999

not necessarily represent all patients with HIV-1 infection in
Japan. However, as abovementioned, our clinic treats
approximately 15% of the total HIV patients in Japan, and
furthermore, characteristics of the patients with HIV-1 infection
newly diagnosed and reported to the Japanese National HIV
Registry in 2011 (n=1529) is very similar to those of the study
population: 94% male, 64% infected through homosexual
contact, and 59% in their 20s and 30s of age (http:/api-
net.jfap.or.jp/status/2011/11nenpothyo_02.pdf. in Japanese).
Most HIV-1 infected patients reside in urban areas such as
Tokyo metropolitan area as well. Thus, the discrepancy
between the study patients and all HIV patients in Japan
should not be too large. Second, the structured interview
designed for data collection does not prevent underreporting of
illicit drug use. However, underreporting to a certain degree is
unavoidable with regard to issues such as illicit drugs [19].

In conclusion, the incidence of LTFU in illicit drug users was
almost twice higher than that in non users among patients with
HIV-1 infection in Japan. Multivariate analysis identified illicit
drug use as a significant risk factor for LTFU, which influences
prognosis of patients with HIV-1 infection. Little data is
available for illicit drug use in Japan, especially among patients
with HIV-1 infection. However, all relevant parties in relation to
this issue need to recognize that illicit drug use has spread
among patients with HIV-1 infection, and that illicit drugs
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Abstract

Objective: Based on drug-drug interaction, dose reduction of rifabutin is recommended when co-administered with HIV
protease inhibitors for human immunodeficiency virus (HIV)-associated mycobacterial infection. The aim of this study was to
compare the pharmacokinetics of rifabutin administered at 300 mg/day alone to that at 150 mg every other day combined
with lopinavir-ritonavir in Japanese patients with HIV/mycobacterium co-infection.

Methods: Plasma concentrations of rifabutin and its biologically active metabolite, 25-O-desacetyl rifabutin were measured
in 16 cases with HIV-mycobacterial coinfection. Nine were treated with 300 mg/day rifabutin and 7 with 150 mg rifabutin
every other day combined with lopinavir-ritonavir antiretroviral therapy (ART). Samples were collected at a median of
15 days (range, 5-63) of rifabutin use.

Results: The mean Cy,,, and AUCy_4 of rifabutin in patients on rifabutin 150 mg every other day were 36% and 26% lower
than on 300 mg/day rifabutin, while the mean Cnax and AUC,..4 of 25-O-desacetyl rifabutin were 186% and 152% higher,
respectively. The plasma concentrations of rifabutin plus its metabolite were similar between the groups within the first

plasma concentration during ART.

UMING00001102

Editor: Omar Sued, Fundacion Huesped, Argentina

* E-mail: jtanuma@acc.ncgm.go.jp

24 hours, but it remained low during subsequent 24 to 48 hours under rifabutin 150 mg alternate day dosing.

Conclusion: Rifabutin dose of 150 mg every other day combined with lopinavir-ritonavir seems to be associated with lower
exposure to rifabutin and its metabolite compared with rifabutin 300 mg/day alone in Japanese patients. Further studies
are needed to establish the optimal rifabutin dose during ART. The results highlight the importance of monitoring rifabutin
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Introduction

Rifabutin is commonly used for human immunodeficiency virus
(HIV)-associated mycobacterial infections, especially during com-
bination antirctroviral therapy (cART) containing HIV protease
inhibitors (Pls), since it is less likely to induce hepatic microsomal
enzymes than rifampicin {1-4]. Conversely, rifabutin and its active
metabolite, 25--O-desacetyl rifabutin, are substrates of CYP 3A4
and concomitant use of PIs can clevate blood concentrations of
rifabutin and  25-O-desacetyl rifabutin [3-8]. Such rise can
increase the risk of side effects such as anterior uveitis [2,9-12].
Thus, a lower dosc of rifabutin has been recommended in patients
treated with Pls.

The previously recommended dose of rifabutin in combina-
tion with ritonavir-boosted PI (PI/r) {13} of 150 mg cvery other
day, was associated with low rifabutin plasma concentrations
and increases rate of acquired rifamycin resistance [14-17].

PLOS ONE | www.plosone.org

Furthermore, the Tuberculosis Trials Consortium (TBTC)/US
Public Health Service Study 23 [14] suggested that AUCO0-24 of
4.5 pg/mL is the cutoff value for risk of emergence of resistance to
rifamycin. On the other hand, the combination of rifabutin at
150 mg thrice weekly with atazanavir-ritonavir provides exposure
to rifabutin comparable to that of rifabutin 300 mg alone [11].
Thus, although 150 mg/day is the current recommended dose for
rifabutin during PI/r-based ¢ART [4], the optimal dose of
rifabutin when used with a PI/r regimen remains to be established.

Ethnic differences, including body weight, renal clearance and
various genetic factors like single nucleotide polymorphism (SNP),
haplotype or DNA methylation [18,19], may alter the dose
required to achieve a particular concentration of the drug in the
circulation. Thus, pharmacokinctic studies involving different
cthnic groups arc needed to determine the recommended dose
that take such factors into account. To our knowledge, there are
no such pharmacokinetic studies for rifabutin use in Asians, who

August 2013 | Volume 8 | Issue 8 | e70611

are characterized by lower body weight compared with other
cthnic groups. The present study was conducted to evaluate the
pharmacokinetics of rifabutin in Japanese patients with HIV-1-
related mycobacterial infection when used alone at 300 mg/day
without ¢ART and at 150 mg every other day when used in
combination with lopinavir/ritonavir.

Methods

Ethics Statement

The study protocol was approved by the Ethics Committee of
the National Center for Global Health and Medicine (NCGM-
H20-580: approved on 7th February 2008). All participants
provided their written informed consent before enrollment as
indicated in the protocol.

The protocol for this study and supporting CONSORT
cheeklist are available as supporting information; sce File S1 for
English translation of the protocol and File S2 for the Japanese
original protocol and File S3 for CONSORT checklist.

Study design

Consecutive patients with HIV-1-related mycobacterial infec-
tion who received rifabutin-containing therapy at the National
Center for Global Health and Medicine, Tokyo, Japan, between
February 2008 and March 2009, were cligible for the study. After
their written informed consent was provided, clinical history,
physical examinations and laboratory tests (e.g., blood chemistry
and complete blood cell count) were carried out within one week
prior to the pharmacokinetic study. Patients were excluded if they
were over 20 years of age or if they had abnormal liver function
tests [aspartate aminotransferase (AST), alanine aminotransferase
(ALT) or total bilirubin (>3 times the upper limit of normal:
ULN)], or severe renal dysfunction {creatinine clearance <30 ml/
min), and in the case of female patients if they were pregnant or

Pharmacokinetics of Rifabutin in HIV Patients

breastfeeding.  Rifabutin  was administered while fasting  at
300 mg/day and the dose was adjusted when used with ¢cART
as recommended by the treatment guideline at the time of the
study [13]. Medications administered concomitanty or within
2 weeks before the first study day were recorded. To evaluate the
impact of rifabutin plasma concentration on treatment cfficacy
and ad 1ts, participants were followed up for at least
2 years after stopping rifabutin. Any side effect noted during
rifabutin use or within four wecks after stopping rifabutin, its
association with rifabutin was assessed.

Pharmacokinetic assays

Pharmacokinetic sampling commenced after 5 days of rifabutin-
containing anti-mycobacterial therapy without (Group I) or with
(Group II) cART. Sequential enrollment of a patient into both
groups was accepted. Blood samples were collected just before
rifabutin administration and then 0.5, 1, 2, 4, 6, 8 and 24 hours
afterward. Patients of Group II treated with 150 mg of rifabutin
cvery other day underwent additional sampling at 48 hours. The
plasma concentrations of rifabutin and its major metabolite,
O-desacetyl rifabutin [20-23) were determined simultaneously by
validated high-pressure liquid chromatography (HPLC). Blood
samples were taken in heparin-containing tubes, placed on ice and
centrifuged at 3000 xg for 10 min. Then, the obtained plasma was
deproteinized by using three times volume of methanol and
centrifuged 15,000 xg for 5 min, and the supernatant was used for
assay. The HPLC standard for rifabutin and 25-O-desacetyl
rifabutin were kindly provided by Pfizer Co. (Pfizer, Inc., NY).
The HPLC system consisted of Agilent 1100 series {Agilent
Technologies, Santa Clara, CA). Isocratic elution was performed
using the Inertsit ODS-3 column (5 um, 4.6 mm I.D. x150 mm;
GL Sciences Inc, Tokyo, Japan) with a guard column (5 pm,
4.6 mm LD. x10 mm; GL Sciences Inc). The UV detection
wavelength was 280 nm. The mobile phase consisted of 9 mM

PLOS ONE | www.plosone.org

Table 1. Characteristics of study subjects.
Group | (without cART,  Group Il {(with cART,
All {n=16} n=9) n=7) pvalue ®

Male sex, n 16 9 7
Age, median years (range) 36 (23-60) 36 (23-55) 35 (23-60) 0.53
Body weight, median kg (range} 57.3 (44-66) 58.0 (46-64} 56.5 (44-66) 0.98
Mycobacterium, multiple choice, n

M. tuberculosis 13 7 6 1.00

M. avium 4 3 1 0.94

M. kansasii 1 0 1 085
CD4 count, median cells/mm? (range) 63 (2~164) 63 (2-164) 63 (19~135) 0.84
Plasma viral load, median log copies/ml {range} 4.97 (3.43-6.62) 4.98 (4.18-6.62) 4.95 (3.43-5.18) 0.10
AST, median 1U/L (range) 29 (16-70) 25 (16-59) 30 (17-51) 0.65
ALT, median U/L (range) 27 (13-70) 26 (23-70) 29 (1970} 031
Time on rifabutin, median days (range) 15 (5-63) 7 (5-20) 29 (10-63) 0.017
Time on ¢ART, median days (rénge) 14 (10-29) - . 14 {10-29) -
Concomitant medications, n '
lopinavir-ritonavir 7 - 7 -
clarithromycin 3 2 1 1.00
fluconazole 1 0 1 0.85
By Fisher's exact test for categorical data and Mann Whitney's U test for continuous variables.
cART, combination antiretroviral therapy; AST, aspartate aminotransferase; ALT, alanine aminotransferase; iU, international unit.
doi:10.1371/journal.pone.0070611.t001
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phosphate bufler (pH 6.8}-acetonitrile (30:70, v/v). The flow-rate
was set at 1.0 ml/min and all separations were performed at 30°C
in column oven.

Statistical and pharmacokinetic analyses

The area under the curve (AUC) was caleulated using non-
compartmental techniques (WinNonlin, ver. 5, Pharsight Corp.,
Mountain View, CA) based on the obtained values (AUC 0-24 h
for all, AUC 0-48 h for Group H). The maximum plasma
concentration (Cy,,y) and time of Cppy (Thay) were determined
directly from the data.

Statistical analyses were performed using SPSS  software
package for Windows, version 17.Q] (SPSS Japan Inc, Tokyo).
Differences between groups were determined by using the Fisher's
exact test for categorical data and the Mann Whitney’s test for
continuous variables. For all statistical analyses, differences were
considered significant if the p value was less than 0.05.

Results

Patient characteristics
A total of 15 paticnts were enrolled in the study and 5 of 15
participated in both Group I and IL In total, twenty sampling was
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done for rifabutin pharmacokinetic analysis; 11 in Group I and 9
in Group 1. Data from two sampling in Group I and 2 in Group
II were excluded from the analysis because samples at 24-hour

were unavailable or sampling was conducted earlier than 5 days of

rifabutin use. As a result, data from 9 sampling in Group I and 7
sampling in Group II were used for analysis. The baseline
characteristics of the 16 sampling cases are summarized in Table 1.
All 7 patients of Group II were being treated with lopinavir/
ritonavir as their cART, and thus rifabutin was administered at
150 mg cvery other day based on the guidelines at the time of the
study [13]. Two cases of Group I and 1 of Group II were being
treated with clarithromycin (CAM) [20] for systemic mycobacte-
rial infection caused by M. avium or M. intracullulare (M. avium
Complex: MAC). Tive patients of Group I, in whom ART had
been delayed several weeks after ant-mycobacterial therapy to
prevent the immune reconstitution inflammatory syndrome (IRIS),
were later enrolled in the study as patients of Group II (Figure 1).
Accordingly, the median time of rifabutin use was longer in Group
II than in Group I. There was no significant difference between
the groups with regard to gender, age, body weight, CD4 counts,

HIV-RNA load, type of mycobacteria and concomitant use of

clarithromycin or fluconazole. All were Japanese and the median
body weight was 57.3 kg. All patients completed their anti-

from February 2008 to March 2009
at AIDS Clinical Center
@=27)

HIV-1-related mycobacterial infection

Excluded (n=12)
P! -Notrecefved rifabutin-containing therapy (n= §)
- Declined by physician (N=4)

I Provided written informed consent (n=13) I

l

l:m@gn PK sampling before ART (u= 1)

Missed sampling at 24 hour (a=1)
Earlier than 5 days of rifabutin use (n=1)

PK-Analysis as Group I {(n=9)

_ﬁ‘wabﬁiﬂ‘?x sanpling after ART (@= 9). ;

> | Missed sampling at 48 howr (==2) |

l PK-Analysis as Group I (n=7) l

v

Not received Subsequently

ART (n=4) initiated ART
(0=%)

Figure 1. Flow chart of participants through the study. PK, pharmacokinetic; ART, antiretroviral therapy.

doi:10.1371/journal.pone.0070611.g001
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Table 2. Pharmacokinetic parameters for rifabutin and 25-O-desacetyl rifabutin.

Group | (without combination antiretroviral therapy, n=9) therapy, n=7)

Group I (with combination antiretroviral

- Median (range) Wiean (90% ClI).

P value®

- Median (range} . Mean (90% CI)

Rifabutin

gl 0ae (0.15-0.86) Coad . (039-049 028 ©0:10-044) 029 (025033 010
AUCo.24 (ug h/ml) 279 (132-157) 486 (3.83-5.90) 3.00 (113-543) 338 (292-384) 038
AUCss ug vmb)® 550 (263-313) Ce71 i es1ie A (176-6.90). 458 (338-578) 032
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doi:10.1371/journal.pone.0070611.t002

mycobacterial treatment with clinical resolution of mycobacterial
infections. None of the participants had treatment failure or
relapse within more than 8 years of observation. Worsening of
intra-abdominal lymphadenitis was observed in one patient with
systemic M. avium infection at 8 months after stopping the 2-year
rifabutin-containing anti-mycobacterial therapy, which excluded
treatment failure or relapse. All patients confirmed complete
adherence to anti-mycobacterial therapy and cART.

Pharmacokinetic parameters of rifabutin and its 25-O-
desacetyl metabolite

The pharmacokinetic parameters of rifabutin and  25-0-
desacetyl rifabutin are summarized in Table 2 and their mean
plasma concentration-time data of 48 hours are illustrated in
Tigure 2A and 2B. For caleulation of AUCq_yg, the data from 24 to
48 hours in Group I was assumed to be the same as that for 0-
24 hours because rifabutin was administered once a day at the
same dosage. As shown in Table 2, the mean values of G, and
AUCq_g4 of rifabutin were 36% and 26% lower in Group II than
in Group I, while the mean values of C,,,.c and AUCy_o, of 25-0-
desacetyl rifabutin were 186% and 152% higher in Group II than
in Group L However, the differences in the above values between
the two groups were not statistically different. The low rifabutin
concentration and high metabolite concentration in Group II may
reflect the induction of rifabutin metabolism due to the longer
duration of rifabutin use. Since 25-O-desacetyl rifabutin is
microbiologically active against mycobacterium, total rifabutin
activity might include rifabutin plus this metabolite. Figure 2C
illustrates the mean plasma concentration of rifabutin plus the
metabolite over time. Patients of Groups I and II had similar
plasma concentrations of rifabutin plus the metabolite within the
first 24 hours. However, the level of rifabutin plus the metabolite
during the subsequent 2448 hours was considerably lower in
Group II than in Group I {dotted line in Figure 2C: Group I
during 0-24 hours), whereas the AUC;.43 was not statistically
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PIn Group 1, AUC54-qg is assumed the same as AUCo 5, and AUCo.g is calculated as double of AUCo_24 for comparison with Group H.
Crnax Maximum plasma concentration; AUC, area under the curve; Ty, time of Ci,ue Cl, confidence interval.

different between the groups. Notably, 6 (67%) cases of Group 1
and 5 (71%) of Group Il failed to achicve the AUC. oy value
suggested as risk for emergence of rifamycin-resistant M. tuberculosis
[14] (4.5 pgh/ml). Neither G, nor AUC o4 of rifabutin and
25-0O-desacetyl rifabutin were associated with age, body weight,
body mass index, or CD4 count.

Rifabutin-associated side effects

Of the 15 participants, three patients developed side effects
possibly related to rifabutin during the observational period; two of
Group I developed skin rash and the other of Group I developed
grade 2 rise in liver enzymes (ALT or AST 2.6-5.0 times of ULN).
The skin rash appeared on day 11 of rifabutin-containing regimen
in one patient and on day 28 in the other, and was resolved in
both patients within several days after withdrawal of rifabutin. The
rise in liver enzymes was detected after two months of rifabutin-
containing regimen in combination with ¢ART, and improved
soon after discontinuation of rifabutin. Notably, the median CD4
counts in the three patients with rifabutin toxicity were signifi-
cantly lower than in patients without rifabutin toxicity (12 vs 76,
cells/mm®, p=0.028). However, rifabutin toxicity did not
correlate with rifabutin AUCq.94, Gy, or the concurrent use of
cART (rifabutin AUC 04 p=0.37, rifabutin Cp, p=0.86,
cART use: p=0.21).

Discussion

In the present study, a low dose of rifabutin (150 mg every other
day), in combination with lopinavir/ritonavir-containing cART,
yielded comparable AUCq.94 of rifabutin and 25-O-desacetyl
rifabutin to the commonly used dose of rifabutin of 300 mg/day.
The advantage of the low-dose rifabutin included lower exposure
to rifabutin and metabolite during the subsequent 24 to 48 hours
in Japanese patients with HIV-mycobacteria co-infection. Since
many participants started their cART after at least 1 month of
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Figure 2. Mean plasma concentrations-versus-time plots of
rifabutin (A), 25-O-desacetyl rifabutin (B), and rifabutin plus
25-C-desacetylrifabutin (C). Nine patients of Group | received
300 mg of rifabutin and 7 patients of Group Il received 150 mg of
rifabutin every other day with lopinavir/ritonavir-containing antiretro-
viral therapy. Solid circles: Group |, open circles: Group Ii. Data are mean
1 standard errors. Dotted line in Figure C represents data of Group |
during 0-24 hour for reference. RBT, rifabutin; Pi/r, ritonavir-boosted
protease inhibitor.

doi:10.1371/journal.pone.0070611.g002

anti-mycobacterial therapy in order to avoid deterioration by
immune-reconstitution syndrome, the metabolism of rifabutin was
induced upon the commencement of cART. This led to lower
rifabutin  concentration and higher 25-O-desacetyl rifabutin
concentration in Group II but provided similar concentrations of
rifabutin plus its active metabolite. However, on the day without
medication, plasma concentrations of rifabutin and its active
metabolite were lower in Group II, which were less than the
susceptibility breakpoint level for M. tuberculosis proposed by others
[20]. This suggests increased risk of emergence of rifamycin-
resistant M. tuberculosis during the day without medication under
low-dose rifabutin therapy, and that the currently recommended
dosage 150 mg daily with PI/r is reasonable to this population as
well. In this regard, Zhang et al. [11] reported that treatment with
150 mg/day rifabutin with atazanavir-ritonavir resulted in high
risk of severe neutropenia. Furthermore, their post-hoc simulation
showed that rifabutin 150 mg thrice weekly with atazanavir-
ritonavir provided a comparable exposure to rifabutin compared
with rifabutin 300 mg daily. Considering the risk of rifamycin-
resistance and rifabutin toxicity, monitoring of rifabutin plasma
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concentration should be considered until the optimal rifabutin
dosing during P1/r-based cART is fully established.

Although none of the patients showed treatment failure or
relapse in this study, the rifabutin AUC0-24 observed in the study
was in general close to the low end of the value reported in
previous studies [7,14] and many participants [6 (67%) of Group
Tand 5 (71%) of Group II] failed to achieve AUCO0-24 4.5 pgh/
mL, the cutoff value suggested as risk for emergence of rifamycin-
resistant M. tuberculosis [14]. One of the reasons for this
discordant result might be the limitation of our study of small
sample size involving several MAC and M. kansasii infections.
Since acquisition of rifamycin-resistance M. tuberculosis was not
frequent enough in this study group, it was difficult to evaluate
the association with rifabutin pharmacokinetics and emergence of
rifamycin-resistance. Other reasons may be the biological
characteristics of rifabutin. Rifabutin has long postantibiotic
cffect against M. tuberculosis and MAC [20], shows extensive
distribution in various tissues [21,22], and readily penetrates cell
membranes of leucocytes [21,22]. These characteristics and their
variations among patients can considerably influence the
outcome of rifabutin-containing anti-mycobacterial therapy and
thercfore might be one of the explanations of favorable efficacy
despite lower plasma concentrations of rifabutin in our study.
Another limitation of this study is that plasma concentration of
isoniazid was not measured, although low isoniazid plasma
concentration is known to be independently related to treatment
failure of HIV/TB co-infection [24]. Additionally, although there
was no difference in rifabutin concentration among the patients
with or without use of clarithromycin or fluconazole, those drugs
can increase the rifabutin AUC and possibly affect the results.
Since our study was enrolling patients with heterogencous
backgrounds in the real clinical setting, such as timing of
sampling or different combination of anti-mycobacteial drugs, it
was difficult to completely eliminate those impacts from the
analysis. These conditions should be taken into account in the
assessment of treatment outcome and associated factors in this
study.

Among 15 study participants, 3 patients developed side
effects related to rifabutin therapy, including skin rash and rise
in liver enzymes. Notably, their CD4 counts were lower than
those who did not show rifabutin toxicity, although rifabutin
plasma concentrations and the concurrent use of cART were
similar in the two groups. This is the first report implicating low
CD4 count as a risk factor for rifabutin-related side effects.
However, like other side effects of rifabutin, such as uveitis and
leukocytopenia, which have been reported to be related to high-
dose rifabutin or high rifabutin plasma concentrations [9-12],
careful assessment involving larger population samples are
needed to evaluate the association between high plasma
concentrations of rifabutin and the related skin rash and
hepatotoxicity.

In conclusion, in Japanese patients with HIV-mycobacteria co-
infection, the plasma concentrations of rifabutin and active
metabolite within the first 24 hours of treatment with low-dose
rifabutin (150 mg every other day) combined with lopinavir-
ritonavir, were similar to those encountered with 300 mg/day
rifabutin alone. However, these concentrations decreased on the
day without medication. Our findings could help determine the
optimal dose of rifabutin during cART. Further studies are needed
to establish the optimal dose of rifabutin during cART.
Monitoring of rifabutin plasma concentration should be consid-
ered in patients with HIV-mycobacteria co-infection.
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JRFL-V3 and conferred CXCR4-tropism, resulting in dual-tropic
(Ins11R/S12H vs. JRFL). Del25 further decreased the CCRS-
tropism of Ins1IR/S12H-V3 and increased CXCR4-tropism
(Ins11R/S12H/Del25 vs Ins11R/S12H), though Del25 alone did not
significantly change the JRFL-V3 tropism (Del25 vs JRFL).
Considered together, the results suggest that Insl1R/S12H is
indispensable for CXCR4-tropism of CL8-V3 and that Del25
strengthened the CXCR4-tropism in the presence of Ins11R/S12H.
However, their combination was not enough to confer JREL-V3 pure
CXCR4-tropism  (Ins11R/S12H/Del25-V3-expressing 293 T cells
still fused with CD4*/CCR5* COS-7 cells at low level), and some
other mutations were necessary for pure CXCR4-tropism of CL8-V3.

Which is important, substitution or elongation? The above results
suggested that Ins11R/S12H was indispensable for CXCR4-tropism
of CL8-V3. According to the 11/25 rule, a basic amino acid residue (R
or lysine [K]) at either position 11 or 25 of V3 is associated with
CXCR4-tropism, whereas acidic or neutral amino acid residues at
these positions are associated with CCR5-tropism''*'*, Ins11R/
S12H has two elements: one is to place R at position 11 and the other
is one amino acid elongation of V3. To determine whether position-
ing Rat 11 is sufficient for conferring CXCR4-tropism or whether V3
elongation is also necessary for this process, S at position 11 of JRFL-
V3 was substituted with R (S11R) and alanine (A) (S11A) as
reference. However, both substitutions did not alter the pure
CCR5-tropism of JREL (Figure 2b), indicating that not only R at
position 11 but also one amino acid elongation was indispensable
for dual tropism caused by Ins11R/S12H.

Is one amino acid elongation sufficient to induce CXCR4-tropism
or is positioning R at 11 is also necessary? To answer this question,
two V3-expressing plasmids were constructed; one harbored Ins11A
only and the other harbored Ins11A and S12H (Ins11A/S12H). The
cell-cell fusion assay indicated that Ins11A decreased and Ins11A/
S12H further decreased infectivity with CCR5 though neither of
them conferred CXCR4-tropism (Figure 2c¢). These results indicate
that not only one amino acid elongation of V3 but also positioning R
at 11 is indispensable for dual tropism caused by Ins11R/S12H.

Effect of net charge of V3. Ins11R/S12H conferred CXCR4-tropism
and Del25 strengthened it. However, Insl11R/S12H/Del25-V3 was
still dual-tropic, though CL8-V3 was purely CXCR-4 tropic. The
next question was which mutation is necessary for Ins11R/S12H/
Del25-V3 to become purely CXCR4-tropic, like CL8-V3 (to lose
CCR5-tropism)? There are six amino acid substitutions in CL8-V3
(substitution of asparagine [N] with tyrosine [Y] at position 5 [N5Y],
substitution of threonine [T] with valine [V] at position 8 [T8V],
substitution of K with isoleucine [I] at position 10 [K10I], sub-
stitution of Y with H at position 22 [Y22H], substitution of V with
glycine [G] at position 26 [V26G], and substitution of aspartic acid
[D] with N at position 29 [D29N}), compared with Ins11R/S12H/
Del25-V3. According to the net charge rule, the higher net charge of
V3 is associated with CXCR4-tropism when calculated by
subtracting the number of negatively charged amino acid residues
(D and glutamic acid [E]) from the number of positively charged
ones (K and R)'*'". D29N was the only amino acid substitution that
increased the net charge of V3 among the six amino acid
substitutions described above. Therefore, we analyzed the effect of
D29N by adding D29N to Ins11R/S12H/Del25-V3 (Insl11R/S12ZH/
Del25/D29N) and reverting it in CL8-V3 (CL8/N29D). In the cell-
cell fusion assay, D29N reduced CCR5-tropism of Ins11R/S12H/
Del25-V3 though it remained dual-tropic (Ins11R/S12H/Del25/
D29N vs Ins11R/S12H/Del25), and the reversion of D29N did not
change CL8-V3 tropism (CL8/N29D vs CL8) (see Supplementary
Figure S1). These results indicate that D29N does not cause
tropism difference between Ins11R/S12H/Del25-V3 and CL8-V3,
indicating that the net charge rule did not work well.

In silico prediction of the effect of substitutions. Adding D29N
failed to alter the tropism of Ins11R/S12H/Del25-V3 from dual-
tropic to purely CXCR4-tropic. There were five other amino acid
substitutions between Ins11R/S12H/Del25-V3 and CL8-V3. Because
the V3 conformation is important for coreceptor interactions'® and
because conformation of V3 loop is sensitive to V3 mutations'”"*, we
examined how these V3 mutations could influence conformation of
V3 in solution using molecular dynamics (MD) simulation'. In our
MD simulation study, V3-loops of JRFL and Del25 (both CCR5-
tropic) were placed in the opposite direction from the B20-B21
loop (Figure 3a), while CL8-V3 loop (CXCR4-tropic) was closed
to and in the same direction with the B20-B21 loop (Figure 3c).
The results were consistent with those obtained with gp120; 4
recombinant outer domains containing CCR5-tropic and CXCR4-
tropic V3 loop, respectively'™"®. The loops of dual-tropic Ins11R/
S12H-V3 and Ins11R/S12H/Del25 were located between Del25-V3
and CL8-V3 (Figure 3b). In fact, when the structural differences at
the tip of the V3 tip region, i.e., the ‘GPGR’ amino acid residues were
quantitatively measured with the root mean square deviation
(RMSD) of the main chain'’, CL8-V3 was found to be located far
from the loop of JRFL-V3 and Del25-V3, while those of Insl11R/
S12H-V3 and Insl1R/S12H/Del25-V3 were between them
(Table 1). These results suggest that our MD simulation could
predict the V3 tropism based on the magnitude of the RMSD
values of the V3 loop tip. In the next step, each of the six amino
acid substitutions of CL8-V3 was incorporated into Ins11R/S12H/
Del25-V3, and the location and conformation of the constructed
loop was analyzed. When D29N was incorporated, the RMSD
from JRFL-V3 decreased and that from CL8-V3 increased
(Table 2), and the loop orientation was still similar to that of
Ins11R/S12H/Del25 (Figure 3d), suggesting that D29N does not
seem to change the tropism, compatible with the results of the
cell-cell fusion assay (see Supplementary Figure S1). Among other
single amino acid substitutions, only T8V was found to increase the
RMSD from JRFL-V3 and decrease that from CL8-V3 (Table 2), and
caused a positional shift of the V3 resembling that of the CL8-V3
(Figure 3e). N5Y did not change the orientation of the V3 loop (see
Supplementary Figure $2a) though the RMSD from CL8-V3
increased and that from JRFL-V3 decreased (Table 2). K101,
Y22H, and V26G decreased the RMSD from JRFL-V3 and
increased that from CL8-V3 (Table 2), and the V3 loop orien-
tation was distinct from both Ins11R/S12H/Del25-V3 and CL8-V3
(see Supplementary Figure $2b, S2¢, and $2d). These results suggest
that among the six amino acid substitutions, T8V has the greatest
impact on the tropism shift toward CXCR4-tropic.

Impact of T8V. Our in silico modeling predicted that T8V could alter
the tropism of Ins11R/S12H/Del25-V3. In the next series of experi-
ments, we incorporated T8V into JRFL-V3 (JRFL/T8V) and Ins11R/
S12H/Del25-V3 (Ins11R/S12H/Del25/T8V), and analyzed the effect
of such incorporation on their tropism using the cell-cell fusion assay.
The incorporation of T8V into JRFL-V3 increased CCR5-tropism
though it did not confer CXCR4-tropism (Figure 4a and 4b).
However, T8V abrogated CCR5-tropism of Ins11R/S12H/Del25-V3
and converted it to purely CXCR4-tropic, although it did not
increase CXCR4-tropism and Ins11R/S12H/Del25/T8V-V3 still had
smaller CXCR4-tropism than CL8-V3 (Figure 4a). The combination
of InslIR/S12H/T8YV was sufficient to confer CXCR4-tropism,
although Del25/T8V did not (Figure 4b). T8V breaks the N-linked
glycosylation motif ‘NXT’ at position 6-8 of V3, the loss of which was
reported with tropism shift towards CXCR4-tropic®®”. Our results
indicated that T8V was indispensable for pure CXCR4-tropism of
CL8, which seemed to support the previous findings of the impor-
tance of the loss of N-linked glycosylation motif for CXCR4-tropism.
The loss of the glycan moiety in V3 stem might lead to change gp120
interaction surface for coreceptor binding and influence coreceptor
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Figure 3 | Structural models of V3 loops on HIV-1 gp120 outer domains (a, b and ¢). MD simulations were performed for the HIV-1 JRFL gp120 outer
domain with various V3 loops for CCRS (a), dual (b), and CXCR4 (c) tropism. The most frequently appeared structures during 5-10 ns of MD
simulations were extracted, and the top and side views of the structures around V3 loops are highlighted. (a) JRFL (gray) and Del25 (navy). (b) Ins11R/
S12H/Del25 (gray) and Ins11R/S12H (navy). (c) CL8 (gray). Structural models of V3 loops of Ins11R/S12H/Del25-derived mutants (d and ¢). MD
simulations were performed for the HIV-1 Ins11R/S12H/Del25 gp120 outer domain with D29N (d) or T8V (e) substitution in V3 loop. The most
frequently appeared structures during 5-10 ns of MD simulations were extracted and superimposed with those of Ins11R/S12H/Del25 and CL8.

(d) Superimposition of D29N (green), Ins11R/S12H/Del25 (gray), and CL8 (navy). (e) Superimposition of Ins11R/S12H/Del25/T8V (green), Ins11R/
S12H/Del25 (gray), and CL8 (navy). Top and side views of the structures around V3 loops are shown.

tropism. However, available structural information was against this
possibility, because the glycosylation site was exposed toward an
opposite direction from the putative coreceptor binding site on
V319225 Accordingly, presence or absence of the glycan moiety in
V3 stem did not cause significant differences in V3 configuration in
our MD simulation system'”*. Probably, amino acid substitution
itself altered V3 configuration and coreceptor tropism.

Table 1| Overall structural differences beiween the two V3 loop
tips of various HIV-1 variants

RMSD (A)*
Ins11R/S12H/
IDof V3 JRFL  Del25 Ins11R/S12H  Del25
Del25 13.8 .
InsT1R/S12H 17.4 8.6 - -
ins11R/S12H/Del25  29.4 287 23.6 -
cl8 389 37.5 33.1 142

“RMSD values of the main chain atoms at V3 tips (GPGR) of two gp1 20 outer domain models from
MD simulations. A smaller RMSD value means a closer conformation between fwo gp120s.

GHOST cell infection assay. Our cell-cell fusion assay indicated that
Ins11R/S12H and T8V were indispensable for pure CXCR4-tropism
of CL8. The next series of experiments were designed to confirm the
findings using HIV-1 infection assay in GHOST cells®?, HIV-1
JRFL and the recombinant HIV-1 variants harboring Del25-V3
and T8V-V3 had the same level of CCR5-tropism, although none
could infect CXCR4* GHOST cells (Figure 4c). In comparison,
Ins11R/S12H-V3- and Ins11R/S12H/Del25-V3-harboring variants
had lower levels of CCR5-tropism. The latter variant, but not the
former, infected CXCR4* GHOST cells though at low level. The
Ins11R/S12H/Del25/T8V-V3-harboring variant lost the CCRS-
tropism and acquired CXCR4-tropism, although the level of
CXCR4-tropism was still lower than those of CL8-V3-harboring
variant and HIV-1 NL4-3 (a CXCR4-tropic experimental strain).
These results were compatible with the abovementioned results of
the cell-cell fusion assay, though the CCR5-tropism of Ins11R/S12H/
Del25-V3 seemed stronger in the cell infection assay. Dual-tropic
Ins11R/S12H/Del25-V3 might have decreased susceptibility to
AMD?3100 used in the CCR5™ GHOST Hi5 assay compared with
pure CXCR4-tropic CL8-V3 and NL4-3-V3.

Same V3 pattern in two other cases. The analysis of V3 sequence
changes in Case 1 demonstrated that Ins11R and the loss of N-linked
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Table 2 | Effect of a single amino acid substitution on overall struc-
ture of the gp120 V3 fip
RMSD (A}

Added
ID of V3 mutations* JRFL ClL8
Ins11R/S12H/Del25 None 29.4 14.2
Ins11R/S12H/Del25/N5Y NS5Y 32.5 141
Ins11R/S12H/Del25/78V T8V 33.6 12.6
Ins11R/S12H/Del25/K101 K10l 26.3 39.4
Ins11R/S12H/Del25/Y22H Y22H 28.6 27.0
Ins11R/S12H/Del25/V26G V26G 28.4 19.6
Ins11R/S12H/Del25/D29N D29N 28.4 17.0
+Added amino acid substitution in the V3 loop of the Ins 1 18/51214/Del25 gp120.
“RMSD values of the main chain atoms af V3 tips {GPGR] of o gp1 20 outer domain models from
MD simulations.

glycosylation site indispensably contribute to a shift toward CXCR4-
tropism. To determine whether this finding was true only in Case 1 or
could be generalized to other cases, HIV-1 subtype B V3 sequences
were analyzed in 53 other treatment-naive patients with CD4” cell
count < 200/mm?. The same pattern of mutations was identified in
two cases (3.8%). In one case (Case 2), four of twenty analyzed sub-
clones of V3 sequences harbored Ins11R associated with S12H,
Del25, and N6A resulting in the loss of N-linked glycosylation site,
compared with JRFL-V3 (Figure 5). In the other case (Case 3), three
of twenty-two sub-clones harbored Ins11R associated with S1iR,
Del25, and T8V, resulting in the loss of N-linked glycosylation site.
To delineate the tropism of the V3 abovementioned clones, two V3
clones in each case, one harboring Ins11R and the loss of N-linked
glycosylation site (KF6 in Case 2, T16 in Case 3 [see Figure 5]) and
the other harboring none of them (KF8 in Case 2, T02 in Case 3 [see
Figure 5]), was incorporated into JRFL Env-expressing plasmid. As
expected, cell-cell fusion assay indicated that the clones harboring
Ins11R and the loss of N-linked glycosylation site (KF6 and T16)
were purely CXCR4-tropic, although the clones harboring none of
them (KF8 and T02) were purely CCRS5-tropic (Figure 6a and 6b).
The results of the GHOST cell infection assay using V3-incorporated
HIV-1 JRFL (Figure 6¢) were similar to those of the cell-cell fusion
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assay. Accordingly, it was concluded that the findings of the
indispensability of Ins11R and the loss of N-linked glycosylation
site for CXCR4-tropism were not only true in Case 1 but also in
other cases.

Discussion

The phenotypic assay Trofile™ (Monogram Bioscience, South San
Francisco, CA), which is based on recombinant virus technology, has
been the most widely used diagnostic test for the detection of
CXCR4-tropic HIV-1 variants®. However, this method has logistical
and technical limitations that make it far from convenient as a dia-
gnostic test in clinical practice. Genotypic methods based on V3
sequence represent a more feasible alternative® and are progressively
replacing phenotypic assays, though their clinical use requires good
genotypic-phenotypic correlations. The 11/25 rule and the net
charge rule were proposed for the tropism prediction from V3
sequence’>"**, although they show only a moderate correlation with
the results of phenotypic assays''**. The results of specific geno-
typic tools, such as genoZpheno (Max-Planck Institute, Munich,
Germany)® and position-specific scoring matrix (PSSM)*** are
comparable to those of phenotypic assays, suggesting that there
should be some more genetic determinations for viral tropism. In
this study, we successfully demonstrated two rules other than the 11/
25 rule and the net charge rule on the association with CXCR4-tropic
variants. One was that R insertion at position 11 of V3, not just
placing R at position 11 but also one amino acid elongation, strongly
shifted the HIV-1 tropism towards CXCR4-tropic. The other was
that the loss of N-linked glycosylation site in V3 also shifted viral
tropism towards CXCR4-tropic, which was previously described in
some reports™*, In the V3 analysis in our index case, R insertion at
position 11 conferred dual-tropism to originally CCR5-tropic V3,
and the loss of N-linked glycosylation site altered it totally
CXCR4-tropic (see Supplementary Figure S3). We identified these
mutation patterns not only in the index case but also in two other
cases. When we surveyed V3 sequences with tropism confirmed by
phenotypic assay registered at the Los Alamos HIV sequence data-
base (Los Alamos National laboratory, Los Alamos, NM) (http://
www.hivlanl.gov. as of September 25, 2012), 28 sequences had R
insertion at position 11; 7 of 199 (3.5%) CXCR4-tropic, 14 of 513
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Figure 4| Effects of T8V in cell-cell fusion assay (a and b). The effects of T8V were analyzed in combination with Ins11R/S12H/Del25 (a), and Del25 and
Tns11R/S12H (b). Cell-cell fusion assay was performed using Env-expressing 293 T cellsand CD4" and CCR5"/CXCR4" COS-7 cells. Dataare mean=SD
values in relative luminescent unit (RLU) of six experiments (performed in duplicate and repeated three times). Tropism of recombinant HIV-1
variants harboring mutations identified in Case 1 (c). Tropism of HIV-1 variants was assessed in CCR5* GHOST Hi5 and CXCR4" GHOST CXCR4 cells.
The mean fluorescent intensity (MFI) of infected cells expressing green fluorescent protein (GFP) was measured. Data are mean-SD values of six

experiments (performed in duplicate and repeated three times).
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those of HIV-1 JRFL are indicated as dashes. The numbers of clones harboring the corresponding V3 sequences are shown on the right.

(2.7%) dual-tropic, and 7 of 3301 (0.2%) CCR5-tropic sequences.
Their frequency was significantly higher in CXCR4-tropic and
dual-tropic sequences than CXCRS5-tropic ones (p < 0.0001; Chi-
square test). (All of the 7 CCR5-tropic sequences with R insertion at
position 11 were sub-clones derived from one pair of a transmitter
mother and her transmitted child”, and the sequences were so unique
that it was actually difficult to determine the exact site of one amino
acid insertion). Interestingly, all of the 28 V3 sequences with R inser-
tion at position 11, had lost the N-linked glycosylation site and had
one amino acid deletion in the C-terminal half of V3 (one amino acid
deletion at position 24 or 25 in 18 sequences [64.3%]), similar to our
three cases. No other amino acid elongation patterns were found in
the N-terminal half of V3 in the Los Alamos database. There were
3,301 CCR5-tropic V3 sequences registered in the database. Among
them, 18 sequences had a basic amino acid residue at position 11 and
therefore they were misjudged as CXCR4-tropic by the 11/25 rule.
Only 7 of them had R insertion and the other 11 were recognized as
CCR5-tropic by our rules. Therefore using our rules increased the
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specificity from 99.5% [(3,301-18)/3,301] to 99.8% [(3,301-7)/3,301]
in identifying CXCR4- or dual-tropic V3 sequences in the Los
Alamos database.

Considered together, amino acid elongation may be a rare event,
but R insertion at position 11 sometimes occurs. The occurrence of
such insertion seems to be always accompanied by loss of the N-
linked glycosylation site and deletion of one amino acid in the C-
terminal half of V3. The combination of these mutations usually
confers CXCR4-tropism. Awareness of this rule will help to confirm
the tropism prediction from V3 sequences by conventional rules.

Methods

Patients. Case 1 was an ART-naive Japanese hemophiliac who acquired HIV-1
subtype B infection through contaminated blood product before 1985 and exhibited
slow disease progression, as described previously (KI-127)"*. The study also included
53 other treatment-naive HIV-1 subtype B-infected patients with CD4"* cell count <
200/mm’, who were newly diagnosed in 2008. The ethics committee of The National
Center for Global Health and Medicine approved the study and all participants
provided written informed consent.
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Figure 6 | Tropism of cloned V3 incorporated into JRFL gp120 backbone (a and b). Two distinct V3 clones from each of Case 2 (a) and Case 3 (b) were
analyzed with the reference of JRFL-V3 and CL8-V3, Cell-cell fusion assay was performed using Env-expressing 293T cells and CD4" and CCR5"/
CXCR4* COS-7 cells. Data are mean 8D values in relative luminescent unit (RLU) of six experiments (performed in duplicate and repeated three times).
Tropism of recombinant HIV-1 variants harboring V3 sequences derived from Cases 2 and 3 (c). Tropism of HIV-1 variants was assessed in CCR5"
GHOST Hi5 and CXCR4" GHOST CXCR4 cells. The mean fluorescent intensity (MFI) of infected cells expressing green fluorescent protein (GFP) was
measured. Data are mean=SD values of six experiments (performed in duplicate and repeated three times).
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Cells. The 293 T and COS-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibceo, Grand Istand, NY) with 10% fetal bovine serum (FBS;
Equitech-Bio, Kerrville, TX). Parental GHOST cells™ were cultured in DMEM
supplemented with 10% FBS, 500 ug/ml G418 and 100 pg/ml hygromycin B. CCR5*
GHOST Hi5 and CXCR4" GHOST CXCR4 cells* were cultured in DMEM
supplemented with 10% FBS, 500 pg/ml G418, 100 pg/ml hygromycinBand I pg/ml
puromycin.

Amplification, cloning and of Env V3 region. Total RNA was extracted
from 200 pl of plasma using High Pure Viral RNA Kit (Roche, Indianapolis, IN)
according to the instructions supplied by the manufacturer. HIV-1 ¢cDNA was
obtained by reverse transcriptase-polymerase chain reaction (RT-PCR) using the One
Step RNA PCR kit (TaKaRa Bio, Kyoto, Japan). The DNA fragments were amplified
by using the Ex Taq Hot Start Version (TaKaRa Bio) with the primer sets as follows.
The Env fragment containing V3 region was amplified by RT-PCR with primers of C2
(5" - AATGTCAGCACAGTACAATGTACAC - 3') and C3 (5" - ACAATTTCTGG
GTCCCCTCCTGAGGA -3'). $1 (5" - ATGGAATTAGGCCAGTAGT - 3') and Al
(5" - CTCTTAATTTTATAACTATC - 3') primer sets were used for nested PCR. The
amplified PCR products were purified using QIAquick PCR purification kit (Qiagen,
Valencia, CA) and cloned by using the TOPO TA Cloning Kit (Invitrogen, Carlsbad,
CA} according to the protocol provided by the manufacturer. At least 19 colonies
were selected, inoculated into 4 ml of L broth, and incubated at 37°C overnight under
vigorous agitation. In the next step, plasmids were isolated by using the QIAprep Spin
Miniprep Kit (Qiagen). The purified plasmids were sequenced by using the ABI
BigDye Terminator v3.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems,
Foster City, CA) and processed with an automated ABI 3730 DNA Analyzer (Applied
Biosystems).

Plasmid construction. The pcDNA6.2-CCR5 and pcDNAG.2-HIV-tat plasmids
were constructed as described previously™. Briefly, the entire human CCR5 gene
including a stop codon was amplified using pZeoSV-CCR5% as a template. The PCR
product was ligated into pcDNA6.2/cLumio-DEST vector (Invitrogen), cloned using
the method recommended by the manufacture, and termed as pcDNA6.2-CCR5. The
CD4 expression vector (pcDNA6.2-CD4) and CXCR4 expression vector (pcDNAG.2-
CXCR4) were generated using the same method. The CCR5-tropic HIV-1 JRELY Env
expression vector (pCXN-JRenv) and pLTR-LucE were used as described
previously*. The full length Env and part of the Nef encoding regions of the HIV-1
genome was amplified using pHIV-1 JRFL. The PCR product was ligated into pGEM-
T Easy Vector System (Promega, Madison, W1), cloned using the protocol supplied
by the manufacturer, and termed as pGEM-T Easy-Env. Amino acid substitutions,
insertion and deletion were introduced into the V3 region of pGEM-T Easy-Env
using the Quikchange Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA) and
applying the protocols supplied by the manufacturer. The V3 regions of pGEM-T
Easy-Env containing mutations were digested with Stul and Xhol, and the obtained
fragments were introduced into pCXN-JRenv or pHIV-1 JRFL.

Cell-cell fusion assay. The assay was conducted as described in detail previously™.
Briefly, the JRFL Env expression vector (WT or mutant) and Tat expression vector
0.5 pg each) were cotransfected into 293 T cells (2 X 10%) using Lipofectamine 2000
(Invitrogen), while the CD4, CCR5 or CXCR4 expression vector and a reporter
(luciferase) gene containing plasmid, pLTR-LucE (0.5 pg each) were cotransfected
into COS-7 cells (2 X 10°). On the next day, both cotransfected cells were harvested
and mixed in a well of 96-well plates (2 X 10° cells each). The cotransfected cells were
incubated further for 6 hrs and the luciferase activity in each well was detected using
Bright-Glo Luciferase Assay System (Promega) and its luminescence level was
measured using Wallac ARVO Sx 1420 multilabel counter (Perkin-Elmer, Waltham,
MA).

MD simulation. MD simulation of gp120 outer domain containing V3 loop was
performed as described previously'™™® with some modifications. Initially, the gp120
outer domain structures with various V3 elements were constructed by homology
modeling™* using the Molecular Operating Environment (MOE) ver. 2008.10
(Chemical Computing Group Inc., Montreal, Quebec, Canada), as described
previously'™*. As a modeling template, we used the crystal structure of HIV-1 gp120
containing the entire V3 element (PDB code: 2B4C)". Subsequently, MD simulations
were performed for individual models using the SANDER module in the AMBER 9
program package'**'. Heating calculations were achieved for 100 picoseconds until
310 Kand MD simulations were subsequently executed at 310 K for 10 nanoseconds.
The time step was set to 2.0 femtoseconds. The AMBER ff03ua force field® and the
GB implicit solvent function by Hawkins, Cramer, and Truhlar*** were applied. The
"o cutoff" caleulation was applied for the non-bonded energy calculation. In this
study, we analyzed most frequently observed conformation among 5,000 snapshots
obtained from 5.0-10.0 ns of MD simulation, which was selected by the Bayesian
clustering algorithm™.

Calculation of the RMSD. We compared the orientation of V3 loop between two
gp120 outer domain models by the following procedure. We first superimposed two
models by coordinating main chain atoms (N, Ce, and C) in amino acid residues
other than those in the V3 loop using PyMOL ver. 0.99 rc6 (Schrédinger LLC,
Portland, OR, http://www.pymol.org/). Subsequently, the RMSD values for the V3
loop tip (GPGR) between the two models were calculated using the coordinates of the
main chain atoms using the in-house program.

Viral tropism assay. The wild type CCR5-tropic HIV-1 strain, pHIV-1 JREL,
CXCR4-tropic HIV-1 strain, pHIV-1 NL4-3", and each pHIV-1 JRFL Env derived
from mutations containing the V3 region of pGEM-T Easy-Env were transfected into
293 T cells with Lipofectamine 2000 (Invitrogen), and the obtained infectious clonal
viruses were harvested 48 hrs after transfection and stored at —80°C until use. The
GHOST cell infection assay***” was performed by incubating 1 ml containing 20 ng
of p24 antigen of each virus with GHOST cells (2 X 10"). Parental GHOST, CCR5*
GHOST His, and CXCR4* GHOST CXCR4 cells were infected for 72 hrs and then
harvested. The mean fluorescent intensity (MFI) of infected cells expressing green
fluorescent protein (GFP) was measured on a flow cytometer (FACSCalibur; BD
Bioscience, San Jose, CA). GHOST cells express low levels of CXCR4 and therefore
infection of GHOST Hi5 alone was performed in presence of the CXCR4 antagonist
AMD3100 (Sigma-Aldrich, St. Louis, MO) at dose of 1 uM.
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Abstract

Background: Viral protein R (Vpr), a protein of human immunodeficiency virus type-1 (HIV-1) with various biological
functions, was shown to be present in the blood of HIV-1-positive patients. However, it remained unclear whether
circulating Vpr in patients' blood is biologically active. Here, we examined the activity of blood Vpr using an assay
system by which retrotransposition of long interspersed element-1 (L1-RTP) was detected. We also investigated the
in vivo effects of recombinant Vpr (Vpr) by administrating it to transgenic mice harboring human L1 as a transgene

immunodeficiency syndrome (AIDS).

(hL1-Tg mice). Based on our data, we discuss the involvement of blood Vpr in the clinical symptoms of acquired

Results: We first discovered that rVpr was active in induction of L1-RTP. Biochemical analyses revealed that rVpr-
induced L1-RTP depended on the aryl hydrocarbon receptor, mitogen-activated protein kinases, and CCAAT/
enhancer-binding protein B. By using a sensitive L1-RTP assay system, we showed that 6 of the 15 blood samples
from HIV-1 patients examined were positive for induction of L1-RTP. Of note, the L1-RTP-inducing activity was
blocked by a monoclonal antibody specific for Vpr. Moreover, L1-RTP was reproducibly induced in various organs,
including the kidney, when rVpr was administered to hL1-Tg mice.

Conclusions: Blood Vpr is biologically active, suggesting that its monitoring is worthwhile for clarification of the
roles of Vpr in the pathogenesis of AIDS. This is the first report to demonstrate a soluble factor in patients’ blood
active for L1-RTP activity, and implies the involvement of L1-RTP in the development of human diseases.

Keywords: HIV-1, Vpr, Blood, Retrotransposition, LINE-1, ORF1

Background

Viral protein R (Vpr), an accessory gene of human
immunodeficiency virus type-1 (HIV-1), encodes a
virion-associated nuclear protein of ~15 kDa [1]. Vpr
has a variety of biological functions, including cell
cycle abnormalities at the G,/M phase and apoptosis
of T cells and neuronal cells (for a recent review, see
ref. [2]). Notably, it was shown that Vpr was present
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in the blood of HIV-1-positive patients [3], and we
previously reported that 20 of 52 blood samples from
HIV-1-positive patients examined were positive for
Vpr [4]. Blood Vpr was detected in patients with high
titres of HIV-1 and, interestingly, was also detected in
patients with low viral titres [4]. On the other hand,
purified recombinant Vpr protein (+Vpr) functions as a
trans-acting factor [5,6], and rVpr activated viral replication
in latently infected cells by increasing production of
interleukin-6 (IL-6) by monocytes [7]. Further analyses
revealed that rVpr-induced IL-6 production depended on
p38, a mitogen-activated protein kinase (MAPK), and
CCAAT/enhancer-binding protein  (C/EBP-) [7]. These

e N © 2013 fijima et al; licensee BioMed Central Lid. This is an Open Access article distributed under the terms of the Creative
& gggglvled Centra‘ Commons Attribution License (htip//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited
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observations suggest that blood Vpr could induce various
clinical symptoms, but it remained unclear whether blood
Vpr is biologically active.

Long interspersed element-1 (LINE-1, L1) and Alu are
major endogenous retroelements, accounting for ~17
and ~10% of the human genome, respectively [8,9]. As
an autonomous retroelement, L1 can retrotranspose not
only itself but also other retroelements, such as Alu and
SVA  (short interspersed element-variable number
tandem repeat-Alu, SINE-VNTR-Alu). Intriguingly, a
single human cell contains more than 5 x 10° copies of L1,
80~100 of which are competent for retrotransposition
(L1-RTP) [10]. During early embryogenesis, L1-RTP
incidentally disrupts gene structures, leading to the devel-
opment of inborn errors [11,12]. Of note, approximately
100 types of inheritable diseases have been identified as
sporadic cases caused by mutagenic RTP of L1 or Alu
[12]. Although most studies of L1-RTP have focused on
early embryogenesis [13-16], recent lines of evidence
suggest that L1-RTP is also induced in somatic cells
[17-20]. In tumors of epithelial-cell origins and hepato-
mas, de novo L1 insertions were detected in the vicinity of
tumor suppressor genes, suggesting that L1-RTP is
actively involved in carcinogenesis [21,22]. Because
L1-RTP alters cellular properties by causing various
genetic alternations, including gene deletions [23,24],
DNA damage [25], apoptosis [26] and immune responses
[27], deregulation of LI1-RTP in somatic cells likely
functions as a trigger of various diseases.

Here we present evidence that Vpr is active for induction
of L1-RTP, and further demonstrate that 6 of 15 blood
samples from HIV-1 patients were positive for Vpr-induced
L1-RTP. Interestingly, r'Vpr reproducibly induced L1-RTP
in various organs, including the kidney, when administered
to mice that harbored human L1 as a transgene (hL1-Tg
mice) [28,29]. Clinically, HIV-1-associated nephropathy
(HIVAN), which is mainly observed among African-
Americans [30], is an end-stage renal deficiency that is
found without apparent correlation with the viral load
[31,32]. In view of reports that Vpr is a candidate
molecule responsible for HIVAN [33,34], we propose that
monitoring blood levels of Vpr is important for determining
its involvement in the pathogenesis of HIVAN.,

Results

rVpr induces L1-RTP

We initially performed a colony formation assay using
purified rVpr and pCEP4/L1mneol/ColE1 (pL1-Neo®)
(Figure 1A and B) [28,35-37]. When HuH-7 human
hepatoma cells were treated with rVpr, L1-RTP occurred
in approximately 50 of 10° cells (Figure 1C, P<0.02).
rVpr caused no apparent cytotoxicity (Additional file 1:
Figure S1). The activity of rVpr was also confirmed by a
PCR-based assay using pEF06R [37,38], in which the
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signal intensity of the 140 bp band, which corresponds
to a product of L1-RTP, was increased by treatment with
rVpr (Figure 1B, lower panel for the rationale of the
PCR-based assay and 1D, lane 2). A quantitative PCR
(gPCR) analysis was also carried out using a TagMan
probe designed to detect a junction point of two
exons of the EGFP gene (Figure 1B, bottom; see also
Additional file 2: Figure S2 for standard gPCR curves). Data
revealed that rVpr significantly increased the frequency
of L1-RTP (Figure 1E, P<0.05). Notably, rVpr-induced
L1-RTP was completely blocked by 8D1 and C217,
monoclonal antibodies (mAbs) against Vpr (Figure 1D,
lanes 5 and 6) [4], but not by an irrelevant mAb against a
spike protein of severe acute respiratory syndrome
coronavirus (Figure 1D, lane 4, SARS). Vpr-induced
L1-RTP was also observed in HEK293T cells, in which the
activity of ~1 ng/mL rVpr was detected (Figure 1F, lanes
10-12; Additional file 3: Figure $3).

Taking advantage of the high sensitivity of the
PCR-based assay performed using HEK293T cells, we
explored the activity of LI-RTP in blood samples
from HIV-1-positive patients. Among 15 samples analyzed
by a PCR assay, 6 were positive for L1-RTP induction
(Figure 2A, upper panel; patients’ clinical information
is summarized in Additional file 4: Table S1). Notably,
L1-RTP activity was selectively blocked by 8D1, indicating
that the L1-RTP activity in HIV-1 patients is attributable
to Vpr (Figure 2B and C). Interestingly, Vpr-induced
L1-RTP was detected in patients with low HIV-1 titres
(Figure 2D and Additional file 4: Table S1). To confirm
this, we carried out immunoprecipitation followed by
Western blot analysis (IP-WB analysis), and successfully
detected Vpr in one of two blood samples that were
positive for LI-RTP (no. 15; Additional file 5: Figure $4,
arrowhead). Estimated concentration of the blood Vpr,
when compared to the signals of standard rVpr, would be
approximately 5 ng/mL (Additional file 5: Figure S4).
In contrast, we could not detect Vpr in another sample
(no. 1).

rVpr induces L1-RTP in vivo

To determine the effects of rVpr in vivo, we next investi-
gated L1-RTP after administration of rVpr to hL1-Tg
mice (Figure 1B, solid line). As shown in Figure 3A,
L1-RTP was detected in organs including the lymph
nodes, liver, thymus and spleen upon intraperitoneal
administration of ~200 ng of rVpr three times every
2 days (Additional file 6: Table S2). Interestingly, the
qPCR analysis detected L1-RTP in the kidney after six
intravenous administrations of 10 ng of rVpr (Figure 3B).
To demonstrate that rVpr-induced L1-RTP was dependent
on the reverse transcriptase activity of ORF2 [9], we first
carried out in vitro experiments to examine whether
rVpr-induced LI-RTP was blocked by nucleotide analogue
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Figure 1 rVpr induces L1-RTP. A. rVpr was purified by two-step column chromatography using a glutathione-bead and an affinity column with
8D1. Purified protein was stained with Coomassie brilliant blue. Mr, molecular weight marker. B. Schematics of constructs used in the current
study (see details in Methods). The PCR-based assay detects a 140 bp band that was amplified upon induction of L1-RTP (with L1-RTP), whereas it
detects a 1040 bp band without L1-RTP (w/0 L1-RTP). Arrows indicate prirers for the PCR-based assay. SD and SA indicate splicing donor and
splicing acceptor, respectively. The position of the TagMan probe was also depicted. C. Colony formation assay of Vpr-induced L1-RTP. The
experimental protocol and results are shown, HuH-7 cells were treated with buffer (plate no. 1) or tVpr (plate no. 2) are also shown. Obtained
colonies were stained (right panels). D. Inhibition of rvpr-induced L1-RTP by mAbs against Vpr. 8D1 or C217 were used {lanes 5 and 6). As control,
mouse IgG (lane 3} or a SARS mAb (lane 4) were included. B, buffer; V, Vpr. Arrowhead indicates the 140 bp band. Mr, molecular weight marker.
E. Results of the qPCR analysis of rVpr-induced L1-RTP. Approximately 10 ng/mL of rVpr was used, and L1-RTP was measured by the qPCR. F.

Activity of low dose of rVpr on HEK293T cefls. Results of HuH-7 cells and HEK293T cells were shown. U, untreated; B, buffer; L, LPS (10 ng/mL).
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Figure 2 Detection of Vpr-induced L1-RTP in blood samples of HIV-1-positive patients. A. Upper panel. Activity for the induction of L1-RTP
in the blood of HIV-1-positive patients. Results of the PCR-based assay were shown. Lower panel. As a control, samples of nine healthy volunteers
were included (A-f). U, Untreated. B. A mAD against Vpr blocked the activity in serum samples. Serum sample of 300 ub was treated with ~500
ng 8D1 (V) or SARS-mADb (S). Serum samples from healthy volunteers were also included (Heaithy, A, E, | and J). Rl, relative intensity. C. Effects of
8D1 on the activity of L1-RTP. Rl shown in Figure 2B was plotted and compared. S, treatment with a mAb to SARS; V, 8D1. 8D1 considerably
attenuated the L1-RTP-inducing activity in the patients’ blood. D. Detection of Vpr-induced L1-RTP in patients with fower viral titres with (+) or
without (=) L1-RTP activity. According to the presence of the activity of L1-RTP in blood, patients were separated into two groups. Then, viral
{oads of each patient were plotted. Blood samples of two patients of each group were subjected to the IP-WB analysis. Vpr was detected in one
patient (no. 15, ) (Additional file 5: Figure 54). Vpr was not detected in the sample of patient no. 1 (&), who was positive for L1-RTP. Other two
patients were negative for both the activity of L1-RTP and Vpr {patient no. 3 and 4, o and A)

inhibitors of reverse transcriptase (R11s) [39,40]. As shown  [41]. As shown in Figure 3D, 50 umoles of 4'-Ed4T, when

in Figure 3C, stavudine (d4T) and tenofovir inhibited the
rVpr activity for L1-RTP induction (lanes 3 and 4),
but lamivudine (3TC) and azidothymidine (AZT) did
not (lanes 1 and 2). The inhibitory effects of d4T on
rVpr-induced L1-RTP were potent, and the compound
could effectively block the induction of L1-RTP at a con-
centration of 5 pM (Additional file 7: Figure S5). We next
investigated the effects of 2',3'-didehydro-3'-deoxy-4'-
ethynylthymidine (4'-Ed4T), a stavudine analogue with
more specific activity as an RTI and fewer side effects

administered intraperitoneally 2 h before intravenous
administration of 250 ng of rVpr, efficiently attenuated
L1-RTP (compare lanes 2 and 3). qPCR analysis also
clearly showed the inhibitory effects of 4"-Ed4T (Figure 3E).

By immunohistochemical analysis using o-GFP, we
successfully detected cells positive for the induction of
L1-RTP after a single injection of 2 pg or 250 ng of
Vpr (Figure 4A). Intriguingly, L1-RTP occurred at a fre-
quency of several cells per 10* cells after six administrations
of 10 ng of rVpr (Figure 4B, P < 0.05). Co-administration

of 4'-Ed4T significantly blocked L1-RTP induced by re-
petitive injection of 250 ng of rVpr (Figure 4C, column 3).
Consistent with the results obtained by hematoxylin-eosin
(H/E) and a-GFP staining, dual staining for a-aquaporin-1
or a-phalloidin, which are markers of proximal renal
tubular cells [42-44], detected rVpr-induced L1-RTP in
renal tubular epithelial cells (RTECs) (Figure 4D).

We also investigated the methylation status of CpG in
the L1-5"UTR in the rVpr-treated kidney. Analysis by the
COBRA method [45], a method of quantifying CpG methy-
lation, detected no apparent changes in the methylation

status of CpG before or after six administrations of 10 ng of
rVpr (Additional file 8: Figure S6).

rVpr-induced L1-RTP depends on an AhR-p38-C/EBP-f
cellular cascade

Previously, we reported that various environmental
compounds induced L1-RTP in a manner dependent
on the aryl hydrocarbon receptor (AhR), which has been
shown to associate with other cellular molecules via
an LxxLL motif in the counterpart molecule (amino acids
denoted by single letters) [46]. Interestingly, Vpr contains
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an LQQLL motif at amino acids 64—68 that functions as a
sequence motif for binding to host cellular proteins,
including p300/histone acetyl transferase [47]. Based on
these observations, we hypothesized that AhR functions
as a cellular factor responsible for rVpr-induced L1-RTP.
To prove this, we first assessed the effects of 3 -methoxy-
4/ -nitroflavone (MNF), an AhR inhibitor [48], and observed
that 10 pM MNF completely blocked rVpr-induced
L1-RTP (Additional file 9: Figure S7). Moreover, down-
regulation of endogenous AhR expression by A#R siRNA
was accompanied by reduced rVpr-induced L1-RTP
(see Figure 5A, lane 4, and 5B for a representative result
from experiments using two different AAR siRNAs;
see also Additional file 10: Figure S8A and B for data
obtained using another AZR siRNA). By contrast, down-
regulation of ARNT1 by siRNA (Figure 5C) did not
attenuate L1-RTP (Figure 5D, lane 9 and Additional file 10:
Figure S8D, lane 9). AhR and ARNT1 form a heterodimer

(AHR complex) and are involved in the induction of
CYPIAI mRNA expression in response to environmental
pollutants [49]. Both A#ZR and ARNTI siRNAs blocked the
induction of CYPIAI mRNA expression by 6-formylindolo
[3,2-b]carbazole (FICZ), a tryptophan photoproduct
(Additional file 11: Figure S9), indicating that each
siRNA efficiently inhibited the functional properties of the
AHR complex, further suggesting that rVpr-induced
L1-RTP depends on AhR, but not ARNT1.

To determine the importance of the LxxLL motif of
Vpr for the induction of L1-RTP, we investigated the
activity of a Vpr mutant containing AQQAA instead of
LQQLL (LA mutant, “LAM” in Figure 5). First, studies
of forced expression of wild-type Vpr (WT Vpr) and
the LA mutant revealed that the mutant was not ac-
tive for induction of L1-RTP (Figure 5E, left panel),
although comparable levels of each protein were
detected (Figure 5E, right panel). Additionally, IP-WB

lijima et al. Retrovirology 2013, 10:83
http://www.retrovirology.com/content/10/1/83

Page 6 of 16

A 1P (2 ug) 1V (250 ng)
k
Buffer ;
© L
Vpr zz

5 o 15
= S
L2 s
£8 g’
w g oe
£ £ s
e g
0
1 2 3
D GFP

AGPY GFP ] AQP1/DAPI

Phalloidin

GFP / Phatloidin / DAPI

Figure 4 rVpr induces L1-RTP in proximal RTECs. A. Detection of Vpr-induced L1-RTP in kidneys. Immunchistochemical analysis using a-GFP
was performed. hi1-Tg mice were administered once with 2 pg Vpr intraperitoneally (left four panels) or 250 ng Vpr intravenously (right panels).
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Column 1, buffer control; column 2, tVpr. For each sample, three different slices were prepared and the immunochistochemical analysis was done.
Obtained numbers of EGFP-positive cells were then subjected to statistical analysis. P < 0.05. C. Vpr induced L1-RTP was blocked by 4-Ed4T. Effects of

4.Ed4T on the induction of L1-RTP by rVpr were examined using #4 hL1-Tg mice. Mice were intravenously injected with 250 ng rVpr six times. To
examine the effects of 4Ed4T, the compound of 50 pmoles was intraperitoneally injected 2 h prior to injection of Vpr. The inhibitory effects of
4-Ed4T were statistically significant (P < 005). Column 1, buffer; column 2, 250 ng MVpr; column 3, 250 ng rVpr +4-Ed4T. D. Vpr induced L1-RTP in
proximal RTECs. Double staining with a-AQP1 or a-phalioidin was performed. Bar, 50 um (x400). hL1-Tg mice were intravenously injected with 10 ng
Vpr six times. In this experiment, no EGFP-positive cells were detected in the control kidney of mouse that was injected with buffer.

analysis detected an association between WT-Vpr and
AhR (Figure 5F, lane 5), but less interaction of the
LA mutant with AhR (Figure 5F, lane 6). These data
suggest that Vpr-induced L1-RTP is dependent on a
molecular interaction with AhR via the LxxLL motif
of Vpr.

To identify additional cellular factors involved in
rVpr-induced L1-RTD, we investigated the involvement of
MAPK, because our previous work revealed that Vpr
induced IL-6 production via activation of p38 [7]. First,

qPCR analysis revealed that the MAPK inhibitors attenu-
ated rVpr-induced L1-RTP to the basal level observed
after treatment with control buffer (Figure 6A, see also
Additional file 12: Figure S10 for representative qPCR
data). Data indicate that the tested compounds inhibited
the up-regulation of L1-RTP by rVpr.

In a previous study, we showed that p38 and C/EBP-f
are important for understanding the cellular response to
exogenously applied rVpr [7], implying that these mole-
cules are also involved in the induction of L1-RTP by
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rVpr. To confirm this, we focused on the effect of
C/EBP-f siRNA on r'Vpr activity. As shown in Figure 6B,
transfection of the C/EBP- siRNA down-regulated the
endogenous protein level and attenuated rVpr-induced
LI-RTP (Figure 6C, lane 9; see also Additional file 10:
Figure S8E for data obtained using another siRNA targeting
C/EBP-f mRNA, which was used in the experiment shown
in Figure 6D). In contrast, siRNAs against CREB and c-Jun
did not attenuate rVpr-induced L1-RTP (Figure 6D),
although each siRNA efficiently down-regulated endogen-
ous protein expression (Additional file 10: Figure S8F
and G). One possible reason is that MAPK inhibitors
are not specific for target molecules [37].

Chromatin recruitment of ORF1 induced by rVpr is
dependent on AhR

L1 encodes two proteins, open reading frame-1 (ORF1)
and ORF2, which are ~40 and ~150 kDa, respectively, and
are present in cytoplasmic ribonucleoprotein complexes

and cytoplasmic stress granules [50,51]. Moreover,
L1-RTP is initiated by target-primed reverse transcription
within the genome [9], and ORF1 functions as a nucleic
acid chaperone during L1-RTP [52]. These observations
suggest that ORF1 is recruited to the chromatin fraction
in response to r'Vpr treatment. To demonstrate chromatin
recruitment of ORF1, we transfected a plasmid DNA that
encodes ORF1 into HuH-7 cells, and then carried out WB
analysis of the chromatin fraction of the transfected cells
after treatment of rVpr. The rVpr-induced chromatin
recruitment of ORF1 was blocked by MAPK inhibitors
examined (Figure 7A, lanes 4 and 6) and the AhR siRNA
(Figure 7B, lane 4; see also Additional file 13: Figure S11
for results from an independent experiment performed
using a different AZR siRNA). To further show that ORF1
and AhR form a complex, we transfected a plasmid
DNA encoding a chimeric protein of ORF1 and EGFP
(pORF1-EGFP) into HuH-7 cells, and then performed
IP-WB analysis. IP using a-AhR followed by WB analysis
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Figure 6 Involvement of MAPK in rVpr-induced L1-RTP. A. Inhibition of Vpr-induced L.1-RTP by MAPK inhibitors, Before addition of vpr,
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Expression of endogenous C/EBP-B is reduced by siRNA application. See also Additional file 10: Figure SBE showing results obtained by different siRNA.
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using a-EGFP revealed that ORF1 and AhR were associated
(Figure 7C, lane 2). The reverse experiment, in which IP
using o-EGFP was followed by WB using a-AhR,
confirmed formation of this complex (Figure 7C, lane 5).
The interaction between ORF1 and AhR was also detected
in cells in which both ORF1 and ORF2 proteins were
expressed exogenously (Additional file 14: Figure S12).
Previously, we reported that FICZ is a potent activator
of L1-RTP, and that its activity was dependent on ARNT1,
but not on AhR [37]. To determine the functional link
between ORF1 and ARNTIL, we performed IP-WB
analysis after transfecting pORF1-EGFP into HuH-7
cells. ORF1 was detected in an extract of cells treated with
FICZ and was recovered using a-ARNT1 (Figure 7D, upper
panel, lane 10). By contrast, it was not recovered from

extracts of cells treated with rVpr using a-ARNT1
(Figure 7D, upper panel, lane 12). Consistent results
were obtained in a reverse experiment, in which WB
using a-ARNT1 was performed on a sample recovered by
IP using a-EGFP (Figure 7D, lower panel). In this case, the
cell extract obtained after FICZ treatment yielded a positive
signal (Figure 7D, lower panel, lane 10). These data suggest
that the association between ORF1 and ARNT1 is induced
by exogenous FICZ but not rVpr.

Discussion

rVpr-induced L1-RTP depends on an AhR-p38-C/EBP-8
cellular cascade

Here we found that Vpr is a viral protein active for the
induction of L1-RTP. Experiments using MNF, siRNAs
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Figure 7 rVpr-induced chromatin recruitment of ORF1. A
Chromatin recruitment of ORF1 is dependent on MAPK. HuH-7 cells
were transfected with pORF1-TAP, and then WB was performed using
a peroxidase-conjugated human lgG, a-H2AX and a-GAPDH. Celiular
fractions of chromatin (Chr) and the cytoplasm (Cyt) were analyzed. D,
DIMSO; SB, SB202190; SP, SP600125; B, buffer; V, Vpr (5 na/mL). B, AhR
SIRNA blocked rVprinduced ORF1 chromatin recruitrnent. After
transfection of AhR SIRNA, similar experirents to those shown in
Figure 7A were conducted, Chr, chromatin fraction; Cyt, cytoplasmic
fraction; WCE, whole-cell extracts; B, buffer; V, rVpr. See also Additional
file 13: Figure S11 showing results of independent experiments done
using a different AhR SIRNA. C. Association of AbR and ORF1. HuH-7
cells were transfected with constructs expressing a chimeric protein of
ORF1 and EGFP {(pORF1-EGFP) or a FLAG-tagged EGFP (pFLAG-EGFP).
IP-WB was then performed using a-AhR followed by WB using a-EGFP
(lane 2). As a reverse experiment, IP using a-LGFP was performed
followed by WB using a-AhR (lane S). D. Vpr induced no association of
ORF1 and ARNTY. HuH-7 cells were transfected with pFLAG-EGFP (FE)
(lanes 1-6) or pORF1-EGFP (ORF1) (lanes 7-12). After treatment of cells
with Vpr (lanes 5, 6, 11, and 12) or FICZ {lanes 3, 4, 9 and 10}, IP
followed by WB were performed using a-ARNT1 and a-EGFP,
respectively (upper panels). As a reverse experiment, IP using a-EGFP
followed by WB using a-ARNT1 were performed (ower panels). D,
DMSC; F, FICZ (10 nM); V, tVpr (5 ng/mb); N, input; Be, fraction

recovered using protein-G beads.

targeting A#R and C/EBP-f mRNAs, and MAPK inhibi-
tors revealed that rVpr-induced L1-RTP depends on an
AhR-p38-C/EBP-B cellular cascade (Figures 5 and 6).
We confirmed by in vitro experiments that rVpr did not
increase expression of LI mRNA or the splicing effi-
ciency of an immature EGFP transcript derived from the
reporter L1 construct (Additional file 15: Figure S13).
Moreover, no apparent changes in the CpG methylation
status were observed in the 5'UTR of the exogenous
hL1 gene in the kidneys of hL1-Tg mice that had been
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treated with rVpr (Additional file 8: Figure $6). Our data
suggest that rVpr-induced L1-RTP is controlled at the
post-transcriptional level, although it has been proposed
that L1-RTP is influenced at the transcriptional level by
the methylation status of the L1-5'UTR [53,54].

In addition to the LA mutant, we investigated the
activity of a Vpr mutant lacking the C-terminal 12 amino
acids (AC12). A PCR-based assay revealed that the AC12
mutant was not active for the induction of L1-RTP
(Additional file 16: Figure S14). It has been shown that
Vpr has an affinity for nucleic acids, which is attributable
to the basic moiety in the C-terminal region of Vpr [55].
To exclude the possibility that the induction of AhR-
dependent L1-RTP by Vpr depends on binding to nucleic
acids, we investigated the interaction between Vpr and
AhR after nuclease treatment. IP-WB analysis combined
with treatment with benzonase, a nuclease that degrades
both DNA and RNA, revealed that their interaction
was not reduced (Additional file 17: Figure S15A).
Additionally, ORF1 and AhR constitutively formed a
complex, and their interaction was also resistant to
nuclease treatment (Additional file 17: Figure S15B).
Moreover, r'Vpr triggered chromatin recruitment of ORF1
in an AhR-dependent manner (Figure 7B). Taken together,
these data suggest that Vpr functions as an AhR ligand, and
activates a cellular cascade for the induction of L1-RTP.

Biologically active Vpr is present in the blood of
HIV-1-positive patients

We detected L1-RTP-inducing activity in the blood of
HIV-1 patients: 6 of 15 patients were positive for the
induction of L1-RTP (Figure 2A). The L1-RTP activity
in those six patients was selectively blocked by 8D1, a
mAD against Vpr (Figure 2B). Interestingly, we previously
examined blood Vpr by IP-WB analysis, and detected Vpr
in 20 of 52 blood samples from HIV-1 patients [4].
Interestingly, the positive frequencies observed in
these two sets of experiments are comparable, but
greater numbers of samples are needed to conclude
that blood Vpr is exclusively biologically active. Although it
was reported that an antibody against Vpr is present in
patients’ blood [56], and implied that Vpr activity would be
blocked by such autoantibodies, our current experiments
proved that blood Vpr is active for the induction of L1-RTP.
Because L1-RTP can alter cellular properties by inducing
DNA damage and apoptosis [9], it is tempting to
speculate that blood Vpr can modify clinical outcomes of
AIDS patients.

Consistent with our previous observation that Vpr pro-
tein was detectable in blood samples from HIV-1-positive
patients with low viral titres [4], we here detected
Vpr-induced L1-RTP in samples from patients with low
viral titres. As shown in Figure 2, L1-RTP-inducing
activity was detected in some blood samples, and IP-WB
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analysis successfully detected a Vpr signal (no. 15)
(Additional file 4: Table S1 and Additional file 5: Figure S4).
Intriguingly, however, the viral titre of patient 15
was 140 copies/mL (Figure 2D, closed diamond and
Additional file 4: Table S1). By striking contrast, the viral
titres of the blood samples from patients 3, 8 and 4
were >10% copies/mL, but no apparent L1-RTP-inducing
activity was detected. Although it remains completely
unknown why Vpr was present in patients with low viral
titres, one possible explanation would be that Vpr is
secreted into the blood from latent foci in patients. In
vitro experiments support the notion that Vpr is excreted
by infected cells and functions as a soluble protein with
bystander effects [57].

rVpr is active for the induction for L1-RTP in vivo
Repeated intravenous administration of 10 ng of rVpr,
a dose comparable to patients’ blood levels [7],
induced L1-RTP in vivo (Figure 4B). We observed
that administration of rVpr induced L1-RTP in various
organs, such as the lymph nodes and spleen. Additionally,
we found that Vpr also induced L1-RTP in the kidney
(Figure 4A and Additional file 6: Table S2). Notably, even
a single injection of 250 ng of rVpr into the tail vein
induced L1-RTP in the kidneys (Figure 4A, right panels),
suggesting that the kidney is a target organ of Vpr-induced
L1-RTP. Immunohistochemical analysis showed that Vpr
induced L1-RTP in RTECs, especially in proximal RTECs
(Figure 4D). Previously, it was reported that Vpr and Nef
are candidate mediators of HIVAN: forced expression of
these viral genes in mouse podocytes resulted in proteinuria
and glomerular diseases [34]. Although it was proposed that
renal dysfunction is a direct effect of primary HIV-1
infection in RTECs [58], it remains to be investigated
whether repeated administration of rVpr causes renal
insufficiency.

HIVAN develops mostly in people of African descent,
and shows the strong influence of genetic traits [59-61].
However, its mechanism remained completely unknown.
Importantly, HIVAN has no apparent correlation to viral
load [31], and, intriguingly, it has been proposed that the
kidneys are a latent reservoir of HIV-1 [62,63]. Based
on these observations, it is plausible that both blood-
circulating Vpr and Vpr secreted locally from a latent
reservoir {the kidney, for example) attack RTECs. To
prove this, further studies are required to determine
whether the kidney is an organ from which Vpr is
constitutively secreted.

In addition to their clinical relevance for HIV-1 patho-
genesis, our findings should have a general impact on
the involvement of L1-RTP in human diseases. By ana-
lysis of tumors using second-generation sequencing
technology, de novo L1 insertions were detected in the
vicinity of tumor suppressor genes [21,22], suggesting
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that L1 insertion was actively involved in carcinogenesis.
Additionally, it was shown that de-regulation of L1-RTP
is positively linked to the development of autoimmune
diseases [27]. Although these lines of evidence revealed
that L1-RTP is induced in somatic cells and is involved in
the development of human diseases, it remained unclear
how L1-RTP is induced in somatic cells. It was previously
reported that 2-amino-1-methyl-6-phenylimidazo[4,5-b]
pyridine (PhIP), a food-borne carcinogen, induced L1-RTP
in the mouse mammary gland, a target organ of carcino-
genesis, when it was administered orally to hL1-Tg mice
[29]. Given that PhIP is present in broiled meat [64] and
has been detected in human breast milk [65], it is plausible
that humans are susceptible to the induction of L1-RTP
by environmental factors. Further study is required to
demonstrate the activity of L1-RTP under pathological
conditions, enabling the roles of L1-RTP in disease
development to be specified.

Conclusions

Six of the 15 blood samples from HIV-1-positive
patients examined were positive for Vpr-induced L1-RTP.
L1-RTP-inducing activity was detected in blood samples
with low viral titres. Monitoring circulating Vpr in relation
to clinical outcomes is important to clarify the roles of
Vpr in AIDS symptoms. The present study is the first to
show that L1-RTP-inducing activity is present in vivo,
shedding light on the possible involvement of L1-RTP in
human diseases. In further research, it will be important
to detect L1-RTP-inducing activity under pathological
conditions.

Methods

Chemicals and cells

HuH-7 cells (RCB1366) and HEK293T cells (RCB2202)
were obtained from the Riken BioResource Centre Cell
Bank. They were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum
(Sigma-Aldrich, St. Louis, MI, USA). The transfection
efficiencies were ~70 and ~30%, respectively, as determined
by fluorescence-activated cell sorting (FACS) on day 2 after
transfection of plasmid DNA encoding enhanced green
fluorescent protein (EGFP) (data not shown). MNF was
kindly provided by Dr. Gabriele Vielhaber (Symuise,
Holzminden, Germany). SB20358, SP60012, PD98059 and
lipopolysaccharide (L8274) were from Sigma-Aldrich. FICZ
was obtained from Enzo Life Sciences (Plymouth Meeting,
PA, USA). Protease inhibitors (Roche Diagnostics, Tokyo,
Japan) were also purchased.

Antibodies against AhR, (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), ARNT1 (Santa Cruz Biotechnology),
B-tubulin (Thermo Fisher Scientific, Waltham, MA,
USA), H2AX (Millipore, Billerica, MA, USA), C/EBP-B
(Cell Signaling Technology Inc, Danvers, MA, USA),
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FLAG (Sigma-Aldrich), EGFP (rabbit antibody: Medical &
Biological Laboratories, Co., Ltd., Nagoya, Japan; mouse
monoclonal antibody: Abcam, Cambridge, United
Kingdom), aquaporin 1 (AQP1; Abcam) and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH; Trevigen,
Gaithersburg, MD, USA) were used as the primary anti-
bodies. A rabbit polyclonal antibody against human ORF1
was generated using the peptide MGKKQNRKTGNSK
TQSAC (amino acids denoted by single letters) as an
immunogen (Medical & Biological Laboratories). An Alexa
Fluor 546-conjugated antibody to phalloidin (Invitrogen,
Carlsbad, CA, USA) was purchased. As secondary anti-
bodies, a-mouse IgG (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA), a-rabbit IgG (GE Healthcare), and
a-goat IgG (Santa Cruz Biotechnology), all of which
were conjugated with horseradish peroxidase, were
used. For immunohistochemical analysis, Alexa Fluor
555-conjugated goat o-rabbit IgG (Invitrogen) and
Alexa Fluor 488 goat a-mouse IgG (Invitrogen) were
used as the secondary antibodies. Hoechst 33258 was
purchased from Invitrogen.

Based on recent reports that RTIs efficiently blocked
L1-RTP [39,40], we used 4'-Ed4T, which has more
potent inhibitory activity than d4T and less effect on
DNA polymerases, and which is currently undergoing
phase IIb clinical trials in HIV-1-infected patients [41].
Two hours before injection of rVpr, 50 pmoles of
4'-Ed4T was injected intraperitoneally to give a final
concentration of approximately 25 pM when most of
the compound is transferred to the blood, the estimated
volume of which is ~2 mL.

Purification of rVpr and assays of L1-RTP

rVpr was expressed using pGEX-6P-1 in Escherichia coli
BL21 and purified as described previously (Figure 1A)
[4]. Purified rVpr was tested for endotoxin using a highly
sensitive lipopolysaccharide (LPS) assay with Limulus
amebocyte lysate, the detection limit of which was 0.25
EU/mL (Wako Pure Chemical Ind., Ltd., Osaka, Japan).
For L1-RTP assays, we used two reporter constructs,
pEFO6R [38] and pCEP4/Llmneol/ColE1l (pL1-Neo®)
[28,35-37], for semi-quantitative and quantitative PCR,
and colony formation assays, respectively. Each con-
struct contained all components of human L1 with
single transcriptional units with EGFP or Neo®, which
were inserted in reverse orientation. When L1-RTP
occurs, the intron within each reporter gene is spliced out,
and then pEFO6R expresses functional EGFP, whereas
pL1-Neo® expresses a functional neomycin-resistance
gene (Neo®). Cells were transfected with pEFO6R or
pL1-Neo® using Lipofectamine 2000 (Invitrogen) or
Xfect (Takara Bio Inc, Shiga, Japan). Cells were selected
for 2 days with puromycin (Puro, 0.5 pg/mL) for pEFO6R,
or with hygromycin (Hygro, 25 pg/mL) for pL1-Neo®.
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Next, cells were treated for additional 2 or 3 days with the
indicated amounts of rVpr.

For the PCR assay, genomic DNA was prepared
from harvested cells using a DNA extraction system
(QuickGene; Fujifilm, Tokyo, Japan). For semi-quantitative
PCR, primers that were designed for each exon would amp-
lify a product of ~1040 bp, whereas they would generate a
product of ~140 bp upon L1-RTP. Thus, occurrence of L1-
RTP was determined by evaluating the size of the amplified
product [28,29,37]. After staining of amplified DNA with
SYBR Green I (LONZA, Basel, Switzerland), signal
intensities of the 140 bp bands were measured using
a molecular imager (FX-PRO; Bio-Rad, Hercules,
CA, USA) and normalized by the signal intensity of
the B-actin band, used as the internal control. Relative
intensities (RIs) of each 140 bp band were calculated
by standardizing the signal of the buffer-treated
sample as “17.

For qPCR analysis, 5'-GAA CGG CAT CAA GGT
GAA CT-3" and 5'-GGG GTG TTC TGC TGG TAG TG-
3’, which were designed for each exon of the EGFP gene,
were used as forward and reverse primers, respectively. A
TagMan-probe (5'-FAM- TGC AG * C TGG CCG
AC -MGB-3") (Invitrogen) was used to detect an
amplicon of 87 bp in length (* denotes the exon junction).
Template DNA was amplified with Eagle Taq Master Mix
(Roche Diagnostics) and a CFX Connect Real-Time
System (Bio-Rad) using the following amplification condi-
tions: 95°C for 10 min, followed by 45 cycles of 95°C for
15 sec and 64°C for 15 sec. To obtain a standard curve for
EGFP-qPCR, EGFP DNA generated after the induction of
L1-RTP was amplified using the above primers and cloned
into the pGEM-T Easy vector (Promega, Madison, USA).
After confirmation of the nucleotide sequence, standard
samples were prepared by mixing human or mouse
genomic DNA with the EGFP-containing plasmid to give
1.0, 107, 102 10" and 10™* copies/cell. To normalize the
amounts of input DNA, human B-globin or mouse B-actin
was quantified by qPCR with SYBR Premix Ex Taq
(TaKaRa) and the CFX Connect Real-Time System
(Bio-Rad). For human pB-globin, the forward primer
was 5-TTG GAC CCA GAG GTT CTT TG-3' and
the reverse primer was 5-GAG CCA GGC CAT
CAC TAA AG-3’; for mouse B-actin, the forward primer
was 5"-TGA CGT TGA CAT CCG TAA AGA CC-3" and
the reverse primer was 5'-AAG GGT GTA AAA CGC
AGC TCA-3".

In the colony formation assay, ~2.0 x 10° cells were
transfected with pL1-Neo® and selected with 25 pg/mL
Hygro, and 1.0 x 10° cells were re-plated to new plates
(Split). Next, cells were treated for 2 days with rVpr and
further cultured in the presence of neomycin (800 pg/mL)
[35-37]. In the initial experiment, we used 5-10 ng/mL
rVpr because the maximum reported plasma Vpr
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concentration in HIV-1-positive patients is ~5 ng/mL [4].
To determine Vpr activity for L1-RTP induction, each of
the six plates was treated with rVpr or a buffer control for
2 days, and further cultured in the presence of neomycin.
After 3-4 weeks, cell aggregates were stained with
methylene blue, and colonies were enumerated. To
minimize plate-to-plate variation, the colony numbers
of the middle four of the six plates were subjected to
statistical analysis. At least two independent experi-
ments were performed, representative results of which
are shown.

Suppression of rVpr-induced L1-RTP by mAbs against Vpr
The effects of mAbs against Vpr on the induction of
L1-RTP were investigated by applying 5 ng of rVpr with 500
ng of 8D1 and C217 [4], giving an approximately 10-fold
excess molar amount of rVpr. After 60 min of incubation at
room temperature, a 300 pL reaction mixture was filtrated
and added to 1.5 mL of culture medium of cells. As
a control, a SARS mAb, an irrelevant mAb that recognizes
a spike protein of the severe acute respiratory syndrome
corona virus (SARS-CoV), was used.

Effect of down-regulation of endogenous proteins on
induction of L1-RTP

For each gene, two small interfering RNAs (siRNAs)
were prepared (Applied Biosystems, Foster City, CA,
USA or Thermo Scientific), and their functions were
evaluated by transfection into cells followed by WB
analysis. The nucleotide sequences of each siRNA are
shown in Additional file 18: Table S3. To evaluate the
inhibitory effects of the siRNAs on L1-RTP induction,
each siRNA was introduced on day 3 after initial
transfection with pL1-Neo® or pEFO6R. Two days later,
the cells were re-plated, incubated for 2 days with rVpr,
and subjected to analysis. Silencer Negative Control
siRNAs (cat. no. AM4613, AM4637 and AM464; Life
Technologies Corporation, Carlsbad, CA, USA) were used
as controls.

Effects of MAP kinase inhibitors on rVpr-induced L1-RTP

HuH-7 cells were transfected with pEF06R and selected
for 2 days with 0.5 pg/mL Puro. On day 3 after transfection,
cells were re-plated and subjected to an L1-RTP assay. To
examine the effects of MAPK inhibitors, SB202190,
SP600125 and PD98059 at concentrations of 1, 100 and 20
uM, respectively, were added 1 h before the addition of
rVpr. The cells were exposed to 10 ng/mL rVpr for 3 days
and subjected to qPCR analysis. Genomic DNA was
isolated using the QuickGene DNA Tissue Kit S and
QuickGene-800 (Fujifilm). To selectively detect EGEP genes
derived from L1-RTP, ~250 ng of DNA were used as the
qPCR template. To amplify S-globin gene as an internal
control, ~50 ng of DNA were used as the qPCR template.
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Administration of rVpr to hL1-Tg mice and L1-RTP
assessment

For in vivo experiments, we used two transgenic mouse
lines, #4 and #67, in which the L1-DNA fragment of
pEFO6R had been introduced as a transgene (hL1-Tg
mice; Figure 1A, sidebar) [28,29]. These two lines were
selected because they display low background L1-RTP
during embryogenesis but respond vigorously to envir-
onmental compounds [29]. The CpG island of the 5" un-
translated region of introduced human L1 (L1-5'UTR)
was highly methylated in #4 and #67 mice, as assessed by
a PCR-based assay using methylation-specific primers
[29]. All animal experiments were approved by the
Animal Care and Use Committee at the National
Center for Global Health and Medicine (NCGM).

Clinical samples

Fifteen blood samples obtained from anti-retroviral
therapy-naive male patients who presented to the
NCGM hospital between October 1996 and October
2003 were subjected to the PCR-based assay. The patients
were 21-44 years of age with viral loads and CD4 counts
of 50-230,000 copies/mL and 315-795 cells/mL, respect-
ively. Nine healthy volunteers served as controls. To de-
tect L1-RTP-inducing activity, HEK293T cells were first
transfected with pEF06R and selected with 0.5 pg/mL
Puro. Then, 150 uL of each heat-inactivated patient serum
sample was added to 135 mL of culture medium of
HEK293T cells. To show that L1-RTP activity in patients’
blood was attributable to Vpr, 100 pL of serum was
reacted for 60 min with 500 ng of 8D1 or SARS-S mAb at
room temperature in a 300 pL reaction volume. The
experimental protocol was approved by the institutional
review board of NCGM.

L1-RTP activity of the Vpr mutant

The LA mutant, which contains AQQAA at codons
64-68, and wild-type (WT) Vpr were expressed as
FLAG-tagged proteins using the pFLAG-CMV2 expres-
sion vector (Sigma-Aldrich). To obtain comparable levels
of expression of each protein, the molar ratio of 1:4
of plasmid DNA for the wild-type Vpr and the LA
mutant were transfected respectively. On the next day
of transfection, cells were subjected to the PCR-based
assay.

Chromatin recruitment of ORF1 induced by rVpr

We used the pORF1-TAP (tandem affinity purification)
construct [66], which encodes a chimeric protein of
ORF1, protein A and calmodulin-binding protein. On
day 2 after transfection of pORF1-TAP into HuH-7 cells,
5 ng/mL rVpr was added to the culture medium, and
cell extracts were prepared on the following day. The
chromatin-enriched fraction (chromatin fraction) was
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isolated using a Subcellular Protein Fractionation Kit
(Thermo Fisher Scientific) with micrococcal nuclease, as
described previously [29]. Detection of ORF1-TAP was
performed by probing with a horseradish peroxidase-
conjugated human IgG (Jackson ImmunoResearch West
Grove, PA, USA). H2AX was used as an internal control
for the chromatin fraction.

ORF1, AhR, and Vpr complex formation

HuH-7 or HEK293T cells were transfected with the
plasmid constructs pFLAG-Vpr-Wt or pFLAG-Vpr-LA
mutant, pORF1-EGFP and pFLAG-EGFP, which encode
FLAG-tagged Vpr, a chimeric protein of ORF1 and
EGFP, and FLAG-tagged EGFP, respectively. On day 2
after transfection, cells were treated with 10 ng/mL rVpr
for 1 day to evaluate the dependence of the protein-
protein interaction on Vpr. Then, cells were subjected to
IP-WB analysis. To analyze the ORF1-AhR association,
cells were suspended in a buffer containing 50 mM Tris
(pH 7.5), 150 mM NaCl, 1% NP40, 1 mM EDTA and a
protease inhibitor cocktail and subjected to brief
sonication. For analysis of the Vpr-AhR association,
cells were suspended in a buffer containing 25 mM
HEPES (pH 7.5), 200 mM NaCl, 0.1% NP40, 10%
glycerol and a protease inhibitor cocktail, and were
completely lysed by passage through 22 G and 27 G
needles (in that order) ten times. Cell extracts (500 to
2000 pg) were pre-cleared with protein G Sepharose
beads (GE Healthcare), reacted with 4 pg of a-AhR,
a-EGFP, a-FLAG or a-SARS, and then recovered with
protein G beads. As an “input” sample, about 5 or
10% of each extract subjected to immunoprecipitation,
was assessed simultaneously.

Immunohistochemical analysis of EGFP-positive cells

After perfusion fixation, organs were immersed in 0.1 M
phosphate buffer (PB) (pH 7.4) supplemented with 4%
paraformaldehyde at 4°C. On the following day, samples
were serially immersed at 4°C in PB supplemented with
10% saccharose for 1 h, 20% saccharose until immersed
completely, and then 30% saccharose overnight. Next,
samples were embedded in Optimal Cutting Temperature
compound (Sakura Finetek, Torrance, CA, USA) for
cryosectioning. Using a cryostat (Leica Biosystems, Wetzlar,
Germany), three slices (5 um thick) were prepared from
different sections of the fixed kidney: a first slice from the
middle part of the kidney, a second section is from the part
that contained mainly cortex with little amount of medulla,
and the third section that is composed mainly of cortex.
Samples were washed three times with 0.1 M phosphate-
buffered saline (PBS) (10 min per wash), and incu-
bated for 30 min at room temperature in Image-iT
Fx signal enhancer (Invitrogen). After rinsing three
times with 25 mM Tris-HCI (pH 7.5), 150 mM NaCl,
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and 0.05% Tween 20 (TBST) (10 min each), sections were
then reacted with rabbit «-EGFP antibody (1:2000; Medical
& Biological Laboratories) in TBST supplemented with 1%
bovine serum albumin (BSA) at 4°C. On the following
day, specimens were rinsed three times with TBST,
and then incubated with Alexa Fluor 555-conjugated
goat a-rabbit IgG antibody (1:5000; Invitrogen) for 2
h at room temperature. Nuclear DNA was stained
with Hoechst 33258 at a final concentration of 0.36
uM. Fluorolabeled sections were examined under a
fluorescence microscope (Olympus BX51; Olympus,
Tokyo, Japan). Using the cellSens system (Olympus),
total cell numbers in each section were first counted
automatically. Next, numbers of EGFP-positive cells
were counted manually. The frequency of EGFP-positive
cells was calculated using the numbers of total and
EGFP-positive cells. Three independent sections were
prepared from a single specimen and subjected to analysis.
The significance of the frequency of EGFP-positive cells
was then evaluated statistically.

To identify RTECs positive for L1-RTP, immunohisto-
chemistry was performed as described previously [42]
using the following primary antibodies; a-GFP anti-
body (1:200 dilution) (Abcam, UK), a-AQP1 antibody
(1:200 dilution) [43], and Alexa Fluor 546-phalloidin
(1:400 dilution) (Invitrogen) [44].

L1-5'UTR methylation status

We performed sodium bisulfite treatment of genomic
DNA using the EZ DNA Methylation Kit (Zymo Research,
Irvine, CA, USA), according to the manufacturer’s instruc-
tions. One microlitre of the aliquot was used as the
template for combined bisulfite restriction analysis
(COBRA) [45]. Primers used for amplification of the
L1 transgene promoter region were as follows: forward
5'-GTAAGGGGTTAGGGAGTTTTT-3" and reverse
5'-CCTTACAATTTAATCTCAAACTA-3". The PCR
reactions were performed in a volume of 20 pL containing
1 pL of bisulfite-treated genomic DNA, primers (0.3 pM
each), and a 10 pl EpiTect MSP Kit {Qiagen, Hilden,
Germany). The amplification conditions consisted of
40 cycles of 94°C for 15 sec, 50°C for 30 sec and 72°C
for 30 sec. PCR products were digested using the restric-
tion enzyme Tag I (New England Biolabs, Ipswich,
MA, USA), which is specific for the methylated sequence,
after sodium bisulfite treatment. Digested products were
resolved by 3% agarose gel electrophoresis and stained
with ethidium bromide.

Statistical analysis

Statistical significance was evaluated using the Mann-
Whitney U-test. A P value < 0.05 was deemed to indicate
statistical significance.
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Abstract

We conducted a single-center prospective study to evaluate the utility of cytomegalovirus (CMV) antigenemia
assay for the diagnosis of CMV-gastrointestinal disease (GID). The study subjects were HIV-infected patients
with CD4 count <200 uL/cells who had undergone endoscopy. A definite diagnosis of CMV-GID was made by
histological examination of endoscopic biopsied specimen. CMV antigenemia assay (C10/C11 monoclonal an-
tibodies), CD4 count, HIV viral load, history of HAART, and gastrointestinal symptoms as measured by 7-point
Likert scale, were assessed on the same day of endoscopy. One hundred cases were selected for analysis, which
were derived from 110 cases assessed as at high-risk for CMV-GID after endoscopy screening of 423 patients.
Twelve patients were diagnosed with CMV-GID. Among the gastrointestinal symptoms, mean bloody stool
score was significantly higher in patients with CMV-GID than in those without (2.5 vs. 1.7, p=0.02). The area
under the receiver-operating characteristic curve of antigenemia was 0.80 (95%CI 0.64-0.96). The sensitivity,
specificity, positive likelihood ratio (LR), and negative LR of antigenemia were 75.0%, 79.5%, 3.7, and 0.31,
respectively, when the cutoff value for antigenemia was 21 positive cell per 300,000 granulocytes, and 50%,
92.0%, 5.5, and 0.55, respectively, for =5 positive cells per 300,000 granulocytes. In conclusion, CMV anti-
genemia seems a useful diagnostic test for CMV-GID in patients with HIV infection. The use of 25 positive cells
per 300,000 granulocytes as a cutoff value was associated with high specificity and high positive LR. Thus, a
positive antigenemia assay with positive endoscopic findings should allow the diagnosis of CMV-GID without
biopsy.

Introduction fore, diagnosis at an early stage is essential.® Tissue biopsy is

invasive and carries the risk of hemorrhage or perforation. In-

CYTOMECALOVIRUS (CMV) 15 A MAJOR opportunistic
pathogen of gastrointestinal diseases in patients with
HIV infection. The incidence of CMV end-organ diseases, in-
cluding CMV gastrointestinal disease (CMV-GID), has declined
significantly following the introduction of highly active anti-
retroviral therapy (HAART). However, CMV-GID remains an
important cause of morbidity and mortality because it can result
in massive bleeding and gastrointestinal perforation.'™ There-

stead, endoscopy with biopsy provides definitive diagnosis.
The CMV blood antigenemia assay is a noninvasive
method to detect CMV viremia and its utility has been eval-
uated previously for the diagnosis of CMV end-organ dis-
eases in patients with HIV infection.”"® However, many of
those studies included various types of CMV end-organ dis-
eases such as CMV retinitis and pneumonia. To our knowl-
edge, there are no studies that have investigated the value of
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CMYV antigenemia assay in the diagnosis of CMV-GID, es-
pecially in HIV-infected patients.

We conducted a prospective study to assess the utility of
the CMV antigenemia assay for the diagnosis of CMV-GID in
patients with HIV infection.

Methods
Subjects

We prospectively recruited 423 HIV-infected patients who
had undergone endoscopy between 2009 and 2012 at the
National Center for Global Health and Medicine (NCGM), a
900-bed hospital located in the Tokyo metropolitan area and
the largest referral center for HIV/AIDS in Japan. These pa-
tients were generally referred for endoscopy by the attending
physician, based on the presence of gastrointestinal symp-
toms or for asymptomatic screening. Patients with CD4 count
<200 were included in the analysis. We excluded patients
who had received endoscopy for follow-up evaluation less
than 3 months after treatment of gastrointestinal disease, who
were under treatment for other CMV end-organ diseases, and
those who were free of antigenemia.

The institutional review board of our hospital approved
this study (approval No. 715).

Clinical factors

Gastrointestinal (GI) symptoms, CD4 count, HIV-RNA,
history of HAART, and sexual behavior were collected before
endoscopy. To evaluate GI symptoms, the modified gastro-
intestinal symptom rating scale (GSRS) rating on a 7-graded
Likert scale was used.""" The modified GSRS consists of
the original GSRS (abdominal pain, heart burn, acid regurgi-
tation, sucking sensation in the epigastrium, nausea and
vomiting, borborygmi, abdominal distention, eructation, in-
creased flatus, decreased passage of stools, loose stools, hard
stools, urgent need for defecation, feeling of incomplete
evacuation), plus odynophagia, chronic diarrhea, and bloody
stool. Chronic diarrhea was defined as an episode lasting
longer than 4 weeks.

Antigenemia assay

Antigenemia assay using C10/C11 monoclonal antibodies
(Mitsubishi Chemical Medience, Tokyo, Japan) was per-
formed as described previously.”™® A positive result of the
CMYV antigenemia assay was defined as =1 CMV-positive cell
per 300,000 granulocytes applied. The assay was performed
on the same day of endoscopy. For patients who were em-
pirically prescribed anti-CMV therapy before endoscopy,
CMYV antigenemia obtained before initiating the therapy was
used for analysis.

Diagnosis of CMV-GID

CMV-GID was suspected based on endoscopic findings,
such as patchy erythema, edematous mucosa, multiple ero-
sions, and ulcers.'*"” Biopsy was performed when such en-
doscopic findings were encountered. CMV-GID was defined
as the detection of large cells with intranuclear inclusions,
alone, or in association with granular cytoplasmic inclusions
on histological examination of biopsy specimens.! Biopsy
sections were stained with hematoxylin and eosin, and also
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immunohistochemically stained with anti-CMV. The re-
sults were considered positive when the above-mentioned
cells showed marked brown coloration in both nuclei and
cytoplasm.

Statistical analysis

We divided patients into two groups based on the presence
or absence of CMV-GID. Patient characteristics and clinical
findings were then compared in the two groups using the
Mann-Whitney U test, 7Ptest, and Fisher's exact test for
quantitative and qualitative variables, respectively. Area un-
der the receiver-operating characteristic curve (ROC-AUC)
analysis was used to quantify the accuracy of CMV anti-
genemia assay. The sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV), positive
likelihood ratio (LR), negative LR, and diagnostic odds ratio
for the diagnosis of CMV-GID were also calculated for dif-
ferent cutoff values (21 positive cells per 300,000 granulo-
cytes and 25 positive cells per 300,000 granulocytes). In a
subgroup analysis stratified by patients with and without
history of HAART, the sensitivity, specificity, PPV, and NPV
were calculated using the cutoff value of CMV-positive cells
of 21 per 300,000 granulocytes. All statistical analyses were
performed using Stata software (version 10, Stata Co., USA).

Results

A total of 100 patients were selected for analysis after the
application of the aforementioned exclusion criteria (Fig. 1).
The majority of patients were males, and the median age was
40. The median CD4 count was 84 [interquartile range (IQR)
33.3-148.8] and 58.0% of the patients had history of HAART.
Twelve patients were diagnosed with CMV-GID based on the
abovementioned criteria (Fig. 2). In these patients, the median
CMV antigenemia value was 4 positive cells per 300,000
granulocytes (range, 0-786). CMV-GID was localized to the
upper Gl tract in one patient, in the lower Gl tractin 11, and in
both parts in two.

Table 1 shows the baseline and demographic characteristics
of the participating patients. Univariate analysis showed that
significantly fewer patients with CMV-GID had history of
HAART than those without CMV-GID (p =0.016) and median
CD4 count was not significantly different between the two
groups (p=0.356). The number of patients with positive CMV
antigenemia was significantly higher in those with CMV-GID
than those without (p<0.01). The mean bloody stool scores
was significantly higher in patients with CMV-GID than in
those without CMV-GID (p=0.021). In addition, there was a
trend toward higher scores for heartburn (p=0.064) and
chronic diarrhea (p=0.078) in patients with CMV-GID. The
proportions of patients with the other symptoms were not
different between the two groups.

ROC-AUC of the CMV antigenemia assay was 0.80 (95%CI
0.64-0.96). Table 2 lists the data that describe the diagnostic
accuracy of CMV antigenemia assay. Using a cutoff value of
21 positive cell per 300,000 granulocytes for positive CMV
antigenemia assay, the sensitivity, specificity, positive LR,
and negative LR of antigenemia for CMV-GID were 75.0%,
79.5%, 3.7, and 0.31, respectively. The use of a cutoff value of
25 positive cells per 300,000 granulocytes yielded 50.0%
sensitivity, 90.9% specificity, a positive LR of 5.5, and negative
LR of 0.55 for the diagnosis of CMV-GID. Subgroup analysis
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FIG. 1. Flow diagram of patient selec-
tion. CMV, cytomegalovirus; EOD, end-
organ disease; GID, gastrointestinal dis-

ease.

389
Hiv-infected patients who underwent upper
andfor lowsr endoscopy {n=423)
Excluded patients with CD4 count
> 20074l (n=313}
Patients at high risk for CMV infection
CD4 count < 200 (n=110)
Excluded n=10

Anti ia data not available (n=1)
Under treatment for CMVAEOD (n=3)
Follow-up endoscopy for GID (n=6)

included in the analysis (n=100}

showed a sensitivity of 66.7% and specificity of 83.6% for the
assay for patients with history of HAART, while higher sen-
sitivity (77.8%) and lower specificity (72.7%) were noted for
those without ART.

Discussion

The present study provides the first prospective analysis of
the CMV antigenemia assay in the diagnosis of CMV-GID in
HIV-infected patients with 75.0% sensitivity and 79.5%
specificity. The antigenemia assay is one of the most widely
used methods for detecting reactivation of CMV infection, but
only a few studies have examined its diagnostic value for
CMV-GID,‘S“21 and all were retrospective in design. Jang
et al.? recently reported that the sensitivity and specificity of

FIG. 2. Endoscopic and pathological features in
representative cases. (A) Large distinct ulcer in the
sigmoid colon; (B) Ulcer was more clearly observed
with indigo carmine; (C) Large cells with intra-
nuclear inclusions or associated with granular cy-
toplasmic inclusions (hematoxylin and eosin
staining); (D) Cytomegalovirus (CMV)-infected
cells (arrows) show brown coloration in both nuclei
and cytoplasm (immunohistochemical staining
with anti-CMV). (Color image can be found at
www.liebertonline.com/apc.)

the CMV antigenemia assay for the diagnosis of CMV-GID
were 54% and 88%, respectively, in patients with second-
ary immunodeficiency disease. Nagata et al.”! also reported
65.4% sensitivity and 93.6% specificity of the CMV anti-
genemia assay for CMV-GID in patients with positive endo-
scopic findings. The present study demonstrated higher
sensitivity (75.0%) and lower specificity (79.5%) than those
studies. This difference in accuracy could be explained by the
difference in the study population since only HIV-infected
patients were included in our study, whereas previous studies
included a substantial number of patients with immune de-
ficiency due to etiologies other than HIV infection.

The sensitivity of antigenemia assay for the diagnosis of
CMYV end-organ disease in HIV-infected patients reported in
previous studies was generally higher than that in the present

390 HAMADA ET AL.
TasLe 1. CrinicaL CHARACTERISTICS OF PATIENTS WiTH AND WiTHOUT CMV-GID

CMV-GID (n=12) Non CMV-GID (n=388) p Value
Age (IQR) 39 (36-46) 40 (37-51) 0.451
Male gender (%) 11 (91.7) 87 (98.9) 0.227
CD4 count (/uL) (IQR) 68.5 (28.8-123.3) 84 (38.3-151.0) 0.356
HIV viral load (logl10/mL) (IQR) 4.58 (3.27-5.24) 2.84 (1.60-5.08) 0.084
History of HARRT (%) 3(5.2) 55 (62.5) 0.016
MSM (%) 9 (75.0) 69 (78.4) 0.723
Positive CMV antigenemia (%) 9 (75.0) 18 (20.5) <0.001
Epigastric pain (SD) 2.5(2.1) 1.8 (1.3) 0.373
Heartburn (SD) 2.5 (1.5) 1.8 (1.3) 0.064
Nausea and vomiting (SD) 24 (1.7) 2.0 (1.5) 0.384
Odynophagia (SD) 21 (1.7) 1.7 (1.5) 0.481
Chronic diarrhea (SD) 2.3 (1.3) 1.8 (1.4) 0.078
Bloody stool (SD) 2.5 (2.0) 1.7 (1.5) 0.021

CD#4 cell counts within 1 week and HIV-RNA viral load within 1 month were checked at the day of endoscopy. A positive result for real-
time HIV RNA was defined as 240 copies/mL. History of HAART was collected from the medical records prior to endoscopy. Sexual
behavior was defined as men who have sex with men (MSM) or heterosexual.

CMV, cytomegalovirus; GID, gastrointestinal disease; HAART, highly active antiretroviral therapy; IQR, interquartile range; MSM, men

who have sex with men; SD, standard deviation.

study.®1%?22¢ This difference could be explained by the fact
that the current study focused on gastrointestinal disease,
while previous studies included various CMV diseases such
as retinitis, cholangitis, pneumonia, and encephalitis.®%%*2¢
The diagnostic accuracy of CMV antigenemia may vary de-
pending on the site and extent of organ/tissue involvement.

Identification of CMV cells in tissue samples obtained by
endoscopic biopsy is considered the gold standard for the di-
agnosis of CMV-GID."*® The endoscopic findings in CMV-
GID include ulcer and mucosal inflammation;'®” however,
physicians may not consider it necessary to take a biopsy in
patients with only mucosal inflammation without ulceration.
Even in cases of severe deep or bleeding ulcers, some physi-
cians may hesitate to perform a biopsy. In such cases, no def-
inite diagnosis of CMV-GID can be made. Our results suggest
that the CMV antigenemia assay is to some extent useful for the
diagnosis of CMV-GID in patients with endoscopic findings,
especially when CMV positive cell counts are high. Consider-
ing the high specificity and high positive LR (5.5) of the positive
CMV cell count 25, the use of this method before endoscopy
could potentially avoid complications due to biopsy.

One limitation of this study was the single-center nature of
the investigation. Significant differences in independent fac-
tors were not detected in the present study probably due to
the small number of patients with CMV-GID. For example,
we used gastrointestinal symptoms with score of 7 points on
the Likert scale, but the differences in most symptoms be-
tween patients with or without CMV-GID did not reach sta-
tistical significance due to the small number of cases. Further
studies based on larger population are needed. Another lim-
itation is a selection bias related to the selection criteria ap-
plied in the present study: only patients who underwent
endoscopy for such reasons as symptoms and screening were
included in the study.

In conclusion, the CMV antigenemia assay showed rela-
tively good sensitivity and specificity for the diagnosis of
CMV-GID in patients with HIV infection. Furthermore,
specificity and positive LR improved when the cutoff value of
CMYV cell count was increased from 1 to 25 positive cells per
300,000 granulocytes. Considering the high specificity of the
test, the use of this method before endoscopy could poten-
tially avoid complications due to biopsy.

TaBLE 2. D1aGNOSTIC ACCURACY OF CMV ANTIGENEMIA AssAY FOR CMV-GID
UsinG DirrereNT CUTOFF VALUES AND History oF HAART

Sensitivity Specificity PPV NPV LR+ LR~ OR
(95%CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CD
CMV antigenemia 75.0% 79.5% 33.3% 95.9% 3.7 0.31 11.7
21 positive cell (42.8-94.5) (69.6-87.4) (16.5-54.0) (8.5-99.1) (2.2-6.2) (0.11-0.84) (3.1-44)
CMV antigenemia 50.0% 90.9% 42.9% 93% 5.5 0.55 10.0
25 positive cells (21.1-78.9) (82.9-96.0) (17.7-71.1) (85.4-97.4) (2.3-13.1) (0.31-0.97) (2.7-37.1)
History of HAART
Yes® 66.7% 83.6% 18.2% 97.9% 3.7 0.31 10.2
(9.4-99.2) (71.2-92.2) (2.3-51.8) (88.7-99.9) (2.2-6.2) (0.11-0.84) (1.2-NA)
No* 77.8% 72.7% 43.8% 92.3% 2.9 031 9.33
(40.0-97.2) (54.5-86.7) (19.8-70.1) (74.9-99.1) (1.5-5.5) (0.88-1.1) (1.79-NA)

“Cutoff value of 21 positive cell per 300,000 granulocytes was used in the analysis.
CMV, cytomegalovirus; HAART, highly active antiretroviral therapy; LR+, positive likelihood ratio; LR —, negative likelihood ratio; NPV,
negative predictive value; OR, odds ratio; PPV, positive predictive value.
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Antigen cross-reactivity is an inbuilt feature of the T cell compartment. However, little is known about the flexibility of T cell
recognition in the context of genetically variable pathogens such as HIV-1. In this study, we used a combinatorial library
containing 24 billion octamer peptides to characterize the cross-reactivity profiles of CD8" T cells specific for the
immunodominant HIV-1 subtype B Nef epitope VY8 (VPLRPMTY) presented by HLA-B"35:01. In conjunction, we examined
naturally occurring antigenic variations within the VY8 epitope. Sequence analysis of plasma viral RNA isolated from 336 HiV-1-
infected individuals revealed variability at position (P) 3 and P8 of VY8; Phe at P8, but not Val at P3, was identified as an HLA-
B'35:01-associated polymorphism. VY8-specific T cells generated from several different HIV-1-infected patients showed unique
and clonotype-dependent cross-reactivity footprints. Nonetheless, all T cells recognized both the index Leu and mutant Val at P3
equally well. In contrast, competitive titration assays revealed that the Tyr to Phe substitution at P8 reduced T cell recognition by
50-130 fold despite intact peptide binding to HLA-B'35:01. These findings explain the preferential selection of Phe at the C-
terminus of VY8 in HLA-B"35:07" individuals and demonstrate that HIV-1 can exploit the limitations of T cell recognition in vivo.
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Introduction

Hypervariable viruses such as HIV-1 can escape from human
leukocyte antigen class L{HLA-I)-restricted GD8™ T cell responses by
acquiring viral genomic mutations within or near immunogenic
cpitopes. Such immune escape pathways can be extremely repro-
ducible and broadly predictable based on host HLA-I alleles at a
population level [1,2]. Somewhat paradoxically, however, antigen
cross-reactivity is an inbuilt featurc of the T cell compartment [3,4].
Indeed, asingle autoimmune T cell receptor (TCR) has recently been
shown to recognize more than a million different peptides within a
broad cross-reactivity profile encompassing unrelated amino acid
substitutions [3]. Furthermore, several lines of evidence suggest that
certain CD8* T cell subsets with the capacity to cross-recognize
naturally occurring viral variants are advantageous for viral control
in vivo [6-11]. However, the true extentof HIV-I-specific T cell cross-
reactivity remains elusive. In the present study, we characterized the
cross-reactivity footprints of HIV-1-specific CD8" T cells using
combinatorial peptide library (CPL) scanning to cover all possible
amino acid variations at cach position of an octamer epitope.
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Additionally, we analyzed antigenic variation within the targeted
epitope region of HIV-1 subtype B. Our investigations focused on
CD8* T cell responses specific for the immunodominant HIV-1 Nef
cpitope VY8 (VPLRPMTY) presented by HLA-B"35:01 [12,13).

Materials and Methods

Ethics Statement

All study participants provided informed, written consent at the
AIDS Clinical Center, National Center for Global Health and
Medicine, Japan. The study was approved by the Institutional
Review Board of Kumamoto University and National Center for
Global Health and Medicine.

Sequence Analysis of Autologous HIV-1

Treatment-naive individuals (n=336) with chronic HIV-1
infection (>90% subtype B) attending the AIDS Clinical Center
(International Medical Center of Japan) were enrolled for
autologous HIV-1 sequence analysis. The median [IQR] plasma
viral load was 95,000 [31,000-350,000] copies/ml; the median
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Table 1. TCR B composition of CD8" T cell lines.

Cross-Reactivity Footprint of HIV-Specific T Cells

Table 2. TCR B composition of CD8" T cell clones.

Patient B chain

Patient Clone B chain

[IQR] CD4* T cell count was 242 [64.5-367.5] cells/mm®. We
determined autologous n¢f sequences from plasma viral RNA

doi:10.1371/journal pone.0066152.t001

using a previously reported direct sequencing method [13].

PLOS ONE | www plosone.org

Vgene  J}gene CDR3 sequence Frequency V gene J gene CDR3 sequence
Pt-100 BV2*01 BJ2-7%01 CASSGEGNYEQYF Ve Pt-19 19-136  BV7-2*03 BJ2-1*01 CASSPTPQGDYEQFF
CASTTDRVYEQYF /31
B8V3-1%01  BJ2-5*01 CASSfSSVTETQYF 2731 19-139  BV11-2*01  BJ1-1"01 CASSLDLVSTEAFF
BJ2-7°01 CASSQDIAGVHEQYF St : )
BV4-1%01  BJ2-1*01 CASSQTSGSYNEQFF /31 Pt-33 33-51 BV4-2*01 BJ2-3*01 CASSQAADAAITDADTQYF
8V6-1701 BJ"]‘-'S‘OT CASSEASGIYEQYF 1/31 '
) BJ2-7%01  CASSEASGIYEQYF /31 Pt-100 '100-K51 BV27*01 BJ2-5%01 CASSFDTNQETQYF
BVIO-P01 BJ21%01 CASSAAGVEYNEQFF 131 :
BV11-2*01 BJ1-1*01 CASSFDIVNTEAFF 3 100-K105BV11-2*01 BJ1A:\ *01 CASSFDIVNTEAFF
: BJ2-1%01 CASSPDLYDNEQFF 431 k :
BJ2-5*01 CASSGAWTGGGETQYF 2/31 100-K810BV27*01 ' BJ2-7*01 CASSFQLAGVHGQYF
gzl CASSLDLVSYEQYF w3 doi:10.137 1/journal.pone.0066152.t002
CASSLGIGRAYEQYF 13
BNI2E0T BILA0T, CASSLAFATNELFF v Generation and Maintenance of CD8" T cell Lines and
BV27*01 BJ2-5*01 CASSFDTNQETQYF /31 Clones
Bl 70| CASSLDTHGYEQYF Bt The CD8* T cell clones (19-136, 19139 and 33-S1) were
CASSFQLAGVHGQYF 131 established previously [13]. Additional CD8* T cell lines and
CASSPRLDDEQYF 2/31 clones were generated by VY8 peptide stimulation of peripheral
CASSLDTSGYEQYF 2/31 blood mononuclear cells (PBMCs) isolated from HLA-B*35:01*
CASSSDREDSHEQYF 2131 individuals with chronic HIV-1 infection (Pt-100 and Pt-168) with
V2501 BIa2%01  CASSSTORAIPNTGELEF by 10 nM of VY8 (VPLRPMTY) peptide. The Institutional Review
T R e b . Board of the Natiopal Center for Global Hc_allh and .Mcdic'me
. . approved both taking samples and generating cell lines, and
BJ2-7*01 CASSEGQGRYEQYF 3 patients provided the written informed consent. All CD8* T cell
PL168 - BV2'0T .- BIZ7*01 CASSESLAGGPYEQYF 7/31 lines and clones were maintained in RPMI 1640 supplemented
BV3-1%01  BJ2-3*01 CASSQEGADTQYF 2/31 with 10% fetal calf serum, 10 IU recombinant human interleukin
BV3-1%02  BI2-3%01 CASSQEGAGTQYF 31 (IL)-2, antibiotics and L-glutaminc.
BV6-2%01  BJ1-1*01 CASSGGRTDENTEAFF /31
© U BIZ1U01 CASSYEREDSGNEQFF 131 AnTag}iis of I,CR'enCOdi?%nge; . Gl
-encoding genes o cell lines and clones were
BVIT-2701 BI2701 CASSLDVAGSYEQYF s obtained by usini f SMART PCR ¢DNA synthesis kit (Clontech)
. 7 CASSLOIVSYEQE 3 and analyzed with reference to the ImMunoGeneTics database
BV11-3%03 BJ2-3"01 CASSLVLGTGTDTQYF 73 (http://imgt.cines.fr) as described previously [14].
BV12-3*01  BJ2-3*01 CASSWOSISTDTQYF 73
BJ2-7°01 CASSSDGYEQYF 3/31 T cell Sensitivity Assay
BY12-5%01 " BJ2-2%01  CASGLAMWVSGELFE /31 Secretion of cytokines and chemokines by virus-specific CD&* T
BV15"02  BJ2-1%01 CATSRDLVEDEQFF 2731 cells in response to specific antigen provides a useful tool for
BY20-1705 " BI2-2%0T CSARDPRTDRGNTGELFF 131 quantitative assessment of antigen recoguition [15,16]. MIP-1B
" Bvaa1i01 823701 CATSYRDDLTGNGPDTQYF  2/31 was used asa functional readout in. this stuF]y since it is one of the
s most sensitive means to assess functional avidity of human CD8" T
BV7'01 BI231. CASSLOLAPDTQNF 3 cells as previously described [15-17]. Briefly, $x10" T cells were
BV2801  BJ2-5¥01 CASSLLGEETRETQYF 431 mixed with 6x10" HLA-B"35:01-expressing CIR cells (C1R-
8v30%01 812501  CAWHTVRVQETQYF 1/31 B3501), cither unpulsed or pulsed with cognate peptide across a

range of concentrations. After overnight incubation at 37°C, the
supernatant was harvested and assayed for MIP-1B content by
ELISA as described previously [5,17]. The amount of MIP-18
released in the absence of the peptide was subtracted as
background. It should be noted that the VY8 peptide titration
experiments of T cell clones 136 and 139 exhibited comparable
results when IFN-y [13] and MIP-1pB were used as readouts {data
not shown).
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Figure 1. Amino acid r

y rec ized by VY8-specific CD8" T cells. Graphical representation showing relative

pr
preference for amino acid residues recognized by VY8-specific T cell lines and clones based on the CPL scan data shown in Figure S1. Responses
>20% were included. A web-based application, WebLogo 3 (http://weblogo.threeplusone.com/), was used to generate the graphic. Colours
represent physicochemical properties: polar (G, S, T, Y and C), green; neutral (Q and N), purple; basic (K, R and H), blue; acidic (D and E), red;
hydrophobic (A, V, L, I, P, W, F and M), black. The index residues at each position are outlined in yellow. Residue size is proportional to T cell

recognition preference.
doi:10.1371/journal.pone.0066152.g001

Octamer Combinatorial Peptide Library (CPL) Scan

The octamer CPL contained a total of 2.4x10' different
peptides (PepScan) divided into 160 sub-mixtures in positional
scanning format as described previously [4,18]. Target CI1R-
B3501 cells (6x10" cells/well) were pre-incubated in the absence
or presence of CPL sub-mixtures (100 pg/ml). Effector T cells (3 x
10" cells/well) were then added and incubated overnight at 37°C.
Supernatant was collected and analyzed for MIP-1P content by
ELISA as described previously [5,17]. Background-subtracted
results were expressed as % response, normalized with respect to
the VY8 index residue. A response >20% was considered positive.

Results and Discussion

Clonotypic Characterization of VY8-specific T cells
CD8* T cell lines were established from two HLA-B'35:01*
individuals with chronic HIV-1 infection (Pt-100 and Pt-168).
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Analysis of TCR B usage by these T cell lines revealed multiple
clonotypes, with 23 and 17 distinct TCR B sequences for Pt-100
and Pt-168, respectively (Table 1). This observation is consistent
with previous studies showing the oligoclonal nature of immuno-
dominant HIV-1-specific CD8™ T cell populations [19,20]. The
CD8™ T cell clones K51, K105 and K810 were generated from
patient Pt-100 by limiting dilution of VY8-specific T cell lines.
Monoclonality was confirmed by TCR B analysis and all three
sequences were encompassed within the TCR repertoire of the
parental T cell lines (Table 2). Additional CD8* T cell clones (136,
139, and S1) previously established from two separate HILA-
B"$5:01* HIV-1-infected individuals [12,13] showed distinct TCR
B chain usage (Table 2) and were also used for cross-reactivity
studies.
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