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Abstract: In vivo anti-HIV efficacy of (+)-calanolide A has been evaluated in a hollow fiber mouse model. It was
demonstrated that the compound was capable of suppressing virus replication in two distinct and separate
physiologic compartments (ip and sc) following oral or parenteral administration on a once- or twice-daily

treatment schedule. A synergistic effect was observed for the combination of (+)-calanolide A and AZT. © 1999
Elsevier Science Ltd. All rights reserved.

Introduction

(+)-Calanolide A, a natural product isolated from several tropical plants of the genus Calophyllum, has been
demonstrated to be active against HIV-1.' Evaluation of its activity against HIV-1 RT and NNRTI-resistant
viruses,2 * as well as detailed enzyme kinetics for RT inhibition,6 has suggested that (+)-calanolide A represents a
novel class of HIV-1 specific RT inhibitor. The antiviral features of (+)-calanolide A are highlighted below.

(1) Activity against a wide range of HIV-1 strains: (+)-Calanolide A provides cytoprotection to both
established and fresh human cells, including fresh peripheral blood leukocytes and macrophages, against all
laboratory and clinical isolates of HIV-1, including both syncytium-inducing and nonsyncytium-inducing clinical
isolates.

(2) Unique sensitivity profile to drug-resistant virus isolates:m’6 While being
fully active against AZT- and 3TC-resistant mutations, (+)-calanolide A exhibits
enhanced anti-HIV activity against virus isolates with the Y181C mutation and against
virus isolates with both Y181C and the AZT-resistance engendering mutations. Even
though the compound possesses reduced activity against K103N mutant virus (four to

ten fold), it remains fully active against virus isolates that express both the Y181C and

K103N mutations. These two mutations are the most commonly observed mutations in (+)-Calanolide A
both laboratory and clinical virus isolates and have proven highly resistant to nearly all

other NNRTIs, including nevirapine (Viramune®), delavirdine (Rescriptor ), and efavirenz (Sustivam).
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(3) Unique mutation resistant to (+)-calanolide A" ™ In the in vitro resistance studies, (+)-calanolide A
predominantly selects for a drug-resistant virus isolate having a previously unknown mutation at amino acid
residue 139 (T1391), which is, however, susceptible to almost all other anti-HIV agents including NNRTISs.

(4) Unique mechanism and synergistic effect in combination with other antiretroviral :1gen,ts:6’7 Two
binding sites/modes on HIV-1 RT have been proposed for (+)-calanolide A binding, indicating that it may interact
with the HIV-1 RT in a mechanistically unique fashion. In the in vitro cell culture assays, (+)-calanolide A
exhibits synergistic inhibition of HIV when used in combination with nucleoside RT inhibitors, protease
inhibitors, or certain other NNRTIs.

(5) Penetration to viral reservoirs: (+)-Calanolide A, due to its lipophilic nature, has been demonstrated
to readily distribute into brain as well as lymph after oral and intravenous administration in rats.

Currently, (+)-calanolide A is in clinical trials to evaluate its safety and pharmacokinetics as single and
multiple doses in both normal healthy and HIV-infected volunteers. After oral administration, the drug was
generally well tolerated and no patterns indicative of a safety concern were observed.”” Plasma drug
concentrations in humans were higher than anticipated from animal data; AUC and Cp. values increased with
increasing dose. It appeared that therapeutic levels can be achieved in humans, based on in vitro ECy values.
However, the in vivo anti-HIV efficacy of (+)-calanolide A has never been demonstrated. Herein, we wish to
report the in vivo results obtained in the hollow fiber mouse model, an animal model which has been
demonstrated to be amenable to evaluation of efficacy of anticancer and antiviral agents. e

Materials and Methods

The hollow fiber-based anti-HIV efficacy assay that measures the ability of a compound to inhibit acute
replication of HIV-1 in CEM-SS cells in an in vivo environment has been described previously,n‘15 Briefly,
CEM-SS cells were acutely infected with the IHg strain of HIV-1."""" These infected cells were immediately
loaded into conditioned polyvinylidene fluoride hollow fibers (Spectrum Medical Corporation, Houston, TX)
with a molecular mass exclusion of >500,000 Dalton and an internal diameter of 1 mm. The fiber samples were
heat sealed at 2 ¢m intervals with hot needle holders (270-300 oF) and separated at the center of the seal and kept
in medium at 4 "C until implanted into mice. Each 2-cm sample contained approximately 20 pL of cell inoculum.
Three fiber cultures were implanted subcutaneously (sc) and three fiber cultures were implanted intraperitoneally
(ip) into each SCID mouse (NCI Animal Production Facility, NCI-FCRDC, Frederick, MD), thus providing six
experimental data points per mouse.

For each experiment, groups of mice received treatment with the vehicle, the test compound, or the
positive control compound, ddC. The treatment route and schedule were varied among several experiments. The
vehicles were sesame oil for oral gavage and DMSO for sc administration. The ddC control (40 mg/kg q8h) was
solubilized in physiologic saline for administration by the ip route. Treatments were administered on Day 0 (day
of fiber implant) through Day 6 with sample collection on Day 7. The samples collected included the fibers for
cell viability determination and RT quantitation as well as serum and peritoneal washes for p24 antigen
quantitation. The p24 antigen concentrations were determined with a commercially available enzyme-linked
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immunosorbent assay (ELISA) kit (Coulter Diagnostics, Hialeah, FL). Cell viability was determined with a stable
end-point MTT dye conversion assay. . (+)-Calanolide A was synthesized as previously described. ?

Results and Discussion

A dose range-finding study was initially conducted with 3 mice per dose group. (+)-Calanolide A was
administered to mice by oral gavage at various doses every 8 h (q8h), every 12 h (q12h), or once daily (g24h).
The results indicated that (+)-calanolide A, given twice daily by the oral route at 150 mg/kg/dose (q12h) or once
daily at 200 mg/kg/dose (q24h), produced significant anti-HIV activity in both subcutaneous and intraperitoneal
compartments, as demonstrated by an increase in viable cell mass and a decrease in RT activity in the hollow
fiber cultures, as well as a decrease in serum p24 concentrations (data not shown). Since the hollow fiber samples
from the treated mice contained adequate viable cells, the decreases in both RT activity and p24 antigen
production cannot be attributed to a lack of host cell replication. Furthermore, these doses were not lethally toxic
to the host mice, while doses above 200 mg/kg q12h and 300 mg/kg q24h were found to be toxic. With a q8h
dosing schedule, a dose of 100 mg/kg/dose only produced a decrease in RT activity, without protection against
decreased cell viability, a dose of 150 mg/kg/dose (q8h) prevented increases in RT activity and p24 antigen
production with an accompanying increase in cell viability, but it was toxic (data not shown).

Two groups of mice bearing only three sc or three ip fibers were treated with (+)-calanolide A at 100
mg/kg q12h by ip injection. The viral replication in the sc fibers was suppressed to the same level as that in the ip
fibers, indicating that the compound was able to diffuse out of the peritoneal cavity and be delivered to the sc
site.

These results encouraged further studies. Reproducible evidence of in vivo anti-HIV activity of (+)-
calanolide A was obtained with once- or twice-daily dosing by the oral route (six mice per -dosing group).
Controls included saline-treated, DMSO-treated, and vehicle-treated mice (five mice per group). Again, the p24
antigen concentration in serum and peritoneal wash (Figure 1A), as well as RT activity in the hollow fiber culture
(Figure 1B), indicated a significant reduction in viral replication following treatment. The dose-dependent
reduction was not the result of cytotoxicity to the CEM-SS cells, since the viable cell mass in the hollow fiber
samples exceeded the starting cell mass for all compound-treated groups (Figure 1C). Of equal importance was
the fact that neither organ nor cellular toxicity was observed at antiviral doses.

To evaluate the correlation of the anti-HIV activity of (+)-calanolide A with its plasma concentrations,
blood samples were collected from mice on Day 7 at the 24-h time period after the last dose, prior to the fiber
collection. Plasma samples obtained were analyzed for the unchanged drug using a validated HPLC method.”’
Even though the plasma concentrations were found to be highly variable (the concentrations from the samples of
100 and 200 mg/kg/dose q24h groups were below the limit of quantification), they generally increased with the
increasing of dosages and correlated with the anti-HIV activity observed (i.e,, reduction in p24 antigen and RT
activity). As illustrated in Figure 1D, the higher plasma concentrations led to a greater reduction in serum p24
antigen levels, with the exception of the 175 mg/kg q12h dose, which may be due to possible incomplete drug
administration.
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Figure 1. Anti-HIV Activity of (+)-Calanolide A in the Hollow Fiber Model

It was reported that the combination of (+)-calanolide A with AZT in the in vitro cell culture assay yielded
a synergistic effect.” This synergy has been confirmed in this in vivo model. Two daily doses of (+)-calanolide A
(50 and 100 mg/kg/dose, q12h) were orally administered into mice with both ip and sc implants for 6 days, along
with three daily intraperitoneal doses of AZT (37.5, 70, and 150 mg/kg/dose, q8h), respectively. A profound
reduction in p24 antigen and RT activity was observed even at a dose as low as 50 mg/kg of (+)-calanolide A
when combined with 37.5 mg/kg of AZT (Figure 2). The combination reduced the p24 antigen in both serum and
peritoneal wash to levels far below those seen with the single agents at the same dose levels.
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1) vehicle q12h po, 2) (+)<calanolide A 100 mg/kg/dose q12h po, 3) (+)-calanolide A 50 mg/kg/dose q12h po, 4) AZT 150
mg/kg/dose q8h ip, 5) AZT 75 mg/kg/dose q8h ip, 6) AZT 37.5 mg/kg/dose q8h ip, 7) (+)-calanolide A 100 mg/kg/dose q12h po +
AZT 150 mg/kg/dose g8h ip, 8) (+)-calanolide A 100 mg/kg/dose q12h po + AZT 75 mg/kg/dose q8h ip, 9) (+)-calanolide A 100
mg/kg/dose q12h po + AZT 37.5 mg/kg/dose q8h ip, 10) (+)-calanolide A 50 mg/kg/dose q12h po + AZT 150 mg/kg/dose q8h ip.
11) (+)-calanolide A 50 mg/kg/dose ¢12h po + AZT 75 mg/kg/dose q8h ip, 12) (+)-calanolide A 50 mg/kg/dose q12h po + AZT 37.3

mg/kg/dose q8h ip, 13) ddC 40 mg/kg/dose q8h ip

Figure 2. Anti-HIV Activity of (+)-Calanolide A in Combination with AZT

Conclusion

Evaluation of (+)-calanolide A in a hollow fiber culture-based in vivo assay of antiviral efficacy showed
significant anti-HIV activity following oral or parenteral administration on a once- or twice-daily treatment
schedule. The compound was capable of suppressing virus replication in two distinct and separate physiological
compartments (subcutaneous site and peritoneal cavity), provided adequate dose levels were administered. This
supports the conclusion that the compound is well distributed in the host following oral absorption. Furthermore,
a synergistic effect was observed for the combination of (+)-calanolide A and AZT. Therefore, the in vivo
efficacy demonstrated here, along with results of a variety of in vitro studies, suggests that (+)-calanolide A has
characteristics favorable for its development as a clinical candidate against AIDS.
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