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The pharmacologic variability of nucleoside reverse transcriptase inhibitors such as lamivudine (3TC)
includes not only systemic pharmacokinetic variability but also interindividual differences in cellular transport
and metabolism. A modeling strategy linking laboratory studies of intracellular 3TC disposition with clinical
studies in adolescent patients is described. Data from ex vivo laboratory experiments using peripheral blood
mononuclear cells (PBMCs) from uninfected human subjects were first used to determine a model and
population parameter estimates for 3TC cellular metabolism. Clinical study data from human immunodefi-
ciency virus type 1-infected adolescents were then used in a Bayesian population analysis, together with the
prior information from the ex vivo analysis, to develop a population model for 3TC systemic kinetics and
cellular kinetics in PBMCs from patients during chronic therapy. The laboratory results demonstrate that the
phosphorylation of 3TC is saturable under clinically relevant concentrations, that there is a rapid equilibrium
between 3TC monophosphate and diphosphate and between 3TC diphosphate and triphosphate, and that 3TC
triphosphate is recycled to 3TC monophosphate through a 3TC metabolite that remains to be definitively
characterized. The resulting population model shows substantial interindividual variability in the cellular
kinetics of 3TC with population coefficients of variation for model parameters ranging from 47 to 87%. This
two-step ex vivo/clinical modeling approach using Bayesian population modeling of 3TC that links laboratory
and clinical data has potential application for other drugs whose intracellular pharmacology is a major

determinant of activity and/or toxicity.

Highly potent combination antiretroviral therapy has signif-
icantly reduced the mortality and morbidity of individuals in-
fected with human immunodeficiency virus type 1 (HIV-1) (14,
29). Because of pharmacologic, virologic, immunologic, and
behavioral differences among individuals, however, not all pa-
tients receive the optimal therapeutic benefit from antiretro-
viral therapy (8). Initial therapy for HIV-1-infected patients
usually consists of two nucleoside/nucleotide reverse transcrip-
tase inhibitors (NRTIs) (e.g., zidovudine [ZDV] and lamivu-
dine [3TC]) and either a nonnucleoside reverse transcriptase
inhibitor or a protease inhibitor (5). Although initial therapy is
effective for a high proportion of patients, treatment failure
and toxicity remain substantial problems, and pharmacokinetic
variability can be an important contributing factor. Studies
have shown that individualized therapy that controls for the
systemic pharmacokinetic variability of indinavir, ZDV, and
3TC can improve the virological outcome relative to that of
conventional fixed-dose therapy (9).

For NRTIs like ZDV and 3TC, pharmacologic variability
includes not only systemic pharmacokinetic variability but also
interindividual differences in cellular transport and metabo-
lism. All NRTIs must cross the cell membrane and undergo
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stepwise phosphorylation by intracellular kinases to their ac-
tive triphosphate forms (10, 13). The active triphosphate then
inhibits viral replication through competitive binding to the
viral enzyme reverse transcriptase and chain reaction termina-
tion after incorporation into the proviral DNA (13). The
triphosphate anabolite is also a source of toxicity through the
inhibition of mitochondrial DNA polymerase (1, 16, 24). While
some previous studies have examined intracellular ZDV and
3TC triphosphates (1, 34), and others have previously explored
the associations between intracellular triphosphates and anti-
HIV activity (34), quantitative models for the intracellular
metabolism of NRTIs are lacking.

The hypothesis underlying this report is that the cellular
pathways that govern the rate and extent of formation of lamiv-
udine triphosphate are primary determinants of antiviral ac-
tivity and toxicity of 3TC, similar to other nucleoside analogs
that require phosphorylation in target cells. While extracellular
concentration and variability in systemic pharmacokinetics will
affect the delivery of parent 3TC to target cells in patients,
intracellular transport and phosphorylation will be major fac-
tors influencing the persistence of 3TC triphosphate. Labora-
tory studies of intracellular 3TC kinetics can examine intracel-
lular determinants of active 3TC triphosphate kinetics, but
they are not necessarily reflective of its disposition in lympho-
cytes of HIV-1-infected patients. Clinical studies, in contrast,
are limited by the intracellular 3TC metabolite data that can be
obtained from HIV-1-infected patients. This report presents a
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FIG. 1. (A) Pathway model of 3TC transport and metabolism in PBMCs denoting 3TC uptake and efflux and the formation and degradation
by phosphatases for 3TCMP, 3TCDP, and 3TCTP. (B) Final model for transport and intracellular metabolism of 3TC obtained from the
population analysis of the ex vivo data. See the text for the rationale for the inclusion of M as an intermediate metabolite and simplifying

assumptions for A and B.

population model for the cellular kinetics of 3TC in the pe-
ripheral blood mononuclear cells (PBMCs) of HIV-1-infected
adolescents that incorporates information from laboratory
studies and data from clinical studies of infected patients. A
two-part approach is employed to link the ex vivo and clinical
studies. In the ex vivo analysis, population modeling is used in
order to combine the data available from multiple studies of
PBMCs from healthy subjects incubated over various time
periods and at different concentrations of 3TC. For the analysis
of the clinical study data, Bayesian population modeling that
uses the ex vivo population model as prior information to
develop a population model for 3TC cellular kinetics in in-
fected adolescents is employed.

MATERIALS AND METHODS

Ex vivo experiment design. Peripheral blood mononuclear cells from 12
healthy volunteers were isolated from patient donor rings by separation using
Ficoll-Hypaque. Cells were cultured for 1, 2, or 4 h or for 16 or 24 h with 1 or 5
mM 3TC with 0.5 mCi/ml *H-labeled 3TC (33). After incubation, the cells were
separated from the medium by centrifugation through oil and extracted with
buffered 70% MeOH. These samples were separated by high-performance liquid
chromatography, and the counts were determined by liquid scintillation count-
ing. Amounts of intracellular 3TC, 3TC monophosphate (3TCMP), 3TC diphos-
phate (3TCDP), 3TC triphosphate (3TCTP), and an unidentified 3TC metabo-
lite (M) were normalized to the cell count.

Clinical study design. Patient samples were obtained from participants in the
Pediatric AIDS Clinical Trials Group 1012, a phase I, randomized, crossover
study of two schedules of combination NRTI therapy with ZDV and 3TC ad-
ministered as the commercially available combination product Combivir. HIV-
infected adolescents, aged 12 to 24 years, who had received at least 4 weeks of
treatment with ZDV and 3TC given individually or as Combivir immediately

prior to study entry and who had CD4™ cell counts greater than 250 cells/mm?
were eligible for enrollment (32). Patients were randomized to one of two
groups: initial therapy with two Combivir tablets (600 mg ZDV, 300 mg 3TC)
administered once daily for the initial phase, followed by either one Combivir
tablet (300 mg ZDV, 150 mg 3TC) administered twice daily (group A) or by
once-daily dosing (group B). Subjects were maintained on their once-daily reg-
imen for 7 days, and pharmacokinetic studies were completed. Intensive phar-
macokinetic samples were collected during the once-daily regimen only, and
thus, only the subjects from study group B were used in this analysis. The clinical
study protocol was approved by institutional review boards, and all patients
provided written informed consent. Compliance prior to the pharmacokinetic
study was confirmed by a patient diary and tablet counts.

Blood samples from 24 patients were obtained immediately prior to the 3TC
and ZDV doses and at 2, 4, 6, 12, and 24 h postdose. For each blood sample,
PBMC:s were isolated with BD CPT tubes and extracted with buffered methanol.
The 3TC metabolites were separated by using Waters QMA (anion-exchange)
SPE cartridges and by eluting and collecting the desired metabolite fractions with
increasing KCI concentrations. Phosphates were removed by adjusting the pH of
the fractions with sodium acetate and cleavage with acid phosphatase. The
samples were desalted using Waters C-18 SPE cartridges and then dried and
reconstituted, and the resulting 3TC samples were quantitated using a 3TC
radioimmunoassay (30). Intracellular 3TC and M concentrations in the patient
samples were not determined. Lamivudine in plasma was measured by radioim-
munoassay and used to characterize systemic pharmacokinetics.

Phosphorylation pathway model. The schema in Fig. 1A shows the major
pathways and intermediates for the transport and metabolism of 3TC. Hydro-
philic nucleoside analogs are transported across the cell membrane by functional
transporters. Lamivudine is transported into and out of the cell by passive
diffusion and human equilibrative nucleoside transporters, which translocate
3TC down its concentration gradient (3). Deoxycytidine kinase catalyzes the
phosphorylation and dephosphorylation of 3TC and 3TCMP (6, 7), and CMP/
dCMP kinase catalyzes the reaction between 3TCMP and 3TCDP (25). Both
3-phosphoglycerate kinase and nucleoside diphosphate kinases catalyze the re-
action between 3TCDP and 3TCTP (21, 22, 23). Finally, catabolism of 3TCTP,
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binding to reverse transcriptase, and incorporation into DNA were represented
as a single composite pathway.

The unidentified metabolite M is incorporated as a 3TC recycling pathway
analogous to the salvage pathway of cytidine. There are alternative cytidine
pathways, including pathways for the biosynthesis of phospholipids and the
activation of sialic acids (N-acetylneuraminic acid in humans) (18, 19, 37), that
sustain a pool of nucleotides, which are plausible pathways for intracellular 3TC
metabolism. The biosynthesis of phospholipids involves at least three different
pathways, with intermediates that include CDP-choline, CDP-ethanolamine, and
CDP-diacylglycerol. The activation of sialic acids involves CMP-sialic acid as the
intermediate. Both types of salvage pathways result in the cleavage of CTP to an
intermediate metabolite and then to CMP (18, 19, 37). The enzymes that catalyze
these pathways for cytidine may catalyze similar reactions for the 3TC metabo-
lites. M is proposed to be an intermediate in the recycling of 3TC, which is
necessary for mass balance of parent and intracellular metabolites.

Population modeling. Separate population analyses were performed for the ex
vivo data, the systemic 3TC patient data, and the intracellular 3TC metabolite
patient data. For ex vivo 3TC phosphorylation analysis, the 1 uM and 5 uM data
were combined, and three different candidate models were evaluated based on
an exploratory analysis and the known pathways for 3TC metabolism. For the
systemic pharmacokinetic analysis of 3TC, consistent with previous studies (15),
a two-compartment zero-order absorption model was used in the population
analysis (the sampling schedule with its initial observation at 2 h postdose
precluded the use of a first-order absorption model). The duration of the ab-
sorption was fixed at 1 h for 20 patients and 3 h for 4 patients whose peak
concentrations were measured at 4 h postdose. For the population modeling of
the intracellular kinetics in the patients, the systemic pharmacokinetic parame-
ters for each patient were used to define the 3TC extracellular concentration-
time profile. The model obtained from the ex vivo intracellular data was then
used as prior information, together with the predicted systemic concentration
profiles, for the population analysis of the intracellular disposition of 3TC in
patients during chronic therapy. Because of limitations in the clinical study data,
an independent population analysis of the cellular kinetics of 3TC based on the
patient data alone was not possible.

All population modeling was performed using WinBUGS, a general-purpose
program for Bayesian analysis of complex models using Markov chain Monte
Carlo methods (26). For all models, the parameters (6) were assumed to be
jointly lognormally distributed [i.e., 6 ~ LN(j,2)] via log transformation. The
errors associated with the outputs were assumed to be multiplicative (imple-
mented by log transforming the measured data). The errors of the transformed
outputs were taken to be independent and identically distributed for each output
with distributions [N(0,07)]. The Bayesian population analysis problem involved
estimating p, ', o, (k = 1,..., 5), and individual subject parameters, 6; (i =
1,..., 12), for each model.

In the Bayesian analysis, very broad prior distributions (noninformative prior)
were used for the population mean, variance, and error variance parameters for
all the ex vivo models considered as well as the systemic pharmacokinetic model.
The prior distribution of the population mean parameters () was taken to be
independent and normally distributed, each with a large variance of 10* and with
a mean obtained from a naive pooled data analysis of the models tested. The
prior distribution of the population precision (% ~') was assumed to be a Wishart
distribution (see reference 26) with an identity matrix as the scale matrix and
with the degrees of freedom equal to the number of model parameters. The prior
distribution of the standard deviation of the output errors was assumed to be an
inverse gamma distribution, with the shape and scale parameters both set to
0.001. The parameter estimates (6) obtained from the naive pooled data analysis
of each model were used as initial values for the parameters of each individual.

In modeling 3TC metabolism for the HIV-1-infected patients, the population
distribution estimated from the final ex vivo model was used as the prior distri-
bution in the Bayesian analysis (informative prior). The rate constants for the
transport of 3TC were fixed at their mean values obtained from the final ex vivo
model, because intracellular 3TC was not measured in the PBMCs from patients.
The prior mean value for p was set at its value estimated from the ex vivo model.
The prior covariance for p was set as a diagonal matrix, with the diagonal
elements equal to the standard errors obtained for the estimated means from the
ex vivo model. The prior distribution of the population precision (271) was
assumed to be a Wishart distribution with the mean estimate from the ex vivo
model for 27! divided by the degrees of freedom (12), as the scale matrix, and
the degrees of freedom equal to 12 (number of subjects used for the ex vivo
modeling).

Model selection for the ex vivo population modeling analysis was based on the
convergence of the WinBUGS estimates of the population parameter means and
covariances and the deviance information criterion (DIC) (see reference 26).

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. Means and standard deviations of 3TC metabolites at
24 h in the 1 pM and 5 puM experiments and their ratios

Mean amt (pmol/10° cells) of

3TC metabolite metabolite = SD s MII\{;/TOHM)
1 M 5 uM
3TC (intracellular) 0.33 £0.05 1.80 = 0.29 5.43
3TCMP 0.28 = 0.08 0.59 = 0.18 2.08
3TCDP 1.82 £0.26 4.00 = 0.64 2.21
3TCTP 1.61 = 0.21 341 £ 0.61 2.12
M 0.64 = 0.09 1.32 £ 0.19 2.05

Convergence was assessed by inspection of the Markov chains for the parameters
as well as through the use of formal convergence analysis methods associated
with WinBUGS.

RESULTS

Exploratory data analysis. Table 1 summarizes the amounts
(means = standard deviations) of each metabolite at 24 h from
the experiments using 1 wM and 5 uwM extracellular 3TC con-
centrations along with the ratio of each metabolite for the 5
pM to 1 pM experiments. While the average intracellular 3TC
measurement from the 5 wM experiments is 5.4 times its value
from the 1 wM experiments, the increase of the metabolites in
the 5 uM experiments ranged from 2.05 to 2.21 times the
corresponding values from the 1 pM experiments. This sug-
gests that transport kinetics are linear in this concentration
range but that the phosphorylation of 3TC is saturable and was
therefore modeled as a Michaelis-Menten reaction.

In contrast to previous reports that the phosphorylation of
3TCDP to 3TCTP is the rate-limiting step in the cellular me-
tabolism of lamivudine (27), inspection of the raw data sug-
gested that 3TCDP and 3TCTP are in rapid equilibrium. The
ratio of the concentration of 3TCTP to that of 3TCDP was
calculated for each individual at each time point, and a linear
regression was performed (ratio versus time for all subjects).
The slope of the resulting regression line (results not shown)
was not significantly different from zero (P = 0.46). Thus,
3TCDP and 3TCTP were assumed to be in equilibrium, and
their ratio was represented by an unknown partition coefficient
(Rrp/pp) for the candidate models discussed below.

Ex vivo 3TC cellular metabolism model. Based on the phos-
phorylation pathway model (Fig. 1A) and exploratory data
analysis conclusions, population analyses were performed us-
ing several candidate models. Following an analysis of the
convergence of the candidate models and the values of the
DIC model selection criterion, it was concluded that the final
model as shown in Fig. 1B was sufficient to describe the data
from the ex vivo experiments. In the model, 3TCMP and
3TCDP are in equilibrium (represented by Rpyp/np), and the
amount of 3TCTP catabolized is negligible relative to the
amount recycled.

The estimated values for the population mean and intersub-
ject population standard deviation and error variance for the
ex vivo experiments are shown in Table 2. The resulting indi-
vidual subject parameter estimates were used to predict the
intracellular time profile for each subject, which are plotted
with the corresponding measurements of intracellular 3TC,
3TCMP, 3TCDP, 3TCTP, and M in Fig. 2 (1 wM experiment)
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TABLE 2. Population parameter estimates for 3TC metabolism
in PBMCs ex vivo

Estimate

Parameter (unit)

Population mean Population SD (CV%)

ki (pmol/10° cells/pM/h) 1.35 1.13 (84)

Koue (W71 3.76 3.31(88)

K, (pmol/10° cells) 0.64 0.36 (56)

V.. (pmol/10° cells/h) 2.01 0.92 (46)

knpsre (K1) 2.75 1.45 (53)

Rppmp (7) 8.29 4.37 (53)

Repop (=) 0.91 0.41 (45)

krp (h7h) 0.15 0.07 (47)

Kngare (01 0.54 0.36 (67)

O3TC 0.095 (0.069-0.14)¢
T3TC™MP 0.098 (0.072-0.14)*
O3TCDP 0.20 (0.15-0.28)*
O3rcrp 0.24 (0.17-0.35)*
oM 0.12 (0.090-0.17)*

“ Median value (95% credibility interval).

and Fig. 3 (5 M experiment). The dashed lines in the figures
are model predictions using the estimated population mean
estimates shown in Table 2. The coefficients of determination
(R2) for the intracellular 3TC, 3TCMP, 3TCDP, 3TCTP, and
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M for both the 1 uM and 5 pM experiments combined were
0.90, 0.97, 0.99, 0.98, and 0.99, respectively.

Systemic 3TC pharmacokinetics. The population parame-
ters for the 3TC systemic pharmacokinetic model estimated
from the 3TC plasma concentration data are shown in Table
3. To evaluate goodness of fit, the model predictions for
each subject are plotted against the measured data in Fig. 4,
resulting in an R? value of 0.88. The estimate for CL/F (47.8
liters/h) in Table 3 is higher than that reported previously by
Moore et al. (27) using a one-compartment, first-order ab-
sorption model (25.1 liters/h). This may reflect differences in
the population as well as the limited number (n = 6) of
measurements and timing of samples in the current study,
which were selected in order to produce informative intra-
cellular data. The systemic 3TC pharmacokinetics predicted
for each individual were used as the input function for the
subsequent modeling of the intracellular data from the
HIV-1-infected patients.

Model for cellular 3TC metabolism in HIV-1-infected pa-
tients. The estimated values for the population mean, inter-
subject standard deviation, and error variance for the intracel-
lular 3TC model are shown in Table 4. Predictions using the
population means of the parameters from Table 4 are shown in
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FIG. 2. Ex vivo population (dashed line) and individual (solid line) predictions and measured data (@) (1 uM experiments).
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FIG. 3. Ex vivo population (dashed line) and individual (solid line) predictions and measured data (O) (5 uM experiments).

Fig. 5. The variability in the 3TC metabolites is due in part to
intersubject variability in both systemic pharmacokinetics and
intracellular kinetics. The model predictions for each intracel-
lular 3TC metabolite from all patients are plotted against the
measured data in Fig. 6. The R? value for each metabolite
ranged from 0.33 (for 3TCMP) to 0.75 (for 3TCTP), with an R*
value of 0.72 for all species combined. The model parameters
for intracellular 3TC disposition estimated from patient data
(Table 4) are similar to those from the ex vivo experiments
(Table 2).

TABLE 3. Population means and standard deviations
of 3TC systemic pharmacokinetic parameters

Parameter (unit) Population mean Population SD (CV%)

CL/F’ (liters h™ ") 47.8 21.3 (45)

ki, (A7) 0.061 0.047 (77)

ky (W71 0.060 0.040 (67)

VIF* (liters) 197 103 (52)

O3yre 0.40 (0.33-0.49)°

“ Median value (95% credibility interval).
b Apparent clearance.
¢ Apparent volume of distribution of the central compartment.

DISCUSSION

In contrast to many therapeutic agents, the activity and tox-
icity of nucleoside analogs depend on intracellular disposition
in addition to systemic pharmacokinetics. Intensive intracellu-
lar disposition studies in patients, analogous to those per-
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FIG. 4. Predicted versus measured plasma 3TC concentration
(R? = 0.88). The line of unity is also shown.
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TABLE 4. Population parameter estimates for 3TC metabolism in
PBMCs from HIV-1-infected adolescents

Estimate

Parameter (unit)

Population mean Population SD (CV%)

K, (pmol/10° cells) 0.58 0.33 (57)

Vax (pPmol/10° cells/h) 1.95 0.96 (49)
knpsre (h71) 2.02 0.90 (45)
Roppr (—) 6.65 2.98 (45)

RTp/Dp (_) 102 089 (87)

krp (h7h) 0.16 0.092 (58)
knewe (B 0.46 0.20 (43)
O3TCMP 0.87 (0.74-1.05)“
O31CDP 0.63 (0.54-0.76)"
g3TCTP 0.64 (0.55-0.77)“

“ Median value (95% credibility interval).

formed to determine systemic pharmacokinetics, are limited by
the accessibility and number of measurements that can be
obtained. The overall aim of this analysis was to integrate data
from 3TC ex vivo studies of intracellular uptake and phospho-
rylation in relevant human cells (PBMCs) with systemic 3TC
pharmacokinetic data and the available intracellular anabolite
data in order to develop a comprehensive model for the phos-
phorylation of 3TC in PBMCs as target cells. Central to this
effort was the application of Bayesian population modeling
that allowed results from the ex vivo analysis to be used as
prior information in the population modeling involving the
more limited clinical data. The resulting model provides useful
insights into 3TC disposition in HIV-1-infected adolescents
and supports the feasibility and utility of the ex vivo/clinical
modeling approach for other drugs for which intracellular
pharmacology is a major determinant of activity.
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The population model developed for 3TC transport and
phosphorylation from ex vivo experiments using PBMCs from
uninfected individuals was able to predict the measured indi-
vidual concentrations of intracellular 3TC and its metabolites
throughout the time course of 24 h. The model provides a
number of important insights regarding intracellular 3TC me-
tabolism (Fig. 1B and Table 2). The phosphorylation of 3TC to
3TCMP is saturable, which results in a less-than-proportional
increase of intracellular 3TC metabolites relative to the extra-
cellular concentration. The estimated population mean of K,
is 0.64 pmol/10° cells, which is higher than the mean 24-h
intracellular 3TC value from the 1 wM experiments (0.33 =
0.05 pmol/10° cells) but lower than the corresponding values
from the 5 wM experiments (1.80 * 0.29 pmol/10° cells). The
potential saturability of this initial phosphorylation step (K,,, =
0.58 pmol/10° cells in the clinical population model) has im-
portant implications for adjusting systemic doses to increase
antiretroviral activity.

The model without a 3TCTP catabolic pathway was sufficient
to describe intracellular 3TC in the ex vivo studies (Fig. 2 and 3)
and in patients (Fig. 6). This is consistent with previous studies
that reported that 3TCTP is not susceptible to deamination by
aminohydrolase or phosphorolysis by human platelet pyrimidine
nucleoside phosphorylase, which are the two known pathways of
cytidine and deoxycytidine degradation (4). The persistence of
3TCTP and triphosphates of similar nucleosides including zidovu-
dine, didanosine, and abacavir in lymphocytes is substantially
longer than systemic concentrations and has provided the basis
for dose schedules (1, 12, 34). The modeling results of this study
indicate that the persistence of 3TCTP in PBMC:s is a function of
the overall intracellular pool of 3TC and phosphorylated metab-
olites rather than a consequence of triphosphate catabolism.
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FIG. 5. Prediction (using the population mean values shown in Table 4) of the 3TC metabolite concentrations for the clinical study.
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FIG. 6. Clinical population model predictions versus measured data for each patient (R? values of 0.33, 0.51, and 0.75 for 3TCMP, 3TCDP, and

3TCTP, respectively). The line of unity is also shown.

There is a relatively rapid equilibrium between 3TCMP and
3TCDP and between 3TCDP and 3TCTP over the course of
the measurements. The equilibrium between 3TCDP and
3TCTP is evident from the raw data and is supported by the
parameter estimates from the model. While the equilibrium
between 3TCMP and 3TCDP is not as obvious from the raw
data, the Bayesian population analyses resulted in a smaller
DIC value for the model incorporating 3STCMP-3TCDP equi-
librium versus the corresponding candidate model with the
phosphorylation and dephosphorylation steps modeled as first-
order processes.

The model includes a recycling pathway from 3TCTP to
3TCMP via the metabolite M that has been previously de-
tected (35), but the importance of this metabolite to the overall
intracellular phosphorylation has not been established. While
the metabolite M has not been definitively identified, given the
known pathways involving metabolites of the endogenous an-
alogs of 3TC (cytidine and deoxycytidine), it is reasonable that
the process of 3TC metabolism in PBMCs involves a recycling
pathway. Solas et al. previously measured a metabolite in stim-
ulated PBMCs from uninfected subjects incubated with 3TC
and in PBMCs from a single HIV-1-infected patient on the
oral regimen of the drug (35). Based on enzyme digestion of
the metabolite fraction using alkaline phosphatase plus phos-
phodiesterase, the metabolite was assumed to be 3TCDP-cho-
line, which is consistent with similar studies with zalcitabine
(dideoxycytosine) (20). The modeling results reported here
establish this intermediate metabolite as necessary for describ-
ing intracellular 3TC metabolism.

The population means and intersubject variabilities for the
cellular kinetic model parameters obtained from the HIV-1-
infected patients and from the ex vivo study are similar. Several

factors, including HIV-1 infection and concomitant adminis-
tration of ZDV, could alter the cellular disposition of 3TC
in PBMC:s of the patients relative to that of uninfected subjects
studied ex vivo and thus call into question the validity of using
the ex vivo model parameters as prior information in the clin-
ical study population analysis. Infection with HIV-1 is associ-
ated with elevated concentrations of cellular activation mark-
ers compared to those of healthy PBMCs (2), which can lead
to significantly increased levels of ZDV phosphorylation in
PBMCs (12, 36). For 3TC, however, the relative increase in
intracellular 3TCTP in stimulated versus resting PBMCs is
smaller than that of ZDV (12). Moreover, the patients in our
study were relatively healthy, with a low percentage of their
PBMC:s in the stimulated state. The concomitant administra-
tion of ZDV in patients could also alter 3TC phosphorylation
relative to that in the ex vivo studies, since ZDV has been
shown to reduce the amount of 3TCTP formed in phytohem-
agglutinin-stimulated PBMCs via its action on deoxycytidine
kinase (20). Since the majority of PBMCs in our patient pop-
ulation are in the resting state, we concluded that it is reason-
able to assume that there is no significant inhibition of deoxy-
cytidine kinase by ZDV, at least not to the extent that it would
invalidate the use of the ex vivo experiment to serve as prior
information for the clinical experiment population modeling
analysis. These factors, and other differences between the ex
vivo and clinical studies (e.g., exposure profile), did not result
in substantive overall differences in the estimated population
parameters between the ex vivo and clinical studies presented
in this report. It should be noted, however, that a significant
portion of the variability in the intracellular data observed in
the clinical studies was attributed to within-subject residual
variability in the population analysis, which includes protocol
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deviations, model misspecification, and analytical errors. Nev-
ertheless, the population model for the cellular kinetics of 3TC
in the PBMCs of HIV-1-infected adolescents presented in this
report (model structure and parameter distribution) predicts
the observed cellular kinetics of 3TCTP with reasonable fidel-
ity.

In a concentration-controlled trial, Anderson et al. previ-
ously found higher concentrations of intracellular 3TCTP in
female patients than in males (1). Neither sex nor other co-
variates such as age and race were found to be statistically
significant predictors of cellular kinetic model parameters in
our study, perhaps due to the small size of our study (24
patients in total). In addition, the concentration-controlled
paradigm used previously (1) is a more powerful design for
detecting differences in cellular kinetics related to sex or other
covariates.

The approach presented here provides a framework for
bridging ex vivo and clinical studies of cellular 3TC kinetics
that may be used for the study of other NRTIs whose cellular
kinetics are a major factor contributing to the persistence of
the triphosphate concentrations in CD4 cells in HIV-1-in-
fected patients. Unanticipated clinical outcomes with NRTI
therapy including early virological failure (11) and negative
effects on immunological reconstitution (17, 28) have not been
sufficiently addressed by ex vivo studies alone, as illustrated by
studies of the interaction of tenofovir and didanosine (31). The
successful application of this modeling strategy to link lab-
oratory and clinical data for 3TC suggests the possibility of
extending this approach to examining the determinants of
activity and adverse effects of other NRTI-based antiretro-
viral regimens.
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