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Abstract

Objective: Tenofovir alafenamide (TAF) preferentially loads peripheral blood mononuclear cells 

(PBMC), resulting in higher PBMC tenofovir-diphosphate (TFV-DP) vs. tenofovir disoproxil 

fumarate (TDF). No studies have yet compared TFV-DP in PBMC from lower than daily dosing 

between prodrugs, which has potential implications for event-driven pre-exposure prophylaxis and 

pharmacologic forgiveness.

Design: Two separate randomized, directly observed therapy (DOT) crossover studies (DOT-

DBS and TAF-DBS) were conducted to mimic low, medium, and high adherence.

Methods: HIV-negative adults were randomized to two 12-week DOT regimens of 33%, 67%, 

or 100% of daily dosing with emtricitabine (F)/TAF 200mg/25mg (TAF-DBS) or F/TDF 200mg/

300mg (DOT-DBS), separated by a 12-week washout. PBMC steady-state concentrations (Css) 

of TFV-DP and FTC-TP were estimated using nonlinear mixed models and compared between 

F/TAF and F/TDF.

Results: Thirty-five participants contributed to 33% (n=23), 67% (n=23), and 100% (n=23) of 

daily F/TAF regimens. Forty-four contributed to 33% (n=15), 67% (n=16), and 100% (n=32) of 

daily F/TDF regimens. PBMC TFV-DP Css were 7.3- (95% CI: 6.4–8.2), 7.1- (5.9–8.2), and 6.7- 

(4.4–8.9) fold higher (p<0.0001) following F/TAF vs. F/TDF; 593 vs. 81.7, 407 vs. 57.4, and 215 

vs. 32.3 fmol/106 cells, respectively. TFV-DP was 2.6- (2.1–3.1) fold higher with 33% F/TAF vs. 

100% F/TDF. Estimated half-lives (95% CI) of TFV-DP in PBMC were 2.9 (1.5– 5.5) days for 

F/TAF and 2.1 (1.5–2.9) days for F/TDF. FTC-TP was similar in both studies (p=0.119).

Conclusions: F/TAF produced 6.7- to 7.3-fold higher TFV-DP in PBMC vs. F/TDF across 

adherence levels, supporting increased potency and pharmacologic forgiveness with F/TAF in the 

PBMC compartment.
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Introduction

There are two prodrugs of tenofovir (TFV) commercially available in the US, tenofovir 

alafenamide (TAF) and tenofovir disoproxil (TDF). Both prodrugs, in combination with 

other antiretroviral agents, are indicated for the treatment and prevention of HIV (although 

the F/TAF HIV prevention indication excludes risk from vaginal sex at this time).

TFV, its prodrugs, or their intermediate metabolites enter peripheral blood mononuclear 

cells (PBMC), where they are phosphorylated to the active anabolite, tenofovir-diphosphate 

(TFV-DP).[1–3] The first available prodrug of TFV, TDF, produced effective TFV-DP 

in PBMC but resulted in high TFV plasma exposures, which were associated with 

nephrotoxicity and decreased bone mineral density.[4, 5] TAF is a newer prodrug of TFV 

which undergoes selective cleavage by carboxylesterase-1 in hepatocytes, and cathepsin-A 

in lymphatic tissue, resulting in the preferential loading of PBMC and lymphoid tissues 

that highly express this enzyme.[6, 7] This results in lower doses of TFV equivalents, lower 

plasma TFV levels, and higher PBMC TFV-DP concentrations with its use;[8–10] therefore, 

TAF has been shown to have lower rates of both renal and bone toxicity compared to TDF.[3]

PBMC include target cells for HIV, such as CD4+ T cells, which traffic back and forth 

between blood and tissues.[11, 12] Therefore, higher TFV-DP in PBMC with the use of 

TAF compared to TDF has important clinical implications for both HIV treatment and 

pre-exposure prophylaxis (PrEP). For example, PBMC TFV-DP concentrations have been 

a strong correlate of PrEP efficacy in clinical trials, with concentrations of 40 and 83 

fmol/106 cells being associated with 90% and 99% efficacy in the iPrEx study, respectively.
[13] Higher TFV-DP concentrations were also associated with greater HIV RNA declines on 

antiretroviral therapy (ART).[14]

Variable adherence is expected to influence TFV-DP in PBMC, and thus PrEP and treatment 

outcomes, and event driven PrEP uses less than daily dosing. However, studies have 

not characterized differences in TFV-DP in PBMC between F/TAF and F/TDF with low, 

medium, and high levels of adherence/dosing. In this study, we compared TFV-DP in PBMC 

following mimicked low, medium and high adherence to F/TAF vs. F/TDF using directly 

observed therapy (DOT) in HIV negative volunteers.

Methods

Two separate randomized, controlled studies were conducted to assess intracellular TFV-DP 

concentrations in DBS and PBMC in participants receiving F/TDF 200mg/300mg (DOT-

DBS) or F/TAF 200mg/25mg (TAF-DBS). TAF-DBS was conducted at the University 

of Colorado Anschutz Medical Campus, and DOT-DBS was conducted at the University 

of Colorado Anschutz Medical Campus and the San Francisco Department of Public 

Health. Studies were approved by the local institutional review boards and registered at 
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clinicaltrials.gov (NCT02022657 and NCT02962739). All participants provided written 

informed consent.

Participants were adults ages 18–59 (TAF-DBS) or 18–50 (DOT-DBS) without HIV who 

were at low risk of HIV infection and able to comply with study procedures, including DOT. 

Full inclusion and exclusion criteria for these studies have been published elsewhere.[15, 16]

DOT-DBS and TAF-DBS were 36-week, prospective, randomized, crossover studies 

(Supplemental Figure 1). Participants were randomized to two different 12-week dosing 

regimens of either 33%, 67%, or 100% daily dosing, separated by a 12-week washout 

period. Dosing regimens were defined as follows: 33% was dosing on day 1, followed by 

no dosing on days 2–3, repeated for a total of 12 weeks; 67% was dosing on days 1 and 

2, followed by no dosing on day 3, repeated for 12 weeks; 100% was daily dosing for 12 

weeks. All doses were directly observed either in person or via video streaming. The DOT-

DBS study consisted of intermittent and holiday arms for 33% and 67% dosing. Holiday 

arms consisted of doses missed by weeks rather than by days (e.g., one week on followed by 

two weeks off for 33% dosing). In order to directly compare concentrations between the two 

studies, only intermittent dosing regimens from DOT-DBS were included for this analysis. 

The primary analyses for both studies was TFV-DP in red blood cells measured with 

dried blood spots, which were previously reported.[15, 16] This communication describes 

secondary analyses for both studies, TFV-DP and FTC-TP in PBMC.

For TAF-DBS, blood was collected weekly throughout the dosing periods, as well as 

through the washout. For DOT-DBS, blood was collected every other week during the 

12-week dosing periods and every three weeks during washout. To characterize steady-state 

and washout kinetics, concentrations in PBMC were quantified at weeks 2, 4, 10, 12, 15, 

26, 28, 34, and 36 in DOT-DBS and the same plus 4 hours after the first dose, and weeks 

1, 3, 13, 14, 16, 17, 25, and 27 in TAF-DBS. For PBMC, blood from an EDTA tube was 

centrifuged with lymphocyte separation medium. The PBMC buffy layer was removed into 

a separate tube, followed by washes, red cell lysis, and PBMC counting via an automated 

hemocytometer. Cells were lysed and suspended in 500 μL cold 70% methanol/30% water 

and stored at −80°C prior to analysis.

TFV-DP and FTC-TP concentrations were quantified using a previously validated LC/MS-

MS method[17] and reported as fmol (TFV-DP) or pmol (FTC-TP) per 106 cells. The 

quantifiable linear range of the assay is 2.5 – 6,000 fmol/sample for TFV-DP and 0.1 – 200 

pmol/sample for FTC-TP. Two million cells were typically assayed. TFV-DP concentrations 

below the limit of quantification (BLQ) were included in analyses as half of the lower limit 

of quantification (LLOQ). Samples in both studies were processed and analyzed using the 

same procedures and in the same laboratory.

Steady-state TFV-DP concentrations (Css) and half-lives for TFV-DP and FTC-TP were 

estimated using nonlinear mixed models. Significance tests and confidence Intervals for 

Css ratios between F/TAF and F/TDF utilized a delta method approximation, assuming no 

covariance between studies. Mixed-effect models were used to assess dose proportionality 

during steady state and model TFV-DP dynamics in PBMC. Dose proportionality was 
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assumed if the 90% confidence interval for the log(dose) coefficient was contained in 0.8–

1.25. For TFV-DP dynamics, log-transformed TFV-DP concentrations were modeled with 

results back-transformed for interpretability. During the accumulation phase, natural b-spline 

transformations of study day and dose were used, with subsequent piecewise transitions 

to a constant steady-state, and exponential decay during the washout period. Covariates, 

including body mass index (BMI), weight, creatinine clearance (CrCl), race, and sex were 

added separately to assess for predictors of TFV-DP in PBMC.

Results

Thirty-five participants contributed to 69 F/TAF dosing regimens and 44 participants 

contributed to 63 F/TDF regimens for this analysis (participants received two different 

dosing regimens). Breakdown of dosing regimens and participant baseline clinical and 

demographic characteristics are shown in Table 1.

In the nonlinear mixed model, estimated Css of TFV-DP in PBMC were 7.3-, 7.1-, and 

6.7-fold higher (p<0.0001) on F/TAF vs. F/TDF (Figure 1): 593 vs. 81.7 fmol/106 cells 

for 100%, 407 vs. 57.4 fmol/106 cells for 67%, and 215 vs. 32.3 fmol/106 cells for 33%, 

respectively (Table 2). Low (33%) adherence to F/TAF produced 2.6 (2.1, 3.1)-fold higher 

TFV-DP in PBMC vs. high (100%) adherence to F/TDF (p<0.0001). Observed and predicted 

(95% CI) concentrations by study day from F/TAF and F/TDF are shown in Supplemental 

Figures 2 and 3. Predicted (95% CI) half-lives of TFV-DP in PBMC were 2.1 (1.5, 2.9) 

days for F/TAF and 2.9 (1.5, 5.5) days for F/TDF, and did not significantly vary by dosing 

frequency (F/TDF p=0.22, F/TAF p=0.42).

TFV-DP was dose proportional for TAF (90% CI for log[dose] 0.94, 1.10), but not F/TDF 

(90% CI 1.08, 1.32).

Weight, BMI, and CrCl, when assessed separately, were not significantly associated with 

TFV-DP in PBMC following F/TAF dosing. However, males had 13.2% lower (−1.0%, 

−23.7%) TFV-DP than females (p=0.043). For F/TDF, non-white participants had 27.6% 

lower concentrations (95% CI: −11.0, −41.2%, p=0.0039) vs. white participants, a CrCl 

decrease of 10 mL/min was associated with a 4.2% increase in TFV-DP in PBMC (95% CI: 

2.0, 6.4%, p=0.0006), and there was a trend toward an association between a 10 kg greater 

body weight and 4.7% lower TFV-DP in PBMC (95% CI: −9.0, 0.2%, p=0.056).

The estimated half-life (95% CI) of FTC-TP in PBMC was 54.5 (36.5, 81.4) hours. There 

was no significant difference in FTC-TP concentrations on F/TAF vs. F/TDF dosing after 

adjusting for time since last dose (F/TDF vs. F/TAF percent difference [95% CI]: 11.1% 

[−2.5%, 26.8%]; p=0.119). The estimated (95% CI) Css of FTC-TP following F/TAF were 

4.0 (3.4, 4.8), 6.1 (5.3, 7.0), and 8.0 (7.1, 9.1) pmol/106 cells with 33%, 67%, and 100% 

daily dosing, respectively. On F/TDF, the estimated FTC-TP Css were 3.6 (3.0, 4.4), 5.5 (4.6, 

6.4), and 7.2 (6.4, 8.2) pmol/106 cells with 33%, 67%, and 100% daily dosing, respectively. 

Figure 2 shows observed and estimated FTC-TP in PBMC by dose.

When assessed separately, CrCl was significantly associated with FTC-TP concentrations 

after adjustment for formulation and time since last dose, and a trend was seen with race 
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(white vs. non-white). A 10 mL/min lower CrCl was associated with a 2.2% higher FTC-TP 

in PBMC (95% CI: 0.4, 4.0%, p=0.02). Non-white participants had 13.3% lower FTC-TP in 

PBMC vs. white participants (95% CI: −25.8, 0.6%, p=0.054).

Discussion

This was an analysis of two randomized, cross over, directly observed dosing studies among 

adult participants without HIV comparing PBMC TFV-DP and FTC-TP concentrations 

following mimicked low, medium, and high adherence to F/TAF vs. F/TDF. Fitted Css 

TFV-DP in PBMC were 6.7- to 7.3-fold higher following F/TAF vs. F/TDF across all levels 

of adherence. This is consistent with preferential PBMC loading with TAF vs TDF[8–10] 

but differs from TFV-DP in red blood cells (measured with DBS), which lack cathepsin-A, 

where TFV-DP concentrations were 11-fold lower following F/TAF vs. F/TDF.[15, 16] The 

PBMC advantage for TAF was so great that the lowest F/TAF dosing group (33%) had 

2.6-fold higher TFV-DP concentrations compared with the highest (100%) F/TDF dosing 

group. These data show that TAF has substantially increased pharmacologic forgiveness in 

the PBMC compartment compared to TDF, which may be relevant for both treatment and 

prevention, including less than daily PrEP dosing. For example, the model-estimated Css 

TFV-DP in PBMC with the lowest (33%) F/TAF dosing group, 215 fmol/106 cells, was more 

than five times the 90% effective concentration (EC90) for PrEP (i.e., 40 fmol/106 cells).[13] 

While an analogous EC90 does not exist for ART, to our knowledge, dose-ranging studies 

with TAF and TDF showed greater declines in HIV RNA with higher TFV-DP in PBMC.[14] 

These observations suggest clinical relevance for our findings.

Because TFV is renally eliminated, it was not surprising that a decrease in CrCl of 10 

ml/min was associated with a ~5% increase in TFV-DP in PBMC with F/TDF dosing. 

However, this same relationship was not observed for F/TAF. Race was also found 

to be associated with TFV-DP in PBMC with F/TDF, but not F/TAF, with non-white 

participants having ~28% lower concentrations vs. white participants. Although these lower 

concentrations were observed in this analysis, it should be noted that there was no difference 

in the efficacy of F/TDF as PrEP in the prespecified subgroup analyses of the iPrEx study by 

race.[18] The reason for this difference is unclear and our non-white sample sizes were low, 

so this finding should be confirmed in future studies.

The estimated half-life of TFV-DP in PBMC was similar following F/TAF and F/TDF 

dosing (2.1 vs. 2.9 days, respectively), and are consistent with previously reported values 

ranging from 48 to 180 hours.[19–24]

FTC-TP in PBMC were in the range of previous studies, and did not significantly 

differ following F/TAF vs. F/TDF dosing.[13, 19] As expected, since FTC is renally 

eliminated, significantly lower concentrations were seen among those with increased CrCl.
[3] Concentrations were about half in the 33% arm vs 100% arms which must be factored in 

when considering pharmacological forgiveness.

Strengths of these studies included the prospective and controlled designs and the use of 

directly observed dosing at varied levels of adherence. Further, both studies used the same 
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processing and analytical procedures for TFV-DP and FTC-TP measurements. However, 

there were also some limitations, including the lack of mucosal or lymph node tissue 

concentration measurements, and therefore the inability to compare concentrations following 

F/TAF vs. F/TDF in these compartments. It is still unclear if mucosal concentrations at the 

site of transmission are associated with greater PrEP efficacy, and past studies have found 

concentrations with TAF are similar to or less than that with TDF at these sites.[25, 26] Thus, 

the relationship between these concentrations and PrEP efficacy should be evaluated further. 

Similarly, our studies did not measure prevention efficacy, as the study participants were at 

low risk of infection, so direct correlations with outcomes were not possible. Lastly, racial 

balance was not quite achieved among the groups, which limits our ability to generalize 

these findings to diverse populations.

In conclusion, F/TAF produced significantly higher concentrations in PBMC vs. F/TDF 

across low, medium, and high levels of adherence, with the lowest adherence on F/TAF 

resulting in more than 2-fold higher concentrations than the highest level of adherence on 

F/TDF. Future studies should assess the implications of these findings as they relate to 

increased potency and pharmacologic forgiveness for HIV prevention and treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Predicted TFV-DP concentrations in PBMC following F/TDF and F/TAF.
Model-fitted TFV-DP in PBMC (fmol/106 cells) by study day for 33% dosing (red), 67% 

dosing (green) and 100% dosing (blue). Solid lines are concentrations following F/TAF 

dosing; dashed lines are concentrations following F/TDF dosing. Prior to steady state, a 

nonlinear mixed effect model with tensor product of natural b-spline transformation of study 

day and study arm was used to model concentrations. The estimate was constant over time at 

steady state, and then an exponential decay was modeled during washout.
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Figure 2. Observed and predicted FTC-TP concentrations in PBMC following F/TAF and F/TDF.
Observed (open circles) and model-fitted [95% CI] (solid [dashed] lines) FTC-TP in PBMC 

(pmol/106 cells) by study day for 33% dosing (red), 67% dosing (green), and 100% dosing 

(blue), after adjusting for time since last dose. Prior to steady state, a nonlinear mixed effect 

model with tensor product of natural b-spline transformation of study day and study arm was 

used to model concentrations. The estimate was constant over time at steady state, and then 

an exponential decay was modeled during washout.
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Table 1.

Baseline clinical and demographic characteristics

F/TAF (N=35) F/TDF (N=44)

Dosing breakdown (n) 33% (23), 67% (23), 100% (23) 33% (15), 67% (16), 100% (32)

Male at birth, n (%) 18 (51.4%) 21 (47.7%)

Race

 Caucasian 29 (82.9%) 25 (56.8%)

 Black 5 (14.3%) 8 (18.2%)

 Asian 0 (0%) 3 (6.8%)

 Native Hawaiian 0 (0%) 1 (2.3%)

 Unknown 1 (2.9%) 7 (15.9%)

Hispanic 6 (17.1%) 12 (27.3%)

Age (years) 29 (18, 41) 29 (21, 49)

Weight (kg) 72.8 (45.9, 118.2) 75.4 (51.2, 155.3)

CrCl (mL/min) 120.3 (85.9, 243.7) 121.4 (77.6, 256.6)

All values expressed as n (%) or median (range). CrCl = Creatinine clearance, calculated using Cockcroft-Gault equation and actual body weight.

AIDS. Author manuscript; available in PMC 2022 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

YAGER et al. Page 12

Table 2.

Predicted steady-state TFV-DP concentrations in PBMC

Dosing Regimen F/TAF F/TDF Fold-difference

33% 214.8
(182.2, 247.4)

32.3
(22.5, 42.1)

6.7

67% 407.0
(378.7, 435.3)

57.4
(48.9, 65.8)

7.1

100% 593.5
(560.3, 626.7)

81.7
(72.8, 90.5)

7.3

All values are model estimate (95% confidence interval) and concentrations are expressed in fmol/106 cells.
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