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Objectives: This study aimed to examine the effect of long-term treatment with ritonavir-boosted atazanavir
(atazanavir/ritonavir) on cholelithiasis.

Methods: A single-centre, cross-sectional study was conducted to elucidate the prevalence of cholelithiasis in
patients with HIV-1 infection who underwent abdominal ultrasonography between January 2004 and March
2013. Univariate and multivariate logistic regression analyses were applied to estimate the effects of
>2 years of atazanavir/ritonavir exposure on cholelithiasis as the primary exposure.

Results: Of the 890 study patients, 84 (9.4%) had >2 years of atazanavir/ritonavir exposure. Cholelithiasis was
twice as frequent in those treated for >2 years with atazanavir/ritonavir [15 (18%) of 84 patients] compared with
those treated for <2 years [72 (8.9%) of 806 patients] (P=0.018). Univariate analysis showed a significant asso-
ciation between >2 years of atazanavir/ritonavir exposure and cholelithiasis (OR=2.216; 95% C1=1.206-4.073;
P=0.010) and the association almost persisted in multivariate analysis (adjusted OR=1.806; 95% CI=0.922-
3.537; P=0.085). Long-term treatment (>2 years) with other commonly used protease inhibitors, such as ritona-
vir-boosted lopinavir and ritonavir-boosted darunavir, was not associated with cholelithiasis in univariate and
multivariate analysis. Additional analysis showed that >1 year of exposure to atazanavir/ritonavir was signifi-
cantly associated with cholelithiasis (OR=1.857;95% CI=1.073-3.214; P=0.027), whereas >1 year of exposure
to ritonavir-boosted lopinavir and ritonavir-boosted darunavir was not.

Conclusions: Long-term treatment of patients with HIV-1 infection for >2 years with atazanavir/ritonavir was
associated with an increased risk of cholelithiasis compared with patients with shorter exposure. Long-term
exposure to atazanavir/ritonavir appears to increase the risk of cholelithiasis in patients with HIV-1 infection.
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Introduction

Ritonavir-boosted atazanavir (atazanavir/ritonavir) is a widely
used protease inhibitor in the treatment of patients infected
with HIV-1.172 Cholelithiasis was not reported in atazanavir/
ritonavir Phase 3 clinical trials;* however, recent post-marketing
studies have suggested potential association between cumulative
atazanavir/ritonavir exposure and cholelithiasis.>~” Only a couple
of studies have so far reported the incidence of complicated
cholelithiasis, such as cholecystitis, cholangitis and pancreatitis,
in patients treated with atazanavir/ritonavir.>® However, the
effects of prolonged exposure to atazanavir/ritonavir on the inci-
dence of cholelithiasis, including asymptomatic cholelithiasis, is

unknown at this stage. This is of importance because ~20% of
patients with cholelithiasis develop symptoms in the long term.?

The aim of this study was to elucidate the effects of atazanavir/
ritonavir exposure on cholelithiasis, including asymptomatic
cholelithiasis, in patients with HIV-1 infection.

Patients and methods
Study design

We performed a cross-sectional study of HIV-1-infected patients using the
abdominal ultrasonography data and the medical records at the National
Center for Global Health and Medicine, Tokyo, Japan.'® The study
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population was HIV-1-infected patients, aged =17 years, who underwent
abdominal ultrasonography at the Physiological Examination Unit of the
hospital between 1 January 2004 and 31 March 2013 as part of clinical
practice. Atazanavir/ritonavir became available in Japan in January
2004. Exclusion criteria were: (i) patients with cholecystectomy performed
before the study period; and (i) patients with missing data on antiretroviral
therapy (ART). At the Physiological Examination Unit, ultrasonography was
conducted by certified medical technelogists and the images and diagno-
sis were double-checked and confirmed by radiologists, hepatologists or
gastroenterologists. If abdominal ultrasonography was conducted more
than once during the study period, the latest ultrasonography data were
used for the study. This study was approved by the Human Research Ethics
Committee of the hospital. Each participant provided a written informed
consent for the clinical and laboratory data to be used and published for
research purposes.

Measurements

The primary exposure variable was a history of atazanavir/ritonavir use for
>2 years, regardless of continuation of atazanavir/ritonavir at the time of
abdominal ultrasonography. A 2 years threshold for atazanavir/ritonavir
exposure was selected because cholelithiasis was not reported in atazana-
vir/ritonavir Phase 3 clinical trials with the primary endpoint set at week
48" and prolonged excretion of atazanavir in the bile appears necessary
for gallstone formation.” The potential risk factors for cholelithiasis were
collected from the medical records, together with the basic demograph-
ics.?* 1713 They included age, sex, ethnicity, body mass index (BM1), cirrho-
sis, diabetes mellitus, CD4 count, HIV viral load, ART experienced or naive,
duration of ART, length of exposure to atazanavir/ritonavir, ritonavir-
boosted lopinavir (lopinavir/ritonavir) and ritonavir-boosted darunavir
(darunavir/ritonavir), history of AIDS and hepatitis B or C coinfection. We
used data collected within 3 months of the day ultrasonography was
conducted.

Statistical analysis

Univariate and multivariate logistic regression analysis was used to esti-
mate the effects of atazanavir/ritonavir exposure of >2 years, relative to
<2 years or no atazanavir/ritonavir exposure, on cholelithiasis as the pri-
mary exposure. Basic demographics (age and sex), possible risk factors for
cholelithiasis (BMI, cirrhosis and diabetes mellitus)’! = ** and variables with
P values <0.05 in univariate analysis (HIV load and duration of ART) were
added to the multivariate model. The variable ‘treatment naive’ was not
added because of its multicollinearity with HIV load.

Statistical significance was defined as two-sided P values <0.05. We
used ORs and 95% Cls to estimate the effects of each variable on chole-
lithiasis. All statistical analyses were performed with the Statistical
Package for Social Sciences ver. 20.0 (SPSS, Chicago, IL, USA).

Results

Of the 890 study patients, cholelithiasis was diagnosed by
abdominal ultrasonography in 87 patients, with a prevalence of
9.8% (see Figure S1, available as Supplementary data at JAC
Online). Patients with cholelithiasis were significantly older,
more likely to be fernales, have lower HIV-1 viral load, be diabetic,
have cirrhosis and have longer exposure to ART (Table 1). On the
other hand, patients without cholelithiasis were more likely to be
treatment naive.

Of the 890 study patients, 186 (21%) were treated with ataza-
navir for a median duration of 1.79 years (IQR 0.68-3.78 years)
and 84 (9.4%) patients were treated with atazanavir for
>2 years. Of the 186 patients treated with atazanavir, 173 (93%)
patients were on atazanavir/ritonavir, whereas only 13 (7%) were
on non-boosted atazanavir. Cholelithiasis was twice as frequent
in patients treated for >2 years with atazanavir [15 (18%) of

Table 1. Basic demographics of total study patients, patients with cholelithiasis and no cholelithiasis

Total (n==890) Cholelithiasis (n=87) No cholelithiasis (n=_803) P
Age, years® 1(35-50) 45 (38-55) 40 (34-49) <0.001
Female sex, n (%) 9 (5.5) 9 (10) 0 (5) 0.047
Race (Asian), n (%) 869 (98) 7 (100) 782 (97) 0.253
BMI, kg/m?® 21.9 (20.1-24.6) 22 5(20.1-25.7) 21.8 (20-24.4) 0.665
CD4 cell count, cells/pL? 365 (207-525) 370 (226-572) 365 (206-523) 0.206
HIV load, logyo copies/mL° 1.70 (1.07-4.04) 1. 7O (1.70-1.90) 1.70 (1.70-4.20) 0.002
HIV load <50 copies/mL, n (%) 510 (57) 4 (74) 446 (56) 0.001
Diabetes mellitus, n (%) 3(6) 0(12) 3(5) 0.030
Hepatitis B or C coinfection, n (%) 242 (27) 3(26) 219 (27) 1.000
History of AIDS, n (%) 298 (34) 1(36) 267 (33) 0.720
Cirrhosis, n (%) 4 (1.6) 6 (7) 8 (1) 0.001
Treatment naive, n (%) 267 (30) 4 (16) 253 (32) 0.003
History of atazanavir/ritonavir exposure, n (%) 186 (21) 5(29) 161 (20) 0.070
History of lopinavir/ritonavir exposure, n (%) 294 (33) 2(37) 262 (33) 0.472
History of darunavir/ritonavir exposure, n (%) 100 (11) 3(15) 7(11) 0.281
Duration of ART (ye«:Jrs)b 7 (0-7.9) 8(0.9-12) 2(0-7.4) <0.001

Cirrhosis was diagnosed by abdominal ultrasonography, diabetes mellitus was defined by use of antidiabetic agents or fasting plasma glucose
>126 mg/dL or plasma glucose >200 mg/dL on two different days, hepatitis B infection was defined by positive hepatitis B surface antigen and

hepatitis C infection was defined by positive hepatitis C virus viral load.

9The x test or Fisher’s exact test was used for comparison of categorical data and Student’s t-test was used for comparison of continuous variables

PMedian (IQR).
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Table 2. Univariate and multivariate analysis to estimate the risk for cholelithiasis posed by long-term (>2 years) treatment with ritonavir-boosted atazanavir

Model 1, crude (n=890)

Model 2, adjusted (n=2890) Model 3, adjusted (n=851)

OR 95% (I OR 95% CI P OR 95% (I P
>2 years of atazanavir/ritonavir exposure  2.216  1.206-4.073 0.010 2.09 1.131-3.883 0.019 1806 0.922-3.537 0.085
Age per 1 year increment 1.034 1.016-1.053 <0.001 1.009 0.980-1.039 0.001 1.028 1.008-1.049 0.005
Femnale sex 2201  1.030-4.705 0.042 2,005 0921-4368 0.080 2183 0.986-4.834 0.054
BMI per 1 kg/m? increment 1.004 0.985-1.024 0.673 1.001 0.983-1.020 0.881
Cirrhosis 7.361  2.493-21.74 <0.001 6.947  2.133-22.63 0.001
Diabetes mellitus 2295 1.110-4.748 0.025 1.017 0.417-2.481 0971
CD4 count per 1 cell/plL increment 1.001  1.000-1.001 0.206
HIV viral load per logqo/mL increment 0.748  0.618-0.906 0.003 0.900 0.717-1.129 0.363
History of AIDS 1111 0.700-1.765 0.655
Treatment naive 0.417  0.231-0.753 0.004
Hepatitis B or hepatitis C coinfection 0.958 0.581-1.582 0.868
Duration of ART per 1 year increment 1.077 1.040-1.115 <0.001 1.030 0.983-1.080 0.216

Model 1 was the univariate analysis to estimate the risk of various factors for cholelithiasis for atazanavir/ritonavir exposure of >2 years, relative to
<2 years or no atazanavir/ritonavir exposure. In Model 2, atazanavir/ritonavir exposure of >2 years, relative to <2 years or no atazanavir/ritonavir
exposure, was adjusted by adding age and sex. In Model 3, possible risk factors for cholelithiasis (BMI, cirrhosis and diabetes mellitus) and variables
with P values <0.05 in Model 1 (HIV load and duration of ART) were added. The variable ‘treatment naive’ was not added because of its

multicollinearity with HIV load.

84 patients] compared with patients with no or <2 years of ata-
zanavir [72 (8.9%) of 806 patients] (P=0.018).

Univariate analysis showed a significant association between
>2 years of atazanavir/ritonavir exposure and cholelithiasis
(OR=2.216; 95% CI=1.206-4.073; P=0.010) (Table 2, Model
1). Older age, female sex, cirrhosis, diabetes mellitus, low HIV
viral load and duration of ART per 1 year increment were also sig-
nificantly associated with cholelithiasis.

Multivariate analysis identified >2 years of atazanavir/ritonavir
exposure as an independent risk factor for cholelithiasis after adjust-
ment for age and female sex (adjusted OR=2.096; 95% CI=1.131-
3.883; P=0.019) (Table 2, Model 2). The association was marginally
significant after adjustment for other variables (adjusted OR=1.806;
95% (C1=0.922-3.537; P=0.085) (Table 2, Model 3). Older age and
cirrhosis also persisted in being significantly associated with chole-
lithiasis in multivariate analysis (age per 1 year increment, adjusted
OR=1.028; 95% CI=1.008-1.049; P=0.005) (cirrhosis, adjusted
OR=6.947; 95% (C1=2.133-22.63; P=0.001).

Additional analyses focusing on the impact of other commonly
used protease inhibitors demonstrated that 148 (16.6%) patients
were treated with lopinavir/ritonavir for >2 years, while 29 (3.3%)
were treated with darunavir/ritonavir for >2 years. Treatment for
>2 years with lopinavir/ritonavir and darunavir/ritonavir was not
associated with cholelithiasis in univariate and multivariate ana-
lysis adjusted with the same variables in Table 2, Model 3 (lopina-
vir/ritonavir: OR=1.246; 95% CI=0.710-2.185; P=0.443/
adjusted OR=1.221; 95% C1=0.674-2.214; P=0.510) (daruna-
vir/ritonavir: OR=1.067; 95% CI=0.316-3.601; P=0.916/
adjusted OR=0.641; 95% C1=0.173-2.377; P=0.506). In uni-
variate analysis, treatment for >1 year with atazanavir/ritonavir
[n=124 (13.9%)] was also significantly associated with cholelith-
jasis (OR=1.857; 95% CI=1.073-3.214; P=0.027), whereas
>1 year exposure to lopinavir/ritonavir [n=199 (22.4%)] and dar-
unavir/ritonavir [n="53 (6%)] did not correlate with cholelithiasis

(lopinavir/ritonavir: OR=1.367; 95% CI=0.830-2.252; P=0.220)
(darunavir/ritonavir: OR=0.961; 95% CI1=0.375-2.464; P=0.934).

Discussion

To our knowledge, this is the first study to investigate the effects
of atazanavir/ritonavir exposure on cholelithiasis, including
asymptomatic cholelithiasis. Patients treated for >2 years with
atazanavir/ritonavir were twice as likely to develop cholelithiasis
compared with patients with no or <2 years of atazanavir/ritona-
vir exposure. Univariate analysis demonstrated a significant asso-
ciation between >2 years of atazanavir/ritonavir exposure and
cholelithiasis (OR=2.216; 95% CI=1.206-4.073; P=0.010) and
the association almost persisted in multivariate analysis (adjusted
OR=1.806; 95% CI=0.922-3.537; P=0.085) (Table 2). Thus,
long-term treatment with atazanavir/ritonavir was associated
with cholelithiasis in this cohort. On the other hand, exposure to
lopinavir/ritonavir or darunavir/ritonavir, other widely prescribed
protease inhibitors, was not associated with cholelithiasis.

Two mechanisms are suggested for the observed atazanavir-
induced cholelithiasis. First, precipitation of atazanavir in the bile
might enhance the formation of calculi composed of atazanavir
and other biliary components. This hypothesis is supported by
the documentation of atazanavir as a component of gallstones
in several case reports.~’ Strong acidity (e.g. pH of 1.9) is required
to achieve optimal dissolution of atazanavir, whereas biliary pH is
usually >6.5.% This feature of atazanavir might result in precipita-
tion of atazanavir and consequent cholelithiasis.” It is well known
that atazanavir/ritonavir is a risk factor for nephrolithiasis®**®
and, recently, a case of atazanavir-containing sialolithiasis in a
patient treated with atazanavir/ritonavir was also reported.*®
These data further support the likelihood of atazanavir involve-
ment in lithiasis. Second, because atazanavir is a competitive
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inhibitor of uridine diphosphate glucuronyl transferase 1A1
(UGT1A1), a bilirubin-conjugating enzyme, atazanavir is known
to cause hyperbilirubinaemia.’” This might result in a rise in the
bilirubin level in the bile, which could facilitate the formation of
gallstones because bilirubin is also a component of such stones.
This hypothesis is supported by a case report that showed the
presence of indinavir, another protease inhibitor, in the gallstones
of a patient on indinavir-containing ART.*® Indinavir has similar
characteristics to atazanavir: optimal solubility at low pH and
being an inhibitor of UGT1A1."%%9

There are several limitations to our study. First, because stone
composition analysis was not conducted in this study, one cannot
rule out other causes of cholelithiasis in addition to atazanavir/
ritonavir. Second, the prevalence of gallstones is generally lower
in Asians than in Europeans and since most of the patients in
this study were Asian, the effect of atazanavir/ritonavir might be
different in other populations.”® Third, because the study popula-
tion included patients who had undergone abdominal ultrasonog-
raphy in clinical practice with various indications, the prevalence
of cholelithiasis might be overestimated.

In conclusion, the present study demonstrated that patients
on long-term treatment (>2 years) with atazanavir/ritonavir
were twice as likely to develop cholelithiasis compared with
those treated for <2 years. A similar effect was not demonstrated
in patients treated with lopinavir/ritonavir or darunavir/ritonavir.
Long-term, large prospective studies are warranted to elucidate
the incidence and risk factors for complicated cholelithiasis in
patients exposed to atazanavir/ritonavir-containing ART.
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Long-Term Use of Protease Inhibitors Is Associated
with Bone Mineral Density Loss

Ei Kinai, Takeshi Nishijima, Daisuke Mizushima, Koji Watanabe, Takahiro Aoki, Haruhito Honda,
Hirohisa Yazaki, lkumi Genka, Junko Tanuma, Katsuji Teruya, Kunihisa Tsukada,
Hiroyuki Gatanaga, Yoshimi Kikuchi, and Shinichi Oka

Abstract

HIV-infected patients are at high risk for bone mineral density (BMD) loss. The present study was designed to
provide information on characteristics of BMD abnormalities in Japanese HIV-1-infected patients and risk
factors involved in worsening of BMD. A total of 184 Japanese HIV-1-infected men were studied with a dual-
energy X-ray absorptiometry scan (DXA) at the lumbar spine and femoral neck. Multivariate logistic re-
gression models were used for comparison of the impact of risk factors on BMD loss. Osteopenia and
osteoporosis were diagnosed in 46% and 10% of the patients at lumbar spine, and 54% and 12% at femoral
neck, respectively. In logistic analysis, factors associated with low BMD at both lumbar spine and femoral
neck were long-term treatment with a protease inhibitor (PI) [odds ratio (OR) 1.100 and 1.187 per 1 year
increase of PI use; 95% confidence interval (CI) 1.003-1.207 and 1.043-1.351; p=0.042 and 0.009, re-
spectively] and a low body mass index [OR: 0.938 and 0.852, CI 0.892-0.992 and 0.783-0.927; p=0.024
and <0.001, respectively]. Patients who discontinued PI had a significantly higher BMD than those who
currently use PI at lumbar spine (¢ score —0.8 vs. —1.3, p=0.04) but not at femoral neck (-1.3 vs. —1.5,
p=0.38). In HIV-infected Japanese patients, the duration of treatment with PI correlated significantly with
BMD loss. Discontinuation of Pl is a promising option in the treatment of BMD loss since it allows recovery
of BMD, especially in the lumbar spine.

Introduction

OR HIV-INFECTED PATIENTS, loss of bone mineral

density (BMD) is an important age-related complica-
tion, in addition to chronic renal dysfunction, cardiovas-
cular diseases, and metabolic disorders. A meta-analysis
study reported that the prevalence of osteoporosis among
HIV-infected patients was three times higher than in
the HIV-negative population." The etiology of low BMD
in HIV-infected patients is multifactorial and is consid-
ered to include chronic HIV infection™ and antiretroviral
therapy, especially tenofovir disoproxil fumarate (TDF)
and protease inhibitors (131).4"7 However, to our knowl-
edge, information on the characteristics of BMD abnor-
malities in Asian HIV-infected patients is scarce and the
exact risk factors involved in the worsening of BMD
remain obscure. The present study was designed to pro-
vide new information on the above two aspects of Asian
HIV-1 infection.

Materials and Methods
Setting and participants

We performed a cross-sectional study at the AIDS Clinical
Center (ACC), National Center for Global Health and Med-
icine (NCGM) involving HIV-infected patients who were
registered at the NCGM from February 2012 to June 2013.
We excluded patients who had been on treatment for osteo-
porosis, current users of corticosteroids, and those with a
history of bone fractures at the spine or bilateral femoral
neck. A total of 184 Japanese HIV-infected men were en-
rolled in this study. This study was approved by the ethics
committee of NCGM and a written informed consent was
obtained from each patient.

Data collection

BMD was assessed using dual X-ray absorptiometry (DXA:
QDR-4500W, Hologic Inc., Bedford, MA) at the lumbar spine

AIDS Clinical Center, National Center for Global Health and Medicine, Tokyo, Japan.
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and femoral neck. Osteopenia and osteoporosis were defined
using the World Health Organization (WHO) criteria. Normal
BMD was defined as a ¢ score of — 1 or higher, osteopenia as a
t score between —1 and —2.5, and osteoporosis as a ¢ score
of —2.5 or lower.® Age, body mass index (BMI), smoking
habit, hemophilia, history of an AIDS-defined illness, nadir
CDA4 cell count, time with low CD4 cell count (<200 cell/ul),
time on antiretroviral therapy (ART), TDF, and PI, were ob-
tained by interview or medical records. Estimated glomerular
filtration rate (eGFR) was calculated using the modified
Modification of Diet in Renal Disease (MDRD) equation for
Japanese populations‘9

Statistical analysis

t scores and BMD of the lumbar spine and femoral neck
were compared using Student’s paired #-test. To determine
the impact of independent variables, multivariate logistic
regression analysis was used. In logistic regression analysis,
the dependent variable was set as low BMD (¢ score lower
than —1.0) at both the lumbar spine and femoral neck. We
used the odds ratio (ORs) and 95% confidence interval (95%
CI) to estimate the impact of each variable on low BMD.

To assess the impact of PI discontinuation, we compared
the ¢ scores between Pl-experienced patients and patients
who discontinued such therapy, using the Student’s unpaired
t-test. For evaluation of the correlation between the 7 score at
the lumbar spine and the time on PI, ritonavir (RTV) at dif-
ferent dosage (100 mg/day and 200 mg/day), and other types
of PI, Pearson’s correlation coefficient was used. For further
evaluation of the relationship between the time on TDF and
BMD, we compared the f scores between those who were
treated with PI plus TDF and those treated with PI only and
had never been treated with TDF, using the Student’s un-
paired r-test. All statistical analyses were performed with The
Statistical Package for Social Sciences ver. 17.0 (SPSS,
Chicago, IL).

Resulis
Patient characteristics

The characteristics of the 184 study patients are summa-
rized in Table 1. All patients underwent DXA for the lumbar
spine and 164 underwent DXA for the femoral neck. He-
mophiliacs constituted 36% (n=67) of the study subjects.
Seventy-one patients (39%) had a history of infection with
hepatitis C virus (HCV), including all 67 hemophiliacs.
Among them, 16 of the 71 (23%) patients showed sponta-
neous viral clearance, 23 (32%) achieved sustained virologic
response after antiviral therapy, and 2 (3%) patients were still
on treatment and had undetectable levels of HCV viral load.
The remaining 30 (45%) patients with chronic hepatitis C
were nonresponders or never users of antiviral therapy.
Among them, 9 (14%) had liver cirrhosis diagnosed by ra-
diological findings. Although 41 (21%) patients had a history
of AIDS-defined illness, 172 (93%) patients had been treated
with ART and 148 (80%) patients had an undetectable level
of HIV viral load.

The median durations of ART, PI, and TDF of the total
population were 88, 38, and 23 months, respectively. Among
139 TDF-treated patients, the median time on TDF was 38
months (IQR 14-68 months). One hundred and forty-four
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TABLE 1. CLINICOPATHOLOGICAL CHARACTERISTICS
OF THE 184 STUDY PATIENTS

Sex, (male/female) 184/0
Age: median (IQR) 43 (38-51)
Body mass index (kg/mz) 22 (20-24)
Hypertension, n (%) 42 (23%)
Current smoking, n (%) 99 (54%)
Hemophilia, n (%) 67 (36%)
History of AIDS-defined illness, n (%) 40 (22%)
Positive HBsAg, n (%) 8 (4%)
Positive HCV-Ab, n (%) 71 (37%)
Liver cirrhosis, n (%) 10 (5%)
Diabetes mellitus, n (%) 7 (4%)

Current CD4™ T cell count (cells/ul)

493 (322-623)
Nadir CD4" T cell count (cells/ul)

141 (54-218)

Low CD4* T cell count (<200 cells/ul) 52 (28%)
for>1 year, n (%)

Current suppressed viral load 148 (80%)
(<20 copies/ml), n (%)

Current use of ART, n (%) 172 (93%)

Time on ART (months) 88 (26-153)

Current use of protease inhibitors, n (%) 117 (64%)

Never use of protease inhibitors, n (%) 40 (22%)
Time on protease inhibitors (months) 38 (2-81)
Current use of tenofovir, n (%) 114 (62%)
Never use of tenofovir, n (%) 45 (24%)
Time on tenofovir (months) 22 (0-60)

0.78 (0.68-0.89)
86.0 (74.7-100.3)

Serum creatinine (mg/dl)
Estimated glomerular filtration rate
(ml/min/1.73 m?)

Values are median (IQR) or number (%) of patients.

HBsAg, hepatitis B virus surface antigen; HCV-Ab, hepatitis C
virus antibody; ART, antiretroviral therapy; ART, antiretroviral
therapy.

patients had previously received PI-based treatment, and the
numbers of patients who had been treated with each type of PI
were 30 patients with nelfinavir (NFV), 47 with lopinavir
(LPV/r), 34 with atazanavir (ATV), 21 with fosamprenavir
(FPV) or amprenavir (APV), 74 with darunavir (DRV), 4
with indinavir (IDV), and 1 with saquinavir (SQV). The total
number of patients who had received RTV was 137, and of
these, 102 and 63 patients had been treated with RTV at 100
and 200 mg/day, respectively.

Prevalence of low bone mineral density

Based on the WHO criteria, osteopenia and osteoporosis
were diagnosed in 46% and 10% of the patients at the lumbar
spine and 53% and 12% at the femoral neck, respectively.
The mean ¢ scores were — 1.1 [standard deviation (SD) 1.1]
for the lumbar spine and —1.4 (SD: 1.1) for the femoral
neck (Fig. 1A). The mean BMD scores were 0.914 g/cm2
(SD: 0.199 g/cm?) at the lumbar spine and 0.694 g/em? (SD:
0.221 g/cmz) at the femoral neck (Fig. 1B). Both the f score
and BMD at the femoral neck were significantly lower than
those at the lumbar spine ( p=0.008 for ¢ score and p <0.001
for BMD).

Impact of related risk factors

In multivariate logistic analysis, statistically significant
regression models were built for low BMD (¢ score< — 1)
at the lumbar spine (p=0.038) and at the femoral neck
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(A) Distribution of 1 scores at lumbar spine and femoral neck. Light areas: osteopenia; dark gray areas: osteo-

porosis. (B) Distribution of bone mineral density (BMD) at lumbar spine and femoral neck. In both (A) and (B), data are
mean + standard deviation. Differences in the mean scores of the spine and femoral neck were tested by the Student’s paired

t-test.

(p<0.001) (Table 2). In logistic analysis, the following
factors were associated with low BMD at both the lumbar
spine and femoral neck: longer duration of treatment with a
PI [odds ratio (OR) 1.100 and 1.187 per 1 year increase of PI
use and 95% confidence interval (CI) 1.003-1.207 and
1.043-1.351; p=0.042 and 0.009, respectively] and lower
body mass index [OR: 0.938 and 0.852, CI 0.892-0.992 and
0.783-0.927; p=0.024 and <0.001, respectively]. Low BMD
at the femoral neck also correlated with age [OR: 1.071; CI
1.029-1.115; p=0.001] and hemophilia [OR: 8.139; C12.594—
25.337; p<0.001].
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Impact of Pl use and discontinuation on bone
mineral density

The ¢ scores of both the spine and femoral neck were
significantly lower in patients who received PI than in those
who never used PI1[—1.2 vs. —0.7 at the spine (p=0.02) and
- 1.5 vs. —0.9 at the femoral neck (p=0.002), respectively]
(Fig. 2A). Moreover, patients who discontinued PI had a
higher spine ¢ score than those who currently used PI (—-0.8
vs. — 1.3, p=0.04) and had a ¢ score level comparable to those
patients who never used PI (—~0.8 in PI-discontinued patients
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TABLE 2. RESULTS OF LOGISTIC ANALYSIS FOR BONE MINERAL ABNORMALITIES MEASURED FOR DIFFERENT JOINTS

Univariate analysis Multivariate analysis®

OR 95% CI  pvalue OR 95% CI p value
Low BMD at lumbar spine (¢ score < —1.0)
Age (per 1 year increase) 1.015 0.986-1.045  0.309 1.016 0.989-1.042 0.249
Body mass index (per 1 increase) 0924 0.845-1.011  0.086 0.938 0.892-0.992 0.024
Hemophilia 1.013 0.556-1.847  0.967
Current smoking 1.690 0.942-3.302  0.078 1.651 0.903-2.971 0.104
History of AIDS-defined illness 1.630 0.800-3.323  0.176
Nadir CD4 (per 1 increase of categories)
2350 1.000
200-349 0.514 0.140-1.883  0.315
<199 ' 0.799 0.241-2.653 0.714
Time with CD4 <200/ul (per 1 year increase 1.065 0.921-1.233  0.515
Time on ART (per 1 year increase) 1.027 0.978-1.077  0.287 0.973 0.912-1.038 0.408
Time on TDF (per 1 year increase) 1.082 0.976-1.200 0.134 1.078 0.961-1.210 0.201
Time on PI (per 1 year increase) 1.081 1.009-1.159 0.026 1.100 1.003-1.207 0.042
Low BMD at femoral neck (s-score < —1.0)
Age (per 1 year increase) 1.012 1.005-1.019  0.001 1.071 1.029-1.115 0.001
Body mass index (per 1 increase) 1.017 1.003-1.031  0.018 0.852 0.783-0.927 <0.001
Hemophilia 3.954 1.850-8.448 <0.001 8.139 2.594-25.337 <0.001
Current smoking 1.206 0.642-2.265  0.561 0.238 0.734-3.460 0.238
History of AIDS-defined illness 1.870 0.806-4.338  0.141 0.124 0.795-6.789 0.124
Nadir CD4 (per 1 increase of categories)
2350 1.000 1.000
200-349 1.593 0.425-5971  0.489 1.553 0.355-6.783 0.559
<199 0.984 0.293-3.301 0979 0.757 0.174-3.285 0.710
Time with CD4 <200/ul (per 1 increase of categories) 1.072 0.951-1.209  0.257 0.844 0.684-1.042 0.114
Time on ART (per 1 year increase) 1.070 1.034-1.117 <0.001 0.968 0.880-1.066 0.509
Time on TDF (per 1 year increase) 1.084 1.005-1.119  0.037 0.990 0.848-1.156 0.900
Time on PI (per 1 year increase) 1.151 1.079-1.225 <0.001 1.187 1.043-1.351 0.009

“In the analysis for lumbar spine, the final model obtained by backward stepwise elimination included the time on ART, TDF, and PI,
current smoking, BMI, and age. OR, odds ratios; CI, confidence intervals; ART, antiretroviral therapy; TDF, tenofovir disoproxil fumarate;

PL protease inhibitors; BMD, bone mineral density.

vs. —0.7 in Pl-never use patients, p=0.97) (Fig. 2B). In
contrast, there was no significant difference in femoral
neck ¢ score between PI-discontinued patients and PI current-
use patients (—1.3 vs. —1.5, p=0.38) or between PI-
discontinued patients and PI-never use patients (—1.3 vs. —0.9,
p=0.24) (Fig. 2C).

Impact of different types of Pls on bone mineral density

While the correlation between the duration of treatment
of any PI and spine ¢ score was significant (r=—0.180,
p=0.013) (Fig. 3A), the duration of treatment with RTV
showed a better correlation with spine ¢ score (—0.207,
p=0.004) (Fig. 3B). When both the time on RTV and the time
on PI were entered as independent variables in logistic
analysis for low BMD at the lumbar spine, a statistically
significant model was built by elimination of the time on PL
In this model, the time on RTV was significantly associated
with low BMD (OR: 1.146,95% CI 1.032-1.273,p=0.011).
At the femoral neck, RTV was associated with low BMD
(OR: 1.267 per 1 year increase of RTV, 95% CI 1.010-
1.589, p=0.041), whereas the time on PI was not (OR: 0.983
per 1 year increase of PI, 95% CI 0.803-1.202, p=0.864).
There were no significant correlations between spine
t score and the duration of treatment with RTV at either
100 mg/day (r=—0.134, p=0.071) (Fig. 3C) or 200 mg/day

(r=-0.133, p=0.073) (Fig. 3D). No significant correla-
tions were found between different types of PIs and spine
t score (NFV: r=-0.023, p=0.758; LPV/r: r=-0.080,
p=0.239; DRV: r=-0.069, p=0.355; ATV: r=-1.123,
p=0.097; FPV or APV: r=0.091, p=0.218).

Comparison of BMD between PI- and PI-TDF-
treated patients

For further confirmation of the poor association between
TDF use and BMD loss,  scores were compared between
patients who had been treated with both PT and TDF (n=118)
and patients who received PI-based treatment and had
never been treated with TDF (n=26). Neither spine nor
femoral neck ¢ scores were significantly different between
the two groups (PI+TDF: —1.2, PT alone: —1.0, p=0.414
for spine ¢ score, —1.5 vs. —1.5, p=0.844 for femoral
neck, respectively).

Discussion

The present study showed that for Asian HIV-infected
patients, PI use was the most significant determinant of low
BMD at both the spine and femoral neck. Moreover, our
logistic regression models strongly suggested that long-term
use of PI has a gradual and cumulative effect on BMD.
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used PI (left), discontinued PI (center), and are currently using PI (right). Data are mean = standard deviation.

Although large cohort studies have already shown that PI use
can cause BMD loss,* it still remains unclear which type of
PI causes BMD loss. Our study found no significant associ-
ation between the use of any particular type of PI and BMD
loss, which is consistent with a previous in vifro study that
evaluated the impact of different PIs on osteoblast activity
using an osteoblast-like cell line.'” Both in virro'"'? and
ex vivo studies' reported that RTV promotes the proliferation/
activation of osteoclasts, causing increased bone absorption.
Our study added support to previous studies that RTV plays
a major role in Pl-associated BMD loss,'? although there is
insufficient data to conduct direct a comparison of BMD
between patients treated with unboosted and boosted PI.
The correlations between the two different dosages of RTV
and BMD were almost comparable levels of strength, sug-
gesting that RTV can cause BMD loss not dose dependently
but time dependently irrespective of the dose. However, at
this stage, we recommend further evaluation of the effect of
each type of PI, since the subanalyses conducted in the
present study have limited power for cause—effect evaluation
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due to the relatively small number of patients treated with
certain types of PL

Does discontinuation of PI lead to recovery of BMD? It
seems there is no definitive answer to this question. A small
cohort substudy showed possible BMD recovery after
switching PI to raltegravir.'* However, the change in BMD
after switching was too small in that study to confirm the
recovery effect of PI discontinuation. The present study
provides additional data in support of a lower decrease in
BMD by showing a large difference in BMD between PI-
discontinued and -continued patients, although it is a cross-
sectional study. A prospective longitudinal cohort study
using a larger population on longer use of Pl is necessary fora
more precise evaluation of the reversibility of PI-associated
BMD loss. It should be noted that the PI-discontinued pa-
tients showed a higher BMD Ievel not in the femoral neck but
in the lumbar spine, which is consistent with some large
cohort study showing that PI causes greater BMD loss in the
lumbar spine than the femoral neck.*” This interesting dis-
crepancy is well explained by the difference in bone tissue
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type between the vertebrae and femur. While the femur
contains abundant cortical substance with few osteoclasts,
the vertebrae comprise osteoclast-rich trabecular substance.
Therefore, discontinuation of osteoclast-activating agents,
such as RTV, can cause a slower decrease of BMD in ver-
tebrae compared with the femur.

TDF can cause BMD loss mainly through persistent uri-
nary loss of phosphates.4’7’15’16 However, our study did not
show any significant association between TDF use and low
BMD. While the exact reason for this finding is not clear, it
could be related to the general clinical practice in Japan: TDF
is often discontinued in Japan upon identification of modest
proximal tubular dysfunction (a low level of percent tubu-
lar reabsorption of phosphates or a high level of urine-f,-
microglobulin) in HIV-infected patients.'®'” This practice is
an important limitation in the present study.

Hemophilia is a risk factor for BMD loss based on the as-
sociated hemophilic arthropathy and long-term disuse.'®"”
However, the present study demonstrated an almost equal
prevalence of spine BMD abnormalities in hemophiliacs and
HIV-infected patients [rate of osteoporosis, hemophiliacs: 5/67
(7%), other patients: 14/117 (12%); rate of osteopenia, hemo-

philiacs: 32/67 (48%), other patients: 52/117 (44%)]. Further-
more, the mean (standard deviation) ¢ score of the lumbar spine
was —1.1 (1.0) in hemophiliacs and —1.1 (1.1) in other pa-
tients. Thus, with regard to lumbar spine BMD, the present
study well reflects the general Asian HIV-infected population.
On the other hand, BMD abnormalities are common in he-
mophiliacs including abnormalities of the femoral neck [rate of
osteoporosis, hemophiliacs: 15/57 (26%), other patients: 5/107
(5%); rate of osteopenia, hemophiliacs: 32/57 (56%), other
patients: 56/107 (52%)]. The mean (standard deviation) ¢ score
of the femoral neck was —2.0 (1.1) in hemophiliacs and — 1.0
(0.9) in other patients. Multivariate analysis identified age,
BMI, and hemophilia as significant determinants of BMD at the
femoral neck. Thus, BMD at the femoral neck is considered to
be largely influenced by weight load and disuse.

In conclusion, long-term use of PI was identified as a
significant risk factor for BMD loss in HIV-infected Asian
patients. Furthermore, the results demonstrated that the
negative effect of PI on BMD was time dependent. In par-
ticular, RTV plays a major role in Pl-associated BMD
loss irrespective of the dose. Discontinuation of PI seems to
lessen the decrease in BMD, especially in the lumbar spine,
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suggesting that withdrawal of PI is a promising option for
treatment of BMD abnormalities.
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Molecular Basis of a Dominant T Cell Response to an HIV
Reverse Transcriptase 8-mer Epitope Presented by the
Protective Allele HLLA-B*51:01

Chihiro Motozono,*" Nozomi Kuse, Xiaoming Sun,” Pierre J. Rizkallah,*
Anna Fuller,* Shinichi Oka,” David K. Cole,*? Andrew K. Sewell,*? and
Masafumi Takiguchi’~

CD8" CTL responses directed toward the HLA-B*51:01-restricted HIV-RT,5 135 epitope TAFTIPSI (TI8) are associated with
long-term nonprogression to AIDS. Clonotypic analysis of responses to B51-TI8 revealed a public clonotype using TRAV17/
TRBV7-3 TCR genes in six out of seven HLA-B*51:01" patients. Structural analysis of a TRAV17/TRBV7-3 TCR in complex
with HLA-B51-TIS, to our knowledge the first human TCR complexed with an 8-mer peptide, explained this bias, as the unique
combination of residues encoded by these genes was central to the interaction. The relatively featureless peptide-MHC (pMHC)
was mainly recognized by the TCR CDR1 and CDR2 loops in an MHC-centric manner. A highly conserved residue Arg®’ in the
CDR3« loop played a major role in recognition of peptide and MHC to form a stabilizing ball-and-socket interaction with the
MHC and peptide, contributing to the selection of the public TCR clonotype. Surface plasmon resonance equilibrium binding
analysis showed the low affinity of this public TCR is in accordance with the only other 8-mer interaction studied to date (murine
2C TCR-H-2K"-dEVS). Like pMHC class II complexes, 8-mer peptides do not protrude out the MHC class I binding groove like
those of longer peptides. The accumulated evidence suggests that weak affinity might be a common characteristic of TCR binding

to featureless pMHC landscapes.

cells posing a threat to host health. To ensure that this

cytotoxicity is specifically targeted toward aberrant cells,
CTLs express a TCR that can distinguish between self- and non—
self-peptides (usually ranging from 8-13 aa) presented on the
surface of most nucleated cells in peptide-MHC class I (pMHCI)
(1, 2). Thus, T cells have the ability to scan the cellular proteome
via the cell surface, providing an important mechanism for tar-
geting diseased cells. CTLs constitute our main defense against

T he cytotoxic payload delivered by CD8" CTLs destroys
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intracellular infections and can destroy virally infected cells. It is
well established that certain HLLA molecules, such as HLA-B*27,
HLA-B*51, and HLA-B*57, are associated with better control of
HIV infection (3-5). These findings attest to the importance of
CD8" CTL responses in HIV infection and have generated con-
siderable interest in the mechanisms behind this protection in
HIV-1-infected individuals carrying these HLA alleles. In this
study, we focused on the response to HLA-B*51:01-restricted
HIV-RT 25135 8-mer epitope (TAFTIPSI [TI8]). HLA-B*51:01 is
associated with slow progression to AIDS, and B51-TI8specific
T cells strongly suppress HIV-1 replication in vitro (6). Further-
more, the magnitude of the B51-TI8-specific CD8* T cell re-
sponse was significantly correlated to low plasma viral load in
chronically HIV-1-infected HLA-B*51:01" Japanese hemophil-
iacs, whereas no correlation was found between the magnitude of
the CD8" T cell response to three other dominant HLA-B51-re-
stricted HIV-1 epitopes (7). Collectively, these correlative data
suggest that the response to B51-TI8-specific CD8" T cells might
play an important role in the control of HIV-1 replication.

We undertook to dissect HLA-B*51:01-restricted CTL re-
sponses to this important epitope by examining the TCRs raised
against the B51-TI8 epitope in responding patients. We identified
a public CTL clone (3B) expressing a TCR encoded by TRAV17/
TRBV7-3 TCR genes, specific for B51-TI8. We solved the
structure of the 3B TCR in complex B51-TI8 and conducted
a biophysical analysis of the interaction. To our knowledge, the
3B-B51-TI8 structure is the first human TCR complex with HLA-
B*51:01 and the first containing a short 8-mer peptide without
a prominent central bulge. Our data reveal the genetic and mo-
lecular mechanism explaining the predominance of TRAV17/
TRBV7-3 TCRs in HLA-B*51:017 HIV™ patients and provide
new structural insights into CTL recognition of a flat 8-mer pep-
tide presented by HLA-B*51:01.
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Materials and Methods

Patients

Seven chronically HIV-1~infected Japanese individuals were recruited for the
current study, which was approved by the ethics committees of Kumamoto
University and the National Center for Global Health and Medicine, Japan.
Written informed consent was obtained from all subjects according to the
Declaration of Helsinki. We focused on seven HLA-B*51:01" Japanese
individuals chronically infected with HIV-1 because HLA-B*51:01-re-
stricted TI8-specific CTLs were induced by stimulating PBMCs from only
these individuals with TI8 peptides. Three individuals (KI-021, KI-051, and
K1-124) are hemophiliacs and long-term nonprogressors. Clinical records
and HLA type of these individuals are shown in Supplemental Table 1.

Generation of TI8-specific CTLs

HLA-B*51:01-restricted TI8-specific CTL clones were generated from
HIV-1-specific bulk-cultured T cells established from seven HLA-B#*51:01%
Japanese individuals chronically infected with HIV-1 by limiting dilution in
U-bottom 96-well microtiter plates (Nunc, Roskilde, Denmark). Each well
contained 200 ! cloning mixture (~1 X 10° irradiated allogeneic PBMCs
from healthy donors and 1 X 107 irradiated CIR-B#51:01 cells prepulsed
with the corresponding peptide at | wM in RPMI 1640 supplemented with
10% human plasma and 200 U/ml homan rilL-2).

TCR clonotype analysis

HLA-B*51:01~TI8 tetramers were generated as previously described (7).
CTL clones were stained with the tetramers, anti-CD8 mAb, and 7-amino-
actinomycin D (7-AAD), and then tetramer "CD8*7-AAD ™ cells were sorted
by using an FACSAria I (BD Biosciences). The cryopreserved PBMCs from
four chronically HIV-I-infected HLA-B*51:01" individuals were stained
with B51-TI8 tetramers, anti-CD8 mAb, and 7-AAD. HLA-B*51:01-TI8
tetramer” CD8" 7-AAD ™ cells were sorted into 96-well plates (Bio-Rad) by
using an FACSAria 1 (BD Biosciences). For samples from sorted single
HLA-B*51:01-TI8-specific CD8" T cells and CTL clones, unbiased iden-
tification of TCR af3-chain usage was assessed as previously described (8).
A modification to the protocol was applied by using illustra ExoStar
(GE Healthcare), which contains alkaline phosphatase and exonuclease 1 to
remove unincorporated primers and nucleotides from the amplification re-
action prior to subsequent steps. For bulk-sorted HLA-B*51:01-TI8-specific
CD8" T cells, TCR genes were cloned with a Zero Blunt TOPO PCR cloning
kit (Invitrogen), and then several clones were sequenced. Sequencing was
done with a BigDye Terminator v3.1. cycle sequencing kit (Applied Bio-
systems) and analyzed by ABI 3500 and 3500xL Genetic Analyzer
(Applied Biosystems, Carlsbad, CA). All TCR genes are identified using the
ImMunoGeneTics database (http:/www.imgt.org).

Protein expression and purification

The extracellular domains of 3B TCR «a-chain (residues 1-207), 3B TCR
B-chain (residues 1-247), and B51 H chain (residues 1-248 * a bio-
tinylation tag) were inserted into separate pGMT7 expression plasmids for
expression under the T7 promoter (9). By-microglobulin (residues 1-247)
was similarly expressed. Competent Rosetta DE3 Escherichia coli cells were
used to produce proteins using 0.5 mM isopropyl B-p-thiogalactoside to
induce expression as described previously (9-11). Biotinylated pMHCI was
prepared as previously described (12). TCR sequences were engineered to
incorporate a nonnatural disulphide bond to aid heterodimerization (9, 13).

Surface plasmon resonance experiments

Surface plasmon resonance (SPR) equilibrium binding analysis was per-
formed using a BIAcore3000 (GE Healthcare Life Sciences) equipped with
a CMS5 sensor chip as previously reported (12, 14, 15). HLA-A*02:01-
ALWGPDPAAA and HLA-B*35:01-VPLRPMTY were used as a negative
controls on flow cells 1 and 3 in three separate experiments. SPR equilibrium
analyses were carried out to determine the Kp, values for the TCR at 25°C in
triplicate (representative data shown). For all experiments, ~300 response
units pMHC was coupled to the CMS5 sensor chip surface. The TCR was then
injected at concentrations ranging from 10 times above and 10 times below
the known Kp, of the interaction at 45 pl/min. The Kp, values were calculated
assuming 1:1 Langmuir binding (AB = B*AByax/[Kp + B]), and the data
were analyzed using a global fit algorithm (BIAevaluation 3.1).

Crystallization, diffraction data collection, and model
refinement

All protein crystals were grown at 18°C by vapor diffusion via the sitting
drop technique. A total of 200 nl 1:1 molar ratio TCR and pMHCI (10 mg/ml)
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in crystallization buffer (10 mM TRIS [pH 8.1] and 10 mM NaCl) was
added to 200 ni reservoir solution. 3B-BS51-TI§ crystals were grown in
0.2 M sodium sulfate, 0.1 M BisTris propane (pH 6.5), and 20% w/v PEG
3350 (16). Data were collected at 100 K at the Diamond Light Source
(Qxfardshirc, U.K.). All datasets were collected at a wavelength of 0.976
A using an ADSC Q315 CCD detector (Area Detector Systems Corpora-
tion). Reflection intensities were estimated with the XIA2 package (17),
and the data were scaled, reduced, and analyzed with SCALA and the
CCP4 package (18). Structures were solved with molecular replacement
using PHASER (19). Sequences were adjusted with COOT (20) and the
models refined with REFMACS. Graphical representations were prepared
with PyMOL, (21). Data reduction and refinement statistics are shown in
Table 1. The reflection data and final model coordinates were deposited
with the Protein Data Bank database (http://www.rcsb.org) (Protein Data
Bank 4MJT).

Results
A public TRAVI7/TRBV7-3~encoded TCR dominates responses
to B51-TI8

We first generated TIS-specific CTL clones from seven HLA-
B*51:01"HIV" patients who responded to this epitope. The stain-
ing of representative clones by pMHC tetramer with this B51-TI8
epitope is shown in Supplemental Fig. 1. A total of 73 clones were
analyzed for their TCRa- and TCR@-chain sequences by previ-
ously described methodology (8). In patients KI-021, KI-127, KI-
250, and KI-391, only T cells expressing TCRs with TRAV17/
TRBV7-3 genes were detected (Fig. 1A). Patients KI-051 and KI-
112 generated CTL clones expressing TRAV17/TRBV7-3 TCRs,
but also expressed a further private B51-TI8-specific clonotype.
The remaining patient (KI-124) used a completely different TCR
made from the TRAVS-6 and TRBV27 genes. Thus, the TRAV17/
TRBV7-3 clonotype was exclusively or predominantly detected in
six out of seven individuals tested. Importantly, in five of these
patients (except KI-391), the TCRa-chain consisted of a TRAV17,
TRAJ22, and an identical CDR3 sequence: CATDDDSARQLTFE.
Curiously, the TCRB-chain was encoded by a combination of the
TRBV7-3, TRBJ2-2, and TRBD2 genes, with CDR3 sequence
CASSLTGGELFF, in patients KI-021 and KI-051 (termed the 3B
TCR in this study), whereas the TRBJ1-4 and TRBD1 or D2 were
used in conjunction with TRBV7-3 in patients KI-112, KI-127,
and KI-250 to produce the CDR3 sequence CASSLTGGKLFF
(underlining indicates the only amino acid variation between these
differentially encoded chains). This convergent evolution suggests
that TCRs with this chain may have a strong selective advantage
in vivo. A further patient, KI-391, exclusively used a different

Table I.  Summary of 3B—-B51-TI8 cocomplex structure

3B-B51-TI8

Hydrogen bonds (=3.2 é&) 14
Hydrogen bonds (=3.4 A) 4
Vdw (=3.5 A) 37
Vdw (=4 A) 101
Total contacts 156
No. of a-chain CDR1/CDR2/CDR3 28/19/46

contacts (=4 A)
No. of B-chain CDR1/CDR2/CDR3 9/41/13

contacts (=4 A)
Peptide contacts 33
MHC contacts 123
Crossing angle 43.3°
BSA (TCR-MHC) (A% 2041.2
BSA (TCR-peptide) (A%) 4922
BSA (TCR-pMHC) (A% 2533.4
Surface complementarity (TCR-MHC) 0.6675
Surface complementarity (TCR—peptide) 0.6675
Surface complementarity (TCR-pMHC) 0.647
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FIGURE 1.

Detection of B51-TI8-specific CTLs expressing public TCRs with the TRAV17/TRBV7-3 genes. (A) TCR af3-chain usage of B51-TI§8—

specific CTL clones established from seven HLA-B#51:01" individuals infected with HIV-1. (B) Bulk TCR sequence analysis of ex vivo HLA-B*51:01—
TIS8 tetramer binding CD8" T cell populations from four of the individuals shown in (A). (C) TCR analysis of sorted single cells of ex vivo tetramer binding
CD8* T cells from two patients. TCRs with the TRAV17/TRBV7-3 genes are highlighted in blue. The conserved TCR CDR3« Arg”” residue is shown in

red.

TCR made from a combination of the TRAV17/TRBJ5 and
TRBV7-3/TRBJ1-3 genes. Although the exact sequence of both
CDR3 loops differed in KI-391, these loops exhibited an identical
length to that seen in all of the other patients (Fig. 1A). In sum-
mary, six out of seven patients used the TRAV17/TRBV7-3 TCR
(three exclusively).

Examination of T cell clones, as above, could possibly introduce
bias due to the ability of only certain clonotypes to proliferate in
culture. To control for such potential distortion, we analyzed the
clonotype of ex vivo B51-TI8-specific CD8" T cells from four
patients (KI-021, KI-051, KI-112, and KI-124) in whom we could
readily gain PBMC samples and sort populations of B51-TI8
tetramer” CD8" T cells directly ex vivo. The clonotype of bulk-
sorted B51-TI8-specific CD8* T cells was analyzed for these four
patients (Fig. 1B). In accordance with the T cell clone data, only
T cells expressing TCRs with TRAV17/TRBV7-3 genes were
detected in KI-021. Moreover, TRAV17/TRBV7-3 clonotypes with
identical lengths of CDR3« and P loops were also predomi-
nantly detected in KI-051. In KI-112, only the TRAV29/DV5/
TRBV11-3 clonotype was detected (Fig. 1B), although this clo-

notype was only expressed in one of eight CTL clones (Fig. 1A).
Interestingly, only the TRAV8-6/TRBV27 clonotype was found
in all CTL clones (Fig. 1A) and in ex vivo bulk-sorted T cells
(Fig. 1B) from KI-124, but different TRAJ, TRBJ, and TRBD
were found between two different cell sources. We further per-
formed a single-cell TCR analysis for the samples from KI-021
and KI-051. Paired TCR usage data are shown in Fig. 1C. The
TRAV17/TRAJ22/TRBV7-3/TRBJ2-2 clonotype was detected in
22 out of 25 B51-TI8-specific CD8" T cells sorted from KI-021
PBMCs and 8 out of the 18 CD8" T cells sorted from KI-051
PBMCs. Interestingly, there was an amino acid difference (Asp-
Glu) at position 93 in CDR3« between KI-021 and KI-051 in ex
vivo samples but not in CTL clones. TCR analysis for the bulk-
cultured T cells from KI-051 used for CTL cloning demonstrated
the same TCR sequence as the CTL clones (data not shown),
indicating that CTLs carrying the TCR with Asp at position 93
were selected during in vitro stimulation. Thus, TRAV17/TRBV7-3
clonotype was also detected in ex vivo samples from at least two
LTNPs (KI-021 and KI-051). These results show that the majority
of B51-TI8-specific CTLs express a public TCR with type IV
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bias, consisting of a conserved TRBY or TRAV gene, TRBJ or
TRAJ gene usage, and only one or two residue differences within
the CDR3 loop in multiple individuals (22, 23). The public nature
of this TCR the dominance of TI8 responses in HLA-B*51:017
individuals, and the better disease prognosis associated with this
allele combine to make the public response especially interesting.

The 3B TCR binds to B51-Ti8 with very weak affinity

To explore the molecular mechanisms underlying the selective
T cell response to B51-TI8, we generated a soluble form of the
public TCR (3B) isolated from a CTL clone expressing the
TRAVI7/TRBV7-3 genes and the common CDR3 loops we
detected in our clonotypic analysis (Fig. 1). The affinity of most
pathogen-specific TCR-pMHCI interaction lies in the region of
Kp = 1-10 puM (24). We used SPR to determine the equilibrium
binding affinity of the 3B TCR for B51-TI8. The 3B TCR bound
to B51-TI8 with the weakest affinity ever measured for a patho-
genic epitope (24), Kp ~81.8 pM, with kinetics that were too
rapid to measure (Fig. 2A). This unusually weak affinity war-
ranted further structure examination of Ag recognition by the
public 3B TCR.

The 3B TCR engages B51-TIS8 in classical orientation

We solved the structure of the 3B-B51-TI8 complex to gain an
atomic perspective on the molecular basis for the selection of
this public clonotype in response to B51-TI8. The complex was
solved 10 2.99 A, and molecular replacement was successful only
in space group P1 with statistics consistent with the resolution
(Supplemental Table II). Overall, the 3B TCR bound canonically,
with the TCR CDRs contacting the pMHC surface (Fig. 2B) in

A

. 3B-BS1-TAFTIPSI
=

2

% 400

2 o)

@ H

2=

& 10 Ll —

x o K,=81.8%3uM
T0 100 200 300 400 500 600

[3B] uM

O

FIGURE 2. The 3B TCR binds to B51-TI8 with very weak affinity and
engages B51-TI8 in classical orientation. (A) 3B TCR binding to B51-TI8.
Ten serial dilutions of 3B TCR were measured in three separate experi-
ments (with different protein preparations). Representative data from
these experiments are plotted. The equilibrium binding constant (Kp)
values were calculated using a nonlinear curve fit (y = [P1x}/P; + x). Mean
plus SD values are shown. To calculate each response, 3B TCR was
also injected over a control sample (HLA-A*02:01 in complex with
ALWGPDPAAA peptide or HLA-B*35:01 in complex with VPLRPMTY
peptide) that was deducted from the experimental data. (B) Overall binding
mode of the 3B TCR (a-chain in green and B-chain in blue) interacting
with B51 (gray) TI8 (red sticks). (C) Position and crossing angle of the 3B
TCR CDR loops (CDR1a, red; 2o, green; 3a, blue; 1B, yellow; 28, cyan;
3B, orange) over the B51 (gray surface)-TI8 (red sticks).
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a diagonal docking geometry (43.4%) (Fig. 2C) as previously re-
ported for other TCR-pMHC complexes (25). The 3B TCR
broadly contacted the MHC surface (123 total contacts with 22
different MHC residues) with only 33 contacts made between the
TCR and peptide (Table I). The contact interface between the 3B
TCR and B51-TI8 generated an overall buried surface area (BSA)
of 2041.2 A” toward the higher end of the observed range for
natural TCR-pMHC interactions (25).

Interactions between the 3B TCR and the restriction triad
dominate MHC contacts

Previous structures of TCR-pMHC complexes have shown that
most TCRs use three conserved MHC contact points (positions 65,
69, and 155; the restriction triad) (26, 27). The 3B TCR made
a broad contact footprint with the MHC surface, contacting 22
different residues (Fig. 3A, 3B, Supplemental Table III). However,
of the 123 interactions between the 3B TCR and the MHC surface,
~40% (49 contacts) were with the restriction triad residues (Gln(’s,
The®, and GIn'*), including 6 out of 14 hydrogen bonds (Fig. 3C,
3D, Table I). Aside from the restriction triad positions, Arg(’2 (con-
tacting TCR c-chain Asp” and GIn®®), GIn* (contacting TCR
B-chain Gin®®, Thr*®, and Gly®®), and GIn'*? (contacting TCR
a-chain Arg®” and B-chain Thr'?®) were the other important
MHC contact residues, making a further 24 Van der Waals (Vdw), 1

A

3BB-MHC
contacts

B 3Bu-MHC
contacis

g

FIGURE 3. Interactions between the 3B TCR and the restriction triad
dominate MHC contacts. (A) Position of the 3B TCR (o in green spheres
and B in blue spheres) over the B51 a1 helix (residues contacted by the 3B
TCR on the B51 «1 helix shown in yellow surface). (B) Position of the 3B
TCR (« in green spheres and P in blue spheres) over the B51 o2 helix
(residues contacted by the 3B TCR on the B51 o2 helix shown in yellow
surface). (C) Contacts between the 3B TCR CDR2 loop and the MHCa1
domain including the restriction triad residues Q65 and T69. (D) Contacts
between the 3B TCR CDR1 and 2« loops and the MHC«2 domain in-
cluding the restriction triad residue Q155. These important stabilizing
interactions include a number of Vdw contacts (black dotted lines, 4 A
cutoff) and hydrogen bonds (red dotted lines, 3.4 A cutoff) with the MHC
surface.
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salt-bridge, and 3 hydrogen bonds with the 3B TCR (Supplemental
Table II).

The TIS8 peptide lacks the canonical central bulge

Previous pMHCI structures have shown that the central residues in
the peptide generally bulge out of the MHC binding groove me-
diating TCR contacts (25). The fixed anchors at the N and C
termini of the peptide and the closed conformation of the MHCI
groove force longer peptides to bulge further out of the groove to
accommodate the extra central peptide residues (26). Different
T cells have been shown to have a preference for peptides of
specific length, presumably dependent on the size of the peptide
bulge (28). The 3B-B51-TI8 complex solved in this study is the
first ever, to our knowledge, human TCR-pMHCI complex with
an 8-mer peptide. The TI8 peptide, being an 8-mer (the shortest
length reported for natural MHCI binding peptides) lacked any
prominent central bulge and was almost flat in the binding groove,
akin to MHC class II peptide presentation (29, 30) (Fig. 4A). The
consequences of this flat binding mode were 2-fold. First, the 3B
TCR made only 33 contacts with the peptide (Table I), fewer than
typically observed for other TCR-pMHCI structures (25). Usually
the number of peptide contacts account for ~35% of total contacts
rather than the ~25% as seen in this study. Second, the lack of
peptide bulge enabled the TCR to form a closer interaction with
the MHC surface, supported by the comparatively large BSA of
2041.2 A observed for the TCR-MHC interface (Table 1) (22).
These observations demonstrate how the length of the peptide can
govern pMHC interactions. For instance, a previously reported
TCR~pMHC structure with a superbulged 13-mer peptide showed
that the TCR perched on the extended peptide bulge and made
limited contacts with the MHC surface (26).

Peptide positions 4 and 7 are the main contact residues for the
3B TCR

The 3B TCR contacted six peptide residues in the B51-TI8
complex, with the TCRa-chain contacting peptide residues 3-6
and the TCRB-chain contacting peptide residues 7 and 8. Despite
this broad binding, a total of just 33 interactions were made with

FIGURE 4. The TI8 peptide lacks the canonical central bulge. (A) Side
view of the TI8 peptide (red sticks) conformation demonstrating the lack of
a central peptide bulge. (B) Contacts between the 3B TCR (a in green
sticks and B in blue sticks) and the TI8 peptide (red sticks). (C) Contacts
between the 3B TCR (« in green sticks and B in blue sticks) and the
peptide residues PAT and P7S (red sticks) that represent the majority of
interactions between the TCR and peptide. (D) Contacts between the 3B
TCR CDR3a-chain residue Arg®” and the B51 surface (gray sticks) and the
TI8 peptide (red sticks). 3B TCR CDR3a-chain residue Arg97 interacts
with a pocket formed by B51-TI8 in a ball-and-socket-like manner enabling
a number of Vdw contacts (black dotted lines, 4A cutoff) and hydrogen
bonds (red dotted lines, 3.4 A cutoff) to form at the TCR-pMHC interface.
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the peptide (Fig. 4B) compared with 123 with the MHC, illus-
trating the MHC-centric nature of the 3B-B51-TIS8 interface. The
side chains of peptide residues Thr* and Ser’ were orientated up
out of the groove and made the vast majority of the contacts,
making all 5 of the hydrogen bonds and 17 of the 28 Vdw
interactions between the 3B TCR and the peptide (Fig. 4C). The
position of the 3B TCR during binding also demonstrated that,
even though there was an amino acid difference (Glu-Lys) at po-
sition 104 in CDR3pB of TRAV17/TRBV7-3 TCR in KI-112, KI-
127, and KI-250, compared with that of the 3B TCR identified in
CTL from KI-021 and KI-051, these differences were away from
the binding interface of the TCR. Thus, assuming that these two
TCRs use a similar binding register, which is likely as they only
differ at one residue, they probably use the same molecular mech-
anism to engage B51-TI8. These data indicate that functionally
identical TRAV17/TRBV7-3TCRs were selected in five out of
seven HLA-B51:01"HIV™ patients.

A conserved binding motif explains public selection of
B51-TI8-specific TCRs

Although the interaction between the 3B TCR and B51-TI8 in-
volved >20 different TCR residues (Supplemental Table III),
TCR CDR3a residue Arg”’ accounted for 3 out of 3 hydrogen
bonds and 9 out of 23 Vdw contacts with the peptide and 3 out of
13 hydrogen bonds and 9 out of 110 Vdw contacts with the MHC
surface (Fig. 4D). Arg®” made this contact network by fitting into
a pocket formed by the MHC a2-domain and the peptide back-
bone, akin to a ball-and-socket joint. Thus, Arg®’ is likely to be an
important driving force in this otherwise weak TCR~-pMHCI in-
teraction, acting as an anchor grasping onto both the peptide and
MHC. In support of this notion, Arg”’ was conserved in the
CDR3a loops of all of the TRAVI7/TRBV7-3 TCRs detected
(Fig. 1A), including from patient KI-391 that expressed a distinct
CDR3« loop and ex vivo B51-TI8-specific CD8" T cells in KI-
051 (Fig. 1B, 1C). In addition to the dominant role for Arg®’ in the
CDR3a loop, the 3B TCR used a very broad binding motif that
included the majority of residues in the TRAV17/TRBV7-3—
encoded CDRI1 and 2 loops. This additional network of interactions
provided a stable binding platform, enabling Arg®’ to perform its
central role and thereby explaining the conservation of this clono-
type. Only the combination of the TRAV17 and TRBV7-3 genes
encoded for the correct arrangement of residues capable of inter-
acting with B51-TI8 in this mode, probably explaining the pre-
dominance of such clonotypes in the B51-TIS8 response.

Discussion
HLA-B*27, HLA-B*51, and HLA-B*57 are associated with better
control of HIV infection (3-5). Previous studies with HLA-B*27
and HLA-B*57 have identified residue identical public TCR
responses [defined as residue-identical receptors found across dif-
ferent individuals who share a common MHC (22, 31)] against HIV
(32-35). For example, public TCR clonotypes were detected in HLA-
B#*27-restricted p24 Gag-derived KK10-specific (KRWIILGLNK;
residues 263-272) CTLs (32, 36). KK10-specific CTLs, character-
ized by TRBV4-3/TRBJI-3 or TRBV6-5/TRBJ1-1 gene expression,
were found to be preferentially selected in vivo and shared between
individuals. CTLs expressing this public clonotype exhibited high
levels of TCR avidity and Ag sensitivity, enabling functional ad-
vantages and effective suppression of HIV-1 replication (32, 36).
We previously demonstrated that the magnitude of B51-TI8—
specific CD8" T cells was significantly correlated to low plasma
viral load in chronically HIV-1~infected HLA-B*51:01" Japanese
hemophiliacs (7). No correlation was found between the magnitude
of the CD8" T cell response to three other dominant HLA-B51—
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restricted HIV-1 epitopes (7), suggesting that B51-TI8-specific
CD8" T cells might play an important role in the control of viral
replication in these patients. In this study, we identified a public
CTL clonotype, expressing TRAVI7/TRBV7-3 TCR genes, de-
ployed against the immunodominant B51-TI8 epitope. These data
indicate that even CTLs having weak TCR affinity could play
a central role in the control of HIV-1. The 3B-B51-TI§ structure,
which to our knowledge is the first TCR—pMHCI complex structure
with the B51 allele and first structure of a human 8-mer peptide
TCR-pMHC complex, demonstrated that the conformation of the
TI8 peptide was relatively flai compared with the classical prom-
inent central peptide bulge observed for most other pMHCIs. This
flat conformation enabled the 3B TCR to bind in an MHC-centric
manner, broadly contacting the residues that form the restriction
triad. Despite the broad binding mode, a conserved Arg at position
97 in the CDR3a loop dominated contacts and was central to
binding. Arg97 was also present in patients that used a TCR with a
different CDR3a loop, underscoring its central role in the interaction.

Garcia et al. (37) previously solved the crystal structure of the
mouse 2C TCR in complex with H-2K" bound to the 8-mer self-
peptide, dEV8 (EQYKFYSV). Analogous to the 3B TCR inter-
action, the 2C TCR, in complex with H-2K"-dEVS, showed weak
affinity (Kp ~ 84.1 pM) (38), and the crystal structure of the
TCR-pMHC complex revealed that 2C TCR bound in an MHC-
centric manner (37). Furthermore, the relative flatness of the TI8
peptide in the binding groove resembles the flat conformation
typically observed in pMHC class 11 (pMHCII) structures (29).
Like most TCR-pMHCII complexes, the 3B TCR bound rela-
tively weakly in comparison with the average TCR-pMHCI in-
teraction (24). The structures of the 3B and 2C TCRs suggest
a general MHC-centric mode of binding to relatively featureless
peptides. The relatively low affinities of 3B and 2C TCRs for their
cognate peptides make it tempting to speculate that high-affinity
TCRs specific for flatter pMHC landscapes might be deleted
during thymic selection because high-affinity MHC-centric TCR
binding may increase the potential for cross-reactivity with self.
Thus, the weak affinity of the 3B TCR may represent the best B51-
TI8 specificity that can escape thymic deletion.

In conclusion, the structure of the 3B TCR in complex with
B51-Ti8 demonstrates the molecular basis for the selection of this
public CTL clonotype in HLA-B*51:01"HIV" patients by revealing
that TCR residues involved in the majority of interactions with
the B51-TI8 surface were only encoded by the TRAV17/TRBV7-3
TCR genes. This contact network enabled the conserved Arg”’
residue in the CDR3« loop to make optimal contacts with B51-
TI8 via a ball-and-socket—type interaction. It is also noteworthy
that this to our knowledge first ever human TCR-pMHCI struc-
ture with an 8-mer peptide, which binds flat within the MHC
groove to provide a relatively featureless landscape, showed
similarities to the 2C interaction with H-2K°-dEV8 and TCR-
pMHCII complexes. All of these TCRs bind to their relatively
"vanilla" cognate ligands with weak affinity compared with TCRs
that bind to the contoured landscapes of bulging MHCl-restricted
foreign peptides of nine or more amino acids in length. We
therefore suggest that weak affinity might be a common feature of
TCR binding to flat peptides.
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Supplemental Figure 1

Supplementary Figure 1: HLA-B*51:01-TI8-tetramer' CD8" CTL clones

HLA-B*51:01-restricted TI8-specific CTL clones were stained with the tetramers, anti-CD8 mAb, and
7-AAD, and then analyzed by FACS Aria. Data of a representative CTL clone from each patient are
shown. Tetramers CD8" T cell populations among 7-AAD" cells were sorted and then used for TCR
clonotypic analysis.
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