-dose ACV therapy can reduce significantly mortality
associated with neonatal herpes infections, although the po-
tential for neutropenia in the neonate needs to be considered
(16). Similarly, ACV therapy has significantly reduced the mor-
tality associated with herpes simplex encephalitis from 70% to
28% (40); however, serious sequelae are often observed, and
viral DNA can persist in the cerebrospinal fluid (CSF) even
after 3 weeks of high-dose ACV therapy (20). These successes
notwithstanding, there is a need for more effective therapies
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for severe herpes infections to improve the health and long-
term outcome of this population (13).

Recently, we reported that the alkoxyalkyl esters of CDV,
including CMXO001 (hexadecyloxypropyl CDV), exhibited
greatly enhanced in vitro efficacy against all the human herpes-
viruses, including HSV-1 and HSV-2 (41). The esterification of
CDV also imparted oral bioavailability to this compound, and
oral administration of this molecule was shown to be effective
in vivo against experimental infections in mice with human
cytomegalovirus (CMV), murine CMV (3, 14), and several
orthopoxvirus infections (22, 28, 34). The modified pharmaco-
kinetic and distribution properties of CMX001 also appeared
to reduce its accumulation in the kidneys of infected mice and
thus avoided the nephrotoxicity that is observed frequently
with CDV (4). CMXO001 was also recently reported to pene-
trate the blood-brain barrier in mice and was more potent than
ACYV in the treatment of HSV infections in animal models of
central nervous system (CNS) infections (29). This compound
proved to be well tolerated in phase 1 safety studies and is
currently being evaluated in phase 2 clinical studies for treat-
ment of BK virus and CMV infections (ClinicalTrials.gov iden-
tifiers NCT00793598 and NCT00942305).

CMXO001 has the potential to be a highly effective therapy
for neonatal herpes infections and severe CNS infections.
Therapy with ACV is the current standard of care, and
CMXO001 will likely be administered to some patients already
receiving this drug; thus, it is important to document the safety
as well as confirm the efficacy of this combination. Since
CMXO001 does not require phosphorylation by the HSV thy-
midine kinase (TK), it should also be effective against ACV-
resistant infections. Further, the coadministration of CMX001
and ACV might also be able to minimize the selection for
resistant viruses in immunosuppressed individuals. Studies
presented here document the efficacy of CMX001 against
ACV-resistant strains of HSV-1 and HSV-2. Additional in
vitro studies indicated that combinations of CMX001 and
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ACYV synergistically inhibit the replication of both viruses.
These data were confirmed in animal models of HSV-1 and
HSV-2 infections, where the combination proved to syner-
gistically reduce mortality of infected mice. Results from
this series of experiments support the use of CMX001 in
ACV-resistant infections and also suggest that the addition
of CMX001 to the standard of care should improve the
outcome for patients with severe herpesvirus infections.

MATERIALS AND METHODS

Compounds. CMX001 was provided by Chimerix, Inc. (Durham, NC), and
ACV was purchased from Sigma-Aldrich, St. Louis, MO.

Cells and viruses. All in vitro studies were performed using human foreskin
fibroblast (HFF) cells prepared from human foreskin tissue obtained from the
University of Alabama at Birmingham tissue procurement facility with approval
from its institutional review board (IRB). Strains of HSV-1 used to assess
antiviral activity included the wild-type (wt) F strain as well as ACV-resistant
isolates DM2.1, PAA'S5, SC16-S1, and B-2006. The wt HSV-2 strain G was used
to evaluate the activity of the compounds as well as resistant isolates 12247,
13077, 11680, and AG-3. For combined efficacy and animal studies, strains E-377
and MS were used to evaluate efficacy against HSV-1 and HSV-2, respectively.
The provenance and phenotypic and genotypic characteristics of each of these
viruses were reported recently (26). Mutations in these isolates thought to confer
resistance to ACV are in the TK open reading frame.

In vitro susceptibility assays. Standard plaque reduction assays were per-
formed with monolayers of confluent HFF cells in 6-well plates by methods
reported previously (25). Briefly, virus suspensions were used to infect triplicate
monolayers of HFF cells in 6-well plates. After adsorption of the virus, the
medium was replaced with growth medium containing 6 different concentrations
of the compounds. After a 3-day incubation, cell monolayers were stained with
crystal violet and plaques were enumerated. Compound concentrations sufficient
to reduce plaque numbers by 50% (ECs,) were interpolated from the experi-
mental data.

Combination efficacy and cytotoxicity studies. Combinations of CMX001 and
ACV were evaluated using an in vitro antiviral assay to assess combined efficacy
using an experimental approach similar to what we described previously (27).
Briefly, a checkerboard matrix of drug dilutions was prepared directly in 96-well
plates containing monolayers of HFF cells. Four replicate plates were infected
with either strain E-377 or MS at a multiplicity of infection (MOI) of 0.01
PFU/cell. At 3 days after infection, total DNA from each well was prepared using
the Wizard SV 96 genomic DNA purification system (Promega, Madison, WT).
Genome copy number was quantified by real-time PCR using plasmid pMP031
to provide absolute quantification. Amplification primers used were 5'-ACC
GCC GAA CTG AGC AGA C-3' and 5'-TGA GCT TGT AAT ACA CCG TCA
GGT-3', together with the probe 5'-6FAM-CGC GTA CAC CAA CAA GCG
CCT G-TAMRA-3' (where 6FAM is 6-carboxyfluorescein and TAMRA is 6-car-
boxytetramethylrhodamine). These primers detect sequences within the DNA
polymerase open reading frame that correspond to coordinates 65824 to 65899
in HSV-1 (GenBank accession number GU734771.1) and 66379 to 66454 in
HSV-2 (GenBank accession number Z86099.2). Cells in two replicate plates
remained uninfected and were exposed to the same combinations of drug con-
centrations, and cell viability was determined using a CellTiter-Glo assay (Pro-
mega, Madison, WI).

The dynamic range inherent in the real-time PCR data provided information
that was superior to that generated in more traditional assays. To take advantage
of this new format, the MacSynergy II software that we developed more than 20
years ago (27) was modified to accept the copy number in units of genomic
equivalents (ge) and converted it to logarithmic form. The calculations used to
evaluate synergy and antagonism were also changed to accommodate the new
data but were mathematically equivalent to those used in our established
method. The resulting volumes of statistically significant synergy and antagonism
reflect the magnitude of these effects and are given in logarithmic form in units
of pM?log,ge. For each drug combination study, a concurrent cytotoxicity study
was performed with the same cells and matched drug exposure. Cytotoxicity data
were evaluated as we described previously to show that the observed effects were
not associated with synergistic cytotoxicity (27).

In vivo efficacy against HSV-1 and HSV-2. Female BALB/c mice, 3 to 4 weeks
of age, were obtained from Charles River Laboratories (Raleigh, NC) and
utilized in lethal intranasal models of systemic HSV-1 and HSV-2 infections.
Mice were housed in microisolator cages and utilized at 15 mice per group. They
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TABLE 1. Efficacy of CMX001 against ACV-resistant
isolates of HSV

ECso = SD (pM)*

Isolate
CMX001 ACV

HSV-1

DM2.1 0.008 = 0.0007 >100 = 0°

B-2006 0.01 * 0.0007 >100 = 0

PAA'S 0.01 0 14+27

SC16-S1 0.01 0 >100 = 0

F (wt) 0.015 =+ 0.006 1.9 = 0.47
HSV-2

AG-3 0.023 = 0.009 >100 = 0

12247 0.021 + 0.012 >100 * 0

11680 0.009 =+ 0.0007 79 = 10

11572 0.027 = 0.018 >100 * 0

G (wt) 0.029 = 0.015 2.1 =0.99

¢ Concentration required to reduce plaque numbers by 50% (ECs,), with
standard deviation values shown from three independent experiments.
> >100 = 0, all values were >100 wM.

were obtained, housed, utilized, and euthanized according to policies of USDA
and the Association for Assessment and Accreditation for Laboratory Animal
Care, International. All animal procedures were approved by the University of
Alabama at Birmingham Institutional Animal Care and Use Committee prior to
the initiation of studies. HSV infections were initiated by intranasal inoculation
of BALB/c mice with HSV-1 strain E-377 or HSV-2 strain MS with 1 x 10° or
1.1 X 10° PFU/mouse, respectively, which typically results in 90% mortality.
Previous studies indicated that the lowest effective dose of ACV was 30 mg/kg of
body weight administered orally twice daily, and the lowest effective dose of
CMX001 was 5 mg/kg given orally once daily (29). These levels were selected as
the highest dosages used, so improved efficacy of the combination could be
detected using an experimental design we reported previously (30). All mice
were dosed twice daily for 7 days beginning 72 h after viral inoculation using a
total volume of 0.2 ml of either the vehicle or drug solution so all animals were
subjected to an equal amount of stress. Animals were observed for 21 days for
mortality.

Statistical evaluation. Groups of mice treated with antivirals were compared
to vehicle-treated groups for statistical evaluation. Mortality rates were analyzed
by Fisher’s exact test. The mean-day-of-death data were analyzed by Mann-
Whitney U rank sum, which compares the median values nonparametrically. A P
value of 0.05 or less was considered significant.

RESULTS

In vitro efficacy against ACV-resistant isolates of HSV-1 and
HSV-2. Previous studies from our laboratory demonstrated
that CMX001 exhibited enhanced efficacy against all the hu-
man herpesviruses compared to that of CDV (41). It also
retained antiviral activity against ganciclovir (GCV)-resistant
isolates of CMV, which could also be expected since CDV is a
monophosphate analog that does not require an initial phos-
phorylation by the UL97 viral kinase. This characteristic
should also render CMXO001 effective against ACV-resistant
isolates of both HSV-1 and HSV-2, since most resistant viruses
have mutations in the TK open reading frame that reduce the
formation of the active metabolite (9, 21). The susceptibility of
four ACV-resistant isolates of both HSV-1 and HSV-2 was
evaluated for both CMX001 and ACV. Although all resistant
isolates exhibited elevated ECs s for ACV, none were resistant
to CMXO001 (Table 1). These data are consistent with its effi-
cacy against GCV-resistant isolates of CMV and indicate that
CMX001 would be useful in the treatment of drug-resistant
CMYV and HSV infections (41).
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FIG. 1. Antiviral activity of CMX001 and ACV against HSV. Eval-
uation of the combined efficacy of CMX001 and ACV includes the
activity of the compounds used individually. The efficacy of CMX001
(closed symbols) and ACV (open symbols) is shown as the reduction
of the absolute genome copy number (log of genomic equivalents,
log,oge) for the E-377 strain of HSV-1 (A) and the MS strain of HSV-2
(B). Results shown for each virus were obtained from three indepen-
dent studies, with error bars representing the standard deviation values
within each experiment.

Combined efficacy of CMX001 and ACV. The combined ef-
ficacy of CMXO001 and ACV against HSV infections was eval-
uated using methods that we have utilized for the last 20 years
(27). However, the application of real-time PCR to quantify
genome copy number increased the dynamic range of the assay
and facilitated the detection of synergistic interactions over a
wider range of drug concentrations. The experimental design
yielded complete dose-response curves for both drugs, and
CMXO001 exhibited more potent antiviral activity than ACV
against both HSV-1 and HSV-2 (Fig. 1). At concentrations of
0.5 pM, CMXO001 essentially eliminated the replication of viral
DNA and reduced levels to below those associated with the
inocula and was 100-fold more potent than ACV.

Combinations of ACV and CMXO001 were also highly effec-
tive in reducing genome copy numbers in cells infected with
HSV-1. Reductions in absolute copy numbers in infected cells
treated with both drugs individually and in combination are
shown in Fig. 2A, with colored regions representing the log,,
reduction in genomic equivalents (log,,ge). For example, the
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blue region shows all combinations of concentrations that re-
duced the viral DNA copy number by at least 1 log,,ge. The
edge of this region intersects the horizontal axis at 6.2 nM
CMXO001 (with no ACV), indicating that this concentration
was sufficient to reduce the genome copy number by 1 log,,ge.
Similarly, the intersection of the blue region with the left ver-
tical axes at 2.2 pM ACYV indicates that this concentration of
ACYV as a single agent can also reduce the viral genome copy
number by 1 log,,ge. The general shift of these lines of equal
effects to lower concentrations of ACV reflects its increasing
efficacy as concentrations of CMX001 are increased in the
combination. To identify concentrations that yield greater-
than-expected reductions in genome copy numbers (synergy),
the expected effects were calculated from the individual dose-
response curves and subtracted from the experimental data.
Statistically significant differences were plotted and are shown
at concentrations of both drugs where synergy was observed
(Fig. 2B). This analysis revealed a rather large range of com-
binations of concentrations where synergistic interactions were
consistently observed. This effect was also reproducible, and
the average volume of this interaction from three independent
experiments was 23 * 2.2 pM?log,,ge (8.1 * 2.3 pM3log,,ge
at 95% confidence). The value given at 95% confidence rep-
resents a conservative estimate of the synergy volume using the
lower 95% confidence limit of the experimental data rather
than the average of the experimental data to calculate synergy
(27). Notably, concentrations of ACV and CMX001 that syn-
ergistically inhibited viral replication were below the plasma
concentrations reported in mice, at 10 uM and 2.3 pM, re-
spectively (10, 12).

Since the combination of ACV and CMX001 would also be
useful for the treatment of HSV-2 infections, the study was
repeated in cells infected with this virus, and similar results
were observed (Fig. 2C and D). Concentrations of ACV re-
quired to reduce genome copy number by 1 log,,ge were con-
sistently reduced as increasing concentrations of CMX001
were added to the drug combination (Fig. 2C). The synergy
plot (Fig. 2D) also revealed a broad range of concentrations of
both drugs that synergistically reduced the genome copy num-
ber, and the volume of synergy produced by the combination
was 16 * 3.1 uM?log,,ge (3.6 = 1.1 pM?log,,ge at 95% con-
fidence), which was similar to that observed with HSV-1. The
synergies observed with the in vitro studies against both HSV-1
and HSV-2 were very encouraging and suggested that the
combination of ACV and CMXO001 should be investigated fur-
ther in animal models of HSV infection.

All the combination studies included the concurrent evalu-
ation of cytotoxicity to show that the synergistic inhibition of
viral replication was a specific effect. For all studies, the ob-
served cytotoxicity was minimal at all combinations of concen-
trations of both compounds and generally did not reduce cell
viability by more than 10%, as determined by CellTiter-Glo
assays in parallel cytotoxicity plates (data not presented). Fur-
ther, the average cell number in the drug matrix was not sta-
tistically different from the average cell number in the control
wells (P > 0.05).

Synergistic inhibition of mortality in mice infected with
HSV-1 and HSV-2. Recently, we reported the in vivo efficacy of
both ACV and CMX001 in mice infected with HSV-1 and
HSV-2 (29). To determine if the combination of the two drugs
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FIG. 2. Combined efficacy of CMX001 and ACV against HSV-1 and HSV-2. Cells infected with E-377 strain HSV-1 were treated with a matrix
of combinations of the ACV and CMXO001 concentrations indicated. (A) Resulting reductions in the absolute genome copy numbers (log;,ge) as
determined by real-time PCR are shown at the corresponding concentrations where they were observed, with colors representing the magnitude
of the reduction shown. In this topographical representation, colored lines represent equal reductions in genome copy numbers and are shown at
concentrations at which they occur. Intersections of these lines with the bottom and left axes represent concentrations of CMX001 and ACV,
respectively, that reduce copy numbers to the levels indicated when used individually. (B) Differences between expected reductions in genome copy
numbers calculated from the individual dose-response curves and experimentally observed reductions in genome copy numbers (synergy) are
represented by columns at each of the combinations of concentrations shown on the two horizontal axes. Synergy values are shown at the 95%
confidence level. The same experiment was repeated in cell monolayers infected with the MS strain of HSV-2. Reductions in absolute genome copy
numbers (log,ge) are shown at the corresponding concentrations where they occur (C). Differences between expected reductions in genome copy
numbers and experimentally determined reductions in genome copy numbers (synergy) are plotted at each of the combinations of concentrations
and are shown at the 95% confidence level (D).

could synergistically reduce mortality in this model, we used an each of the three groups supplemented with 5, 2.5, or 1.25
experimental design that used single-drug concentrations that mg/kg of CMXO001. Similar effects were also apparent for some
were minimally effective and delayed the onset of therapy for groups using the mean day of death (MDD) as another indi-
3 days. In the first study with animals infected with HSV-1, cator of efficacy. No significant increases in the MDD were
neither ACV nor CMXO001 alone at any of the low concentra- observed in animals treated with 10 mg/kg of ACV or 1.25
tions tested significantly reduced mortality compared to the mg/kg of CMX001 alone, yet the combination of these two
mortality of those treated with the vehicle (Table 2). However, doses resulted in a significant increase in the MDD. This same
animals treated orally with ACV at 30 mg/kg supplemented effect was also observed with combinations of 3 mg/kg and 1.25
with each of the three concentrations of CMX001 exhibited mg/kg of ACV and CMX001, respectively.

significantly reduced mortality (P < 0.01). The same effect was A second study was then conducted in mice infected with
also observed when the dose of ACV was further reduced to 10 HSV-2 to determine if enhanced protection could be demon-
mg/kg, and significant reductions in mortality were observed in strated against this virus, and the results are presented in Table
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TABLE 2. Effect of oral treatment with ACV in combination with CMX001 on the mortality of BALB/c mice inoculated with
HSV-1 strain E-377¢

Mortality
Treatment P value MDD =+ SD P value
No. %
Untreated 15/15 100 6.7 = 0.9
Vehicle (0.4% CMC) 15/15 100 6.3+ 1.1
ACV
30 mg/kg 12/15 80 NS 73+1.4 <0.05
10 mg/kg 11/15 73 NS 69+ 14 NS
3 mg/kg 15/15 100 NS 6.4+ 0.9 NS
CMXO001
5.0 mg/kg 11/15 73 NS 7.6 1.1 <0.01
2.5 mg/kg 15/15 100 NS 6.6 + 1.1 NS
1.25 mg/kg 13/15 87 NS 7.0 £0.8 NS
ACV and CMX
ACV, 30; CMX, 5 mg/kg 8/14 57 <0.01 64+14 NS
ACV, 30; CMX 2.5 mg/kg 4/15 27 <0.001 7.8 £0.5 <0.05
ACV, 30; CMX, 1.25 mg/kg 6/15 40 0.001 7.0 0.9 NS
ACV, 10; CMX, 5 mg/kg 6/15 40 0.001 7.5+ 1.0 <0.05
ACV, 10; CMX, 2.5 mg/kg 9/15 60 <0.05 62+ 14 NS
ACV, 10; CMX, 1.25 mg/kg 7/15 47 <0.01 8.1+0.9 <0.01
ACV, 3; CMX, 5 mg/kg 11/15 73 NS 75 +1.0 <0.01
ACV, 3; CMX, 2.5 mg/kg 12/15 80 NS 6.8+ 1.5 NS
ACV, 3; CMX, 1.25 mg/kg 13/15 87 NS 7.8 1.6 0.01

“ CMX001 was suspended in 0.4% carboxymethylcellulose (CMC) with or without ACV and given orally in 0.2-ml doses. Acyclovir was prepared in sterile water and
given orally in 0.2-ml oral doses. Animals were treated twice daily for 7 days beginning 72 h after viral inoculation. MDD, mean day of death; NS, not significant when
compared to the vehicle control group. P values are based on comparison of treatment groups with the vehicle control.

3. As indicated above for HSV-1, none of the treatment groups mg/kg of ACV with either 0.42 or 0.125 mg/kg of CMXO001
with ACV or CMX001 administered as single agents exhibited significantly reduced mortality (P =< 0.01). Similarly, combina-
significantly reduced mortality compared to that of the vehicle tions of 10 mg/kg of ACV together with 1.25 mg/kg of CM X001
control group (P > 0.5). However, the coadministration of 30 also resulted in decreased mortality (P = 0.01). Improvements

TABLE 3. Effect of oral treatment with ACV in combination with CMX001 on the mortality of BALB/c mice inoculated with HSV-2 strain MS*

Mortality
Treatment P value MDD = SD P value
No. %
Untreated 12/15 80 85*+09
Vehicle (0.4% CMC) 12/15 80 8.0+ 1.4
ACV
30 mg/kg 6/15 40 NS 10.7 = 2.0 <0.01
10 mg/kg 11/15 79 NS 11.1 =24 <0.01
3 mg/kg 15/15 100 NS 9.0 1.6 NS
CMXO001
1.25 mg/kg 9/15 60 NS 9429 NS
0.42 mg/kg 12/15 80 NS 9.8 £2.6 NS
0.125 mg/kg 13/15 87 NS 9.0 1.0 NS
ACV and CMXO001
ACV, 30; CMX, 1.25 mg/kg 6/15 40 NS 11.0 = 4.7 NS
ACV, 30; CMX, 0.42 mg/kg 4/15 27 <0.01 12.8 = 4.1 <0.01
ACV, 30; CMX, 0.125 mg/kg 2/15 13 0.001 10.5 = 0.7 <0.05
ACV, 10; CMX, 1.25 mg/kg 3/15 20 <0.01 9.7 = 0.6 0.05
ACV, 10; CMX, 0.42 mg/kg 8/15 53 NS 104 =34 NS
ACV, 10; CMX, 0.125 mg/kg 6/15 40 NS 9.8 = 1.7 <0.05
ACV, 3; CMX, 1.25 mg/kg 6/15 40 NS 11.3+25 <0.01
ACV, 3; CMX, 0.42 mg/kg 8/15 53 NS 10319 <0.01
ACV, 3; CMX, 0.125 mg/kg 10/15 67 NS 92 +22 NS

¢ CMXO001 was suspended in 0.4% carboxymethylcellulose (CMC) with or without ACV and given orally in 0.2-ml doses. Acyclovir was prepared in sterile water and
given orally in 0.2-ml oral doses. Animals were treated twice daily for 7 days beginning 72 h after viral inoculation. MDD, mean day of death; NS, not significant when
compared to the vehicle control group. P values are based on comparison of treatment groups with the vehicle control.
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in efficacy were also evident in extending the life of infected
animals. Oral administration of 3 mg/kg of ACV alone failed to
extend the MDD, as did each of the three oral doses of
CMXO001. Yet this same dose of ACV supplemented with ei-
ther 1.25 or 0.42 mg/kg of CMXO001 increased the MDD (P =
0.01).

The results from the combination studies against HSV-1 and
HSV-2 infections in mice were consistent and indicated that
the combined oral therapy with ACV and CMXO001 could
significantly reduce mortality, whereas the compounds at the
same doses as single agents were essentially ineffective. The
confirmation of synergistic efficacy in animal models of herpes
infections further suggests that this combination might be both
safe and effective in humans.

DISCUSSION

The purpose of the studies presented here was to evaluate
the efficacy of combinations of CMX001 and ACV against
HSV infections in vitro and to determine if the combination
therapy could demonstrate enhanced protection in animal
model infections without exacerbating toxicity. The ultimate
goal was to provide data to support the further development of
this combination in clinical trials.

The evaluation of drug combinations in cell culture has
helped to identify combinations of compounds that synergisti-
cally inhibit replication against other viruses, such as HIV and
hepatitis C. The data presented here for the combinations of
ACYV and CMX001 clearly demonstrate the synergistic inhibi-
tion of HSV replication. The observed effects were both re-
producible as well as robust and supported further studies in
animal models of HSV-1 and HSV-2 infection. These studies
confirmed that the efficacy of the combination was superior to
either drug used individually and indicated that this combina-
tion could synergistically reduce mortality in this animal
model. This was most apparent in Table 2, where combinations
of 10 mg/kg ACV and 1.25 mg/kg CMXO001 significantly re-
duced mortality, whereas three times this dose of ACV used
alone and four times this dose of CMXO001 used singly were
ineffective. But will this effect translate to improved efficacy in
humans? Administration of high-dose ACV results in plasma
levels of the drug of 10 uM (35), and a single 2-mg/kg dose of
CMX001 can achieve 0.62 wM concentrations in plasma (E. R.
Lanier, personal communication). Thus, these levels are com-
parable to those observed in mice and provide exposure to the
drugs at levels where significant synergy was observed in vitro
(Fig. 2). Equally important, the drug combination did not ex-
hibit synergistic cytotoxicity in cell culture, and the combina-
tion appeared to be well tolerated in mice. Additional in vivo
studies with higher concentrations of both drugs in combina-
tion will be required to further evaluate the potential for com-
bined toxicity. These data taken together suggest that the com-
bination should be both safe and highly effective in humans. It
is noteworthy that the clinically achievable levels of ACV and
CMXO001 in plasma correspond to 100-fold and 10,000-fold
reductions of viral DNA, respectively (Fig. 1). The significantly
greater control of viral replication afforded by CMX001 might
also translate to improved efficacy in the clinic.

Although both HSV-1 and HSV-2 infections respond well to
valacyclovir and famciclovir therapy, there is a need for im-
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proved therapies. The superior efficacy of CMX001 will be
particularly valuable for serious herpesvirus infections. Herpes
encephalitis remains a serious disease, and poor outcomes can
occur notwithstanding the availability of ACV (15). Severe
disseminated neonatal herpesvirus infections also respond well
to ACV therapy, but mortality rates remain in excess of 25%,
and survivors can also have long-term neurological sequelae
(16). Resistance to ACV is also a significant problem and is
observed in up to 7% of immunocompromised patients in-
fected with HSV-1 or HSV-2 (36), and additional therapies are
needed but not currently available (9). Since about 95% of
ACV-resistant clinical isolates exhibit reduced TK activity and
DNA polymerase mutations that confer resistance to the drug
are uncommon, CMX001 could be predicted to be highly ef-
fective against most resistant isolates (2). Existing secondary
therapies, such as CDV for resistant infections, are inadequate
and suffer from dose-limiting toxicities.

Combination therapy has proven to be highly effective in the
management of HIV infections (39). The improved efficacy
afforded by these therapies suppresses virus replication to un-
detectable levels and minimizes the development of resistance
(7). A similar strategy will likely be required to manage her-
pesvirus infections in immunosuppressed individuals that suf-
fer persistent infections from these viruses, which reactivate
frequently in the absence of an effective immune response. The
addition of CMXO001 to standard ACV regimens may signifi-
cantly increase the barriers to resistance and should be partic-
ularly useful in this target population.

This combination may also prove to be useful in the treat-
ment of primary HSV infections with the goal of rapidly re-
ducing viral load to minimize the number of latently infected
ganglia that seed subsequent recurrent infections. In animal
models of infection, the genome copy number correlates well
with the number of latently infected neurons in mice (31-32).
The effect of early intervention with high-dose ACV showed
reductions in the levels of viral DNA in ganglia and reduced
rates of reactivation in these models (33). Famciclovir and
valacyclovir have both been reported to work well in reducing
viral load and reactivation, and it could be important to com-
pare the efficacy of CMX001 in additional models of HSV
infections (18, 24, 37).

The efficacy of CMX001 against HSV-1 and HSV-2 is im-
pressive, and this drug has the potential to be useful in the
treatment of severe HSV infections and those that are resistant
to ACV. Data presented here suggest that the addition of
CMXO001 to standard ACV treatment regimens should be par-
ticularly effective and also retain efficacy even against ACV-
resistant infections. The further development of CMXO001 for
the treatment of HSV infections will provide a valuable sec-
ond-line therapy for resistant infections, and concomitant ther-
apy with ACV and CMX001 may also prove to be more effec-
tive than and improve adverse outcomes from severe infections
compared to ACV alone.
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