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Abstract

Tenofovir alafenamide (TAF) is a phosphonoamidate prodrug of the nucleotide HIV reverse
transcriptase inhibitor tenofovir (TFV). TAF is approved for the treatment of HIV-1 infection
as part of the single-tablet regimen containing elvitegravir, cobicistat, emtricitabine, and
TAF. When dosed once-daily, TAF results in approximately 90% lower levels of plasma TFV
and a 4-fold increase in intracellular TFV-diphosphate (TFV-DP) in PBMCs compared with
the TFV prodrug tenofovir disoproxil fumarate (TDF). Several antiretrovirals, including TDF,
have been associated with bone mineral density decreases in patients; the effect of clinically
relevant TAF concentrations on primary osteoblast viability was therefore assessed in vitro.
Studies in PBMCs determined that a 2-hour TAF exposure at concentrations similar to
human plasma C,,.x achieved intracellular TFV-DP levels comparable to those observed
after the maximum recommended human dose of 25 mg TAF. Comparable intracellular
TFV-DP levels were achieved in primary osteoblasts with 2-hour TAF exposure daily for 3
days at concentrations similar to those used for PBMCs (100—400 nM). No change in cell
viability was observed in either primary osteoblasts or PBMCs. The mean TAF CCs in pri-
mary osteoblasts after 3 days of daily 2-hour pulses was >500 uM, which is >1033 times
higher than the TAF maximum recommended human dose plasma Cyax. In summary, pri-
mary osteoblasts were not preferentially loaded by TAF compared with PBMCs, with com-
parable TFV-DP levels achieved in both cell types. Furthermore, there was no impact on
osteoblast cell viability at clinically relevant TAF concentrations.

Introduction

The development of antiretroviral drugs for HIV-1 infected patients has dramatically
improved quality of life, with the average life expectancy increasing approximately 10 to 15
years since the introduction of highly active antiretroviral therapy [1, 2]. As a consequence,
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additional health issues may arise due to long term treatment with antiretroviral drugs [3-6].
One long-term side effect that has been associated with multiple HIV-1 treatments and HIV
infection itself, is a decrease in bone mineral density (BMD), which can lead to osteopenia and
osteoporosis [7-12].

Tenofovir disoproxil fumarate (TDF) is a prodrug of the nucleotide reverse transcriptase
inhibitor tenofovir (TFV), which was approved for the treatment of HIV-1 in 2001 [13] and
chronic hepatitis B in 2008. TDF was developed to improve upon the low TFV permeability
and allow for its systemic delivery [14]; however, TDF is quickly metabolized to TFV [15].
Inefficient TDF delivery to peripheral cells results in high systemic concentrations of TFV
after dosing in order to achieve sufficient levels of tenofovir diphosphate (TFV-DP) in target
cells [16]. Tenofovir alafenamide (TAF) is a new prodrug of TFV, developed to load target
cells more efficiently while lowering TFV systemic levels [17, 18], and consequently reduce
off-target TFV exposure [19-21]. In clinical studies evaluating TAF-containing regimens in
HIV or HBV infected patients, TAF is more stable in human plasma and delivers TFV into
lymphoid cells more efficiently than TDF [17]. 4 fold higher TFV-DP levels were achieved in
PBMC:s as well as approximately 90% lower TFV plasma concentrations compared with TDF-
containing regimens; notably, an improved renal and bone safety profile was observed for
TAF groups as compared to TDF groups [22, 23].

Tenofovir-related nephrotoxicity has been infrequently observed in clinical trials with
TDF-containing regimens; although rare, acute renal failures have been reported in patients
[24]. Disruption of normal kidney function is known to perturb renal phosphate handling
[25]. As it has been established that bone growth is linked to phosphate regulation, the impact
of high TFV systemic exposure on bone mass density (BMD) may be mediated by disruption
of phosphate regulation in the kidney [25].

In clinical studies with TAF-containing regimens, the substantial decrease in plasma TFV
observed compared with TDF-containing regimens likely contributes to the difference in
BMD changes observed [22, 23]. However, the increased levels of TFV-DP in PBMCs suggest
that TAF may be more efficiently distributed to other cells in the body compared with TDF.
The goal of this study was to characterize the effect of clinically relevant concentrations of TAF
on primary osteoblasts, the bone forming cells.

Materials and methods
Reagents and cells

TAF, TFV, and nelfinavir (NFV) were synthesized by Gilead Sciences (Foster City, CA). Lopi-
navir (LPV) was purchased from Toronto Research Chemicals (North York, ON, Canada).
Nyosil-M25 oil was purchased from Nye Lubricants (Fairhaven, MA). PBMCs were obtained
from the Stanford Blood Bank (Palo Alto, CA) and maintained in RPMI-1640 culture medium
acquired from Invitrogen (Carlsbad, CA) containing 15% fetal bovine serum, 100 units/mL of
penicillin, 100 pg/mL of streptomycin, and 20 IU/mL of interleukin-2 (IL-2) produced by
Sigma (St. Louis, MO) at a density of 2.5 x 10° cells/mL. Human proliferating osteoblast cells
(lot #6122) were obtained from Lonza (Walkersville, MD) in 96-well or 6-well plates and main-
tained in Lonza’s osteoblast basal medium, supplemented with 10% fetal bovine serum, ascor-
bic acid and gentamicin/amphotericin-B.

PBMC loading assay

PBMCs were activated in RPMI-1640 culture medium with 1 pg/mL phytohemagglutinin
(Sigma) for 3 days. After 3 days, cells were maintained in RPMI-1640 culture medium without
phytohemagglutinin for 1 week followed by seeding in 12-well plates at a density of 5 x 10°
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cells per well in 2.5 mL of medium containing TAF at concentrations of 0, 0.0137, 0.0412,
0.124,0.370, 1.111, 3.333, or 10 uM. Two TAF dosing conditions were evaluated, a continuous
incubation and a 2-hour exposure with subsequent washout. For the continuous TAF incuba-
tion, PBMCs were treated for 6, 24, or 48 hours. For the 2-hour pulse, PBMCs were treated
with TAF for 2 hours, washed twice with fresh medium, and then reseeded in new 12-well
plates without TAF treatment for 4, 22, or 46 hours. At the indicated time points, two aliquots
of 2 x 10° cells for each TAF concentration were transferred to two 1.5 mL microfuge tubes
containing 0.5 mL Nyosil-M25 oil for immediate cell extraction (see below).

Primary osteoblast loading assay

Human proliferating osteoblast cells seeded in 6-well plates were immediately incubated at
37°C and 5% CO, upon arrival. The following day, the osteoblast culture medium was replaced
with 2.5 mL of fresh medium, taking care to not disrupt the osteoblasts, and then incubated at
37°C and 5% CO, for 3 additional days until the osteoblasts reached 80% confluence. The oste-
oblast culture medium was then replaced with 2.5 mL fresh medium containing 0, 0.124,
0.370, 1.111, 3.333, or 10 uM TAF. Two TAF dosing conditions were evaluated, a 2-hour expo-
sure with immediate harvest and a 2-hour exposure followed by a 22-hour washout. At each
time point, two aliquots of 5 x 10° cells for each TAF concentration were transferred to two 1.5
mL microfuge tubes containing 0.5 mL Nyosil-M25 oil for immediate cell extraction (see
below). Additional osteoblast loading assays were conducted for 3 days with daily 2-hour TAF
exposures and 22-hour washouts. The cell handling prior to drug treatment was identical to
what was done in the single-pulse assays described above. The TAF concentrations evaluated
in the 3-day assay were 0, 0.1, 0.2, and 0.4 uM. Osteoblasts were harvested at 2 and 22 hours
after the third TAF pulse. Two aliquots of 5 x 10° cells for each TAF concentration were trans-
ferred to two 1.5 microfuge tubes containing 0.5 mL Nyosil-M25 oil for immediate cell extrac-
tion (see below). These experiments were repeated four times.

Cell extraction

Harvested cells were spun through the Nyosil-M25 oil layer at 13,000 rpm for 45 seconds. The
microfuge tubes were then washed twice with phosphate-buffered saline to remove any extra-
cellular TFV-DP, being careful not to disrupt the oil layer. After washing, the Nyosil-M25 oil
layer was removed from the tubes, without disrupting the cell pellet. Intracellular TFV-DP was
then extracted from the cell pellet by resuspending cells in 0.5 mL 70% methanol at —80°C for
at least 30 minutes. The resulting supernatant was transferred to a new microfuge tube for
measurement of intracellular TFV-DP (see below).

Measurement of intracellular nucleotide analog metabolism

Using methods previously described [26], methanol extracts were dried in a centrifuging evap-
orator (Genevac, Stone Ridge, NY) and samples were reconstituted with an aqueous solution
of ammonium phosphate (1 mM, pH 7) containing an internal standard (500 nM 2-chloro-
adenosine triphosphate; Cl-ATP, Sigma Aldrich, St. Louis, MO). Analytes were separated
using a 50 x 2 mm x 2.5 p Luna C18(2) HST column (Phenomenex, Torrance, CA) connected
to a LC-20ADXR (Shimadzu, Columbia, MD) ternary pump system and HTS PAL autosam-
pler (LEAP Technologies, Carrboro, NC). A multistage linear gradient from 10% to 50% aceto-
nitrile in a mobile phase containing 3 mM ammonium formate (pH 5.0) with 10 mM
dimethylhexylamine at a flow rate of 150 uL/min was used to separate analytes. Detection was
performed on an API4000 (Applied Biosystems, Foster City, CA) MS/MS operating in positive
ion and multiple reaction monitoring modes. TAF metabolites TFV (parent mass-to-charge
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ratio (m/z) — monitored daughter ion; 288 — 176.1), tenofovir monophosphate (TFV-MP;
368 — 176.1) and TFV-DP (448 — 176.1) were quantified using an eight-point standard curve
(with CI-ATP as internal standard [542.2 — 170.2]), ranging in concentration from 0.572 to
1,250 pmol/million cells in osteoblasts and from 0.091 to 200 pmol/million cells in PBMCs,
and were prepared in cell extract from respective untreated cells. Reported concentrations

(in uM) were calculated based on an estimated intracellular volume of either 4.2 pL/cell (osteo-
blasts) or 0.2 pL/cell (PBMCs).

Cell viability assay

Human proliferating osteoblast cells seeded in 96-well plates were immediately incubated at
37°C and 5% CO, upon arrival. The following day, the osteoblast culture medium was replaced
with 100 pL of fresh medium, taking care not to disrupt the cells, and then incubated at 37°C
and 5% CO, for 3 additional days until the osteoblasts reached approximately 80% confluence.
The osteoblast culture medium was then replaced with 100 pL fresh medium containing 0, 2.0,
3.9,7.8,15.6,31.3, 62.5, 125, 250, or 500 uM TAF, with triplicate wells for each TAF concentra-
tion. Osteoblasts were treated for 3 days with daily 2-hour exposures and 22-hour washouts.
Cell viability was measured 22 hours after the third TAF pulse. TFV and two HIV protease
inhibitors, NFV and LPV, were used as controls. Osteoblasts were continuously incubated
with controls for 3 days. The TFV concentrations evaluated were 0, 0.15, 0.45, 1.4, 4.1, 12.3, 37,
111, 333, and 1,000 uM. The NFV concentrations evaluated were 0, 6.3, 12.5, 25, and 50 uM
and the LPV concentrations evaluated were 0, 12.5, 25, 50, and 100 uM.

As previously described [27], osteoblast cell viability was assessed following drug treatment
by adding Cell-Titer Glo reagent (Promega, Madison, WI) to the treated cells and measuring
luminescence on a VICTOR™ luminescence plate reader (Perkin-Elmer, Waltham, MA). Each
luminescence signal was divided by the signal of the untreated cells to determine a relative per-
cent signal for each drug tested and 50% cytotoxic concentration values (CCs,) were calculated
using GraphPad Prism software (GraphPad Software, La Jolla, CA).

Results
TAF loading in PBMCs

TAF loading studies were conducted in PBMCs to determine the in vitro concentration(s) of
TAF that resulted in intracellular TFV-DP levels comparable to those observed in PBMCs in
vivo with 25 mg TAF in a Phase 1 clinical study [28]. PBMC pharmacokinetic results from this
10-day monotherapy study demonstrated that subjects achieved a mean TFV-DP concentra-
tion of 0.677 pM predose on day 10, with a 2-fold increase to 1.493 uM 12 hours postdose
(Table 1). A broad range of TAF concentrations (0.01-10 pM) was evaluated to ensure the tar-
get TFV-DP concentration was achieved.

Table 1. Intracellular levels of TFV-DP in PBMCs for subjects receiving 25 mg TAF.

PK Parameter® Mean Intracellular TFV-DP
ng/106 cells pMP

Pre-dose 0.0605 0.677

12 Hours Postdose 0.1335 1.493

@As observed in TAF monotherapy study (data from study GS-US-120-0104)
PCalculated from TFV-DP concentration in ng/10° cells using a PBMC intracellular volume of 0.2 pL/cell

doi:10.1371/journal.pone.0169948.t001
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Table 2. Intracellular TFV-DP levels detected in PBMC with a single 2-hour TAF pulse and washout.

TAF (uM)? TFV-DP Concentration (uM) ® After a 2 Hour Pulse

6 hours 24 hours 48 hours

0.0137 BLQ BLQ BLQ

0.0412 BLQ BLQ BLQ

0.124 BLQ BLQ BLQ
0.370 1.89+1.05 1.35+0.13 0.95+0.17
1.111 7.05+0.21 4.01+0.31 3.17+0.91
3.333 19.9+1.7 13.5%1.2 7.03+0.53
10.000 73.5° 46.7+1.7 24.5+1.8

@ Data generated from at least 2 independent experiments
b Mean + standard deviation; BLQ = below limit of quantitation (limit of quantitation: 0.5 uM)
° Single value available for this treatment condition

doi:10.1371/journal.pone.0169948.t002

Two TAF dosing conditions were evaluated in the PBMC loading assays, a continuous
incubation and a single 2-hour exposure with washout. Continuous incubation was evaluated
since this is a standard method for cell loading assays. However, the TAF PK parameters mea-
sured in the Phase 1 clinical study demonstrate that TAF is rapidly absorbed (median T,y
approximately 0.50 hours) and has a short plasma half-life (t,,, approximately 0.40 hours)
[28]. Therefore, in order to better mimic in vivo TAF exposure conditions, a single 2-hour
exposure with washout was also evaluated.

Overall, TFV-DP levels were dose proportional for both dosing conditions. The target
TFV-DP concentration of 0.677-1.493 uM (Table 1) was achieved after 6 hours of continuous
dosing with 0.0137-0.124 uM TAF, the lowest doses evaluated (data not shown). For the single
2-hour pulse, the target TFV-DP concentration was achieved with 0.370 uM TAF by 6 hours
(4 hours postpulse) (Table 2), which is in alignment with the mean TAF plasma C,,,, of
0.484 uM observed at steady state for patients receiving 25 mg TAF [28].

TAF loading in primary osteoblasts

TAF loading studies using a single 2-hour exposure and washout were conducted in primary
osteoblasts using similar TAF concentrations to those evaluated in PBMCs (0.124-10 pM).
Similar to what was observed in PBMCs, TFV-DP levels were dose proportional across all TAF
concentrations at the 2-hour time point and for the 0.370-3.333 uM doses at the 24-hour time
point (Table 3). The target TFV-DP concentration was achieved with 0.370-1.111 uM TAF 2
hours postpulse, similar to what was observed in PBMCs by 6 hours (4 hours postpulse).

Additional studies were performed in primary osteoblasts to determine if multiple TAF
doses had any impact on TFV-DP levels. Three days of daily 2-hour TAF pulses were con-
ducted, with primary osteoblasts harvested at 2 and 24 hours after the final dose (50 and 72
hours).

TAF concentrations of 0.100 uM, 0.200 pM, and 0.400 uM were selected based on the
results of the single-pulse experiments in both PBMCs and primary osteoblasts (Tables 2
and 3).

The TFV-DP levels achieved in primary osteoblasts at all TAF concentrations after 3 days
of 2-hour pulses were similar to what was observed after a single 2-hour pulse, suggesting no
accumulation of TFV-DP in primary osteoblasts (Table 4). In addition, the TFV-DP levels
achieved were similar to those observed with a single pulse of TAF in PBMCs (Table 2).
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Table 3. Intracellular TFV-DP levels detected in primary osteoblasts with a single 2-hour TAF pulse
and washout.

TAF (uM) @ TFV-DP Concentration (uM) After a2 Hour Pulse
2 hours 24 hours
0.124 0.298+0.013 0.305+0.201
0.370 0.812+0.079 0.469+0.180
1.111 1.917+0.347 1.390+0.054
3.333 5.429+0.825 4.024+1.397
10.000 18.786+1.414 9.690+5.775

@ Data generated from at least 2 independent experiments
P Mean + standard deviation; Calculated from an osteoblast intracellular volume of 4.2 pL/cell

doi:10.1371/journal.pone.0169948.t003

Primary osteoblasts pulsed three times with 0.400 uM TAF achieved a TFV-DP concentration
0f 0.914 uM (Table 4), while PBMCs pulsed once with 0.370 uM TAF achieved a TFV-DP con-
centration of 1.35 uM (Table 2).

Evaluation of cell viability

The primary osteoblast assay was also used to evaluate the potential cytotoxicity of TAF using
3 days of daily 2-hour pulses. The concentration range of TAF evaluated ranged from clinically
relevant plasma concentrations (Table 1) to supratherapeutic TAF concentrations. Two HIV
protease inhibitors (PIs) nelfinavir (NFV) and lopinavir (LPV) were selected as positive cyto-
toxic controls and evaluated after 3 days of continuous incubation (consistent with clinical
exposure) [29, 30]. Protease inhibitors, including LPV, have been shown to be associated with
BMD loss in vivo [7]. NFV has also been shown to effect primary osteoblast growth in vitro
[31].

When TAF was evaluated using the daily 2-hour pulse, no cytotoxicity was observed; there-
fore, the mean CCs, after 3 days of treatment was >500 M (the highest concentration evalu-
ated), which is >1033 times higher than the mean TAF plasma C,,,,, of 0.484 uM (Table 5) [28,
32]. The estimated TAF in vitro selectivity ratio (in vitro CCs/ in vitro TAF exposure) for
osteoblast toxicity is >2500 (>500 pM/ 0.200 uM).

The mean CCsq of TFV was >1,000 uM, which is >1,000 times higher than the mean TFV
plasma C,,x of 1 uM for 300 mg TDF and >20,000 higher than the mean TFV plasma C,,,x of
0.05 uM for 25 mg TAF (Table 5) [28, 33]. For the HIV-1 PIs, the mean CCs, of NFV and LPV
were 23.5 uM and 33.5 pM, respectively. Both CCs, values were relatively close to their mean

Table 4. Intracellular TFV-DP levels detected in primary osteoblasts with 3 days of 2-hour TAF pulses
and washout.

TAF (uM) @ TFV-DP (uM)®
50 hours (2h after 3" TAF pulse) 72 hours (24h after 3" TAF pulse)
0.100 0.271+0.016 0.145+0.026
0.200 0.790+0.284 0.395+0.063
0.400 1.51120.465 0.914+0.071

2 Data generated from 4 independent experiments
P Mean # standard deviation; Calculated using an osteoblast intracellular volume of 4.2 pL/cell.

doi:10.1371/journal.pone.0169948.t004
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Table 5. Clinical C,,.x and observed CCs, values for compounds evaluated in primary osteoblasts.

Clinical Data Osteoblast In Vitro Assay Data Ratio
Drug Crax (M) Drug Treatment n CCso (UM)? CCs¢/ Crmax
TAF 25 mg QD 0.484 (TAF) TAF 2 hour pulse 5 >500 >1033
TDF 300 mg QD 1 (TFV) TFV Continuous 4 >1000 >1000
NFV 1250 mg BID 7 (NFV) NFV Continuous 4 23.5+4.5 3.4
LPV 800 mg QD" 18.7 (LPV) NFV Continuous 4 33.5+3.8 1.8

@Mean + standard deviation
PBoosted with 200 mg ritonavir

doi:10.1371/journal.pone.0169948.t005

plasma C,,,x, 3.4 and 1.8 times higher than the reported mean plasma C,,,,x for NFV and LPV,
respectively. However, as NFV and LPV are highly bound to serum protein (90-95%), the
selectivity values are estimated to be approximately 10-20 times higher after adjustment for
protein binding.

Discussion

Although TDF is well tolerated and has been a preferred backbone in HIV therapy, it has been
associated with effects on renal function and BMD [24]. A large multiyear observation study
conducted with the Veterans Affairs Clinical Case Registry found an association between
cumulative TDF exposure and an increased rate of fractures, suggesting that assessment of
bone toxicity may be warranted before and after TDF-containing antiretroviral therapy initia-
tion [34].

Results from this study demonstrate that osteoblasts do not represent a cell type that is
more sensitive to TAF, as primary osteoblasts and PBMCs treated with TAF concentrations
consistent with therapeutic exposure achieved comparable TFV-DP levels. Additionally, in
cells exposed to 3 days of 2-hour daily TAF pulses, there was no accumulation of TAF com-
pared with a single 2-hour TAF pulse. The similar levels between PBMCs and osteoblasts sug-
gest that TAF conversion to active moiety of TFV-DP is consistent between the two cells types.
Previous studies have documented that in PBMCs, TAF is predominantly converted to TFV
by cathespin A [35]. While we have not identified which enzyme(s) contribute to the conver-
sion of TAF to TFV in osteoblasts, this study suggests that the kinetics of TAF conversion to
TFV in PBMCs and osteoblasts is similar.

At clinically relevant concentrations of TAF, there was no cytotoxicity observed on primary
osteoblasts. Because TAF is rapidly absorbed and has a short plasma half-life [28], comparisons
to clinical C,,,x using a 2-hour exposure and washout method is physiologically relevant. No
effect on cell viability was seen with TAF at concentrations up to 500 pM. Results from another
study found that treatment of primary mouse osteoblasts for 3 days with 50 uM TDF or higher
significantly reduced cell viability [27]. However, the primary mouse osteoblasts were continu-
ously exposed to TDF for 3 days, which is a less clinically relevant exposure compared with the
daily TAF 2-hour pulse method used in this study.

The CCs, values of the HIV-1 PIs nelfinavir and lopinavir were only 3.4- and 1.8-fold
higher than their respective clinical C,,.x values (not taking into account 90% plasma protein
binding seen for most PIs). Cellular toxicity in cell lines for these PIs have been documented in
vitro [36] and have been associated with BMD decreases in vivo [7]. The CCs, value for TAF
was >500 M, which is more than 1,033-fold above the mean plasma C,,,,; this value was
achieved using a 2-hour exposure and washout indicating that TAF is not cytotoxic at clinical
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exposures. Using a less biologically relevant continuous incubation method, the TAF CCsq
value on osteoblasts was 10.4 uM, which is consistent with CCs, values observed on several
other cell lines and cell types treated by continuous incubation, including PBMCs [18]. These
results suggest that osteoblasts do not represent a more sensitive cell type for TAF.

Another finding from this study is that comparable levels of TFV-DP are achieved in
PBMCs and primary osteoblasts with similar in vitro TAF exposure. Results from a dog tissue
distribution study using ['*C]-labeled TAF found that TAF-related radioactivity in bone was
significantly lower compared with PBMCs [17]. While the dog study did not evaluate levels of
TAF in the different bone cell types, this result may suggest that in vivo primary osteoblast
exposure to TAF may be lower than PBMC exposure, potentially further increasing the TAF
safety margin.

Bone homeostasis is controlled by the balance between the osteoblast and osteoclast activi-
ties, allowing continuous modeling of the bone tissue. One limitation of this study is that oste-
oblasts were studied independently of osteoclasts. Some studies have shown that activation of
osteoclasts occurs in HIV+ subjects [37], suggesting that osteoclasts may play a role in the
reduced BMD in infected subjects. Additionally, this study focuses on cell viability, which may
not have captured all potential aspects of osteoblast damage by the drugs used in these studies.

Our methodology does not allow us to investigate the established link between kidney func-
tion in phosphate metabolism and bone formation [25]. While the molecular mechanism by
which TDF is associated with decreased BMD has not been definitively identified, clinical
studies have shown reduced effects on markers of renal function and changes in BMD for
E/C/F/TAF relative to E/C/F/TDF [22, 23, 38, 39], including the clinical data obtained with
E/C/F/TAF in renally impaired patients [40]. Combined, the lack of effect on osteoblasts
observed in this study and the findings from clinical studies may suggest that the mechanism
for changes in BMD in patients taking TDF containing regimens is secondary to the effects of
higher circulating levels of TFV and, resulting, higher exposure to the kidney.

In conclusion, primary osteoblasts were not preferentially loaded by TAF relative to
PBMCs, with comparable TFV-DP levels achieved in both cell types. Furthermore, there was
no toxicity on osteoblast in vitro at therapeutic or supratherapeutic TAF concentrations.

Acknowledgments

The authors would like to thank Anne Chester for critical reading of the manuscript and Sara
Shopkow for editorial review.

Author contributions
Conceptualization: CC MM KK.
Data curation: YL DB.
Investigation: YL DB.
Methodology: CC YL DB AR.
Project administration: CC KK.
Resources: YL DB.

Supervision: CC MM KK AR.
Validation: YL DB.
Visualization: CC KK YL.

PLOS ONE | DOI:10.1371/journal.pone.0169948 February 9, 2017 8/11



@° PLOS | ONE

Osteoblast sensitivity to tenofovir alafenamide

Writing - original draft: CC KK.

Writing - review & editing: CC YL DB AR MM KK.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

The Antiretroviral Therapy Cohort Collaboration. Life expectancy of individuals on combination antire-
troviral therapy in high-income countries: a collaborative analysis of 14 cohort studies. Lancet. 2008;
372(9635):293-9. doi: 10.1016/S0140-6736(08)61113-7 PMID: 18657708

May M, Gompels M, Delpech V, Porter K, Post F, Johnson M, et al. Impact of late diagnosis and treat-
ment on life expectancy in people with HIV-1: UK Collaborative HIV Cohort (UK CHIC) Study. BMJ.
2011; 343:d6016. Epub 2011/10/13. doi: 10.1136/bmj.d6016 PMID: 21990260

Vigouroux C, Gharakhanian S, Salhi Y, Nguyen TH, Adda N, Rozenbaum W, et al. Adverse metabolic
disorders during highly active antiretroviral treatments (HAART) of HIV disease. Diabetes Metab. 1999;
25(5):383-92. PMID: 10592860

Tozser J. HIV inhibitors: problems and reality. Ann N Y Acad Sci. 2001; 946:145-59. Epub Nov. PMID:
11762983

Mooser V. Atherosclerosis and HIV in the highly active antiretroviral therapy era: towards an epidemic
of cardiovascular disease? AIDS. 2003; 17 Suppl 1:565-9.

Lenzi L, Wiens A, Pontarolo R. Evaluation of adverse events associated with antiretroviral therapy and
the relationship to treatment adherence. Int J Clin Pharmacol Ther. 2013; 51(2):141-6. Epub 2012/12/
21.doi: 10.5414/CP201818 PMID: 23253950

Duvivier C, Kolta S, Assoumou L, Ghosn J, Rozenberg S, Murphy RL, et al. Greater decrease in bone
mineral density with protease inhibitor regimens compared with nonnucleoside reverse transcriptase
inhibitor regimens in HIV-1 infected naive patients. AIDS. 2009; 27(7):817-24.

Amiel C, Ostertag A, Slama L, Baudoin C, N'Guyen T, Lajeunie E, et al. BMD is reduced in HIV-infected
men irrespective of treatment. J Bone Miner Res. 2004; 19(3):402-9. doi: 10.1359/JBMR.0301246
PMID: 15040828

Tebas P, Powderly WG, Claxton S, Marin D, Tantisiriwat W, Teitelbaum SL, et al. Accelerated bone
mineral loss in HIV-infected patients receiving potent antiretroviral therapy. AIDS. 2000; 14(4):F63—7.
Epub Mar 10. PMID: 10770534

Schafer JJ, Manlangit K, Squires KE. Bone health and human immunodeficiency virus infection. Phar-
macotherapy. 2013; 33(6):665-82. Epub 2013/04/05. doi: 10.1002/phar.1257 PMID: 23553497

McComsey GA, Tebas P, Shane E, Yin MT, Overton ET, Huang JS, et al. Bone disease in HIV infection:
a practical review and recommendations for HIV care providers. Clin Infect Dis. 2010; 51(8):937—46.
doi: 10.1086/656412 PMID: 20839968

Yin MT, Kendall MA, Wu X, Tassiopoulos K, Hochberg M, Huang JS, et al. Fractures after antiretroviral
initiation. AIDS. 2012; 26(17):2175-84. Epub 2012/09/07. doi: 10.1097/QAD.0b013e328359a8ca
PMID: 22951635

Lee WA, Martin JC. Perspectives on the development of acyclic nucleotide analogs as antiviral drugs.
Antiviral Res. 2006; 71(2—3):254-9. doi: 10.1016/j.antiviral.2006.05.020 PMID: 16837073

Arimilli M, Kim C, Bischofberger N. Synthesis, in vitro biological evaluation and oral bioavailability of
9-[2-(phosphonomethoxy)propyl]ladenine (PMPA) prodrugs. Antivir Chem Chemother. 1997; 8(6):
557-64.

Naesens L, Bischofberger N, Augustijns P, Annaert P, Van den Mooter G, Arimilli MN, et al. Antiretrovi-
ral efficacy and pharmacokinetics of oral bis(isopropyloxycarbonyloxymethyl)-9(2-phosphonylmethoxy-
propyl) adenine in mice. Antimicrob Agents Chemother. 1998; 42(7):1568-73. Epub Jul. PMID:
9660984

Robbins BL, Greenhaw JJ, Connelly MC, Fridland A. Metabolic pathways for activation of the antiviral
agent 9-(2-phosphonylmethoxyethyl)adenine in human lymphoid cells. Antimicrob Agents Chemother.
1995; 39(10):2304—-8. PMID: 8619586

Lee WA, He G-X, Eisenberg E, Cihlar T, Swaminathan S, Mulato A, et al. Selective intracellular activa-
tion of a novel prodrug of the human immunodeficiency virus reverse transcriptase inhibitor tenofovir
leads to preferential distribution and accumulation in lymphatic tissue. Antimicrob Agents Chemother.
2005; 49(5):1898-906. doi: 10.1128/AAC.49.5.1898-1906.2005 PMID: 15855512

Callebaut C, Stepan G, Tian Y, Miller MD. In Vitro Virology Profile of Tenofovir Alafenamide, a Novel
Oral Prodrug of Tenofovir with Improved Antiviral Activity Compared to Tenofovir Disoproxil Fumarate
[Accepted Manuscript]. Antimicrob Agents Chemother. 2015. Epub 2015/07/08.

PLOS ONE | DOI:10.1371/journal.pone.0169948 February 9, 2017 9/11


http://dx.doi.org/10.1016/S0140-6736(08)61113-7
http://www.ncbi.nlm.nih.gov/pubmed/18657708
http://dx.doi.org/10.1136/bmj.d6016
http://www.ncbi.nlm.nih.gov/pubmed/21990260
http://www.ncbi.nlm.nih.gov/pubmed/10592860
http://www.ncbi.nlm.nih.gov/pubmed/11762983
http://dx.doi.org/10.5414/CP201818
http://www.ncbi.nlm.nih.gov/pubmed/23253950
http://dx.doi.org/10.1359/JBMR.0301246
http://www.ncbi.nlm.nih.gov/pubmed/15040828
http://www.ncbi.nlm.nih.gov/pubmed/10770534
http://dx.doi.org/10.1002/phar.1257
http://www.ncbi.nlm.nih.gov/pubmed/23553497
http://dx.doi.org/10.1086/656412
http://www.ncbi.nlm.nih.gov/pubmed/20839968
http://dx.doi.org/10.1097/QAD.0b013e328359a8ca
http://www.ncbi.nlm.nih.gov/pubmed/22951635
http://dx.doi.org/10.1016/j.antiviral.2006.05.020
http://www.ncbi.nlm.nih.gov/pubmed/16837073
http://www.ncbi.nlm.nih.gov/pubmed/9660984
http://www.ncbi.nlm.nih.gov/pubmed/8619586
http://dx.doi.org/10.1128/AAC.49.5.1898-1906.2005
http://www.ncbi.nlm.nih.gov/pubmed/15855512

@° PLOS | ONE

Osteoblast sensitivity to tenofovir alafenamide

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hall AM, Hendry BM, Nitsch D, Connolly JO. Tenofovir-Associated Kidney Toxicity in HIV-Infected
Patients: A Review of the Evidence. Am J Kidney Dis. 2011; 57(5):773-80. doi: 10.1053/j.ajkd.2011.01.
022 PMID: 21435764

Stellbrink HJ, Orkin C, Arribas JR, Compston J, Gerstoft J, Van Wijngaerden E, et al. Comparison of
changes in bone density and turnover with abacavir-lamivudine versus tenofovir-emtricitabine in HIV-
infected adults: 48-week results from the ASSERT study. Clin Infect Dis. 2010; 51(8):963-72. doi: 10.
1086/656417 PMID: 20828304

Ray AS, Fordyce MW, Hitchcock MJ. Tenofovir alafenamide: A novel prodrug of tenofovir for the treat-
ment of Human Immunodeficiency Virus. Antiviral Res. 2016; 125:63-70. doi: 10.1016/j.antiviral.2015.
11.009 PMID: 26640223

Sax PE, Zolopa A, Brar |, Elion R, Ortiz R, Post F, et al. Tenofovir Alafenamide Vs. Tenofovir Disoproxil
Fumarate in Single Tablet Regimens for Initial HIV-1 Therapy: A Randomized Phase 2 Study. J Acquir
Immune Defic Syndr. 2014; 67(1):52-8. Epub 2014/05/30. doi: 10.1097/QAI.0000000000000225
PMID: 24872136

Sax PE, Wohl D, Yin MT, Post F, DeJesus E, Saag M, et al. Tenofovir alafenamide versus tenofovir dis-
oproxil fumarate, coformulated with elvitegravir, cobicistat, and emtricitabine, for initial treatment of HIV-
1 infection: two randomised, double-blind, phase 3, non-inferiority trials. Lancet. 2015; 385:2606—15.
Epub 2015/04/22. doi: 10.1016/S0140-6736(15)60616-X PMID: 25890673

Foisy MM, Hughes C, Hills-Nieminen C, Singh AE, Joffe AM. Tenofovir-related nephrotoxicity: an ongo-
ing clinical challenge. Am J Health Syst Pharm. 2013; 70(15):1272—4. Epub 2013/07/23. doi: 10.2146/
ajhp120030 PMID: 23867482

Rowe PS. A unified model for bone-renal mineral and energy metabolism. Curr Opin Pharmacol. 2015;
22:64—71. Epub 2015/04/17. doi: 10.1016/j.coph.2015.03.006 PMID: 25880364

Durand-Gasselin L, Van Rompay KK, Vela JE, Henne IN, Lee WA, Rhodes GR, et al. Nucleotide ana-
logue prodrug tenofovir disoproxil enhances lymphoid cell loading following oral administration in mon-
keys. Mol Pharm. 2009; 6(4):1145-51. doi: 10.1021/mp900036s PMID: 19545170

Grigsby IF, Pham L, Mansky LM, Gopalakrishnan R, Carlson AE, Mansky KC. Tenofovir treatment of
primary osteoblasts alters gene expression profiles: implications for bone mineral density loss. Biochem
Biophys Res Commun. 2010; 394(1):48-53. doi: 10.1016/j.bbrc.2010.02.080 PMID: 20171173

Ruane PJ, Dejesus E, Berger D, Markowitz M, Bredeek UF, Callebaut C, et al. Antiviral Activity, Safety,
and Pharmacokinetics/Pharmacodynamics of Tenofovir Alafenamide as 10-Day Monotherapy in HIV-1-
Positive Adults. J Acquir Immune Defic Syndr. 2013; 63(4):449-55. Epub 2013/06/29. doi: 10.1097/
QAI.0b013e3182965d45 PMID: 23807155

Abbott. KALETRA (lopinavir/ritonavir) Tablet, Film Coated for Oral use KALETRA (lopinavir/ritonavir)
Solution for Oral use. US Prescribing Information. AbbVie LTD. North Chicago, IL. Revised January
2013.

Agouron Pharmaceuticals Inc. VIRACEPT® (nelfinavir mesylate) Tablets and Oral Powder. US Pre-
scribing Information. La Jolla, CA. Revised May 2013. 2013.

Malizia AP, Vioreanu MH, Doran PP, Powderly WG. HIV1 protease inhibitors selectively induce inflam-
matory chemokine expression in primary human osteoblasts. Antiviral Res. 2007; 74(1):72—6. Epub
2007/01/24. doi: 10.1016/j.antiviral.2006.12.003 PMID: 17240460

Ruane P, DeJesus E, Berger D, Markowitz M, Bredeek UF, Callebaut C, et al., editors. GS-7340 25 mg
and 40 mg Demonstrate Greater Antiviral Activity Compared with TDF 300 mg in a 10-Day Monotherapy
Study of HIV-1 Infected Patients [Presentation]. 19th Conference on Retroviruses and Opportunistic
Infections (CROI); 2012 March 7th; Seattle, WA.

Gilead Sciences Inc. VIREAD® (tenofovir disoproxil fumarate) tablets, for oral use VIREAD® (tenofovir
disoproxil fumarate) powder, for oral use. U.S. Prescribing Information. Foster City, CA. Revised Octo-
ber2013.

Bedimo R, Maalouf NM, Zhang S, Drechsler H, Tebas P. Osteoporotic fracture risk associated with
cumulative exposure to tenofovir and other antiretroviral agents. AIDS. 2012. Epub 2012/02/04.

Birkus G, Kutty N, He GX, Mulato A, Lee W, McDermott M, et al. Activation of 9-[(R)-2-[[(S)-[[(S)-1-(Iso-
propoxycarbonyl)ethylJamino] phenoxyphosphinyl]-methoxy]propyljadenine (GS-7340) and other teno-
fovir phosphonoamidate prodrugs by human proteases. Mol Pharmacol. 2008; 74(1):92—100. doi: 10.
1124/mol.108.045526 PMID: 18430788

Callebaut C, Stray K, Tsai L, Williams M, Yang ZY, Cannizzaro C, et al. In vitro characterization of GS-
8374, a novel phosphonate-containing inhibitor of HIV-1 protease with a favorable resistance profile.
Antimicrob Agents Chemother. 2011; 55(4):1366—76. doi: 10.1128/AAC.01183-10 PMID: 21245449

Seminari E, Castagna A, Soldarini A, Galli L, Fusetti G, Dorigatti F, et al. Osteoprotegerin and bone
turnover markers in heavily pretreated HIV-infected patients. HIV Med. 2005; 6(3):145-50. doi: 10.
1111/j.1468-1293.2005.00278.x PMID: 15876279

PLOS ONE | DOI:10.1371/journal.pone.0169948 February 9, 2017 10/ 11


http://dx.doi.org/10.1053/j.ajkd.2011.01.022
http://dx.doi.org/10.1053/j.ajkd.2011.01.022
http://www.ncbi.nlm.nih.gov/pubmed/21435764
http://dx.doi.org/10.1086/656417
http://dx.doi.org/10.1086/656417
http://www.ncbi.nlm.nih.gov/pubmed/20828304
http://dx.doi.org/10.1016/j.antiviral.2015.11.009
http://dx.doi.org/10.1016/j.antiviral.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26640223
http://dx.doi.org/10.1097/QAI.0000000000000225
http://www.ncbi.nlm.nih.gov/pubmed/24872136
http://dx.doi.org/10.1016/S0140-6736(15)60616-X
http://www.ncbi.nlm.nih.gov/pubmed/25890673
http://dx.doi.org/10.2146/ajhp120030
http://dx.doi.org/10.2146/ajhp120030
http://www.ncbi.nlm.nih.gov/pubmed/23867482
http://dx.doi.org/10.1016/j.coph.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25880364
http://dx.doi.org/10.1021/mp900036s
http://www.ncbi.nlm.nih.gov/pubmed/19545170
http://dx.doi.org/10.1016/j.bbrc.2010.02.080
http://www.ncbi.nlm.nih.gov/pubmed/20171173
http://dx.doi.org/10.1097/QAI.0b013e3182965d45
http://dx.doi.org/10.1097/QAI.0b013e3182965d45
http://www.ncbi.nlm.nih.gov/pubmed/23807155
http://dx.doi.org/10.1016/j.antiviral.2006.12.003
http://www.ncbi.nlm.nih.gov/pubmed/17240460
http://dx.doi.org/10.1124/mol.108.045526
http://dx.doi.org/10.1124/mol.108.045526
http://www.ncbi.nlm.nih.gov/pubmed/18430788
http://dx.doi.org/10.1128/AAC.01183-10
http://www.ncbi.nlm.nih.gov/pubmed/21245449
http://dx.doi.org/10.1111/j.1468-1293.2005.00278.x
http://dx.doi.org/10.1111/j.1468-1293.2005.00278.x
http://www.ncbi.nlm.nih.gov/pubmed/15876279

o ®
@ : PLOS | ONE Osteoblast sensitivity to tenofovir alafenamide

38. ZolopaA, OrtizR, Sax P, Brar |, Elion R, Wang H, et al., editors. Comparative Study of Tenofovir Alafe-
namide vs Tenofovir Disoproxil Fumarate, Each with Elvitegravir, Cobicistat, and Emtricitabine, for HIV
Treatment [Paper 99LB]. 20th Conference on Retroviruses and Opportunistic Infections; 2013 March
3-6; Atlanta, Georgia USA.

39. Sax P, Brarl, Elion R, Zolopa A, Ortiz R, Callebaut C, et al., editors. 48 Week Study of Tenofovir Alafe-
namide (TAF) vs. Tenofovir Disoproxil Fumarate (TDF), Each in a Single Tablet Regimen (STR) with
Elvitegravir, Cobicistat, and Emtricitabine [E/C/F/TAF vs. E/C/F/TDF] for Initial HIV Treatment [Presen-
tation H-1464d). 53rd ICAAC; 2013 September 10—13; Denver, CO.

40. Pozniak A, Arribas JR, Gathe J, Gupta SK, Post FA, Bloch M, et al. Switching to tenofovir alafenamide,
coformulated with elvitegravir, cobicistat, and emtricitabine, in HIV-infected patients with renal
impairment: 48 week results from a single-arm, multi-center, open-label, Phase 3 study. J Acquir
Immune Defic Syndr. 2015.

PLOS ONE | DOI:10.1371/journal.pone.0169948 February 9, 2017 11/11



