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cleus-to-cytoplasm transport of HIV-1 mRNA, and HIV-1 particle
assembly, since HIV-1 does not encode own RNA helicase [15,17].
Indeed, DDX1 and DDX3 have been implicated in post-transcrip-
tional regulation of HIV-1 [18-22]. Both DDX1 and DDX3 interact
with HIV-1 Rev and enhance the Rev-dependent HIV-1 nuclear ex-
port [18-22]. In addition to DDX1 and DDX3, we have demon-
strated that DDX5, DDX17, DDX21, and DDX56, interacted with
Rev and stimulated the Rev function (Figs. 1 and 2). Quite recently,
Naji et al. employed the proteomics and statistical analysis to iden-
tify candidate host cell factors that interact with Rev/RRE [25]. In
addition to above DDX RNA helicases, they also identified
DHX36, DDX24, DHX9, and DDX47 as the Rev-binding DEAD/H-
box proteins [25]. Their interactome analysis of HIV-1 Rev supports
and compensates our and their primary findings each other, since
they did not demonstrate the direct evidence of these DDX RNA
helicases modulate on the Rev function as well as their subcellular
localization.

Lorgeoux et al. proposed that DDX1 and DDX3 act sequentially
in the Rev-dependent RNA export [17]. DDX1 first binds to Rev and
promotes Rev oligomerization on the RRE RNA. Then, the oligomer-
ized Rev recruits the CRM1/DDX3 complex that subsequently ex-
ports the RRE-containing HIV-1 RNA into the cytoplasm.
Accordingly, we have found that combination of DDX1 and DDX3
cooperated to synergistically enhance the Rev-dependent nuclear
export function (Fig. 4). We have demonstrated an interaction of
DDX3 with DDX5 (Fig. 3), indicating the cross-talk among distinct
DDX RNA helicases. In this context, other combinations of distinct
DDX RNA helicases, such as DDX3 and DDX5 or DDX1 and DDX21,
synergistically cooperated to stimulate the HIV-1 Rev function
(Fig. 4). In addition to DDX, RHA also plays a role in Rev/RRE-
dependent post-transcriptional regulation of HIV-1 [26]. RHA
binds weakly to HIV-1 RRE independently of Rev. Thus, various
RNA helicases seemed to be involved in the post-transcriptional
regulation of HIV-1, however, it remains to be clarified when and
where these distinct RNA helicases sequentially or hierarchically
orchestrate the Rev-dependent RNA export.

Although we failed to observe the prominent effect of DDX6 on
the HIV-1 Rev function (Fig. 1), DDX6 was reported to affect the
viral genome packaging of foamy virus, a spumaretrovirus [27].
Relocation of DDX6 from P-bodies and stress granules to virus
assembly sites at the perinuclear region was seen in foamy virus
infected cells. However, DDX6 did not interact with Gag proteins
and was not incorporated into the virion. In contrast, Reed et al. re-
cently reported that DDX6 and Ago2 bind to HIV-1 Gag and DDX6
facilitates Gag assembly independent of HIV-1 RNA packaging [28].
Notably, DDX6 and Ago2, that are major components of P-body and
act as microRNA effectors, suppress the HIV-1 replication [29,30].

Finally, Van't Wout et al. and Krishnan and Zeichner reported
that the expression of several DDX RNA helicases, including
DDX10, DDX18, DDX21, DDX23, DDX39, and DDX52 is modulated
during HIV-1 infection [31-33]. Intriguingly, several DDX RNA
helicases were upregulated during HIV-1 infection from latency
toreactivation [33], however, the biological significance of these
phenomenon was not understood. Altogether, several distinct
DDX DEAD-box RNA helicases could cross-talk and contribute to
the HIV-1 life cycle at multiple stages.
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Host RNA helicase has been involved in human immunodeficiency virus type 1 (HIV-1) replication, since
HIV-1 does not encode an RNA helicase. Indeed, DDX1 and DDX3 DEAD-box RNA helicases are known to
be required for efficient HIV-1 Rev-dependent RNA export. However, it remains unclear whether DDX
RNA helicases modulate the HIV-1 Tat function. In this study, we demonstrate, for the first time, that

Keywords: DDX3 is required for the HIV-1 Tat function. Notably, DDX3 colocalized and interacted with HIV-1 Tat
HIV-1 in cytoplasmic foci. Indeed, DDX3 localized in the cytoplasmic foci P-bodies or stress granules under
Eagm stress condition after the treatment with arsenite. Importantly, only DDX3 enhanced the Tat function,
Stress granule while various distinct DEAD-box RNA helicases including DDX1, DDX3, DDX5, DDX17, DDX21, and
P-body DDX56, stimulated the HIV-1 Rev-dependent RNA export function, indicating a specific role of DDX3 in

Tat function. Indeed, the ATPase-dependent RNA helicase activity of DDX3 seemed to be required for
the Tat function as well as the colocalization with Tat. Furthermore, the combination of DDX3 with other
distinct DDX RNA helicases cooperated to stimulate the Rev but not Tat function. Thus, DDX3 seems to
interact with the HIV-1 Tat and facilitate the Tat function.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction DDX1 and DDX3 have been implicated in the replication of HIV-1
replication [13-15]. Both DDX1 and DDX3 interact with HIV-1
Rev and enhance Rev-dependent HIV-1 nuclear export {13-15].

In addition, we recently demonstrated that several DDX, including

The gene expression of human immunodeficiency virus type 1
(HIV-1) is regulated transcriptionally by Tat through its binding

to a nascent viral trans-activation responsive (TAR) RNA [1.2],
and post-transcriptionally by Rev through its association with
Rev-responsive element (RRE) RNA in the env gene |[3-5]. Tat binds
to TAR RNA and recruits transcription factors, such as p300/CREB-
binding protein (CBP), p300/CBP-associated factor (PCAF), chroma-
tin remodeling factors Brahma (BRM), Brahma-related gene 1
(BRG1), integrase interactor 1 (INI1), and positive transcription
elongation factor (P-TEFb), a complex of cyclin T1 and cyclin-
dependent kinase 9 (CDK9), to stimulate both transcription initia-
tion from the HIV-1 long terminal repeat (LTR) and transcription
elongation {1,2,6,7]. CDK9 hyperphosphorylates the C-terminal do-
main (CTD) of RNA polymerase II and activates transcription
elongation.

DEAD-box RNA helicases are involved in various RNA metabolic
processes, including transcription, translation, RNA splicing, RNA
transport, and RNA degradation in the ATPase-dependent manner
{8-10]. Host RNA helicases may be involved in HIV-1 replication
[11,12], since HIV-1 does not encode an RNA helicase. In fact,

* Corresponding author. Address: Center for AIDS Research, Kumamoto Univer-
sity, 2-2-1 Honjo, Chuo-ku, Kumamoto 860-0811, Japan. Fax: +81 96 373 6834.
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DDX1, DDX3, DDX5, DDX17, DDX21, and DDX56 interact with
HIV-1 Rev and enhance the Rev-dependent nuclear export [16].
However, the role of these DDX DEAD-box RNA helicases in HIV-
1 Tat function is still unknown. To address this issue, we first
examined the interaction of these DDX RNA helicases with HIV-1
Tat and the potential role of DDX in the Tat function.

2. Material and methods
2.1. Cell culture

293FT cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS).

2.2. Plasmids

We used pcDNA3-HA, pcDNA3-FLAG, pHLV-1-LTR-Luc [17],
pHA-DDX3 [13,18,19], pcRev, pDM628 {14,15,20], pcDNA3-
Tat101-FLAG  [21], pcDNA3-HA-DDX1, pcDNA3-HA-DDX5,
pcDNA3-HA-DDX17, pcDNA3-HA-DDX21, and pcDNA3-HA-
DDX56 [16].
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Fig. 1. Requirement of DDX3 for HIV-1 Tat function. (A) Inhibition of DDX3
expression by shRNA-producing lentiviral vector. The results of Western blot
analysis of cellular lysates with anti-DDX3 or anti-B-actin antibody in the cells
expressing shRNA targeted to DDX3 (DDX3i) as well as in the cells transduced with
a control lentiviral vector (shCon) are shown. (B) HIV-1 Tat-mediated transcription
in the DDX3 knockdown cells. Cells (2 x 10 cells) were cotransfected with pHIV-1-
LTR-Luc [7,17,20] (100 ng) and/or pcDNA3-Tat101-FLAG {21} (100 ng). 24 h after
transfection, luciferase activity in the cellular lysates was measured. Results are
from three independent experiments.

Con

2.3. Lentiviral vector production

pLV-DDX3i and the vesicular stomatitis virus (VSV)-G-pseudo-
typed HIV-1-based vector system has been described previously
{18,22,23]. The lentiviral vector particles were produced by tran-
sient transfection of the second-generation packaging construct
pCMV-AR8.91 [22,23] and the VSV-G-envelope-expressing plas-
mid pMDG2 as well as pRDI292 into 293FT cells with FuGENE 6
(Promega, Madison, WI, USA).

2.4. Luciferase assay

Plasmids were transfected into 293FT cells (2 x 10* cells) using
the FuGENE 6 transfection reagent. Luciferase assays were
performed 24 h after transfection using luciferase assay reagent
according to the manufacturer’s instructions (Promega). All trans-
fections utilized equal total amounts of plasmid DNA quantities
owing to the addition of empty vector into the transfection mix-
ture. Results were obtained through three independent transfec-
tions. A lumat LB9507 luminometer (Berthold, Bad Wildbad,
Germany) was used to detect the luciferase activity.

2.5. Western blot analysis

Cells were lysed in buffer containing 50 mM Tris-HCl (pH 8.0),
150 mM NaCl, 4 mM EDTA, 1% Nonidet P (NP)-40, 0.1% sodium
dodecyl sulfate (SDS), 1 mM dithiothreitol (DTT) and 1 mM phenyl-
methylsulfony! fluoride (PMSF). Supernatants from these lysates
were subjected to SDS-polyacrylamide gel electrophoresis, fol-
lowed by immunoblot analysis using anti-HA (HA-7; Sigma, Saint
Louis, MI, USA), anti-DDX3 (54257 [NT] and 5428 [IN]; Anaspec,
San Jose, CA, USA), anti-DDX5 (A300-523A; Bethy! Laboratories,
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Fig. 2. DDX3 interacts with HIV-1 Tat in cytoplasmic foci. (A) The ATPase-
dependent RNA helicase activity of DDX3 is required for the Tat function. 293FT
cells (2 x 10* cells) were cotransfected with pHIV-1-LTR-Luc (100 ng), pHA-DDX3
WT (wild-type) or pHA-DDX3 Mut (ATPase-defective mutant) {13}, and/or pcDNA3-
Tat101-FLAG (100 ng). 24 h after transfection, luciferase activity in the cellular
lysates was measured. (B) DDX3 colocalizes with Tat. 293FT cells cotransfected with
pHA-DDX3 WT or pHA-DDX3 Mut (200 ng) and pcDNA3-Tat101-FLAG (200 ng)
were examined by confocal laser scanning microscopy. Cells were stained with
anti-DDX3 (LS-C64576) and Cy3-conjugated anti-mouse IgG antibody followed by
staining with FITC-conjugated anti-FLAG antibody, and then visualized with Cy3
(DDX3) or FITC (Tat). Nuclei were stained with DAPI. Images were visualized by
using confocal laser scanning microscopy. The right panels exhibit the two-color
overlay images (Merged). (C) 293FT cells were cotransfected with pcDNA3-Tat101-
FLAG (2 pg) and either pHA-DDX3 WT or pHA-DDX3 Mut (2 pg). The cell lysates
were immunoprecipitated with an anti-HA antibody, followed by immunoblot
analysis using anti-HA, anti-DDX5, or anti-FLAG antibody. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Montgomery, TX, USA) anti-p-actin (A5441, Sigma), or anti-FLAG
antibody (M2, Sigma).

2.6. Immunoprecipitation

Cells were lysed in buffer containing 10 mM Tris-HCl (pH 8.0),
150 mM NacCl, 4 mM EDTA, 0.1% NP-40, 10 mM NaF, 1 mM DTT and
1 mM PMSF. Lysates were pre-cleared with 30 pl of protein-G-
Sepharose (GE Healthcare Bio-Sciences, Uppsala, Sweden).
Pre-cleared supernatants were incubated with 5 g of anti-HA
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Fig. 3. DDX3 localizes in P-bodies and stress granules. 293FT cells expressing HA-DDX3 were treated with or without 0.5 mM arsenite for 45 min. Cells were stained with
anti-HA and anti-DDX6, or anti-G3BP1 antibodies and were examined by confocal laser scanning microscopy. Nuclei were stained with DAPIL.

antibody (3F10; Roche Diagnostics, Mannheim, Germany) at 4 °C
for 1 h. Following absorption of the precipitates on 30 pul of pro-
tein-G-Sepharose resin for 1 h, the resin was washed four times
with 700 ul lysis buffer. Proteins were eluted by boiling the resin
for 5min in 2x Laemmli sample buffer. The proteins were then
subjected to SDS-PAGE, followed by immunoblotting analysis
using anti-HA, anti-DDX5, or anti-FLAG antibody.

2.7. Immunofluorescence and confocal microscopic analysis

Cells were fixed in 3.6% formaldehyde in phosphate-buffered
saline (PBS), permeabilized in 0.1% Nonidet P-40 in PBS at room
temperature, and incubated with anti-HA (HA-7; Sigma), anti-
DDX6 (A300-460A; Bethyl), anti-DDX3X (LS-C64576; LifeSpan Bio-
Sciences, Seattle, WA, USA), and/or anti-FLAG (M2) antibody at a
1:300 dilution in PBS containing 3% bovine serum albumin (BSA)
at 37 °C for 30 min. They were then stained with Cy3-conjugated
anti-mouse antibody and fluorescein isothiocyanate (FITC)-conju-
gated anti-rabbit antibody (Jackson ImmunoResearch, West Grove,
PA, USA) at a 1:300 dilution in PBS containing BSA at 37 °C for
30 min. Nuclei were stained with DAPI (4',6'-diamidino-2-phenyl-
indole). Following extensive washing in PBS, the cells were
mounted on slides using a mounting media of SlowFade Gold
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antifade reagent (Invitrogen) added to reduce fading. Samples
were viewed under a confocal laser-scanning microscope
(FV1000; Olympus, Tokyo, Japan).

3. Results
3.1. DDX3 facilitates HIV-1 Tat function

DDX3 DEAD-box RNA helicase is known to be required for effi-
cient HIV-1 Rev-dependent RNA export [13]. However, it remains
unclear whether DDX3 modulates the HIV-1 Tat function. To ad-
dress this issue, we first used lentivirus vector-mediated RNA
interference to stably knockdown DDX3. To express shRNA tar-
geted to DDX3, we used a VSV-G-pseudotyped HIV-1-based vector
system [22,23]. Western blot analysis of the lysates demonstrated
very effective knockdown of DDX3 (Fig. 1A). In this context, the
Tat-induced transcription from the HIV-1-long terminal repeat
(LTR) within a transfected LTR-luciferase reporter plasmid
[7.17.20] was significantly impaired to compared the control cells
(Fig. 1B), suggesting that DDX3 is required for the Tat function.
Reciprocally, overexpression of DDX3 enhanced the Tat-induced
transcription as well as the Rev-dependent nuclear export function
(Fig. ZA). Thus, DDX3 seems to facilitate the Tat function.
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Fig. 4. Combination of distinct DDX RNA helicases cooperate to enhance the Rev
but not the Tat function. (A) 293FT cells (2 x 10* cells) were cotransfected with
pHIV-1-LTR-Luc (100 ng), pcDNA3-HA-DDX1, pHA-DDX3, pcDNA3-HA-DDXS,
pcDNA3-HA-DDX6, pcDNA3-HA-DDX17, pcDNA3-HA-DDX21, or pcDNA3-HA-
DDX56 (100 ng) [ 16}, and/or pcDNA3-Tat101-FLAG (100 ng). 24 h after transfection,
luciferase activity in the cellular lysates was measured. Results are from three
independent experiments. (B) 293FT cells (2 x 10% cells) were cotransfected with
pDM628 (100 ng), pcDNA3-HA-DDX1, pHA-DDX3, pcDNA3-HA-DDX5, pcDNA3-HA-
DDX6, pcDNA3-HA-DDX17, pcDNA3-HA-DDX21, or pcDNA3-HA-DDX56 (100 ng),
and/or pcRev (100 ng). 24 h after transfection, luciferase activity in the cellular
lysates was measured. (C) 293FT cells (2 x 10% cells) were cotransfected with pHIV-
1-LTR-Luc (100 ng), pcDNA3-Tat101-FLAG (100 ng), pHA-DDX3 (100 ng), and/or
pcDNA3-HA-DDX1, pcDNA3-HA-DDXS5, pcDNA3-HA-DDX6, pcDNA3-HA-DDX21, or
pcDNA3-HA-DDX56 (100 ng). 24 h after transfection, luciferase activity in the
cellular lysates was measured. (D) 293FT cells (2 x 10* cells) were cotransfected
with pDM628 (100 ng), pcRev (100 ng), pHA-DDX3, and/or pHA-DDX1, pcDNA3-
HA-DDXS5, pcDNA3-HA-DDX6, pcDNA3-HA-DDX17, pcDNA3-HA-DDX21, or
pcDNA3-HA-DDX56 (100 ng). 24 h after transfection, luciferase activity in the
cellular lysates was measured.

3.2. DDX3 colocalized and interacted with HIV-1 Tat in cytoplasmic
foci

To clarify the mechanism how DDX3 enhances the Tat function,
we used an ATPase-defective mutant of DDX3 (Mut) [13]. Conse-
quently, this mutant of DDX3 did not enhance the Tat-induced
transcription as well as the Rev-dependent nuclear export function
(Fig. 2A). Since this ATPase-defective mutant of DDX3 is known to
abolish DDX3's RNA-unwinding activity, the ATPase-dependent
RNA helicase activity of DDX3 seemed to be required for both Tat
and Rev function. Recently, DDX3 was reported to associate with
stress granules in translational regulation [24]. Consistently,
wild-type (WT) DDX3 colocalized with Tat in the cytoplasmic foci,
whereas ATPase-defective mutant of DDX3 (Mut) was dispersed in
the cytoplasm and it did not colocalize with Tat (Fig. 2B). In fact,
we observed that DDX3 localized in P-bodies and stress granules
(Fig. 3). Moreover, HA-DDX3 (both WT and Mut), endogenous
DDXS5, and Tat could be co-immunoprecipitated with anti-HA anti-
body by the immunoprecipitation analysis, indicating that DDX3
forms a complex with Tat and DDX5 whether directly or indirectly
(Fig. 2C). *

3.3. Combination of distinct DDX RNA helicases cooperate to enhance
the Rev but not the Tat function

So far, several DDX RNA helicases have been implicated in the
HIV-1 Rev function [13~18], while the role of DDX DEAD-box
RNA helicases on the HIV-1 Tat function was not fully understood.
Finally, we further investigated the potential role of other DDX
DEAD-box RNA helicases on the Tat function. For this, we exam-
ined whether various DDX DEAD-box RNA helicases, including
DDX1, DDX3, DDX5, DDX6, DDX17, DDX21, and DDX56, modulates
Tat-mediated trans-activation function. Consequently, only DDX3
could facilitate the Tat-induced transcription (Fig. 4A). In contrast,
other DDX RNA helicases did not affect the Tat-induced transcrip-
tion, while all tested DDX could stimulate the Rev-dependent nu-
clear export function using the Rev-dependent luciferase-based
reporter plasmid pDM628 [14,15,20] (Fig. 4A and B), indicating
that DDX3 specifically modulates the Tat function. As well, we
found that various combination series of DDX3 with other DDXs,
including DDX1, DDX5, DDX6, DDX21, and DDX56, did not syner-
gize to enhance the Tat function compared to that of DDX3 alone
(Fig. 4C). Conversely, the combination of DDX3 with other DDXs
could synergistically enhance the Rev function (Fig. 4D). Thus,
DDX3 specifically enhanced the HIV-1 Tat function.

Altogether, DDX3 RNA helicases seemed to interact with HIV-1
Tat and modulated the Tat function.

4. Discussion

Host RNA helicases have been involved in HIV-1 mRNA tran-
scription [11,12]. Indeed, the Werner syndrome helicase (WRN)
and RNA helicase A (RHA) were reported to act as cofactors of
Tat and enhance HIV-1 gene expression [25,26]. WRN, a member
of the RecQ helicase family, participates in DNA replication, DNA
recombination, double strand break repair, telomere maintenance,
and p53 activation. Mutations of wrn gene cause the Werner syn-
drome (WS), an autosomal recessive premature aging disorder
associated with cancer disposition. WRN also promotes RNA poly-
merase II-dependent transcription. Thus, WRN was recently shown
to interact with HIV-1 Tat and promote HIV-1 LTR transactivation
[25]. Indeed, WRN participates in the recruitment of PCAF/P-TEFb-
containing transcription complex to HIV-1 LTR. In addition to
WRN, RHA also promotes the TAR-dependent HIV-1 gene
expression {26]. RHA increases both basal level transcription from
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HIV-1 LTR and Tat-induced transcription. Furthermore, Cocude
et al. reported that a novel DExH RNA helicase RH116 was found
localized in the nucleus of HIV-1 infected cells and augmented
the transcription of unspliced HIV-1 transcript {27], while it re-
mains unclear whether RHA and RH116 directly interact with Tat
and provide direct role of the Tat-induced transcription. On the
other hand, we have demonstrated that DDX3 bound to Tat and
modulated the Tat function (Figs. 1 and 2). Atleast, the ATPase-
dependent RNA helicase activity of DDX3 was required for the
modulation of Tat function (Fig. 2A). Accordingly, DDX3 was re-
ported to associated with translational regulation through interac-
tion with elF4E/poly(A)-binding protein 1 (PABP1) in stress
granules [24]. In fact, DDX3 WT but not DDX3 Mut colocalized with
Tat in cytoplasmic foci (Fig. 2B) and DDX3 localized in stress gran-
ules (Fig. 3). In this regard, Soto-Rifo et al. recently reported that
DDX3 associates with elF4F complex through an elF4G and PABP1
double interaction to promote translation initiation of HIV-1 geno-
mic (g) RNA [28]. Similarly, RHA also enhances HIV-1 RNA transla-
tion {29] like DDX3. This function of RHA depends on its binding to
the R-U5 sequence of HIV-1 RNA termed post-transcriptional con-
trol element (PCE). Thus, DDX3 seems to be involved in HIV-1
translation through an interaction with Tat and HIV-1 5’ untrans-
lated region (UTR) in stress granules.
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Pol283-8-specific, HLA-B*51:01-restricted, cytotoxic T cells (CTLs) play a critical role in the long-term control of HIV-1 infec-
tion. However, these' CTLs select for the reverse transcriptase (RT) 1135X escape mutation, which may be accumulating in circu-
lating HIV-1 sequences. We investigated the selection of the 1135X mutation by CTLs specific for the same epitope but restricted
by HLA-B*52:01. We found that Pol283-8-specific, HLA-B*52:01-restricted CTLs were elicited predominantly in chronically
HIV-1-infected individuals. These CTLs had a strong ability to suppress the replication of wild-type HIV-1, though this ability
was weaker than that of HLA-B*51:01-restricted CTLs. The crystal structure of the HLA-B*52:01-P0l283-8 peptide complex pro-
vided clear evidence that HLA-B*52:01 presents the peptide similarly to HLA-B*51:01, ensuring the cross-presentation of this
epitope by both alleles. Population level analyses revealed a strong association of HLA-B*51:01 with the I135T mutant and a rela-
tively weaker association of HLA-B*52:01 with several I135X mutants in both Japanese and predominantly Caucasian cohorts.
An in vitro viral suppression assay revealed that the HLA-B*52:01-restricted CTLs failed to suppress the replication of the 1135X
mutant viruses, indicating the selection of these mutants by the CTLs. These results suggest that the different pattern of 1135X
mutant selection may have resulted from the difference between these two CTLs in the ability to suppress HIV-1 replication.

IV-1-specific cytotoxic T cells (CTLs) play an important role
in the control of HIV-1 replication (1-8); however, they also
select immune escape mutations (9, 10). Population level adapta-
tion of HIV to human leukocyte antigen (HLA) has been demon-
strated (11-15), suggesting that HIV-1 can successfully adapt to
immune responses previously effective against it.

It is well known that particular mutations can be selected by
CTLs specific for a single HIV-1 epitope. On the other hand, stud-
ies on HLA-associated HIV-1 polymorphisms have revealed ex-
amples of particular mutations associated with multiple HLA class
Lalleles (16-21), suggesting that the same mutation can be selected
by CTLs carrying different specificities in some cases. However,
the selection of the same mutation by CTLs specific for different
HIV-1 epitopes has rarely been reported. The change from Ala to
Pro at residue 146 of Gag (A146P) is a well-analyzed case. A146P is
an escape selected by not only HLA-B*57-restricted, ISW9-spe-
cific CTLs (22) but also by HLA-B*15:10-restricted and HLA-
B*48:01-restricted CTLs (15, 23, 24), although the latter CTLs
selected it by different mechanisms. The replacement of Thr with
Asn at residue 242 (T242N) of Gag is another case. This mutant is
selected by HLA-B*58:01-restricted and HLA-B*57-restricted
CTLs specific for the TW10 epitope in HIV-1 clade B- and C-in-
fected individuals (25-27).

The presence of Pol283-8(TAFTIPSI: TI8)-specific, HLA-
B*51:01-restricted CTLs is associated with low viral loads in HIV-
1-infected Japanese hemophiliacs, supporting an important role
in the long-term control of HIV-1 infection (28). We previously
showed that the frequency of a mutation at position 135 (1135X)
of reverse transcriptase (RT) is strongly correlated with the prev-
alence of HLA-B*51 among nine cohorts worldwide and that this
mutation is selected by Pol283-8(TAFTIPSI: TI8)-specific, HLA-

February 2013 Volume 87 Number 4

Journal of Virology p. 2253-2263

B*51:01-restricted CTLs (15). Of these cohorts, a Japanese one
showed the highest frequency of the I135X mutation in HLA-
B*51:01 negatives (66% in a Japanese cohort and 11 to 29% in
other cohorts). This finding may be explained by the fact that the
Japanese cohort has the highest prevalence of HLA-B*51:01
among these cohorts. Another possibility is that this mutation is
selected by HIV-1-specific CTLs restricted by other HLA alleles,
which are highly frequent among Japanese individuals but infre-
quent in or absent from other populations. To clarify the latter
possibility, we first analyzed the association of the I135X mutation
with other HLA class I alleles in a Japanese cohort and found this
mutation also to be associated with HLA-B*52:01. We next sought
to identify an HLA-B*52:01-restricted CTL epitope including
RT135 and found that both HLA-B*51:01 and -B*52:01 can pres-
ent the same epitope, Pol283-8. Using population level analyses of
Japanese and Caucasian cohorts, we identified HLA-B*51:01- and
HLA-B*52:01-specific polymorphisms at RT codon 135 (position
8 of this epitope) and characterized differential pathways of escape
between these two alleles. In addition, we assessed the in vitro
ability of HLA-B*52:01- and HLA-B*51:01-restricted CTLs to se-
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lect 135X mutants and elucidated the crystal structure of the
HLA-B*52:01-P0l283-8 peptide complex.

MATERIALS AND METHODS

Patients. Two hundred fifty-seven chronically HIV-1-infected, antiretro-
viral-naive Japanese individuals were recruited for the present study,
which was approved by the ethics committees of Kumamoto University

and the National Center for Global Health and Medicine, Japan. Written .

informed consent was obtained from all subjects according to the Decla-
ration of Helsinki.

In addition, HLA-associated immune selection pressure at RT codon
135 was investigated in the International HIV Adaptation Collaborative
(IHAC) cohort, comprising >1,200 chronically HIV-infected, antiretro-
viral-naive individuals from Canada, the United States, and Western Aus-
tralia (19). The majority of the IHAC participants were Caucasian, and the
HIV subtype distribution was >95% subtype B.

HIV-1 clones. An infectious proviral clone of HIV-1, pNL-432, and its
mutant form pNL-M20A (containing a substitution of Ala for Met at
residue 20 of Nef) were previously reported (29). Pol283-8 mutant viruses
(Pol283-8L, -8T, -8V, and 8R) were previously generated on the basis of
PNL-432 (15, 28).

Generation of CTL clones. Pol283-8-specific, HLA-B*52:01-re-
stricted CTL clones were generated from HIV-1-specific, bulk-cultured T
cells by limiting dilution in U-bottom 96-well microtiter plates (Nunc,
Roskilde, Denmark). Each well contained 200 pl of the cloning mixture
(about 1 X 10° irradiated allogeneic peripheral blood mononuclear cells
(PBMCs) from healthy donors and 1 X 10 irradiated C1R-B*52:01 cells
prepulsed with the corresponding peptide at 1 uM in RPMI 1640 supple-
mented with 10% human plasma and 200 U/ml human recombinant
interleukin-2).

Intracellular cytokine staining (ICS) assay. PBMCs from HIV-1-se-
ropositive HLA-B*52:01 " HLA-B*51:01~ individuals were cultured with
each peptide (1 pM). Two weeks later, the cultured cells were stimulated
with C1R-B*52:01 cells or those prepulsed with Pol283-8 peptide (1 M)
for 60 min, and then they were washed twice with RPMI 1640 containing
10% fetal calf serum (RPMI 1640-10% FCS). Subsequently, brefeldin A
(10 pg/ml) was added. After these cells had been incubated for 6 h, they
were stained with an anti-CD8 monoclonal antibody (MAb; Dako Cor-
poration, Flostrup, Denmark), fixed with 4% paraformaldehyde, and
then permeabilized with permeabilization buffer. Thereafter, the cells
were stained with an anti-gamma interferon (IFN-y) MAb (BD Biosci-
ence). The percentage of CD8™ cells positive for intracellular IFN-y was
analyzed by using a FACS-Cant II (BD Biosciences, San Jose, CA). All flow
cytometric data were analyzed with Flow]Jo software (Tree Star, Inc., Ash-
land, OR).

Identification of 11-mer peptide recognized by HLA-B*52:01-re-
stricted CD8" T cells. We identified an 11-mer peptide recognized by
HLA-B*52:01-restricted CD8* T cells as follows. We stimulated PBMCs
from a chronically HIV-1-infected HLA-B*52:01" donor (KI-069) with a
peptide cocktail including overlapping 17-mer peptides covering RT135
and cultured the cells for 14 days. The cells in bulk culture were as-
sessed by performing an ICS assay for C1R-HLA-B*52:01 cells pre-
pulsed with each of these 17-mer peptides. The bulk-cultured cells
recognized the target cells prepulsed with two of the 17-mer peptides
assessed, Pol17-47 (KDFRKYTAFTIPSINNE) and Pol17-48 (TAFTIPSI
NNETPGIRT). Further analysis with 11-mer overlapping peptides cover-
ing the Pol17-48 sequence showed that these bulk-cultured cells recog-
nized the target cells prepulsed with Pol11-142 (TAFTIPSINNE) but not
those prepulsed with Pol11-143 (FTIPSINNETP).

Assay of cytotoxicity of CTL clones to target cells prepulsed with the
epitope peptide or infected with a vaccinia virus—HIV-1 recombinant.
The cytotoxicity of Pol283-8-specific, HLA-B*52:01-restricted CTL
clones to C1R cells expressing HLA-B*52:01 (C1R-B*52:01), which were
previously generated (30), and prepulsed with peptide or infected with a
vaccinia virus-HIV-1Gag/Pol recombinant was determined by the stan-
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dard °'Cr release assay described previously (31). In brief, the infected
cells were incubated with 150 uCi Na,>'CrO,, in saline for 60 min and then
washed three times with RPMI 1640 medium containing 10% newborn
calf serum. Labeled target cells (2 X 10*/well) were added to each well of a
U-bottom 96-well microtiter plate (Nunc, Roskilde, Denmark) with the
effector cells at an effector-to-target (E/T) cell ratio of 2:1. The cells were
then incubated for 6 h at 37°C. The supernatants were collected and ana-
lyzed with a gamma counter. Spontaneous >'Cr release was determined by
measuring the number of counts per minute (cpm) in supernatants from
wells containing only target cells (cpm spn). Maximum 'Cr release was
determined by measuring the cpm in supernatants from wells containing
target cells in the presence of 2.5% Triton X-100 (cpm max). Specific lysis
was defined as (cpm exp — cpm spn)/{cpm max — cpm spn) X 100, where
cpm exp is the number of cpm in the supernatant in the wells containing
both target and effector cells.

Enzyme-linked immunospot (ELISPOT) assay. Cryopreserved
PBMCs of chronically HIV-1-infected HLA-B*52:01" individuals were
plated in 96-well polyvinylidene plates (Millipore, Bedford, MA) that had
been precoated with 5 pg/ml anti-IFN-y MADb 1-DIK (Mabtech, Stock-
holm, Sweden). The appropriate amount of each peptide (100 or 10 nM)
was added in a volume of 50 pl, and then PBMCs were added at 1 X 10°
cells/well in a volume of 100 . The plates were incubated for 40 h at 37°C
in 5% CO, and then washed with phosphate-buffered saline (PBS) before
the addition of biotinylated anti-IFN-y MADb (Mabtech) at 1 pg/ml. After
the plates had been incubated at room temperature for 100 min and then
washed with PBS, they were incubated with streptavidin-conjugated alka-
line phosphatase (Mabtech) for 40 min at room temperature. Individual
cytokine-producing cells were detected as dark spots after a 20-min reac-
tion with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazo-
lium by using an alkaline phosphatase-conjugate substrate (Bio-Rad,
Richmond, CA). The spots were counted by an Eliphoto-Counter (Mi-
nerva Teck, Tokyo, Japan). PBMCs without peptide stimulation were
used as a negative control. Positive responses were defined as those greater
than the mean of the negative-control wells plus 2 standard deviations
(SD) (the number of spots in wells without peptides).

HIV-1 replication suppression assay. The ability of HIV-1-specific
CTLs to suppress HIV-1 replication was examined as previously described
(32). CD4™ T cells isolated from PBMCs derived from an HIV-1-serone-
gative individual with HLA-B*52:01, HLA-B*51:01, or both were cul-
tured. After the cells had been incubated with the desired HIV-1 clones for
4 h at 37°C, they were washed three times with RPMI 1640-10% FCS
medium. The HIV-1-infected CD4* T cells were then cocultured with
Pol283-8-specific CTL clones. From day 3 to day 7 postinfection, culture
supernatants were collected and the concentration of p24 antigen (Ag) in
themn was measured by use of an enzyme-linked immunosorbent assay kit
(HIV-1 p24 Ag ELISA kit; ZeptoMetrix).

HLA stabilization assay with RMA-S cells expressing HLA-B*52:01
or HLA-B*51:01. The peptide-binding activity of HLA-B*52:01 or HLA-
B*51:01 was assessed by performing an HLA stabilization assay with
RMA-S cells expressing HLA-B*52:01 (RMA-S-B*52:01) or HLA-B*51:01
(RMA-S-B*51:01) as described previously (33). Briefly, RMA-S-B*51:01
and RMA-S-B*52:01 cells were cultured at 26°C for 16 to 24 h. The cells
(2 X 10%) in 50 pl of RPMI 1640 supplemented with 5% FCS (RPMI-5%
FCS) were incubated at 26°C for 3 h with 50 pl of a solution of peptides at
1072 to 1077 M and then at 37°C for 3 h. After having been washed with
RPMI-5% FCS, the cells were incubated for 30 min on ice with an appro-
priate dilution of TP25.99 MAb. After two washings with RPMI-5% FCS,
they were incubated for 30 min on ice with an appropriate dilution of
fluorescein isothiocyanate (FITC)-conjugated anti-mouse Ig antibodies.
Finally, the cells were washed three times with RPMI-5% FCS and the
fluorescence intensity of the cells was measured by the FACS-Cant II.
Relative mean fluorescence intensity (MFI) was calculated by subtracting
the MFI of cells not peptide pulsed from that of the peptide-pulsed ones.

Sequencing of plasma RNA. Viral RNA was extracted from the plasma
of chronically HIV-1-infected Japanese individuals by using a QlAamp
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Mini Elute Virus spin kit (Qiagen). cDNA was synthesized from the RNA
with Suaperscript IT and random primer (Invitrogen). We amplified HIV
RT and integrase sequences by nested PCR with RT-specific primers 5'-
CCAAAAGTTAAGCAATGGCC-3" and 5'-CCCATCCAAAGGAATGG
AGG-3" or 5'-CCTTGCCCCTGCTTCTGTAT-3' for the first-round
PCR and 5'-AGTTAGGAATACCACACCCC-3' and 5'-GTAAATCCCC
ACCTCAACAG-3' or 5'-AATCCCCACCTCAACAGAAG-3’ for the sec-
ond-round PCR and integrase-specific primers 5'-ATCTAGCTTTGCAG
GATTCGGG-3" and 5'-CCTTAACCGTAGTACTGGTG-3' or 5'-CCTG
ATCTCTTACCTGTCC-3' for the first-round PCR and 5'-AAAGGTCT
ACCTGGCATGGG-3' or 5'-TTGGAGAGCAATGGCTAGTG-3" and 5'-
AGTCTACTTGTCCATGCATGGC-3' for the second-round PCR. PCR
products were sequenced directly or cloned with a TOPO TA cloning kit
(Invitrogen) and then sequenced. Sequencing was done with a BigDye
Terminator v1.1. cycle sequencing kit (Applied Biosystems) and analyzed
by an ABI PRISM 310 Genetic Analyzer.

Statistical analysis with phylogenetically corrected odds ratios.
Strength of selection was measured by using a phylogenetically corrected
odds ratio as previously described (19). Briefly, the odds of observing a
given amino acid (e.g., 135V) was modeled as P/(1 — P) = (a X X) + (b X
T), where P is the probability of observing 135V in a randomly selected
individual, X is a binary (0/1) variable representing whether or not an
individual expresses the HLA allele in question (e.g., B*52:01), and T
equals 1 if the transmitted/founder virus for that individual carried 135V
and —1 otherwise. Because the transmitted/founder virus is unknown, we
averaged over all possibilities by using weights informed by a phylogeny
that was constructed from the RT sequences of all of the individuals in the
study. The parameters a and b were determined by using iterative maxi-
mum-likelihood methods. The maximum-likelihood estimate of a is an
estimate of the natural logarithm of the odds ratio of observing 135V in
individuals expressing X versus individuals not expressing X, conditioned
on the individuals’ (unobserved) transmitted/founder virus. P values are
estimated by using a likelihood ratio test that compares the above model
to a null model in which a equals 0.

To compare the odds of selection between two cohorts, we modified
the phylogenetically corrected logistic regression model to include a co-
hort term, Z = X X Y, where X is the HLA allele, and Yisa 0/1 variable that
indicates cohort membership, yielding P/(1 — P) = (a X X) + (b X T) +
(¢ X Z), as previously described (19, 34). A P value testing if the odds of
escape are different in the two cohorts was estimated by using a likelihood
ratio test that compared this model to a null model where ¢ equals 0.

Generation of HLA class I tetramers. HLA class I-peptide tetrameric
complexes (tetramer) were synthesized as described previously (31, 35).
The Pol283-8 peptide was used for the refolding of HLA-B*51:01 or HLA-
B*52:01 molecules. Phycoerythrin (PE)-labeled streptavidin (Molecular
Probes) was used for generation of the tetramers.

Tetramer binding assay. HLA-B*51:01-restricted and HLA-B*52:01-
restricted CTL clones were stained at 37°C for 30 min with PE-conjugated
HLA-B*51:01-tetramer and HLA-B*52:01-tetramer, respectively, at con-
centrations of 5 to 1,000 nM. After two washes with RPMI 1640 medium
supplemented with 10% FCS (RPMI 1640-10% FCS), the cells were
stained with FITC-conjugated anti-CD8 MAD at 4°C for 30 min, followed
by 7-amino-actinomycin D at room temperature for 10 min. After two
more washes with RPMI 1640-10% FCS, the cells were analyzed by the
FACS-Cant II flow cytometer. The tetramer concentration that yielded
the half-maximal MFI (the EC,,) was calculated by probit analysis.

Crystallization, data collection, and structure determination. Solu-
ble HLA-B*52:01 (with beta-2 microglobulin and peptide TAFTIPSI) was
prepared as described above. Prior to crystallization trials, HLA-B*52:01
was concentrated to a final concentration of 20 mg ml™! in 20 mM Tris-
HCI (pH 8.0) buffer containing 250 mM NaCl. This was done with a
Millipore centrifugal filter device (Amicon Ultra-4, 10-kDa cutoff; Milli-
pore). Screening for crystallization was performed with commercially
available polyethylene glycol (PEG)-based screening kits, PEGs and PEGs
II suites (Qiagen). Thin needle crystals were observed from PEGs II suite
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23 (0.2 M sodium acetate, 0.1 M HEPES [pH 7.5], and 20% PEG 3000).
Several conditions were further screened by the hanging-drop method
with 24-well VDX plates (Hampton Research) by mixing 1.5 pl protein
solution and 1.5 pl reservoir to be equilibrated against reservoir solution
(0.5 ml) at 293 K. Best crystals were grown from macro seeding with the
initial crystals obtained with 0.2 M sodium acetate, 0.1 M Bis Tris propane
[pH 7.5], and 20% PEG 3350.

The data set was collected at beamline BL41XU of SPring-8 with Rayo-
nix charge-coupled device detector MX225HE. Prior to diffraction data
collection, crystals were cryoprotected by transfer to a solution containing
25% (vol/vol) glycerol and incubation in it for a few seconds, followed by
flash cooling. The data sets were integrated with XDS (36) and then
merged and scaled by using Scala (37). HLA-B*52:01 crystals belonged to
space group P2,2,2,, with unit cell parametersa = 69.0 A, b= 83.3 A, and
¢=170.3 A. Based on the values of the Matthews coefficient (V) (38), we
estimated that there were two protomers in the asymmetric unit witha Vy,
value of 1.37 A%/Da (Vsolv = 10.5%). For details of the data collection and
processing statistics, see Table S1 in the supplemental material.

The structure was solved by the molecular replacement method with
Molrep (39). The crystal structure of HLA-B*51:01 (PDB ID: 1E28) was
used as a search model. Structure refinement was carried out by using
Refmac5 (40) and phenix (41). The final model was refined to an Rfree
factor of 34.7% and an R factor of 29.5% with a root mean square devia-
tion of 0.014 A in bond length and 1.48° in bond angle for all reflections
between resolutions of 38.8 and 3.1 A. Table S1 in the supplemental ma-
terial also presents a summary of the statistics for structure refinement.
The stereochemical properties of the structure were assessed by Procheck
(42) and COOT (43) and showed no residues in the disallowed region of
the Ramachandran plot.

Protein structure accession number. Atomic coordinates and struc-
ture factors for HLA-B*52:01 have been deposited in the Protein Data
Bank under accession code 3W39.

RESULTS

Association of I135X variants with HLA-B*52:01. To clarify the
possibility that CTLs restricted by other HLA alleles select the
I135X mutation, we investigated the association between other
HLA alleles and this mutation in 257 Japanese individuals chron-
ically infected with HIV-1. We found an association of HLA-
B*52:01 with the I135X variant, though this association was
weaker than that with HLA-B*51:01 (phylogenetically corrected
In oddsratio [InOR] of 11.76 [P = 8.77 X 10~*] for B*52:01 versus
anInOR 0f40.0 [P = 5.78 X 10~ '?] for B*51:01; Table 1). We also
analyzed the effects of HLA-B*52:01 and HLA-B*51:01 in chron-
ically HIV-1-infected Japanese individuals, excluding HLA-B*51:
01" and HLA-B*52:01 " individuals, respectively, and found a sig-
nificant association between HLA-B*52:01 and 1135X variants
among 200 HLA-B*51:01-negative individuals with chronic
HIV-1 infection (P = 4.7 X 10~ see Fig. S1A in the supplemental
material) and that of HLA-B*51:01 with the variants in 202 HLA-
B*52:01-negative ones (P = 5.3 X 107% see Fig. SIB in the sup-
plemental material). These results together imply that HLA-B*52:
01-restricted CTLs selected this mutation.

Identification of HLA-B*52:01-restricted, Pol283-specific
CTLs. To identify the HLA-B*52:01-restricted HIV-1 epitope in-
cluding RT135, we first investigated whether overlapping peptides
covering RT135 could elicit CD8™ T cells specific for these pep-
tides in chronically HIV-1-infected individuals. We identified
CTLs recognizing the Pol11-142 (TAFTIPSINNE) peptide in a
chronically HIV-1-infected HLA-B*52:01* donor, KI-069 (see
Materials and Methods). Since the C terminus of HLA-B*52:01-
binding peptides is known to be a hydrophobic residue (30, 44),
we speculated that TAFTIPSI (Pol283-8) was the epitope peptide.
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TABLE 1 HLA-B*52:01 and HLA-B*51:01 association with variation at RT135 in Japanese and Caucasian cohorts

PlyloLOR" Within-cohort P value

HLA class I allele RT135 target variable Japanese IHAC Japanese THAC P value comparing cohorts
B*51:01 T 13.70 4.53 4.66 X 107° 1.70 X 107% 0.042
B*52:01 T -9.77 1.25 0.464 2.04 X 1073 0.62
B*51:01 I —40.00 —5.71 5.78 X 10712 1.58 X 10731 0.052
B*52:01 I —11.76 —3.06 8.77 X 10™* 295X 107° 0.52
B*51:01 \% —9.76 8.52 0.884 0.41 0.85
B*52:01 v 12.21 10.15 0.076 1.82xX 1073 0.037
B*51:01 R 12.08 13.02 0.038 236 X 1073 0.42
B*52:01 R 0.26 8.37 0.423 0.469 0.89
B*51:01 L -0.89 3.21 1 0.038 0.17
B*52:01 L —0.56 3.61 1 0.231 0.29
B*51:01 K —-0.71 —40.00 1 0.53 0.99
B*52:01 K —0.69 —40.00 1 0.779 0.99
B*51:01 M 7.76 12.00 0.894 2,10 X 107* 0.34
B*52:01 M 11.09 —40.00 0.034 0.517 0.12

“ PlyloLOR, phylogenetically corrected InOR.

Indeed, bulk-cultured T cells that had been cultured for 2 weeks
after stimulation with Pol17-48 recognized C1R-B*52:01 cells
prepulsed with Pol283-8 peptide at a much lower concentration
than those incubated with the Poll1-142 peptide (Fig. 1A),
strongly suggesting that Pol283-8 is an epitope recognized by
HLA-B*52:01-restricted CTLs. These findings were confirmed by
ELISPOT assay with PBMCs from two HLA-B*52:01 " individuals

chronically infected with HIV-1 (Fig. 1B). To clarify whether this
peptide was processed and presented by HLA-B*52:01, we inves-
tigated the killing activity of bulk-cultured T cells against HLA-
B*52:01" target cells infected with a vaccinia virus=HIV-1 Gag/
Pol recombinant. They killed target cells infected with this
recombinant but not those infected with wild-type vaccinia virus
(Fig. 1C), indicating that the Pol283-8 peptide was presented by
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FIG 1 Identification of HLA-B*52:01-restricted Pol epitope. (A) Identification of the epitope peptide recognized by HLA-B*52:01-restricted CD8* T cells. Bulk
T cells were cultured for 2 weeks after stimulation with the Pol17-48 peptide, and then the recognition of CIR-HLA-B*52:01 cells prepulsed with Pol17-48,
Pol11-142, or Pol283-8 peptide was assessed by ICS assay. (B) Pol283-8 peptide recognition by T cells ex vivo. Recognition of the Pol17-48, Pol11-142, or Pol283-8
peptide by PBMCs from two HLA-B*52:017 individuals chronically infected with HIV-1 (KI-037 and KI-069) was analyzed by ELISPOT assay. A 100 nM
concentration of each peptide was used. (C) Killing activity of Pol283-specific, HLA-B*52:01-restricted CD8" T cells against cells infected with a vaccinia
virus-HIV-1 Gag/Pol recombinant. The killing activities of bulk-cultured T cells stimulated with Pol11-142 against target cells infected with a vaccinia virus—
HIV-1 Gag/Pol recombinant (Gag/Pol) and against those infected with wild-type vaccinia virus (V.V. WT) are shown. (D) Binding of Pol283-8 peptide to
HLA-B*52:01. Binding ability was measured by performing the HLA class I stabilization assay with RMA-S-B*52:01. RMA-S-B*51:01 cells were used as control
cells for the Pol283-8 peptide.
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TABLE 2 Pol283-8-specific CD8* T cells in chronically HIV-1-infected, HLA-B*52:01 ™" individuals

Relative IFN-  No. of spots/10°
No.of CD4  No.ofCD8  Viralload (no.  Antiretroviral ~ y*/CD8* % PBMCs in
Patient ID  HLA class I alleles cells/pl cells/pl of copies/ml) therapy in ICC assay ELISPOT” assay
KI-037 A*24:02/— B*52:01/40:02 465 973 76,000 - 64.1 150
KI1-090 A*24:02/— B*52:01/55:01 606 511 =50 + 40.2 80
KI-106 A*24:02/33:03 B*52:01/07:01 433 890 =50 + 1.4 <79
KI-126 A*24:02/31:01 B*52:01/40:01 465 NT? 36,000 - 60.4 <79
KI-130 A*24:02/— B*52:01/07:02 351 1,275 14,000 - 0.0 <79
KI-167 A*24:02/— B*52:01/54:01 455 909 26,000 - 0.0 <79
KI-067 A*24:02/— B*52:01/48:01 234 1,198 89,000 - 10.9 <79
- KI-071 A*24:02/31:01 B*52:01/40:06 292 1,134 48,000 - 0.7 <79
K1-076 A*02:01/24:01 B*52:01/40:01 136 252 14,000 - 61.0 80
KI-114 A*02:01/24:01 B*52:01/27:04 416 463 =50 + 0.1 <79
KI-056 A*24:02/— B*52:01/40:02 290 844 8,200 - -0.1 <79
KI-108 A*24:02/— B*52:01/— 373 481 NT - 1.0 <79
KI-028 A*24:02/26:01 B*52:01/48:01 1,351 811 =50 + 0.5 <79
KI-069 A*24:02/— B*52:01/40:06 448 1,631 4,400 = 18.1 790

“ More than the mean number of negative-control spots + 2 SD was defined as a positive response (positive response, =79 spots).

b NT, not tested.

HLA-B*52:01. We analyzed the binding of the Pol283-8 peptide to
HLA-B*52:01 by using the HLA stabilization assay. The results
demonstrated that this peptide bound to HLA-B*52:01 (Fig. 1D).
These results together indicate that the Pol283-8 epitope can
therefore be presented by both HLA-B*51:01 and HLA-B*52:01.

We investigated whether Pol283-8-specific CD8™ T cells were
elicited predominantly in chronically HIV-1-infected HLA-B*52:
01* HLA-B*51:01 individuals. PBMCs from 14 of these individ-
uals were analyzed by ICS assay with Pol283-8 peptide-stimulated
culture cells, as well as by ELISPOT assay. The results of the ICS
assay showed that 7 of these 14 HLA-B*52:01" HLA-B*51:01~
patients had Pol283-specific CD8™* T cells, whereas those of the
ELISPOT assay with ex vivo PBMCs revealed that Pol283-specific
CD8™ T cells were detected in only four individuals (Table 2).
These results suggest that the three individuals in whom the spe-
cific CTLs were detected by the ICS assay but not by the ELISPOT
assay may have memory T cells. These results together indicate
that Pol283-8 was recognized as an HLA-B*52:01-restricted im-
munodominant epitope in the HLA-B*52:01" individuals and
support the idea that the 1135X mutation was selected by HLA-
B*52:01-restricted, Pol283-8-specific CD8™ T cells.

Strong ability of HLA-B*52:01-restricted, Pol283-8-specific
CD8™ T cells to suppress HIV-1 replication. A previous study
showed that HLA-B*51:01-restricted, Pol283-8-specific T cells
have a strong ability to kill HIV-1-infected target cells and to sup-
press HIV-1 replication (31). Therefore, we expected that the
HLA-B*52:01-restricted T cells also would have this strong ability.
We generated HLA-B*52:01-restricted, Pol283-8-specific T cell
clones and investigated their ability to kill peptide-pulsed or HIV-
1-infected target cells. Clone 1E1 effectively killed C1R-B*52:01
cells prepulsed with the Pol283-8 peptide (Fig. 2A) and NL-432-
infected CD4™ T cells from an HLA-B*52:017 individual (Fig.
2B). Additional T cell clones also showed strong killing activity
against NL-432-infected HLA-B*52:01" CD4™ T cells (data not
shown). In addition, we investigated the ability of these CTL
clones to suppress HIV-1 replication. CD4" T cells derived from
an HLA-B*52:017 individual were infected with NL-432 or M20A
mutant virus, the latter of which has an amino acid substitution at
position 20 of Nef and lacks the ability to downregulate the surface
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expression of HLA-A and -B molecules (Fig. 2C). Representative
data on the 1E1 clone and summary data on four clones are shown
in Fig. 2D and E, respectively. These CTL clones strongly sup-
pressed the replication of both the NL432 and M20A mutant vi-
ruses, indicating that the HLA-B*52:01-restricted CTLs had a
strong ability to suppress HIV-1 replication, as was the case with
the HLA-B*51:01-restricted ones.

Recognition of I135X mutations by Pol283-8-specific, HLA-
B*52:01-restricted CTLs. Four mutations (8T, 8L, 8R, and 8V)
were observed predominantly at RT135 in chronically HIV-1-in-
fected HLA-B*52:017 individuals (Fig. 3). These mutations may
have been selected by Pol283-8-specific, HLA-B*52:01-restricted
CTLs in these patients. We therefore investigated the ability of
HLA-B*52:01-restricted CTLs to suppress the replication of these
mutant viruses in vitro. The CTL clones failed to suppress the
replication of the 8L, 8T, or 8R mutant, though they weakly sup-
pressed that of the 8V virus at an E/T cell ratio of 1:1 (Fig. 4A).
These results support the idea that these variants were escape mu-
tations from the HLA-B*52:01-restricted CTLs. To clarify the
mechanism by which the CTL clones failed to suppress the repli-
cation of these mutant viruses, we investigated the CTL clones for
recognition of CIR-B*52:01 cells prepulsed with the mutant pep-
tides. The CTL clones effectively recognized the 8V peptide at the
same level as the wild-type peptide and the 8T and 8L peptides at
less than that of the wild-type one, whereas they failed to recognize
the 8R peptide (Fig. 4B). An ELISPOT assay with ex vivo PBMCs
from KI-069 showed that Pol283-8-specific CTLs effectively rec-
ognized the 81 and 8V variants but not the other three mutant
peptides (Fig. 4C), suggesting that Pol283-8-specific CTLs failed
to recognize the 8T, 8L, and 8R peptides in vivo. The lack of rec-
ognition of these mutants by CTLs may be attributable to a failure
of T cell receptor (TCR) recognition, the inability of the peptide to
bind to HLA-B*52:01, and/or disruption of the processing of the
epitope in HIV-1-infected cells.

Different pattern of RT135 mutation selection by two HLA
alleles. As described above, HLA-B*51:01 and HLA-B*52:01 were
associated with I135X in a Japanese population in which the preva-
lence of HLA-B*51:01 and B*52:01 alleles is relatively high (21.9
and 21.1%, respectively). In a Japanese cohort, out of the five
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FIG 2 Abilities of HLA-B*52:01-restricted, Pol283-8-specific CD8™ T cell clones to kill HIV-1-infected CD4™ T cells and to suppress HIV-1 replication. (A) Killing
activity of an HLA-B*52:01-restricted, Pol283-8-specific CD8" T cell clone against CIR-B*52:01 cells prepulsed with Pol283-8 peptides. The activity of an HLA-B*52:
01-restricted, Pol283-8-specific CD8™ T clone, 1E1, to kill CIR-B*52:01 cells was measured by performing a *'Cr-release assay. (B) Killing activity of HLA-B*52:01-
restricted, Pol283-8-specific CD8™ T cell clone 1E1 against CD4* T cells infected with HIV-1. The ability of the clone to kill CD4™ T cells infected with NL-432 was
measured by performinga ' Cr-release assay. (C) Downregulation of HLA-B*52:01 in HIV-1-infected CD4 ™ T cells. CD4 ™" T cells derived from an HLA-B*52:01" donor
(HLA-A*11:01/A%24:02, HLA-B*52:01/B*52:01, and HLA-C*12:02/C*14:02) were infected with NL-432 and then cultured for 4 days. The cultured CD4™ T cells were
stained with anti-p24 Ag and TU109 anti-Bw4 MAbs. (D) Ability of an HLA-B*52:01-restricted, Pol283-8-specific CD8" T cell clone to suppress the replication of
NL-432 and M20A mutant viruses. Suppressing ability was measured at four different E/T cell ratios (1:1, 0.1:1, 0.01:1, and 0.001:1). HIV-1-infected HLA-B*52:01%
CD4™ T cells were cocultured with an HLA-B*52:01-restricted, Pol283-8-specific CTL clone or an HLA-mismatched CTL clone at various E/T cell ratios. HIV-1p24 Ag
levels in the supernatant were measured on day 6 postinfection. (E) Summary of the ability of HLA-B*52:01-restricted, Pol283-8-specific CD8™" T cell clones (n = 4) to
suppress the replication of N1-432 and M20A mutant viruses at four different E/T cell ratios.
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B*51:01~ HLA-B*52:01%, and 151 HLA-B*51:01~ HLA-B*52:01~ Japanese
subjects. (B) Frequency of the amino acid at RT135 in 131 HLA-B*51:01"
HLA-B*52:017, 26 HLA-B*51:01~ HLA-B*52:01%, and 1195 HLA-B*51:01~
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ada, the United States, and Western Australia (IHAC).
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replication of these viruses were measured at an E/T cell ratio of 1:1 on days 3
to 6. W/O, without. (B) Recognition by an HLA-B*52:01-restricted, Pol283-
8-specific CD8* T cell clone of C1R-B*52:01 cells prepulsed with any one of
the four mutant epitope peptides or the wild-type (WT) peptide (8I). (C)
Recognition of mutant epitope peptides by ex vivo Pol283-8-specific CTLs.
The recognition of the Pol283-8 peptide (WT) or the mutant epitope peptide
by PBMCs from KI-069 was analyzed by ELISPOT assay.
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tion but only with the non-I mutation (P = 8.77 X 107, Table 1).
The distribution of amino acid variations at RT135 in the HLA-
B*51:01" HLA-B*52:01~ Japanese subjects was different from
that in the HLA-B*51:017 HLA-B*52:01" ones (Fig. 3). These
results suggest that the HLA-B*51:01-restricted CTLs strongly se-
lected the 135T mutation but that the HLA-B*52:01-restricted
ones selected a variety of different amino acids at this position in
Japanese individuals.

We also analyzed the association of 1135X mutations with
HLA-B*52:01 and HLA-B*51:01 in three predominantly Cauca-
sian cohorts from Canada, the United States, and Western Aus-
tralia (International HIV Adaptation Collaborative [THAC]) (19)
comprising >1,200 subjects (Table 1). HLA-B*51:01 was very
strongly associated with the I135X mutation (InOR of 5.71; P =
1.58 X 107°"). Although only 2.1% of the IHAC cohort subjects
expressed HLA-B*52:01, this allele was also associated with 1135X
(InOR of 3.06; P = 2.95 X 107°). The T mutation was strongly
associated with HLA-B*51:01 (P = 1.70 X 1077°), whereas the T
and V mutations were weakly associated with HLA-B*52:01
(0.0005<< P < 0.005). Thus, these results showed a similar selec-
tion of RT135 mutations by HLA-B*52:01 in the predominantly
Caucasian cohort, despite a substantially lower frequency of HLA-
B*52:01. The magnitude of the strength of selection by HLA-
B*52:01 and HLA-B*51:01 on RT135 did not differ significantly
between the two cohorts (Table 1). These results indicate that
HLA-B*51:01 strongly selected 135T but that HLA-B*52:01 se-
lected a variety of substitutions at this site (designated I1135X) in
both the Japanese and non-Japanese cohorts.

Comparison of TCR affinity and abilities of HLA-B*51:01-
restricted and HLA-B*52:01-restricted CTLs to suppress HIV-1
replication. We investigated the TCR affinity of HLA-B*51:01-
restricted and HLA-B*52:01-restricted CTL clones by using te-
tramers of the HLA-B*51:01-Pol283 peptide and the HLA-B*52:
01-Pol283 peptide complex (HLA-B*51:01 and HLA-B*52:01
tetramers, respectively). The TCR affinity of these CTL clones was
compared in terms of ECg,. The EC,, of the HLA-B*51:01-re-
stricted CTL clones was significantly lower than that of the HLA-
B*52:01-restricted CTL clones (Fig. 5A), suggesting that the for-
mer CTL clones had TCRs with a higher affinity for the ligand than
those of the latter clones. These results imply that the HLA-B*51:
01-restricted CTL clones could recognize the HIV-1-infected tar-
gets more effectively than HLA-B*52:01-restricted ones.

Since CD4" T cells derived from an HLA-B*52:01 homozy-
gous individual were used in the experiment shown in Fig. 2D and
E, the ability of the HLA-B*52:01-restricted CTL clones to sup-
press the replication of NL-432 may have been overestimated. To
evaluate and compare the abilities of HLA-B*51:01-restricted and
HLA-B*52:01-restricted CTL clones to suppress the replication of
NL-432, we used CD4™ T cells from individuals expressing HLA-
B*51:01%/B*52:01~, HLA-B*51:017/B*52:01*, or HLA-B*51:
01%/B*52:01% (Fig. 5B). Two HLA-B*51:01-restricted CTL clones
strongly inhibited the replication of HIV-1 in cultures of NL-432-
infected HLA-B*51:017/B*52:01~ CD4™ T cells but not in those
of HLA-B*51:01~/B*52:01" cells, whereas two HLA-B*52:01-re-
stricted CTL clones strongly inhibited the replication of HIV-1 in
cultures of NL-432-infected HLA-B*51:017/B*52:01" CD4* T
cells but not in those of HLA-B*51:01%/B*52:01" cells (Fig. 5B,
left and middle). The ability of the HLA-B*51:01-restricted CTL
clones to suppress the replication of HIV-1 was greater than that
of the HLA-B*52:01-restricted CTL clones. This was confirmed by
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FIG 5 Differences between HLA-B*51:01-restricted and HLA-B*52:01-re-
stricted CD8™ T cell clones in TCR avidity and the ability to suppress HIV-1
replication. (A) TCR avidity of the HLA-B*51:01-restricted and HLA-B*52:
01-restricted CTL clones expressed as ECs,. The ability of the TCRs of HLA-
B*51:01-restricted and HLA-B*52:01-restricted CTL clones to bind HLA-
B*51:01 tetramers and HLA-B*52:01 tetramers, respectively, was measured in
terms of the MFI of each CTL clone stained with the tetramers at concentra-
tions of 5 to 1,000 nM. (B) The ability of two HLA-B*51:01-restricted and two
HLA-B*52:01-restricted CD8™ T cell clones to suppress HIV-1 was measured
at six different E/T cell ratios (0.3:1, 0.1:1, 0.03:1, 0.01:1, 0.003:1, and 0.001:1).
CD4™ T cells from individuals expressing HLA-B*51:017/B*52:017, HLA-
B*51:017/B*52:017", or HLA-B*51:01*/B*52:01" were infected with NL-432
and then cocultured with a given Pol283-8-specific CTL clone or an HLA-
mismatched CTL clone. HIV-1 p24 Ag levels in the supernatant were mea-
sured on day 5 postinfection.

the experiment with HLA-B*51:017/B*52:01% CD4" T cells
(Fig. 5B, right). Although both HLA-B*51:01-restricted and HLA-
B*52:01-restricted CTL clones strongly inhibited the replication
of HIV-1 in the cultures of NL-432-infected HLA-B*51:01"/B*52:
01% CD4" T cells, the former clones exhibited a greater ability to
suppress the replication of HIV-1 than did the latter cells. These
results indicate that the HLA-B*51:01-restricted CTL clones had a
stronger ability to suppress HIV-1 replication than the HLA-B*52:
01-restricted clones. Taken together, both our in vitro and our in
vivo (population level HLA-association) data suggest that im-
mune pressure on RT135 by HLA-B*51:01-restricted T cells was
stronger than that imposed by HLA-B*52:01-restricted cells.
Structural basis of the difference in recognition between
HLA-B*52:01- and HLA-B*51:01-restricted CTLs. In order to
investigate the structural basis of the difference in recognition
between HLA-B*52:01- and HLA-B*51:01-restricted CTLs, we
performed a crystallographic study of the HLA-B*52:01 molecule
complexed with the Pol283-8 peptide. The recombinant HLA-
B*52:01 protein was crystallized, and by using the molecular re-
placement method, the three-dimensional structure of HLA-
B*52:01 complexed with the Pol283-8 peptide was successfully
determined. The crystal and statistical data are summarized in
Table S1 in the supplemental material. The overall structure and
peptide-binding mode were similar to those of HLA-B*51:01
complexed with the same Pol283-8 peptide (Fig. 6A and B), which
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Phe67(HLA-B*51:01)
Ser7T(HLA-B*52:01)

FIG 6 Structural comparison of HLA-B*52:01 and HLA-B*51:01 molecules complexed with the Pol283-8 peptide. (A) Crystal structures of HLA a1-a2
domains complexed with the Po]l283-8 peptide (stick model) on the HLA-B*52:01 (green, yellow) and HLA-B*51:01 (cyan, cyan) complexes. This same
coloring also applies to panels B to E. (B) Pol283-8 peptide and interacting side chains on the HLA-B*52:01 complex. Hydrogen bonds are shown as blue
dotted lines. (C) Comparison of the Pol283-8 peptide conformations of HLA-B*52:01 and HLA-B*51:01 complexes. (D) N-terminal side of HLA-B*52:01
and HLA-B*51:01 complexes. (E) C-terminal side of HLA-B*52:01 and HLA-B*51:01 complexes. Surface presentation for the al-a2 domains is shown

in gray.

we had previously reported (45). This finding explains the cross
presentation of this peptide by both HLA alleles. On the other
hand, there was a notable conformational difference in the N-ter-
minal region of the peptide between the two alleles (Fig. 6C and
D). The replacement of Phe67 of HLA-B*51:01 with Ser in HLA-
B*52:01 makes a local space, causing the N-terminal region of the
peptide (T1 and A2) to reside deeper in the peptide-binding
groove. Furthermore, the GIn63Glu mutation in HLA-B*52:01
affords a new interaction with the T1 residue of the peptide. These
changes would, to some extent, have hidden the side chains of T1
and A2 (flat surface) from the TCRs, which may have reduced
their interactions with TCRs on the HLA-B*52:01-restricted
CTLs. On the other hand, the conformation of the C-terminal
region of the peptide complexed with HLA-B*51:01 or HLA-
B*52:01 was similar, even though C-terminal Ile8 of the peptide
exhibited shallower penetration of the hydrophobic groove in the
case of HLA-B*52:01 than in that of HLA-B*51:01 (Fig. 6Cand E).
These results may indicate that the relatively flat surface of the
N-terminal side of the peptide contributed to the lower affinity for
TCRs in the case of HLA-B*52:01.
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DISCUSSION

HLA-B*52:01 and HLA-B*51:01 differ by only two residues, at
positions 63 and 67 (44). Substitutions at these residues affect the
formation of the B pocket in the peptide-binding pocket (45),
suggesting the possibility that HLA-B*52:01 has a peptide motif
different from that of HLA-B*51:01. Indeed, HLA-B*52:01-bind-
ing peptides have P2 primary anchors that are different from
HLA-B*51:01-binding ones (30, 46). Since the Pol283-8 epitope
carries Ala at its second position and Ile at the C terminus of the
peptide, itis likely that this peptide would effectively bind to HLA-
B*51:01 but not to HLA-B*52:01. However, the results of the HLA
stabilization assay demonstrated that the Pol283-8 peptide did
effectively bind to HLA-B*52:01. Since the HLA-B*52:01-binding
peptide is known to have Pro as its preferred P2 anchor residue,
this peptide carrying Ala at position 2 may be capable of binding to
HLA-B*52:01. A previous study showed cross-recognition of allo-
reactive T cells between HLA-B*51:01 and HLA-B*52:01 (47, 48),
indicating that some self-peptides can be presented by both of
these HLA class I molecules. The findings on the crystal structure
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TABLE 3 Numbers and frequencies of individuals having 1135X mutations in a Japanese cohort and a predominantly Caucasian cohort

No./total no. (%) of individuals

Cohort B*51:01% B*52:01~ B*51:017 B*52:01* B*51:01" B*52:017 B*51:017 B*52:01~ Total
Japanese 51/51 (100) 42/49 (85.7) 5/5 (100) 88/151 (58.3) 186/256 (72.6)
Caucasian 125/131 (95.4) 17/26 (65.4) 0/0 331/1,198 (27.6) 473/1,355 (34.9)

of the HLA-B*52:01 molecule complexed with the Pol283-8 pep-
tide clarified that HLA-B*52:01 could bind to the peptide in a
fashion similar to but slightly different from that of HLA-B*51:01.
These findings support the presentation of the Pol283-8 peptide
by both HLA-B*52:01 and HLA-B*51:01.

Pol283-8-specific CD8™ T cells were detected in 7 of 14 HLA-
B*52:01" HLA-B*51:017 individuals chronically infected with
HIV-1. A previous analysis showed that CD8" T cells specific for
this epitope are frequently detected in HLA-B*51:01 " individuals
chronically infected with HIV-1 (49). These results, taken to-
gether, indicate that this epitope is immunodominant in both
HLA-B*51:01" and HLA-B*52:01" individuals. The analysis of
257 Japanese individuals revealed an association between HLA-
B*52:01 and a variety of nonconsensus residues at RT codon 135
(1135X). Specifically, variants 8T, 8L, 8R, and 8V predominated in
HLA-B*52:01" individuals, suggesting that these mutations had
been selected by HLA-B*52:01-restricted CTLs. The viral suppres-
sion assay revealed that the HLA-B*52:01-restricted CTLs failed to
suppress the replication of these mutant viruses. These results
support the idea that the I135X mutation can be selected by im-
mune pressure via Pol283-8-specific CTLs in HLA-B*52:01% in-
dividuals. Our previous studies showed that the 8L, 8T, and 8R
mutations affected the recognition by Pol283-8-specific, HLA-
B*51:01-restricted CTL clones (15, 28). These studies, together
with the present study, indicate that accumulation of 8L, 8T, and
8R mutations in the HIV-infected Japanese population may be
due to immune pressure by both HLA-B*52:01-restricted and
HLA-B*51:01-restricted CTLs. Our analysis of the crystal struc-
ture of the HLA-B*52:01-peptide complex demonstrated that po-
sition 8 of the Pol283-8 peptide was deeply packed into the
hydrophobic groove. Whereas the 8L, 8T, and 8R substitutions
likely had a relatively large effect on the structure of the com-
plex, the 8V mutation, resulting in only the deletion of the
small methyl group, caused only very limited changes. Thus,
the structural analysis supports the idea that the 8L, 8T, and 8R
mutations affected the TCR recognition of the peptide and/or
its binding to HLA-B*52:01.

The present study confirmed previous studies of nine world-
wide cohorts (15) and a Chinese cohort (50) that showed a strong
association of 1135X with HLA-B*51:01. The I135X mutation was
found in 58.3 and 27.6% of HLA-B*51:01 ™ HLA-B*52:01~ Japa-
nese and predominantly Caucasian individuals, respectively (Ta-
ble 3), supporting greater population level accumulation of this
mutation in Japanese than in other cohorts. Since the Japanese
cohort included twice as many HLA-B*51:01™ individuals as the
IHAC cohort (21.9% of Japanese and 9.4% of Caucasians in
THAC), the difference in the 1135X variant frequency between
these two cohorts would be driven, to a large extent, by the higher
HLA-B*51:01 prevalence in the former than in the latter. The
association of HLA-B*52:01 with this mutation was much weaker
than that of HLA-B*51:01 in both cohorts but still highly statisti-
cally significant (an InOR of 11.7 [P = 8.77 X 107%] versus an
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InOR 0f 40.0 [P = 5.78 X 107 '?] in the Japanese cohort and an InOR
0f3.06 [P = 2.95 X 10°] versusan InOR of 5.71 [P = 1.58 X 10751]
in THAC). Because of the relatively low B*52:01% frequency
(~2%) in IHAG, the effect of HLA-B*52:01 on the overall preva-
lence of 1135X was relatively low in this cohort. In contrast, in the
Japanese cohort, where the HLA-B*52:01" prevalence was rela-
tively high (>20%), this allele represents a major driving force
behind 135X selection in this cohort. Thus, selection pressure
from both HLA-B*51:01 and HLA-B*52:01 likely contributed to
the observed population level accumulation of I135X mutations
in the Japanese population.

Previous studies showed that HLA-B*51:01-restricted, Pol283-
8-specific CTLs have a strong ability to suppress HIV-1 replication
in vitro (28) and that they suppressed the replication of the 8V
mutant virus but failed to suppress that of the 8T, 8L, and 8R
mutant viruses (15). The frequency of the Pol283-8-specific CTLs
was inversely correlated with the plasma viral load in HLA-B*51:
01" hemophiliacs infected with HIV-1 approximately 30 years
ago (28). The 8T, 8L, and 8R mutations did not affect replication
capacity, whereas the 8V mutation conferred a modest fitness cost
(15). These findings support the suppression of the wild-type or
8V mutant virus by Pol283-8-specific CTLs as a major mechanism
of slow progression to AIDS in Japanese hemophiliacs. This CTL
response was also elicited in Chinese HLA-B*51:01% individuals
infected with the 8V mutant virus; furthermore, a low viral load
and a high CD4 count were significantly associated with the pres-
ence of at least one of three HLA-B*51:01-restricted CTL re-
sponses, including a Pol283-8-specific one (50). Thus, these find-
ings support the idea that Pol283-8-specific CTLs play an
important role in the control of HIV-1 infection.

The present study demonstrated that HLA-B*52:01-restricted,
Pol283-8-specific CTLs also had a strong ability to suppress HIV-1
replication in vitro (80% suppression at an E/T cell ratio 0of 0.3:1).
However, the ability of HLA-B*52:01-restricted CTLs to suppress
the replication of HIV-1 was weaker than that of HLA-B*51:01-
restricted CTLs (Fig. 5B). Inspection of the crystal structures of
both HLA molecules complexed with the Pol283-8 peptide sug-
gests that the relatively shallow penetration of the hydrophobic
groove of HLA-B*52:01 by the C-terminal side of the peptide, in
contrast to the tightly packed binding with HLA-B*51:01, may
have resulted in an unstable conformation of the complex. Fur-
thermore, Ser67 of HLA-B*52:01 would have provided more
space and loose interactions with the peptide than in the case of
the Phe of HLA-B*51:01. Interestingly, the Pol283-8 peptide
would have displayed only side chains of Thr1 and Ser7, and some
part of the main chains, to CTLs. Therefore, these results suggest
that the unstable backbone conformation and side chain positions
in the case of HLA-B*52:01 largely contributed to the lower TCR
affinity than that afforded by HLA-B*51:01. These results support
that selection pressure in vivo via the HLA-B*52:01-restricted
CTLs would be weaker than that via the HLA-B*51:01-restricted
CTLs. Indeed, the prevalence of 135X mutations in HLA-B*51:
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01% individuals was higher than that in HLA-B*52:01" individu-
als. The difference in the pattern of escape mutant selection by
these CTLs between the HLA-B*51:01 " and HLA-B*52:01" indi-
viduals might also have been due to the difference in their abilities
to suppress HIV-1 replication. However, it still remains unclear
why the 8T mutant was predominantly selected in the HLA-B*51:
01" but not in the HLA-B*52:01" individuals. Further studies are
expected to clarify the mechanism to explain how these CTLs se-
lected different patterns of mutations at RT135.

Previous studies showed that the T242N mutant was selected
by HLA-B*58:01-restricted and HLA-B*57-restricted CTLs spe-
cific for TW10 epitope in HIV-1 clade B-infected and clade C-in-
fected individuals (25-27). Herein we also showed that 1135X was
selected by Pol283-8-specific CTLs restricted by two different
HLA class I molecules. However, the strength and the pattern of
the selection of 135X was different between HLA-B*51:01 and
HLA-B*52:01. The present study suggests that this difference in
the selection pattern was associated with that between the HLA-
B*51:01* and HLA-B*52:01" individuals in terms of the ability of
Pol283-specific CTLs to suppress HIV-1 replication. Thus, we
characterized and experimentally validated distinct HIV-1 escape
patterns of CTLs with the same epitope specificity and provided
evidence that the extremely high prevalence of 135X in circulating
Japanese sequences is likely driven not by one but by two HLA-B
alleles.
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PML tumor suppressor protein is required for HCV production
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PML tumor suppressor protein, which forms discrete nuclear structures termed PML-nuclear bodies, has
been associated with several cellular functions, including cell proliferation, apoptosis and antiviral
defense. Recently, it was reported that the HCV core protein colocalizes with PML in PML-NBs and abro-
gates the PML function through interaction with PML. However, role(s) of PML in HCV life cycle is

Keywords: unknown. To test whether or not PML affects HCV life cycle, we examined the level of secreted HCV core
Hepatitis C virus and the infectivity of HCV in the culture supernatants as well as the level of HCV RNA in HuH-7-derived
g{“ﬁ RSc cells, in which HCV-JFH1 can infect and efficiently replicate, stably expressing short hairpin RNA tar-
DDX5 geted to PML. In this context, the level of secreted HCV core and the infectivity in the supernatants from

PML knockdown cells was remarkably reduced, whereas the level of HCV RNA in the PML knockdown
cells was not significantly affected in spite of very effective knockdown of PML. In fact, we showed that
PML is unrelated to HCV RNA replication using the subgenomic HCV-JFH1 replicon RNA, JRN/3-5B. Fur-
thermore, the infectivity of HCV-like particle in the culture supernatants was significantly reduced in
PML knockdown JRN/3-5B cells expressing core to NS2 coding region of HCV-JFH1 genome using the
trans-packaging system. Finally, we also demonstrated that INI1 and DDXS5, the PML-related proteins,
are involved in HCV production. Taken together, these findings suggest that PML is required for HCV
production.

Tumor suppressor
Lipid droplet

Crown Copyright © 2012 Published by Elsevier inc. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is the causative agent of chronic hepati-
tis, which progresses to liver cirrhosis and hepatocellular carci-
noma. HCV is an enveloped virus with a positive single-stranded
9.6 kb RNA genome, which encodes a large polyprotein precursor
of approximately 3000 amino acid residues. This polyprotein is
cleaved by a combination of the host and viral proteases into at
least 10 proteins in the following order: core, envelope 1 (E1),
E2, p7, non-structural 2 (NS2), NS3, NS4A, NS4B, NS5A, and NS5B
[1,2]. HCV core protein forms a viral capsid and is essential for
infectious virion production. The core protein is targeted to lipid
droplets. Recently, lipid droplets have been found to be involved
in an important cytoplasmic organelle for HCV production {3].

In addition, HCV core has been reported to facilitate cellular
transformation as well as development of hepatocellular

* Corresponding author at: Center for AIDS Research, Kumamoto University, 2-2-
1, Honjo, Kumamoto 860-0811, Japan. Fax: +81 96 373 6834.
E-mail address: ariumi@kumamoto-u.ac.jp (Y. Ariumi).

carcinoma in HCV core-transgenic mice [4]. Interactions of core
with tumor suppressor proteins such as p53 and DDX3 may lead
to enhanced cellular proliferation [4]. Indeed, HCV core interacts
with promyelocytic leukemia (PML) protein and inhibits the PML
tumor suppressor pathway through interfering with the PML-med-
iated apoptosis-inducing function [5]. PML forms discrete nuclear
structures termed PML-nuclear bodies (PML-NBs) and associates
with several cellular functions, including cell proliferation, apopto-
sis and antiviral defense [6,7]. In acute promyelocytic leukemia
(APL) patient, the PML gene is fused with the retinoic acid recep-
tor-a (RARa) gene, thus resulting in expression of an oncogenic
PML-RAR« fusion protein [6,7]. Conversely, treatment of APL pa-
tient with arsenic trioxide leads to reformation of PML-NBs and re-
sults in disease remission [6,7], indicating that PML is a target of
arsenic trioxide. Interestingly, we have recently demonstrated that
arsenic trioxide strongly inhibited HCV infection and HCV RNA
replication without cell toxicity [8]. However, the role of PML in
HCV life cycle yet remains unclear. To investigate the possible
involvement of PML in HCV life cycle, we examined the accumula-
tion of HCV RNA as well as the release of HCV core into culture
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supernatants from cells rendered defective for PML by RNA inter-
ference. The results provide evidence that PML is required for
HCV production.

2. Materials and methods
2.1. Cell culture

293FT cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS). The three HuH-7-derived cell lines:
RSc cured cells that cell culture-generated HCV-JFH1 (JFH1 strain
of genotype 2a) [9] could infect and effectively replicate [10-13],
ORG6c cells is cured cells of OR6 cells harboring the genome-length
HCV-O RNA with luciferase as a reporter {14] or OR6c JRN/3-5B
cells harboring the subgenome HCV-JFH1 RNA with luciferase as
a reporter were cultured in DMEM with 10% FBS as described pre-
viously [13].

2.2. RNA interference

Oligonucleotides with the following sense and antisense se-
quences were used for the cloning of short hairpin RNA (shRNA)-
encoding sequences targeted to DDX5 in a lentiviral vector: 5'-
GATCCCCCTCTAATGTGGAGTGCGACTTCAAGAGAGTCGCACTCCACA
TTAGAGTTTTTGGAAA-3' (sense), 5'-AGCTTITCCAAAAACTCTAATGT
GGAGTGCGACTCTCTTGAAGTCGCACTCCACATTAGAGGGG-3' (anti-
sense). The oligonucleotides above were annealed and subcloned
into the BgllI-HindIll site, downstream from an RNA polymerase
[T promoter of pSUPER [15], to generate pSUPER-DDX5i. To con-
struct pLV-DDX5i, the BamHI-Sall fragments of the pSUPER-DDX5i
were subcloned into the BamHI-Sall site of pRDI292, an HIV-1-de-
rived self-inactivating lentiviral vector containing a puromycin
resistance marker allowing for the selection of transduced cells
[16]. We previously described pLV-PMLi [8] and pLV-INI1i [17],
respectively.

2.3. Lentiviral vector production

The vesicular stomatitis virus (VSV)-G-pseudotyped HIV-1-
based vector system has been described previously [18,19]. The
lentiviral vector particles were produced by transient transfection
of the second-generation packaging construct pCMV-ARS8.91
[18,19] and the VSV-G-envelope-expressing plasmid pMDG2 as
well as pLV-PMLIi into 293FT cells with FuGene6 (Roche Diagnos-
tics, Mannheim, Germany).

2.4. HCV infection experiments

The supernatants was collected from cell culture-generated
HCV-JFH1-infected RSc cells at 5 days post-infection and stored
at —80 °C after filtering through a 0.45 pm filter (Kurabo, Osaka, Ja-
pan) until use. For infection experiments with HCV-JFH1 virus or
J6/JFH1 [20], RSc cells (5 x 10% cells/well) were plated onto 6-well
plates and cultured for 24 h (hrs). We then infected the cells at a
multiplicity of infection (MOI) of 0.05. The culture supernatants
were collected at the indicated time post-infection and the levels
of the core protein were determined by enzyme-linked immuno-
sorbent assay (Mitsubishi Kagaku Bio-Clinical Laboratories, Tokyo,
Japan). Total RNA was isolated from the infected cellular lysates
using RNeasy mini kit (Qiagen, Hilden, Germany) for quantitative
RT-PCR analysis of intracellular HCV RNA. The infectivity of
HCV-JFH1 in the culture supernatants was determined by a
focus-forming assay at 48 h post-infection.
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2.5. Quantitative RT-PCR analysis

The quantitative RT-PCR analysis for HCV RNA was performed
by real-time LightCycler PCR (Roche) as described previously
[14]. We used the following forward and reverse primer sets for
the real-time LightCycler PCR: PML, 5-GAGGAGTTCCAGTTTCT
GCG-3' (forward), 5'-GCGCCTGGCAGATGGGGCAC-3' (reverse);
DDX5, 5-ATGTCGGGTTATTCGAGTGA-3' (forward), 5-TTTCTCC
CCAGGGTTTCCAA-3' (reverse); INI1, 5-ATGATGATGATGGCGCTG
AG-3' (forward), 5'-TCGGAACATACGGAGGTAGT-3' (reverse); B-ac-
tin, 5-TGACGGGGTCACCCACACTG-3' (forward), 5'-AAGCTGTAG
CCGCGCTCGGT-3' (reverse); and HCV-JFH1, 5'-AGAGCCATAGTGGT
CTGCGG-3' (forward), 5'-CTTTCGCAACCCAACGCTAC-3' (reverse).

2.6. Western blot analysis

Cells were lysed in buffer containing 50 mM Tris-HCl (pH 8.0),
150 mM Na(l, 4 mM EDTA, 1% Nonidet P-40, 0.1% sodium dodecyl
sulfate (SDS), 1 mM dithiothreitol and 1 mM phenylmethylsulfonyl
fluoride. Supernatants from these lysates were subjected to
SDS-polyacrylamide gel electrophoresis, followed by immunoblot
analysis using anti-HCV core (CP-9 and CP-11; Institute of Immu-
nology, Tokyo, Japan) or anti-B-actin antibody (Sigma).

2.7. WST-1 assay

RSc or OR6¢ JRN/3-5B cells (1 x 103 cells/well) were plated onto
96-well plates and cultured. The cells were subjected to the WST-1
cell proliferation assay (Takara Bio, Otsu, Japan) according to the
manufacturer’s protocol. The absorbance was read using a micro-
plate reader at 440 nm with a reference wavelength of 690 nm.

2.8. Renilla luciferase (RL) assay

OR6c JRN/3-5B cells (1.5 x 10* cells/well) were plated onto 24-
well plates and cultured for 72 h, then, subjected to the RL assay
according to the manufacturer’s instructions (Promega, Madison,
WI, USA). A lumat LB9507 luminometer (Berthold, Bad Wildbad,
Germany) was used to detect RL activity.

2.9. RNA synthesis and transfection

Plasmid pJRN/3-5B was linearized by digestion with Xbal and
was used for RNA synthesis with T7 MEGAscript (Ambion) as pre-
viously described [13]. In vitro transcribed RNA was transfected
into OR6c¢ cells by electroporation as described previously [14].

2.10. Immunofluorescence and confocal microscopic analysis

Cells were fixed in 3.6% formaldehyde in phosphate-buffered sal-
ine (PBS), permeabilized in 0.1% Nonidet P-40 in PBS at room tem-
perature, and incubated with anti-PML antibody (PM001, MBL)
and anti-HCV core at a 1:300 dilution in PBS containing 3% bovine
serum albumin (BSA) at 37 °C for 30 min. They were then stained
with anti-Cy3-conjugated anti-mouse antibody (Jackson Immuno-
Research, West Grove, PA) or Alexa Fluor 647-conjugated anti-
rabbit antibody (Molecular Probes, Invitrogen) at a 1:300 dilution
in PBS containing BSA at 37 °C for 30 min. Lipid droplets and nuclei
were stained with BODIPY 493/503 (Molecular Probes, Invitrogen)
and DAPI (4, 6'-diamidino-2-phenylindole), respectively. Following
extensive washing in PBS, the cells were mounted on slides using a
mounting media of SlowFade Gold antifade reagent (Invitrogen)
added to reduce fading. Samples were viewed under a confocal la-
ser-scanning microscope (FV1000; Olympus, Tokyo, Japan).



