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Abstract

Higher exposure to tenofovir (TFV) increases the risk for kidney function decline, but the impact
of genetic factors on TFV exposure is largely unknown. We investigated whether single-nucleotide
polymorphisms (SNPs, 7= 211) in 12 genes are potentially involved in TFV exposure.
Participants (7= 91) from the Women’s Interagency HIV Study, underwent a 24 h intensive
pharmacokinetic sampling of TFV after witnessed dose and TFV area under the time—
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concentration curves (AUCs) were calculated for each participant. SNPs were assayed using a
combination of array genotyping and Sanger sequencing. Linear regression models were applied
to logarithmically transformed AUC. Those SNPs that met an g priorithreshold of £< 0.001 were
considered statistically associated with TFV AUC. ABCGZ2 SNP rs2231142 was associated with
TFV AUC with rare allele carriers displaying 1.51-fold increase in TFV AUC (95% confidence
interval: 1.26, 1.81; A= 1.7 x 10~ 5). We present evidence of a moderately strong effect of the
rs2231142 SNP in ABCGZ2on a 24 h TFV AUC.

INTRODUCTION

Treatment for HIV has dramatically improved in the last 20 years, but lifelong antiretroviral
treatment is still required. Ideally, such treatment would represent a sufficient exposure—
that is, an exposure to an adequate drug level to suppress HIV replication while minimizing
drug toxicity. A barrier to optimal drug exposure is an incomplete understanding of the
factors that contribute to inter-individual variability in drug concentration. There are a
variety of factors that affect drug exposure, but pharmacogenetics represents an inherent
determinant of exposure that may offer an opportunity to understand an individual’s
potential for achieving viral suppression and/or developing toxicity.

Pharmacokinetics collectively refers to the activation, bioavailability, absorption,
distribution, metabolism and elimination of a given drug; all of which are key factors in
determining an individual’s exposure to a compound after administration. A variety of
pharmacokinetic studies for different antiretroviral medications demonstrated that increasing
drug exposure is commonly associated with toxicity.1~10 Tenofovir disoproxil fumarate
(TDF) is a nucleotide-analog reverse transcriptase inhibitor with broad activity against HIV
and is currently co-formulated in a number of pill combinations. TDF is considered to be a
World Health Organization essential medication and is a preferred first-line agent in the
treatment and prevention of HIV.11.12 One primary concern in the use of TDF is the risk of
decline in kidney function over time. Recent studies suggest that variability in tenofovir
(TFV, the active metabolite) pharmacokinetics can partially explain the risk of decline in
kidney function?13 and although some work has been done to understand the factors that
affect TFV exposure,14-23 the genetic factors that contribute to TFV exposure are less well
characterized.

Pharmacogenetics refers to genetic factors that determine pharmacokinetics and specific
adverse responses. Such factors could inform precision therapeutics; that is, maximizing
benefit while minimizing toxicity taking into consideration an individual’s risk/benefit and
dosing profile. With respect to TDF in the treatment of HIV, pharmacogenetic studies have
focused on relatively acute toxicity or genotypes associated with intracellular
concentrations, but few studies have investigated how single-nucleotide polymorphisms
(SNPs) may affect tenofovir (TFV) exposure.18:24-30 Thys, the primary aim of this study, in
a large prospective diverse cohort of women living with HIV, was to examine how SNPs in
TFV pharmacogenes ultimately impact TFV exposure as measured by 24 h TFV area under
the time—concentration curves (AUCs). The primary hypothesis was that genes with SNPs
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specifically implicated in the transport of organic anions, would result in higher TFV
exposure.

MATERIALS AND METHODS

Study design and population

The study design is cross-sectional, evaluating the association between the TFV AUC and
candidate gene SNPs that were selected for inclusion based on previous published
association with TFV toxicity, metabolism or organic anion transport. The Women'’s
Interagency HIV Study (WIHS) is a large, multicenter, prospective cohort study of HIV-
infected women and at-risk HIV uninfected women in the United States,31:32 operational
since 1993. The WIHS is highly representative of the US women living with HIV in terms of
age, race/ethnicity, socioeconomic status, concomitant medications and comorbid medical
conditions. We previously described the “WIHS Intensive Pharmacokinetics Study’,33:34
which enrolled 480 HIV-infected women on different antiretroviral regimens, from 2004 to
2008, for 12 to 24 h sampling of various antiretroviral plasma levels after administration of a
dose witnessed by study team members. For the current study, eligible WIHS participants
were adult women (=18 years of age) living with HIV, consented to the study (including
separate written informed consent for the WIHS study, the genetic study and the intensive
pharmacokinetic study), who had used TDF for at least 6 months before pharmacokinetic
evaluation. They had previously undergone 24 h intensive pharmacokinetic sampling and
had samples available for SNP testing. Laboratory measurements, physical exams,
demographic information, adherence data and several other characteristics were obtained
every 6 months on participants as long as they remained in the cohort. Follow-up of the
cohort is ongoing. Institutional review boards at all participating institutions approved the
study, consent and protocol materials, and written informed consent was obtained from each
study participant.

Intensive pharmacokinetic protocol methods

Pharmacokinetic protocols were conducted in clinical research centers or other facilities
associated with collaborating WIHS sites. The TFV measurement procedure has been
previously described,1# but important details are included.

Plasma samples were drawn over 24 h for drug levels under conditions of actual use
(including diet and concomitant medications). Participants were seen for the
pharmacokinetics visit within 6 weeks of their core WIHS visit and data were collected at
both visits on weight, comorbidities, HIV RNA level, CD4 cell counts, medication use and
renal function. All participants received their standard dose of TDF (300 mg orally once
daily) and drug levels were measured in specimens collected at 0, 4, 8, 15, 18 and 24 h after
a dose witnessed by study personnel. Calculation of AUC is outlined below.

Laboratory procedures

Plasma levels of TFV were determined by liquid chromatography/tandem mass spectrometry
(LC-MS/MS) with TDF-d6 as the internal standard.3® The plasma sample was pretreated
with trifluoroacetic acid for protein precipitation before injecting into the Micromass
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Quattro Ultima LC-MS/MS system as previously described.14:35 The assay was validated
from 10 to 1000 ng mI~ 1 of TFV with a coefficient of variation 015% for quality control
samples at low, medium and high concentrations.

The following baseline characteristics were included as covariates in all the multivariable
models as continuous variables: age (for every 10-year increment) and body mass index (for
every 10 percent change, measured in kg m~2). The following baseline characteristics were
included as covariates in all the multivariable models as categorical variables: race (self-
reported African American or not), estimated glomerular filtration rate (> or 070 ml min~1
per 1.73 m2, estimated using the serum creatinine) and concurrent ritonavir use (yes or no).
Finally, ancestry informative markers were used to estimate individual level biogeographic
ancestry and to minimize bias from stratification.36 Visual inspection of scatter plots of
orthogonal principal components were used to distinguish the major racial/ethnic groups in
the sample (that is, Caucasian, African and Hispanic). The first three principal components
were selected to adjust for potential confounding due to population stratification, by
including them in all the multivariate regression models. The ancestry informative markers
and their principal components were available for all the participants.

Nucleic acid extraction

Genomic DNA was extracted previously for all of the participants recruited for the intensive
pharmacokinetic studies. The DNA samples were quantified by spectrophotometry and
normalized to a concentration of 50 ng pl = 1.

Gene and SNP selection

A comprehensive systematic literature search identified genes implicated in TDF absorption,
distribution, metabolism and excretion. A custom array was designed to interrogate nine
absorption, distribution, metabolism and excretion ‘pharmacogenes’ (that is, ATP-binding
cassette transporter (ABC) B1, ABCC2, cytochrome (CYP) 2B6, CYP2C19, CYPZD6,
CYP3A4/A5, solute carrier transporter (SLC22A6), UDP glucuronosyltransferase-1 Al
(UGT1AI). Genotyping was undertaken using the GoldenGate genotyping platform
(IMlumina, San Diego, CA, USA). GoldenGate genotyping array data were processed
according to standard protocols using GenomeStudio (Illumina). Signal intensity profiles
and resulting genotype calls for each SNP was visually inspected and confirmed in a blinded
manner. Tagging SNPs (tagSNPs; defined as an efficient subset of SNPs available within a
given gene region that are in high-linkage disequilibrium with unmeasured SNPs) were
selected from across coding and noncoding regions of each gene to capture the majority of
the genetic variability surrounding each gene. TagSNP selection was performed using
Snagger,3’ which selects tagSNPs that are informative across the racial and ethnic groups. In
addition, SNPs in three additional pharmacogenes specific to TFV absorption, distribution,
metabolism and excretion or pharmacodynamics (that is, ABCC4, ABCGZ, adenylate kinase
isoenzyme 1 (AK1)) were selected based on literature review. Of the additional literature-
driven SNPs from among the three additional candidate genes, each was measured by
Sanger DNA sequencing. The CYPZB6 ‘Metabolizer’ haplotype was constructed as
described previously.38

Pharmacogenomics J. Author manuscript; available in PMC 2021 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baxi et al.

Page 5

DNA sequencing

Outcome

Three SNPs were typed by Sanger sequencing. Polymerase chain reaction (PCR) primers
were designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) to amplify a region
containing the variation. The resulting PCR product was treated with shrimp alkaline
phosphatase and exonuclease | enzymes (ExoSAP-IT PCR cleanup kit, Affymetrix, Santa
Clara, CA, USA) using the standard product protocol. The treated PCR product served as the
template for the sequencing reaction with BigDye Terminator (Applied Biosystems, Foster
City, CA, USA). The sequencing reaction was cleaned with X-Terminator (Applied
Biosystems) and analyzed on the 3730xI DNA Analyzer (Applied Biosystems). The
resulting sequencing data were viewed using Sequencher (Gene Codes Corporation, Ann
Arbor, MI, USA) to perform genotype calling. The final concentrations of the PCR
components were 2.5 mM MgCly, 0.1 mM dNTPs, 0.025 units of Platinum Taq polymerase
(Invitrogen, Carlsbad, CA, USA), 2% DMSO, 1 x PCR Buffer, 200 uM PCR primers and 10
ng of DNA template. The 2 pl reaction was run with the following conditions: 95 °C for 5
min, (94 °C for 20 s, 65 °C for 20 s (0.5 °C decrease per cycle), 72 °C for 45 s; 14 cycles),
(94 °C for 20 s, 58 °C for 20 s, 72 °C for 45 s; 35 cycles), 72 °C for 10 min. The
sequaencing reaction consists of final concentrations of sequencing buffer, BigDye
Terminator mix (Applied Biosystems), 500 uM sequencing primer and PCR product
template. The running conditions for the sequencing reaction were: 96 °C for 1 min, (96 °C
for 10 s, 55 °C for 5 s, 60 °C for 4 min; 25 cycles). Custom array genotyping provided 211
SNPs that passed all quality control criteria described below. TagSNPs were required to be
common (defined as a minor allele frequency = 0.05). SNPs with call rates < 95% or SNPs
which deviated from Hardy—Weinberg expectations (£ < 0.001) were excluded. Finally,
SNPs with less than three observations in a given genotypic group (for example,
heterozygous, homozygous rare) were excluded.

AUCs were used to estimate TFV exposure over the 24 h dosing interval; these were
calculated for each individual using the trapezoidal rule.3° Any observations with TFV
concentrations below the lower limit of quantification (10 ng mI~1) were replaced by 0 ng
ml~1 (10 individuals at baseline and one individual for a subsequent level).

Statistical analysis

Linear regression modeling using the SAS mixed procedure with robust standard errors was
applied to logarithmically transformed AUC, and predictors’ coefficients were back-
transformed to produce estimated multiplicative effects on AUCs. Genetic association
analyses were conducted in the following manner. The first set of models (Supplementary
Table 1) show the effect of each individual SNP on log-transformed AUC over dose when
combined with non-genetic factors previously shown to influence exposure. Four genetic
models were used to assess each SNP: unstructured, additive, dominant and recessive. The
genetic model that best fit the data, minimizing the P-value, was selected for each SNP. A
criterion for selection was the presence of at least three observations in each genotypic
group. For race/ethnicity, both genetic (ancestry informative markers) and non-genetic
parameters were included. In models that examined the effect of each individual SNP on
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log-transformed AUC/dose (when controlling for non-genetic factors previously shown to
influence exposure), only one SNP met the a priori P-value threshold (a = 0.001). This SNP
was then included in a model and all SNPs were then re-screened to identify the next SNP
that met this criterion until no additional SNP is retained in the model. No additional SNPs
met the a priori criterion (a = 0.001), and therefore evaluation of models with multiple SNPs
was not pursued further. The linearity assumption was evaluated in models with non-genetic
factors.1* An a = 0.001 was implemented as a multiple testing penalty for the following
reasons. First, the genes that were selected for study have a higher a priori probability of
being associated with TFV AUC due to evidence of involvement in TFV metabolism.
Second, the SNPs spanning each of the genes are not independent (that is, highly correlated).
Therefore, an a = 0.001 was reasoned to be an appropriately conservative threshold. All
analyses were conducted using Stata (version 11.2, College Station, TX, USA) and SAS
(version 9.4, SAS Institute, Cary, NC, USA). The figure was generated using R (version
3.2.3, Vienna, Austria).

RESULTS

The AUC results from a larger study in this cohort (7= 101) have been previously
summarized.1 Ten individuals from this cohort did not have samples for genetic analyses,
thus data from 91 individuals were included in the present analysis. The median TFV AUC
among the 91 participants was 3408 pg h ml~1 (range 1026-9356 ug h mi~1). The median
age of participants was 44.5 years (range 22.9-64.9 years). The participants were mostly
African American (7= 55, 60.4%) with a median body mass index of 27 kg m~ 2 (range 15—
62 kg m~ 2). Of the 240 SNPs that were assessed in the 91 participants, 29 failed quality
control measures, leaving 211 for analysis in each participant (Supplementary Table 1). One
SNP in ABCGZ (which encodes for a membrane transporter), rs2231142, was associated
with TFV AUC assuming a dominant model, with rare allele carriers (that is, AA and CA as
compared with CC homozygotes) having 1.51-fold increase in TFV AUC (95% confidence
interval: 1.26, 1.81; = 1.7 x 10~ °). The estimated fold-effect for each SNP is included in
Supplementary Table 1. For rs2231142, 14 of 91 individuals carried one of the rare allele,
and one individual was homozygous for the rare allele, and therefore no other model was
considered. Table 1 summarizes the results of the multivariable model controlling for age
(per decade), body mass index (per 10 percent increase), African American race, ritonavir
use, and whether eGFR is less than 70 ml min~ 1 per 1.73 m2. Similar results were obtained
when treating eGFR as a continuous variable (P= 0.06 for eGFR). Figure 1 displays a
boxplot of the distribution of TFV AUC by number of alleles (0 vs 1 or 2) for rs2231142.
Given that rs2231142 met the threshold for inclusion in the model, we subsequently re-
assessed each SNP in a model with rs2231142. Controlling for rs2231142, no SNP met the a
prioriinclusion threshold to be included in the final model, but the two SNPs that had the
smallest P-values are noteworthy for the resultant change in fold-effects for rs2231142 when
they were included in the model. The first SNP, rs1128503 from the ABCBI gene, which
had £=0.0024 in a dominant model, resulted in an increase in the estimated fold-effect for
ABCG2rs2231142 (fold-effect 1.64, 95% confidence interval: 1.38, 1.96; P=3.2 x 10~ 7).
The second SNP (ABCB1rs10236274), which had 2= 0.0036 in a dominant model, also
resulted in an increase in the fold-effect for ABCGZ2rs2231142 (fold-effect 1.62, 95%
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confidence interval: 1.34, 1.94; P=1.6 x 10~ 6). The linkage disequilibrium between
ABCB1 51128503 and rs10236274 is weak (that is, /2 = 0.013, DO’ = 0.49), indicating that
each SNP may represent different risk alleles. Finally, identical multivariate models were run
replacing Cnin and Cax (Standardized by dose) for AUC as the outcome. These multivariate
models also controlled for age (per decade), body mass index (per 10 percent increase),
African American race, ritonavir use and whether eGFR was less than 70 ml min~ 1 per 1.73
m2. For Gay, the presence of at least one rs2231142 rare allele remained statistically
significant (fold-effect 1.62, (1.28, 2.0), 0.0001), as it did for Gy, (fold-effect 1.44, (1.17,
1.77), 0.0009).

DISCUSSION

In this cross-sectional analysis, nested in a cohort study, we present a comprehensive
analysis of SNPs previously associated with acute TFV toxicity, metabolism of TFV or in
the transport of organic anions. We were able to identify a single SNP in the ABCGZ gene
that, when present, was associated with a 1.51-fold increase in TFV exposure as measured
by AUC. To our knowledge, this SNP has not been previously implicated in TFV
pharmacokinetics or toxicity and therefore represents a potentially novel mechanism for how
TFV exposure may vary between individuals taking TFV-based antiretroviral therapy.

TFV is commonly prescribed for both the treatment and prevention of HIV. Several studies
have identified a variety of clinical factors associated with increased exposure to TFV.
14-20,22,40-42 After including clinically relevant factors in our model of TFV AUC, the
genetic factors accounted for the largest effects—a noteworthy finding since genetic
polymorphisms often result in more subtle effects on drug exposure than we have found
here. In addition, the previously observed influence of higher eGFR on increasing TFV
AUC421:42 was not found to be significant in the multivariate models in this study. Taken
together, these findings indicate that genetic effects could be more pronounced in the
presence of other factors that affect drug exposure. The changes in eGFR may be upstream
mediators of an underlying genetic effect, but the lack of significance for eGFR in this study
was likely related to the sampling of a subgroup from the larger cohort. Of note, we
observed a similar phenomenon (that is, a biological interaction between the presence of a
polymorphism and clinical factors that affect target drug exposure) in an intensive
pharmacokinetic pharmacogenetic study of efavirenz in a similarly diverse sample of HIV
positive women.34 Additional study of the interplay between pharmacokinetics, genetics and
concurrent morbidities is warranted.

Prior studies have sought to elucidate the pharmacogenetic factors related to TFV exposure
and activity, but these have largely focused on acute kidney toxicity, including genetic
polymorphisms associated with Fanconi’s syndrome and proximal tubulopathy, proteinuria
and changes in glomerular filtration.24:28-30.43-47 \We were not able to reach statistical
significance for any of these previously identified SNP associations with our more precise,
intensive pharmacokinetic assessment of TFV exposure. This is not surprising in that prior
studies looked at acute toxicity events and this study sought to understand the impact of
genetic polymorphisms on TFV AUC. This possibly indicates that TFV exposure may not be
as important of a factor in acute kidney injury as other metrics such as intracellular TFV
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concentrations. It should be noted that this analysis was based in an observational cohort, in
which treatment is determined by the individual participant’s provider; and as study
assessments occur twice annually, acute toxicity is not likely to be directly observed, but
chronic change in renal function after longer treatment exposure is detected. Thus, this study
indicates that chronic TFV toxicity, which is associated with the extent of drug exposure,2-13
may be distinct from acute renal toxicity. The polymorphisms identified in prior studies were
from genes involved in anion transport at the level of the kidney, similar to ABCGZ2.

The ABCGZ2gene is located on chromosome 4 and encodes for a protein that is found on the
apical side of the proximal renal tubular cell and, as a member of the ABC family of
transporters, is involved in the transport of anions into the urine. The specific ABCGZ2gene
SNP associated with higher TFV exposure in the current study, rs2231142, has previously
been associated with a genetic predisposition for increased circulating uric acid and gout.
48-52 ABCG2rs2231142 is the result of a missense mutation and is hypothesized to result in
loss of function that reduces transport of uric acid from inside the renal proximal tubular cell
into the urine, producing higher circulating uric acid levels.4® This mechanism has been
demonstrated /n vitro for both uric acid as well as for several chemotherapeutic agents*9:23
and provides a plausible mechanism of action for increased TFV concentration in serum as
well.>4

There are a number of strengths to this study. We were able to obtain a robust measure of
TFV exposure in a cohort of diverse women living with HIV. Pharmacokinetic exposure is
often estimated using single measures, but capturing a 24 h pharmacokinetic profile and
directly determining AUC may overcome the individual variability that limits interpretation
of single measures of antiretroviral concentration.>® In addition, we had data on most SNPs
in several genes that, a priori, could reasonably be associated with TFV pharmacokinetics.
Evaluating such a large number of SNPs enabled us to perform the most comprehensive
assessment of TFV pharmacogenetics conducted to date, while also controlling for
established clinical factors that are associated with TFV AUC.14 We also considered SNPs
that have been implicated in acute renal toxicity with TFV use, allowing us to assess
whether these same factors influence more chronic renal injury, indirectly through AUC.

There are limitations to the interpretation of the results of this study. Nineteen
polymorphisms assessed in this study did not have sufficiently high allele frequencies to
estimate their association with TFV exposure (see Supplementary Table 1). Although
understanding these associations is important for developing a complete understanding of
the pharmacogenetics of TFV, alleles with very low frequency are less likely to have major
clinical impact with respect to determining drug exposure. We did account for multiple
comparisons in this study by setting an a priorithreshold of significance at a = 0.001.
Although some might have opted for a threshold determined by a traditional significance
threshold (a = 0.05) divided by the number of comparisons (211 SNPs x up to 4 models per
SNP = up to 844 comparisons), yielding a threshold of a = 0.0000592, doing so would not
have impacted the identification of the SNP found in this study. Twenty-four hour AUC
measurement does not guarantee that an individual was at steady-state concentration as
individuals may have initiated medication in the days leading up to the research study day
(and not reported this to the study staff). If this occurred, independently of the SNPs
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evaluated here, the additional random variation would be expected to have attenuated
associations with AUC. Furthermore, a single TFV AUC measurement does not reflect day-
to-day variation and such variation is influenced by diet, concomitant medications,
adherence and substance use. As a whole genome approach to evaluating polymorphisms
was not possible, there may be other important factors that have not been identified beyond
this targeted approach based on the current state of the literature. In addition, rare variants
were not tested and such variants may be important to consider in pharmacokinetic
variability. Notably, intensive pharmacokinetic sampling is challenging in most clinical
settings, is expensive to conduct and requires tremendous dedication on the part of patients
and providers. Such sampling makes our results difficult to generalize to other settings, but
may be most helpful in establishing the mechanism by which SNPs affect TFV exposure.
Finally, a new formulation of tenofovir is now available, called tenofovir alafenamide
fumarate, and it is likely that some of the genetic factors identified for TFV will extend to
tenofovir alafenamide fumarate, but this will require a dedicated study which will be
undertaken as tenofovir alafenamide fumarate becomes more commonly used in the
treatment of HIV.

In conclusion, we present here evidence of a novel moderately strong association between
the ABCG2rs2231142 and increased TFV exposure as measured by 24-hour AUC in a large
prospective cohort of women living with HIV. Understanding how this SNP may lead to
elevated AUC will be imperative. More importantly, understanding whether rs2231142 is an
upstream determinant that drives renal toxicity from TFV use, either mediated through TFV
exposure or through an independent pathway, will be fundamental in elucidating the
mechanism by which TFV leads to kidney injury over time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Tenofovir AUC by rs2231142 Genotype
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T
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Boxplot displaying the distribution of 24 h tenofovir area under the time—concentration
curves by number of alleles of ABCG2rs2231142 (common homozygotes as compared with
heterozygotes and rare homozygote). ABCGZ2, ATP-binding cassette transporter G2.
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