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9-[2-(R)-(Phosphonomethoxy)propyl]adenine (PMPA) is a nucleotide analogue with potent antiretroviral ac-
tivity in vitro and in simian models. A randomized, double-blind, placebo-controlled, dose-escalation clinical
trial of intravenous PMPA monotherapy was conducted in 20 human immunodeficiency virus (HIV)-infected
adults with CD4 cell counts of =200 cells/mm?® and plasma HIV RNA levels of =10,000 copies/ml. Two dose
levels were evaluated (1 and 3 mg/kg of body weight/day). Ten subjects were enrolled at each dose level (eight
randomized to receive PMPA and two randomized to receive placebo). On day 1, a single dose of PMPA or pla-
cebo was administered by intravenous infusion. Beginning on study day 8, PMPA or placebo was administered
once daily for an additional 7 consecutive days. All subjects tolerated dosing without significant adverse events.
Mean peak serum PMPA concentrations were 2.7 = 0.9 and 9.1 *= 2.1 pg/ml in the 1- and 3-mg/kg cohorts,
respectively. Serum concentrations declined in a biexponential fashion, with a terminal half-life of 4 to 8 h. At
3 mg/kg/day, a single infusion of PMPA resulted in a 0.4 log,, median decline in plasma HIV RNA by study day
8. Following 7 consecutive days of study drug administration thereafter, the median changes in plasma HIV
RNA from baseline were —1.1, —0.6, and 0.1 log,, in the 3-mg/kg/day, 1-mg/kg/day, and placebo dose groups,
respectively. Following the final dose in the 3-mg/kg/day cohort, the reduction in HIV RNA was sustained for
7 days before returning toward baseline. Further studies evaluating an oral prodrug of PMPA are under way.

Nucleoside analogues, such as zidovudine and d4T, require
intracellular phosphorylation to an active triphosphate me-
tabolite. The expression of the intracellular nucleoside kinase
responsible for the initial phosphorylation is low in resting
lymphocytes and macrophages/monocytes, thus limiting the ac-
tivity of such nucleoside analogues in these important cellular
targets of human immunodeficiency virus (HIV) infection (2,
7, 10). In contrast, nucleoside monophosphate (nucleotide)
analogues do not require intracellular phosphorylation by the
nucleoside kinase and thus may possess greater activity in a
broader range of cell types (3).

9-[2-(R)-(Phosphonomethoxy)propyl]adenine (PMPA) is a
nucleotide analogue with potent antiretroviral activity. In a 4-
week study of adult macaques chronically infected with simian
immunodeficiency virus (SIV), once-daily subcutaneous injec-
tions of PMPA (30 to 75 mg/kg of body weight/day) resulted in
a decline in plasma SIV RNA levels from a baseline of 2 to 3
log,, copies/ml (12). With continued dosing, this effect was
sustained for greater than 1 year (14). In macaques, 4 weeks of
once-daily subcutaneous injections of PMPA (30 mg/kg/day)
initiated as late as 24 h after intravenous inoculation of SIV
prevented infection (13).

In preclinical toxicity studies, PMPA at effective doses ap-
peared to be safe. Nephrotoxicity, characterized by proximal
convoluted tubule degeneration, was the principal toxicity
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when PMPA was infused at very high doses (>75 mg/kg/day).
In vivo and in vitro, the active metabolite of PMPA has an
intracellular half-life of 12 to 15 h in activated lymphocytes and
33 to 50 h in resting lymphocytes, thus suggesting that once-a-
day dosing regimens may be possible (11). Finally, preliminary
data indicate that PMPA does not select for high-level resis-
tance during in vitro propagation of the HIV in the presence of
the drug (4). Considering these favorable preclinical results, a
randomized, double-blind, placebo-controlled, dose-escalation
clinical trial of intravenous PMPA monotherapy was initiated
in 20 HIV-infected adults.

(Part of this research was presented at the International
Conference on Antiviral Research, Atlanta, Ga., April 1997, and
at the Sixth European Conference on the Clinical Aspects and
Treatment of HIV Infection, Hamburg, Germany, October
1997.)

MATERIALS AND METHODS

Study design. Eligible subjects were men or women aged 18 to 60 years with
documented HIV infection, plasma HIV RNA levels of =10,000 copies/ml, and
CD4 cell counts of =200 cellsymm>. Other inclusion criteria included serum
creatinine concentrations of =1.5 mg/dl, calculated creatinine clearance (CLcg)
of =50 ml/min (determined by the Cockcroft-Gault formula), =1+ proteinuria,
total bilirubin concentrations of =1.5 mg/dl, hepatic transaminases of =3 times
the upper limit of normal, absolute neutrophil counts of =1,000 cells/mm?,
platelet counts of =75,000/mm?, hemoglobin concentrations of =9.0 g/dl, and
prothrombin times of <1.2 times the upper limit of normal. A negative serum
pregnancy test was required at the time of enrollment for women of childbearing
age. Subjects with positive serum tests for hepatitis B surface antigen were
excluded, as were those with active, serious infections.

Subjects were required to discontinue all antiretroviral therapies for 2 weeks
prior to randomization and until after the study day 28 visit. Subjects receiving
ongoing therapy with any of the following agents were excluded: aminoglycoside
antibiotics, diuretics, itraconazole, fluconazole, ketoconazole, isoniazid, rifam-
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TABLE 1. Baseline characteristics of study subjects

Dosage of Median age of dosage . CD#4 cells HIV RNA No. of subjects in group who
No. of males in
PMPA received group subjects d(;sa ¢ erou (median no. of (median log,, had undergone prior anti-
(no. of subjects) (yr) sage group cells/mm?) copies/ml) retroviral therapy
None (placebo) (4) 39 1 804 43 0
1 mg/kg/day (8) 39 8 496 4.7 4
3 mg/kg/day (8) 38 8 239 5.1 4

pin, rifabutin, clarithromycin, azithromycin, systemic chemotherapeutic agents,
systemic corticosteroids, and any investigational agent.

A total of 20 subjects were enrolled and randomized in a 4:1 ratio to receive
intravenous PMPA or placebo. Randomization was performed centrally by a
computer-generated random number program that assigned patient numbers
within each dose cohort to active drug or placebo treatment in blocks of five
patients. The first 10 subjects enrolled received 1 mg of PMPA/kg or an equiv-
alent volume of placebo. After a full safety and pharmacokinetic analysis of the
first cohort was completed, the second 10 subjects were enrolled and received
3 mg of PMPA/kg or an equivalent volume of placebo. At each dose level, 8
subjects were randomized to receive PMPA and 2 were randomized to receive
placebo.

PMPA (in normal saline) or placebo (normal saline) was supplied by Gilead
Sciences, Inc., and administered by intravenous infusion into a peripheral vein
over a 1-hour period. Study medication was administered as a single intravenous
infusion over 60 min on day 1 of the study period, followed by a 7-day washout
period. Beginning on day 8, study medication was administered once daily as an
intravenous infusion for seven consecutive days (i.e., days 8 to 14).

Safety and efficacy analyses. Subjects underwent a qualifying physical exami-
nation 24 h prior to the first dose and had directed regular physical examinations
through study day 42. Assessments of serum chemistries, hematology, coagula-
tion parameters, and urinalyses were performed regularly during study drug
administration and on days 21, 28, and 42 after study drug discontinuation.

Blood and plasma samples for T-cell subset analysis (CD4 and CD8) and HIV
RNA assays were obtained prior to the dose on days 1, 2, 4, 8, and 11 and
immediately after the day 14 dose. Final plasma HIV RNA determinations were
performed on days 21 and 28. For HIV RNA analysis, plasma was obtained by
centrifugation within 4 h of blood collection and stored at —70°C. Samples were
shipped to a central laboratory and analyzed as one batch by reverse transcrip-
tase quantitative polymerase chain reaction assay (Amplicor; Roche Diagnostics
Inc.; lower limit of quantification, 400 copies/ml).

Symptoms, signs, and laboratory abnormalities were recorded with a graded
toxicity scale based on the AIDS Clinical Trials Group’s Table for Grading
Severity of Adult Adverse Events. In general, mild symptoms were classified as
grade I, moderate symptoms as grade II, severe symptoms as grade III, and
life-threatening symptoms as grade IV. The relationship of an adverse event to
the study medication was assessed by the treating investigator and was done
without knowledge of treatment assignment to PMPA or placebo. Subjects with
grade III or IV events thought by the investigator to be drug related were
removed from study. For grade III or IV events not considered to be study drug
related, the drug was withheld until the event resolved. At the discretion of the
investigators, subjects with grade II events could remain on the study drug.

Pharmacokinetic analyses. Prior to the first dose, subjects were admitted to an
inpatient research center. From midnight prior to the first dose until 2 h after the
first dose, subjects were maintained in a fasting state (except water ad lib). On
day 1, serum for pharmacokinetic analysis was obtained at 0 h (predose), 0.5 h
(mid-infusion), and 1 h (end of infusion). Thereafter, serum was obtained at
hours 1.5, 2, 2.5, 3, 4, 6, 8, 12, and 24. A similar inpatient pharmacokinetic
assessment was performed following the final dose (day 14). At each time point,
approximately 10 ml of blood was obtained; serum was separated and stored at
—20°C.

Serum and urine samples were analyzed for PMPA concentrations by vali-
dated high-performance liquid chromatographic assays involving precolumn der-
ivatization and fluorescence detection. The serum method was linear over the
range 25 to 1,000 ng/ml, and the limit of quantitation was 25 ng/ml. The intraday
precision and accuracy (percent deviation from nominal) were <5.9 and <5.2%,
respectively. The urine method was linear over the range 1 to 20 pug/ml, and the
limit of quantitation was 1 pg/ml. The intraday precision and accuracy levels
(percent deviation from nominal) were <3.5 and <0.7%, respectively.

The pharmacokinetic parameters for intravenous PMPA were assessed by
application of the nonlinear curve fitting software package PCNONLIN (version
4.2; Statistical Consultants, Inc., Lexington, Ky.) by using noncompartmental
methods. A minimum of three data points were used to determine the ter-
minal phase. Additional parameters were calculated manually. Total serum
clearance (CL) was calculated as the dose/area under the concentration-time
curve from 0 h to infinity (AUC,,_...). The steady state volume of distribution
(Vss) was calculated as mean residence time X CL. Urine samples were
collected for 72 h following the start of the PMPA infusion. The concentra-
tion of PMPA in serum at the end of the 72-h urine collection period (C5)

was calculated as Cj,, X el7beta * (72 = fasty] 'where Cy,, is the last quanti-
fiable concentration of PMPA in serum and 7, is the time of the last
quantifiable concentration of PMPA in serum. The area under the serum
concentration-time curve up to the end of the urine collection period, AUC,,_-,,
was calculated as AUC,_, — (C;y/beta). The renal clearance (CLg) of PMPA
following the first intravenous administration was calculated as (Uy_7, X 1,000)/
(AUC_»4 X Wt) where U_, is the total milligrams of PMPA excreted in the
urine during the entire urine collection and Wt is the body weight of the patient
in kilograms. The corresponding CLg on day 14 of the study was calculated as
(Ugp_z4 X 1,000)/(AUCgss X Wt), where AUCgg is the steady-state AUC. The
cumulative amount of PMPA excreted at the end of each urine collection period,
Uy, was calculated as the sum of the amounts excreted in all previous collection
periods. The cumulative percentage of the dose excreted at the end of each
collection period was calculated as 100 X (U,_/dose).

Statistical analyses. The distribution of all summary data for each analyzed
variable was assessed for normality. Statistical analyses were performed for
comparisons of the pooled placebo group to each active drug group. All P values
were two sided. The significance level of all tests was set at 5%. Baseline
characteristics were compared among dose groups by analysis of variance for
continuous variables and Pearson’s chi-square test for categorical variables. Sta-
tistical comparisons of changes in plasma HIV RNA levels through the comple-
tion of the study period were assessed by absolute change from baseline. Changes
in CD4 cell counts and plasma HIV RNA levels between the placebo and each
active dose group were compared by the Wilcoxon rank-sum test.

RESULTS

Baseline characteristics. Between October 1996 and Janu-
ary 1997, 20 HIV-infected subjects were enrolled (10 at the
1-mg/kg dose level and 10 at the 3-mg/kg dose level, with 2
subjects in each dosing group receiving placebo). The baseline
characteristics in the placebo group and the two treatment
groups are shown in Table 1. Seventeen (85%) of the subjects
were male. Each of the three female subjects in the study was
randomized to receive placebo. The median age of the study
subjects was 39 years. The median CD4 cell count at entry for
the entire study group was 363 cells/mm? (range, 133 to 1,259),
while the median baseline plasma HIV RNA level was 4.7 log, ,
copies/ml (range, 3.5 to 5.6) (Table 1).

Pharmacokinetics. Pharmacokinetic data from both dose
groups are outlined in Table 2 and Fig. 1. For the first dose
cohort (1 mg/kg/day), a single infusion of PMPA resulted in a
maximum serum concentration (C,,,,) of 2.7 = 0.9 pg/ml.
Serum concentrations declined in an apparently biexponential
fashion with a terminal half-life of 4.5 = 0.6 h. All subjects that
were given a single 1-mg/kg dose had detectable levels of
PMPA 12 h later. Administration of a single 3-mg/kg dose
resulted in a serum C,,, of 9.1 = 2.1 pg/ml. Serum PMPA
concentrations declined in a biexponential manner with a ter-
minal half-life of 7.1 = 1.3 h. All subjects in the higher dose
cohort displayed quantifiable serum levels for up to 24 h after
the first dose. The apparent difference in half-life at the 1.0-
and 3.0-mg/kg dose levels may be artifactual, resulting from the
constraints of the bioanalytical method (serum concentrations
were not quantifiable beyond 12 h postdosing at the 1.0-mg/kg
dose).

The mean AUC after single infusions was dose proportional
(Table 2). On day 1, the clearance of intravenous PMPA was
237 £ 56 ml/h/kg for the 1-mg/kg dose and 203 = 72 ml/h/kg
for the 3-mg/kg dose group. At baseline, calculated CLy for
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FIG. 2. Median log,, change in plasma HIV-1 RNA levels from that at
baseline. Top line (with boxes), placebo; middle line (with circles), 1-mg/kg/day

dose; bottom line (with boxes), 3-mg/kg/day dose. Vertical bars represent values
from quartile 1 to quartile 3 for each dosing cohort.

parent relationship between event frequency or severity and
dose.

T-cell subsets. After completion of dosing with PMPA (i.e.,
study day 14), there was a median increase in CD4 cell count
from baseline of 27 and 32 cells/mm? in subjects in the 1- and
3-mg/kg dose groups, respectively, compared to a median de-
crease of 65 cells in placebo recipients. This difference between
the active and placebo groups did not reach statistical signifi-
cance (P = 0.2 for the 1-mg/kg-dose group versus a placebo;
P = 0.2 for the 3-mg/kg-dose group versus a placebo; Wilcoxon
rank-sum tests).

HIV RNA levels. After a single intravenous infusion of
PMPA, there was a moderate decrease in plasma HIV RNA lev-
els at day 4 (median log,, declines of —0.2 and —0.2 copies/ml
in the 1- and 3-mg/kg dose groups, respectively; see Fig. 2). At
day 8, just prior to initiation of continued daily dosing, there
was a median decrease from baseline of 0.15 log,, copies/ml in
the 1-mg/kg treatment group, and a median decrease of 0.4
log,, copies/ml in the 3-mg/kg treatment group, compared to a
median increase of 0.05 log,, copies/ml in the placebo group
(P = 0.4 and P = 0.07 for the 1- and 3-mg/kg groups versus a
placebo, respectively).

After completion of 7 consecutive days of intravenous PMPA
dosing (study days 8 to 14), the median log,, changes in plasma
HIV RNA from baseline were 0.1, —0.6, and —1.1 copies/ml in
the placebo group and 1.0- and 3.0-mg/kg/day dose groups,
respectively (P = 0.009 for the 1.0-mg/kg-dose group versus a
placebo and P = 0.03 for the 3.0-mg/kg-dose group versus a
placebo). The median reduction in plasma HIV RNA levels
was not significantly different between the two active treatment
groups (P = 0.4).

Seven days after PMPA was discontinued (study day 21), the
median plasma HIV RNA level began to return towards base-
line in the 1-mg/kg-dose group. However, in the 3-mg/kg-dose
group, the median log,, plasma HIV RNA level remained
stable at 1.1 copies/ml below baseline on day 21, eventually
returning to near baseline by day 28 (Fig. 2). As illustrated in
Fig. 3, there appeared to be a correlation between the antiviral
response after 7 consecutive days of dosing (i.e., the median
decrease in plasma HIV RNA on study day 14) and the expo-
sure to PMPA (i.e., the median AUC on study day 1).

DISCUSSION

In this phase I/IT blinded multicenter clinical trial, short-
term use of the nucleotide analogue PMPA administered in-
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travenously to HIV-infected subjects was safe, well tolerated,
and effective in reducing plasma HIV RNA levels.

In preclinical studies, administration of PMPA as mono-
therapy was associated with a decline in plasma SIV RNA
levels in chronically infected macaques of >2 log,, copies/ml
(12, 14). The clinical data generated by this first study of
PMPA in humans demonstrated a dose-dependent, statistically
significant decrease in plasma HIV RNA levels when PMPA
was administered eight times over a 2-week period. At the
higher dose studied (3 mg/kg/day), median plasma HIV RNA
levels declined by greater than 90% (median log,, decrease,
1.1 copies/ml). This magnitude of the antiviral effect is com-
parable to that observed after limited dosing of other potent
antiretroviral therapies, including HIV-1 protease inhibitors
(5, 8). Accruing data suggest that declines in plasma HIV RNA
levels are highly predictive of clinical outcome (9).

At both doses of PMPA studied, viral load continuously
decreased during the PMPA 7-day consecutive treatment pe-
riod (days 8 to 14). Since the nadir was not clearly reached, a
more potent effect may be obtained with continued adminis-
tration of PMPA. Moreover, although statistical significance
was not achieved, there appeared to be an anti-HIV effect seen
following a single dose of PMPA (median decline in plasma
HIV RNA levels at 3 mg/kg, 0.4 log,, copies/ml). This effect
persisted for up to 7 days after a single infusion. Similarly,
when PMPA (3 mg/kg/day) was discontinued (after 7 days of
continuous dosing), HIV RNA suppression persisted for up to
1 week. The sustained depression in plasma HIV RNA ob-
served after drug discontinuation is consistent with the pro-
longed intracellular half-life of the intracellular phosphory-
lated drug, which has been found to be 12 to 50 h in activated
and resting peripheral blood lymphocytes, respectively, in vivo
(11).

PMPA administered parenterally was well tolerated in this
study. All subjects completed dosing without interruptions.
The most frequent adverse events were mild and transient and
included headache, dizziness, fatigue, and nausea. The only
moderate (grade II) adverse events thought to be related to
PMPA were transient episodes of nausea, fatigue, and abdom-
inal pain, each occurring in one patient. All symptoms resolved

15

Decrease in log10 HIVRNA at Day 14

'0.5' T T T
0 5 10 15

PMPA AUC on Day 1 (ug.h/mL)

FIG. 3. Median AUC on day 1 versus median antiviral response on day 14.
Median AUC on day 1 for placebo, 1-mg/kg/day, and 3-mg/kg/day dose groups
versus the median decrease in log;, plasma HIV RNA levels from baseline on
day 14. Vertical bars represent the standard error.
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despite continuous administration of drug. No clinically signif-
icant laboratory abnormalities were noted during the trial.

There was a significant increase in the AUC of PMPA in se-
rum after 14 days of dosing at 3.0 mg/kg/day. A possible ex-
planation is that clearance of PMPA decreased over the course
of the study. An alternative explanation, however, is that of
gradual accumulation of a fraction of the dose due to a slowly
equilibrating compartment with a long half-life. Analysis of the
serum data for 3.0 mg of PMPA/day with an open three-com-
partment model with multiple dosing (data not shown) gave a
good fit of the data with a terminal half-life of 31 h. This
compartment may represent the prolonged half-life of the in-
tracellular phosphorylated drug, as discussed above.

In studies to date, selection of resistance mutations in the
reverse transcriptase gene in vitro has been relatively difficult,
and high-level resistance has not been observed (4). Similarly,
PMPA did not select for high-level viral resistance in SIV-
infected macaques (14). Since the emergence of resistance to
PMPA was not analyzed in the present study due to the short
duration of dosing, future studies will need to confirm a low
propensity for development of resistance during more pro-
longed dosing.

In summary, in this phase I/II clinical study, intravenous
PMPA appeared to be safe and well tolerated. Parenterally ad-
ministered PMPA resulted in a significant reduction in plasma
HIV RNA levels, even after a single infusion. An oral prodrug
of PMPA, bis(isopropyloxymethylcarbonyl) PMPA, has been
developed (1, 11) and is currently under clinical evaluation (6).
The greater lipophilicity of the oral prodrug than the PMPA
the parent compound has been shown in preclinical models
to result in a greater ability to cross cellular membranes and
therefore enhances oral bioavailability. Future plans are to eval-
uate the safety and efficacy of long-term dosing of PMPA when
administered orally.
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