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Association of Higher Plasma Vitamin D Binding Protein and Lower
Free Calcitriol Levels with Tenofovir Disoproxil Fumarate Use and
Plasma and Intracellular Tenofovir Pharmacokinetics: Cause of a
Functional Vitamin D Deficiency?

Peter L. Havens,? Jennifer J. Kiser,” Charles B. Stephensen,© Rohan Hazra,® Patricia M. Flynn,® Craig M. Wilson,’ Brandy Rutledge,®
James Bethel,? Cynthia G. Pan,? Leslie R. Woodhouse,© Marta D. Van Loan,© Nancy Liu,? Jorge Lujan-Zilbermann,” Alyne Baker,'

Bill G. Kapogiannis,® Catherine M. Gordon,’ Kathleen Mulligan,* the Adolescent Medicine Trials Network for HIV/AIDS Interventions
(ATN) 063 Study Team

Children’s Research Institute, Medical College of Wisconsin, Children’s Hospital of Wisconsin, Milwaukee, Wisconsin, USA?; University of Colorado, Skaggs School of
Pharmacy and Pharmaceutical Sciences, Department of Pharmaceutical Sciences, Aurora, Colorado, USAP; United States Department of Agriculture-Agricultural Research
Service Western Human Nutrition Research Center, Davis, California, USAS; Eunice Kennedy Shriver National Institute of Child Health and Human Development, Bethesda,
Maryland, USA<; St. Jude Children’s Research Hospital, Memphis, Tennessee, USAS; University of Alabama at Birmingham, Birmingham, Alabama, USA'; Westat, Rockville,
Maryland, USAS; University of South Florida College of Medicine, Tampa, Florida, USA" Tulane University, New Orleans, Louisiana, USA'; Hasbro Children’s Hospital and
Brown University, Providence, Rhode Island, USA); University of California at San Francisco, San Francisco, California, USA*

Tenofovir disoproxil fumarate (TDF) causes bone, endocrine, and renal changes by an unknown mechanism(s). Data are limited on
tenofovir pharmacokinetics and these effects. Using baseline data from a multicenter study of HIV-infected youth on stable treatment
with regimens containing TDF (n = 118) or lacking TDF (n = 85), we measured cross-sectional associations of TDF use with markers
of renal function, vitamin D-calcium-parathyroid hormone balance, phosphate metabolism (tubular reabsorption of phosphate and
fibroblast growth factor 23 [FGF23]), and bone turnover. Pharmacokinetic-pharmacodynamic associations with plasma tenofovir and
intracellular tenofovir diphosphate concentrations were explored among those receiving TDF. The mean age was 20.9 (standard devia-
tion [SD], 2.0) years; 63% were male; and 52% were African American. Compared to the no-TDF group, the TDF group showed lower
mean estimated glomerular filtration rates and tubular reabsorption of phosphate, as well as higher parathyroid hormone and 1,25-
dihydroxy vitamin D [1,25-OH(2)D] levels. The highest quintile of plasma tenofovir concentrations was associated with higher vitamin
D binding protein, lower free 1,25-OH(2)D, higher 25-OH vitamin D, and higher serum calcium. The highest quintile of intracellular
tenofovir diphosphate concentration was associated with lower FGF23. Higher plasma tenofovir concentrations were associated with
higher vitamin D binding protein and lower free 1,25-OH(2)D, suggesting a functional vitamin D deficiency explaining TDF-associ-
ated increased parathyroid hormone. The finding of lower FGF23 accompanying higher intracellular tenofovir diphosphate suggests
that different mechanisms mediate TDF-associated changes in phosphate handling. Separate pharmacokinetic properties may be asso-
ciated with distinct TDF toxicities: tenofovir with parathyroid hormone and altered calcium balance and tenofovir diphosphate with
hypophosphatemia and FGF23 regulation.

(The clinical trial registration number for this study is NCT00490412 and is available online at http://clinicaltrials.gov/ct2/show/
NCT00490412.)

he prodrug tenofovir disoproxil fumarate (TDF) is commonly

used in combination antiretroviral therapy (cART) for per-
sons infected with HIV, and, when coformulated with emtricit-
abine, it is also used for preexposure prophylaxis in HIV-serone-
gative adults (1). Following absorption, TDF is converted to free
tenofovir and then phosphorylated intracellularly by host en-
zymes to tenofovir diphosphate. TDF is highly effective, but its use
is associated with bone, endocrine, and renal toxicity.

The mechanism(s) by which TDF causes these organ-specific tox-
icities is unclear. There is a complex interplay between bone, endo-
crine, and renal physiology (Table 1). TDF use is associated with
decreased bone mineral density (2—6), possibly caused by TDF-in-
duced phosphaturia (7-14) with accompanying hypophosphatemia
and osteomalacia (15-17). The phosphaturic hormone fibroblast
growth factor 23 (FGF23) is not altered by TDF use (18, 19). TDF-
associated bone changes may occur through a TDF effect on parathy-
roid hormone (16, 20), as parathyroid hormone secretion increases
soon after initiating TDF (21). Vitamin D deficiency (22) may exac-
erbate this increase in parathyroid hormone (20, 23), but TDF-asso-
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ciated increased parathyroid hormone is found even in persons with
sufficient vitamin D (24). Short-term vitamin D supplementation
reduces TDF-associated increased parathyroid hormone but does
not ameliorate TDF-associated phosphate loss (24, 25). The magni-
tude of phosphaturia is generally small and only rarely clinically im-
portant, while significant declines in bone density may occurin 10 (6)
to 28% (Viread product label, available at http://www.accessdata.fda
.gov/drugsatfda_docs/label/2013/0213565046,022577s003Ibl.pdf) of
TDF-treated adults.
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TABLE 1 Relationships between vitamin D, parathyroid hormone, fibroblast growth hormone 23, calcium, and phosphate

Response®
Calcium Phosphate

Stimulus 1,25-OH(2)D PTH FGF23 absorption” absorption” Serum calcium Serum phosphate
Increased 1,25-OH(2)D” l 1 1 1 0 1
Increased PTH® 1 1 1 l 1 l
Increased FGF23¢ | (i ! !
Decreased serum calcium? 1 1
Increased serum phosphate® l ) 1

@ For 1,25-OH(2)D, the main action is to enhance calcium and phosphate absorption in the gastrointestinal tract, which leads to increases in serum calcium and serum phosphate.
1,25-OH(2)D directly decreases parathyroid hormone synthesis. In vitamin D deficiency there is low 1,25-OH(2)D, low serum calcium, and low serum phosphate; low calcium and
phosphate absorption in the GI tract; and low reabsorption in kidney, high parathyroid hormone, and low FGF23. With high vitamin D binding protein and high albumin, free

1,25-OH(2)D is low, which mimics vitamin D deficiency.

b For parathyroid hormone, the main action is to increase calcium and phosphate resorption from bone and increase calcium reabsorption from distal renal tubules. Elevated
parathyroid hormone causes phosphaturia (low phosphate reabsorption in the proximal renal tubule). Parathyroid hormone increases 1,25-OH(2)D levels (which then decreases

parathyroid hormone synthesis).

¢ For FGF23, the main action is to cause phosphaturia in response to increased serum phosphate. FGF23 increases in response to increased 1,25-OH(2)D and decreases 1,25-
OH(2)D concentration by decreasing synthesis and increasing clearance. The effect of FGF23 on parathyroid hormone depends on the context.
4 Low serum calcium is a strong trigger to increase parathyroid hormone, which then causes increased 1,25-OH(2)D, calcium reabsorption from bone, and increased calcium

absorption from the gastrointestinal tract.

¢ High serum phosphate stimulates FGF23, which causes phosphaturia and decreases phosphate absorption from the gastrointestinal tract.
/ Calcium and phosphate absorption refers to either absorption in the gastrointestinal tract or reabsorption in the renal tubule, as identified in the footnote for each stimulus

category.
£ 1, increase; 1, decrease.

TDF may induce a state of functional vitamin D deficiency (24), or
a parathyroid hormone-like factor may cause these TDF-associated
metabolic changes (18). The active form of vitamin D, 1,25 dihydroxy
vitamin D [1,25-OH(2)D], is increased by TDF administration
(Viread product label [http://www.accessdata.fda.gov/drugsatfda
_docs/label/2013/0213565046,022577s0031bl.pdf] ), in contrast to the
trend expected with vitamin D deficiency but consistent with the
changes expected with increased parathyroid hormone secretion
(Table 1). The association between TDF use and vitamin D binding
protein (VDBP), which could alter free 1,25-OH(2)D and affect cir-
culating parathyroid hormone concentration, total 1,25-OH(2)D,
and bone density, has not been assessed.

Different TDF-associated toxicities (bone, phosphate, and re-
nal) may be associated with different pharmacokinetic properties
of TDF, either plasma tenofovir or intracellular tenofovir diphos-
phate. This distinction may be important given the development
of tenofovir alafenamide fumarate (TAF), a tenofovir prodrug
with low concentrations of plasma tenofovir but high concentra-
tions of intracellular tenofovir diphosphate (26). A study of TAF
use showed equivalent virologic suppression and less bone toxicity
compared to TDF, suggesting that bone toxicity is more closely
related to tenofovir, while virologic efficacy is most closely related
to intracellular tenofovir diphosphate concentrations (27).

This report uses baseline data from a trial of vitamin D supple-
mentation in HIV-infected youth treated with cART containing
or not containing TDF (24) to explore the relationship of TDF use
with vitamin D-calcium balance and phosphate metabolism and
to evaluate the relationship of plasma tenofovir and intracellular
tenofovir diphosphate concentrations with those metabolic and
endocrinologic variables.

(Presented in part at the 18th Conference on Retroviruses and
Opportunistic Infections [CROI], Boston, MA, February 2011.)

MATERIALS AND METHODS

Adolescent Medicine Trials Network for HIV/AIDS Interventions (ATN)
study 063 (NCT00490412) was a 12-week randomized, double-blind, pla-
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cebo-controlled, multicenter trial performed between November 2007
and April 2010 at 16 ATN and 19 International Maternal Pediatric Ado-
lescent AIDS Clinical Trials (IMPAACT) sites in the United States and
Puerto Rico. The study was approved by the Institutional Review Board of
each participating site and required participants’ written informed con-
sent prior to enrollment.

Persons aged 18 to 25 years with HIV-1 infection who were treated
with unchanged cART consisting of =3 antiretrovirals for =90 days and
with HIV-1 plasma RNA (viral load) of <5,000 copies/ml within 60 days
before entry were enrolled. Subjects were excluded if they had renal dis-
ease or current or recent pregnancy; used medicines that affect bone min-
eral density, interfere with vitamin D absorption or tenofovir excretion, or
cause nephrotoxicity; or had an estimated glomerular filtration rate
(eGFR) of <70 ml/min/1.73 m?, hypercalcemia, or hypercalciuria. Sub-
jects taking standard multivitamins or calcium supplements coformu-
lated with vitamin D, up to 400 IU/day, could enroll. There was no exclu-
sion based on pretreatment vitamin D status.

Enrollment into two groups was based on current antiretroviral treat-
ment: cART containing TDF (TDF) or cART not containing TDF (no
TDF); the baseline (cross-sectional) differences between these two groups
are the focus of this report. Partial results of unadjusted baseline compar-
isons (Table 2) and the prospective portion of the study have been re-
ported (24, 28). The study was powered based on the primary outcome:
anticipated decline in tubular reabsorption of phosphate with vitamin D
treatment at 12 weeks (24).

Samples were obtained after a minimum 4-h fast, and participants in
the TDF group were asked to take their regular dose of TDF approximately
24 h prior to the study visit in an attempt to obtain trough concentrations
of tenofovir and tenofovir diphosphate. Spot urine samples for creatinine,
calcium, phosphate, glucose, and retinol binding protein were collected
upon arrival for the study visit. Spot urine samples for 32 microglobulin
were collected =1 h after the first urine collection and after drinking 8 to
12 oz of water. Whole blood was obtained in EDTA and sodium heparin
cell preparation tubes for quantification of tenofovir in plasma and teno-
fovir diphosphate in peripheral blood mononuclear cells (PBMC), re-
spectively. EDTA tubes were centrifuged at 1,200 X g for 10 min at 4°C,
and plasma was isolated within 30 min of collection. PBMCs were iso-
lated, counted, and lysed from sodium heparin cell preparation tubes
using a published protocol (29). Serum and urine samples were obtained
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TABLE 2 Characteristics of the study population®

Tenofovir Increases Vitamin D Binding Protein

Overall no. Tenofovir No tenofovir
Characteristic (%; n = 203) (%; n=118) (%; n = 85) Pvalue®
Age (yr) 20.9 (2.0) 21.1 (2.0) 20.6 (2.0) 0.058
Male sex 127 (63) 86 (73) 41 (48) <0.001
African American race 106 (52) 59 (50) 47 (55) 0.48
BMI (kg/mz) 25.6 (7.0) 25.5(7.0) 25.8 (7.0) 0.72
Currently smokes cigarettes 57 (28) 44 (37) 13 (15) <0.001
Currently drinks alcohol 114 (56) 76 (64) 38 (45) 0.005
Exercises regularly 116 (57) 64 (54) 52 (61) 0.32
ATN study site (versus IMPAACT site) 151 (74) 108 (92) 43 (51) <0.001
Season enrolled: winter/spring 106 (52) 70 (59) 36 (42) 0.023
Geographic latitude >40° N 86 (42) 47 (40) 39 (46) 0.47
Serum 25-OH vitamin D (ng/ml) 21.2 (12.3) 20.8 (12.7) 21.7 (11.8) 0.39
Calcium intake (mg/day) 796 (523) 795 (536) 798 (507) 0.82
Vitamin D intake (IU/day) 211 (199) 205 (195) 220 (204) 0.56
Age at HIV acquisition <9 years 51 (25) 14 (12) 37 (44) <0.001
(presumed perinatally acquired)

HIV duration (years) 6.6 (6.4) 4.0 (4.8) 10.2 (6.6) <0.001
CDC disease stage C 49 (24) 22 (19) 27 (32) 0.045
Current CD4 cell count (cells/pl) 587 (246) 534 (204) 660 (279) <0.001
Current viral load below quantitation limit 139 (68) 96 (81) 43 (51) <0.001
Maximum cART exposure of >24 months 111 (55) 40 (34) 71 (84) <0.001
Efavirenz included in current cART 84 (41) 63 (53) 21 (25) <0.001
Ritonavir included in current cART 101 (50) 57 (48) 44 (52) 0.67

“ Participants were enrolled based on inclusion of TDF in their cART. Continuous measures are shown as means (SD) with unadjusted P values determined by the Wilcoxon rank-
sum test. Categorical measures are shown as numbers and percentages, with P values determined by the Pearson chi-square test. BMI, body mass index.
b Variables with P < 0.10 were included as covariates for multivariable modeling of physiologic variables shown in Table 3 (see the text).

at study sites, frozen, and shipped for central analysis. Information on
calcium and vitamin D intake from diet and supplements was collected
(Block calcium/vitamin D screener [30], Nutritionquest, Berkeley, CA).

Bioanalyses. Tenofovir and tenofovir diphosphate were measured at
the University of Nebraska Antiviral Pharmacology Laboratory (director,
C. V. Fletcher) using previously published methods (29, 31). The range of
concentrations in this age group was previously described (32). Briefly,
tenofovir in plasma was determined using a validated liquid chromatog-
raphy-mass spectrometry (LC-MS) assay. Linearity was in the range of 10
to 1,500 ng/ml. The assay had a minimum quantifiable limit of 10 ng/ml
when 0.25 ml of plasma was analyzed. Intracellular tenofovir diphosphate
was determined using a validated LC-MS assay. The assay was linear in the
range of 50 to 10,000 fmol. The minimum quantifiable limit was 10 fmol/
million cells when 5 million cells were analyzed. Accuracy and precision
for both methods was +15%.

Measurements of laboratory variables were performed by batch anal-
ysis of stored samples at the United States Department of Agriculture—
Agricultural Research Service—Western Human Nutrition Research Cen-
ter, Davis, CA, unless otherwise indicated. Assays for 25-hydroxy vitamin
D (25-OHD), 1,25-OH(2)D, parathyroid hormone, urine -2 micro-
globulin, bone alkaline phosphatase (BAP), and C-telopeptide (CTX)
were previously described (24). Assays performed for this secondary anal-
ysis and not previously described are included below.

Serum FGF23 was measured by enzyme-linked immunosorbent assay
(ELISA) (FGF23 ELISA kit; Kainos Laboratories, Inc., Tokyo, Japan). The
assay is sensitive to 3 pg/ml; no normal ranges are available.

Serum vitamin D binding protein (VDBP) was measured by ELISA
(Quantikine VDBP ELISA kit [DVDBPO]; R&D Systems, Inc., Minneap-
olis, MN) with a normal range of 56 to 473 pg/ml.

Urinary retinol binding protein was measured by ELISA (DetectX uri-
nary RBP enzyme immunoassay kit [KUO4-H1]; Arbor Assays, Ann Ar-
bor, MI). Retinol binding protein values are normalized to urine creati-
nine concentrations, with a normal range of <130 ug retinol binding
protein/g creatinine for individuals under 50 years of age.

Serum albumin was determined using a clinical chemistry analyzer
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(Cobas Integra 400 Plus [04469658]; Roche Diagnostics Corp., Indianap-
olis, IN), with a reference range for adults of 35 to 52 g/liters.

Urine calcium (UCa), phosphorus (UPhos), glucose (UGluc), and creat-
inine (UCr) were measured centrally. Serum calcium (SCa), phosphorus
(SPhos), and creatinine (SCr) were measured at the local site laboratories,
which were CLIA (Clinical Laboratory Improvement Amendments)-certi-
fied laboratories (24). eGFR was calculated by the modification of diet in renal
disease formula (33). The urine calcium/creatinine (UCa/UCr) ratio was used
to estimate urinary calcium excretion, with normal being <0.21 mg/mg. Tu-
bular reabsorption of phosphate (TRP) was calculated as {1 — [(UPhos X
SCr)/(SPhos X UCr)]} X 100, with normal being >96%. Serum-free 1,25-
OH(2)D was calculated from serum albumin, vitamin D binding protein, and
1,25-OH(2)D by the method of Bikle et al. (34). Free 1,25-OH(2)D concen-
tration decreases with increases in vitamin D binding protein and albumin.

Statistics. Data are presented as means (standard deviations [SD]) or
median values for continuous measures with frequency and percentage
presented for categorical measures. Bivariate analyses compared the TDF
and no-TDF groups for differences in demographic and participant char-
acteristics, as well as for differences in markers of renal, endocrine, and
bone physiology. Except as noted, statistical significance of differences
was identified using the Pearson chi-square test for categorical variables
and the Wilcoxon rank-sum test for continuous variables; a rank-based
analysis was used for continuous measures due to the presence of outliers.

Generalized linear regression models were used to measure the main
effect of TDF use (versus no TDF use), adjusting for the effect of potential
confounding variables. Covariates for inclusion in the multivariable anal-
yses were chosen based on their relationship with TDF use (statistical
significance at P < 0.10 in Table 2).

Spearman and Pearson correlations were used to explore interrela-
tionships among the physiologic variables, tenofovir, and tenofovir
diphosphate. Correlations were considered statistically significant only if
the associated P value was =0.010; in the text the correlation (Pearson or
Spearman) with the lower P value is presented.

Prior studies suggest that clinically significant changes in bone density
occur in a subset of 10% (6) to 33% (4) of TDF-treated patients. To
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FIG 1 Plasma tenofovir and intracellular tenofovir diphosphate concentration by time following administration of tenofovir disoproxil fumarate. (A) Plasma
tenofovir concentration by time postdose. (B) Intracellular tenofovir diphosphate concentration by time postdose.

further explore the interrelationships between TDF exposure and physi-
ologic variables that might be occurring in small subgroups of partici-
pants, plasma tenofovir and intracellular tenofovir diphosphate were cat-
egorized into quintiles, with the median of each physiologic variable
compared between the first (Q1) and fifth (Q5) quintile using the Wil-
coxon rank-sum test to assess statistical significance of differences be-
tween the two quintiles. For those variables with P < 0.05 between the first
and fifth quintiles of plasma tenofovir or intracellular tenofovir diphos-
phate, the Kruskal-Wallis test was used to test for overall differences be-
tween the quintiles. To confirm the relationship of plasma tenofovir quin-
tiles with eGFR, 25-OHD, vitamin D binding protein, and free 1,25-
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OH(2)D, covariates shown to be associated with TDF use (described
above) were included in an analysis of covariance (ANCOVA) performed
on the subset of participants in the no-TDF group and in either the first or
fifth quintile of plasma tenofovir concentration.

RESULTS

ATN 063 had 203 participants at baseline, but not all participants
had data available for all variables in this secondary analysis. There
were 28 to 34 nonevaluable participants, depending on the vari-
able. There were no statistically significant differences between the
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TABLE 3 Association of tenofovir disoproxil fumarate with markers of renal, endocrine, and bone physiology

Adjusted P

Markers of renal, endocrine, and bone physiology Overall” Tenofovir” No tenofovir? P value” value®
Renal glomerular

eGFR (MDRD? ml/min/1.73 m?) 123 (26) 119 (20) 129 (31) 0.008 0.010°
Renal tubular

Urine beta-2 microglobulin (ng/ml) 169 (381) 197 (398) 130 (354) 0.008 0.065

Urine retinol binding protein/urine creatinine ratio (pmol/umol) 0.40 (0.59) 0.40 (0.47) 0.40 (0.73) 0.31 0.797

UGluc (mg/dl) 7.6 (5.5) 7.8 (5.0) 7.4 (6.1) 0.21 0.39
Vitamin D and calcium

SCa (mg/dl) 9.4 (0.4) 9.4 (0.4) 9.5 (0.4) 0.60 0.19

UCa/UCr (mg/mg) 0.06 (0.04) 0.05 (0.04) 0.07 (0.05) 0.031 0.92

PTH (pg/ml) 40.8 (24.5) 47.7 (25.7) 31.2 (19.1) <0.001 <0.001

Serum 1,25-OH(2)D (pmol/liter) 111.5 (47.7) 113.7 (46.3) 108.5 (49.8) 0.36 0.016

VDBP (jg/ml) 3.8(2.0) 4.0 (2.1) 3.4(1.8) 0.026 0.066

Albumin (micromoles/liter) 0.66 (0.05) 0.66 (0.05) 0.65 (0.05) 0.069 0.080

Free 1,25-OH(2)D (fmol/liter) 908 (721) 850 (602) 993 (863) 0.42 0.65
Phosphate

SPhos (mEq/liter) 3.6 (0.5) 3.7 (0.5) 3.6 (0.6) 0.18 0.71

TRP (%) 92.5 (4.3) 92.0 (3.8) 93.3 (4.8) 0.003 0.011

FGF23 (pg/ml) 41.7 (12.6) 41.0 (12.0) 42.6 (13.4) 0.48 0.66

“Values are means (SD).
b P values were determined by the Wilcoxon rank-sum test.

¢ P values were obtained for each marker from a generalized linear regression model, which was adjusted for demographic variables identified in Table 2 that differed

significantly (P < 0.10) among subjects in the TDF versus no-TDF group. These variables are age (years), sex, current cigarette smoking, current use of alcohol, study site (ATN
versus IMPAACT), season enrolled (winter/spring versus summer/fall), age of HIV acquisition of <9 years (presumed perinatally acquired), HIV duration (years), CDC disease
stage C, current CD4 cell count (cells/pl), current viral load below quantitation limit, maximum cART exposure for >24 months (versus =24 months), and efavirenz included in

current cART. Boldface indicates P values < 0.05.
4 MDRD, modification of diet in renal disease formula (33).

¢ The relationship of eGFR to TDF use was further analyzed using a model that adjusted for the covariates described in footnote ¢ plus body surface area (m?); body weight (kg); and
duration of TDF use (=1 month, >1 to =6 months, >6 to =24 months, or >24 months); in that model, P = 0.069.

evaluable and nonevaluable participants except for urine glucose
(7.35 and 9.08 mg/dl, respectively; P = 0.049).

Tenofovir and tenofovir diphosphate were measured in all 118
youths in the TDF group, but 3 were excluded from analyses due
to undetectable tenofovir and tenofovir diphosphate concentra-
tions. The remaining 115 participants provided blood samples at a
median of 18 h (interquartile range, 14.4 to 23.8 h) post-TDF dose
(Fig. 1). Mean (SD) tenofovir and tenofovir diphosphate concen-
trations were 68.8 (33) ng/ml and 95.5 (79) fmol/10° cells, respec-
tively. There was higher variability in intracellular tenofovir
diphosphate than in plasma tenofovir, with coefficients of varia-
tion equal to 83 and 48%, respectively.

Differences in demographic and HIV variables by TDF treat-
ment. The TDF group (n = 118) included a higher proportion of
males, more current users of cigarettes and alcohol, more enroll-
ees from ATN study sites, and subjects with shorter duration of
HIV and cART treatment compared to the no-TDF group (n =
85). The no-TDF group included a higher proportion of partici-
pants from IMPAACT sites, more with presumed perinatally ac-
quired HIV, more with CDC stage C disease, and fewer with viral
load below assay quantitation limits (Table 2).

Differences in renal, endocrine, and bone physiology by TDF
treatment. Multiple markers of kidney function (including eGFR
and markers of renal tubular function), vitamin D, calcium, phos-
phate status, and bone turnover were measured in all subjects.
Unadjusted analyses suggested there were differences in several of
these measures between the TDF and no-TDF groups, but after
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adjustment for demographic and HIV-related variables (Table 2),
the only significant differences found were lower eGFR and TRP
and higher 1,25-OH(2)D and parathyroid hormone in the TDF
than in the no-TDF group (Table 3).

Associations of tenofovir concentrations with renal, endo-
crine, and bone physiology. Plasma tenofovir concentrations
were correlated positively with the variables that regulate free
1,25-OH(2)D, including vitamin D binding protein (r = 0.26; P =
0.007) and albumin (r = 0.28; P = 0.004); plasma tenofovir con-
centrations correlated negatively with free 1,25-OH(2)D (r =
—0.34; P < 0.001) (data not shown). Plasma tenofovir concentra-
tions correlated negatively with eGFR (r = —0.29; P = 0.002) but
not with markers of tubular function (urine 2 microglobulin,
urine retinol binding protein/UCr, and UGluc), calcium balance
(SCa, UCa/UCr, and parathyroid hormone), phosphate handling
(SPhos, TRP, and FGF23), or bone turnover (bone alkaline phos-
phatase [BAP] and C-telopeptide [CTX]). Correlation analysis
did not identify any associations between intracellular tenofovir
diphosphate concentrations and any of these variables (data not
shown).

Quintile analysis showed that, compared to the lowest quintile
(Q1) of tenofovir, in the highest quintile of tenofovir (Q5) there
were lower eGFR, higher SCa, higher 25-OHD, higher vitamin D
binding protein, and lower free 1,25-OH(2)D levels (Table 4). For
all of these variables, an overall difference by quintiles (Q1
through Q5) was shown using the Kruskal-Wallis test (denoted by
asterisks in Table 4). The gradual increase in vitamin D binding
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TABLE 4 Relationship between quintiles of plasma tenofovir or intracellular tenofovir diphosphate and physiologic variables

Plasma tenofovir (ng/ml)

Intracellular tenofovir diphosphate (fmol/10° cells)

Physiologic variable” Q1 (=39.5) Q5 (>95.3) P value” Q1 (=40.7) Q5 (>140.3) P value”
eGFR® 128 108 <0.001* 128 113 0.10
Urine beta-2 microglobulin 113 90 0.34 139 106 0.68
Urine retinol binding protein/urine 0.25 0.29 0.66 0.24 0.34 0.46
creatinine ratio
UGluc 7.6 7.0 0.47 7.5 7.8 0.45
SCa 9.4 9.5 0.033* 9.4 9.5 0.51
UCa/UCr 0.04 0.05 0.99 0.06 0.04 0.035
PTH 36.6 47.5 0.51 32.6 44.2 0.26
25-OHD* 15 21 0.013* 23 17 0.35
1,25-OH(2)D 99 102 0.96 124 99 0.97
VDBP¢ 3.02 4.70 0.018* 3.96 4.48 0.93
Albumin 0.64 0.66 0.11 0.64 0.67 0.15
Free 1,25-OH(2)D¢ 959 558 0.008* 891 591 0.613
SPhos 3.7 3.7 0.79 3.7 3.6 0.40
TRP 93 93 0.80 93 91 0.895
FGF23 40.8 35.6 0.10 45.6 36.4 0.045
BAP 31.1 32.3 0.71 40.0 29.9 0.020
CTX 6061 6502 0.22 6774 5704 0.83
Tenofovir 51.5 70.2 0.030
Tenofovir diphosphate 67.0 91.1 0.076

“ The medians of the physiologic variables are reported for participants categorized in the first (Q1) and fifth (Q5) quintiles of plasma tenofovir and intracellular tenofovir

diphosphate. BAP, bone-specific alkaline phosphatase; CTX, C-telopeptide.

b P values were derived using the Wilcoxon rank-sum test to assess the statistical significance of differences in the physiologic variables between these two quintiles. For the variables
with P < 0.05 (boldface) for the difference between the first and fifth quintiles, an asterisk denotes that the overall difference in all quintiles was statistically significant at P < 0.05

by the Kruskal-Wallis test.

¢ For these variables, the statistical significance of the difference between the first and fifth quintiles of plasma tenofovir was further tested using ANCOVA models with the
covariates used for adjusted analyses listed in Table 3 (see the text). P values were the following: eGFR, P = 0.001; 25-OHD, P = 0.032; VDBP, P = 0.008; free 1,25-OH(2)D, P =
0.011. When the same analyses were repeated excluding participants with a tenofovir sampling time post-TDF administration of =10 h or >40 h, the results were similar: eGFR,

P = 0.003; 25-OHD, P = 0.032; VDBP, P = 0.021; free 1,25-OH(2)D, P = 0.021.

protein by tenofovir quintile (P = 0.023 for the overall difference
between quintiles) was matched by a gradual decline in free 1,25-
OH(2)D from the lowest to highest tenofovir quintiles (P = 0.001
for the overall difference between quintiles) (Fig. 2). The changes
in vitamin D binding protein and in free 1,25-OH(2)D by quintile
of plasma tenofovir were still statistically significant when mod-
eled with the covariates used for the adjusted analysis shown in
Table 3 (Table 4, footnote c).

The highest quintile of tenofovir diphosphate concentrations
(Q5) showed lower UCa/UCr ratios, lower FGF23 levels, and
lower bone alkaline phosphatase levels than the lowest tenofovir
diphosphate quintile (Q1) (Table 4). Higher tenofovir diphos-
phate concentrations (93.5 fmol/10° cells) were found in the low-
est quintile of FGF23 than in the highest FGF23 quintile (41.9
fmol/10° cells) (P = 0.012) (data not shown).

The intracellular tenofovir diphosphate concentration trended
toward higher values in the highest compared to the lowest quin-
tile of plasma tenofovir (P = 0.076), and the level of plasma teno-
fovir was higher in the highest than the lowest quintile of intracel-
lular tenofovir (P = 0.030) (Table 4).

DISCUSSION

Central conclusions. We found that a higher plasma tenofovir
concentration was associated with higher vitamin D binding pro-
tein and lower free 1,25-OH(2)D, offering a possible mechanism
to explain the higher parathyroid hormone and higher total 1,25-
OH(2)D seen in participants taking TDF (Fig. 3A). The finding of
higher intracellular tenofovir diphosphate concentration associ-
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ated with lower FGF23 levels argues against a primary role of
FGF23 in TDF-associated hypophosphatemia and suggests a com-
pensatory drop in FGF23 in response to primary perturbations in
other endocrine pathways (Table 1 and Fig. 3B).

TDF, tenofovir, vitamin D, and parathyroid hormone. The
association of TDF use with elevations in parathyroid hormone
and total 1,25-OH(2)D has been reported by others (Viread prod-
uct label [http://www.accessdata.fda.gov/drugsatfda_docs/label/2
013/021356s046,022577s0031bl.pdf] and references 20, 21, 23, and
25). The finding of a 26% increase in vitamin D binding protein
and a 42% decrease in free 1,25-OH(2)D between the lowest and
highest quintiles of plasma tenofovir has not been previously re-
ported. Vitamin D binding protein and albumin are proteins that
bind to 1,25-OH(2)D, and when their levels are increased they
lead to a decrease in free 1,25-OH(2)D (34). Vitamin D binding
protein is synthesized constitutively in hepatocytes in conjunction
with albumin and other liver-specific proteins, with some regula-
tion resulting from sex hormones, malnutrition, and liver failure
and during pregnancy (35). Vitamin D binding protein binds fatty
acids, which may change its affinity for vitamin D metabolites.
Vitamin D binding protein has roles in innate immunity (macro-
phage activation and neutrophil chemotaxis) and response to tis-
sue damage (binding actin released from damaged cells), activities
which may affect serum levels (36). Since free 1,25-OH(2)D is an
important physiologic determinant of 1,25-OH(2)D signaling,
decreased free 1,25-OH(2)D could lead to a secondary increase in
parathyroid hormone caused by the deficiency in unbound 1,25-
OH(2)D sensed by the parathyroid gland. Lower free 1,25-
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FIG 2 Changes in Vitamin D binding protein and free 1,25-OH(2) vitamin D
by quintile of plasma tenofovir concentration. (A) Vitamin D binding protein
by TDF use and plasma tenofovir concentration. Shown is the increase in
vitamin D binding protein by quintile of plasma tenofovir concentration
(TFVQI1 to TEVQ5). P = 0.023 for the overall difference in vitamin D binding
protein by quintile of plasma tenofovir, and P = 0.018 for the difference be-
tween quintile 1 and quintile 5. (B) Free 1,25-OH(2) vitamin D by TDF use and
plasma tenofovir concentration. Shown is the decrease in free 1,25-OH(2)
vitamin D by quintile of plasma tenofovir concentration. P = 0.001 for the
overall difference in vitamin D binding protein by quintile of plasma tenofovir,
and P = 0.008 for the difference between quintile 1 and quintile 5. Values for
participants treated with tenofovir disoproxil fumarate or left untreated (TDF
and no TDF, respectively) overall are shown for comparison in both panels.

OH(2)D has been associated with lower calcium absorption,
which would also cause an increase in parathyroid hormone (37).
Chronic elevation of parathyroid hormone causes low bone den-
sity, which is observed in association with TDF use (2-5). Lower
eGFR concentrations (also associated with higher tenofovir con-
centrations) have also been found to be associated with lower free
1,25-OH(2)D concentrations and with higher concentrations of
parathyroid hormone (38). Since this is the first time an associa-
tion of plasma tenofovir concentration with vitamin D binding
protein and free 1,25-OH(2)D has been found, it merits confir-
mation in other cohorts.

TDF, tenofovir, renal phosphate loss, and FGF23. In the TDF
group, we found mild phosphaturia in the absence of significant
tubular proteinuria or glycosuria, consistent with other studies
showing that TDF-associated increased renal excretion of phos-
phate occurs in the absence of proteinuria or more generalized
renal tubular dysfunction (14, 39). Note that the low TRP was not
associated with high parathyroid hormone levels. Even though
high parathyroid hormone can directly cause renal tubular phos-
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FIG 3 Potential differential endocrine effects of plasma tenofovir and intra-
cellular tenofovir diphosphate. TDF, tenofovir disoproxil fumarate (prodrug);
TFV, tenofovir (metabolite in plasma); TFV-DP, tenofovir diphosphate (ac-
tive intracellular metabolite); VDBP, vitamin D binding protein; free 1,25-
OH(2)D, free 1,25 dihydroxy vitamin D3; PTH, parathyroid hormone; FGF23,
fibroblast growth hormone 23. (A) Plasma tenofovir may be linked to in-
creased parathyroid hormone through the mechanism of increased vitamin D
binding protein and albumin, which causes decreased free 1,25 OH(2)D. (B)
The association of higher tenofovir diphosphate and lower fibroblast growth
hormone 23 may occur through a mechanism that remains to be explained.

phate losses (40, 41), the data in this report support the findings of
others (25) suggesting that TDF-associated phosphaturia is not
due primarily to increased parathyroid hormone.

FGF23 concentrations did not differ between TDF treatment
groups, consistent with other studies (18, 42), but the highest
quintile of tenofovir diphosphate was associated with lower
FGF23 concentration. FGF23, produced in osteocytes and osteo-
blasts, is increased in response to elevations in dietary and serum
phosphorus (43) and in response to increased 1,25-OH(2)D (44)
(Table 1). Increased FGF23 directly causes increased renal phos-
phate excretion in the proximal renal tubule, thereby decreasing
serum phosphate (45). Increased FGF23 also causes a decline in
1,25-OH(2)D (44), and that decline would further decrease phos-
phate absorption in the gastrointestinal (GI) tract and increase
renal phosphate excretion. Low FGF23 is found with hypophos-
phatemia and in individuals with vitamin D deficiency (46).

The finding of low FGF23 in participants with the highest
quintile of tenofovir diphosphate could result from a compensa-
tory response to the decreased free 1,25-OH(2)D (similar to the
situation in vitamin D deficiency [46]), but the free 1,25-OH(2)D
was associated with plasma tenofovir and not with intracellular
tenofovir diphosphate. Low FGF23 was most closely associated
with the highest quintile of intracellular tenofovir diphosphate,
which suggests that tenofovir diphosphate is the primary determi-
nant of TDF-associated hypophosphatemia, and FGF23 decreases
in response to that stimulus in order to maintain phosphate ho-
meostasis. Other mechanisms could also be postulated. For exam-
ple, higher tenofovir diphosphate levels could affect osteocyte
function directly and cause low FGF23, a possibility supported
by the association of higher tenofovir diphosphate levels with
lower bone alkaline phosphatase levels. The possibility of sep-
arate endocrine effects of tenofovir (on vitamin D-parathyroid
hormone) and tenofovir diphosphate (on phosphate-FGF23)
is important to explore given the ongoing development of TAF,
which has lower tenofovir and higher tenofovir diphosphate
levels than TDF (26).

TDF, tenofovir, and renal function: association with para-
thyroid hormone? The association of lower eGFR with TDF use
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(47-49) and higher plasma tenofovir concentrations (50) have
been previously described. In this cross-sectional analysis, causal-
ity cannot be assessed; it may be that participants with the lowest
pretreatment eGFR were the slowest to clear tenofovir.

It has been suggested that TDF-associated renal toxicity causes
elevations in parathyroid hormone (17, 48). A lower eGFR is as-
sociated with parathyroid hormone elevations in both children
and adults with early renal failure (38). While TDF use was asso-
ciated with a decrease in eGFR and increase in parathyroid hor-
mone, 1,25-OHD was higher in the TDF than in the no-TDF
group. In patients with mild renal insufficiency, 1,25-OH(2)D
decreases (38). This finding argues against the hypothesis that
glomerular damage is causative in TDF-associated increases in
parathyroid hormone.

We used analysis of variation in one variable by quintiles of
another variable as a way to more fully evaluate changes that might
occur in only a small subgroup of persons treated with TDF. This
approach seemed justified given the relative infrequency of severe
toxicity associated with TDF use. The TDF effect on bone density
may be strongest in a subgroup of patients: in treatment studies, 5
of 15 (33%) children (3) and 15 of 143 (10%) (6) adults experi-
enced a =6% decline in spine bone density after 48 weeks of TDF
treatment. TDF-associated renal failure occurs extremely rarely
(47). Quintile analysis offered the best demonstration of the rela-
tionship between tenofovir concentrations and vitamin D binding
protein and free 1,25-OH(2)D, and it allowed us to identify the
relationship between tenofovir diphosphate and FGF23, which
has not been evaluated by others.

Major strengths of the study include the lack of comorbidities
in the young population studied compared to studies in older
populations where a drug effect may be confounded by aging-
related diseases. Measurement of plasma tenofovir and intracellu-
lar tenofovir diphosphate concentrations allows a more nuanced
understanding of exposure-effect relationships compared to stud-
ies that only allow analysis by TDF use. However, we measured
tenofovir and tenofovir diphosphate concentrations at a single
time point after an unobserved dose, a limitation that might have
kept us from identifying other pharmacodynamic associations.

A cross-sectional analysis can only be seen as hypothesis gen-
erating. The findings of this study need to be confirmed with data
obtained in longitudinal studies, including measurements of bone
density in individuals initiating therapy with TDF. These post hoc
analyses were performed to better understand the relationship
between TDF use and increased parathyroid hormone. Further
studies are needed to confirm these findings.

In summary, these data suggest that tenofovir-associated in-
creased vitamin D binding protein is associated with decreased
free 1,25-OH(2)D and functional vitamin D deficiency, which in
turn leads to increased parathyroid hormone secretion. The data
further suggest that tenofovir diphosphate induces a hypophos-
phatemic stress related more closely to intracellular tenofovir
diphosphate concentrations than plasma tenofovir concentra-
tions. In response, FGF23 production decreases to compensate
and maintain phosphate homeostasis. It is also possible that teno-
fovir diphosphate directly inhibits FGF23 production within os-
teocytes. Further study is needed to test these hypotheses and to
clarify whether the apparent plasma tenofovir-vitamin D-para-
thyroid hormone relationship is truly distinct from the intracel-
lular tenofovir diphosphate relationship with FGF23.
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