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ABSTRACT Tenofovir (TFV) and emtricitabine (FTC) are part of the recommended highly
active antiretroviral therapy (ART). Both molecules show a large interindividual pharmaco-
kinetic (PK) variability. Here, we modeled the concentrations of plasma TFV and FTC and
their intracellular metabolites (TFV diphosphate [TFV-DP] and FTC triphosphate [FTC-TP])
collected after 4 and 24 weeks of treatment in 34 patients from the ANRS 134-COPHAR
3 trial. These patients received daily (QD) atazanavir (300 mg), ritonavir (100 mg), and a
fixed-dose combination of coformulated TFV disoproxil fumarate (300 mg) and FTC
(200 mg). Dosing history was collected using a medication event monitoring system. A
three-compartment model with absorption delay (Tlag) was selected to describe the PK
of, respectively, TFV/TFV-DP and FTC/FTC-TP. TFV and FTC apparent clearances, 114 L/h
(relative standard error [RSE] = 8%) and 18.1 L/h (RSE = 5%), respectively, were found to
decrease with age. However, no significant association was found with the polymorphisms
ABCC2 rs717620, ABCC4 rs1751034, and ABCB1 rs1045642. The model allows prediction of
TFV-DP and FTC-TP concentrations at steady state with alternative regimens.

KEYWORDS pharmacokinetics, pharmacogenetics, antiretroviral, HIV, mixed-effect
models, nonlinear models

Tenofovir (TFV) with lamivudine or emtricitabine (FTC) is the recommended nucleos(t)ide
reverse transcriptase inhibitor backbone in combination with a third antiretroviral (ARV)

drug for the treatment of naive patients living with HIV (PLWHIV) or pre-exposure pro-
phylaxis (PrEP) (1). Both TFV and FTC are nucleos(t)ides, and their active intracellular forms,
TFV-diphosphate (TFV-DP) and FTC-triphosphate (FTC-TP), hinder the activity of HIV reverse
transcriptase and prevent the production of new virions by competing with natural
substrates.

TFV pharmacokinetics (PK) has been modeled for the last 20 years in healthy volunteers,
PLWHIV, or both (2), while fewer data are available for FTC PK (3). Recently, models have
focused on describing TFV and TFV-DP and/or FTC and FTC-TP concentrations (4, 5). Such
combined PK models have been previously coupled with simulations from a mathematical
model of viral load (6) and with a pharmacodynamic model of binding to the HIV reverse
transcriptase natural substrates (7). These studies made it possible to define target
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concentrations for TFV-DP and FTC-TP prevention of cell infection and inhibition of
the production of endogenous deoxynucleoside triphosphates. Studies on TFV PK focusing
on PrEP yielded data and models which are not readily transferable to PLWHIV in terms of
virological success (8–10), and no consensus has been reached with regard to the concentra-
tion needed to reach an optimal virologic response to HIV antiretroviral treatment (ART).

Some of these studies also identified factors to explain the interindividual variability
in the PK of TFV, TFV-DP, FTC, and FTC-TP, but a high degree (coefficient of variation
. 50%) of unexplained variability remains. The ABCC2 and ABCC4 genes encode two mem-
bers of the ATP-binding cassette transporters ensuring cellular uptake and excretion,
MRP2 and MRP4, respectively. TFV is a known substrate of MRP4 but not of MRP2 (11).
However, the genetic polymorphism ABCC2 (rs717620) has a functional effect associated
with a decrease in tenofovir-induced kidney tubular dysfunction (12). Moss et al. attribute
this effect to an endogenous substrate for MRP2, either enhancing TFV toxicity or compet-
ing with TFV for excretion by MRP4 (13). The genetic polymorphism ABCC4 (rs1751034) is
a synonymous polymorphism which was associated with reduced expression/function in a
small pilot study (14) and consequently with increased TFV concentrations (15, 16) and
TFV-DP intracellular concentrations (17). The ABCB1 transporter (P-glycoprotein [P-gp])
is an efflux transporter ubiquitously expressed in the human body. TFV prodrug is a sub-
strate (18), and the TFV cerebrospinal fluid-to-plasma ratio has been linked to ABCB1 poly-
morphism, although not withstanding multiple test correction (19). There are several
genetic polymorphisms in ABCB1; here, we focused on the rs1045642, which is the most fre-
quently studied and associated with a modification of the expression and activity of the
P-gP (20, 21). As for FTC, the genetic polymorphism ABCC2 (rs154962860) was associated
with significantly increased concentrations in women (22).

The ANRS 134-COPHAR 3 trial was a multicenter prospective trial conducted in 35 HIV-1-
infected, treatment-naive patients who received atazanavir-ritonavir (300/100 mg) combined
with tenofovir disoproxil fumarate-emtricitabine (300/200 mg) in a fixed-dose combination.
The primary objective was to assess the PK/pharmacogenetics of atazanavir administered
with ritonavir, using adherence rates as measured by a medication event monitoring system
(MEMS) (23). Modeling the atazanavir and ritonavir concentrations, Savic et al. (23) showed
that the use of exact dosing data lowers the interoccasion variability of oral clearance, lead-
ing to reliable parameter estimates and a stable estimation procedure. PK of TFV and FTC
have not yet been analyzed in this trial. More recently, several attempts have been made to
lower drug exposure in patients on maintenance therapy, in order to limit long-term ARV
toxicity, and data generated on TFV and FTC were of particular interest, as these two drugs
remain part of the gold standard of ARV regimens. In particular, the ANRS 170-QUATUOR
trial showed the noninferiority of a 4-day-a-week maintenance regimen relative to a stand-
ard continuous ART triple therapy over 48 weeks in 636 participants (24).

In the present work, we built a PK model of TFV and its intracellular metabolite con-
centrations on one side and FTC and its metabolite concentrations on the other side,
using concentrations collected for patients included in the ANRS 134-COPHAR 3 trial
with exact dosing data, aiming to explore covariates, including genetic polymorphism,
explaining their interindividual variability. Using this model, we simulated TFV/TFV-DP
and FTC/FTC-TP exposures for a 4- and a 7-day-a-week dosing regimen to be compared
with target concentrations for virologic response from the literature.

RESULTS
Data. Of the 35 subjects included in the ANRS 134-COPHAR 3 clinical trial, 34 provided

data for the present analysis, as concentrations were missing for one patient. Patients’ demo-
graphic characteristics are given in Table 1, and information on genetic polymorphisms is
given in Table 2.

Raw adherence data indicated overall good adherence to the TFV-FTC fixed-dose
combination in the studied population, with a majority of the prescribed doses being taken
as prescribed: median, 94% (range, 47 to 100). Discrepancies between MEMS-recorded
and patient-reported intake prior to sampling occurred only six times. There was no plasma
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concentration below the lower limit of quantification (LLOQ), and 3 intracellular samples
exhibited chromatographic issues or cell counts below the LLOQ and were discarded. In
total, there were 225 plasma and 17 intracellular concentrations analyzed for both tenofovir
and emtricitabine (Fig. 1). Of note, the three highest intracellular concentration values at
week 24 are not trough concentrations but were collected less than 5 h post-administration.

Pharmacokinetic model. A three-compartment model with absorption delay (Tlag)
was selected to describe the PK of TFV/TFV-DP and the PK of FTC/FTC-TP (Fig. 2). Both TFV
and FTC diffused in a central and a peripheral compartment with a nonlinear uptake from
the plasma central compartment into a cell compartment to become TFV-DP and FTC-TP,
respectively (25). As only one sampling time was collected for the cellular concentrations
per occasion, we fixed Km (Michaelis-Menten constant) and Kem (elimination rate constant
from the cell) at 0.946 mg/mol/L and 0.0176/h (25) and 0.102 mg/mol/L and 0.006/h (26)
for FTC-TP and TFV-DP, respectively.

Model parameter mean values and interindividual coefficient of variation estimates
with their relative standard errors are given in Table 3 for the models with and without
covariates. Interindividual variability was negligible for apparent central compartment of
distribution Vc/FFTC, apparent peripheral compartment of distribution Vp/FFTC, Vc/FTFV, and
apparent intercompartmental clearance Q/FTFV. Apparent elimination clearance CL/FFTC
and Q/FFTC were found to be correlated (r = 0.76, P = 0.0023) as well as CL/FTFV and V/FTFV
(r = 0.78, P = 0.0015). Interoccasion variability was negligible. Shrinkage was below 50%
except for the maximum rate of entrance into the cell for TFV-DP Vmax_TFV-DP (72%) and
Vmax_FTC-TP (76%).

After covariate model building, no significant association was found with the genetic
polymorphisms under study, and CL/FTFV was found to decrease with age (Wald test
P value = 0.0073), as well as CL/FFTC (P = 0.0059), and Vp/FTFV (P = 0.0014). The covariate
model visual predictive checks were overall satisfactory (Fig. 3).

Model predictions and simulations. Among the patients enrolled in the ANRS
134-COPHAR 3 trial, 30 experienced successful viral suppression at week 24 (plasma HIV
RNA, 40 copies/mL). The average concentration (Cavg) and minimum concentration (Cmin)
estimates according to dosing history are displayed in Table 4 for TFV, TFV-DP, FTC, and
FTC-TP. Among the five patients with detectable viral load levels at week 24, four had TFV-
DP and FTC-TP Cavg below the median estimates of 136 fmol/106 cells and 8 pmol/106 cells,
respectively.

As shown in Fig. 4, according to model simulations, the change in concentration profiles
at steady state between a regimen of 4 consecutive days a week (4D) and one of 7 days a
week (7D) is different between FTC-TP and TFV-DP in terms of Cmin but not of Cavg. Indeed,

TABLE 2 Genetic polymorphisms in the 34 patients analyzed in the study of tenofovir and
emtricitabine concentrations in the ANRS 134-COPHAR 3 trial

Polymorphism

Caucasian Africanb

No. (%) Pa No. (%) Pa

ABCC2 rs717620 CC/CT 14 (60)/9 (30) 0.49 7 (70)/3 (30) 0.76
ABCC4 rs1751034 AA/AG/GG 16 (70)/7 (30)/0 (0) 0.64 3 (30)/5 (50)/2 (20) 0.97
ABCB1 rs1045642 CC/CT/TT 6 (26)/11 (48)/6 (26) 0.83 6 (60) /3 (30)/1 (10) 0.53
aP, Hardy-Weinberg equilibrium P value.
bOne of the 11 African patients had no genotype information available.

TABLE 1 Characteristics of the 34 patients analyzed in the study of tenofovir and
emtricitabine concentrations in the ANRS 134-COPHAR 3 trial

Characteristic Value
Wt (kg) [median (range)] 71.0 (42.0–91.0)
Age (yr) [median (range)] 38.5 (26.0–68.0)
Creatinine clearance (mL/min) [median (range)] 100.8 (50.9–158.5)
Atazanavir clearance (L/h) [median (range)] 6.8 (3.8–15.0)
Gender (women/men) [no. (%)] 6 (17)/28 (82)
Nationality (Caucasian/African) [no. (%)] 23 (67)/11 (32)

PK Model of TFV, FTC, and Metabolites in HIV Patients Antimicrobial Agents and Chemotherapy

May 2023 Volume 67 Issue 5 10.1128/aac.02339-18 3

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02339-18


considering the median predicted percentiles at steady state over a 2-week window, the
Cmin varies between the 7D and 4D regimens from 8 to 3 pmol/106 for FTC-TP (ratio of 2.6)
and from 143 to 89 fmol/106 cells for TFV-DP (ratio of 1.6), while Cavg varies similarly
between the 7D and 4D regimen from 8 to 5 pmol/106 cells for FTC-TP (i.e., a ratio of 1.6)
and from 146 to 101 fmol/106 cells for TFV-DP (i.e., a ratio of 1.4). Among the five patients
with detectable viral load levels at W24 in the ANRS 134-COPHAR 3 trial, four had TFV-DP
and FTC-TP Cavg below the median Cavg estimates for a 7D regimen. For two of them, the
TFV-DP and FTC-TP Cavg were even below the median Cavg estimates for a 4D regimen.

DISCUSSION

In the present work, we modeled the plasma TFV and FTC concentrations, as well as the
intracellular TFV-DP and FTC-TP concentrations, in 34 patients of the ANRS 134-COPHAR 3
trial, controlling for their adherence with a MEMS. Our model identified the predictive value
of age for the average concentrations of FTC and TFV in the plasma and at the target site.
Considering the adherence data collected in the ANRS 134-COPHAR 3 trial, the model makes
it possible to derive lower limits for TFV-DP and FTC-TP average concentrations contributing
to viral suppression within combined ART.

Our estimates of clearances and volumes for TFV compared well to previously reported
values except for Q/FTFV, which was almost at twice the upper end of the range (2, 26).

FIG 1 Profiles of observed (gray plus signs) TFV and FTC concentrations versus time since last dose sampled in clinic
at week 4 (a and d) plus predose concentrations at week 4 and 24 (b and e) and TFV-DP and FTC-TP concentrations at
weeks 4 and 24 (c and f) for the 34 analyzed patients included in the ANRS 134-COPHAR 3 trial and receiving a fixed-dose
combination of coformulated tenofovir disoproxil fumarate (300 mg) and emtricitabine (200 mg).
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Similarly, our parameters for FTC, based on less abundant literature, were in agreement
with the literature (27, 28). This translates to terminal half-life estimates of 18.8 h for TFV and
21.3 h for FTC, in the middle of the values reported in the literature for TFV (from 11.6 to
31.0 h) and FTC (from 3.0 to 40.5 h), as summarized by Chen et al. (7).

The long half-life of TFV-DP (115 h, as estimated in reference 26) means that a steady
state of concentrations will be reached on average a month or more after treatment initia-
tion (29). Our first peripheral blood mononuclear cell (PBMC) sample was drawn at week 4
after ARV initiation and the second sample at week 24, at the end of the study. There is a
trend toward a slightly increased concentration between these 2 samples, meaning that a
steady state was nearly reached at week 4 in most patients, supporting higher intracellular
concentrations than in previous studies. In addition, higher concentrations of TFV have been
reported in some studies when tenofovir disoproxil fumarate (TDF) was coadministered with
ritonavir-boosted protease inhibitors, such as lopinavir or atazanavir (30), but not in others
(17). Ritonavir and lopinavir inhibit relevant transporters SLC22A8 and MRP4 in vitro, and a
transporter-mediated drug interaction in the kidneys may explain the elevated TFV concen-
trations when these drugs are used (31). However, polymorphisms in SLC22A6 (rs4149170
and rs11568626) have been analyzed and were not found to be associated with kidney tox-
icity or alteration in TFV renal clearance (13). Further, there is evidence that genetic polymor-
phisms of these transporters are not associated with the pharmacokinetics of several drugs,
including TFV (15). Only one study compared the TFV-DP concentrations when TDF was
combined with different ARV regimens. The reported Clast was 129 (27 to 945) fmol/106 cells
when TDF was combined with a nonnucleoside reverse transcriptase inhibitors (NNRTI) and
188 (25 to 497) fmol/106 cells when TDF was combined with ritonavir-boosted lopinavir,
again showing huge interindividual variability and suggesting that this drug-drug interaction
may not have clinically relevant consequences for efficacy (32).

Age was found to decrease FTC clearance and TFV clearance and peripheral volume.
Interestingly, TFV-DP and FTC-TP concentrations were found to be associated with age
in another study (33). We did not find creatinine clearance effects on TFV and FTC clearances,
as reported in references 15 and 34–37 and in references 27 and 38, respectively. Moreover,
no effect of genetic polymorphisms was detected, although several genetic models were
considered.

This is one of the few studies reporting intracellular concentrations of both TFV-DP and
FTC-TP at steady state in PLWHIV whose adherence was well controlled. Studies have
attempted to estimate the concentration of TFV-DP to be reached for preventing HIV
acquisition in PrEP studies. Such a target was estimated to be 267 fmol/106 by Duwal et al.
(6). For viral suppression, Chen et al. reported concentrations as high as 1,020 fmol/106 cells

FIG 2 Schema of the pharmacokinetic model selected to describe the pharmacokinetics of TFV, TFV-DP,
FTC, and FTC-TP in the ANRS 134-COPHAR 3 trial. Tlag, absorption delay; Ka, absorption rate constant;
CL/F, apparent elimination clearance; Vc/F, apparent central compartment of distribution; Q/F, apparent
intercompartmental clearance; Vp/F, apparent peripheral compartment of distribution; Kem, elimination
rate constant from the cell; Vmax, maximum rate of entrance into the cell; Km, Michaelis-Menten constant;
Vcell, volume of the cellular compartment (assuming the volume of a PBMC to be approximately 0.2 pL).

PK Model of TFV, FTC, and Metabolites in HIV Patients Antimicrobial Agents and Chemotherapy

May 2023 Volume 67 Issue 5 10.1128/aac.02339-18 5

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02339-18


and 44.4 pmol/106 cells for TFV-DP and FTC-TP, using an indirect response model (7), whereas
Ma et al. (39) reported consistent TFV-DP 50% effective concentrations (EC50) between in vivo
(0.09mmol/L� 18 fmol/106 cells) and in vitro (0.26mmol/L� 52 fmol/106 cells) experiments.
This consistency strengthens their use as targets in clinical care to accomplish maximal viral
load suppression. However, such an estimate has yet to be provided for FTC-TP levels.

Our model allowed simulation of plasma and intracellular concentrations of TFV, TFV-DP,
FTC, and FTC-TP with different drug regimens. This is important because in selected patients

TABLE 3 Parameter estimates for the basic and covariate model of tenofovir and
emtricitabine concentrations collected in 34 patients of the ANRS 134-COPHAR 3 triala

Parameter (unit)

Base model Covariate model

Estimate RSE (%) Estimate RSE (%)
Population values
Tlag TFV (h) 0.348 32 0.337 40
Ka TFV (h) 2.45 32 2.25 33
CL/FTFV (L/h) 114 8 228 27
bCL/FTFV,age 20.017 38
Vc/FTFV (L) 398 12 381 14
Q/FTFV (L/h) 811 8 781 11
Vp/FTFV (L) 1420 11 4570 46
bVp/FTFV,age 20.029 40
Vmax TFV-DP (mmol/L/h) 0.006 10 0.006 10
Km TFV-DP (mmol/L) 0.102 Fixed 0.102 Fixed
kem TFV-DP (h) 0.006 Fixed 0.006 Fixed
Tlag FTC (h) 0.421 26 0.377 30
Ka FTC (h) 1.37 21 1.45 23
CL/FFTC (L/h) 18.1 5 28.0 16
bCL/FFTC,age 20.010 35
Vc/FFTC (L) 75.9 5 75.2 5
Q/FFTC (L/h) 4.48 21 46 16
Vp/FFTC (L) 121 21 120 18
Vmax FTC-TP (mmol/L/h) 1.42 17 1.49 17
Km FTC-TP (mmol/L) 0.946 Fixed 0.946 Fixed
kem FTC-TP (h) 0.0176 Fixed 0.0176 Fixed

Interindividual coefficient of variation (%)
vTlag TFV 127 22 150 41
vKa TFV 116 20 113 22
vCL/FTFV 38 13 35 13
vVp/FTFV 57 15 50 17
vVmax TFV-DP 29 31 26 32
rCL/FTFV, Vp/FTFV 0.78b 11 0.73b 14
vTlag FTC 116 18 122 20
vKa FTC 83 19 90 19
vCL/FFTC 28 15 24 14
vQ/FFTC 82 27 63 21
vVmax FTC-TP 44 28 43 44
rCL/FFTC, Q/FFTC 0.76b 15 0.69b 20

Residual coefficient of variation (%)
sTFV 16 7 15 NE
sTFV-DP 19 24 20 29
sFTC 20 9 20 8
sFTC-TP 30 31 28 26

aRSE, relative standard error; TFV, tenofovir (plasma concentrations); TFV-DP, tenofovir diphosphate (intracellular
concentrations); FTC, emtricitabine (plasma concentrations); FTC-TP, emtricitabine triphosphate (intracellular
concentrations); Tlag, time delay in absorption; Ka, absorption rate constant; CL/F, apparent elimination
clearance; Vc/F, apparent central compartment of distribution; Q/F, apparent intercompartmental clearance; Vp/F,
apparent peripheral compartment of distribution; Vmax, maximal uptake rate constant; Km, Michaelis-Menten
constant; kem, elimination rate constant from the cell; bPK parameter, covariate, additive effect size of covariate on log PK
parameter with a bCL/FTFV,age of20.017 indicating CL/FTFV decreases of 15 and 39% in patients 10 and 30 years older
than the median age (38.5 years), a bVp/FTFV,age of20.029 indicating Vp/FTFV decreases of 25 and 58%, and a bCL/FFTC,age

of20.010 indicating CL/FFTC decreases of 10 and 26%; NE: not estimated due to numerical issue.
bCorrelation estimates are not in percent.
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on virological suppression, a reduced regimen could be an option. For instance, the
BREATHER (PENTA 16) trial showed the noninferiority of maintaining virological suppression
in children, adolescents, and young adults for short-cycle therapy versus continuous therapy
at 48 weeks (40). Here, we considered the 4-day-a-week course of the ANRS 162 4D pilot
study, where most patients were on efavirenz, with a long half-life (41), and the ANRS 170-
QUATUOR study, where patients were on randomization stratified according to the family
of the third antiretroviral agent (integrase inhibitor, protease inhibitor, or NNRTI) (24). Based

FIG 3 Visual predictive check plots using the combined model inclusive of all covariate effects for TFV and FTC profiles sampled in the clinic at week 4 (a
and d), for the predose concentrations at weeks 4 and 24 (b and e), and for TFV-DP and FTC-TP concentrations at weeks 4 and 24 (c and f). The three
bands represent the 90% confidence intervals around the 5th, 50th, and 95th predicted percentiles. The black dots and lines represent the 5th, 50th, and
95th observed percentiles.

TABLE 4 Average and minimal concentrations as predicted from the covariate model for tenofovir (TFV), emtricitabine (FTC) and their
metabolites (TFV-DP and FTC-TP)

Concentration Regimen

Median (range) for:

TFV
(ng/mL)

TFV-DP
(fmol/106 cells)

FTC
(ng/mL)

FTC-TP
(pmol/106 cells)

Cavg ANRS 134-COPHAR 3a 99 (37–262) 136 (31–239) 413 (111–932) 8 (2–18)
7 days/wkb 107 (45–265) 146 (91–239) 440 (208–922) 8 (4–18)
4 days/wkb 61 (25–152) 101 (55–172) 251 (119–527) 5 (2–12)

Cmin ANRS 134-COPHAR 3a 28 (0–68) 125 (0–234) 54 (0–142) 6 (0–16)
7 days/wkb 52 (15–130) 142 (88–234) 78 (25–248) 8 (3–17)
4 days/wkb 1 (0–5) 8 (44–151) 11 (0–46) 3 (1–7)

aIn the 34 patients of the ANRS 124-COPHAR 3 trial fromW4 to the last observation, according to dosing history.
bIn 1,000 subjects over a two-week window at steady state, assuming perfect adherence.
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FIG 4 Prediction interval (80%, gray area) and median concentrations (black line) of TFV and TFV-DP
with a 7-day-a-week regimen (7D) (a and b) and a 4-consecutive-day-a-week regimen (4D) (c and d)
and FTC and FTC-TP concentrations with a 7D (e and f) and a 4D (g and h) regimen over 15 days at
steady state based on a simulation from the model of 1,000 fully adherent patients.
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on simulations for an intermittent maintenance regimen, TFV-DP concentration fluctuation
was minimal, although average concentrations were obviously lower than with full doses
in a continuous regimen. In contrast, as a consequence of a shorter intracellular half-life (39 h,
as estimated in reference 25), FTC-TP fluctuations were important, and whether a lower nadir
could be at risk of selecting resistant virus strains remains an issue, particularly if the third
agent also has a short half-life.

The present work has several limitations. First, the number of patients certainly hin-
dered the capture of factors explaining interindividual variability, and the number of
intracellular samples prevented the estimation of all the parameters involved in the
nonlinear entrance of TFV and FTC into the cell. Second, our results may not hold for tenofo-
vir alafenamide fumarate (TAF), which is available in some high-income countries as a nonin-
ferior alternative to TDF, prescribed at a much lower dosage (42) and with a lower incidence
of adverse effects in the first clinical trials, possibly due to low TFV plasma concentrations.
However, the long-term consequences of higher TFV-DP concentrations after TAF adminis-
tration still need to be assessed (43). Third, we did not have concentration data from the
ANRS 170-QUATUOR study to overlay on our simulation graphs. Finally, these data are
observational, so the suggested link between Cavg estimates and viral load suppression
should be considered with caution.

Despite those limitations, our study provides unique data on TFV and FTC plasma
concentrations and intracellular concentrations of their active phosphorylated active
metabolites in PLWHIV, which were used to obtain model-derived exposure metrics account-
ing for gold standard adherence data. Further, the model and its population parameter esti-
mates were used to provide exposure predictions supporting an intermittent dosing regimen
in this population.

MATERIALS ANDMETHODS
Patients and study design. (i) Clinical trial. The ANRS 134-COPHAR 3 trial occurred in 2008 and

included 35 treatment-naive patients who were started on a once-a-day treatment containing 300 mg of
atazanavir boosted with 100 mg of ritonavir and a fixed-dose combination of coformulated nucleoside analogs:
tenofovir disoproxil fumarate (300 mg) and emtricitabine (200 mg). The patients were followed for 24 weeks.
Treatment success was defined as undetectable viral load levels (,40 copies/mL) at week 24. Reyataz (ATV)
and Truvada (tenofovir disoproxil fumarate and emtricitabine) were kindly provided by Bristol-Myers Squibb
and Gilead, respectively. More details are available in reference 23.

(ii) Pharmacokinetic data. Blood samples were collected from the subjects at weeks 4 and 24.
During each visit, the patients were asked to report the exact time at which they had taken the last dose on
the previous day. At week 4, a trough blood sample was collected, followed by administration of the drug and
then collection of five additional samples, at 1, 2, 3, 4, and 8 h after the dose. At week 24, only a trough sample
was collected. Overall, therefore, there were 7 samples for each subject over a 6-month period.

Plasma drug concentrations of TFV and FTC were determined in all 7 samples at the Bicêtre Hospital labo-
ratory using a validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay (44). The limit of
quantification was 5 ng/mL. Intracellular concentrations of TFV-DP and FTC-TP were measured in the isolated
PBMCs only before drug intake at weeks 4 and 24, by LC-MS/MS at the French Atomic Energy Commission
(CEA) in Paris Saclay University according to a previously described method (45). For TFV-DP, within-assay
reproducibility ranged from 88.4% to 108% and from 4.6 to 10.3% for accuracy and precision, respectively.
Between-assay reproducibility ranged from 96% to 103% and from 3.4 to 10.4% for accuracy and precision,
respectively. The calibration curve ranged from 100 to 7,000 fmol/sample (i.e., 10 to 700 fmol/106 cells for a
sample pellet containing 107 cells). For FTC-TP, within-assay reproducibility ranged from 94.8 to 112.4% and
from 0.6 to 3.2% for accuracy and precision, respectively. Between-assay reproducibility ranged from 93.8 to
114.6% and from 1.6% to 4% for accuracy and precision, respectively. The calibration curve ranged from 0.77
to 200 pmol/sample (i.e., 0.077 to 20 pmol/106 cells for a sample pellet containing 107 cells).

For the present study, plasma and intracellular concentrations were transformed to moles per liter,
considering that 1 mol of emtricitabine and tenofovir is equal to 247 and 287 g, respectively, and the
volume of a PBMC is approximately 0.2 pL (46, 47).

(iii) Adherence data. Patients were supplied with one MEMS-capped bottle for the tenofovir diso-
proxil fumarate/emtricitabine fixed-dose combination tablets, which recorded the exact time of each
opening of the caps. In addition, patients were asked to note any deviations from the MEMS-recorded
data. MEMS-recorded times were compared to patients’ reports of the previous dose intake. When dis-
crepancies between MEMS-recorded and patient-reported intake prior to sampling were observed (.3 h), the
MEMS-reported time was kept. In the case of missing MEMS records, when the sampled concentration level
was deemed consistent with an observant drug intake, intake times prior to the sampling occasion were
imputed to theoretical values. This method is similar to the one used for modeling atazanavir and ritonavir PK
of the same patients using their corresponding MEMS (29).
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(iv) Pharmacogenetic data. Three genetic polymorphisms were studied: ABCC2 (rs717620), ABCC4
(rs1751034), and ABCB1 (rs1045642). All the genotyping analyses are described in reference 23. As the
population was a mixture of Caucasian and African persons, within each group, for each polymorphism,
Hardy-Weinberg equilibrium was tested for.

Data analysis. (i) Population pharmacokinetic modeling. All data were analyzed using the nonlin-
ear mixed-effects approach available in Monolix 2020 R1 (http://lixoft.com/products/monolix/). The stochastic
approximation expectation maximization method was employed throughout the analysis. Simulations, tests,
and plots were performed using the mlxR package version 4.2.0 (see the supplemental material) and R software
version 3.6.3.

The population pharmacokinetic models describing the PK of TFV, TFV-DP, FTC, and FTC-TP were
written as a system of concentration-based equations, thanks to the transformation to micromoles per li-
ter of both plasma and intracellular concentrations described above.

The individual parameters were assumed to be log-normally distributed, and proportional error was
employed for description of residual variability. Interindividual variability was explored for all parameters
and interoccasion variability for apparent clearance.

The model building procedure was guided by Bayesian information criteria (BIC), residual error
standard deviations, relative standard errors, and diagnostic plots.

(ii) Pharmacogenetic and demographic covariate analyses. For the three genetic polymorphisms,
we considered an allele dosage model. The demographic covariates gender, weight, race, and age were
available, as well as the biological covariate creatinine and the pharmacological covariate atazanavir clearance.
Creatinine clearance was calculated using the formula of Cockcroft and Gault (48), and atazanavir clearance
was calculated using empirical Bayes estimates from the model accounting for MEMS information developed
in reference 23.

Missing continuous covariates were replaced with the median, and patients with missing discrete
covariates were discarded from analysis.

Covariate selection for model building was performed using the COSSAC (conditional sampling use
for stepwise approach based on correlation tests) procedure, available in the Monolix software. This
method alternates between forward and backward covariate selection, depending on the results of cor-
relation tests (Pearson’s correlation test for continuous covariates and analysis of variance [ANOVA] for categor-
ical ones). These are calculated with samples from the a posteriori conditional distribution. Acceptance and
reject of a relationship are based on BIC (49).

(iii) Model simulations. Using the combined model population parameter estimates, we simulated
PK profiles of TFV, TFV-DP, FTC, and FTC-TP for 1,000 subjects following a 7-day-a-week regimen (as in
the ANRS 134-COPHAR 3 trial) or a 4-consecutive-day-a-week regimen over 12 weeks (as in the ANRS
162-4D trial) assuming perfect adherence and derived the 10th, 50th, and 90th predicted percentiles.

Using these simulations, we derived Cavg and Cmin as the average and predose concentrations from week 4
to the last observation according to dosing history and over a 2-week window at steady state assuming perfect
adherence, to characterize exposure in patients experiencing successful viral suppression at steady state.
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