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Figure 2. Changes in eGFR in patients treated with TDF or ABC between baseline and 96 weeks. The fall in eGFR was significantly greater
in the TDF group than the ABC group (p =0.003). Data are adjusted mean *95% confidence interval. eGFR: estimated glomerular filtration rate, TDF:

tenofovir, ABC: abacavir. )
doi:10.1371/journal.pone.0029977.g002

results of the present study on TDF-related nephrotoxicity differ
from the findings of randomized clinical trials that demonstrated
no major change in renal function of TDF- and ABC-treated
patients over 48-96 week follow-up [2,10,11]. The discrepant
results might arise from differences between observational cohort
and clinical trials, since observational studies tend to express the
results in “real world setting” whereas clinical trials include
patients who fulfill more strict criteria, therefore with better profile
[9]. The discrepant results could be also due to the use of different
definitions for renal dysfunction in these studies. However, the
discrepant results could also reflect the difference in median body
weight between the present study and these clinical trials. The
results of our subgroup analysis support this hypothesis by showing
that the effect of TDF on renal dysfunction was more evident in
patients with low body weight. Apart from being low-body-
weighted, the patients in this study did not appear to have many of
other established risks for TDF-related nephrotoxicity; they were
comparatively young, had relatively stable CD4 count, and had
only a few co-morbidities (Table 1). Although the majority
concurrently used ritonavir-boosted PIs, which are a probable risk
for TDF-related nephrotoxicity, ritonavir-boosted PIs were not
significantly associated with renal dysfunction in our cohort
(Table 2) [24].

Changes in eGFR in those patients treated with TDEF-
containing ART were characterized by a rapid decline during
the first 24 weeks of therapy, followed by a plateau until 96 weeks
(Fig. 2). This finding is consistent with that reported from the
Johns Hopkins group [9,28]. Together with the finding that the
median time from commencement of ART to the >25% decline
in ¢GFR in the TDF-treated patients was 246 days, these results
suggest that careful monitoring of renal function is particularly
warranted in the first year of TDF-based therapy. Thus, we
suggest that renal function should be monitored by measurement
of serum creatinine at least once annually in resource-limited
settings and twice annually in resource-rich settings in patients
starting TDF-containing ART, especially those with baseline body
weight <60 kg.

The Department of Health and Human Services guideline for
the treatment of HIV infection in the U.S. lists ABC as an
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alternative NRTI because it can potentially cause serious
hypersensitivity reaction and cardiovascular diseases (URL:http:
/ /www.aidsinfo.nih.gov/ContentFiles/ AdultandAdolescentGL.pdf).
However, some international guidelines consider both TDF and
ABC as the preferred NRTIs under the condition that ABC should
be used with caution in patients with viral load >100,000 copies/mL,
based on the low incidence of ABC-related hypersensitivity among
HLA-B*5701-negative population and the controversial associ-
ation between ABC and cardiovascular diseases [1,29-32] (URL:
http:/ /www.europeanaidsclinicalsociety.org/images/stories/ EACS-
Pdf/1_treatment_of_hiv_infected_adults.pdf) (http://www.haart-support.
jp/guideline2011.pdf. in Japanese). The present study, together
with our previous analysis that demonstrated preferential TDF-
related nephrotoxicity in patients with low body weight,
emphasize the advantage of ABC over TDF with regard to
prognosis of renal function in low body weight patients [16].

TDF is the prodrug of acyclic nucleotide analog tenofovir,
which is excreted by both glomerular filtration and active tubular
secretion. Tenofovir is considered to cause mitochondrial damage
in proximal renal tubular cells [33]. The concentration of
tenofovir in the proximal renal tubules could be augmented with
the complex interactions of pharmacological, environmental, and
genetic factors, including small body weight, consequently
resulting in renal tubular dysfunction [34]. Body weight has been
identified as an important factor in TDF-related nephrotoxicity
not only in clinical trials, but also in i vitro and pharmacokinetic
studies [35-37].

The present study has several limitations. First, because of its
retrospective nature, it was not possible to control the baseline
characteristics of the enrolled patients. Thus, it is possible that
patients with potential risk for TDF-related nephrotoxicity were
not prescribed TDF. A proportion of patients treated with ABC
had low CD4 count and others were hypertensive, both conditions
are known risk factors for renal dysfunction [23,25]. However, for
these reasons, the incidence of TDF-associated renal dysfunction
might have been underestimated. Second, the definition of TDF-
related nephrotoxicity, especially the criteria used to evaluate
proximal renal tubular damage, is not uniformly established in the
field and is different in the published studies. Accordingly, we
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decided to adopt changes in eGFR, instead of parameters for
proximal renal tubular damage. Using the eGFR as a marker for
TDF-associated renal dysfunction, our results might have underes-
timated the incidence of TDF-related renal tubular dysfunction.
However, the result of this study could be informative to resource-
limited settings, where it is difficult to evaluate renal tubular
markers. The rational and limitation of adopting more than 25%
decrement in eGFR as the criterion for renal dysfunction were
discussed in detail in our previous study [16]. Third, our cohort was
characterized by the high prevalence of ritonavir-boosted PI use,
which is considered by some groups a risk for TDF-related
nephrotoxicity [24]. While it is difficult to completely exclude the
impact of concurrent ritonavir-boosted PI in this study, it should be
noted that the use of ritonavir-boosted PIs did not correlate with
renal dysfunction in univariate analysis in this cohort (Table 2).
Fourth, the study subjects were mainly men (mostly men who have
sex with men and very few injection drug users). Further studies are
needed to determine whether the findings of this study are also
applicable to females, patients with different route of transmissions,
and patients of different racial background.

In conclusion, the present study demonstrated a high incidence
of renal dysfunction with TDF use, compared to ABC, among
treatment-naive patients with low body weight. TDF use was
identified as an independent risk for renal dysfunction in a
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statistical model that included TDF as a primary exposure. At 96
weeks, patients with TDF showed greater eGFR decrement than
patients treated with ABC. TDF is certainly a drug of choice in the
treatment of HIV infection, but the importance of close
monitoring of renal function in patients with small body weight,
especially those with baseline body weight <60 kg should be
emphasized for early detection of TDF-related nephrotoxicity.
Further studies are warranted to elucidate the long-term prognosis
of renal function with TDF use in patients with low body weight.
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Background. Little information is available on the incidence of renal stones with ritonavir-boosted atazanavir
(ATV/r) use.

Methods. 1In a single-center study, the incidence of renal stones was compared between human immunodefi-
ciency virus (HIV)-infected patients who commenced ritonavir-boosted atazanavir (ATV/r)-containing antiretro-
viral (ARV) therapy (the ATV/r group) and those who were receiving other protease inhibitors (the other PIs
group). The effects of ATV/r were estimated by univariate and multivariate Cox proportional hazards regression
models. Other possible risk factors were evaluated by univariate analysis, and those found to be significant were
entered into multivariate analysis.

Results. Renal stones were diagnosed in 31 patients (23.7 cases per 1000 person-years) in the ATV/r group
(n=465) and 4 in patients (2.2 cases per 1000 person-years) in the other PIs group (n=775). ATV/r use was
significantly associated with renal stones, by univariate and multivariate analyses (adjusted hazard ratio, 10.44;
95% confidence interval [CI], 3.685-29.59; P <.001). ATV/r remained a significant risk factor for renal stones in
all subgroups stratified by the median values of baseline variables. In the 31 patients receiving ATV/r who devel-
oped renal stones, the median time from commencement of ATV/r to diagnosis was 24.5 months (interquartile
range, 14.7-34.6 months). Of the 18 patients who continued ATV/r despite the diagnosis of renal stones, 6
(33.3%) experienced recurrence. No patient who discontinued ATV/r experienced recurrence during the observa-
tion period (250.6 person-months).

Conclusions. The incidence of renal stones was substantially higher among patients in the ATV/r group, com-
pared with patients in the other PIs group. Continuation of ATV/r after diagnosis of renal stones was associated
with a high rate of recurrence. Switching ATV/r to other ARV is warranted in patients who develop renal stones.

Ritonavir-boosted atazanavir (ATV/r) is a widely used
protease inhibitor (PI) in combination with other anti-
retroviral drugs for patients infected with human im-
munodeficiency virus type 1 (HIV). According to the
present guidelines, ATV/r is one of the key first-line
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drugs because of its high efficacy, tolerability, favorable
lipid profile, and once-daily dosing [1-4]. However, renal
stone formation has been reported in patients receiving
ATV/r-containing antiretroviral therapy (ART) [5, 6].
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Urolithiasis is a well-known side effect of indinavir (IDV),
and its etiology is considered to be drug crystallization in the
urine [7]. Previous studies identified ATV-containing urolith-
iasis, suggesting a similar etiology [5, 6, 8, 9]. However, there is
virtually no information on the incidence of ATV/r-induced
renal stones, although ATV/r is one of the most frequently
prescribed PIs. It is important to elucidate the incidence of
ATV/r-associated renal stones, since renal stones are risk
factors for chronic kidney diseases (CKD), an important co-
morbidity associated with AIDS and death [10-12].

On the basis of this background, we conducted a retrospec-
tive study to compare the incidence of renal stones among pa-
tients receiving an ATV/r-containing regimen with the
incidence among patients receiving one of the following com-
monly used Pls: unboosted fosamprenavir (FPV), ritonavir-
boosted fosamprenavir (FPV/r), lopinavir/ritonavir (LPV/r),
and ritonavir-boosted darunavir (DRV/r).

METHODS

Ethics Statement

This study was approved by the Human Research Ethics Com-
mittee of our hospital, the National Center for Global Health
and Medicine, Tokyo. Each participant provided a written in-
formed consent. The study was conducted according to the
principles expressed in the Declaration of Helsinki.

Study Subjects

We performed a retrospective, single-center cohort study of
HIV-infected patients using the medical records at our hospital.
Our facility is one of the largest clinics for patients with HIV
infection in Japan, with >2700 registered patients. The study
population was HIV-infected patients aged >17 years who com-
menced treatment with ART containing ATV/r, FPV/r, FPV,
LPV/r, or DRV/r between 1 January 2004 and 30 June 2010.
Both treatment-naive and treatment-experienced patients were
included. The follow-up period started at the time of com-
mencement of ART that contained the above-mentioned drug
for the first time during the study period, and patients were
followed until 30 June 2011. Patients were excluded if (1) they
had started the above-mentioned ART during the study period
at other facilities, (2) they were prescribed unboosted ATV, or
(3) they were receiving treatment for urolithiasis at the time
they commenced the above-mentioned ART. Patients with pre-
vious exposure to one of the above-mentioned drugs before the
present study and commenced the same drug in this study were
also excluded from the analysis.

The attending physician selected ATV/r, FPV, FPV/r, LPV/r,
or DRV/r at baseline. The use of these drugs was based on the
Japanese guidelines, which placed all of the above-mentioned
drugs as the preferred choice, at least for 3 years during the

study period [13]. The attending physician also selected the
concurrent drugs, including nucleoside reverse-transcriptase
inhibitors (NRTIs), non-NRTIs (NNRTIs), integrase inhibi-
tors, and CCR5 inhibitors. None of the patients received 2 PIs
during the study period.

Measurements

The primary investigator (Y. H.) reviewed the medical records
of all study patients who started new key drugs during the
study period, to identify renal stone cases. Then 2 experienced
HIV physicians (T. N. and K. W.) reviewed the set of medical
records of each renal stone case to determine whether the
cases fit into the following predefined criteria for renal stones:
cases with a clinical diagnosis by the attending physician
based on new onset of acute flank pain, plus one of the follow-
ing: (1) new-onset hematuria confirmed by urine dipstick test;
(2) documented presence of stones or radiological findings
suggestive of renal stones, such as hydronephrosis or obstruc-
tion or dilatation of the ureter, by either abdominal ultraso-
nography or computed tomography; or (3) stone passage
confirmed by either the patient or the attending physician. Pa-
tients with acute flank pain due to etiologies other than renal
stones were excluded. In case of disagreement between the 2
reviewers, a third independent reviewer (H. K.) evaluated the
deidentified document set by the same criteria to make the
final determination. At the time of diagnosis of renal stones,
the attending physician selected either continuation or modifi-
cation of ART. In our clinic, it is customary for the patient to
visit the clinic every month before the initiation of ART and
until suppression of HIV load, but the visit interval is extend-
ed up to every 3 months after viral load suppression.

In this study, the primary exposure variable was ATV/r use
over other Pls (FPV, FPV/r, LPV/r, and DRV/r). The potential
risk factors for renal stones were determined according to pre-
vious studies and were collected from the medical records, to-
gether with the basic demographic characteristics [8, 9, 14].
They included age, sex, body weight, body mass index (BML
defined as the weight in kilograms divided by the square of
the height in meters), baseline laboratory data (CD4 cell
count, HIV load, estimated glomerular filtration rate [eGFR],
serum uric acid, and urine pH), and presence or absence of
other medical conditions (ie, concurrent use of tenofovir
[TDF]; past history of renal stones; previous exposure to IDV;
coinfection with hepatitis B virus [HBV], defined by detection
of HBV surface antigen; and coinfection with hepatitis C virus
[HCV], defined by detection of HCV load). eGFR was calcu-
lated using the equation from the 4-variable Modification of
Diet in Renal Diseases study [15]. Among patients receiving
ATV/r-containing ART, the total serum bilirubin level mea-
sured on the day of stone diagnosis (for patients with renal
stones) or 2 years after ATV/r initiation (for patients without
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renal stones) was used. For patients who discontinued ATV/r
within 2 years, the value closest to the day of discontinuation
was used. At our clinic, weight was measured on every visit,
whereas other variables were measured in the first visit and at
least once annually. We used the data on or closest to and
preceding the day of starting ART by <180 days.

Statistical Analysis

Baseline characteristics were compared using the unpaired
Student ¢ test or the ¥ test (ie, the Fisher exact test) for quan-
titative or qualitative variables, respectively. The time to the
diagnosis of urolithiasis was calculated from the date of com-
mencement of predefined PI-containing ART to the date of
diagnosis for urolithiasis. Censored cases represented those
who discontinued the PIs, dropped out, were referred to other
facilities, or at the end of the follow-up period. The time from
the start of ART to the diagnosis of renal stones was analyzed
by the Kaplan-Meier method for patients who started ATV/r
(the ATV/r group) and those who started other PIs (the other
PIs group), and the log-rank test was used to determine the
statistical significance. The Cox proportional hazards regres-
sion analysis was used to estimate the impact of ATV/r use,
compared with other PIs, on the incidence of renal stones.
The impact of basic demographic characteristics, baseline lab-
oratory data, and other medical conditions listed above was
also estimated with univariate Cox proportional hazards re-
gression. To estimate the unbiased prognostic impact of ATV/
r use over other PIs for renal stones, we conducted 3 models
using multivariate Cox proportional hazards regression analy-
sis. Model 1 was the aforementioned univariate analysis for
ATV/r use over other PIs. Model 2 included age, sex, and
weight plus model 1 in order to adjust for basic characteristics.
In model 3, we added variables with P values of <.05 in uni-
variate analysis after adjustment (these included eGFR per 10
mL/min/1.73 m* and serum uric acid per 1 mg/dL). Possible
risk factors for ATV/r-induced renal stones identified in previ-
ous studies were also added to model 3 (these included past
history of renal stones and prior exposure to IDV) [8, 9].

To elucidate whether the impact of ATV/r on renal stones
persist in subgroups, we divided patients into 2 groups on the
basis of sex, age, baseline body weight, eGFR, and serum uric
acid level, using the respective median value of each parame-
ter. Then, the above-mentioned univariate analysis was con-
ducted for each subgroup. In addition, to examine the
association between total serum bilirubin level during ATV/r-
containing ART and the incidence of renal stones, the median
total serum bilirubin levels were compared between stone
cases and nonstone cases, using the Mann-Whitney U test.

To explore the impact of urolithiasis on renal function, the
change in eGFR was compared between stone cases (ie, the
eGFR change between baseline and the diagnosis of renal
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stones) and nonstone cases (ie, the eGFR between baseline and
2 years after initiation of ATV/r) in patients receiving ATV/r,
using the Student ¢ test.

Statistical significance was defined as a 2-sided P value of
<.05. We used hazard ratios (HRs) and 95% confidence inter-
vals (CIs) to estimate the impact of each variable on renal
stones. All statistical analyses were performed with SPSS,
version 17.0 (SPSS, Chicago, IL).

RESULTS

A total of 1498 patients commenced or switched key drugs
(PIs, NNRTIs, or an integrase inhibitor) between 1 January
2004 and 30 June 2010. Of the 1240 patients who were includ-
ed in the analysis, 465 (37.5%) started ATV/r-containing ART,
while 775 (62.5%) started other Pl-containing ART
(Figure 1). Table 1 shows the baseline characteristics of the
study population. The majority of the study population was
male, of East Asian origin, and comparatively young. The
ATV/r group included significantly more patients of East
Asian origin (P=.015) and had a significantly higher body
weight (P <.001), higher CD4 cell count (P <.001), lower viral
load (P <.001), higher baseline serum uric acid level (P =.034),
and lower eGFR (P=.012). In contrast, patients in the other
PIs group were significantly more likely to be treatment naive
(P <.001) and significantly less likely to have had previous expo-
sure to IDV (P=.036). However, all other major background
parameters were similar in the 2 groups (Table 1).

The primary investigator (Y. H.) identified 37 renal stone
cases, and 2 of these were excluded by the reviewers. Thirty-five
patients fulfilled the predefined criteria for renal stones. Renal
stones were identified in 31 patients (6.7%) from the ATV/r
group and in 4 (0.52%) from the other PIs group, with an esti-
mated incidence of 23.7 cases and 2.20 cases per 1000 person-
years, respectively. The incidence of renal stones in the ATV/r
group was approximately 10 times the incidence in the other
PIs group. Of those renal stone cases, 4 and 14 patients were
diagnosed on the basis of hematuria and stone passage, respec-
tively, as defined above. Furthermore, 17 cases were diagnosed
on the basis of radiological findings, of which renal calcification
was identified in 4 cases. Figure 2 is a Kaplan-Meier curve of
the time from initiation or switching of PIs defined above to the
diagnosis of renal stones in the 2 groups. Patients in the ATV/r
group were significantly more likely to develop renal stones,
compared with those of the other PlIs group (P <.001, by the
log-rank test). The median time from the commencement of
ART to the diagnosis of renal stones was 24.5 months (inter-
quartile range [IQR], 14.7-34.6 months) for the ATV/r group
and 21.9 months (IQR, 10.1-45.1 months) for the other Pls
group. The total observation period was 1310.1 patient-years
(median duration, 31.0 months; IQR, 15.0-48.7 months) for the
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Initiation of a new ART regimen
between
1 Jan 2004 and 30 Jun 2010
n=1,498
Initiation of ART without ATV or other Pls
n=164
Initiation of ATV- or other Pl—
containing ART regimen
n=1,334
Bxcluded n =84
Initiation of ART at other facilities (n=67)
Age <18 years (n=2)
Previous exposure to the same Pls (n=3)?
Receiving treatment for renal stones (n=2)
Included inthe analysis Unboosted ATV (n=20)
n=1%,240
ATV group Other Pis group
n=465 n=775
FPV (n=45)

FPVir (n=g3)
LPVi (n=546)
DRV (n=91)

Figure 1. Flow diagram of patient selection. *Three patients were excluded for past lopinavir/ritonavir (LPV/r) exposure and commencement of LPV/r
in the study. Abbreviations: ART, antiretroviral treatment; ATV, atazanavir; ATV/r, ritonavir-boosted atazanavir; DRV/r, ritonavir-boosted darunavir; FPV,
fosamprenavir; FPV/r, ritonavir-boosted fosamprenavir; LPV/r, lopinavir/ritonavir; Pls, protease inhibitors.

Table 1. Baseline Demographic Characteristics and Laboratory Data for 1240 Patients Who Received Ritonavir-Boosted Atazanavir- or
Other Protease Inhibitor-Containing Antiretroviral Therapy

Variable ATV/r (n = 465) Other Pls (n=775) P

Male sex 433 (93.1) 712 (91.9) 424

Treatment naive 282 (60.6) 555 (71.6) <.001

€GFR, mL/min/1.73 m? 1174+ 258 121.7 + 33.6 012

Data are No. (%) of patients or mean + standard deviation.

Abbreviations: ATV/r, ritonavir-boosted atazanavir; BMI, body mass index; eGFR, estimated glomerular filtration rate; HBV, hepatitis B virus; HCV, hepatitis C
virus; HIV, human immunodeficiency virus; 1DV, indinavir; Pl, protease inhibitor.

3 The y? test or Fisher exact test was used for categorical data, and the Student ¢ test was used for continuous variables.
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Figure 2. Kaplan-Meier curve showing time to diagnosis of renal stones.
Abbreviations: ATV/r, ritonavir-boosted atazanavir; Pls, protease inhibitors.

ATV/r group and 1821.3 patient-years (median duration, 23.0
months; IQR, 10.3-42.4 months) for the other PIs group.

Univariate analysis showed a significant relationship between
ATV/r use and renal stones (HR, 10.44; 95% CI, 3.685-29.59;
P <.001; Table 2). Lower baseline eGFR (HR, 1.180; 95% CI,
1.042-1.336; P=.009) and higher serum uric acid level (HR,
1.334; 95% CI, 1.085-1.640; P =.006) were also significantly as-
sociated with the development of renal stones. On the other
hand, body weight, BMI, history of IDV use, and past history of
renal stones were not associated with renal stones (Table 2).
Multivariate analysis identified ATV/r use as a significant risk
for renal stones after adjustment for age, sex, and weight (adjust-
ed HR, 9.339; 95% ClI, 3.254-26.80; P <.001; Table 3, model 2)
and also after adjustment for other risk factors (adjusted HR,
10.08; 95% CI, 3.487-29.17; P < .001; Table 3, model 3).

Figure 3 shows subgroup analysis of the patients stratified
by sex and the median of the above-mentioned baseline vari-
ables. In all the subgroups, ATV/r remained an independent
risk for renal stones. The median total bilirubin values in
stone cases and nonstone cases were not significantly different
(2.4 mg/dL [IQR, 1.8-3.4 mg/dL] and 2.3 mg/dL [IQR, 1.6-
3.1 mg/dL], respectively; P = .376).

Of the 31 patients who developed renal stones in the ATV/r
group, 13 discontinued ATV/r. Of the 18 patients who contin-
ued ATV/r despite the diagnosis of renal stones, 6 (33.3%) ex-
perienced recurrence of renal stones. The median time from
the first episode of renal stones to recurrence was 4.9 months
(IQR, 1.5-12.2 months). No patient required invasive proce-
dures, such as lithotripsy. None of the 13 patients who discon-
tinued ATV/r experienced recurrence during the observation
period (total observation period, 250.6 person-months).
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Table 2. Univariate Analysis to Estimate the Risk of Various
Factors on Renal Stone Formation

Hazard
Ratio

95% ClI P

i%ace (East Asian origin) 1.927 .264-14.08 518

BMI per 1 kg/m? increase 0.997 .900-1.105 .954

Baseline serum uric acid 1.334
level, per 1 mg/dL

increase

1.085-1.640 .006

2.072 .860-4.996 105

Previous exposure to IDV

Abbreviations: BMI, body mass index; Cl, confidence interval; eGFR,
estimated glomerular filtration rate; HBV, hepatitis B virus; HCV, hepatitis C
virus; HIV, human immunodeficiency virus; IDV, indinavir.

The mean eGFR decreased more significantly in the stone
cases than in nonstone cases (30.7 vs 8.1 mL/min/1.73 m>
P <.001). In the 13 patients who discontinued ATV/r after
the first episode, the mean eGFR recovery was 20.1 mL/min/
1.73 m? in 6 months after ATV/r discontinuation.

DISCUSSION

In the present study, the incidence of renal stones among pa-
tients receiving ATV/r was approximately 10 times the inci-
dence among those receiving other PIs. Univariate and
multivariate analyses identified ATV/r use as an independent
risk factor for renal stones, with a high HR.

This study estimates the incidence of ATV/r-induced renal
stones, using clinically feasible criteria: acute flank pain with
clinical diagnosis of renal stones by the attending physician,
confirmed by radiological findings, new-onset hematuria, or
confirmation of stone passage. A single previous report com-
pared the incidence of renal stones among patients receiving
ATV/r and those receiving other antiretrovirals [16]. However,
the diagnosis of renal stones in that study was based only on
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Table 3. Muiltivariate Analysis to Estimate the Risk of Ritonavir-Boosted Atazanavir— or Other Protease Inhibitor-
Containing Antiretroviral Therapy on Renal Stone Formation
Model 1, Crude Model 2, Adjusted Model 3, Adjusted
(n=1240) (n=1115) (n=1115)
HR 95% ClI

Age, per 1 year increase

Baseline serum uric acid level, per 1 mg/dL increase

Past expyosuvre 0 I DV

95% ClI HR 95% Cl HR

1.012 .980-1.046

.965-1.040

2
1.091-1.856

1.265 415-3.859

Abbreviations: ATV/r, ritonavir-boosted atazanavir; Cl, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; IDV, indinavir.

radiological findings. It is likely that the incidence of ATV/
r-induced renal stones was underestimated in that study,
because radiological studies were not necessarily performed
on all patients suspected of renal stones. Accordingly, the re-
ported incidence of ATV/r-induced renal stones was much
lower (7.3 cases per 1000 person-years), compared with 23.7
cases per 1000 person-years in our study. Thus, our results
more likely reflect the true incidence of ATV/r-induced renal

The development of renal stones is a risk factor for
CKD [10, 11]. Many studies have also demonstrated that ATV/r
use is a risk factor for renal dysfunction or CKD [17-19]. The
high incidence of renal stones with ATV/r use may in part
contribute to ATV/r being a risk factor for CKD. Thus, ATV/r
should be carefully introduced to patients with concomitant
predisposing factors for CKD.

Six of the 18 patients who continued ATV/r despite the di-

stones. agnosis of renal stones experienced recurrence. In contrast,
Hazard Ratio (85% CI)
ATV Group, Other Pls group,
Subgroup everds/py at sk {events/1000py) Eryaiue
i | e 1044(3685--2059) <001
sosmsifprines 15,26 {1.988~117 4) 008
e 8958 {2640-3029) <001
—8—  0929(3490-2825) <001
il 44,31 {2560-4979) a1
s 8779 (225942 34) 002
e 4931 {1.023--23.78) 047
e 12,10 (28275177} 001
e 7887 (234328 55) om
s 17 43 (2.211132.8) 007
008 100 4500
Renal stone  Renal stone
lesslikely  rore likely
Figure 3. Estimated effect of ritonavir-boosted atazanavir, compared with other protease inhibitors on the hazard of renal stone formation, according

to baseline characteristics. Abbreviations: ATV/r, ritonavir-boosted atazanavir; Cl, confidence interval; eGFR, estimated glomerular filtration rate; PI,

protease inhibitor; py, person-years.
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none who discontinued ATV/r experienced recurrence. Thus,
replacement of ATV/r with other drugs should be considered
for patients who receive a diagnosis of renal stones, to prevent
further deterioration in renal function.

Subgroup analysis showed that ATV/r was a risk factor for
renal stones in all subgroups. Thus, we could not find any al-
leviating or aggravating factors for ATV/r-induced renal
stones. Previous reports suggested several risk factors for
ATV-induced renal stones, such as chronic renal impairment,
coinfection with hepatitis virus, and past history of renal
stones [9, 16]. However, the statistical methods used in those
studies were inadequate to elucidate risks for ATV/r-induced
renal stones. Our study did not add new findings to the risk
for ATV/r-induced stones because of the small number of pa-
tients, leading to a low statistical power in subgroup analysis.

The mechanism of ATV/r-induced renal stone formation is
not fully understood. However, like IDV stones, the precipita-
tion of pure ATV is suggested as a possible etiology [9]. About
7% of ATV and 20% of IDV is excreted unchanged in the
urine, which may contribute to the stone formation [24, 25].
In contrast, urolithiasis associated with other PIs, such as
LPV/r, nelfinavir, and amprenavir, is rare, and this could be
due to the minimal (<3%) excretion of these PIs [20-23].
Rockwood et al [16] found a close association between hyper-
bilirubinemia and the development of renal stones. This may
be explained by the previously reported data that plasma ATV
concentrations correlate with serum bilirubin level [26].
However, our data showed no relation between serum biliru-
bin level and the occurrence of renal stones. The concomitant
use of TDF lowers plasma concentrations of ATV [1], and it is
of interest whether the incidence of ATV/r-stones is lower
among patients with concomitant use of TDF than among
those without concomitant TDF use. Nevertheless, the present
study did not find concomitant TDF to be a protective factor
against ATV-renal stones.

There are several limitations to our study. First, because of
the retrospective nature of the study, the baseline characteris-
tics of the enrolled patients were not controlled. Thus, it is
possible that more patients with potential risks for renal
stones were included in the ATV/r group. Patients in the
ATV/r group had hyperuricemia, which is a known risk factor
for renal stones. However, ATV/r use remained a strong risk
factor by multivariate analysis, even after adjustment for possi-
ble risk factors, including hyperuricemia. Second, the defini-
tion of renal stones in our study did not necessarily require
radiological confirmation in all cases. However, the definition
used in our study is well suited to cover clinically significant
renal stone cases, especially considering that many ATV-
induced renal stones are radiolucent [9]. Third, none of the
patients with renal stones had stone composition analysis per-
formed. Therefore, it is possible that renal stones with other

etiologies were included. Fourth, because the number of indi-
viduals receiving efavirenz or raltegravir was small in our
cohort, they were not included in the analysis, and we thus
could not compare the effect of ATV/r to effect of these
widely used antiretroviral drugs on the development of renal
stones (Figure 1). Last, since most of the patients were of East
Asian origin, our results may not be applicable to other
populations.

In conclusion, the present study demonstrated a high
incidence of renal stones among patients receiving ATV/r-
containing ART, compared with those receiving other PI-
containing ART. ATV/r use was an independent risk for renal
stones in a robust statistical model that included ATV/r use as
a primary exposure. ATV/r should be carefully prescribed to
patients with predisposing factors for renal stone formation or
those with CKD. For those who develop ATV/r-induced renal
stones, discontinuation of ATV/r is warranted because of the
high risk of recurrence.
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Single Nucleotide Polymorphisms in ABCC2
Associate With Tenofovir-Induced Kidney
Tubular Dysfunction in Japanese Patients With
HIV-1 Infection: A Pharmacogenetic Study

Takeshi Nishijima,'? Hirokazu Komatsu,® Koichiro Higasa,' Misao Takano,' Kiyoto Tsuchiya,' Tsunefusa Hayashida,’
Shinichi Oka,"? and Hiroyuki Gatanaga'?

'AIDS Clinical Center, National Center for Global Health and Medicine, Tokyo; 2Center for AIDS Research, Kumamoto University; Department of
Community Care, Saku Central Hospital, Nagano; and “Center for Genomic Medicine, Kyoto University Graduate School of Medicine, Japan

Background. Tenofovir is a widely used antiretroviral drug although it can cause kidney tubular dysfunction
(KTD). The aim of this study was to determine the association between polymorphisms in genes encoding drug
transporters and KTD in Japanese patients treated with tenofovir.

Methods. The association between tenofovir-induced KTD and 14 single nucleotide polymorphisms (SNPs)
in the ABCC2, ABCC4, ABCC10, SCL22A6, and ABCBI genes was investigated in 190 Japanese patients. KID was
diagnosed by the presence of at least 3 abnormalities in the following parameters: fractional tubular resorption of
phosphate, fractional excretion of uric acid, urinary B2-microglobulin, urinary al-microglobulin, and urinary
N-acetyl-B-D-glucosaminidase. Genotyping was performed by allelic discrimination using TagMan 5’-nuclease
assays with standard protocols. Associations between genotypes and KTD were tested by univariate and multivar-
iate logistic regression analyses.

Results. KTD was diagnosed in 19 of the 190 (10%) patients. Univariate and multivariate analyses showed a
significant association between KTD and genotype CC at position —24 CC (adjusted odds ratio [OR], 20.08; 95%
confidence interval [CI], 1.711-235.7; P=.017) and genotype AA at position 1249 (adjusted OR, 16.21; 95% CI,
1.630-161.1; P=.017) of ABCC2. Multivariate analysis showed higher adjusted OR for patients with both homo-
zygotes (adjusted OR, 38.44; 95% CI, 2.051-720.4; P = .015). ABCC2 haplotype ~24T and 1249G was a protective
haplotype for KTD (OR, 0.098; 95% CI, .002-.603; P =.003

Conclusions. This is the first study of our knowledge to identify the association between SNPs in ABCC2 and
tenofovir-induced KTD in an Asian population. Close monitoring of renal function is warranted in tenofovir-
treated patients with these SNPs.

Tenofovir disoproxil fumarate (TDF), a prodrug of te-
nofovir, is a nucleotide reverse transcriptase inhibitor
widely used for the treatment of human immunodefi-
ciency virus type 1 (HIV-1) infection and hepatitis B
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infection [1-4]. Tenofovir is excreted by a combination
of glomerular filtration and active tubular secretion.
Although the nephrotoxicity of tenofovir is regarded
mild and tolerable [5-7], several cases of tenofovir-
induced nephrogenic diabetes insipidus, Fanconi syn-
drome, and acute renal failure have been reported, and
prognosis of renal function with long-term tenofovir
use remains unknown [8-10].

The mechanism of tenofovir-induced kidney
damage is not fully understood. However, mitochon-
drial damage in the proximal renal tubular cells was
observed in patients with prominent tenofovir-
induced kidney tubular dysfunction (KTD) [11, 12].
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Because the characteristics and severity of tenofovir-induced
KTD vary widely among individuals, the role of host genetics
has drawn a particular attention. Single nucleotide polymor-
phisms (SNPs) in transporter proteins of renal tubular cells
have been investigated to elucidate their roles in tenofovir-
induced KTD [13-15].

Tenofovir enters kidney tubular cells through the basolateral
membrane and is transported mainly by organic anion trans-
porter (OAT) 1 and, to a lesser extent, OAT 3, encoded by
genes SLC22A6 and SLC22A8, respectively [16]. Tenofovir is ex-
creted into the urine at the apical membrane by 2 transporters
on the luminal membrane; multidrug resistance protein (MRP)
4 and MRP 2, encoded by the adenosine triphosphate-binding
cassette (ABC) genes ABCC4 and ABCC2, respectively [17, 18].
Although the role of MRP4 in transporting tenofovir has been
well established, that of MRP 2 remains controversial [19, 20].
Recently, MRP 7, encoded by ABCCI0 gene, was also reported
to take part in the excretion of tenofovir [21]. P-glycoprotein is
a membrane protein expressed on the cells of renal proximal
tubule, intestine, and hepatocytes. Encoded by ABCBI gene,
P-glycoprotein transports TDF, the prodrug of tenofovir. SNPs
on ABCBI might alter the expression of P-glycoprotein and
thus affect exposure of tenofovir [22-24].

Previous studies reported inconsistent findings on the asso-
ciation of the SNPs of the transporter protein on tenofovir-
induced KTD [13-15]. Several pathological processes could
induce KTD, such as active infection, inflammation, diabetic
nephropathy, concurrent use of nephrotoxic drugs, and preex-
isting renal impairment, and thus it is difficult to evaluate
KTD induced exclusively by tenofovir [25]. Moreover, -drug
interaction with other antiretrovirals, especially ritonavir-
boosted protease inhibitors, modifies tenofovir clearance and
thus the severity of tenofovir-induced KTD [26, 27]. Previous
studies examined patients treated with various antiretroviral
combinations, which might also contribute to the inconsistent
findings. Thus, the effect of SNPs on tenofovir-induced KTD
remains to be clarified and isolated from other abovemen-
tioned conventional risk factors for KTD [15, 28]. Of note,
the population investigated in previous studies on the role
of SNPs in tenofovir-induced KTD was mostly whites, and
patients of other genetic background have hardly been
examined.

Based on the above background, the present study was de-
signed to elucidate the association between polymorphisms in
genes encoding drug transporters in renal tubular cells and
tenofovir-induced KTD, in a setting designed to exclude other
predisposing or intervening factors: the inclusion of Japanese
patients with HIV infection on the ‘same antiretroviral
combination with suppressed HIV-1 viral load, and free of
preexisting renal impairment, major comorbidities, and active
infections.

METHODS

Ethics Statement

This study was approved by the Human Genetics Research
Ethics Committee of the National Center for Global Health
and Medicine, Tokyo, Japan. Each patient included in this
study provided a written informed consent for genetic testing
and publication of clinical data for research purposes. The
study was conducted according to the principles expressed in
the Declaration of Helsinki.

Study Design

We performed a single-center cohort study to cross-sectionally
elucidate the association between SNPs in genes encoding
renal tubular transporters in Japanese patients with HIV infec-
tion and tenofovir-induced KTD.

Study Subjects

The study included consecutive Japanese patients with HIV
infection, aged >17 years, with HIV-1 viral load <200 copies/
mL, and on at least 4-week treatment with once-daily ritonavir
(100 mg)-boosted darunavir (800 mg) plus fixed dose teno-
fovir (300 mg)/emtricitabine (200 mg), seen at our clinic
between 1 October 2011 and 31 March 2012. The exclusion
criteria were (1) active infection, (2) malignancy, (3) diabetes
mellitus, defined by the use of anti-diabetic agents or fasting
plasma glucose >126 mg/dL or plasma glucose >200 mg/dL on
two different days, (4) alanine aminotransferase 2.5 times
more than the upper limit of normal, (5) estimated glomerular
filtration rate (eGFR) calculated by Cockcroft-Gault equation
of <50 mL/minutes [creatinine clearance = [(140 — age) x
weight (kg)]/(serum creatinine x 72)(x0.85 for females)] [29],
and (6) patients without consent to the study.

Measurements

Blood and spot urine samples were collected either on the day of
enrollment or on the next visit, together with body weight mea-
surement. The blood samples were used to measure serum creat-
inine, serum uric acid, serum phosphate, CD4 count, and C-
reactive protein, whereas urine samples were used to measure
phosphate, uric acid, creatinine, B2-microglobulin (32M),
ol-microglobulin (1M), and N-acetyl-B-D-glucosaminidase
(NAG). The values of $2M, alM, and NAG measured in the
urine samples were expressed relative to urinary creatinine of
1 g/L (/g Cr).

Urinary concentrations of f2M and olM were measured
with latex aggregation assay kits (B2M: BMG-Latex X1
“Seiken”; Denka Seiken Co, Niigata, Japan; o1M: Eiken atlM-
II; Eiken Chemical Co, Tokyo, Japan), and those of NAG by
colorimetric assay of enzyme activity with 6-methyl-2-pyridyl-
N-acetyl-1-thio-B-D-glucosaminide as substrate (Nittobo
Medical Co, Tokyo).
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Definition of Renal Proximal Tubular Dysfunction
KTD was defined as the presence of at least 3 abnormalities in
the following 5 parameters: fractional tubular resorption of phos-
phate {1 -
creatinine X serum  phosphate)]} x 100 of <82%,

[(urine phosphate x serum  creatinine)/(urine
fractional
excretion of uric acid {[(urine uric acid x serum creatinine)/
(urine creatinine x serum uric acid)] X 100)} of >15%, PB2-
microglobulinuria (B2M > 1000 pg/g Cr), ol-microglobulinuria
(01M > 16.6 mg/g Cr), and high-NAG level in urine (NAG>
5.93 U/g Cr). The above cutoff levels were selected on the basis
of data reported previously by various investigators [15, 30, 31].

The potential risk factors for KTD were determined accord-
ing to previous studies and collected together with the basic
demographics from the medical records [6, 27, 32, 33]. They
included age, sex, body weight, and presence or absence of
other medical conditions (concurrent use of nephrotoxic
drugs such as ganciclovir, sulfamethoxazole/trimethoprim,
and nonsteroidal antiinflammatory agents, coinfection with
hepatitis B, defined by positive hepatitis B surface antigen, co-
infection with hepatitis C, defined by positive HCV viral load,
hypertension, defined by current treatment with antihyperten-
sive agents or 2 successive measurements of systolic blood
pressure >140 mmHg or diastolic blood pressure >90 mmHg
at the clinic, dyslipidemia, defined by current treatment with
lipid-lowering agents or 2 successive measurements of either
low-density lipoprotein cholesterol >140 mg/dL, high-density
lipoprotein cholesterol <40 mg/dL, total cholesterol >240 mg/dL,
triglyceride >500 mg/dL. At our clinic, blood pressure and
body weight are measured every visit. We used the data on or
closest to and preceding the day of blood/urine sample collec-
tion by no more than 180 days.
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Genetic Polymorphisms

SNPs in genes encoding tubular transporters were selected on
the basis of their functional significance, findings of previously
published reports, and/or reported minor-allele frequencies
>5% in the Japanese [13-15, 21, 28]. The allele frequency data
for the Japanese were obtained from the Japanese Single Nu-
cleotide Polymorphisms (JSNP) database [34]. The 14 SNPs
selected were (1) ABCC2 (encodes MRP2) —24C — T (in the
promoter; rs717620); 1249G — A (Val4l7Ile; rs2273697);
2366C — T (Ser789Phe; rs56220353); 2934G — A (Ser978Ser;
rs3740070), (2) ABCC4 (encodes MRP4) 559G—T
(Gly187Trp; rs11568658); 912G — T (Lys304Asn; rs2274407);
2269G — A (Glu757Lys; rs3765534); 3348A — G (Lys1116Lys;
rs1751034); 4135T — G [in the 3’ untranslated region (UTR);
(rs3742106)]; 4976T — C (3’ UTR; rs1059751), (3) ABCCI0
(encodes MRP10) 526G — A (intron; rs9349256); 2759T — C
(11e920Thr; 1s2125739), (4) SLC22A6 (encodes OAT1)
180C — T (Asn60Asn; rs11568630), and (5) ABCBI (encodes
P-glycoprotein) 2677T — A/G (A:Ser893Thr, G:Ser893Ala;
rs2032582).

Pharmacogenetic Analyses

Genomic DNA was extracted from peripheral-blood leuko-
cytes using the protocol described in the sheet enclosed with
the QIAamp DNA MiniKit (Qiagen, Valencia, California). All
genotyping was performed by allelic discrimination using
TagMan 5'-nuclease assays with standard protocols (TagMan
SNP Genotyping Assays; Applied Biosystems, Foster City,
California). The primer and probe sequences are available on
request.

n=244

Japanese patients with once-daily
DRVIr plus TOFIFTC for >4 waeks

Excluded n=54
Did not consent
HIV viral lvad >200 copies/m!

Enrolled in the study
n=190

Diabetes mellitus
ALT 2.5 times >ULN
Did not visit during study period

o R Jiben e B
o8 un
wws&mg

l

l

Patients with Patients with normal
kidney tubular dysfunction kidney tubular function
n=1¢ n=171

Figure 1.
TDF/FTC, tenafovir/emtricitabine; ULN, upper limit of normal.

Patient enroliment. Abbreviations: ALT, alanine transaminase; DRV/r, ritonavir-boosted darunavir; HIV, human immunodeficiency virus;
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Statistical Analysis

Baseline characteristics were compared between patients with
KTD and without tubular dysfunction by the Student ¢ test for
continuous variables and by either the ) test or Fisher exact
test for categorical variables. Statistical comparisons for geno-
type frequencies between 2 groups were made by use of 2 x 3
table Fisher exact test (2 x 6 table for rs2032582). Associations
between genotypes and KTD were tested by univariate and
multivariate logistic regression analyses. The impact of other
varjables was estimated with univariate analysis, and those
with P <.20 were incorporated into multivariate analysis, in
addition to the basic demographics such as age and sex. Statis-
tical significance was defined at 2-sided P value <.05. We used
odds ratios (ORs) and 95% confidence intervals (95% Cls) to
estimate the impact of each variable on KTD. The Haploview
software was used to test Hardy-Weinberg equilibrium and
ABCC2 and ABCC4 haplotype analysis. All other statistical

analyses were performed with the Statistical Package for Social
Sciences ver. 17.0 (SPSS, Chicago, Illinois).

RESULTS

A total of 190 patients who provided blood and urine samples
and satisfied the inclusion and exclusion criteria were enrolled
in the study (Figure 1). KTD was diagnosed in 19 of the 190
patients (10%). The baseline characteristics and laboratory
data for patients with and without KTD are listed in Table 1.
Patients with KTD were older (P<.001), had smaller body
weight (P=.006) and lower eGFR (P =.003), and were more
likely to be hypertensive than patients with normal tubular
function (P =.088). The median duration of tenofovir therapy
was 71.5 weeks (interquartile range [IQR]: 36.8-109.2 weeks)
for the entire study population, which was not different
between the 2 groups (P = .888).

Table 1.

Characteristics of Patients With and Without Kidney Tubular Dysfunction

Patients With KTD (n = 19)

Urinary B2M (ug/g Cr)?

Fractional excretion of uric acid >15%, No. (%)

3066 (2247-10068)

Patients With Normal Tubular

Function (n=171) P Value

2(10.5) 4(2.3) 112

Sex (male), No. (%)

18(94.7)

166 (97.1) 473

Route of transmission (homosexual contact), No. (%)

16 (84.2)

153 (89.5) 528

Estimated glomerular filtration rate (mL/minutes/1.73 m?)?

75.5 (62.8-93.5)

87.7 (77 5-98) .003

CD4 cell count {uL)?

380 {194-501)

379 (275-533)

C-reactive protein (mg/dL)®

0.07 (0.03-0.28)

0.07 (0.03-0.16) 277

Abbreviations: KTD, kidney tubular dysfunction; NAG, N-acetyl-p-p-glucosaminidase; TDF, tenofovir disoproxil fumarate.
@ Median (interquartile range).
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Table 2. Genotype Frequencies at ABCC2, ABCC4, ABCC10, SLC22A6, and ABCB1 in Patients With and Without Kidney Tubular
Dysfunction

Patients With Normal Tubular
Genotype Amino Acid Patients With KTD (n = 19) Function {(n=171) P Value?

24 C—T,rs717620

cr 1(5.3) 52 (30.4) .018

1249 G — A, 152273697 Vald17lle

A/G 5 (26.3) 34 (19.9) 017

C/r 0(0) 3(1.8) 1.000

2934 G — A, rs3740070

G/A

ABCC4 (MRP4)

G/G

T 2(10.5) 4(2.3)

AA 13 (68.4) 98 (57.3)

G/G

T/ 6 (31.6) 46 (26.9)

T/T 6 (31.6) 46 (26.9)

526G — A, rs9349256

A/G 9 (47.4) 65 (38) 569
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Table 2 continued.

Genotype Amino Acid

Abbreviation: KTD, kidney tubular dysfunction.
2 By Fisher exact test.

Patients With KTD (n=19)

Patients With Normal Tubular

Function (n=171) P Value®

Table 2 summarizes the distribution of genotypes at the
ABCC2, ABCC4, ABCC10, SLC22A11, and ABCBI genes in
the 2 groups. All polymorphisms were in Hardy-Weinberg
equilibrium with a cutoff P value of .001. In single SNP analy-
sis, a higher percentage of patients with KTD were found
among genotype CC at position —24 and genotype AA at po-
sition 1249 of ABCC2, compared to patients with other geno-
types (—24 CC; 14.3% [in 18 of 126 patients] vs 1.6% [in 1 of
64 patients]; P=.004; 1249 AA; 42.9% [in 3 of 7 patients] vs
8.7% [in 16 of 183 patients]; P =.023), respectively. The per-
centage of patients with KTD was also higher among genotype
AA at position 2677 of ABCBI, compared to patients with
other genotypes (2677 AA; 42.9% [in 3 of 7 patients] vs. 8.7%
[in 16 of 183 patients]; P =.023). KTD was marginally associ-
ated with genotype AA at position 559 and genotype GG at
position 4976 of ABCC4 (P =.112, and .090, respectively).

Association of Genotypes with KTD

Univariate analysis showed a significant association between
KTD and patients with genotype CC at position -24
(OR, =10.50; 95% CI, 1.369-80.55; P =.024) and patients with
genotype AA at position 1249 (OR, 7.828; 95% CI, 1.609-
38.10; P=.011) of ABCC2 (Table 3). The risk for KTD was
higher in patients with both genotype CC at position —24 and
genotype AA at position 1249 (OR, 31.88; 95% CI, 3.131-
324.5; P =.003). Genotype AA at position 2677 of ABCBI was
also significantly associated with KTD (OR, 7.828; 95% CI,

1.609-38.10; P =.011). Furthermore, old age (per 1 year, OR,
1.165; 95% CI, 1.100-1.233; P <.001), low body weight (per 1
kg decrement, OR, 1.076; 95% CI, 1.021-1.135; P =.007), and
low eGFR (per 1 mL/minutes/1.73 m* decrement, OR, 1.052;
95% CI, 1.016-1.090; P = .004) were also associated with KTD.

Multivariate analysis identified genotype CC at position —24
and genotype AA at position 1249 of ABCC2 as independent
risks for KTD after adjustment for sex, age, weight, eGFR, and
hypertension (adjusted OR,=20.08; 95% CI, 1.711-235.7;
P=.017; adjusted OR, 16.21; 95% CI, 1.630-161.1; P=.017),
respectively (Table 4). Patients with both of the abovemen-
tioned two homozygotes showed higher adjusted OR in multi-
variate analysis (adjusted OR, 38.44; 95% CI, 2.051-720.4;
P=.015; Table 4). On the other hand, genotype AA at posi-
tion 2677 of ABCBI was not significantly associated with KTD
in multivariate analysis adjusted for the abovementioned vari-
ables (adjusted OR, 1.686; 95%Cl, .163~17.43; P = .661).

Association of Haplotypes at ABCC2 and ABCC4 with KTD

Haplotype construction was performed with the 4 identified
SNPs with P<.10 in univariate analysis: ABCC2, —24 C— T,
1249 G — A; ABCC4, 559 G — T, 4976T — C (Table 4). Hap-
lotypes with frequency of >1% were analyzed. ABCC2 haplo-
type CA was significantly associated with TDF-induced KTD
(OR, 2.910; 95% CI, 1.295-6.221; P=.011), whereas ABCC2
haplotype TG was a protective haplotype (OR, 0.098; 95%
CI, .002-.603; P=.003). ABCC4 haplotype TT was marginally

HIV/AIDS e CID 2012:55 (1 December) e 1563



Table 3. Univariate Analysis of Risks for Kidney Tubular Dys-
function in Patients With HIV Infection Treated With Tenofovir

95% Cl

Characteristic OR

P Value

Concurrent use 1.559 .322-7.555 .581

of nephrotoxic drugs

ABCC2

1249 AA 1.609-38.10 011

2934 GG

ABCC10

2769 7T

0.619

.220-1.738 .363

2677 AA

7.828

1.609-38.10 011

Abbreviations: Cl, confidence interval; eGFR: estimated glomerular filtration
rate; HIV, human immunodeficiency virus; OR, odds ratio.

® Due to low prevalence of minor alleles, rs56220353, rs11568630, and
rs2274407 were not included in this analysis.

associated with tenofovir-induced KTD (OR, 2.497; 95%
CI, .902-6.949; P = .077).

DISCUSSION

The present study demonstrated that genotype CC at position
—24 and genotype AA at position 1249 of ABCC2 gene are
associated with tenofovir-induced KTD in Japanese patients
with HIV-1 infection. The effect of SNPs was more evident in
patients with both —24 CC and 1249 AA homozygotes than
in those with either homozygote only. The findings of this
study resolve long-term controversy over the role of genetic
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Table 4. Multivariate Analysis for the Risk of Tenofovir-Induced
Kidney Tubular Dysfunction With Homozygotes at —24 and 1249
of ABCCZ2 in Patients With HIV Infection

ABCC2

Adjusted OR

95% Cl PValue

16.21

Homozygote at 1249 AA 1630-161.1  .017

Each variable was adjusted for sex, age, weight, estimated glomerular
filtration rate, and hypertension.

Abbreviations: Cl, confidence interval; OR, odds ratio.

polymorphisms in tenofovir-induced KTD and confirm the
effect of the SNPs in ABCC2 gene in tenofovir-induced KTD.

CA haplotype (—24C, 1249A) of ABCC2 was associated with
tenofovir-induced KTD, whereas TG was a protective haplotype
(Table 5). Izzedine et al [13] reported the role of CATC haplo-
type (—24C, 12494, 3563T, 3972C) of ABCC2 in KTD.
However, 3563T did not play such role in this haplotype analy-
sis, because the prevalence of 3563T is 0% in the Japanese, ac-
cording to the HapMap data, and haplotype with only —24C
plus 1249A still exhibited its effect on tenofovir-induced KTD
(Table 5; www.hapmap.org). The reported association between
tenofovir-induced KTD and 526G and 2759C of ABCCIO de-
scribed by Pushpakom et al [21] was also not reproduced in this
study. Furthermore, SNPs in ABCC4, SLC22A6, and ABCBI in-
vestigated in the present study did not show a significant associ-
ation with tenofovir-induced KTD (Table 3).

Three main aspects of our study are important. First, this is
the first study to our knowledge that elucidated the effect of
SNPs on tenofovir-induced KTD conducted in a country other
than European countries or the United States. Our study ex-
amined Japanese patients of genetic background different
from patients of previous studies, which consisted mostly of
whites. While SNPs —24C and 1249A of ABCC2 have been
speculated to correlate with tenofovir-induced KTD in previ-
ous studies, the present study confirmed that these SNPs are
risk factors for tenofovir-induced KTD in nonwhites.

The result that the SNPs in ABCCZ are a risk for tenofovir-
induced KTD can also be applied to patients with other
genetic backgrounds who host SNPs —24C and 1249A.
Notably, the impact of SNPs on tenofovir-induced KTD might
be more significant in Africans and Indians than in Japanese
or whites, considering that the allele frequencies of —24C and
1249A are higher in these population according to the
HapMap data (—24C; Africans 96.9%, Indians 92.6%, Japanese
80.8%, whites 81.9%, 1249A; Africans 21.7%, Indians 30.7%,
Japanese 8.9%, whites 23.7%; www.hapmap.org).

Second, the study was designed to evaluate the exclusive
effect of SNPs on tenofovir-induced KTD by excluding
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Table 5. Association Between Haplotype in ABCC2 and ABCC4 and Kidney Tubular Dysfunction

Allele/Haplotype Frequency, %

Allele KTD Group (n =19}

SNP Marker/Haplotype

Control Group (n=171) OR (95% CI)® P Value

ABCC2
haplotype

28.9

559G —->T T 211

12.3 2.91(1.295-6.221) .011

123 1.905 (.705-4.614) 213

ABCC4

Abbreviations: Cl, confidence interval; KTD, kidney tubular dysfunction; OR, odds ratio; SNP, single-nucleotide polymorphism.
2 ORs and P values are for comparisons of allele/haplotype frequencies between the kidney tubular dysfunction and control groups.

possible predisposing factors for KTD, for example, active in-
fection, malignancies, diabetes mellitus, and preexisting renal
impairment, which are known risks for KTD [35]. Patients
who showed no HIV-1 viral suppression were also excluded.
Furthermore, the enrolled patients were Japanese only, and
this helped to examine a study population with comparatively
similar genetic background. The study population was also on
the same antiretroviral regimen (ritonavir-boosted darunavir
plus tenofovir/emtricitabine), and this also helped to evaluate
more precisely the effect of SNPs, because plasma concentra-
tion of tenofovir is affected by concomitant antiretrovirals and
the delta change in plasma tenofovir concentration likely
differs in the presence of each concomitant drug [26].

Third, SNPs were examined in 190 patients in this study.
To our knowledge, the number of enrolled patients is the
largest among the studies that have so far examined the effect
of SNPs on tenofovir-induced KTD. Thus, this feature provid-
ed the study a higher statistical power than previous studies.

Why are polymorphisms in ABCC2 a risk for tenofovir-
induced KTD, even though it is controversial whether MRP2
plays a role in the excretion of tenofovir via the luminal mem-
brane? [18, 20] The exact mechanism has not been determined
yet, but we speculate 2 hypotheses. First, there might be
unknown endogenous substances that influence tenofovir
nephrotoxicity in renal tubular cells, and SNPs in ABCC2
modulate the function or transportation of such substances
[15]. Second, MRP2 may indeed take part in transporting te-
nofovir, because various substances including methotrexate
are reported to be a substrate of MRP2, and ABCC2 mutation
alters excretion of those substances [36, 37]. Further studies
are warranted to elucidate the exact mechanism of these SNPs
on tenofovir-induced KTD. Furthermore, the impact of these

SNPs on KTD with long-term TDF use needs to be evaluated
in prospective studies.

Several limitations need to be acknowledged. First, not all
polymorphisms in genes of the targeted transporter proteins
were examined. Thus, we might have missed other important
SNPs on the function of tenofovir transportation. There might
be other unknown transporter proteins for tenofovir excretion
in the kidney that contribute to susceptibility to tenofovir-
induced KTD as well. Second, the diagnostic criteria for TDF-
induced KTD are not uniformly established in the field and
are different in the published studies. The criteria applied in
this study are not entirely similar to the ones used in previous
studies that examined the role of SNPs in tenofovir-induced
KTD. However, by excluding other predisposing factors for
KTD and enrolling a large number of patients, this study suc-
ceeded in providing a clear-cut association between SNPs and
tenofovir-induced KTD.

In conclusion, the present study demonstrated that SNPs in
ABCC2 associate with tenofovir-induced KTD in Japanese pa-
tients, in a setting that excluded other predisposing factors. As-
sessment of renal tubular function is more cumbersome and
costly to monitor than serum creatinine. However, monitoring
tubular function is clinically important, because undetected long-
term tubular dysfunction might lead to premature osteopenia
due to phosphate wasting and accelerated progression of renal
dysfunction. Close monitoring of tubular function is warranted
in patients with ABCC2 —24C and 1249A under TDF treatment.
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