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CTL-Mediated Selective Pressure Influences Dynamic
Evolution and Pathogenic Functions of HIV-1 Nef”

Takamasa Ueno,?* Chihiro Motozono,* Sachi Dohki,* Philip Mwimanzi,* Susanne Rauch,*
Oliver T. Fackler,” Shinichi Oka,” and Masafumi Takiguchi*

HIV-1 Nef plays multiple roles in modulating immune responses, even though it is a dominant CTL target itself. How Nef
accomplishes the balance between such conflicting selective pressures remains elusive. By genetic and functional studies, we found
that Arg’”>Thr and Tyr®Phe mutations, located in a well-conserved proline-rich region in Nef, were differently associated with
escape from CTL responses specific for two overlapping HLA-B35-restricted epitopes. CTLs specific for an epitope, that selected
Tyr®*Phe, were elicited earlier and had more potent functional avidities than did those that selected Arg”>Thr. Although the
double mutant could escape from both CTLs, the mutations are rarely observed in combination naturally. Introduction of both
mutations reduced Nef’s HLA class I down-regulation activity and increased the susceptibility of virus-infected cells to recognition
by CTLs targeting other epitopes. Moreover, the mutant Nef was impaired in the association with activated cellular kinases and
in the enhancement of viral replication. These results highlight CTL immunosurveillance as important modulators of Nef’s

biological activity in the infected host. The Journal of Immunology, 2008, 180: 1107-1116.

the pathogenesis of the primate lentiviruses, HIV-1,

HIV-2, and SIV. The importance of Nef in viral patho-
genesis was first shown in rhesus macaques, where a large deletion
of the nef gene severely reduced SIV pathogenicity (1). This find-
ing was supported by the fact that a cohort consisting of one blood
donor and eight transfusion recipients infected with Nef-defective
HIV-1 demonstrated dramatically decreased rates of disease pro-
gression (2, 3). The impact on the outcome of HIV/SIV infection
likely results from the synergy of multiple functions exerted by
Nef that may be differentially regulated over time (4). Nef en-
hances viral replication and virion infectivity (5-7) and affects
cells in many ways, including altering T cell activation and mat-
uration (6, 8-11), subverting the apoptotic machinery, and down-
regulating a number of cell surface receptors including CD4 and
HLA class I (7, 12, 13). The down-regulation of MHC class [
{MHC-I)*® by SIV Nef in rhesus macaques limits CD8 T cell-me-
diated killing and contributes to the pathogenic effect of Nef in

T he accessory gene product Nef is a critical determinant for
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vivo, highlighting the importance of Nef-mediated immunoeva-
sion to facilitate disease progression (14).

The initial peak of viral replication after primary HIV infection
begins to decline simultaneously with the appearance of HIV-spe-
cific CD8 T lymphocytes (15, 16) that can eliminate HIV-infected
cells directly by MHC-I-restricted cytolysis or indirectly through
the production of soluble factors such as cytokines and chemo-
kines (17, 18). The biological relevance of HIV-specific CTLs in
HIV infection is also supported by the results of in vivo studies
demonstrating a dramatic rise of viremia and an accelerated clin-
ical disease progression in SIV-infected macaques after the artifi-
cial depletion of CD8 ™" cells (19, 20). Among HIV proteins tar-
geted by HIV-specific CTLs, HIV Nef protein is expressed at high
levels early in an HIV infection (21) and elicits a strong CTL
response in a number of subjects (22, 23). Most antigenic deter-
minants are located within a multirestricted, immunodominant
central region spanning residues 73-94 and 113-147 (22, 24),
including a highly conserved proline-rich region containing an
Src homology 3 (SH3)-binding motif, PxxP (Nef,;_g,: PVR-
PQVPLRP) critical for several but not all Nef functions (6, 7,
25-27). In particular, HIV-infected subjects expressing the
HLA-B*3501 molecule, which prefers a proline residue on the
second position of its antigenic peptides, show vigorous HLA-
B35-restricted CTL responses toward the proline-rich region of
Nef (22, 28, 29).

In the present study, we focused on HLA-B35-restricted CD8 T
cell responses toward the functionally important PxxP region of
HIV-1 Nef to ask whether CTL responses can impose constraints
on Nef activity. Remarkably, sequence analysis of autologous vi-
ruses revealed the association of two different mutations with pa-
tients carrying HLLA-B*35, one of which was earlier shown to be
a naturally occurring variation that can modulate Nef functions
(25). Further detailed analyses of CTL responses and Nef functions
demonstrated that Nef balances between the conflicting selective
pressures during the course of an HIV-1 infection. These findings
suggest an important role of HIV-1 Nef-specific CTL responses in
the control of Nef activity during the progression of an HIV-1
infection.
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Table I. Summary of HLA-B35™ subjects used in this study®

CONFLICTING SELECTIVE PRESSURE ON HIV-1 Nef

Months since Antiretoviral PBMC
Pt. HLA Class I Allele Seroconversion Viral Load (log,¢/ml) CD4 (mm ™) Therapy Nef Sequence Availability
001  A2402/A2603, B3501/B4002 132 ND 227 #+ RPQVPLRPMTF -
192 39 223 + TPQVPLRPMTY +
003  A2402/A2601, B3501/B5101 72 ND 480 = RPQVPLRPMTF =
144 ND 252 ¥+ TPQVPLRPMTY +
006 A24/A26, B35/B52 48 ND 102 * RPQVPLRPMTF =
015  Al1/A24, B35/B54 147 BD 383 + TPQVPLRPMTY +
016  A26/A33, B35/B44 7 ND 43 = RPQVPLRPMTF =
017  A2/A24, B35/B48 192 BD 254 # TPQVPLRPMTY
019  A2402/—, B3501/B5201 18 4.7 524 - RPQVPLRPMTF =
80 BD 1574 + TPQVPLRPMTY +
025  A24/A31, B35 26 ND 50 + TPQVPLRPMTY -
027  A24/A26, B35/B44 4 ND 84 + RPQVPLRPMTF -
033  A0207/A3101, B3501/B4601 72 53 326 = TPQVPLRPMTY +
034  A2402/A2601, B3501/B4801 48 4.4 201 - TPQVPLRPMTY +
042  A24/A31, B35/B60 59 3.8 311 - TPQVPLRPMTY +
046 A2, B35/B61 48 BD 263 + TPQVPLRPMTY +
099  A2402/-, B3501/B61 12 3.9 984 = RPQVPLRPMTF *
100  A2601/—, B3501/B4001 16 5.0 614 = RPQVPLRPMTF +
102 A2402/A0206, B3501/B0702 17 2.8 482 = RPQVPLRPMTF +
131 A2402/A0207, B3501/B4601 10 1.9 563 + RPQVPLRPMTF +
136  A2402/A2601, B3501/B5201 15 4.4 308 = RPQVPLRPMTF +
141 A0201/A3101, B3501/B5401 10 53 382 - RPQVPLRPMTY +
20 5.1 360 + RPQVPLRPMTF *
145  A0207/A2601, B3501/B5101 6 BD 645 - RPQVPLRPMTY -
18 4.6 685 = RPQVPLRPMTF +
161 A2402/A2601, B3501/B5401 13 2.3 955 = RPQVPLRPMTF +
168  A2601/—, B3501/— 5 23 408 + RPQVPLRPMTY +
178  A2601/A3101, B3501/B4601 8 2.7 568 + RPQVPLRPMTY +

“ND, Not determined; BD, below detection limit. Bold, underlined letters in the sequences represent mutations.

Materials and Methods
Subjects

A total of 23 individuals (HLA-B35™) with HIV infection followed at the
AIDS Clinical Center (International Medical Center of Japan) were en-
rolled for functional analysis of HIV-specific CD8 T cells and autologous
HIV-1 sequence analysis in this study. Subjects were selected based on the
availability of plasma and PBMC samples as well as HLA-B*35 expres-
sion. Clinical data of all subjects are listed in Table 1. Patients 01, 03, and
17 are hemophiliacs who had been infected with HIV-1 through contam-
inated blood products. Because the time of HIV-1 infection or the time of
seroconversion was not known for these subjects, we suspect that their
infection occurred in 1983 based on a survey done on Japanese hemophil-
iacs. In addition, 41 individuals (negative for HLA-B*35) with HIV in-
fections were enrolled for autologous HIV-1 sequence analysis. The study
was conducted in accordance with the human experimentation guidelines
of the International Medical Center of Japan and Kumamoto University.

Sequence analysis of autologous HIV-1

HIV-1 particles were precipitated by ultracentrifugation (50,000 rpm, 30
min) of patients’ plasma, after which the viral RNA was extracted from
them. DNA fragments encoding Nef proteins were amplified by a nested
PCR, gel purified, and sequenced directly as described (29). The fragments
were cloned into a plasmid and then sequenced for phylogenetic tree
analysis.

For phylogenetic tree analysis of intrapatient evolution of the nef gene
(HXB2 coordinate, 8932-9555), nucleotide sequences were initially
aligned by using Clustal W and then manually adjusted to maximize align-
ment of codon triplet as needed. Regions that could not be unambiguously
aligned were removed from subsequent phylogenetic analysis. The
MEGA3 package of sequence analysis programs was used for detailed
phylogenetic analysis (30). Pairwise evolutionary distances were calculated
by using the Kimura 2-parameter model for estimation of distances,
and phylogenetic trees were constructed by the neighbor-joining method.

Generation of T cell clones

CTL clones or lines were established by stimulation of PBMC with a
synthetic peptide, as previously described (31). Briefly, a bulk CTL culture
was seeded at a density of 0.8 or 5 cells/well with a cloning mixture (ir-
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radiated allogeneic PBMC and C1R-B3501 cells pulsed with 1 uM peptide
in RPMI 1640 with 10% FCS and 100 U/ml rIL-2). Two weeks later, cells
showing substantial Ag-specific cytolytic activity were maintained in the
medium with peptide stimulation weekly.

Preparation of HIV-1 variants

The full-length HIV-1 pNL43 derivatives in which the nef gene was com-
pletely removed (pNL43ANef) or replaced with SF2 nef (pNLA3SF2Nef)
were created earlier (32). The Arg” to Thr and Tyr®> to Phe mutations
were achieved by site-directed mutagenesis based on SF2 nef. 293T
cells were transfected with each of the constructs, and the infectious HIV-1
virions released into the medium were collected 48 h later. The p24 Ag
concentrations of virus stocks were determined by p24 Ag ELISA.

Flow cytometric analysis

HLA stabilization assay. Peptide-binding activity for HLA-B*3501 was
assessed by an HLA stabilization assay using RMA-S cells expressing
HLA-B*3501 as described earlier (31).

HLA tetramer analysis. The HLA-B3501 tetramers in complex with the
VY8 and RY11 peptides were prepared as previously described (31). Cryo-
preserved PBMC of HIV-positive (2 X 10°) or -negative donors (3 X 10°)
were stained with the PE- and allophycocyanin-labeled tetramers at 37°C
for 15 min followed by anti-CD8-PerCP (BD Biosciences/BD Pharmingen)
and anti-CD3-FITC (DakoCytomation) at 4°C for 15 min. The
CD3*CD8™" cells were gated and then analyzed for binding with the tet-
ramers by flow cytometry (FACSCalibur; BD Biosciences).
Intracellular cytokine staining assay. Intracellular cytokine staining of
Ag-specific CTL clones was done as previously described (33). Briefly,
CTL clones (4 X 10* cells) were incubated with C1R-B3501 cells (4 X 10*
cells) alone or pulsed with various concentrations of peptides for 6 h at 37
°C in the presence of brefeldin A (10 pg/ml). The cells were stained first
with anti-CD8 mAb and 7-aminoactinomycin D (7-AAD), permeabilized
in a detergent buffer, and then stained with mAb specific for IFN-y or
TNF-a (BD Biosciences/BD Pharmingen).

Cytotoxic assays

Toward peptide-loaded cells. The cytotoxic activity of the CTL clones
was determined by a standard *'Cr-release assay as described previ-
ously (31).



