transmission rate, and HLA allele prevalence. Models would need to
include factors such as the selection of compensatory mutations to
slow reversion rates, and antiretroviral therapy access that would
slow transmission rates.

HLA adaptation to certain CD8" T-cell responses may also alter
currently established HLA associations with slow disease progres-
sion. Data here suggest that, whereas 25 years ago HLA-B*51 was
protective in Japan'"'?, this is no longer the case (Supplementary Fig.
2). The apparent increase in 1135X frequency in Japan over this time
supports the notion that HLA-B*51 protection against HIV disease
progression hinges on availability of the HLA-B*51-restricted
TAFTIPSI response. However, whether this is the case remains
unknown.

For HLA-B*27 and HLA-B*57, there is more clear-cut evidence
that their association with HIV control depends on the Gag-specific
epitopes presented and analysed here*”>"'>%1% For each of the HLA-
B*27- and HLA-B*57-associated Gag mutations studied, an in vitro
fitness cost or in vivo reversion has been observed. A strong correla-
tion between variant frequency and HLA prevalence even for rapidly
reverting variants can be explained, either by mutant acquisition
exceeding reversion rate (Fig. 4D), or by selection of compensatory
mutations slowing or halting reversion altogether. The clearest
example of the latter is the HLA-B*27-associated R264K mutation,
‘corrected’ by S173A". Compensatory mutations are also well
described for the HLA-B*57-associated Gag mutations''®. These
data suggest that the escape mutations in these HLA-B*27- and
HLA-B*57-restricted epitopes are accumulating over time. Several
studies have now demonstrated that transmission of viruses encod-
ing escape mutants in the critical Gag epitopes to individuals expres-
sing the relevant MHC class results in failure to control viraemia®*?.
The accumulation at the population level of these escape mutations
in HLA-B*27 and HLA-B*57 Gag epitopes is therefore likely to
reduce the facility of these alleles to slow HIV disease progression.

The longer-term consequences of this process for immune control
of HIV are unknown. Loss of currently immunodominant epitopes
would promote subdominant CD8* T-cell responses, which can be
more effective??*. Also, the adapted virus provides new epitopes that
can be presented, potentially with beneficial effects. In hepatitis C
virus, for example, HLA-A*0301 holds a particular advantage, but
only against the specific strain of virus responsible for the Irish out-
break®. In HIV, HLA-B*1801 is associated with high viraemia in C
clade but not in B clade infection'®'"%; the opposite applies to HLA-
B*5301.

Thus, the data presented here, showing evidence that the virus is
adapting to CD8" T-cell responses, some of which may mediate the
well-established associations (HLA-B*57, HLA-B*27 and HLA-
B*51) with immune control of HIV, highlight the dynamic nature
of the challenge for an HIV vaccine. Important questions to be
addressed include the speed and extent of sequence change, particu-
larly in Gag, the most effective target for CD8' T-cell res-
ponses'”™3?. The induction of broad Gag-specific CD8% T-cell
responses may be a successful vaccine strategy, but such a vaccine
will be most effective if tailored to the viral sequences prevailing, and
thus may need to be modified periodically to keep pace with the
evolving virus. Moreover, the strong associations between certain
HLA class molecules, such as HLA-B*57, HLA-B*27 and HLA-
B*51, and slow disease progression may decline as the epidemic
continues, particularly where these HLA alleles are highly prevalent,
and where HIV transmission rates are high.

METHODS SUMMARY

Overall 2,875 subjects were studied, from 9 previously established study cohorts.
These cohorts comprised subjects from North America, the Caribbean, Europe,
sub-Saharan Africa, Australasia and Asia. All subjects were antiretroviral-ther-
apy-naive. Apart from the London acute cobort (11 = 142), all cohorts comprised
chronically infected subjects. The 14 variants studied are well-defined escape
mutations within well-characterized CD8" T-cell epitopes, and included those
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persisting after transmission and likely to have little effect on viral fitness (n = 5),
as well as those shown previously to reduce viral fitness (n= 9). Autologous
HIV-1 sequences, and HLA class 1 types, were determined for all study subjects.
The replicative capacity of 1135X variants selected within the HLA-B*51-
restricted epitope TAFTIPSI (RT 128-135) was assessed via in vitro competition
assays and also via longitudinal follow-up of HLA-B*51-negative subjects
infected acutely with 1135X variants. Polymorphism frequency in the study
cohorts was compared with prevalence of the relevant HLA molecule in the
study cohort using a logistic regression model taking into account the different
numbers of study subjects in each cohort. Demonstration of an HLA allele
driving escape at Gag 146 in the Japanese cohort was undertaken first by iden-
tification of an association between HLA-B*4801 and A146P, subsequent def-
inition of an HLA-B*4801-restricted CD8" T-cell response to a novel epitope
Gag 138-147 (L110), and finally demonstration that A146P reduced viral recog-
nition by LI10-specific CD8" T cells.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Abstract

Gag-specific CTLs are known to have stronger ability to control HIV-1 replication than others that are protein-specific. Therefore, the
analysis of Gag escape mutants is expected to clarify the mechanisms of immune control in HIV-1-infected donors. However, only a limited
number of Gag escape mutants have been identified so far. A previous study suggested the possibility that Gag28-3R (KW9-3R) is an escape
mutant from HLA-A*2402-restricted KW9-specific CTLs but did not show any evidence of it. Here we sought to demonstrate that KW9-3R is
selected as escape mutant by KW9-specific CTLs. KW9-specific CTLs showed a remarkable reduction in recognition of target cells infected
with the KW9-3R mutant. The sequence analysis of HIV-1 from 58 HIV-1-infected individuals showed that the frequency of the KW9-3R mutant
was significantly higher in HLA-A*2402" individuals than in HLA-A*2402" individuals. Longitudinal analysis of an HLA-A*2402% individual
with HIV-1 early infection showed that this escape mutant was selected over an approximately 2-year period. These results together indicate that
Gag28-3R is an escape mutant selected by HLA-A*2402-restricted KW9-specific CTLs. Further analysis of this epitope wiil clarify the role of

HIV-1-specific CTLs in the control of HIV-1 among the Japanese population, since 70% of them carry this allele.

© 2008 Elsevier Masson SAS. All rights reserved.

Keywords: HIV-1; Cytotoxic T-lymphocytes; Escape

1. Introduction

Human immunodeficiency virus type 1 (HIV-1)-specific
cytotoxic T lymphocytes (CTLs) have an important role in the
control of HIV-1 replication during acute and chronic phases of
an HIV-1 infection [1-3]. However, CTLs cannot completely
eradicate HIV-1, because HIV-1 can escape from the host
immune system by various mechanisms, including mutations of
its immunodominant CTL epitope. The substitution of just
a single amino acid within a CTL epitope is crucial for the
failure of binding to HLA class I molecules or of the interaction
between the T cell receptors (TCRs) of specific CTLs and the

Abbreviations: HIV-1, human immunodeficiency virus type 1; CTL,
cytotoxic T-lymphocytes; HLA, human lenkocyte antigens.
* Corresponding author. Tel.: +81 96 373 6529; fax: -+81 96 373 6532.
E-mail address: masafumi@kumamoto-u.ac.jp (M. Takiguchi).

1286-4579/$ - see front matter © 2008 Elsevier Masson SAS. All rights reserved.
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peptide-HILA class I complex. Both mechanisms result in the
loss of CTL activities against target cells infected with mutant
HIV-1 and contribute to the selection of a virus that can escape
from CTLs [4—10]. There are many studies demonstrating that
CTL-mediated immune pressure selects CTL escape variants
during both acute and chronic HIV-1 and simian immunodefi-
ciency virus (SIV) infection [11,12] and that the appearance of
the escape mutants could result in the loss of immune control
and disease progression [4,13]. The escape of HIV-1 from CTL
responses has been proposed to be an important obstacle for
HIV-1 vaccine development [14,15].

Gag-specific CTLs are known to have a stronger ability to
control HIV-1replication than others that are protein-specific [16].
Therefore, it is assumed that the appearance of Gag escape mutant
results in the failure of HIV-1 control by Gag-specific CTLs. In
fact, several such cases have been reported [4,7,17,18]. Analysis
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of Gag escape mutants is very important to clarify the mechanisms
of AIDS pathogenesis and AIDS vaccine development.

Approximately 70% of the Japanese population expresses
HLA-A*2402 [19]. Gag28-36 (KW9) is the only immunodo-
minant epitope of 3 epitopes presented by this allele [20,21]. A
previous study showed that Gag28-3R (KW9-3R) was detec-
ted in 2 of 3 Japanese HIV-1-infected HLA-A*24027 indi-
viduals and that HLA-A*2402-restricted KW9-specific CTLs
did not recognize the KW9-3R peptide [22]. However, it was
still unclear whether the appearance of the mutant was asso-
ciated with HLA-A*2402 and if the HLA-A*2402-restricted
KW9-specific CTLs selected the mutants.

Here, we sought to clarify that KW9-3R is an escape
mutant from KW9-specific CTLs by demonstrating that
specific CTLs showed markedly reduced killing activity
towards target cells infected with KW9-3R mutant virus. In
addition, we investigated whether this mutant is more highly
detectable in HLA-A*2402" donors than in HLA-A*24027
donors in order to clarify whether this mutant is selected at the
population level. Furthermore, we performed longitudinal
analysis of this mutant in a case of early HIV-1-infection.

2. Materials and methods
2.1, Patient samples

Informed consent was obtained from all subjects according
to the Declaration of Helsinki. For sequence analysis, blood
specimens were collected in EDTA. Plasma and peripheral
blood mononuclear cells (PBMCs) were separated from
heparinized whole blood. Patient HLA type was determined by
standard sequence-based genotyping.

2.2. Sequence of autologous virus

Viral RNA was extracted from samples of plasma from
HIV-1-infected patients by the use of a QIAamp MinElute
Virus spin kit (QIAGEN), and cDNA was synthesized from the
RNA with SuperScript RNase H-Reverse Transcriptase and
random primer (Invitrogen). The Gag region was amplified by
nested PCR using Taq DNA polymerase (Promega). The PCR
products were then agarose gel-purified and sequenced
directly or cloned by use of a TOPO TA cloning kit (Invi-
trogen). All DNA sequencing was performed using a BigDye
Terminator v1.1 Cycle Sequencing kit (Applied Biosystems)
and an ABI PRISM 310 Genetic Analyzer.

23. Celis

CIR cells expressing HLA-A*2402 (CI1R-A*2402) were
previously generated [23] and were maintained in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS) and
0.15 mg/ml hygromycin B. 721.221-CD4-A*2402 cells were
generated by transfection of the CD4 gene and the HLA-
A*2402 gene into 721.221 cells, and maintained in RPMI
1640 medium supplemented with 10% fetal calf serum (FCS)
and 0.15 mg/m! hygromycin B.

24. Generation of CTL clones

Peptide-specific CTL clones were generated from an
established peptide-specific bulk CTL culture by seeding 0.8
cells/well into U-bottomed 96-well microtiter plates (Nunc,
Roskilde, Denmark) together with 200 ul of cloning mixture
(RPMI 1640 medium supplemented with 10% FCS and 200 U/
ml human recombinant interleukin-2, 5 x 10° irradiated allo-
geneic PBMC from a healthy donor, and 1 X 10° irradiated
C1R-A*2402 cells prepulsed with a 1 pM concentration of the
corresponding peptide, KW9 [KYKLKHIVW]). Wells positive
for growth after about 2 weeks were transferred to 48-well
plates together with 1 ml of the cloning mixture. The clones
were examined for CTL activity by the standard *'Cr release
assay. All CTL clones were cultured in RPMI 1640—10% FCS
supplemented with 200 U/ml recombinant human interleukin-
2 and were stimulated weekly with irradiated target cells
prepulsed with the appropriate HIV-1-derived peptide.

2.5. HIV-1 clones

NL-432gag? was created by replacing the NL-432 gag
gene with the SF2 gag gene. For NL-432gag®™ KW9-3R, the
mutation was introduced by site-directed mutagenesis (Invi-
trogen) based on overlap extension.

2.6. CTL assay for target cells pulsed with HIV-1 peptide

Cytotoxicity activity was measured by the standard Sice
release assay, as previously described [24]. Target cells
(2 x 10°) were incubated for 60 min with 100 uCi Na3'CrO,
in saline and then washed 3 times with RPMI 1640 medium
containing 10% newborn calf serum (NCS). Labeled target
cells (2 x 10*/well) were added to 96-well round-bottom
microtiter plates (Nunc) along with the appropriate amount of
the corresponding peptide. After a 1 h incubation, effector
cells were added, and the mixtures were then incubated for 4 h
at 37 °C. The supernatants were collected and analyzed with
a gamma counter. Spontaneous 31Cr release was determined
by measuring the counts per minute (cpm) in supernatants
from wells containing only target cells (cpm spn). Maximum
3ICr release was determined by measuring the cpm in super-
natants 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 counts per minute in the supernatant in the
wells containing both the target and effector cells.

2.7. CTL assay for target cells infected with HIV-1

721.221-CD4-A*2402 cells were exposed to the virus for
several days. The cells were used as target cells for a CTL
assay when infection of approximately 80% cells was
confirmed by intracellular staining for HIV-1 p24 antigen.
Infected cells were labeled with >'Cr as described above.
Labeled target cells were added along with effector cells into



200 H. Koizumi et al. | Microbes and Infection 11 (2009} 198—204

round-bottom microtiter plates (Nunc), and the mixtures were
incubated for 6 h at 37 °C.

2.8. Intracellular cytokine (ICC) production assay

PBMCs from HLA-A*2402-positive HIV-1-infected
patients were stimulated with KW9 peptide (1 pM) in culture
medium (RPMI 1640 medium supplemented with 10% FCS and
200 U/ml recombinant human IL-2). After 14 days in culture,
the cells were assessed for IFN~y production activity by using
a FACSCalibur. Briefly, bulk cultures were stimulated with
C1R-A*2402 cells pulsed with KW9 peptide (1 pM) for 2 h at
37 °C. Brefeldin A (10 pg/ml) was then added, and the cultures
were continued for an additional 4 h. Cells were collected and
stained with phycoerythrin (PE)-labeled anti-CD8 monoclonal
antibody (mAb; Dako Corporation, Glostrup, Denmark). After
having been treated with 4% paraformaldehyde solution, the
cells were permeabilized in permeabilization buffer (0.1%
saponin and 20% NCS in phosphate-buffered saline) at 4 °C for
10 min and stained with fluorescein isothiocyanate (FITC)-
labeled anti-IFN-y mAb (PharMingen, San Diego, CA). After
a thorough washing with the permeabilization buffer, the cells
were analyzed by using the FACSCalibur.

2.9. HLA-peptide tetrameric complexes

The tetrameric complexes were synthesized as previously
described [25]. Briefly, an ectodomain of HLA class I proteins
and human B, microglobulin, produced in Escherichia coli that
had been transformed with the relevant expression plasmids,
were first solubilized in denaturing buffer containing 8 M urea
and refolded in refolding buffer in the presence of a synthesized
peptide for 48 h at 4 °C. The resultant 45-kDa complex was
purified by size-exclusion (Superdex G75; Amersham Phar-
macia Biotech UK, Ltd, Buckinghamshire, England) and anion-
exchange (MonoQ column; Amersham Pharmacia Biotech UK,
Ltd, Buckinghamshire, England) chromatographies. The puri-
fied complexes were enzymatically biotinylated at a BirA
recognition sequence located at the C terminus of the heavy
chain and were mixed with PE- or allophycocyanin (APC)-
conjugated avidin (Molecular Probes) at a molar ratio of 4:1.

2.10. Tetramer analysis

Cryopreserved PBMC of HIV-1-infected donors were stained
with PE- or APC-conjugated tetramers at 37 °C for 30 min.
Following 2 washes with RPMI 1640—10% FCS, the cells were
stained with FITC-conjugated anti-CD8 mAb at 4 °C for 30 min
and subsequently analyzed using flow cytometry (FACSCalibur).

3. Results

3.1. Immunodominancy of HLA-A*2402-restricted
Gag28-36 (KW9) epitope

A previous study using a cytolytic assay showed that
KW9-specific T cells are detected in 4 of 12 chronically

HIV-1-infected individuals {20]. We first re-evaluated whether
KW?9-specific CD8" T cells could be frequently detected in
chronically HIV-1-infected Japanese donors carrying HLA-
A*2402. PBMC from these donors and HIV-1-seronegative
HLA-A*2402% donors as negative control were stimulated
with the epitope peptides and cultured for 2 weeks. The
specific CD8" T cells in these cultures were measured by
performing an ICC production assay using KW9 epitope
peptides (Fig. 1A). KW9-specific CD8* T cells were detected
in 8 of the 12 individuals (Fig. 1B), confirming that KW9 is
recognized as the immunodominant epitope in HIV-1-infected
HLA-A*2402* Japanese donors.

3.2. Association of an HLA-A*2402 allele with KW9
mutations

To clarify whether KW9-specific CTLs select the escape
mutants at the population level, we analyzed the sequences of
the KW9 epitope and the flanking regions of this epitope of
HIV-1 from 32 HLA-A*2402" and 26 HLA-A*2402" donors.
Several mutations were found, occurring at positions 1, 3, 7,
and 8 in the KW9 epitope (Fig. 2). The frequency of the 3R
mutation was significantly higher in the HLA-A*2402%
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Fig. 1. HLA-A*2402-restricted KW9-specific CD8" T cells in chronically
HIV-1-infected HLA-A*24027 individuals, (A) After PBMC from an HLA-
A*2402% HIV-1-infected individuals had been stimulated with KW9 peptides
for 2 weeks, KW9-specific CD8* T cells were detected by measuring IFN-y-
producing CD8' T cells in the culture stimulated with KW9 peptide. A
representative result is shown in “A”. (B) Summary of ICC assays for HLA-
A*2402% HIV-l-infected and HIV-l-uninfected individuals. The aver-
age + 2 SD of IFN-y-producing CD8* T cells in HIV-1-uninfected individuals
was defined as a positive value (>0.87%). Dotted bars indicate the aver-
age + 2 SD; and horizon bars, the average in HIV-1-infected individuals.
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Fig. 2. Frequency of mutations in KW9 epitopes. The KW9 epitope sequence
was analyzed in HLA-A*2402-positive and HLA-A*2402-negative individuals
chronically infected with HIV-1. The consensus sequence of this epitope in
clade B is KYKLKHIVW. The frequency of mutations in the total sequence of
this epitope and those at a given position of the epitope are shown for both
HLA-A*2402-positive and HLA-A*2402-negative donors. The P values were
determined by Fisher’s exact test.

donors than in the HLA-A*24027 donors (P = 0.012, Fig. 2).
In the flanking region, there was no significant difference
between HLA-A*2402" and HLA-A*2402" individuals (data
not shown). These results together suggest that only the 3R
mutation was selected by the KW9-specific CTLs.

3.3. 3R is an escape mutant from KW9-specific CTLs

To clarify that 3R is an escape mutant from KW9-specific
CTLs, we investigated whether or not the KW9-specific CTLs
could recognize the KW9-3R mutant epitope. We first tested
the activity of KW9-specific CTL clones to kill target cells
prepulsed with the KW9-3R mutant peptide. Two KW9-
specific CTL clones and KW9-specific bulk CTLs effectively
killed target cells prepulsed with the KW9 wild-type peptide
but showed reduced ability to kill those prepulsed with the
KW9-3R mutant peptide (Fig. 3A,C). Furthermore, to analyze
whether or not KW9-specific CTLs could kill target cells
infected with the KW9-3R mutant virus, we generated NL-
432gag>™ virus in which the NL-432 gag gene was replaced
with the SF2 gag gene as well as NL-432gag®™ carrying the
KW9-3R epitope (NL-432gag®™* KW9-3R). The KW9-
specific CTL clones and KW9-specific bulk CTLs effectively
killed the target cells infected with NL-432gag>", whereas
they failed to kill those infected with NL—432gagSF2 KW9-3R
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Fig. 3. Cytotoxic activity of KW9-specific CTLs against target cells pulsed
with KW9-3R peptide and infected with NL-432gag®™ KW9-3R. (A) Cyto-
Lytic activities of KW9-specific CTL clones to kill C1R-A*2402 cells pulsed
with KW9 or KW9-3R peptide. CIR-A*2402 cells were prepulsed with
various concentrations of KW9 or KW9-3R peptide. Cytolytic activities of
KW9-specific CTL clones were measured at an effector-to-target ratio of 2:1.
(B) Cytotoxic activity of KW9-specific CTL clones against HIV-1-infected
721.221-CD4-A*2402. 721.221-CD4-A*2402 cells were infected with NL-
432gag®® or NL-432gag®™ KW9-3R. NL-432gag™-infected (80.5% of total
cells were p24 antigen-positive) or NL-432gag®™ KW9-3R-infected (81.9% of
total cells were p24 antigen-positive) 721.221-CD4-A*2402 were used as
target cells at an E:T ratio of 2:1. (C) Cytotoxic activity of KW9-specific bulk
CTL cells against HIV-1-infected or epitope peptide-pulsed 721.221-CD4-
A*2402. NL-432gag*infected (45.4% of total cells were p24 antigen-
positive), NL-432gag>*? KW9-3R-infected (43.8% of total cells were p24
antigen-positive) 721.221-CD4-A*2402 or peptide-pulsed 721.221-CD4-
A*2402 were used as target cells at an E:T ratio of 10:1.

(Fig. 3B,C), indicating that the Gag28-3R mutant is the escape
one from KW9-specific CTLs.

3.4. Longitudinal analysis of KW9 epitope and KW9-
specific CD8* T cells in an HIV-1-infected HLA-
A*24027 individual

We furthermore performed longitudinal analysis of
KW9-specific CTL responses and the KW9 epitope in an
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HLA-A*2402" individual, KI-092, having an early HIV-1
infection. To investigate the number of Gag28-specific CTLs,
we stained PBMCs from KI-092, who had been receiving STI
therapy during the early phase, with the KW9-tetramer and
anti-CD8 mAb. In this patient, KW9-specific CD8" T cells
were effectively elicited during the early phase of the infection
(Fig. 4A); however, the pumber of these cells became rapidly
reduced within 10 months and remained low thereafter for
approximately 4 years (Fig. 4B). We next analyzed the
sequence of this epitope during the clinical course in this
patient. As expected, the wild-type (WT) sequence of KW9
was found in the early phase. However, the patient showed the
presence of both WT and 3R mutant viruses approximately
2 years later, and had only the 3R virus about 3 years later
(Fig. 4C). These results strongly support the idea that KW9 is
selected by KW9-specific T cells.

4, Discussion

Our previous studies identified 3 HLA-A*2402-restricted
Gag epitopes and showed that KW9-specific cytolytic activi-
ties were detected in only 4 of 12 chronically HIV-1-infected
HLA-A*2402% donors but that other Gag epitope-specific
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Fig. 4. Longitudinal analysis of KW9-specific CD8" T cells and KW9 epitope
in an HLA-A*2402* individual having an early HIV-1 infection. Ex vivo
analysis of KW9-specific CTLs. KW9-specific CTLs in PBMC (2/1/2001)
derived from an HLA-A*24027 individual, KI-092, who received STI therapy
during the early phase of infection, were measured by using KW9-tetramer
and anti-CD8 mAb (A). Results of ex vivo longitudinal analysis of KW9-
specific CTLs (B) and the sequence of the KW9 epitope (C) derived from KI-
092 are also shown.

cytolytic activities were hardly detected [20,21]. The present
study using the ICC assay demonstrated that KW9-specific
CD8* T cells were detected in 8 of the 12 chronically HIV-1-
infected HLA-A*2402" donors tested, The difference in
frequency of KW9-specific T cells between the 2 studies may
have been due to the difference in the assays used. The present
study confirmed that KW9 is the immunodominant epitope
and showed that KW9-specific T cells are elicited in chroni-
cally HIV-1-infected HLA-A*2402" donors more than was
previously speculated.

A previous study showed that the KW9-3R mutant was
detected in 2 of 3 HIV-l-infected HLA-A*2402-positive
Japanese individvals and that HLA-A*2402-resricted KW9-
specific CTLs failed to kill the target cells pulsed with KW9-3R
peptide [22]. That study implied only the possibility that KW9-
3R is a mutation for escape from the specific CTLs. In the
present study, we showed that KW9-specific CTLs effectively
killed target cells infected with the WT virus but failed to kill
those infected with the KW9-3R mutant virus. In addition, the
sequence analysis of this epitope in 58 chronically HIV-1-
infected individuals showed that the frequency of the KW9-3R
mutation was significantly higher in HL.A-A*2402" Japanese
individuals than in the HLA-A*24027 individuals, indicating
that this mutation was selected in an HLA-A*2402-restricted
fashion at the population level. This finding also supports the
idea that KW9-3R is an escape mutant. Approximately 40% of
the HLA-A*24027 Japanese individuals were infected with the
HIV-KW9-3R mutant, suggesting that this mutant has accu-
mulated in the Japanese population and implying that this
mutant does not revert in HLA-A*2402 hosts.

Seven of 8 HLA-A*2402" donors who induced KW9-
specific CTLs shown in Fig. 1B had the 3R mutation, while all
4 HLA-A*2402"% donors who did not induce KW9-specific
CTLs had this mutation (data not shown). This result indicates
that HLA-A*2402" donors who have the 3R mutation can still
maintain KW9-specific memory or effector memory T cells.
However, it still remains unclear that the 3R mutation elicits
the 3R-specific T cells.

Escape mutations occur at some site within the CTL
epitope, where the substitution of an amino acid abrogates
HLA binding, reduces the recognition of the TCR, and/or
interferes with efficient antigen processing. HLA-A*2402-
binding peptides have 2 anchor residues, Tyr at position 2 and
Phe, Leu, Ile or Trp at the carboxyl terminus [26,27]. Since
position 3 is not an anchor residue and the substitution from
Lys to Arg is speculated not to affect the binding affinity, the
KW9-3R peptide may bind to HLA-A*2402 molecules with
similar affinity to the WT peptide. Therefore, the escape
mechanism of the KW9-3R mutant virus may involve the
failure of the recognition of the TCR and/or the disruption of
cellular processing of the KW9-3R peptide.

Longitudinal analysis of the KW9 epitope in an HLA-
A*2402" individual having an early HIV-1 infection revealed
that half of the HIV-1 isolates were the 3R mutant approxi-
mately 2 years after the early phase of the infection when only
the wild-type HIV-1 was detected. These results suggest that
this escape mutant is slowly selected by the specific T cells,
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and also support the idea that the 3R mutant is selected by
KW9-specific CTLs. The analysis using the tetramers showed
that the frequency of KW9-specific CTLs was reduced within
9 months. This finding implies that the 3R mutant had already
appeared af this point in time.

The results obtained in the present study reveal that KW9-
3R is selected as an escape mutant by KW9-specific CTLs. As
this escape mutation has accumulated in the Japanese pop-
ulation, HLA-A*2402"% new hosts may become infected with
the 3R mutant virus; and the CTLs of such patients may fail to
respond to this mutant virus. Further studies of this escape
mutant will be necessary to clarify HIV-1-specific CTL
responses in Japanese and other Asian populations.
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A restricted number of studies have shown that human immunodeficiency virus type 1 (HIV-1)-specific
cytotoxic CD4™* T cells are present in HIV-1-infected individuals. However, the roles of this type of CD4"* T cell
in the immune responses against an HIV-1 infection remain unclear. In this study, we identified novel Nef
epitope-specific HLA-DRB1*0803-restricted cytotoxic CD4™ T cells. The CD4* T-cell clones specific for
Nef187-203 showed sirong gamma interferon production after having been stimulated with autologous B-
lymphoblastoid cells infected with recombinant vaccinia virus expressing Nef or pulsed with heat-inactivated
virus particles, indicating the presentation of the epitope antigen through both exogenous and endogenous
major histocompatibility complex class II processing pathways. Nef187-203-specific CD4™ T-cell clones exhib-
ited strong cytotoxic activity against both HIV-1-infected macrophages and CD4* T cells from an HLA-
DRB1*0803" donor. In addition, these Nef-specific cytotoxic CD4™ T-cell clones exhibited strong ability to
suppress HIV-1 replication in both macrophages and CD4™ T cells in vitro. Nef187-203-specific cytotoxic CD4™*
T eells were detected in cultures of peptide-stimulated peripheral blood mononuclear cells (PBMCs) and in ex
vivo PBMCs from 40% and 20% of DRB1*0803* donors, respectively. These results suggest that HIV-1-specific
CD4" T cells may directly control HIV-1 infection in vivo by suppressing virus replication in HIV-1 natural

host cells.

Human immunodeficiency virus (HIV)-specific CD8" cyto-
toxic T cells (CTLs) play a central role in the control of HIV
type 1 (HIV-1) during acute and chronic phases of an HIV-1
infection (5, 29, 34). However, HIV-1 escapes from the im-
mune surveillance of CD8* CTLs by mechanisms such as mu-
tations of immunodominant CTL epitopes and downregulation
of major histocompatibility complex class I-(MHC-I) mole-
cules on the infected cells (9, 11, 12, 49), Therefore, most
HIV-1-infected patients without highly active antiretroviral
therapy (HAART) develop AIDS eventually.

HIV-1-specific CD4™ T cells also play an important role in
host immune responses against HIV-1 infections. An inverse
association of CD4* T-cell responses with viral load in chron-
ically HIV-1-infected patients was documented in a series of
earlier studies (8, 36, 39, 41, 48), although the causal relation-
ship between them still remains unclear (23). Classically,
CD4* T cells help the expansion of CD8" CTLs by producing
growth factors such as interleukin-2 (IL-2) or by their CD40
ligand interaction with antigen-processing cells and CD8*
CTLs. In addition, CD4™ T cells provide activation of macro-
phages, which can professionally maintain CD8" T-cell mem-
ory (17). On the other hand, the direct ability of virus-specific
cytotoxic CD4* T cells (CD4" CTLs) to kill target cells has
been widely observed in human virus infections such as those
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by human cytomegalovirus, Epstein-Barr virus (EBV), hepati-
tis B virus, Dengue virus, and HIV-1 (2, 4, 10, 19, 30, 31, 38,
50). Furthermore, one study showed that mouse CD4™" T cells
specific for lymphocytic choriomeningitis virus have cytotoxic
activity in vivo (25). These results, taken together, indicate that
a subset of effector CD4™ T cells develops cytolytic activity in
response to virus infections.

HIV-1-specific CD4* CTLs were found to be prevalent in
HIV-1 infections, as Gag-specific cytotoxic CD4™ T cells were
detected directly ex vivo among peripheral blood mononuclear
cells (PBMCs) from an HIV-1-infected long-term nonprogres-
sor (31). Other studies showed that up to 50% of the CD4" T
cells in some HIV-1-infected donors can exhibit a clear cyto-
lytic potential, in contrast to the fact that healthy individuals
display few of these cells (3, 4). These studies indicate the real
existence of CD4* CTLs in HIV-1 infections.

The roles of CD4* CTLs in the control of an HIV-1 infec-
tion have not been widely explored. It is known that Gag-
specific CD4* CTLs can suppress HIV-1 replication in a hu-
man T-cell leukemia virus type 1-immortalized CD4™ T-cell
line (31). However, the functions of CD4™ T cells specific for
other HIV-1 antigens remain unclear. On the other hand, the
abilities of CD4* CTLs to suppress HIV-1 replication in in-
fected macrophages and CD4" T cells may be different, as in
the case of CD8* CTLs for HIV-1-infected macrophages (17).
In this study, we identified Nef-specific CD4™ T cells and
investigated their ability to kill HIV-1 RS virus-infected mac-
rophages and HIV-1 X4 virus-infected CD4* T cells and to
suppress HIV-1 replication in the infected macrophages and
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CD4™ T cells. The results obtained in the present study show
for the first time the ability of HIV-1-specific CD4* CTLs to
suppress HIV-1 replication in natural host cells, i.e., macro-
phages and CD4™ T cells.

MATERIALS AND METHODS

Patients. Informed consent was obtained from all subjects, in accordance with
the Declaration of Helsinki. Plasma and PBMCs were separated from hepa-
rinized whole blood. The patients were sampled at the AIDS Clinical Center,
International Medical Center of Japan, and the HLA types of the patients were
determined by standard sequence-based genotyping. Patients with active oppor-
tunistic infections or psychological disorders and those treated with immuno-
modulatory agents were excluded.

Synthetic peptides. Peptides (17-mer) derived from the consensus sequence of
the Nef protein of HIV-1 clade B were synthesized. These 17-mer peptides
overlapped each other by 11 residues. For the feasibility of screening for T-cell
epitopes, eight peptides were pooled in a cocktail. Peptides were prepared by

_ using an automated multiple peptide synthesizer. The purity of the synthesized
peptides was examined by mass spectrometry, and the peptides with >90% purity
were used in the present study.

Cell surface and intracellular cytokine staining. For detection of intracellular
cytokines of CD4™* T cells, PBMCs or Nef-specific CD4* T-cell clones (effector
cells) bulk cultured with peptides were stimulated with autologous EBV-trans-
formed B-lymphoblastoid cells (B-LCLs) prepulsed with Nef-derived peptides or
peptide cocktails (1076 M) at an effector-to-stimulator (E/S) ratio of 1:4. The
pulsed stimulator cells were washed twice in RPMI 1640-10% fetal calf serum
(FCS) before use. The mixed cells were incubated for 6 h at 37°C in 5% CO,.
Brefeldin A (Sigma-Aldrich) was added at a concentration of 10 pg/ml after the
first 2 h of incubation to inhibit secretion of cytokines. In order to determine the
MHC-1I restriction of the CD4* T-cell epitopes, we also employed peptide-
pulsed allogeneic B-LCLs with the HLA-DR allefe partially matched or mis-
matched as stimulators in some assays. After a 6-hour incubation, the cells were
stained with phycoerythrin (PE)-conjugated anti-human CD4 monoclonal anti-
body (MAb) (BD Biosciences, San Jose, CA). Then the cells were fixed, made
permeable, stained with fluorescein isothiocyanate (FITC)-conjugated anti-hu-
man gamma interferon (IFN-y) MAb (BD Biosciences, San Jose, CA), and
analyzed by flow cytometry as previously described (16).

In order to determine the expression of cytotoxic effector molecules, we
directly stained PBMCs or Nef-specific CD4™ T-cell clones with allophycocyanin
(APC)-conjugated anti-human CD4 or PE-conjugated anti-human CD4 MAb
(BD Biosciences, San Jose, CA) without any stimulation of the cells. Then the
cells were fixed, made permeable, stained with FITC-conjugated anti-human
perforin, PE-conjugated anti-human granzyme A, or Alexa 647-conjugated antj-
human granzyme B MAb (BD Biosciences, San Jose, CA), and analyzed by flow
cytometry as previously described (44).

To detect the degranulation of Nef-specific CD4* T cells following antigen
stimulation directly ex vivo, we incubated PBMCs with PE-conjugated anti-
human CD107a MAD or PE-conjugated isotype control MAb in RPMI 1640-
10% FCS containing the corresponding peptide (10~° M), as previously de-
scribed by Casazza et al. (10). Negative controls containing the PBMCs from the
same individual but without peptides were also prepared. Cells were incubated
for 6 h at 37°C in 5% CO,. Brefeidin A was added at a concentration of 10 pg/ml
after the first 2 h of incubation. Then, the cells were stained with APC-conju-
gated anti-human CD4 MAb and FITC-conjugated anti-human IFN-y MAb and
analyzed as described above.

Generation of Nef-specific CD4* T-cell clones. Peptide-specific CD4* T-cell
clones were generated from an established peptide-specific bulk CD4* T-cell
culture by limiting dilution in U-bottom 96-well microtiter plates (Nunc, Rosk-
ilde, Denmark) together with 200 pl of cloning mixture (RPMI 1640 medium
supplemented with 10% human serum from healthy donors and 200 U/ml re-
combinant human 1L-2, 5 X 10* irradiated allogeneic PBMCs from a healthy
donor as feeders, and 1 X 10° irradiated autologous EBV-transformed B-LCLs
prepulsed with a 107° M concentration of the corresponding peptide). Wells
positive for growth after 2 to 3 weeks were transferred to 48-well plates together
with 1 ml of the cloning mixture. The clones were examined for specific IFN-y-
producing ability by intraceltular cytokine staining. All CD4* T-cell clones were
cultured in RPMI 1640-10% human serun from healthy donors supplemented
with 200 U of recombinant human IL-2/ml and were stimulated weekly with
irradiated autologous B-LCLs prepulsed with the appropriate epitope peptide.

Blocking of CD4™ T-cell responses, To determine the MHC-II restriction of
Nef-specific CD4* T-cell responses, we blocked the T-cell receptor~-MHC-II
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interaction by using } MHC-IT molecule-specific MAbs 1243 (anti-HLA-
DR), B7/21 (anti-HLA-DP), and Hu-11 and Hu-18 (anti-HLA-DQ4+5+6 and
anti-HLA-DQ7+8+9, respectively), which were kindly donated by Y. Nish-
imura, Autologous B-LCLs prepulsed with the Nef epitope were incubated with
the appropriate antibody (10 pg/ml) for 1 h on ice. Subsequently, the cells were
washed in RPMI 1640-10% FCS and then incubated with Nef-specific CD4*
T-cell clones (effector cells) at an E/S ratio of 1:2 for 6 h. Brefeldin A was added
to the cultures (10 ug/ml) 4 h prior to termination of the cultures. To evaluate
the ability of the effector cells to produce IFN-y under blocking conditions, we
stained the cells after stimulation with PE-conjugated anti-human CD4 MAb.
Then the cells were fixed, made permeable, and stained with FITC-conjugated
anti-human IFN-y, as described above.

Intracellular cytokine production (ICC) assays for stimulator cells infected
with recombinant vaccinia virus. Autologous B-LCLs were infected with 10 PFU
per cell of recombinant vaccinia virus expressing HIV-1 Nef (rVac-Nef) or
wild-type vaccinia virus (Vac-WT) and cultured for 16 h at 37°C in 5% CO,. The
infected cells were washed twice with RPMI 1640-10% FCS and then incubated
with Nef-specific CD4* T-cell clones (effector cells) at an E/S ratio of 1:4 for 6 h.

- Brefeldin A was present in the cultures (10 pg/ml) for the last 4 h. To evaluate

the ability of the effector cells to produce IFN-y, we stained the cells with
PE-conjugated anti-human CD4 MAD after stimulation. Then the cells were
fixed, made permeable, and stained with FITC-conjugated anti-human IFN~y, as
described above.

ICC assays for stimulator cells puised with heat-inactivated HIV-1 particles.
The virus particles of HIV-1 NL-432 and its Nef-defective mutant were gener-
ated by the HIV-1 clones and were heat inactivated at 56°C for 30 min. Autol-
ogous B-LCLs were incubated with the inactivated virus particles at 0.5 jg/ml
{(p24 antigen concentration) for 16 h at 37°C in 5% CO,. The pulsed cells were
washed twice with RPMI 1640-10% FCS and then incubated with Nef-specific
CD4* T-cell clones (effector cells) at an E/S ratio of 1:4 for 6 h. Brefeldin A was
present in the cultures (10 pg/ml) for the last 4 h. To evaluate the ability of
effector cells to produce IFN-y after stimulation, we sequentially stained the cells
with PE-conjugated anti-human CD4 MADb, fixed them, made them permeable,
and then stained them with FITC-conjugated anti-human 1IFN-y MAb, as de-
scribed above.

ICC assay for sti cells transfected with Nef-GFP fusion mRNA. For
stimulator cells endogenously expressing Nef-green fluorescent protein (GFP)
fusion proteins, m?7GpppG-capped and poly(A)-tailed Nef-GFP fusion mRNA
or GFP mRNA was delivered to autologous B-LCLs by electroporation, as
previously described (46). Briefly, B-LCLs were suspended in a serum-free me-
dium (Opti-MEM; Invitrogen Life Technologies) at the cell density of 2 X 10°
cells/ml, mixed with 10 pg of mRNA, and electroporated by using a Gene Pulser
device (Bio-Rad). The cells were immediately transferred to RPMI 1640-10%
FCS, incubated at 37°C for 1.5 to 3 h, and then mixed with Nef-specific CD4*
T-cell clones (effector cells) at an E/S ratio of 1:4. B-LCLs transfected with GFP
mRNA were prepared as negative controls. Flow cytometry revealed that more
than 60% of the viable B-LCLs expressed GFP. The cell mixtures were incubated
for 6 h, and brefeldin A (10 pg/ml) was present for the last 4 h of the incubation.
To evaluate the ability of the effector cells to produce IFN-v after stimulation, we
performed surface and intracellular cytokine staining to the cells, as described
above.

Isolation and culture of macrophages and CD4™ T cells. Monocytes and
CD4* T cells were isolated from PBMCs of an HLA-DRB1*0803-positive or
HLA-DRB1*0403-positive healthy donor by using anti-human CD14 MAb-
coated and anti-human CD4 MAb-coated magnetic beads (magnetically acti-
vated cell sorting beads; Miltenyi Biotec, Bergisch Gladbach, Germany), respec-
tively. The isolated monocytes were cultured in complete medium containing
macrophage colony-stimulating factor (50 ng/ml) for 1 week before use. The
isolated CD4™* T cells were cultured for 1 week in complete medium containing
1L-2 (200 U/ml) and 1L-4 (2.5 ng/ml) and stimulated with OKT3 anti-CD3 MAb
(10 pg/ml) every 3 days during the culture period. These cultured macrophages
and CD4™ T cells were infected with HIV-1 as previously described (17, 45).

HIV-1 clones. Infectious proviral clones of an X4 HIV-1, pNL-432, and its
Nef-defective mutant, pNL-Xh, which has a frameshift at a Xhol site (44th
amino acid of the Nef protein), were kindly donated by Y. Koyanagi (Kyoto
University, Kyoto, Japan). The infectious proviral clone of pJRFLy 432ner Was
previously constructed by exchanging the Nef region of RS strain JRFL with that
of NL-432 (17).

CTL assay. The cytotoxicity of Nef-specific CD4* T-cell clones against B-
LCLs or HIV-1-infected target cells was measured by a standard 3!Cr release
assay as previously described (17). Briefly, target cells (2 X 10°) were incubated
for 60 min with 100 1Ci of Na,*CrQ, in saline and washed three times with
RPMI 1640 medium containing 10% NCS. Labeled target cells (2 X 10%Avelt)
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were seeded in a 96-well round-bottom microtiter plate (Nunc). For the assays of
B-LCLs, the desired amount of the corresponding peptide was coincubated with
labeled target cells for 1 h. Then, effector cells were added at various E/T ratios,
and the mixtures were incubated for 4 h at 37°C. The supernatants were collected
and analyzed with a gamma counter. The spontaneous 5'Cr release was deter-
mined by measuring the cpm in the supernatant in the wells containing only
target cells (cpm spn). Maximum release was determined by measuring the
release of 5'Cr from the target cells in the presence of 2.5% Triton X-100 (cpm
max). Specific lysis was calculated by using the formula (cpm exp — cpm spn)/
(cpm max — cpm spn) X 100 (%), where cpm exp is the counts per minute in the
supernatant in the wells containing both target and effector cells.

Suppression of HIV-1 replication by HIV-1-specific CTLs. The ability of
HIV-1 Nef-specific CD4* CTLs to suppress HIV-1 replication was examined as
previously described (45). Briefly, macrophages or CD4™ T cells were incubated
with a given HIV-1 clone for 6 h at 37°C in 5% CO,. After two washes with
RPMI 1640-10% ECS, the cells were cocultured with the CD4* CTL clones.
From days 3 to 9 after infection, 10 ! of culture supernatant was collected, and
the concentration of p24 antigen was measured by use of an enzyme immuno-
assay (HIV-1 p24 antigen enzyme-linked immunosorbent assay kit (ZeptMetrix,
Buffalo, N'Y). The percentage of suppression of HIV-1 replication was calculated
as follows: % suppression = (1 — concentration of p24 Ag in the supernatant of
HIV-1-infected cells cultured with HIV-1-specific CTLs/concentration of p24 Ag
in the supernatant of HIV-1-infected cells culture without the CTLs) X 100.

RESULTS

Identification and characterization of two HIV-1 Nef-spe-
cific CD4* T-cell epitopes. PBMC from two HIV-1-seroposi-
tive individuals, KI-010 and KI-197, were cultured for 14 days
after stimulation with either of four peptide cocktails compris-
ing eight 17-mer overlapping Nef peptides. Specific IFN-y pro-
duction by each PBMC culture was tested by using intracellular
IFN-y staining after restimulating the cells with autologous
EBV-transformed B-LCLs prepulsed with the corresponding
peptide cocktail. Cocktail 1 .and cocktail 4 induced specific
IFN-y-producing CD4* T cells among the PBMCs from KI-
010 and KI-197, respectively (Fig. 1A). In order to determine
which peptide was responsible for the specific CD4" T-cell
responses in the peptide cocktails, we subsequently stimulated
the responding PBMC cultures with autologous B-LCLs
pulsed with each peptide included in the corresponding pep-
tide cocktails. Nef17-7 and Nefl7-8 peptides induced specific
CD4" T-cell responses by the PBMCs cultured from KI-010,
whereas Nef17-31 and Nef17-32 peptides induced specific ones
by those from KI-197 (Fig. 1B). Considering that the flanking
residues also contribute a small part to the overall binding
energy of MHC-II-binding peptides, the core binding region is
usually not the optimal ligand for MHC-II molecules. There-
fore, we used the full-length 17-mer peptides Nef37-53
(Nef17-7) and Nef187-203 (Nef17-32) to generate CD4 ™ T-cell
clones for further studies. The clones specific for Nef37-53 and
Nef187-203 epitopes were generated from KI-010 and KI-197,
respectively.

In order to determine the HLA class II restriction molecules
of these two CD4" T-cell epitopes, we employed HLA-DR-~,
-DP-, and -DQ-specific MAbs to block the T-cell receptor-
HLA class II interaction between Nef-specific CD4™ T cells
and the stimulator cells. HLA-DR-specific MAb L243 blocked
the recognition by both Nef37-53- and Nef187-203-specific
CD4* T-cell clones after stimulation with the peptide-pulsed
autologous B-LCLs, whereas HLA-DQ-specific MAb Hull or
Hul8 and HLA-DP-specific MAb B7/21 failed to block it (Fig.
1C). These results indicate that these two epitope-specific T-
cell responses were restricted by HLA-DR. To determine the
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FIG. 1. Identification and characterization of two HIV-1 Nef-spe-
cific CD4* T-cell epitopes. (A) Induction of Nef-specific CD4* T cells
from PBMCs of HIV-1-infected individuals. PBMCs from two HIV-
1-seropositive donors (KI-010 and KI-197) were stimulated with cock-
tails comprising eight 17-mer overlapping Nef peptides and then were
cultured for 2 weeks. IFN-y-producing CD4* T cells (%) among these
bulk-cultured PBMCs were detected by intracellular staining for IFN-y
after restimulation with autologous B-LCLs pulsed with the same
cocktails. (B) IFN-y-producing CD4* T cells induced by Nef single
peptides. The PBMC bulk cultures that responded to the peptide
cocktails were subsequently stimulated with B-LCLs pulsed with indi-
vidual peptides included in those cocktails. IFN-y-producing CD4™ T
cells (%) induced by single peptides were detected by intracellular
staining for IFN-y. (C) IFN-y responses of Nef37-53-specific and
Nef187-203-specific CD4" T-cell clones to the stimulation with pep-
tide-pulsed B-LCLs were blocked by HLA-DR-specific antibody. Au-
tologous B-LCLs prepulsed with epitope peptides were incubated with
MHC-II-specific antibodies (No/A., no antibody; 1243, anti-HLA-DR;
B7/21, anti-HLA-DP; Hull and Hul8, anti-HLA-DQ) for 1 h. Then
the two Nef epitope-specific CD4* T-cell clones were stimulated
with the MHC-1I-specific antibody-treated B-LCLs at an E/S ratio of
1:2. The percentage of IFN-y-producing cells in the Nef-specific CD4 ™
T-cell clones after stimulation was determined by intracellular staining
for IFN-y. (D) TFN-y responses of Nef37-53-specific and Nef187-203-
specific CD4* T-cell clones after stimulation with peptide-pulsed au-
tologous B-LCL or peptide-pulsed allogeneic B-LCLs with partially
matched and mismatched HLA-DR. The percentage of IFN-y-produc-
ing cells among the Nef-specific CD4* T-cell clones after stimulation
was determined by intracellular staining for IFN-vy.
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FIG. 2. Naturally occurring presentation of CD4* T-cell epitopes.
Nef37-53-specific and Nef187-203-specific CD4" T-cell clones were
stimulated with peptide-pulsed, recombinant vaccinia virus-infected,
HIV-1 particle protein-pulsed, or Nef-GFP fusion mRNA-transfected
autologous B-LCLs. The percentage of IFN-y-producing cells among
the Nef-specific CD4"* T-cell clones after stimulation was determined
by intracellular staining for IFN-y. (A) Nef-specific CD4% T-cell
clones were tested for their IFN-y production after stimulation with
B-LCLs prepulsed with appropriate epitope peptides (peptide pulsed)
or those without peptides (w/0). (B) Nef-specific CD4* T-cell clones
were tested for IFN-y production after stimulation with B-LCLs in-
fected with rVac-Nef or Vac-WT. (C) Nef-specific CD4* T-cell clones
were tested for their IFN-y production after stimulation with B-LCLs
prepulsed with heat-inactivated HIV-1 particles of X4 strain NL-432
(NL-432) or those of its Nef-defective mutant, NL-Xh (NL-Xh).
(D) Nef-specific CD4™ T-cell clones were tested for their IFN-y pro-
duction after stimulation with Nef-GFP fusion mRNA-transfected B-
LCLs (Nef-GFP) or GFP mRNA-transfected B-LCLs (GFP). Approx-
imately 60% of the stimulator cells were Nef* or GFP™* cells.

exact restriction alleles, we stimulated Nef37-53-specific and
Nef187-203-specific CD4* T-cell clones with peptide-pre-
puilsed B-LCLs from allodonors with partially matched or mis-
matched HLA-DR, The Nef37-53-specific CD4* T-cell clone
produced IFN-y after stimulation with the corresponding pep-
tide-pulsed B-LCLs from the donors sharing DRB1*0403,
while the Nefl187-203-specific clone produced IFN-y after
stimulation with the corresponding peptide-pulsed B-LCLs
from the donors sharing DRB1*0803 (Fig. 1D). These results
strongly suggest that the restriction alleles of CD4" T-cell
epitopes Nef37-53 and Nefl187-203 were HLA-DRB1*0403
and HLA-DRB1*0803, respectively.

Naturally occurring presentation of CD4* T-cell epitopes in
rVac-Nef-infected or HIV-1 Nef protein-pulsed cells, To clarify
the naturally occurring presentation of these two Nef epitopes,
we investigated the ability Nef37-53-specific and Nef187-203-
specific CD4™* T-cell clones to produce IFN-y after stimulation
of them with autologous B-LCLs infected with rVac-Nef or
those pulsed with heat-inactivated virus particles. The Nef37-
53-specific and Nef187-203-specific clones used in this assay
showed similar abilities to produce IFN-y (>95%) after the
stimulation with peptide-pulsed autologous B-LCLs (Fig. 2A).
The B-LCLs infected with rVac-Nef induced about 70% of the
two Nef-specific CD4™ T-cell clones to produce IFN-y,
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whereas those cells infected with Vac-WT did not induce any
IFN-y production (Fig. 2B). In addition, the B-LCLs pulsed
with NL-432 virus particles induced more than 90% of the
CD4* T cells from the Nef-specific clones to produce IFN-y,
whereas those cells pulsed with NL-Xh (Nef-depleted) virus
particles failed to induce IFN-y production (Fig. 2C). This
result suggests that the Nef-specific CD4* T cells also recog-
nized the epitope antigen presented through endogenous
MHC-II processing pathways. However, it still remains possi-
ble that Nef proteins from cells expressing Nef killed by vac-
cinia virus or HIV infection were presented by the exogenous
HLA class II pathway. To exclude this possibility, we used
stimulator cells transfected with Nef-GFP mRNA. Nef-GFP
mRNA-transfected autologous B-L.CLs induced IFN-y pro-
duction from both Nef37-53-specific and Nef187-203-specific
CD4™* T-cell clones, whereas GFP mRNA-transfected cells did
not (Fig. 2D). In this assay, B-LCLs were used as stimulator
cells within 3 h after the transfection. The frequency of dead
cells among the Nef* cells was approximately 0.6%. These
results support the idea that endogenous HIV-1 Nef can be
processed to MHC-II molecules in a manner similar to that of
the previously observed endogenous presentation of HCMV
CD4™ CTL epitopes (20). Thus, our results indicate that the
Nef-specific CD4™ T cells recognized the epitope antigen pre-
sented through both exogenous and endogenous MHC-11 pro-
cessing pathways.

Cytotoxic activity and cytotoxic effector molecule expression
of HIV-1 Nef-specific CD4™ T cells. Although antigen-specific
CD4™ T cells are classically thought to function as helper T
cells in antiviral immunity, HIV-1 Gag-specific cytotoxic CD4*
T cells were previously reported to exist (30~32, 50). In our
study, Nef37-53-specific and Nef187-203-specific CD4* T-cell
clones were tested for their ability to lyse autologous B-LCLs
incubated with the epitope peptide (1,000 nM) at an E/T ratio
of 5:1 (Fig. 3A). The Nef187-203-specific CD4™ T-cell clone
showed a strong lytic activity against autologous B-LCLs incu-
bated with the peptide, whereas the Nef37-53-specific CD4™
T-cell clone did not lyse autologous B-LCLs pulsed with the
peptide. Furthermore, we stained for three cytotoxic effector
molecules in these Nef-specific CD4™ T-cell clones and found
that the expression levels of perforin and granzyme B were
much higher in the Nef187-203-specific clone than in the
Nef37-53-specific one, whereas the two clones showed similar
levels of granzyme A expression (Fig. 3B). Considering that Th
clones have been shown to develop cytotoxic activity after
long-term culture in vitro (15), we sought to detect the cyto-
toxic activity of these two Nef epitope-specific CD4™ T cells ex
vivo. We employed flow cytometric analysis to measure the cell
surface mobilization of CD107a (6, 14), because only a very
small number of these epitope-specific CD4* T cells are sus-
pected to exist among the PBMCs of these patients; thus, these
cells would fail to kill the target cells in a chromium release
assay. Epitope-specific CD4™" T cells among the PBMCs from
two HIV-1-seropositive donors, KI-010 and KI-197, could be
detected at very low frequency by revealing their specific IFN-y
responses following peptide stimulation for 6 h (Fig. 3C). We
then gated the IFN-y-producing CD4™ T cells and compared
the levels of cell surface expression of CD107 for these two
types of CD4" T cells. The results showed that about 50% of
Nef187-203-specific CD4™ T cells expressed CD107a on their
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FIG. 3. Cytotoxic activity and cytotoxic effector molecule expression of HIV-1 Nef-specific CD4" T cells, (A) Cytotoxic activities of a
KI-010-derived Nef37-53-specific CD4* T-cell clone and a KI-197-derived Nef187-203-specific CD4" T-cell clone against autologous B-LCLs
incubated with the epitope peptides (1,000 nM) were measured by a standard S1Cr release assay at an effector-to-target ratio of 5:1. Peptide, with
peptide; w/o, without peptide. (B) Surface staining for CD4 and intracellular staining for perforin, granzyme A, and granzyme B were carried out
on the Nef37-53-specific and Nef187-203-specific CD4* T-cell clones. The clones were stained without any stimulation. The stained clones were
analyzed by flow cytometry, and the CD4” cells were gated. The expression levels of perforin and granzyme A are shown in dot plots. Values in
dot plots show the frequencies (%) of the subsets among the CD4" T-cell clones. The expression levels of granzyme B are shown in histograms.
Solid lines show the clones stained with anti-human granzyme B MADb; dashed lines show the same clones stained with isotype control antibody.
Values in histograms show mean fluorescence intensities (MFI) of the solid lines. (C) Ex vivo analysis of CD107a surface expression on
Nef37-53-specific and Nef187-203-specific CD4™ T cells. PBMCs from two HIV-1-seropositive donors, KI-010 and KI-197, were incubated with
or without their corresponding epitope peptide for 6 h. Then these PBMCs were stained with anti-CD4, anti-IFN-y, and anti-CD1072 or with
mouse immunoglobulin G (IgG) MADb as an isotype control. Values in the IFN-y/CD4 dot plots indicate the frequencies of IFN-y-producing CD4*
cells. The CD4* [FN-y* cells in each PBMC population were gated, and then they were analyzed for the surface expression of CD107a. Values
in the PE/side scatter (SSC) dot plots indicate the frequencies of the high-fluorescence subsets in the gated CD4* IFN-y* population of the
PBMCs stained with PE-conjugated anti-CD107a (CD1072-PE) and of the same PBMCs stained with PE-conjugated mouse IgG isotype MAb
(Isotype-PE).
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cell surfaces, whereas Nef37-53-specific CD4™ T cells did not,
thus indicating that Nef187-203-specific CD4" CTLs, but not
Nef37-53-specific CD4™ T cells, have the ability to function as
cytotoxic T cells.

Lysis of HIV-1-infected macrophages and CD4* T cells by
Nef187-203-specific cytotoxic CD4* T cells. To investigate if
the Nef-specific CD4™* T cells were able to kill HIV-1-infected
target cells, we measured their cytotoxic activity against HIV-
1-infected macrophages and CD4" T cells. To exclude the
possibility that different Nef sequences between two HIV-1
strains, NL-432 and JRFL, would affect the recognition of
Nef-specific CD4™ CTLs, we used JRFLyy; 43anver, @ chimera
RS virus, with the Nef protein derived from the NL-432 strain
in this study. Macrophages and CD4* T cells from an HLA-
DRB1*0803-positive healthy donor were infected with HIV-1
RS strain JRFLy; 430w and X4 strain NL-432, respectively.
Intracellular p24 staining of these cells showed that more than
80% of the cultured macrophages and CD4* T cells were p24
antigen positive at day 3 postinfection, indicating the establish-
ment of an HIV-1 infection in the cultured cells (Fig. 4A).
Three Nef187-203-specific CD4™" CTL clones were used in our
assays. They exhibited strong specific lysis of autologous B-
LCLs incubated with 1,000 nM peptide; this lysis was dramat-
ically decreased when the B-LCLs were incubated with 100 nM
peptide (Fig. 4B), thus showing a lower sensitivity of peptide-
pulsed target cells to Nef-specific CD4" CTL clones than that
of Nef-specific CD8% CTL clones reported in our previous
studies (18, 46). These Nef-specific CD4™ CTL clones killed
both HIV-1-infected macrophages and CD4* T cells, even at a
decreased E/T ratio of 2:1 (Fig. 4C). The specific lysis of
infected macrophages was higher than that of the infected
CD4™ T cells. This difference may result from the intracellular
p24 antigen expression levels of these two targets used in this
assay (Fig. 4A).

Ability of HIV-1 Nef-specific cytotoxic CD4" T cells to sup-
press HIV-1 replication in macrophages and CD4* T cells. A
previous study showed that Gag-specific CD4* CTLs can sup-
press HIV-1 replication in human T-cell leukemia virus type
1-immortalized CD4* T-cell line MT-2 (31). To clarify if
CD4* CTLs could also efficiently suppress HIV-1 replication
in its natural host cells in vivo, we measured the ability of
Nef-specific CD4* CTLs to suppress the replication of HIV-1
in HIV-1-infected macrophages and CD4™ T cells in vitro.
Macrophages and CD4¥ T cells from an HLA-DRB1*0803-
positive healthy donor were isolated, cultured, and then in-
fected with HIV-1 JRFLyy;_43zner and NL-432 in vitro, respec-
tively. To investigate the suppression ability of CD4" CTLs by
using an enzyme immunoassay, we measured p24 antigens in
the supernatant of cultured HIV-1-infected target cells with or
without a Nef187-203-specific CD4* CTL clone at an E/T ratio
of 0.1:1 (Fig: 5A). Two Nef187-203-specific clones revealed a
strong ability to suppress HIV-1 replication in both HIV-1-
infected macrophages and CD4* T cells. The suppression abil-
ity of these T cell clones was E/T ratio dependent for both
HIV-1-infected macrophages and CD4* T cells (Fig. 5B),
whereas the addition of an HLA class II-mismatched Nef37-
53-specific CD4" T-cell clone to HIV-1-infected macrophages
or CD4™ T cells did not cause any suppression of p24 produc-.
tion (data not shown). Complete suppression of p24 produc-
tion in both HIV-1-infected macrophages and CD4™ T cells
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FIG. 4. Lysis of HIV-1-infected macrophages and CD4* T cells by
Nef187-203-specific cytotoxic CD4* T cells. (A) Intracellular p24 an-
tigen expression of macrophages and CD4" T cells from an HLA-
DRB1*0803-positive donor at day 3 postinfection. The dashed histo-
gram represents uninfected cells, and the solid histogram represents
HIV-1-infected cells. The values in each plot show the frequencies of
p24 antigen-positive cells. The uninfected and HIV-1-infected macro-
phages and CD4" T cells were then labeled with Na,*'CrO, and
incubated with Nef187-203-specific clones for CTL assays. (B) Cyto-
toxic activity of three Nef187-203-specific clones against autologous
B-LCLs incubated with the peptide at the indicated concentrations,
The cells were tested at an effector-to-target (E/T) ratio of 5:1.
(C) Ability of Nef187-203-specific clones to lyse HIV-1-infected or
uninfected macrophages (M¢) and CD4* T cells. The cells were tested
at the indicated E/T ratios by using the standard >!Cr assay. Values
represent averages * standard deviations (error bars) of results from
the assays of the three Nef187-203-specific clones.
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FIG. 5. Ability of HIV-1 cytotoxic CD4™* T cells to suppress HIV-1
replication in vitro. (A) Ability of Nef187-203-specific CD4* CTL
clones to suppress JRFLy; 43aner Virus and NL-432 virus replication in
macrophages and CD4* T cells, respectively. Macrophages and CD4™
T cells from an HLA-DR-compatible healthy donor were infected with
HIV-1 and subsequently cocultured or not with Nef-187-203-specific
CD4* CTL clones at an effector-to-target (E/T) ratio of 0.1:1. The
concentration of p24 antigen in the supernatant on day 6 postinfection
was measured by using an enzyme immunoassay. Values are presented
as the averages * standard deviations of results from the assays of two
Nef187-203-specific clones. (B) The ability of Nefl87-203-specific
CD4* CTL clone to suppress HIV-1 infection in target cells was E/T
ratio dependent. JRFLyy; 4sonerinfected macrophages or NL-432-in-
fected CD4* T cells were subsequently cocultured with a Nef187-203-
specific clone at the indicated E/T ratios. The concentration of p24
antigen in the supernatant on day 6 postinfection was measured as
described above. (C) Ability of a Nef37-53-specific CD4* T-cell clone
with no CTL activity to suppress HIV-1 replication in HIV-1-infected
CD4* T cells. CD4* T cells from two healthy donors expressing the
corresponding HLA-DR alleles were infected with HIV-1 and were
subsequently cocultured with a Nef37-53-specific or Nef187-203-spe-
cific clone at the indicated E/T ratios. The concentration of p24 anti-
gen in the supernatant on day 6 postinfection was measured as de-
scribed above. (D) The ability of Nef37-53-specific CD4* T-cell clones
to suppress HIV-1 replication in HIV-1 infected CD4™ T cells was less
than that of Nef187-203-specific CD4™ CTL clones, Values are pre-
sented as averages * standard deviations (error bars) of results from
the assays of three Nef37-53-specific or Nefl187-203-specific clones.
Statistical differences were determined with Student’s ¢ test, and the
double-sided P value is shown.

was detected at a low E/T ratio of 0.1:1, indicating that these
Nef-specific CD4™ CTLs had a very strong ability to suppress
HIV-1 replication. To investigate if this strong suppressor abil-
ity could be attributed to the cytolytic activity of CD4* T cells,
we compared the suppressor ability of Nef37-53-specific CD4*
T cells, which did not show significant CTL activity, with that of
the Nef187-203-specific CTL clones. A Nef37-53-specific clone
with no CTL activity revealed weak suppression activity at an
E/T ratio of 0.1:1 against the HIV-1-infected CD4" T cells
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from an HLA-compatible healthy donor (Fig. 5C), with this
ability being significantly lower than that of the Nef187-203-
specific CD4* CTL clone (Fig. 5D). This result indicates that
the Nef-specific cytotoxic CD4* T cells have strong ability to
suppress HIV-1 replication and that noncytotoxic Nef-specific
CD4" T cells may have weak ability to suppress HIV replica-
tion via cytokines or by some other mechanism(s).

Detection of Nef187-203-specific CD4™ T cells in chronically
HIV-l-infected individuals. To investigate if CD4* T cells
specific for Nef187-203 could be frequently found in HLA-
DRB1*0803-positive HIV-1-infected individuals, we expanded
our investigation to include nine more chronically HIV-1-in-
fected patients carrying the HLA-DRB1*0803 allele. PBMCs
from these patients and KI-197 were stimulated with Nef187-
203 peptide and cultured for 2 weeks to expand the population
of epitope-specific CD4™ T cells. IFN-y-producing cells were
determined by intracellular staining after restimulation of
the bulk cultures with HLA-DRB1*0803-positive B-LCLs
prepulsed with the peptide. We observed Nef187-203-spe-
cific CD4™ T cells in the bulk cultures from three of these
nine donors, i.e., KI-105, KI-121, and KI-154. Taken to-
gether, our data indicate that Nef187-203-specific CD4* T cells
were detected among cultured PBMCs from 4 of 10 HLA-
DRB1*0803-positive HIV-1-infected individuals (Table 1).

Among the PBMCs from donors KI-154 and KI-197, who
showed strong CD4 responses tested by the assay using in
vitro-cultured PBMCs, we also detected Nef187-203-specific
CD4" T cells directly ex vivo (Table 1). Furthermore, more
than 50% of the Nef187-203-specific CD4* T cells from both
KI-154 and KI-197 mobilized CD107a after stimulation with
Nef187-203 peptide (Table 1), demonstrating the existence of
cytotoxicity-associated degranulation of Nefl87-203-specific
CD4" T cells in these two HIV-1-infected patients.

DISCUSSION

Previous studies showed that Gag and Nef are immunodom-
inant proteins of HIV-1-specific CD4* T-cell responses in pa-
tients at various stages of an HIV-1 infection. Such studies also

TABLE 1. Detection of Nef187-203-specific CD4* T cells in
chronically HIV-1-infected individuals

Frequency (%) of:

Viral load  CD4* [EN-y*2 .
Subject HAART (DUt (RNA cellsin: oo7er e
copies/ml) —— === "y ex vivo
Cultured Ex vivo
PBMCs PBMCs PBMCS
KI1-097 + 322 14,000 0 NT® NT
KI-105 + 485 <50 22 0 0
KI-121 - 265 24,000 184 0 0
KI-139 + 505 110,000 0 NT NT
KI-144 + 496 17,000 0 NT NT
K1-152 + 303 <50 0 NT NT
Ki-154 + 481 7,700 703 0.01 70.0
KI1-163 =+ 419 26,000 0 NT NT
KI-185 + 331 <50 0 NT NT
KI-197 + 350 <50 607 0.06 55.0

9 {FN-y*, IFN~y-producing.
5 Frequency among Nef187-203-specific CD4* IFN-y™ cells.
¢ NT, not tested.
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revealed that only a limited number of peptides may induce
CD4 T-cell responses in a genetically diverse population (1,
27). In the present study, we found two Nef CD4* T-cell
epitopes, Nef37-53 and Nef187-203, from two HIV-1-seropos-
itive donors. A previous study showed that a group of subjects
with CD4 T-cell responses targeted the peptide Nef187-203;
however, the MHC-II restriction of it was not reported (27).
Here we characterized both Nef epitopes as HLA-DR re-
stricted in our subjects. Classically, HLA class II-restricted
epitopes are processed through the exogenous pathway. How-
ever, for CD4" T-cell recognition of virus-infected cells, the
endogenous pathway for HLA class II presentation was also
identified in some virus infections (20, 33, 35). In our present
study, Nef-specific CD4™ T-cell clones recognized the epitope
presented in recombinant vaccinia virus-infected or Nef-GFP
fusion mRNA-transfected B-LCLs through the endogenous
pathway as well as through the classical exogenous pathway in
the antigen protein-pulsed B-LCLs. Furthermore, Nef187-203-
specific CD4" CTLs recognized HIV-1-infected macrophages
and CD4™ T cells, suggesting that these HIV-1 host cells could
present Nef protein to MHC-II molecules through the endog-
enous pathway during an HIV-1 infection. Thus, we demon-
strated for the first time both endogenous and exogenous pre-
sentation of an HIV-1 CD4 epitope by HLA class II molecules.

Since previous studies showed that Gag-specific CD4* T
cells exhibit cytotoxic activity (4, 30, 31), here also we investi-
gated if the same mechanism exists for another immunodom-
inant HIV-1 antigen, Nef. Strong cytotoxic activity was found
in the Nef187-203-specific clones in our present study. Com-
pared with the noncytotoxic Nef37-53-specific clone, the cyto-
toxic Nef187-203-specific clone showed higher perforin and
granzyme B expression levels. Although Th clones can acquire
cytotoxic behavior during in vitro culture (15), ex vivo studies
have directly indicated the persistence of HIV-1-specific cyto-
toxic CD4™ T cells (31). In addition, a significantly higher
perforin expression in a CD4™" subset of PBMCs from HIV-1-
infected patients was also observed earlier, suggesting a high
prevalence of cytotoxic CD4™ T cells during an HIV-1 infec-
tion (4). In our present study, it is unlikely that the observed
Nef-specific cytolysis was an artifact of prolonged culture, be-
cause ex vivo analysis showed that Nef187-203-specific CD4™ T
cells from two donors mobilized CD107a after stimulation with
Nef187-203 peptide. Our observations on the cytotoxic effector
molecule expression of Nef-specific CD4* CTL clones suggest
that these CTLs kill their target cells by a perforin-dependent
pathway, just as in the case of the Gag-specific CD4* CTLs
reported previously (31). The perforin expression in HIV-1-
specific CD4* T cells may be controlled by the CD8 responses
during an infection, producing cross-regulation between HIV-
1-specific CD4" and CD8™ T-cell responses (47).

Although Gag-specific CD4™ CTLs were demonstrated to
be able to suppress HIV-1 replication in a CD4* T-cell line,
MT-2 (31), the ability of HIV-1-specific CD4* CTLs to kill
infected natural target cells and to suppress HIV-1 replication
in these cells has not been explored. CD4* T cells under
normal conditions do not express any HLA class II molecules.
Naturally, HIV-1 can replicate only in activated CD4™ T cells,
which express MHC-I and are susceptible to CD4™ CTL kill-
ing (22). However, the question as to whether the levels of
HLA class II expression on HIV-1-infected activated T cells
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are high enough for efficient recognition by CD4* CTLs
remains unresolved. In addition, previous studies revealed
differential susceptibility to CD8" CTL killing between
HIV-1-infected macrophages and CD4™ T cells, showing the
complexity of CTL killing of natural target cells during an
HIV-1 infection (12, 17, 40). Here we demonstrated higher
specific lysis of infected macrophages by Nef-specific CD4*
CTLs than of infected CD4™ T cells by these cells. This result
implies that HIV-1-infected macrophages can present virus
antigen to HLA class IT molecules more effectively than HIV-
1-infected CD4™ T cells. On the other hand, naturally higher
HLA class II expression on macrophages may also contribute
to more-efficient killing of them by CD4* CTLs. We observed
significant HLA class I downregulation on HIV-1-infected
CD4* T cells but not on the infected macrophages (data not
shown), in line with a previous report indicating that HIV-1
proteins impair HLA class II expression on infected CD4™ T
cells (26). These findings, taken together, may explain why
Nef-specific CD4" CTLs killed HIV-1-infected macrophages
more efficiently than HIV-1-infected CD4™ T cells.

Although a difference between cytotoxic activity against
HIV-1-infected macrophages and that against CD4* T cells
was observed, Nef-specific CD4* CTL clones exhibited com-
plete suppression of HIV-1 replication in both kinds of host
cells, even at an initial E/T ratio of 0.1 in the assay. The
Nef187-203-specific CD4* CTL clones exhibited a more than
10-fold-stronger ability to suppress HIV-1 replication in mac-
rophages or CD4™ T cells than Nef- or Gag-specific CD8*
CTL clones investigated in our previous studies (17, 18), which
employed the same assays, suggesting that Nef187-203-specific
CD4™ T cells may be capable of suppressing HIV-1 replication
in vivo. In principle, HIV-1-specific T-cell clones can suppress
virus replication in two ways: by suppressing cytotoxic activity
and cytokine production. A recent study showed that in vitro-
cultured noncytotoxic CD4* T cells produced CCR5 chemo-
kines to suppress HIV-1 replication in those cells themselves
(28). In our study, the high level of Mip-1B production by
Nef187-203-specific CD4* CTL clones (data not shown) might
also have partly contributed to the suppression of virus repli-
cation,

Classically, virus-specific CD4™ T cells play a key role in the
maintenance of CD8* CTL memory (24, 42). In the present
study, we sought to demonstrate roles of Nef-specific CD4™
CTLs beyond such helper functions. Notably, we found the
suppression of HIV-1 replication in host macrophages and
CD4* T cells by Nef-specific CD4™ CTL clones. Previous
investigations showed macrophages to be major reservoirs for
HIV-1 in an early infection and in patients with an undetect-
able viral load on HAART (13). Furthermore, HIV-1-infected
macrophages mediate infection of nonlymphoid tissues such as
lung or brain (43). Therefore, the strong ability of Nef-specific
CD4™ CTLs to suppress HIV-1 replication in macrophages
might help to control HIV-1 rebound in structured treatment
interruption patients and to relieve the neuropathology asso-
ciated with AIDS. In addition, Nef-specific CD4* CTLs may
target HIV-infected host cells that resist CD8" CTL recogni-
tion due to an impaired HLA class I antigen-processing path-
way. Studies on EBV-specific CD4* CTLs indicated that they
killed EBV-positive Burkitt’s lymphoma cells, which are resis-
tant to CD8* CTL killing, through impaired MHC-I antigen
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presentation (2, 37). Thus, particularly in the tissues that can
express HLA class II molecules, such as dendritic cells, mac-
rophages, and activated T cells, HIV-1-specific CD4* CTLs
may take the position left vacant due to escape from CD8™
CTL surveillance. However, CD4* CTLs can also target the
antigen-presenting cells and bystander CD4™ T cells, which
present epitope peptides through the exogenous pathway. As
mentioned by Norris et al. (31), this effect may result in de-
pletion of healthy immune cells during an HIV infection.
These results, taken together, indicate that the influence of
CD4*% CTLs in vivo on the disease development of AIDS
requires more consideration. The frequency of HLA-DR0803-
positive patients that responded to the Nefl87-203 epitope
assessed in our study was 40%, although this value probably
was underestimated because previous reports showed that
some patients might lose CD4 responses specific for HIV-1
antigens due to vigorous HIV-1 reproduction (7). Exact assess-
ment of the frequency of HIV-1-specific CD4™ T cells would
require the use of more-sensitive and cytokine/cytotoxicity re-
sponse-independent techniques, such as those involving
MHC-II tetramers (21).

Overall, our results demonstrated that Nef-specific cytotoxic
CD4* T cells killed HIV-1-infected CD4™ T cells and macro-
phages in a perforin-mediated manner and that the cytotoxic
CD4" T cells exhibited strong ability to suppress HIV-1 rep-
lication in the natural host cells, In addition, our ex vivo anal-
ysis revealed that these cytotoxic CD4* T cells could be de-
tected in 20% of the chronically HIV-infected patients tested.
These results, taken together, suggest the importance of Nef-
specific CD4™ T cells in the control of HIV-1 infections in vivo.

ACKNOWLEDGMENTS

‘We thank Sachiko Sakai for secretarial assistance.

This research was supported by the Program of Founding Research
Centers for Emerging and Reemerging Infectious Diseases and by the
Global COE program Global Education and Research Center Aiming
at the Control of AIDS, supported by the Ministry of Education,
Science, Sports and Culture, Japan; by a grant-in-aid (no. 20390134)
for scientific research from the Ministry of Health, Japan; by a grant-
in-aid (no. 18390141) for scientific research from the Ministry of Ed-
ucation, Science, Sports and Culture, Japan; and by a grant from the
Japan Health Science Foundation.

REFERENCES

1. Adde, M. M,, X. G. Yu, A. Rathod, D, Cohen, R. L, Eldridge, D. Strick, M. N.
Johnston, C. Corcoran, A. G. Waureel, C. A. Fitzpatrick, M. E. Feeney, W. R.
Rodriguez, N. Basgoz, R. Draenert, D. R. Stone, C. Brander, P. J. Goulder,
E. 8. Rosenberg, M. Altfeld, and B. D. Walker, 2003. Comprehensive epitope
analysis of human immunodeficiency virus type 1 (HIV-1)-specific T-cell
responses directed against the entire expressed HIV-1 genome demonstrate
broadly directed responses, bat no correlation to viral load. J. Virol. 77:2081—
2092,

2. Adhikary, D., U, Behrends, A. Moosmann, K. Witter, G. W. Bornkamm, and
J. Mautner, 2006. Control of Epstein-Barr virus infection in vitro by T helper
cells specific for virion glycoproteins. J. Exp. Med. 203:995-1006.

3. Appay, V. 2004. The physiological role of cytotoxic CD4* T-cells: the holy
grail? Clin. Exp. Immunol. 138:10-13.

4. Appay, V., J. J. Zaunders, L. Papagno, J. Sutten, A. Jaramillo, A. Waters, P.
Easterbrook, P. Grey, D. Smith, A, J. McMichael, D. A. Cooper, S. L.
Rowland-Jones, and A, D. Kelleher, 2002. Characterization of CD4* CTLs
ex vivo. J. Immunol, 168:5954-5958.

S. Betts, M. R., D. R. Ambrozak, D. C. Douek, S. Bonhoeffer, J. M. Brenchley,
J. P. Casazza, R. A. Koup, and L. J. Picker, 2001. Analysis of total human
immunodeficiency virus (HIV)-specific CD4* and CD8™ T-cell responses:
relationship to viral load in untreated HIV infection. J. Virol. 75:11983-
11991,

. Betts, M. R., and R. A. Koup. 2004. Detection of T-cell degranulation:
CD107a and b. Methods Cell Biol. 75:497-512.

o

77

10.

11

12.

13.

i4.

15.

16.

17

18.

19.

20.

21

22:

24.

26.

27

J. VIROL.

. Binley, J. M., D. 8. Schiller, G. M. Ortiz, A. Hurley, D. F. Nixon, M. M.

Markovwitz, and J. P. Moore. 2000. The relationship between T cell prolif-
erative responses and plasma viremia during treatment of human immuno-
deficiency virus type 1 infection with combination antiretroviral therapy.
J. Infect. Dis. 181:1249-1263.

. Boaz, M. J., A. Waters, S. Murad, P, J. Easterbrook, and A. Vyakarnam.,

2002. Presence of HIV-1 Gag-specific IFN-gamma*1L-2* and CD28*IL-2*
CD4 T cell responses is associated with nonprogression in HIV-1 infection.
J. Immunol. 169:6376-6385.

. Borrow, P., H. Lewicki, X. Wei, M. S. Horwitz, N. Peffer, H. Meyers, J. A,

Nelson, J. E. Gairin, B. H. Hahn, M. B. Oldstone, and G. M. Shaw. 1997.
Antiviral pressure exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs)
during primary infection demonstrated by rapid selection of CTL escape
virus. Nat. Med. 3:205-211.

Casazza, J. P., M. R, Betts, D. A. Price, M. L. Precopio, L. E. Ruff, J. M.
Brenchley, B. J. Hill, M. Roederer, D. C. Douek, and R. A, Koup. 2006
Acquisition of direct antiviral effector functions by CMV-specific CD4™ T
fymphocytes with cellular maturation. J. Exp. Med. 203:2865-2877.
Champagne, P., G. S. Ogg, A. S. King, C. Knabenhans, K. Ellefsen, M.
Nobile, V., Appay, G. P. Rizzardi, S. Fleury, M. Lipp, R. Forster, S. Rowland-
Jones, R. P. Sekaly, A. J. McMichael, and G. Pantaleo. 2001, Skewed mat-
uration of memory HIV-specific CD8 T lymphocytes. Nature 410:106-111.
Collins, K. L., B, K, Chen, S. A. Kalams, B. D. Walker, and D. Baltimore.
1998. HIV-1 Nef protein protects infected primary cells against killing by
cytotoxic T lymphocytes. Nature 391:397-401.

Crowe, S. M., and S. Sonza. 2000. HIV-1 can be recovered from a variety of
cells including peripheral blood monocytes of patients receiving highly active
antiretroviral therapy: a further obstacle to eradication. J. Leukoc. Biol.
68:345-350.

Delmas, S., P. Br t, D, CI , E. Le Ray, and J. L, Davignon. 2007.
Anti-JE1 CD4* T-cell clones kill peptide-pulsed, but not human cytomega-
lovirus-infected, target cells. J. Gen. Virol. 88:2441-2449.

Fleischer, B. 1984. Acquisition of specific cytotoxic activity by human T4* T
lymphocytes in culture. Nature 308:365-367.

Fujiwara, M., H. Takata, S. Oka, H. Tomiyama, and M. Takiguchi. 2005.
Patterns of cytokine production in human immunodeficiency virus type 1
(HIV-1)-specific human CD8™ T cells after stimulation with HIV-1-infected
CD4™* T cells. J. Virol. 79:12536-12543.

Fujiwara, M., and M. Takiguchi. 2007. HIV-1-specific CTLs effectively sup-
press replication of HIV-1 in HIV-1-infected macrophages. Blood 109:4832-
4838.

Fujiwara, M., J. Tanuma, H. Koeizumi, Y. K hi K. Honda, S, Mas-
tuoka-Aizawa, S. Dohki, S. Oka, and M. Takiguchi, 2008. Different abilities
of escape mutant-specific cytotoxic T cells to suppress replication of escape
mutant and wild-type human immunodeficiency virus type 1 in new hosts.
J. Virol, 82:138-147.

Green, S., 1. Kurane, S. Pincus, E, Paoletti, and F. A. Ennis. 1997. Recog-
nition of dengue virus NS1-NS2a proteins by human CD4" cytotoxic T
lymphocyte clones. Virology 234:383-386.

Hegde, N. R,, C. Dunn, D. M. Lewiusohn, M. A, Jarvis, J. A. Nelson, and
D. C. Johnson. 2005. Endogenous human cytomegalovirus gB is presented
efficiently by MHC class I molecules to CD4* CTL. J. Exp. Med. 202:1109-
1119.

Hohn, H,, C. Kortsik, 1. Zehbe, W, E, Hitzler, K. Kayser, K. Freitag, C.
Neukirch, P, Andersen, T. M. Doherty, and M. Maeuwrer. 2007. MHC class I
tetramer guided detection of Mycobacterium tuberculosis-specific CD4* T
cells in peripheral blood from patients with pulmonary tuberculosis. Scand.
J. Immunol. 65:467-478.

Holling, T. M., N. van dex Stoep, E. Quinten, and P. J. van den Elsen, 2002.
Activated human T cells accomplish MHC class II expression through T
cell-specific occupation of class II transactivator promoter II. J. Immunol.
168:763-770.

. Jansen, C. A., D. van Baarle, and F, Miedema. 2006. HIV-specific CD4* T

cells and viremia: who's in control? Trends Immunol. 27:119-124.
Janssen, E. M., E. E. Lemmens, T. Wolfe, U. Christen, M. G. von Herrath,
and S. P. Schoenberger. 2003. CD4™* T cells are required for secondary
expansion and memory in CD8* T lymphocytes, Nature 421:852-856.

. Jellison, E. R, S. K. Kim, and R. M. Welsh. 2005. Cutting edge: MHC class

H-restricted killing in vivo during viral infection. J. Immunol. 174:614-618.
Kanazawa, S., T. Okamoto, and B, M, Peterlin. 2000. Tat corupetes with
CIITA for the binding to P-TEFb and blocks the expression of MHC class I1
genes in HIV infection. Immunity 12:61-70.

Kaufmann, D, E,, P, M. Bailey, J. Siduey, B. Wagner, P. J. Norris, M. N,
Johnston, L, A, Cosimi, M. M. Addo, M. Lichterfeld, M. Alifeld, N. Frahm,
C. Brander, A. Sette, B, D. Walker, and E. S. Rosenberg, 2004. Comprehen-
sive analysis of | i wdeficiency virus type 1-specific CD4 responses
reveals marked immunodominance of Gag and Nef and the presence of
broadly recognized peptides. J. Virol. 78:4463-4477.

. Kaur, G., M. Tuen, D. Virlangd, S. Cohen, N. K. Mchra, C. Munz, S. Abdel-

wahab, A. Garzino-Demo, and C. E. Hioe, 2007. Antigen stimulation induccs
HIV envelope gp120-specific CD4™ T cells to secrete CCRS ligands and
suppress HIV infection. Virology 369:214-225.



VoL, 83, 2009

29.

30.

3L

32.

33.

34.

35.

36.

37

38.

Koup, R. A, J. T. Safrit, Y. Cao, C. A. Andrews, G, McLeod, W. Borkowsky,

39.

HIV-1-SPECIFIC CD4* CTLs 7677

Pitcher, C. J., C. Quittner, D. M. Peterson, M. Connors, R, A. Koup, V. C.

C. Farthing, and D. D. Ho. 1994. Temporal association of cellular i
responses with the initial control of viremia in primary human immunode-
ficiency virus type 1 syndrome. J. Virol. 68:4650-4655.

Lotti, B, T. Wendland, H. Furrer, N, Yawalkar, S, von Greyerz, K. Schnyder,
M. Brandes, P. Vernazza, R. Wagner, T. Nguyen, E. Rosenberg, W. J.
Pichler, and C. Brander. 2002. Cytotoxic HIV-1 pS5gag-specific CD4™ T
cells produce HIV-inhibitory cytokines and chemokines. J. Clin. Immunol.
22:253-262.

Norris, P. J., H. F. Moffett, O. O. Yang, D, E, Kaufmann, M. J. Clark, M. M.
Addo, and E. S. Rosenberg. 2004. Beyond help: direct effector functions of
human immunodeficiency virus type 1-specific CD4* T cells. J. Virol. 78:
8844-8851.

Norris, P. J., M. Sumaroka, C. Brander, H. F, Moffett, S. L. Boswell, T.
Nguyen, Y. Sykulev, B, D. Walker, and E. S. Rosenberg. 2001. Muitiple
effector functions mediated by human immunodeficiency virus-specific
CD4* T-celi clones. J. Virol. 75:9771-9779.

Nuchtern, J. G., W. E. Biddi and R. D, Kl . 1990. Class IT MHC
molecules can use the endogenous pathway of antigen presentation. Nature
343:74-76.

Ogg, G. S., X. Jin, S. Bonhoeffer, P. R. Dunbar, M. A. Nowak, S. Monard,
J. P. Segal, Y. Cao, S. L. Rowland-Jones, V. Cerundolo, A. Hurley, M.
Markowitz, D. D. Ho, D. F. Nixon, and A. J. McMichael. 1998. Quantitation
of HIV-1-specific cytotoxic T lymphocytes and plasma load of viral RNA.
Science 279:2103-2106.

Orentas, R, J., J. E. Hildreth, E. Obah, M. Polydefkis, G. E. Smith, M. L.
Clements, and R. F. Siliciano. 1990. Induction of CD4* human cytolytic T
cells specific for HIV-infected cells by a gp160 subunit vaccine. Science
248:1234-1237.

Palmer, B. E., E. Boritz, and C. C. Wilson. 2004. Effects of sustained HIV-1
plasma viremia on HIV-1 Gag-specific CD4" T cell maturation and function.
J. Immunol. 172:3337-3347.

Paludan, C,, K, Bickh S. Nikiforow, M. L. Tsang, K. Goodman, W, A.
Hane}l J. F, Font S. Stev vie, and C. Munz. 2002. Epstein-Barr
nuclear antigen 1-specific CD4* Thl cells kill Burkitt’s lymphoma cells.
J. Immunol. 169:1593-1603.

Penna, A,, P. Fowler, A, Bertoletti, S. Guilhot, B. Moss, R. F, Margolskee, A.
Cavalli, A. Valli, F. Fiaccadori, F, V. Chisari, et al. 1992. Hepatitis B virus
(HBV)-specific cytotoxic T-cell (CTL) response in humans: characterization
of HLA class H-restricted CILs that recognize endogenously synthesized
HBYV envelope antigens. J. Virol. 66:1193-1198.

78

40.

41.

42,

45.

46.

47.

48.

49.

50.

Maino, and L. J. Picker, 1999. HIV-1-specific CD4" T cells are detectable in
most individuals with active HIV-1 infection, but decline with prolonged virat
suppression. Nat. Med. 5:518-525.

Plata, F., B. Autran, L. P. Martins, S. Wain-Hobson, M. Raphael, C.
Mayaud, M. Denis, J. M. Guillon, and P. Debre. 1987. AIDS virus-specific
cytotoxic T lymphocytes in lung disorders. Nature 328:348-351.

Rosenberg, E. 8., J. M. Billingsley, A. M. Caliendo, S. L. Boswell, P. E, Sax,
8. A. Kalams, and B. D, Walker, 1997. Vigorous HIV-1-specific CD4* T cell
responses associated with control of viremia. Science 278:1447~1450.
Shedlock, D. J., and H. Shen. 2003. Requirement for CD4 T cell help in
generating functional CD8 T cell memory. Science 360:337-339.

. Stevenson, M. 2003. HIV-1 pathogenesis. Nat. Med. 9:853-860.

Takata, H., and M. Takiguchi. 2006. Three memory subsets of human CD8*
T cells differently expressing three cytolytic effector molecules. J. Immunol.
177:4330-4340.

Tomiyama, H.,, H. Akari, A. Adachi, and M. Takiguchi. 2002. Different
effects of Nef-mediated HLA class I down-regulation on human immunode-
ficiency virus type l-specific CD8* T-cell cytolytic activity and cytokine
production. J. Virol. 76:7535-7543.

Ueno, T., Y. Idegami, C. Motozone, S. Oka, and M. Takiguchi. 2007. Altering
effects of antigenic variations in HIV-1 on antiviral effectiveness of HIV-
specific CTLs. J. Immunol. 178:5513-5523.

Williams, N. 8., and V. H. Engelhard. 1997. Perforin-dependent cytotoxic
activity and lymphokine secretion by CD4* T cells are regulated by CD8* T
cells. J, Tmmunol. 159:2091-2099.

Wilson, J. D, N, Imami, A, Watkins, J. Gill, P. Hay, B. Gazzard, M. Westby,
and F. M. Gotch. 2000. Loss of CD4+ T cell proliferative ability but not loss
of | i deficiency virus type 1 specificity equates with progression
to disease. J. Infect. Dis. 182:792-798.

Xu, X. N, G. R, Screaton, F. M. Gotch, T. Dong, R. Tan, N. Almond, B.
Walker, R. Stebbings, K. Kent, 8. Nagata, ], E. Stott, and A. J. McMichael.
1997. Bvasion of cytotoxic T lymphocyte (CTL) responses by nef-dependent
induction of Fas ligand (CD9SL) expression on simian immunodeficiency
virus-infected cells. J. Exp. Med. 186:7~16.

Zaunders, J. J., W. B, Dyer, B. Wang, M. L. Munier, M. Miranda-Sakseua,
R. Newton, J. Moore, C. R. Mackay, D. A. Cooper, N, K. Saksena, and A. D.
Kelleher. 2004. Identification of circulating antigen-specific CD4* T lym-
phocytes with a CCRS™, cytotoxic phenotype in an HIV-1 long-term non-
progressor and in CMV infection. Blood 103:2238-2247.




The Journal of Immunology

Impact of Intrinsic Cooperative Thermodynamics of
Peptide-MHC Complexes on Antiviral Activity of HIV-Specific
CTL!

Chihiro Motozono,* Saeko Yanaka,! Kouhei Tsumoto,” Masafumi Takiguchi,*
and Takamasa Ueno®*

The antiviral activity of HIV-specific CTL is not equally potent but rather is dependent on their specificity. But what characteristic of
targeted peptides influences CTL antivival activity remains elusive. We addressed this issue based on HLA-B35-restricted CTLs specific
for two overlapping immunodominant Nef epitopes, VY8 (VPLRPMTY) and RY11 RPQVPLRPMTY). VY8-specific CTLs were more
potently cytotoxic toward HIV-infected primary CD4* cells than RY11-specific CTLs. Reconstruction of their TCR revealed no sub-
stantial difference in their functional avidity toward cognate Ags. Instead, the decay analysis of the peptide-MHC complex (PMHCO)
revealed that the VYS/HLA-B35 complex could maintain its capacity to sensitize T cells much longer than its RY11 counterpart.
Corroboratively, the introduction of 2 mutation in the epitopes that substantially delayed pMHC decay rendered Nef-expressing target
cells more susceptible to CTL killing, Moreover, by using differential scanning calorimetry and circular dichroism analyses, we found
that the susceptible pMHC ligands for CTL killing showed interdependent and cooperative, rather than separate or sequential, tran-
sitions within their heterotrimer components under the thermally induced unfolding process. Collectively, our results highlight the
significant effects of intrinsic peptide factors that support cooperative thermodynamics within pMHC on the efficient CTL killing of
HIV-infected cells, thus providing us better insight into vaccine design. The Journal of Immunology, 2009, 182: 5528-5536.

uman CD8* CTLs recognize HIV-infected cells by in- binding activity of an antigenic peptide to a given HLA class I mol-

teraction of their own TCRs with viral peptides bound to ecule (22). However, considering that immunodominant peptides are

HLA class I molecules on the cell surface of the infected not always those with the highest density presented at the target cell
cells and eliminate them directly by cytolysis or indirectly through the surface (23, 24) and that immunodominant CTLs are not always cor-
production of soluble factors such as cytokines and chemokines. related with effective antiviral CTL responses (25), an interesting
Among these activities, the cytotoxic activity of CTLs toward HIV- question can be raised as to whether, and if so what, inherent char-
infected cells is associated with efficient viral containment in vitro and acteristics of target epitope peptides support the efficient recognition
in vivo (1~3). However, significant differences exist not only in the by CTLs for the killing of virus-infected cells. As mentioned above,
antiviral activity of HIV-specific CTLs among specificities (4-7) but ~ however, the antiviral activity of CTLs stems from multifactorial
also in CTL specificities between early and chronic phases of an HIV events, reflecting the consequence of various positive and negative
infection (8—10). Changes in CTL specificity could lead to the accu- factors that govern viral replication, Ag presentation, and T cell ac-
mulation of less effective antiviral CTLs in the late chronic phase of tivation (26). Broad comparisons between very different virus strains,
an infection (6, 11, 12). There are a number of different possibilities peptide Ags, and MHCs provide little information beyond highlight-
in the literature that potentially explain the heterogeneity in the anti- ing just the differences. Comparisons between more closely related
viral activity of CTLs, such as: differences in functional avidity of viral Ags and MHCs could be more revealing.
CTLs toward exogenously pulsed synthetic peptides (7, 13), TCR We previously reported that CD8 T cells specific for an Nef epitope
usage (14, 15), cross-reactive capacity of CTLs toward variant Ags (VY8, VPLRPMTY) were consistently elicited very early in vivo,
(14, 16), kinetics and amplitude of immunogenic protein expression whereas those specific for another Nef epitope (RY11, RPQVPLRP
(9, 17-19), Ag processing and presentation pathways (20, 21), and ~ MTY) were mostly observed in the chronic phase of an HIV infection
(10). Remarkably, VY8 is entirely contained within RY11; and both
are presented by HLA-B35 with comparable binding activity, as as-
TMNivict 3 1 3 age - . e . .
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of Frontier Sciences, The University of Tokyo, Kashiwa, Japan nary ex.Penmen.ts showed that VY8—spec1ﬁc CTLs had more potent
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25, 2009. RY11-specific CTLs, in the present study we asked what property of
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