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Abstract

Understanding antiretroviral disposition in the male genital tract, a distinct viral compartment, can
provide insight for HIV eradication. Population pharmacokinetic modeling was conducted to
investigate the disposition of tenofovir disoproxil fumarate (TDF), tenofovir alafenamide (TAF),
and emtricitabine and their metabolites in blood and semen. Blood plasma and seminal plasma
(SP) concentrations of tenofovir and emtricitabine, and tenofovir-diphosphate and emtricitabine-
triphosphate concentrations in the peripheral blood mononuclear cells (PBMC) and seminal
mononuclear cells, were measured. Sequential compartmental modeling described drug
disposition in blood and semen. Our modeling suggests slower apparent tenofovir-diphosphate
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PBMC elimination and faster tenofovir SP elimination following TAF administration, compared to
TDF, likely reflecting flip-flop kinetics. Additionally, TAF metabolism to TFV appeared slower in
semen compared to blood; however, SP elimination of TAF-derived TFV appeared faster than its
BP elimination. These findings provide valuable insight for further mechanistic study of cellular
entry and drug metabolism in the male genital tract.
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INTRODUCTION

HIV-1 sanctuary sites are well-documented barriers to complete suppression of HIV
replication (1,2,3). Considerable research effort is directed towards understanding viral and
drug disposition within these sanctuary sites to inform research aimed at achieving HIV-1
cure. These immune-privileged sites include the central nervous system, lymph nodes,
colorectal tissue, vaginal tissue, and the male genital tract (MGT), among others (1).

One strategy with some promise towards cure is known as the “kick and kill” approach.
Here, latent virus is “kicked” out of latency into viral replication and thus made susceptible
to antiretroviral (ARV) therapy. This strategy requires that the virus brought out of latency is
presented with adequate concentration of drug for effective “killing”. Success of the “kick
and kill” cure strategy hinges on the ability for both latency-reversing agents and
antiretrovirals to adequately penetrate compartments such as the MGT (4). Thus, it is
necessary to understand currently used ARV disposition within these sites. The MGT
contains physiological barriers that protect sperm from potentially harmful xenobiotics.
Sertoli cells serve as the primary cellular unit at this boundary; drug transporters such as P-
glycoprotein (P-gp) expressed in these cells efflux xenobiotics back into the blood (3,5).
Many drugs, including some ARVs (e.g. dolutegravir, darunavir, etravirine), exhibit low
penetration into this compartment, relative to blood concentrations (6,7,8,9). In contrast, the
nucleoside reverse transcriptase inhibitors (NRTIs) such as tenofovir (TFV) and
emtricitabine (FTC) penetrate to a higher extent into this compartment in part due to the
family of endogenous equilibrative nucleoside transporters (10); this class generally shows
high seminal plasma (SP) concentrations relative to blood plasma (BP) (6).

Tenofovir (TFV) and emtricitabine (FTC) are commonly used NRTIs in HIV-1 treatment and
pre-exposure prophylaxis (PrEP). TFV is available in two prodrug formulations, tenofovir
disoproxil fumarate (TDF) and tenofovir alafenamide (TAF). They are distinct from one
another, most notably in their metabolism to TFV and safety profiles. The driving force
behind TDF-associated toxicity (renal impairment and bone density loss) is high TFV
concentrations within the BP; post-absorption, TDF is cleaved to TFV, its main circulating
form. TAF was developed to circumvent this by shifting the conversion of TAF to TFV into
target cells, thus significantly decreasing BP concentrations of TFV and therefore, the risk of
toxicity. Additionally, efficient cell loading of TAF drives higher concentrations of
intracellular active drug, compared to TDF(11).
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To more fully understand the pharmacokinetics (PK) within the blood and putative semen
reservoir of HIV-positive and negative men taking TAF+FTC for treatment or TDF+FTC for
treatment or PrEP, we developed a population PK model for TAF, TDF, and FTC with a
focus on the differences between TAF and TDF with respect to blood and semen. A non-
compartmental analysis (NCA) was conducted for all three drugs of interest and has been
previously reported (12). In short, NCA revealed unexpected TFV PK differences between
TAF and TDF in the semen. As expected, TFV BP median concentrations following TAF
administration were markedly lower (~10-fold) than TFV median concentrations following
TDF administration. However, TFV SP median concentrations were similar regardless of
dosage form. Intracellular PBMC TFVdp median concentrations following TAF
administration were approximately 6-fold higher, as expected, but in seminal mononuclear
cells (SMCs) the median concentrations were similar irrespective of dosage form. To further
describe these differences and inform future studies designed to probe the mechanisms, a
population pharmacokinetic model for each of these prodrugs was built.

Population Pharmacokinetic Analysis: Model Structure and Performance

Figure 1 depicts the structural models of TDF and TAF; the structural model of FTC is
included in the supplemental material. Goodness of fit (GoF) plots and model code for each
of the models can also be found in the supplemental material.

TDF—A 5-compartment model (2 for BP, 1 for PBMCs, 1 for SP, and 1 for SMCs) with a
fixed first order absorption rate constant and estimated first order elimination or disposition
rate constants best described the TDF data. Two transit compartments between the BP and
SP and a single transit between the BP and the SMCs improved model fitting and were
retained in the final model. A transit compartment between the SP and SMCs was not
supported by the data.

Final model and bootstrap estimates are presented in Table 1 with associated 95%
confidence intervals (Cls) and relative standard error in percentage terms (%RSES).
Interindividual variability (w, 11V) was placed on TFV CL/F and V/F in the BP as well as
TFV elimination (K40) from the SP and TFVdp elimination (K50) from the SMCs. These
were estimated with modest precision (<85 %CV) given the data limitation and the
complexity of the model. Residual variability (a) was also estimated with modest precision
(<55 %CV) apart from the SMC compartment, as this compartment had considerable
variability within the data and many of the samples were pooled. Bootstrap estimates closely
approximated the NONMEM estimates but the 95% confidence intervals (Cl) and %RSE
show low precision for these estimates for compartments outside of the blood plasma.
Shrinkage on all inter-individual variability of CL/F, V/F, K40, and K50 were low (<30%).

Visual predictive checks (VPCs) for TDF are shown in Figure 2. VPCs demonstrate that the
model generally captured the central tendency of the data, with high variability. Bootstrap
estimates and %RSE values were determined from 561 successfully minimized models
(56% success rate).
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Additionally, initial TFVdp PBMC modeling revealed a single data point with a conditional
weighted residual (CWRES) value > 6. This isolated data point was approximately 20-fold
higher than the next concentration within the same subject. It was determined that this was
likely due to a laboratory error, in that an incorrect cell count was recorded during sample
processing. As a recount was not possible, this value was removed from analysis.

FTC—A 5-compartment model (2 for BP, 1 for PBMCs, 1 for SP, and 1 for SMCs) with a
fixed first order absorption rate constant and estimated first order elimination or disposition
rate constants best described the data obtained for FTC. A first order transit/conversion rate
constant between the SP and SMCs was included in the model. No differences in PK for
FTC when co-administered with the two TFV dosage forms, or differences between healthy
and HIV-positive men were observed in the prior NCA. Thus, a single FTC model was
developed.

Final model and bootstrap estimates with associated 95% Cls and %RSEs are presented in
Supplemental Table 1 (Table S1). 11V estimates were placed on CL/F, V/F, K40, K25, K50,
and K60 and all 11V estimates were low (<30 %CV) except for that associated with K60
(elimination from SMCs). Like TDF, residual variability (a) was also estimated with modest
precision (<40 %CV) except for the error on the SMC compartment. The high variability
estimates on both parameters result from highly variable data, with several pooled samples
used to provide concentrations. Bootstrap estimates closely approximated NONMEM
estimates with reasonable precision, as illustrated by the 95% Cls and %RSE values. %RSE
values were high for 11V on K50, K60, and V/F. In general, less variability is present across
all compartments compared to the TDF model and can be seen visually in the VPC plots.
Shrinkage on all inter-individual variability parameters of CL/F, V/F, K40, K25, K50, and
K60 were low (<30 %CV).

VPCs for FTC are shown in Supplemental Figure 2 (Figure S2). FTC VPCs show that the
model captures the central tendency of the data with reasonable variability except for the
SMC compartment. Bootstrap estimates and %RSE values were determined from 929
successfully minimized models (93% success rate).

TAF—Owing to differing TFV formation kinetics, a separate TAF model was constructed. A
5-compartment model (1 for TAF in BP, 1 for TFV in BP, 1 for PBMCs, 1 for TAF in SP,
and 1 for TFV in SP) with an estimated first-order TAF absorption rate constant best
described the data. Due to poor fitting and model instability, first-order transfer and
conversion rate constants describing drug disposition between compartments were not
supported. Instead, estimated relative transfer or conversion rates (relative to TAF
elimination in the BP or SP) for drug disposition were used by multiplying the estimated
elimination rate constant of TAF in the BP or SP by an estimated scalar constant. In
addition, a lack of data in the SMC compartment precluded modeling TFVdp and was not
included in the model, despite multiple attempts to incorporate it within the model
framework. A two-compartment model was tested for TFV PK in the BP, but it did not
improve overall model performance and thus a 1-compartment model was selected.
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TAF model estimates can be found in Table 2. 11V was estimated for the relative rates K30,
K40, K50, and K60. Most w estimates (inter-individual variability) were high (range of 85 —
113 %CV) but were retained in the model due to model stability and improved GoF.
Shrinkage on all inter-individual variability parameters of K30, K40, K50, and K60 were
low (<30 %CV). Residual variability (a) was high (>45 %CV) for all compartments except
for TFV in the BP, highlighting high variability present within the data.

TAF VPC plots (Figure 3) highlight a successful capturing of the central tendency of the
data as well as the large variability in each modeled compartment. To increase the robustness
of the model estimates and %RSE values derived from the bootstrap, all successfully
minimized models and models that terminated due to rounding errors with > 1.5 significant
digits were included (n=319; rate of 32%).

Median bootstrap estimates closely resembled NONMEM estimates with some estimates
exhibiting high variability as illustrated by the large 95% Cls and high %RSE. Nonetheless,
many of the estimates were relatively precisely estimated.

Comparison of Final TDF and TAF Model Estimates

Table 3 shows a comparison of median TFV bootstrap parameters between TDF and TAF.

Differences in TFV disposition between TDF and TAF—Assuming a blood plasma
volume of distribution of 2000 L, TFV CL from BP following TAF administration
(K40*2000 L) is approximately 10% that of the TFV CL following TDF administration and
is likely illustrative of the differing rate-limiting steps in the initial distribution of and
conversion to TFV, rather than a different elimination pathway. Though the TFV transit rate
from the BP to the PBMC between TDF (K24) and TAF (K23*K20) is similar, this
comparison is difficult to interpret as the “transit” for TAF also includes intracellular
conversion, demonstrated to be more efficient for TAF (13). TFVdp elimination rate constant
from the PBMCs following TAF administration (K30) was estimated to be approximately
40% that of the TFVdp elimination rate constant from the PBMCs following TDF
administration (K40). While both rates of elimination are slow, TFVdp elimination
following TAF administration is slower; determining half-lives for these long-lived
intracellular metabolites is difficult and estimates available in the literature vary widely (14).
However, increased concentrations of TFVdp following TAF administration may result in
saturation of TFVdp catabolism and contribute to this difference.

A comparison of the transit rate of TFV to the seminal plasma from the blood plasma
following TDF (K25) and TAF (K46) administration reveals similar rates (0.0152 hr=1 vs
0.00952 hr~1) while TFV elimination rates from SP following TDF administration (K50)
and TAF administration (K60) were quite different (0.0126 hr™1 vs 1.97 hr~1). This suggests
that the apparent rate of TFV disappearance from the SP following TAF administration is
significantly faster compared to TDF. This may potentially reflect its complex metabolism
and transport rather than a different elimination mechanism.
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Differences in TAF conversion to TFV and TFV apparent elimination rate from blood and

semen

A comparison of the TAF conversion to TFV in the BP and SP also revealed differences
between the two biological matrices. The TAF conversion to TFV in the BP was estimated at
1.33 hr1 (K20*K24) while the conversion of TAF to TFV in the SP was estimated at
0.000327 hr~1 (K50*K56). This slower conversion in the SP may be related to the fewer
cells capable of converting the drug within the MGT (i.e., TAF to TFV to TFVdp).
Additionally, the TFV elimination rate from the BP following TAF administration was
estimated at 0.00230 hr~1 (K40) compared to the elimination rate from the SP following
TAF administration was estimated at 1.98 hr=1 (K60). Faster SP elimination compared to BP
elimination following TAF administration could be a result of destructive sampling plus
differences in SP transport and metabolism. TAF is measurable in SP and cathepsin A is
ubiquitous in the MGT tract, (15) potentially resulting in a cellular “sink”. TFV is also
available systemically for transport into and out of the MGT; therefore, the complex routes
of distribution for this compartment may contribute. In contrast, elimination of TFV from
the BP and SP following TDF was estimated at 0.0545 (cLt,/[v/F + V2/F]) and 0092 (K50),
respectively, implying that TFV distribution from the two fluids after TDF administration
more closely resemble one another.

DISCUSSION

In this study, we developed a population pharmacokinetic model for the antiretrovirals
tenofovir TAF and FTC and their respective intracellular metabolites to relate drug and
metabolite concentrations in the BP and PBMCs to those observed in the MGT. For each
drug, intra- and extracellular compartments within the blood and semen were fit to measured
concentrations. Several parameters were estimated with high variability, reflective of
variation within the data and the small sample size. The high variability captured in the
modeling highlights the heterogeneity present in the data across dosage forms. Model
estimates derived from the TDF and TAF models were compared to each other. This exercise
provided valuable insight into the dispositional differences between these two dosage forms
with respect to extracellular TFV and intracellular TFVdp.

In comparing the estimates derived from this modeling for TDF and TAF, differences in drug
disposition patterns between the two dosage forms were revealed. First, we estimated an
apparent 10-fold difference in TFV CL/F from BP; estimates from recent single-dose studies
in healthy volunteers (16) suggest that CL/F of TFV is similar regardless of dosage form.
Other data, including data analyzed by Gilead Sciences,(17) support a longer half-life,
slower clearance, and increased total volume of distribution of TFV following TAF
administration. TAF is stable in BP and TFV is formed in target cells throughout the body
then effluxed back into circulation, thus accounting for the increased volume of distribution
compared to TDF-generated TFV, formed in the blood after absorption. (11,18,19). Our
ability to accurately estimate TFV BP volume of distribution following TDF administration
was limited, based on our sparse sampling scheme. Since the TFV concentrations in the BP
following TAF administration arise from a separate pathway, the ability to accurately
estimate TFV BP volume of distribution is likely an identifiability issue, as opposed to a
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limitation of sample timing. Decreased TFV systemic clearance estimates observed with
TAF administration are most likely due to flip-flop kinetics, where the formation and
systemic distribution of TFV is the slower, rate limiting step and reflected in the
concentration-time profile as the elimination rate. TFV has been measured in urine after
TAF administration,(20) and thus it is unlikely that it is cleared by any process other than
renal elimination, as observed with TDF-generated TFV. Given this, these clearance
estimates should be interpreted with caution. Additional limitations specific to semen
collection are the use of destructive sampling, low seminal cell yields, and, consequently, a
high proportion of SMC TFVdp BLQ values.

The slower observed elimination of TFVVdp from PBMCs following TAF administration
compared to TDF administration has not been specifically quantified in the literature.
Quantifying the half-life of these difficult to measure, long-lived moieties is challenging, and
literature estimates vary. Our observation is likely to be attributed, at least in part, to the
much higher TFVdp loading of the PBMCs following TAF administration and potential
saturation of catabolic pathways.

Finally, our analysis revealed a much faster elimination of TFV from the SP following TAF
elimination compared to TDF. This difference may be multifaceted (i.e., transporters,
enzymatic breakdown, etc.) but the finding warrants further investigation. This finding is
especially enlightening since our previously reported NCA showed similar TFV SP (and
TFVdp SMC) concentrations across the two dosage forms (12).

Taken together, the NCA and population PK analyses suggest that despite similar
concentrations of drug in SP and SMCs, the underlying mechanisms of the disposition of
TFV and TFVdp in the MGT are different across dosage forms, as previously demonstrated
for the blood (18). We hypothesize that the differences in rates observed for TFV do not
suggest different elimination pathways, but rather, reflect its more complex formation and
distribution following TAF administration. It is likely that the rate-limiting step of TFV
formation following TAF administration is slower than its renal clearance, and thus, we are
observing a phenomenon akin to flip-flop kinetics. These differences include an ~40%
slower TFVdp elimination from the PBMCs following TAF administration compared to
TDF administration, potentially reflecting saturation of catabolic enzymes; a faster
disappearance of TFV from the SP following TAF compared to TDF (1.98 hr=1 vs. 0.0126 hr
1), likely reflecting complex metabolism and transport; and a smaller (~10%) TFV
clearance from the BP following TAF administration compared to TDF administration
(assuming a TFV volume of distribution in the BP of 2000L), likely reflecting the rate
limiting steps in TFV formation and appearance in the systemic circulation rather than a true
difference in clearance mechanisms. It should be noted that while these parameters are not
directly interpretable from a physiologic stand point, they do highlight general mechanistic
differences. Semi-physiologically- based PK analysis may lend itself well to these data for
further exploration of mechanisms of TAF disposition in the male genital tract.(21)

Conclusions

The observed differences in drug disposition between TAF and TDF in the MGT are likely
multifaceted and our understanding of the underlying mechanisms is limited. The clinical
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significance of these differences has yet to be elucidated; the small body of data on viral
suppression in the MGT with TAF suggests adequate control from a treatment perspective,
comparable to TDF (22). From a cure perspective, PK in viral compartments should be a
consideration in drug development, with better mechanistic understanding of drug
pharmacokinetics/pharmacodynamics and SMC physiology leveraged towards control of
reactivated latent virus.

METHODS

The clinical study conduct, as approved by the UNC Biomedical Institution Review Board,
bioanalytical methods, and NCA were described in detail previously (12). Briefly, 16 HIV-
positive and 8 HIV-negative men (total n=24) free from active sexually transmitted
infections (aside from HIV) provided 6 samples over 48 hours and two doses to construct a
composite 24-hour blood and semen drug concentration profile (post-dose hours 3, 6, 9, 12,
18, 24) for TFV, TFVdp, FTC and FTCtp.

Analytes were measured using LC/MS-MS methods in the UNC Center for AIDS Research
Clinical Pharmacology and Analytical Chemistry Laboratory; for TFV and FTC in BP and
SP, the dynamic range of the assay is 10-10,000 ng/mL, and for TFVVdp and FTCtp in
PBMCs and SMCs, the dynamic range of the assay is 0.02-2,000 ng/mL. These methods are
fully validated, with calibrators and quality control samples within 15% of the nominal value
for within-day and between-day runs. Parent TAF was measured in BP and SP by LC-
MS/MS, using a research-only, partially validated analytical method. TAF concentrations
were measured with a dynamic range of 0.100 — 100 ng/mL, with calibrators and quality
control samples within 25% of the nominal value for within-day and between-day runs. For
the intracellular concentrations, the sample volume and the cell count, along with the lower
limit of quantification (LLOQ) of the assay (0.02 ng/mL), a sample-specific LLOQ was
calculated for all intracellular concentrations.

Semen samples were centrifuged to separate SP from cellular content; SMCs were then
separated from sperm cells using a density gradient. Once separated, SMCs were counted
and frozen as a dry pellet. In order to increase sensitivity, SMC samples with <300,000
cells/mL were pooled within a participant. Thus, any intracellular concentrations measured
from these subjects represented an average 24-hour concentration. All concentrations were
subsequently converted to molar units with intracellular concentrations being calculated
using an estimate for the volume of mononuclear cells of 282 fl/cell. (23)

Population Pharmacokinetic Analysis

PopPK was performed using NONMEM version 7.3 (ICON Development Solutions,
Hanover, MD). Data management, graphical analysis, and standard statistical analysis were
conducted in R (version 3.1.0 or higher, r-project.org). Pirana (version 2.9.2) was used for
model management and NONMEM output visualization. The ADVAN 6 routine and first
order conditional estimation with interaction (FOCE-I) method (for TDF and FTC) or
Laplacian with interaction method (for TAF) were used for parameter estimation.
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TDF and FTC—For TDF and FTC, sequential modeling of the blood plasma, PBMCs,
seminal plasma, and SMCs was performed. For TDF a total of 323 concentration values
(n=96 for TFV in BP; n=92 for TFVdp in PBMCs; n=91 for TFV in SP; n=44 for TFVdp in
the SMCs) were used in the TDF final model. For FTC a total of 464 concentration values
(n=144 for FTC in BP; n=138 for FTCtp in PBMCs; n=133 for FTC in SP; n=49 for FTCtp
in the SMCs) were used in the FTC final model. Intra- and extracellular disposition of TFV
(from TDF) or FTC and their respective metabolites were linked between matrices with first
order rate constants. Transit compartments were implemented when deemed appropriate for
improved model fitting and biological plausibility and mechanism. A model schematic for
TDF and FTC is presented in Figure 1 and Supplemental Figure 1 (Figure S1), respectively.
Model progression was based off of a combination of visual inspection of the goodness of fit
plots (individual predictions (IPRED) and observation (DV) overlay plots, DV vs IPRED,
weighted residuals (WRES) vs population predicted (PRED), WRES vs TIME, CWRES vs
PRED, CWRES vs TIME and eta histograms), significant improvement of the objective
function value (OFV) (likelihood ratio test, p-value < 0.05), Akaike information criterion
(AIC), Bayesian information criterion (BIC), and physiological relevance. A one-
compartment and two-compartment blood plasma model was tested for each drug. TDF and
FTC included a fixed first order absorption rate constant. Finally, 10/16 TDF SMC and
17/23 FTC SMC samples were pooled per subject due to poor cell recovery, stemming from
low semen sample volume.

TAF—TAF modeling followed TDF and FTC, with a few key differences. A total of 226
concentration values (n=48 for TAF in BP, n=45 for TFVdp in PBMCs, n=48 for TFV in BP,
n=42 for TAF in SP, n=43 for TFV in SP, n=0 for TFVdp for SMCs) were used in the final
TAF model. To improve model stability and fitting, relative rate constants (relative to TAF
elimination from the BP or SP) were employed to describe TFV disposition. A model
schematic for TAF can be found in Figure 1. In addition to TFV and TFVdp concentrations,
parent TAF concentrations were measured in the BP and SP. Due to sampling time
constraints, the majority of the TAF concentrations were below the limit of quantification
(BLQ) following the 6-hour (2" time point. As such, a likelihood-based approach to
handling data below the limit of quantification was applied (24), necessitating the use of the
Laplacian estimation with interaction method (25). Finally, all subjects in the TAF arm
required pooling of their SMC samples for quantification of TFVdp concentrations. Out of
the 8 pooled samples, 5 were BLQ leaving 3 quantifiable samples for modeling of TFVdp in
the SMCs. As such, the SMC compartment for the TAF arm was omitted, despite multiple
attempts to include it.

Absorption Rates—Sample collection restrictions prohibited successful estimation of
absorption rates for TDF and FTC models from the data. The time to maximum
concentration (Tmax) for TDF and FTC generally occurs prior to the first time point for
sample collection at 3 hours. As such, the absorption rate for TFV following TDF
administration was set to an arbitrary value of 3.0 hr1 which falls in range with previously
reported values (26—29). The absorption rate for FTC was fixed to a previously reported
value of 0.6 hr™1 (29).
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Volumes of Distribution—To simplify the model, volumes of distribution for model
compartments outside of the BP were assumed to be 1 liter. The central volume of
distribution for TAF in the BP was fixed to a previously reported value of 75 L and the total
volume of distribution for TFV in the BP following TAF administration was fixed to an
estimate of 2000 L based on the approximate estimate of previously reported values for TAF
and TFV volume of distributions (15,30).

Model Validation—VPCs were constructed with 1,000 simulations using the final
parameter estimates from the final base models overlaid with the observed data for each
compartment. Bootstrap estimates were obtained from 1,000 replicates generated by
repeated random sampling of the original dataset with replacement and were compared to
model estimates to evaluate their precision. VPCs and bootstrapping were performed in Perl-
Speaks-NONMEM (PsN) version 4.6 or greater (31).

Data Exclusion—Observation outliers were determined using the residual plots from the
final model. Observations yielding an absolute CWRES value > 6 were considered as
outliers and were excluded from the analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STUDY HIGHLIGHTS
What is the current knowledge on the topic?

Antiretrovirals penetrate the seminal compartment to varying degrees.,
determined in part by their physiochemical properties. Nucleoside reverse
transcriptase inhibitor (NRTI) concentrations in seminal plasma are generally
higher than blood, though knowledge of their active intracellular metabolites
in this compartment is limited.

What question did this study address?

Herein, we gain an understanding of inter- and intra-individual differences in
NRTI disposition in blood and semen for tenofovir and its active moiety,
tenofovir-diphosphate (TFVdp), following administration of tenofovir
alafenamide (TAF) or tenofovir disoproxil fumarate (TDF) through
pharmacokinetic modeling.

What does this study add to our knowledge?

Our findings highlight potentially different patterns of disposition in the male
genital tract depending on tenofovir formulation. The complex distributional
properties of TAF are reflected in apparent differences in TFV and TFVdp
transfer and elimination rates, likely due to a flip-flop kinetics phenomenon. ,
despite similar intracellular tenofovir diphosphate concentrations in seminal
mononuclear cells.

How might this change clinical pharmacology or translational science?

These findings provide insight into the mechanisms of tenofovir prodrug
disposition within the seminal compartment and suggests areas requiring
further study as antiretrovirals are considered as part of the “kick and kill”
HIV eradication strategy.
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Figure 1: Model Schematicsfor Tenofovir Disoproxil Fumarate and Tenofovir Alafenamide
Red boxes = blood matrices (BP/PBMCs), blue boxes = seminal matrices (SP/SMCs), gray

boxes = compartments with direct measurement, doted boxes = transit compartments,
dashed box = compartment not modeled, ovals = depot compartments
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Figure 2: Visual Predictive Checksfor Tenofovir Disoproxil Fumarate
Blue markers = observed data, red dashed lines = predicted 51 and 95t prediction lines, red

solid line = median prediction line, red and blue shaded regions = 95% confidence intervals
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Figure 3: Visual Predictive Checksfor Tenofovir Alafenamide
Blue markers = observed data, red dashed lines = predicted 51 and 95t prediction lines, red

solid line = median prediction line, red and blue shaded regions = 95% confidence intervals

Clin Pharmacol Ther. Author manuscript; available in PMC 2020 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

GREENE et al. Page 17

Table 1:

Population Pharmacokinetic Estimates for Tenofovir Disoproxil Fumarate (TDF)

Parameter (units)  Final NONMEM Estimate Median Bootstrap Estimate ~ Bootstrap 95% ClI %RSE

Ka (hr )™ 3 3 - -

CL/F (L/hr) 40.4 39.7 (26.1-50.3) 17.7%
VIF (L) 161 154 (26.7 - 291) 47.6%
QIF (L/hr) 73.6 64.0 (20.8 - 119) 44.8%
V2IF (L) 618 574 (275 - 839) 29.4%
K24 (hr?) 0.0344 0.0394 (0.00567 -0.106)  75.0%
K40 (hr ) 0.0309 0.0364 (0.00577-0.0910)  72.7%
K25 (hrl) 0.0152 0.0114 (0.00234-0.0153)  80.8%
TAUL (hrY) 0.001 0.00100 (0.000994 - 0.00103)  1030%
K70 (hr?) 0.0126 0.00992 (0.00208-0.0127)  99.9%
K26 (hr ) 0.0263 0.0248 (0.00608 - 0.0507)  59.5%
TAU2 (hrY) 0.0845 0.0864 (0.0409 — 0.455) 138%
K80 (hr?) 0.0844 0.0812 (0.0236-0.159)  63.4%
@ on CL/F (%CV) 26.3% 24.0% (8.98% -35.7%)  49.8%
@ on V/F (%CV) 82.8% 84.7% (155% - 166%)  95.2%
@ on K40 (%CV) 42.0% 37.8% (8.36% - 65.0%)  64.6%
@ on K50 (%CV) 88.9% 83.5% (50.1% - 110%)  35.0%
0 0n BP (%CV) 21.4% 21.1% (13.8% - 29.5%)  42.2%
o on PBMC (%CV) 52.2% 51.5% (39.5% - 66.3%)  24.8%
00N SP (%CV) 43.9% 44.1% (38.0%-49.5%)  12.7%
0 0n SMC (%CV) 145% 137% (99.4% - 168%)  24.9%

*Fixed Parameter

95% CI — 95% Confidence Interval of bootstrap estimate
%RSE — Relative Standard Error in Percentage Terms
 — Interindividual Variability

o — Residual Variability

%CV - Coefficient of Variation in Percentage Terms
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Table 2:

Population Pharmacokinetic Estimates for Tenofovir Alafenamide (TAF)

Parameter (units) Final NONMEM Estimate Median Bootstrap Estimate Bootstrap 95% CI %RSE
Ka (hr?) 2.08 2.03 (157 - 2.46) 23.6%
Viar (L) * 75.0 75.0 - --

K20 (hr't) 1.20 1.23 (1.16 - 1.45) 5.43%
K23 (hr 1) 0.0489 0.0479 (0.0000153 - 0.090) 28.8%
virv (L) 2000 2000 - -

K30 (hr 1) 0.0130 0.0124 (0.00000395 - 0.0337)  36.0%
K24 (hrl) 1.07 1.08 (0.795-1.72) 12.9%
K40 (hr't) 0.00215 0.00230 (0.000101 — 0.0109) 55.0%
K25 (hrt) 0.000943 0.000963 (0.000692 — 0.00213) 68.2%
K50 (hrl) 0.762 0.625 (0.602 -1.13) 21.8%
K46 (hrl) 0.00952 0.00947 (0.00145-0.0135)  17.0%
K56 (hrt) 0.000256 0.000523 (0.0000102 - 0.00716)  643%
K60 (hrt) 1.97 1.98 (0.244 -3.21) 20.2%
w on K30 (%CV) 74.5% 67.9% (20.9% - 94.3%) 29.4%
 on K40 (%CV) 120% 113% (16.7% - 185%) 55.9%
 on K50 (%CV) 38.3% 48.91% (0.0976% - 48.92%) 23.3%
© on K60 (%CV) 85.4% 84.5% (3.15% - 118%) 40.4%
o on TAF BP (%CV) 86.1% 95.6% (55.7% - 150%) 184%
o on PBMC (%CV) 56.0% 52.6% (32.5% - 79.3%) 28.3%
o on TVF BP (%CV) 10.9% 10.9% (8.16% - 12.1%) 9.87%
o on TAFSP(%CV) 51.7% 55.4% (32.8% - 66.2%) 995%
o on TVF SP(%CV) 48.6% 44.6% (26.9% - 69.8%) 30.4%

o on SMC (%CV)

Not Applicable

*Fixed Parameter

95% CI - 95% Confidence Interval of bootstrap estimate
%RSE — Relative Standard Error in Percentage Terms
 — Interindividual Variability

o — Residual Variability

%CV - Coefficient of Variation in Percentage Terms
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Table 3:

Comparison of Model Estimates Between TDF and TAF

Parameter (TDF vs TAF) TDF TAF TAF Fraction (%)
TFV CL/F from BP (L/hr) 40.4 4.60 * 11.3%
TFVdp elimination from PBMCs (hrt)  0.0309  0.0124 40.1%

(K40 vs K30)

Transit of TFV from BP to SP (hr™2) 0.0152  0.00947 62.3%

(K25 vs K46)

Elimination of TFV from the SP (hr™%) ~ 0.0126  1.98 15,700%
(K50 vs K60)

*
=based on a fixed TFV volume of distribution of 2000 L
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