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Physical map of the human CXCR1 and CXCR2 genes. Coding and untranslated regions are indicated by black and gray bars, respectively. The location

of polymorphisms with frequencies of >1% is indicated. The asterisk corresponds to polymorphisms that are in strong LD. A horizontal line below each gene

shows the regions that have been sequenced.

alleles at these six sites constituted a single haplotype with an
estimated frequency of 3.9% (CXCRI-2_H3 in Table 2). Nearly
complete LD was also observed with CXCR2_1913.

Reduction of Cell-Surface Expression of CD4 and CXCR4 in CXCR1-Ha
Cells. To evaluate biological function of the two CXCRI nonsyn-
onymous variants, we established transfectants of the CXCRI-HA
and CXCRI-Ha haplotypes, in which HA and Ha incorporate the
major and minor alleles, respectively, at both the CXCR1_300 and
the CXCRI_142 sites (Table 2). Cell-surface expression of the HIV
receptor CD4 and coreceptors CXCR4 and CCRS5 was assessed on
human osteosarcoma (HOS) cells after introduction of CXCR/
variant ¢cDNAs (see Materials and Methods). Flow cytometric
analysis showed a reduction of cell-surface expression of CD4 and
CXCR4 in CXCRI-Ha cells compared with CXCRI-HA cells (Fig.
24). Western blotting and RT-PCR showed that the expression of
CD4 protein and the amount of CD4 mRNA were markedly lower
in CXCR1-Ha compared with CXCRI-HA cells, whereas CCRS was

unaffected (Fig. 2 B and C). Reduced expression of CXCR4 was
also confirmed at a protein level by Western blotting, although no
clear difference of mRNA amount was detected by RT-PCR. (Fig.
2 B and C). We then examined whether variant cDNAs also affects
levels of endogenous CD4 and CXCR4 molecules by transfection
experiments using Jurkat human T lymphocytes. Reduced expres-
sion of CD4 was observed in Jurkat CXCRI-Ha cells compared with
Jurkat CXCRI-HA cells by flow cytometry, Western blotting and
RT-PCR (Fig. 2 D-F). Endogenous CD4 and CXCR4 showed
similar patterns in another T lymphocyte cell line, CEM cells,
transfected with variant cDNAs (results not shown).

The cell-surface expression levels of CYCRI-HA and CXCRI-Ha
were found to be similar (Fig. 34). The intracellular [Ca®*] mobi-
lization, receptor endocytotic activity, and chemotactic activity
were slightly reduced in CXCRI-Ha cells as compared with
CXCRI-HA cells (Fig. 3 B-D). Biological consequences of these
phenomena still remain to be investigated. Immunohistochemical
analysis revealed that the distribution of CD4 at the plasma

Table 1. Summary of genetic polymorphisms in the human CXCR1 and CXCR2 genes

Polymorphisms

P values for statistical

Frequencies A1l tests (when <0.01)

CTR vs.
Gene CNG ID Position Location Al A2 CTR Sp RP SP vs. RP RP vs. NP dbSNP ID
CXCR1 305 -2668 Promoter G A 0.95 0.95 0.95 — — 1s2671222
144 -2423 Promoter G A 0.98 0.98 0.99 — — rs17838611
219 -2329 Promoter C T 0.96 0.94 1.00 0.0008 0.0003 rs16858841
258 -1566 Intron C G 0.94 0.95 0.95 — — 1$3138060
200 -143 Intron C T 0.96 0.94 1.00 0.0008 0.0003 rs16858816
300 92 Exon (Met/Arg) T G 0.96 0.94 1.00 0.001 0.0003 rs16858811
142 1003 Exon (Arg/Cys) C T 0.96 0.94 1.00 0.001 0.0002 516858808
CXCR2 7222388 -9203 Promoter A G 0.57 0.59 0.55 — — 53890158
7222389 -9191 Promoter —_ T 0.57 0.59 0.56 — — $569355493
7222390 -9185 Promoter T G 0.96 0.93 1.00 0.0004 0.0003 53890157
7222391 -9179 Promoter T — 0.52 0.59 0.57 — —_ $569355494
7222394 -8909 Promoter T C 0.52 0.52 0.54 — — rs4674258
7222386 -8490 Exon (5'-UTR) A G 0.57 0.59 0.55 — —_ rs4674259
7222368 -270 Intron G A 0.53 0.54 0.54 — - 5569355495
1913 768 Exon (Val/Val) C T 0.95 0.93 0.99 0.0015 0.0006 rs11574750
1425 786 Exon (Leu/lLeu) C T 0.52 0.51 0.51 — — rs2230054
1271 936 Exon (Leu/leu) C T 0.99 0.99 0.99 —_ — $569355496
2464184 1209 Exon (3'-UTR) C T 0.57 0.58 0.51 — - rs1126579
7222360 1420 Exon (3'-UTR) A G 0.96 0.94 1.00 0.0004 0.0002 rs13306441
7222363 1437 Exon (3'-UTR) C T 0.01 0.01 0.01 — — $569355497
2464185 1441 Exon (3'-UTR) G A 0.53 0.53 0.54 - -— rs1126580

The position of each SNP was counted on the reference sequence (NT_005403.10) from the first nucleotide of the initiation codon as +1. A1 represents the

nucleotide identical to that of the reference sequence. Single Nucleotide Polymorphism Database (dbSNP) IDs are also given for those that are already reported
and registered on dpSNP (www.ncbi.nim.nih.gov/SNP). P values for comparisons of the allele frequencies in the specified series are shown when <0.05. For these
comparisons, adjustment for multiple testing (see Methods) gave P <0.01 in all instances except for the CTR vs. SP vs. RP comparison of SNP_7222390 in CXCR2
(P = 0.02). CNG, Centre National de Génotypage.
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Table 2. Haplotypes of CXCR?T and CXCR2 sites that are associated with disease progression

Haplotype distribution Pvalue
CTR vs.
Polymorphisms CTR sp RP SPvs. RP SPvs. RP

Haplotypes 219 200 300 142 7222390 7222391 1913 7222360 Counts Freq Counts Freq Counts Freq Corrected
CXCR1_HA C C T C — — — — 903/942 0.958 496/526 0.943 172/172 1.000 0.00083 0.00029
CXCR1_Ha T T G T — — — — 39/942 0.041 30/526 0.057 0/172 0.000  0.00083 0.00029
CXCR2_H1 - - = = T - C A 446/940 0.474 271/524 0.516 96/170 0.565 0.053 0.290
CXCR2_H2 - - - = T T C A 445/940 0.474 217/524 0415 73170 0429 0.077 0.721
CXCR2_H3 — — — - G - T G 39/940 0.041 31/524 0.059 0/170 0.000 0.00064 0.00018
CXCR2_H4 - - = = T - T A 10/940 0.010 5/524  0.009 1170 0.006 0.923 1.000
CXCR1-2_H1 C < T [« T - C A 447/938 0.474 272/522 0517 97/172 0564 0.054 0.334
CXCR1-2_.H2 C C T [« T T C A 4441938 0.472 218/522 0.415 74/172 0430 0.09 0.790
CXCR1-2.H3 T T G T G - T G 37/938 0.039  29/522 0.055 0/172 0000 000108  0.00029
CXCR1-2_H4 C C T C T - T A 10/938 0.010 3/522  0.006 1172 0006 0.839 1.000

Freq, frequency.

membrane coincided with CXCRI-HA, but not with CXCRI-Ha
(Fig. 3E). :

We then examined whether the CXCR1-Ha haplotype correlates
lower CD4 expression under physiological conditions. Of ~2,800
healthy Thai volunteers, we chose 8 subjects heterozygous for the
CXCRI allele (CXCRI-HA/Ha) and 11 wild-type homozygotes
(CXCRI-HA/HA). Because of a low frequency (5.3%) of the
CXCRI-Ha allele in Thai population, we couldn’t include individ-
uals homozygous for the CXCRI-Ha allele. Expression of the cell
surface CD4 was performed by using flow cytometry by measuring
the mean fluorescence intensity (MFI) of CXCR1*/CD4* fraction
of peripheral blood leukocytes. Although a tendency of lower CD4
expression levels was observed in individuals carrying CXCRI-
HA/Ha (MFI: 22457 * 41.13) than in those with CXCRI-HA/HA
(MFTI: 234.82 = 29.53), the difference was not statistically signifi-
cant, probably due to a limited number of individuals examined.

A FACS HOS cells B WB CXCRt CXCRi

gl Cont -HA -Ha
3 Y\ -Cont:3I5% CD4 NN
v - HABYLS% -
n ,,E‘:/ e ™ e excrs W
gl
s C RTPCR  cxcri CXCR1
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CD4
CXCR4 B il
cors I —
D caron I
-}
§ E ws CXCR1  CXCR1
w . Cont -HA -Ha
b-actin  “EEEEEN-NER - «———
F RT-PCR  cxcri  cxcrt
Cont HA -Ha
CD4 .
63P0H sl
Fig. 2. Expression of HIV receptor/coreceptor on HOS cells (A-C) or Jurkat

cells (D-F). (A) Flow cytometric analysis of HIV receptor CD4 and coreceptor
CXCR4. (B and C) Western blot analysis (B) and RT-PCR analysis (C) of HIV
receptor CD4, and coreceptors CXCR4 and CCRS. (D) Flow cytometric analysis
of HIV receptor CDA4. (F and F) Western blot analysis (£) and RT-PCR analysis (F)
of HIV receptor CD4. A representative result from three independent exper-
iments is shown.
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Future examinations employing individuals who are homozygous
for the CXCRI-Ha allele, a rare subset of the population, will
provide a conclusive answer to this issue.

CXCR1-Ha Has an Inhibitory Effect on HIV Infection. It is of interest to
examine whether CXCR1 variability influences the efficiency of
HIV-1 infection in vitro. We first analyzed the infection efficiency
of X4-tropic HIV-1n14-; strain to HOS CXCRI-HA and
CXCRI-Ha transfectants by using HIV p24 expression as a marker.
After HIV-1y14-3 exposure, CXCRI-Ha cells showed lower HIV
p24 expression compared with control cells (transfected only with
empty vector), whereas CXCRI-HA cells exhibited enhanced p24
levels (Fig. 44). There was no significant difference in p24 levels
between CXCRI-Ha and CXCRI-HA cells when R5-tropic HIV
was used (data not shown). These results were further confirmed by
a series of experiments with HIV-1 clinical isolates obtained from
AIDS patients with or without syncytia formation in MT-2 cells
(termed S.I. or N.S.I, respectively). CXCRI-Ha transfectants
showed significantly lower p24 expression compared with
CXCRI-HA transfectants in all of the isolates (Fig. 4), demonstrat-
ing an inhibitory effect of the Ha-variant allele on HIV-1 infection.
Interestingly, p24 levels in CXCRI-HA cells were consistently
similar to control cells in the experiments with HI'V-1 isolates from
patients without syncytia formation (Fig. 4C), whereas they were
consistently increased in HIV-1 isolates from patients with syncytia
(Fig. 4B) and X4-tropic HIV-1n14_5 strain (Fig. 44). This finding
may reflect the content of X4-tropic HIV-1 in isolates; S.1. isolates
are from patients in later stages of disease and thus richer in
X4-tropic HIV-1. Increased cell-surface CXCR4 expression in
CXCRI-HA cells may result in higher p24 levels. When using N.S.I.
isolates with a lesser content of X4-tropic HIV-1, the difference of
p24 expression became smaller between control cells and
CXCRI-HA cells. The possibility of the involvement of R5-tropic
HIV-1in reduction of infection efficiency in CXCRI-Ha cells is also
conceivable. In all instances, CXCRI-Ha cells had lower p24
expression than control cells.

Predominant Role of CXCR1.142 Over CXCR1.300. Additional trans-
fection experiments were undertaken with HOS cells by using
artificial constructs of CXYCRI ¢cDNA that carry a single variation,
either at CXCR1_142 or CXCRI1_300. These experiments allowed us
to map the effect on CD4 expression on the cell surface to the
CXCR]_142 site and exclude a major effect of CXCR1_300 (results
not shown). Other data also support a predominant role for
CXCRI.142 over CXCRI1300. The minor allele at CXCRI_142
introduces a cysteine residue in the C terminus intracellular do-
main, which is a target of palmitoylation in most chemokine
receptors. Palmitoylation influences receptor trafficking and signal
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transduction by altering interaction with signaling and regulatory
proteins (20). Moreover, extensive site-directed mutagenesis stud-
ies have failed to demonstrate significance of the methionine
substitution at the CXCRI_300 position for IL-8 binding and
calcium flux (21).

Association of CXCR1 and CXCR2 SNPs with AIDS Progression. The
relationship of the 21 variants of CXCR! and CXCR2 to AIDS
progression was evaluated by genotyping of the GRIV cohort (22),
consisting of 253 asymptotic HIV-1 seropositive individuals (SP
series) and 84 patients with rapid disease progression (RP series).
To validate the cohort, we examined the CCRS5 delta-32 polymor-
phism. The results are compatible with previous studies in which
CCRS delta-32 has been shown to restrict infection in homozygous
individuals and to reduce disease progression in the heterozygous
state in Caucasians (8-10, 23). We found no individuals homozy-
gous for the CCRS delta-32 allele in GRIV compared with two
individuals in the CTR series. The frequency of CCRS delta-32 was
12% in the SP series, 7% in the CTR series, and 2% in the RP series
(P = 0.0002), confirming its association with progression,

The frequencies of the common CXCRI-CXCR2 polymor-
phisms in the CTR, SP, and RP series are shown in Table 1.
Significant differences in allele frequencies among the groups
were found for seven SNPs (P < 0.001). Of particular interest,
only the two sites involving nonsynonymous amino acid substi-
tutions (CXCR1300 and CXCRIi_142) and the others in strong
LD with these (CXCR] 219, CXCR1200, CXCR2_7222390, and
CXCR2.7222360) showed significant frequency differences. At
these six sites, the minor alleles were absent in the RP series,
whereas the corresponding frequencies of these alleles in the SP
and CTR series were ~6% and ~4%, respectively. The most
extreme allele frequencies in the SP and RP series, with the CTR
intermediate, is similar to those in CCR5 and compatible with
association to progression. The haplotype carrying the minor
alleles at the six strongly associated sites (designated Ha) was
absent in the RP series and has significantly higher frequencies
in SP and CTRs (P = 0.001 for SP vs. CTR vs. RP; P = 0.0003
for SP vs. RP; see Table 2). To determine. if these associations
could be due to variants in neighboring genes in LD with a
CXCRI-CXCR?2 locus, we performed SNP identification of the
two flanking genes, ARPC2 (50-kb telomeric to CXCRI) and
FLJ46536 (35-kb centromeric to CXCR2). None of the polymor-
phisms detected exhibited significant LD with CXCR! or CXCR2
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Fig.3. CXCR1expression and cellular responses to its
cognate ligand IL-8 by using HOS cells. (A) Flow cyto-
metric analysis of CXCR1 expression. (B) Intracellular
Ca2* mobilization. (C) Receptor internalization. (D)
Chemotactic activity. (£) Confocal fluorescence micro-
scopic images showing the subcellular distribution of
CD4 (left column, green) and CXCRT-HA or CXCR1-Ha
(middle column, red) on each transfected HOS cells.
Overlaid green and red images show the colocaliza-
tion between CD4 and CXCR1 (right column, yellow).

variants, demonstrating that the disease-associated haplotype
does not extend to the neighboring genes.

Discussion
Our results afford strong biological and genetic evidence of a
protective role of CXCRI variants on HIV-1 disease progression.
As discussed above, the CCRS delta-32 variant is also known to be
associated with resistance to CD4™* cell depletion, but different
mechanisms are likely to underlie between the involvement of
CCRS and CXCR1 in disease progression. CCRS delta-32 gives rise
to a truncated CCR5 molecule that forms heterocomplexes with
intact CCRS in the endoplasmic reticulum, leading to reduced
CCRS cell-surface density and contributing to slower disease
progression in heterozygotes (8-10). The major effect of the
reduced CCRS density appears to be modulation of virus replica-
tion cycle in early stages, particularly of reverse transcription (24).
In contrast, the inhibitory effects of variant CXCR1 on the
X4-tropic HIV-1 infection are likely to be a consequence of the
suppressed expression of CD4 and CXCR4. The importance of
CXCRI in disease progression may be related to the Thl-to-Th2
shift observed in the later stages of AIDS. In atopic patients, this
shift has been associated with an increase of CXCR1+CD4* cells
(25). The lower expression of CD4 and CXCR4 in CXCRI-Ha cells
demonstrated in our study could be caused by unknown CXCRI-
mediated signaling that regulates expression and intracellular traf-
ficking of CD4 and CXCR4. Coexpression of CCRS5 and CXCR4
interferes with HIV-1 entry under low density of cell surface CD4
(26), and the appearance of CXCR4 tropic HIV-1 variants in later
stages of infection is associated with a decline in CD4* T cell counts
and adverse clinical prognosis of AIDS (25). Direct involvement of
reduced CXCR1-mediated signals in HIV-1 replication is also
possible (18) through palmitoylation of CXCRI-Ha at the cysteine
introduced in the C-terminal intracellular domain. Indeed, palmi-
toylation of C-terminal cysteine in CCRS is known to modify
receptor trafficking and activation of intracellular signaling path-
ways (27). Genetic association of the CXCRI-Ha haplotype with
chronic obstructive pulmonary disease and asthma was reported
(28). 1t is interesting to examine functional roles of the variant
CXCRI1 molecule in inflammatory response.

Materials and Methods

Patients and Control Subjects. The GRIV cohort was established in
1995 in France to generate a large collection of DNAs for genetic
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Fig. 4. The efficiency of X4-tropic HIV infection in HOS cells transfectants by using HIV-1y4-3 strain (4), S.I. clinical isolates (B8), and N.S.I. clinical isolates (C).

S.1. represents an isolate with CXCR4 predominance, and N.S.I. represents and isolate with CCRS predominance. Red, blue, and black lines show the means from
three three-replicate assays for CXCR1-Ha (red lines), CXCRT-HA (blue lines) and control cells transfected with empty vector (black lines). Vertical bars indicate
the range of the results obtained for each set of measurements. The amount of p24 protein in culture medium is indicated as ng/ml. Differences between
CXCR1-Ha and CXCR1-HA for day 8 are significant in all instances as evaluated by a t test: NL, P = 0.002; S.1.-1, P=0.001; S.1.-2, P = 0.01; 5.1.3, P = 0.008; N.S.I.-1,

P =0.003; N.5.1.-2, P = 0.006; N.5.).-3, P = 0.03.

studies on candidate polymorphisms associated with rapid and slow
progression of AIDS (22). This cohort consists of two subpopula-
tions with extreme phenotypes selected from a pool of ~25,000
French HIV-1* individuals: 253 asymptomatic individuals with a
CD4+* cell count >500/mm? for 8 or more years after seroconver-
sion (SP series) and 84 patients with rapid progression showing a
drop in their CD4" cell count <300/mm? in <3 years after the last
seronegative test (RP series). We estimated that the RP and SP
series represented the 1% extremes of seropositive patients seen in
the participating clinics in France (22). Members of the cohort were
diagnosed with a seropositive test before 1996, and all are of French
Caucasian origin. All patients enrolled in the study gave informed
consent. The data on 471 CTR subjects of the same ethnic origin
with unknown HIV status were obtained as part of the Epidemi-
ological Study on the Genetics and Environment of Asthma
(EGEA) study of asthma (29). DNA was obtained from fresh
peripheral blood mononuclear cells or from EBV-transformed cell
lines.

SNP Identification and Genotyping. Oligonucleotide primers were
designed to amplify the exon-containing DNA fragments and the
promoters by PCR [see supporting information (SI) Table 3].
Nucleotide sequencing was performed by the dye terminator
method with an ABI PRISM 3700 DNA analyzer (Applied Bio-
systems, Foster City, CA). Results were aligned to NT_005403.10
and analyzed for SNP discovery and genotyping with the software
Genalys (30). Genotypes of SNPs that showed statistical signifi-
cance were reconfirmed by Taqman technology (Applied Biosys-
tems). Information about all of the SNPs, including those with a
frequency of <1%, is also available from the Centre National de
Génotypage (CNG) web site (SI Table 4).

Statistics. Differences in the allele frequencies of individual poly-
morphisms among the three groups and between the SP and RP
groups were examined by using a Fisher’s exact test on the resulting
2 X 3 or 2 X 2 tables of counts. P values were also adjusted by

3358 | www.pnas.org/cgi/doi/10.1073/pnas.0611670104

performing a randomization test in which phenotype status (RP,
SP, or CTR) was reassigned to the different individuals, conserving
the multilocus genotypes to preserve LD. The adjusted P value at
a specific locus was calculated as frequency over 50,000 replicates
of obtaining a result at any locus as or more extreme than that
observed at the specific locus. Haplotype frequencies using all
polymorphisms for each gene were estimated with an EM algo-
rithm. Differences between haplotype frequencies were examined
in an analogous way to that used for the individual polymorphisms,
except that within each series, expected haplotype numbers were
computed from the estimated marginal haplotype probability dis-
tribution. These numbers were rounded to the nearest integer, and
P values were computed by using Fisher’s exact test.

Cell Culture, Transfection, and Flow Cytometry. HOS/CD4.CCRS
(HOS), Jurkat, and CEM cells were maintained in DMEM or
RPMI medium 1640 supplement with 10% heat-inactivated FBS,
100 units/ml penicillin, and 100 mg/ml streptomycin. The coding
sequences of CXCRI corresponding to amino acids nos. 2-350 were
amplified by PCR using specific oligonucleotide primers (SI Table
3) and were inserted into the EcoRI site of the pRc/CMV-tag
vector. The constructs were checked by nucleotide sequencing for
the OREF, orientation and Taq errors. Transfections were per-
formed by using LipofectA MINE 2000 (Invitrogen, Carlsbad, CA).
Geneticin (800 pg/ml)-resistant cells were cloned by fluorescence-
activated cell sorter system EPICS ELITE ESP (Beckman Coulter,
Hialeah, FL). For flow cytometric analysis, transfected HOS cells
were incubated with anti-CXCRI1, anti-CD4, anti-CXCRA4, or anti-
CCRS antibody (DAKO, Carpinteria, CA) in PBS (pH 7.3) with
0.1% FBS for 60 min at 4°C. The cells were then washed, and
analyzed for cell-surface expression of the receptor by using a flow
cytometry EPICS-XL (Beckman Coulter) fitted with a single
15-mW argon ion laser providing excitation at 488 nm. FITC and
phycoerythrin, respectively, were monitored through 525- and
575-nm bandpass filters.

For the expression analysis of CD4 in peripheral blood leuko-
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cytes, blood samples were collected in Na,EDTA tubes and stained
within 6 h. Fifty microliters of blood was gently mixed with 1 ml of
red blood cell lysis buffer and incubated at room temperature for
30 min. The sample was then centrifuged at 340 X g for S min at 4°C.
The leukocyte pellet was washed twice with cold PBS. The super-
natant was discarded, leaving 10 pl of fluid to resuspend the cell
pellet. Five microliters of anti-CXCR1 and anti-CD4 antibodies
were added to the cell suspension, and the staining reaction was
incubated on ice for 1 h. After centrifugation at 340 X g for 5 min
at 4°C, the cells were washed twice with cold PBS and analyzed by
a FACS machine.

RT-PCR, Western Blot Analysis, and Immunohistochemical Analysis.
RT-PCR was performed according to the standard procedures with
35 cycles by using specific primers for human CXCRI, CD4,
CXCR4, and CCRS5. At the same time, constitutively expressed
GAPDH mRNA was amplified as an internal standard. For West-
ern blot analysis, HOS cells (5 X 10°) were suspended in loading
buffer (50 mM Tris (pH 7)/3% SDS/10% glycerol/5% 2-ME] and
applied on polyacrylamide gel. After electrophoresis, proteins were
electrotransferred to nitrocellulose membrane (Amersham Phar-
macia Biotech, Piscataway, NJ), and blotted by using each primary
antibody [goat anti-CD4 (C-18; Santa Cruz Biotechnology, Santa
Cruz, CA), goat anti-CCRS5 (CKRS; C-20; Santa Cruz Biotechnol-
ogy), rabbit anti-CXCR4 (fusin; H-118; Santa Cruz Biotechnology),
or mouse anti-actin antibody (C-4; Chemicon, Temecula, CA) in
accordance to the manufacturer’s instructions. Blots were devel-
oped with ECL reagent (Amersham Pharmacia Biotech). For
immunohistochemical analysis, HOS cells were fixed with 2%
paraformaldehyde in PBS, rinsed with PBS, and then treated with
0.2% Triton X-100 in PBS. The cells were incubated with fluores-
cence-labeled anti-CD4 and anti-CXCR1 antibodies. Images were
collected with a confocal microscope (Olympus, Melville, NY).

HIV-1 Infectivity Assay. Clinical HIV-1 isolates were obtained from
the plasma derived from HIV-l-infected individuals by using
MAGIC:-5 cells. The ability to induce syncytia formation of clinical
isolates was examined in MT-2 cells. All transfected HOS cells (5 X
10*) were exposed to 100 blue-cell-forming units (measured by
MAGIC-5 cells) of HIV-1np4-3 or an HIV-1 clinical isolate in 500
1l of medium for 2 h. Infected cells were washed twice with PBS
and cultured in 1 ml of medium. On days 2, 4, 6, and 8 of infection,
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10-pl aliquots of culture supernatants were filtered and stocked for
measurements of p24 antigen concentration. The concentration of
p24 in each supernatant was determined by chemiluminescence
enzyme immuno-assay (CLEIA) kit (Fuji-Rebio, Tokyo, Japan).
Assays were performed in triplicate.

Intracellular (Ca?*] Measurement and Chemotaxis Assays. For the
calcium influx study, HOS cells (10%) were washed with Tyrode’s
salt solution (TSS) (Sigma, St. Louis, MO) and incubated with 4 uM
Fluo-3 acetoxymethyl ester in DMSO containing 20% Pluronic
F-127 (Molecular Probes, Eugene, OR) at room temperature in the
dark for 1 h. After washing with the same buffer, the cells were
suspended in TSS containing 0.1% BSA buffer and transferred to
96 black well plates (Nunclon) for reading. Recombinant human
IL-8 (final concentration, 100 nM) was added to each sample for
stimulation, and fluorescence was monitored for 3 min with the
microfluorescence recorder Fluoroskan Ascent system (Lab-
systems, Chicago, IL). Intracellular calcium concentrations were
computed as described in the manufacturer’s instructions. Back-
ground stabilization and probe levels were determined for each
sample. Chemotaxis of all transfected Jurkat cells in response to
10-nM recombinant IL-8 was evaluated in triplicate by using a
96-well microchemotaxis chamber (Neuro Probe, Gaithersburg,
MD) and a 3-um polycarbonate membrane. RPMI medium 1640
supplemented with 10% FBS, 0.1% BSA, and 10-mM Hepes was
used for the assay. Migrated cells in the lower chamber were
counted by a flow cytometer EPICS-XL (Beckman Coulter).
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Altering Effects of Antigenic Variations in HIV-1 on Antiviral
Effectiveness of HIV-Specific CTLs"

Takamasa Ueno,”* Yuka Idegami,* Chihiro Motozono,* Shinichi Oka,™
and Masafumi Takiguchi*

The mutational escape of HIV-1 from established CTL responses is becoming evident. However, it is not yet clear whether
antigenic variations of HIV-1 may have an additional effect on the differential antiviral effectiveness of HIV-specific CTLs.
Herein, we characterized HIV-specific CTL responses toward Pol, Env, and Nef optimal epitopes presented by HLA-B*35
during a chronic phase of HIV-1 infection. We found CTL escape variants within Pol and Nef epitopes that affected
recognition by TCRs, although there was no mutation within the Env epitope. An analysis of peptide-HLA tetrameric
complexes revealed that CD8 T cells exclusively specific for the Nef variant were generated following domination by the
variant viruses. The variant-specific cells were capable of killing target cells and producing antiviral cytokines but showed
impaired Ag-specific proliferation ex vivo, whereas wild-type specific cells had potent activities. Moreover, clonotypic CD8
T cells specific for the Pol variant showed diminished proliferation, whereas Env-specific ones had no functional heteroge-
neity. Taken together, our data indicate that antigenic variations that abolished TCR recognition not only resulted in escape
from established CTL responses but also eventually generated another subset of variant-specific CTLs having decreased
antiviral activity, causing an additional negative effect on antiviral immune responses during a chronic HIV infection. The

Journal of Immunology, 2007, 178: 5513-5523.

‘ ’ irus-specific CD8* CTLs play a critical role in the con-
trol of persistent virus infections including those by
HIV-1. However, recent studies show that HIV-specific

CD8 T cell responses, measured by their ability to bind with pep-
tide-HLA class I tetrameric complexes (HLA tetramers) or to se-
crete IFN-y Ag specifically, are not correlated with the control of
viremia in chronic HIV-1 infections (1, 2), suggesting a progres-
sive functional defect in HIV-specific CTLs during a chronic in-
fection that is not measurable by these assays. Accordingly, HIV-
specific CD8 T cells in individuals with a primary infection and
individuals with a long-term nonprogressive infection exhibit
strong Ag-dependent ex vivo proliferative capacity, whereas those
from patients with a progressive disease course lose such capacity
(3-5). In addition, recent reports show that various degrees of im-
pairment of the effector functions of virus-specific CD8 T cells are
influenced by Ag persistence and Ag levels in mice and humans
(5-8), suggesting that antiviral effectiveness of HIV-specific CD8
T cells can be impaired through repeated stimulation by the same
cognate Ags. In contrast, it is reported that significant differences
also exist in the effectiveness of HIV-specific CTLs among differ-
ent specificities and restricting elements (9, 10), as well as among
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TCR clonotypes within the same specificity (11, 12). Therefore,
different Ags or a set of amino acid substitutions within an Ag may
be involved differently in the generation of the altered antiviral
effectiveness of HIV-specific CTLs.

It is becoming evident that the mutational escape of HIV from
established CTL responses occurs in individual human hosts (13,
14). CTL escape ‘mutations occur at critical sites in the CTL
epitopes in the viral genome or in the flanking sequences encoding
these epitopes, leading to altered Ag processing (15, 16), loss of
peptide-HLA binding, or loss of TCR recognition. The two former
consequences of these mutations result in the ultimate loss of
epitopes to be presented on the surface of virus-infected cells for
recognition by CTLs. In contrast, the latter consequence is thought
to provide a relatively weak selective advantage for HIV, because
this type of mutation results in the loss of recognition by some
existing CTL lines while maintaining recognition by other cross-
recognizing CTL subsets. It is not clear why mutations that affect
TCR recognition are selected in the virus under CTL-mediated
immune pressure even though they can provide only moderate se-
lective advantage for the virus.

In the present study, we focused on CD8 T cell responses
specific for the HIV-1 Pol, Env, and Nef optimal epitopes pre-
sented by HLA-B*35 in patients at the chronic phase of HIV-1
infection to ask whether and how antigenic variations of HIV-1
have an additional effect on the altered antiviral activity of
HIV-specific CTLs. Sequence analysis of autologous viruses
showed the existence of HLA-B*35-associated mutations
within Pol and Nef epitopes that affected TCR recognition.
HLA tetramer analysis revealed that the Nef variant-specific
CD8 T cells were generated following domination by the vari-
ant viruses. The variant-specific cells had the ability to kill tar-
get cells and secrete antiviral cytokines but, interestingly, they
showed impaired proliferation activity ex vivo. Similar defects
in proliferative capacity were also observed in the variant Pol-
specific CD8 T cells.
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Materials and Methods
Subjects

A total of seven individuals (HLA-B*35™) with chronic HIV infection (>2
years) followed at the AIDS Clinical Center, International Medical Center
of Japan (Tokyo, Japan) were enrolled for functional analysis of HIV-
specific CD8 T cells in this study. All subjects except patient (Pr)® 42
(Pt-42) had been receiving antiretroviral therapy (see Table I for details).
For autologous HIV-1 sequence analysis, a total of 42 individuals with
chronic HIV infection (>2 years) followed at the same hospital as above
were enrolled. Among them, 12 individuals expressed HLLA-B*35 and the
other 30 individuals did not express it. Thirty-eight of the total (11 for
HLA-B*35* and 27 for HLA-B*357) had been receiving antiretroviral
therapy. The study was conducted in accordance with the human experi-
mentation guidelines of the International Medical Center of Japan and
Kumamoto University (Kumamoto, Japan).

Sequence analysis of autologous HIV-1 and TCR-encoding
genes

HIV-1 particles were precipitated by ultracentrifugation (50,000 rpm for 30
min) of patients’ plasma, after which the viral RNA was extracted from
them. A nested PCR was conducted by using sets of primers specific for the
pol, env, and nef genes of HIV-1, as described earlier (17). PCR-amplified
DNA fragments were gel purified and sequenced directly or cloned into a
plasmid and then sequenced.

TCR-encoding -genes of HIV-specific CD8 T cells were cloned and se--

quenced as previously described (18). Briefly, total RNA was prepared
from T cell clones or FACS-sorted tetramer™ CD8™ cells, and cDNA en-
coding « and B TCRs were obtained by using a SMART PCR c¢cDNA
synthesis kit (Clontech Laboratories). Alignment of the V and J regions of
a and B TCR genes was performed by using the ImMunoGeneTics data-
base (http://imgt.cines.fr) created by M.-P. Lefranc (Institut de Génétique
Humaine, Montpellier, France) (19).

Construction of Nef-expressing target cells

For target cells endogenously expressing Nef-GFP fusion proteins, DNA
fragments encoding the Nef protein (HIV-1 NLA3) and GFP were cloned
into plasmid pcDNA3.1 (Invitrogen Life Technologies). A mutation, Met?°
to Ala, was introduced to abolish HLA class I down-regulation activity by
Nef (20), and the Thr’® to Arg mutation was achieved by site-directed
mutagenesis. The m’GpppG-capped and poly(A)-tailed mRNAs were pre-
pared in vitro by using a mMessage mMachine T7 Ultra kit (Ambion).
The mRNA samples were delivered to target cells by electroporation.
Briefly, cells were suspended in a serum-free medium (Opti-MEM; In-
vitrogen Life Technologies) at the cell density of 4 X 10° cells/ml, mixed
with 10 ug of mRNA, and electroporated by using a Gene Pulser device
(Bio-Rad). The cells were immediately transferred to medium (RPMI 1640
and 10% FBS), incubated at 37°C for 16 h, and then used as target cells.
It should be noted that 15 * 5% of the cells had died (positive for 7-ami-
noactinomycin D (7-AAD) staining) by 16 h and that 85 * 5% cells of the
viable cells expressed GFP as revealed by flow cytometric analysis.

Generation of T cell clones

CTL clones or lines were established by the stimulation of PBMCs with a
synthetic peptide as previously described (18). Briefly, 2 bulk CTL culture
was seeded at a density of 0.8 or 5 cells/well with a cloning mixture (ir-
radiated allogeneic PBMC and C1R-B*3501 cells pulsed with 1 uM pep-
tide in RPMI 1640 with 10% FCS and 100 U/ml rIL-2). Two weeks later,
cells positive for growth were tested for cytolytic activity by the *'Cr-
release assay described below.

HIA stabilization assay

Peptide-binding activity for HLA-B*3501 was assessed by an HLA stabi-
lization assay. RMA-S cells expressing HLA-B*3501 were cultured for
16 h at 26°C and then pulsed with various concentrations of peptide for 3 h
at 26°C. The cells were then incubated at 37°C for 3 h and subsequently
stained with an anti-HLA class I mAb (TP25.99). The surface expression
level of HLA-B*3501 was evaluated by flow cytometry.

HLA tetramer analysis

The HLA-B*3501-tetramers in complex with a series of wild-type and
variant peptides were prepared as previously described (18). Cryopreserved

3 Abbreviations used in this paper: Pt, patient; 7-AAD, 7-aminoactinomycin D; PD-1,
programmed death 1.
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PBMCs of HIV-positive (2 X 10°) or -negative donors (3 X 105) were
stained with the tetramer at 37°C for 15 min followed by anti-CD8-PerCP
(BD Biosciences) or anti-TCR Abs at 4°C for 15 min. The anti-V81 mAb
A13 was kindly provided by L. Moretta (University of Genova, Genova,
Italy) and the other anti-TCR mAbs were purchased from Pierce Endogen
and Beckman Coulter. They were then washed twice and analyzed by flow
cytometry. Dead cells were gated out by 7-AAD staining as needed.

Cytotoxic assay

The cytotoxic activity of the CTL clones was determined by a standard
51Cr-release assay as described previously (18). For peptide-pulsed target
cells, 5'Cr-labeled C1R-B*3501 cells (2 X 10? cells/well) were pulsed with
various concentrations of the peptide and incubated with T cells for 4 h at
37°C. For virus-infected target cells, autologous EBV-transformed B cell
lines were infected with vesicular stomatitis virus envelope glycoprotein-
pseudotyped HIV-1 HXB2D. It should be noted that ~75% of the cells
were positive for the intracellular p24 Gag Ag when HIV-infected cells
were used for CTL assays. The cells were incubated with T cells for 6 h at
37°C after having been labeled with *'Cr. -

For cytotoxic assays ex vivo, cryopreserved PBMCs that had been pre-
incubated for 2 h at 37 °C in RPMI 1640 containing 20% FCS were sep-
arated in CD8* and CD8~ subsets by using anti-CD8 mAb-conjugated
magnetic beads (Miltenyi Biotec), and the resultant CD8* and CD8™ cells
were used for effector and target cells, respectively. Autologous EBV-
transformed B cells were also used for target cells as needed. The effector
cells were incubated at various ET ratios in RPMI 1640 supplemented with
10% FCS and 100 U/ml rIL-2 for 6 h and then mixed with the 3'Cr-labeled
target cells (3000 cells/well) that had been pulsed with the wild-type and
variant peptides. Cells were incubated for additional 12 h at 37°C.

Intracellular cytokine staining assay

Cryopreserved PBMC (2 X 10°) of HIV-positive or -negative individuals
were first incubated overnight in RPMI 1640 supplemented with 10% FCS
and 200 U of IL-2. They were then incubated in the absence or presence of
1 uM Nef75 peptide (RPQVPLRPMTY or TPQVPLRPMTY) for 2 h at
37°C. Brefeldin A (10 ug/ml) was then added and the cells were incubated
for an additional 4 h. Cells were permeabilized and stained with mAbs
specific for IFN-y, TNF-a, and IL-2 (BD Biosciences) as previously
described (21). '

Ex vivo proliferation assay

To analyze Ag-specific expansion of HLA-tetramer* cells, cryopreserved
PBMCs (2 X 10%) of the HIV-positive or -negative donors were first in-
cubated as described above. They were then stimulated with irradiated
EBV-transformed B cells expressing HLA-B*3501 that had been pulsed
with 1 uM Nef75 peptide (RPQVPLRPMTY or TPQVPLRPMTY) or
transfected with mRNA encoding GFP alone, Nef-GFP, or Nef variant-
GFP fusion proteins. The cells were cultured at 37°C for 12 days in the
same medium. A portion of the stimulated cells (5 X 10°) were stained
with HLA tetramers and anti-CD8 and anti-CD3 mAbs as previously
described (12).

To further analyze proliferating cells in response to Ag stimulation,
cryopreserved PBMC samples of HIV-positive donors were first incubated
in RPMI 1640 containing 20% FCS for 2 h and then labeled with CFSE
(Molecular Probes) as directed by the manufacturer’s recommendation.
Aliquots of cells (2 X 10° each) were separately incubated in RPMI 1640
with 10% FCS and 100 U/ml rIL-2 and stimulated with IL-2 alone or in
combination with a cognate peptide at 1 uM concentration. After 6 days,
the resultant cells were collected, stained with PE-conjugated HLA tet-
ramers followed by anti-CD$ and anti-CD3 mAbs, and analyzed by flow
cytometry. The CD3*CD8" subsets were gated and the fluorescence
intensity of CFSE within the tetramer™® cells were analyzed.

Statistical analysis

Results were given as the mean * SD. Statistical analysis of significance
(p values) was based on paired or unpaired two-tailed ¢ tests.

Results
HLA-B*35-restricted CD8 T cell responses to HIV-1

We first examined cross-sectionally the CD8 T cell responses of
chronic HIV-infected patients toward HIV-1 optimal epitopes (re-
fer to the database: http://www hiv.]Janl.gov) restricted by HLA-
B*35. PBMCs isolated from HLA-B*35™ patients (n = 7; see
Table 1 for the clinical state of the subjects) were analyzed with
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FIGURE 1. HLA-B*35-restricted CD8 T cell responses to HIV-1 and HIV-1 variants associated with HLA-B*35 at the population level. A, Cryopre-
served PBMC of seven HIV-infected patients were stained with HLA-B*35 tetramers in complex with the indicated peptides. The PBMC samples used
for each patient were taken at the following times: Pt-01, September 1999; Pt-03, June 2002; Pt-15, June 2001; Pt-19, May 2001; Pt-34, April 2001; Pt-42,
August 2001; and Pt-46, April 2001 (see Table I). The frequency of tetramer* CD8" in the total CD8" subset was plotted in the graph. Bars indicate the
mean for each group. It should be noted that the background level of staining was 0.025% for all tetramers used as determined by the data from at least
five HIV-negative donors (mean + 3 SD). B, Autologous viral RNA was prepared from chronic HIV-infected patients positive (n = 12) or negative (n =
30) for HL.A-B*35. The Pol-, Env-, and Nef-encoding regions within and flanking the HLA-B*35-restricted CTL epitopes were specifically amplified by
PCR and directly sequenced. Amino acid sequences indicated are clade B consensus (upper line) and variants associated with HLA-B*35 (lower line).

Epitope regions are underlined and dashes denote amino acids identical with those of the clade B consensus sequence.

HLA-B35 tetramers in complex with a series of epitope peptides
having clade B consensus sequences. The frequencies of tetramer™
CD8™ cells among the total CD8™ cells were shown in Fig. 14 and
as follows: Pol273 (VPLDKDFRKY), 0.10 = 0.013%; Pol448
(IPLTEEAEL), 0.093 * 0.007%; Pol587 (EPIVGAETEF), 0.17 *
0.019%; Env77 (DPNPQEVVL), 0.18 * 0.013%; and Nef75
(RPQVPLRPMTY), 0.26 * 0.09%. The immunodominant Nef75
epitope, subdominant Pol448 epitope, and intermediate Env77
epitope were selected for further analysis.in this study.

Evolution of HIV-1 variants associated with the HLA-B*35
allele

The analysis of long-standing changes in autologous virus se-
quences of the HLA-B*35™ chronic HIV-infected patients (n = 7)
showed Ile to Val and Arg to Thr changes at Pol-448 and Nef-75,
respectively, and Gly to Ala and Leu to Val changes in the flanking
region of the Nef epitope (Table I). Despite the absence of a se-
quential change within the Env77 epitope, there was a substantial
difference at Env86 (Table I).

Further cross-sectional analysis of the autologous virus se-
quence by using 42 chronic patients (12 HLA-B*35" and 30 HLA-
B*357) clearly showed that the amino acid changes observed in

Table I were all significantly associated with HLA-B*35 (Fig. 1B),
suggesting that these sequence variations were selected by CD8 T
cell-mediated immune responses restricted by HLA-B*35.

Interestingly, replication-competent HIV-1 NLA3 carries amino
acid residues identical with those of HLA-B*35-associated muta-
tions, suggesting the minimal effects of these variants on the virus
replication. It is also noteworthy that we found mutations in au-
tologous viruses of HLA-B*35™ patients even though most of
them (11 of 12) had been receiving antiretroviral therapy, confirm-
ing a previous report showing the evolution of CTL escape muta-
tions even when virus replication was suppressed by antiretroviral
therapy (22).

Thr”° of Nef as a CTL escape mutation that abolished TCR
recognition

By conducting an HLA stabilization assay, we first examined
whether the variant peptide (Thr’> peptide: TPQVPLRPMTY) had
lost its ability to bind with HLA-B*3501. Interestingly, the binding
activity between HLA-B*3501 and the variant Thr’> peptide was
~10-fold higher than that of the wild-type peptide (Arg’* peptide:
RPQVPLRPMTY), as the concentrations of the Arg’> and Thr’
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FIGURE 2. Generation of CTL clones specific for Nef and its variant in vitro. A, Cytotoxic activity of a representative set of 50 CTL clones toward
CIR-B*3501 cells pulsed with the indicated concentrations (0.01, 0.1, and 1 uM) of the Arg” or Thr’® peptide at an E:T ratio of 2:1. The data obtained
for CTL N-44 and N-142 are indicated. Specific lysis in the absence of peptide was <5%. B, Cytotoxic activity of CTL clones CTL N-44 and N-142 toward
CIR-B*3501 cells expressing the Arg”>-Nef-GFP protein, the Thr’>-Nef-GFP protein, or GFP alone. Of the target cells, 85 * 5% were GFP™.
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Table II. Summary of representative TCRs specific for HIV-1 antigens presented by HLA-B*35

TCR Usage
Clonotypic
Specificity mAb CTL Clone V Region J Region CDR 3
Pol448 Vé1 CTL 55 TRDV1*01 TRAJ54*01 CALGEGGAQKLVF
. TRBV6-1*01 TRBJ2-7*01 CASRTGGTLIEQYF
Va 12 CTL 589 TRAV19*01 TRAJ53*01 CALSHNSGGSNYKLTFGKG
TRBVS5-4*01 TRBJ2-5*01 CASSFRGGKTQYFGPG
Env77 None CTLE-113 TRAV26-1*01 TRAJ40*01 CIVRERGTYKYIF
’ TRBV15*02 TRBJ1-1*01 CATRGGGLNTEAFF
VB 5() CTLE-118 TRAV13-2*01 TRAJ13*01 CAETPNSGGYQKVTF
TRBVS5-1*01 TRBJ2-1*01 CASSLFPGLAGLSSYNEQFF
Nef75 VB9 CTL N-27 TRAVI12-3*01 TRAJ49*01 CAMSEGTGNQFYF
TRBV3-1*01 TRBJ2-3*01 CASSQTMGLDLTDTQYF
VB17 CTL N-44 TRAV21*02 TRAJ21*01 CAVRGTSYGKLTF
TRBV4-1*01 TRBI2-1*01 CASSQGPWTGVDNEQFF
VB3 CTL N-117 TRAV21*02 TRAJ24*01 CAVLKSDSWGKLQF
TRBV28*01 . TRBJ2-2*01 CASSSSTGLETTGELFF
Vg3 CTL N-142 TRAV1-1*01 TRAJ3*01 CAVRGKYSSASKIIF
TRBV28*01 TRBIJ2-5*01 CASSKNRERETQYF

peptides that yielded 50% of the maximum binding level were
56.2 = 4.6 and 5.70 = 0.27 uM, respectively.

We then sought to generate CTL clones specific for the Arg”> or
Thr’> peptide in vitro. By a 1 uM Arg”> peptide stimulation of
PBMC (Pt-01, Pt-03, and Pt-19), >50 CTL clones were generated.
The cytotoxic activity of these CTL clones toward cells pulsed
with the Arg’> or Thr’> peptide showed that all clones except one
were exclusively specific for the Arg’> peptide (Fig. 24). The
VB3™ T cells showed ~50% frequency among the Arg’>-specific
CTL clones, and TCR usage of representative Arg’>-specific CTL
clones (CTL N-27, N-117, and N-142) is shown in Table II. Re-
markably, only one of >50 CTL clones (CTL N-44; Fig. 24),
which had VB7* TCR (Table II), showed cytotoxic activity to-
ward cells pulsed with either Arg”> or Thr’® peptides, although an
additional CTL clone showed partially cross-reactive capacity at
the high concentrations of the Thr’> peptide (Fig. 24). These data

A

suggested an extremely low frequency of precursors of such cross-
reactive CD8 T cells in these subjects (see below).

Next, we found that the cross-reactive CTL N-44 had compa-
rable killing activity toward C1R-B*3501 cells expressing cither
the Arg’>- or Thr’>-Nef-GFP fusion protein (Fig. 2B), indicating
that the Thr’> peptide was endogenously processed and extracel-
lularly presented by HLA-B*3501 for CTL recognition. Moreover,
a representative Arg’>-specific CTL clone, CTL N-142, showed
killing activity toward cells expressing the Arg’>-GFP fusion pro-
tein but not toward those expressing the Thr’>-GFP one (Fig. 2B),
indicating again that Thr’> was a CTL escape mutation that abol-
ished TCR recognition.

It should be noted, however, that despite a number of attempts
we failed to generate Thr’>-specific CTL clones or lines by stim-
ulating the PBMCs of all seven patients with the Thr’> peptide
although the samples were taken when their autologous HIV-1 had
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FIGURE 3. CD8 T cell responses toward Nef and its variant ex vivo. A, PBMCs of seven HIV-infected patients, the same as those used in Fig. 14, and five
HIV-negative donors were stained with PE and allophycocyanin-conjugated HLA-B*35 tetramers in complex with the Arg”® and Thr'® peptides, respectively. After
the dead cells had been gated out by staining with 7-AAD, the remaining cells were analyzed for their binding to each of the tetramers and for their cross-reactivity.
The frequency of tetramer*CD8™ in the total CD8™ subset was plotted in the graph. Bars indicate the mean for each group. Representative dot plots for three
HIV-infected subjects (Pt-03, Pt-15, and Pt-42) and a HIV-negative donor are shown with tetramer™ frequency values in each dot plot. It should be noted that
identical results were obtained when the fluorochromes of HLA tetramers were reversed. B, PBMCs of Pt-03 taken at several different time points were stained
with HLA-B*35 tetramer in complex with the Arg”> (RPQVPLRPMTY) or Thr’® (TPQVPLRPMTY) Nef peptide and subsequently with anti-CD8 mAb and
7-AAD. The frequency of tetramer*CD8™ in the total CD8* subset was calculated and plotted in the graph.
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FIGURE 4. Anﬁvn‘al effector functions of CD8 T cells specific for Nef epitopes. A, The cytotoxic activity of CD8™ cells isol'aled from PBMC samples
of HIV-positive donors (Pt-01, P1-03, Pt-15, Pt-19, and Pt-34) was examined by >!Cr-release assay du"ectly ex vivo. The autologous target cells alone or

pulsed with 1 uM Arg” or Thr’®

peptide were incubated with the effector CD8* cells at E:T ratios of 2.2, 6.7, 20, and 60 for 12 h. At the left, a

representative set of data for Pt-03 and Pt-19 is shown. At the right, cytotoxic activity obtained at an E:T ratio of 20 is shown. Horizontal ‘bars in the graphs
indicate the mean for each group. It should be noted that the cytotoxic activity of CD8" cells was not examined for P-42 and Pt-46 because of the
insufficient number of cells available for this assay. B, The cytotoxic activity of CD8* cells isolated from PBMC samples of HIV-positive donors (Pt-03,
Pt-15, and Pt-19) was examined by the *'Cr-release assay with the autologous target cells pulsed with the indicated concentrations of the Arg’ or Thr”®
peptide at an E:T ratio of 20. Specific lysis in the absence of peptide is shown in A. C, PBMC samples, the same as those used in Fig. 14, were stimulated
or unstimulated with 1 uM Arg’® or Thr’® peptide for 6 h and then stained intracellularly with anti-IFN-y, TNF-a, or IL-2 mAbs. The frequencies of the
subsets exhibiting cytokine*CD8* cells within the CD8™ cell population are indicated in the graphs. Horizontal bars in the graphs indicate the mean for
each group. At the right a representative set of dot plots for Pt-03 is shown with cytokine* frequency values at the ipper right corner of each dot plot.

hr’> (Table I), suggesting a lack of Thr’>-specific T cell precur-
sors due to original antigenic sin or a lack of proliferation capacity '
in these subjects.

HLA tetramer analysis of CD8 T cells specific for Nef and its
variant ex vivo '

To see whether the Thr’® variant epitope was recognized by CD8
T cells, we obtained PBMC samples from seven chronically in-
fected patients (Table I) after the variant viruses had become dom-
inant and analyzed them ex vivo by using HLA tetramers. The
frequencies of the RPQVPLRPMTY-B35 and TPQVPLRPMTY-
B35 tetramer™ subsets within the CD8™ cells of the seven HIV-
infected patients were significantly above the background. level,
being 0.261 * 0.094 and 0.186 * 0.081%, respectively; whereas
those of five HIV-negative donors were 0.015 = 0.0045 and
0.018 = 0.009%, respectively (Fig. 3A). The frequencies of the
cross-reactive fractions were <0.02% in all samples tested (Fig.
3A). These data indicate that the Thr’® and Arg”* peptides were
immunogenic and exclusively recognized by a different subset of
CD8 T cells widely in chronic HIV-infected patients having
HLA-B*35.

Longitudinal analysis of Pt-03 PBMC showed that the CD8 T
cells specific for the Arg’® peptide decreased in frequency and

those specific for the Thr’> peptide increased (Fig. 3B). The in-
crease in the frequency of Thr'>-specific CD8 T cells appeared to
occur following the dominance of the Thr’® variant over the au-
tologous virus (Table I). However, the question of whether Thr’>-
specific CD8 T cells were absent before the autologous virus de-
veloped the Thr’ mutation could not be examined because PBMC
samples during the primary infection were not available in this
study. However, considering the following three points, namely
that Thr”® (22 of 390; 5.6%) was rarely found in the Los Alamos
database compared with Arg”> (302 of 390; 77.4%), the autolo-
gous virus from five of seven patients developed the Arg to Thr
mutation during chronic infection (Table I), and cross-reactive
CD8 T cell subsets were barely found in all subjects, it is most
likely that Thr’>-specific CD8 T cells were newly generated in
vivo in response to the Thr”® epitope after the autologous virus had
undergone the Thr’> mutation.

Cytotoxic activity of CD8 T cells specific for Nef and its variant
ex vivo

We then examined the Arg’>- or Thr'>-specific CD8 T cells for
their Ag-specific killing activity. Because the variant Thr’>-spe-
cific CTL lines or clones could not be established in vitro (Fig. 24)
although the Thr”3-specific CD8 T cells were found ex vivo by the
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FIGURE 5. Proliferative capacity of CD8 T cells specific for Nef epitopes. A, The PBMC samples, the same as those used in Fig. 14, were stimulated with
irradiated C1R-B*3501 celis or autologous EBV-transformed B cells that had been pulsed with 1 uM Arg”® or Thr’® peptide or had been transduced with mRNA
encoding GFP or Nef-GFP fusion proteins carrying Arg’ or Thr’>. Twelve days after the stimulation, the cells were analyzed with the HLA-B*35 tetramers. As
shown in the graph at the left, the proliferation index was obtained as the ratio of tetramer™ frequencies after and before stimulation. Horizontal bars in the graphs
indicate the mean for each group. At the righr, a representative set of dot plots for Pt-03 and Pt-42 is shown with tetramer™ frequency values. B, The PBMC samples
of HIV-positive donors (Pt-01, Pt-03, Pt-15, Pi-19, and Pt-34) were first labeled with CFSE and incubated in 2 medium containing human rL-2 (100 U/m). The
cells were stimulated with IL-2 alone or in combination with 1 uM Arg” or Thr’® peptide. After 6 days of culture, the cells were then stained with indicated
HLA-tetramers and anti-CD8 and -CD3 Abs. The CD3* CD8* subsets were gated and analyzed for their fluorescence intensity of CFSE. The frequency of
CFSE!Y cells within the tetramer™ subset is shown in the graph at the left. Horizontal bars in the graph indicate the mean for each group. At the right, a
representative set of dot plots for Pt-03 and Pt-19 is shown with CFSE"™ frequency values. It should be noted that CFSE dilution assay was not conducted for
the subjects Pt-42 and Pt-46 because of the insufficient number of cells available for this assay.
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tetramer analysis (Fig. 34), we sought to analyze the Ag-specific Peptide titration experiments were also performed using CD8™
cytolytic activity of CD8 T cells by a °'Cr-release assay directly ex cells of Pt-03, Pt-15, and Pt-19, as these subjects showed relatively
vivo. CD8™ and CD8 cells were first isolated from the PBMCs of high cytolytic activity ex vivo (Fig. 44). As shown in Fig. 4B, the
HIV-positive donors by a magnetic bead separation system and used cytolytic activity of CD8™ cells toward cells pulsed with the Arg’®
as effector and target cells, respectively, for the cytolytic assay. The  and Thr’® peptides was not much different in any range of the
CD8™ cells of the subjects tested showed cytotoxic to target cells peptide concentration tested, suggesting the comparable functional
pulsed with Arg”® and Thr’® peptides (1 uM) at an ET ratio of 20 avidity of both CD8 T cell subsets toward the given Ag.

with specific lysis of 17.2 * 1.9% and 16.2 + 2.4%, respectively (Fig. 4
4A), whereas the background level of their specific lysis in the ab-
sence of the peptide was 8.9 = 1.6% (Fig. 4A). As also shown in the
representative data for Pt-03 and Pt-19 with various E:T ratios, We further examined the ability of Nef-specific CD8 T cells to
the cytolytic activity of CD8™ cells specific for the Arg’® and produce antiviral cytokines. The data show that IFN-vy and TNF-a
Thr’® peptides was not substantially different (Fig. 4A). responses were all significantly above the background level, being

Production of antiviral cytokines of CD8 T cells specific for Nef
and its variant ex vivo
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FIGURE 6. Functional analysis of CD8 T cells specific for Pol and Env epitopes. 4, Cytotoxic activity of four different CTL clones, CTL 55, CTL 589, E-113,
and E-118, toward autologous EBV-transformed B cells infected with mock or vesicular stomatitis virus envelope glycoprotein-pseudotyped HIV-1 expressing Ile
or Val at Pol 448 It should be noted that ~75% of the target cells were positive for p24 Gag protein expression. B, Pt-03 PBMCs were stimulated with IL-2 alone
or with autologous EBV-transformed B cells infected with the same viruses as above. After 12 days in culture, the cells were stained with a HLA-B*35 tetramer
in complex with Pol-Ile peptide and then additionally with anti-CD8 and anti-TCR mAbs. The CD8" tetramer™ subsets were gated and analyzed for their TCR
usage. C, PBMCs of Pt-03 taken at several different time points were separately stained with the HLA-B*35 tetramer in complex with the Pol (IPLTEEAEL) or
Env (DPNPQEVVL) peptide and subsequently with anti-CD8 and anti-TCR mAbs. The CD8*tetramer™ subsets were gated and analyzed for their TCR usage.

0.161 * 0.025 and 0.171 * 0.047%, respectively, in response to
the Arg’> peptide and 0.140 + 0.027 and 0.150 * 0.023%, re-
spectively, in response to the Thr’> peptide (Fig. 4B). In contrast,
the IL-2 response was not significant, being 0.061 * 0.031 and
0.063 * 0.031% in response to the Arg’> and Thr’® peptides,
respectively (Fig. 4B). Also, the extent of generation of cytokine-
producing cells (IFN-+y and TNF-a) in response to Arg’> and Thr’?
peptides was not significantly different (Fig. 4B), indicating that
CD8 T cells specific for the Arg” and Thr’> peptides were com-
parably functional in terms of Ag-specific cytokine production.

Proliferation capacity of CD8 T cells specific for Nef and its
variant ex vivo

We next tested the Nef-specific CD8 T cells for their Ag-specific
proliferation capacities ex vivo as assessed by both the expansion
of tetramer™ cells and the dilution of CFSE fluorescence intensity,
because recent reports showed that HIV-specific CD8 T cells with
progressive infection lose their ability to proliferate in response
o Ag (3, 4).

PBMC samples were mixed with autologous EBV-transformed
B cell lines or CIR-B*3501 cells expressing GFP or Nef-GFP
fusion proteins carrying Arg’> or Thr’> in the absence or presence
of the synthetic Arg”® or Thr’> peptide, respectively, and then
analyzed by using HLA tetramers on days 0, 6, and 12. Because
continuous expansion was observed even between days 6 and 12
(data not shown), the proliferation index was calculated by divid-
ing the frequency of tetramer™ cells at day 12 after stimulation
with a given Ag by the frequency of tetramer™ cells ex vivo (Fig.
5A). We considered a proliferation index of <1.0 to indicate no
proliferation capacity of the subset. All subjects tested showed
significant expansion of Arg’>-specific CD8 T cells upon stimu-
lation with Arg’>-Nef-GFP and the Arg’> peptide with an index
value of 11.4 *= 7.11 and 62.4 * 41.9, respectively, whereas they
did not show Ag-specific expansion upon stimulation with GFP
alone, Thr’>-Nef-GFP, or the Thr’> peptide because the index
value was 0.635 * 0.166, 0.554 * 0.279 or 1.11 * 0.66, respec-
tively (Fig. 5A). Also, the proliferation index of untreated PBMC
(IL-2 alone) was 0.742 = 0.203 (data not shown).

To further confirm the difference in proliferative capacity be-
tween Arg’>- and Thr”>-specific CD8 T cells, we analyzed them by
monitoring CFSE fluorescence of tetramer™ cells upon stimulation
with the cognate peptides for 6 days. Upon stimulation with
IL-2 alone, the frequencies of proliferating cells as measured by

CFSE™" cells within the tetramer™ cells were 23.0 = 6.1 and
25.8 * 3.2% for Arg’® and Thr’*-specific cells, respectively (Fig.
5B). Stimulation with the Arg’® peptide resulted in a significant
increase of proliferating CD8 T cells specific for the Arg’* peptide,
as the frequency of CFSE™" cells within the tetramer™ cells was
67.2 * 4.8% (Fig. 5B). In contrast, the Thr’® peptide stimulation
showed virtually no change in the frequency of CFSE'®™ cells
within the tetramer™ cells (25.4 * 4.1%) compared with stimula-
tion with IL-2 alone (Fig. 5B). Thus, the proliferative capacity of
CD8 T cell subsets obtained by a CFSE dilution assay (Fig. 5B)
was in good agreement with the data obtained by quantification of
the tetramer™ cell expansion assay (Fig. 54). These data indicate
that CD8 T cells specific for the Arg”® peptide retained their Ag-
dependent proliferative capacity in patients with chronic HIV-1
infection, whereas those specific for the variant Thr’® peptide did
not have such capacity (Fig. 5, A and B) although both cells
showed comparable Ag-specific cytolytic activity (Fig. 4A) and
cytokine secretion activity (Fig. 4B). Also, this observation may
explain the failure to generate CTL clones or lines specific for the
Thr”> peptide in vitro (see above).

Functional analysis of CTL clones specific for Pol, Env, and
variant epitopes

Next we examined CD8 T cell responses to Pol, Env, and their
variant epitopes. The binding activity between HLA-B*3501 and
the wild-type (Pol-lle; IPLTEEAEL) or the variant epitope (Pol-
Val; VPLTEEAEL) was comparable, and analysis of Pt-03 PBMC
with tetramers in ‘complex with either peptide showed that all tet-
ramer” cells were cross-reactive for both tetramers (data not
shown) and that they consisted of two different clonotypes, V1™
and Val2™ (Table I). The representative clones, which had been
generated by stimulation with the Pol-lle peptide, were CTL53
(21) and CTL589 (18), respectively. CTL589 was cytotoxic to-
ward cells infected with HIV-1 expressing Pol-Ile or Pol-Val
(HIV-1p,,ne and HIV-1p, v, respectively), whereas CTL55
killed HIV-1p,, va-infected cells but not HIV-1p,, 1, -infected
cells (Fig. 6A), indicating that CTL55 was exclusively specific for
the variant Pol-Val epitope in terms of virus-infected cells as a
target.

TCR analysis of a number of CTL clones specific for the Env
epitope generated from P1-03 PBMCs revealed that they also con-
sisted of two different TCR clonotypes (Table II). Representative
CTL clones CTL E-113 and E-118 were comparably cytotoxic
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toward cells infected with HIV-1p,, 1. or HIV-15, v, (Fig. 64),
suggesting no functional difference between Env-specific CTLs.
Taken together, the data suggest that differential functional cy-
totoxicity of CTL clonotypes toward wild-type and variant
HIV-1 was caused by antigenic variations of the Pol epitope in
autologous HIV-1.

Impaired proliferation of CD8 T cells specific for the Pol
variant epitope ex vivo

We then tested the Pol-specific CD8 T cells for their proliferation
activity in response to HIV-1,,, . and HIV-1;,, v, ex vivo. Pt-03
PBMCs were cocultured with cells infected with mock (IL-2
alone), HIV-1p,, 110, OF HIV-1p, v, for 12 days and then stained
with HLA-B35 tetramers. The proliferation index of the
Val2*tetramer™ subset was ~10, 2, and 1 when the cells were
stimulated with HIV-15,, ., HIV-1;, y.,, and IL-2 alone, respec-
tively (Fig. 6B), indicating that the Va12* CD8 T cells had potent
proliferation activity in response to the Pol-Ile epitope. However,
the proliferation index of the V81™ tetramer™ subset was <1.5 in
response to both viruses (Fig. 6B), indicating the impaired Ag-
specific proliferation of this subset of CD8 T cells specific for the
variant Pol-Val epitope. Thus, not only CD8 T cells specific for the
variant Nef epitope but also those specific for the variant Pol
epitope showed impaired Ag-specific proliferation activity ex vivo
(Figs. 5, A and B, and 6B). ,

Finally, we longitudinally analyzed the changes in tetramer™
frequencies specific for Pol and Env epitopes and their constituent
T cell clonotypes of subject Pt-03. TCR clonotypes within the
Pol-specific CD8* cell population showed an increase in the fre-
quency of the functionally impaired V81 subset over time (Fig.
6C), suggesting that the sum of antiviral effector functions of Pol-
specific CD8 T cells had declined. The time course of this change
seemed to have occurred after the appearance of the Ile to Val
mutation in the autologous HIV-1 (Table I). In contrast, an anal-
ysis of the Env-specific CD8 T cell response revealed that the
frequency of the VB5(c)™* T cell clonotypes within the Env-spe-
cific tetramer™ subset was virtually constant (Fig. 6C). These data
suggest that T cell clonotypes within the same specificity had not
basically changed over time in the absence of significant variations
within the epitope, thus highlighting the substantial changes in
specificity and clonotypes observed in CD8 T cells specific for Pol
and Nef epitopes with mutations at TCR contact sites.

Discussion

We showed herein that the CTL escape mutations that abolished
TCR recognition had the ability to recruit variant-specific CTLs
using different TCR clonotypes after the autologous HIV-1 had
become dominated by the variant during the chronic phase of an
HIV-1 infection in patients with HLA-B*35. However, because
these variant-specific CTLs did not have potent Ag-specific pro-
liferation capacity, this recruitment of CTLs barely correlated with
the increased antiviral effectiveness of HIV-specific CTLs, al-
though the breadth or magnitude of HIV-specific CTL responses
was apparently maintained. Thus, these data demonstrate that CTL
escape mutations that abolished TCR recognition not only led to
escape from established wild-type-specific CTL responses but also
could eventually have the additional effect of generating variant-
specific CTLs with impaired proliferative capacity. Apparently,
this observation provides evidence that supports the paradigm in
CTL escaplogy in which CTL escape virus variants can persist
only if the host is unable to mount an immune response against the
variant epitopes or if the newly generated variant-specific immune
responses are not as effective as the established wild type-
specific ones.
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It has recently been reported that the functional heterogeneity
and loss of proliferative activity of virus-specific CD8 T cell re-
sponses is influenced by Ag persistence and Ag levels in mice and
humans (5-7). The data obtained in this study showing a loss of
proliferative capacity of variant-specific CTLs despite their having
an IFN-y-producing activity are surprisingly similar to those data
showing virus-specific CTLs functionally impaired by chronic Ag
exposure in mice chronically infected with the lymphocytic cho-
riomeningitis virus (6). Thus, our data can be interpreted to indi-
cate that when the CTL escape virus variants become dominant,
the variant-specific CD8 T cells are repeatedly stimulated by the
variant Ags, which can lead to a loss of functions by the variant-
specific subsets, whereas the wild type-specific CD8 T cells see
little Ag, which can lead to the restoration of functions by the wild
type-specific ones. In this regard, it is interesting to ask whether
CD8 T cells specific for the wild-type and the variant Nef epitopes
differently express a receptor programmed death 1 (PD-1), because
several recent reports show that functionally impaired virus-spe-
cific CD8 T cells express PD-1 in mice and humans chronically
infected with lymphocytic choriomeningitis virus (8) and HIV-1
(23, 24), respectively. However, we observed no significant dif-
ference in the level of PD-1 expression between CD8 T cells spe-
cific for the wild-type and variant Nef epitopes or even for other
epitopes in this setting (data not shown), most likely because only
a limited number of subjects was tested or the subjects tested had
been receiving antiretroviral therapy in this study. Because rela-
tively large variations were demonstrated in the level of PD-1 ex-
pression in virus-specific human CD8 T cells among individuals
and specificities within the same individual and because antiretro-
viral therapy also influenced PD-1 expression (23,-24), it could be
difficult to estimate the level of functional impairment of CD8 T
cells from the absolute level of PD-1 expression when a limited
number of subjects and epitopes are tested. Further studies are
needed to clarify the effect of antigenic variations of HIV-1 on the
differential levels of PD-1 expression in HIV-1-specific CD8 T
cells in untreated subjects with acute and chronic phase of HIV-1
infection.

Alternatively, a report showing the restoration of a proliferative
response by some fractions of HIV-specific CD8 T cells through
the addition of exogenous IL-2 highlights the importance of IL-2-
secreting CD4 helper T cells for the maintenance of effective an-
tiviral CD8 T cell responses in a chronic infection (4). Another
report showing that HIV-specific CD8 T cell proliferation is sup-
ported by IL-2-secreting CD8 T cells in vitro suggests the impor-
tance of autocrine help to maintain CD8 T cell effectiveness during
the CD4-diminished chronic phase of an infection (5). In our
study, the difference in the proliferative capacity of CD8 T cells in
patients with a chronic infection was primarily related to their
epitope specificity. CD8 T cells specific for the variant epitopes
had diminished proliferative capacity even in the presence of ex-
ogenous [L-2. Considering that the variant epitopes were selected
and became dominant late after the primary infection, it is possible
that the variant-specific CD8 T cells could have been primed dur-
ing the CD4-diminished chronic phase of infection, resulting in
impaired function of the variant-specific CD8 T cells.

It is also thought that wild-type and variant epitopes have a
different inherent property for inducing CD8 T cell responses, as
the nature of the Ags determines helper requirement for CTL prim-
ing in vivo (25). The variant-specific CTLs may not be fully func-
tional due to the low avidity interactions between their TCRs and
the variant Ags. Indeed, the variant Pol-specific CTL clone
(CTL55) showed weak killing activity toward cells infected with
the variant virus in our study, suggesting the generation of low
avidity CD8 T cells in response to antigenic variations of the virus.
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However, this was not the case in the Nef-specific CD8 T cells, as
a cytolytic assay ex vivo showed that wild-type and variant Nef-
specific CD8 T cells had comparable functional avidity in our
study, suggesting that the variant epitope has immunogenic poten-
tial sufficient for CTL recognition, although the newly arising vari-
ant-specific CD8 T cells showed impaired proliferative capacity.
Given that such a variant epitope is potentially immunogenic, it is
possible that the variant Ag could induce fully functional CTL
responses when individuals are primary infected with the variant
virus. This issue needs to be further addressed as such information
will be important for therapeutic vaccine design.

Original antigenic sin, which was originally described in the
humoral response to influenza virus, has been applied to cellular
responses for limiting the ability of the immune system to generate
new responses to escape variants (26, 27). In this scenario, variant-
specific CTLs are not generated but the variant epitope can con-
tinue to stimulate the proliferation of CTLs specific for the wild-
type epitope (28). In our study, the ex vivo analysis of patients’
PBMCs by HLA tetramers as well as IFN-y assays clearly showed
the generation of CD8 T cells exclusively specific for the variant
epitopes, indicating that original antigenic sin could be overcome
in the case of some HLA-B*35-restricted epitopes. This finding is
consistent with recent reports showing that, based on ex vivo anal-
ysis by IFN-y assays, the human immune system is capable of
mounting novel CD8 T cell responses against CTL escape variants
of Gag epitopes restricted by HLA-A*11 (29) and HLA-B*57
(30). However, considering that HLA-B*35 is an HLA class 1 allele
associated with rapid disease progression while HLA-A*11 and
HLA-B*57 are associated with slow disease progression (10, 31),
it is conceivable that the failure to generate functionally effective,
variant-specific CTLs restricted by HLA-B*35, as observed in this
study, could result in relatively insufficient virus containment by
HLA-B*35-restricted CTL responses in vivo, leading to a conse-
quent association between HLA-B*35 and rapid disease progres-
sion. In this regard, further comprehensive analysis of the wild-
type and variant-specific CTL responses restricted by HLA-B*35
and certain B*35 subtypes in treatment-naive subjects is becoming
intriguing.

It is of note that the frequency of the wild type Pol-specific CD8
T cell subsets was much reduced after the emergence of CTL es-
cape variants in the Pol epitope, whereas the wild type Nef-specific
ones persisted following CTL escape in the Nef epitope in our
study. Because we obtained autologous virus sequence data from
viral RNAs in plasma, it is conceivable that a small number of cells
latently infected with the variant viruses yet having a wild-type
Nef sequence remained in vivo and eventually reactivated the wild
type Nef-specific CD8 T cell subsets. Alternatively, a transient
reversion of variant viruses to the wild-type Nef sequence arose,
although such wild-type viruses could be rapidly controlled by
wild type-specific CD8 T cells to undetectable levels. In any event,
these scenarios can be possible when a virus variant has replicative
disadvantage over the wild-type virus in vivo. Interestingly, it is
reported (32) that the Thr mutation in Nef (corresponding to Thr’®
in this study although a different numbering system was used
therein) resulted in much decreased capacity for supporting viral
replication, although the replication-competent strain NL43 has
Thr at the same position. Further analysis to clarify whether CTL-
mediated selective pressure can modulate the pathogenic functions
of Nef and lead to long-term favorable effects on HIV-infected
individuals against disease progression would be intriguing.

Recent studies have demonstrated that mutational escape from
HIV-specific CTL is caused by interference with the intracellular
processing of virus-derived proteins (15, 16). We also found HLA-
B*35-associated mutations flanking the epitopic regions in Env

ALTERED ANTI-HIV ACTIVITY OF VARIANT-SPECIFIC CTLs

and Nef. However, Env-specific CTL clones showed comparable
cytolytic activity toward cells expressing wild-type and mutant
proteins (T. Ueno, unpublished observations), suggesting that al-
tered Ag processing was not involved in this setting. Further stud-
ies are needed to determine whether and, if so, how antigenic vari-
ations causing altered Ag processing affect HLA-B*35-restricted
CTL responses and the functional heterogeneity of HIV-specific
CTLs in patients with a chronic infection.
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Predictors of CD4 count change over 8 months of follow up
in HIV-1-infected patients with a CD4 count > 300 cells/pL
who were assigned to 7.5 MIU interleukin-2

The ESPRIT Research Group

Background

ESPRIT is a randomized trial comparing the clinical impact of interleukin (IL)-2 plus antiretrovirals
vs antiretrovirals alone. Identification of factors that influence the relationship between IL-2 and
CD4 count recovery will enable better personalization of treatment with IL-2 in HIV-1-positive
individuals. The IL-2 induction phase consists of three dosing cycles over 6-8 months (7.5 MIU twice

a day, for 5 days every 8 weeks).
Methods

We included patients initiating IL-2 at the 7.5 MIU dose with an 8-month CD4 count, measured at
least 30 days after their last cycle. We identified baseline predictors of CD4 count changes over

8 months using linear regression.

Results

Of 2090 patients assigned IL-2, 1673 {80%) were included in the analysis. The median (interquartile
range) baseline CD4 count was 461 (370, 587) cells/uL with a median increase of 233 (90, 411) cells/
pL at month 8. After adjustments, significant predictors of CD4 count change included CD4 nadir
(29.8 cells/uL greater increase per 100 cells/uL higher; P<0.0001), last CD4 count before baseline
(mean 36.0cells/uL greater increase per 100 cells/uL higher; P<0.0001), time from antiretroviral
start to baseline (8.3 cells/uL smaller increase per year longer; P = 0.001), age (11.7 cells/uL smaller
increase per 5 years older; P=0.005) and race (79.7 cells/puL greater increase for black patients vs
white patients; P= 0.003). A linear relationship existed between total IL-2 dose in the first cycle and
CD4 count change (73.1 cells/uL greater increase per 15 MIU higher; P<0.0001).

.Conclusions

Prior nadir and current CD4 counts, age and IL-2 dose are major determinants of CD4 increases
induced by with intermittent administration of IL-2 in HIV-1-positive individuals on antiretrovirals.
The clinical function of these induced CD4 cells is under study.

Keywords: 7.5 MIU proleukin, CD4 cell count responses, subcutaneous recombinant interleukin-2
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Introduction

The use of subcutaneous recombinant interleukin (IL)-2 (SC
rIL-2), when given in conjunction with potent combination
antiretroviral therapy (cART), produces significant and
sustained increases in CD4 cell counts [1-7]. Studies that
investigated rIL-2 doses from 1.5 million international
units (MIU) to 7.5 MIU twice a day (bid) have shown that
the gain in CD4 cell count associated with rIL-2 is dose
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related, with higher doses providing better responses [8-
10]. As rIL-2 is a toxic cytokine it is not likely that a higher
dose than 7.5 MIU will be tolerated, and therefore the 7.5
MIU bid dose is considered optimal.

The boost in peripheral blood CD4 cell counts induced by
rIL-2 varies from person to person; some patients achieve
substantial CD4 cell count increases whereas others simply
do not respond at all [6]. Limited data are available on the
characteristics of patients using cART who are likely to
experience the greatest CD4 cell count responses from
rIL-2. Previous findings, including those obtained in
studies investigating IL-2 administration through different
routes (e.g. pegylated or Continuous intravenous (CIV)),
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suggest that predictors of response include age, HIV-RNA,
CD4 cell count at start of IL-2 therapy and the CD4 nadir
prior.to starting IL-2 [11-13]. Four Vanguard trials were set
up to identify the optimal dose of rIL-2 to use in Evaluation
of Subcutaneous Proleukin in a Randomised International
Trial (ESPRIT). Three of these trials were identically
designed and showed marked regional differences in
response rates after three cycles of rIL-2, with the Bangkok
study exhibiting superior IL-2-induced (D4 cell count
increases compared with either the Houston or Buenos
Aires study at the 7.5 MIU bid dose, indicating possible
racial and treatment management differences [10). A racial
difference was also observed in the US Vanguard study by
Markowitz et al. [12]. Larger studies are required to confirm
the validity of these predictors.

ESPRIT is a large international trial designed to assess
the difference in the risk of clinical AIDS and death
between patients randomized to antiretrovirals plus
rIL-2 and those randomized to antiretrovirals alone.
The trial is fully recruited and all patients have been
followed for over 8 months, so the induction phase, which
consists of three cycles of rIlL-2 separated by at least
6 weeks, has been completed. Here we present an analysis
of factors predicting CD4 cell count responses to rIL-2
after the induction phase in the largest patient group yet
studied.

Methods

Study design

ESPRIT is an ongoing, international, phase III, open-label,
randomized trial designed to evaluate the clinical impact of
SC rlL-2 plus antiretroviral therapy (ART) vs ART alone.
Four Vanguard studies were carried out before ESPRIT [7-
10]. In three of these Vanguard studies (Bangkok, Buenos
Aires and Houston), patients were randomized to no riL-2
or rlL-2 at doses of 1.5, 4.5 or 7.5 MIU bid for 5 consecutive
days (3 : 1:1: 1, respectively) [10]. In the Vanguard study
carried out by the Community Programs for Clinical
Research on AIDS ({CPCRA) (7], 511 patients were
randomized to no rIL-2 or rlL-2 at doses of 4.5 or 7.5
MIU (2 : 1 : 1, respectively). All patients in Bangkok,
Buenos Aires and Houston and 420 of the CPCRA patients
were rolled over into ESPRIT [14].

Detailed information about the design of ESPRIT has
been published elsewhere [1,14]. HIV-1-infected patients
who had an absolute CD4 cell count > 300 cells/pL in the
45 days prior to randomization and who were taking
cART were eligible for enrolment. Patients had to be > 18
years old and have bilirubin < 2 X upper limit of normal
(ULN), creatinine <2.0mg/dL and aspartate aminotrans-
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ferase (AST) or alanine aminotransferase (ALT) levels
<5x ULN in the 45 days prior to randomization.
Exclusion criteria were prior IL-2 therapy; concurrent
malignancy requiring cytotoxic chemotherapy; use of
systemic corticosteroids, immunosuppressants, or cytotoxic
agents within 45 days prior to randomization; current or
historical autoimmunefinflammatory diseases; a central
nervous system abnormality requiring treatment with
antiseizure medication; a history of an AIDS-defining
illness [Centers for Disease Control and Prevention (CDC)
category CJ; infection with a disease that is likely to be
associated with immunodeficiency; pregnancy or breast
feeding. '

Laboratory methods and medication receipt

ESPRIT was conducted as an open-label study because it is
impractical to use placebo injections and maintain blinding
as a consequence of the side effects of 1IL-2. All eligible
patients, except Vanguard patients, were randomly as-
signed to no rIL-2 or SC rIL-2 with a dose of 7.5 MIU bid
for 5 consecutive days. Patients were required to take ARTs
over the 5 days of each dosing cycle. SC rIL-2 was to be
given every 8 weeks for at least three cycles, with the initial
cycle beginning within 2 weeks of randomization. Patients
who commenced ARTs just prior to randomization must
have been receiving them for at least 1 week before their
first cycle of rIL-2. SC rIL-2 therapy was not to be given
more frequently than every 6 weeks and, for the first three
cycles, the maximum length of time between cycles was
not to exceed 11 weeks. The initial three cycles of IL-2 are
referred to as the induction phase.

Patients were monitored for dose-limiting side effects.
Those experiencing a side effect were able to interrupt
treatment or dose-reduce in decrements of 1.5 or 3.0 MIU
per dose. Patients could have a maximum of two dose
reductions during any one cycle. Minimum and maximum
acceptable doses were 1.5 and 7.5 MIU bid, respectively.

Statistical analysis

This analysis investigates patients in the rIL-2 arm because
the Data Safety monitoring Board {DSMB) recommended
that data in the control arm (i.e. patients receiving ARTs
without 1IL-2) be kept blind. We restricted the analysis to
patients starting rIL-2 at the 7.5 MIU bid dose because only
a few patients started rIL-2 at lower doses. Patients using
lower doses were mainly participants in the Vanguard
studies, and findings for these studies have previously been
reported [7,10,12). Only patients who initiated rIL-2
attended their 8-month (4 2 months) visit and had an
8-month CD4 cell count at least 30 days after their most
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recent 1lL-2 cycle were included. This ensured enough
time for the CD4 cell counts to stabilize after rlL-2
treatment.

Baseline and pre-baseline characteristics were examined
and entered into a linear regression model to see if they
were predictive of the change in CD4 cell counts after 8
months of follow up. CD4 cell counts in the 45 days prior to
entry in addition to a maximum of three other (D4 cell
counts in the year before entry were recorded at baseline;
the mean CD4 cell count was calculated and the slope of
decline was modelled using simple linear regression for
individuals with at least three pre-baseline méasurements.

Baseline covariates included in this analysis were HIV-
RNA level (> or < 500 HIV-1 RNA copies/mL), gender,
hepatitis B/C virus (HBV/HCV) status, CDC category, race,
region {USA, South America, Asia, Australasia, South
Europe, North Europe or Canada), mode of HIV-1
transmission, age, last CD4 cell count prior to baseline,
CD4 cell percentage, CD4 cell count, CD4' nadir, slope of
decline of CD4 count in the year prior to entry, time
between start of ART and baseline, and body mass index.
The last eight factors were treated as continuous variables
and a linear relationship with CD4 cell count change was
assumed. We checked the reasonableness of these assump-
tions using normal plots and graphs of fitted values against
residuals.

If several baseline immunological markers were highly
correlated and significantly associated with the outcome in
single variable analyses, the marker for which the
association with the outcome was most highly significant
was identified and included in multivariable analysis to
avoid problems associated with colinearity. The total rIL-2
dose received during the first cycle was also investigated
through single variable analysis.

The baseline CD4 cell count was not included in the main
model because it was used for calculating the outcome
measure, i.e. the change in (D4 cell count from baseline.
If it had been included, a spurious association would
probably have been seen between the baseline value
and the change from baseline because of a phenomenon
known as ‘regression towards the mean’ [15,16]. Instead,
to assess the effect of baseline CD4 cell count on the
change at 8 months, we investigated the latest CD4 cell
count prior to baseline. We included baseline CD4 cell
count instead of CD4 cell count prior to baseline in a
second model in order to understand its effect on the other
predictors.

_All covariates were entered into a multivariable model,
but only variables that were still significant at the 5% level
using a two-sided test were retained. Interactions between
covariates were examined. All statistical analyses were
performed using STATA software (STATA Statistical Software,
version 8.2/SE; StataCorp, College Station, TX).

Results

Study population

Between November 2000 and April 2003, ESPRIT recruited
4150 individuals from 254 clinical sites in 25 countries.
There were 2090 patients who were assigned SC rIL-2, and
of these 1673 (80%) started rIL-2 at the 7.5 MIU bid dose
and had an 8-month visit without a cycle in the 29 days
preceding this visit. Of the 417 individuals who were
excluded from these analyses, 179 were Vanguard patients
randomly assigned to lower doses of rlL-2, 73 were
assigned the 7.5 MIU dose but did not receive any, 8 took
a lower dose than their assigned 7.5 MIU dose, 5 started

Randomized to IL-2
(n=2090)

]

Started iL-2 at the
7.5 MIU bid dose

Excluded (n = 265)
Reasons: assigned to lower dose (n=179), did

(n = 1825) not take IL-2 (n=73), initiated IL-2 >8 month
. visit (n=5), initiated IL-2 at a lower dose (n=8)
I I 1
- Patients with 8 month Excluded (n = 82)
. CD4 data available . Reasons: no 8 month visit (n=53), no
(n=1743) 8 month CD4 count (n=29)
f l 1
Included ) Excluded (n = 70)
(n=1673) Reasons: cycling in the 29 days prior
to the 8 month visit

Fig. 1 Overview of patients receiving recombinant interleukin-2 (rIL-2) to 8 months of follow up.
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Table 1 Baseline characteristics

All patients
. Baseline parameter (n=1673)
Age [years) [mean (SD)] 41.4 (8.8)
Gender {n (%) male] 1370 (82)
CDC category C [n (30)] 438 (26)
HIV-1 RNA (log,, copies/mL)* 1.7 (1.7, 2.6)
[median (IQR}}
HIV-1 RNA <500 log,q copies/mL [n (%)]* 1311 (79)
Mean HIV-1 RNA in the past year
{logyg copies/mL) [median (IQR)J? 1.9 (1.7, 2.6)
CD4 (celis/pl) [median (1QR)] 461 (370, 587)
Last CD4 cell count prior to entry 447 (351, 573)
(cells/ul) [median (IQR)]?
Mean CD4 in the past year (cells/ul) 434 (346, 569)

[median (IQR)]®
Mean slope of CD4 cell count over
the past year [median (1QR}]®

30.4 (—121.5, 199.3)

CD4 9% [median (1QR}]® 24.0 (18.7, 30.0)
CD4 nadir {cells/pl) {median (IQR)] 190 (84, 293)
Time from nadir [median (1QR)] (years) 3.0 (1.0, 5.0)
Years since HIV diagnosis [median {IQR)}® 6.0 (3.0, 10.0)

Months since ART [median (IQR))

BMI {median (IQR)}?

Hepatitis B/C/B + C coinfected [n {%0)]®
Risk group [n (%)}

50.6 (28.2, 77.6)
23.7 (21.8, 25.8)
87/215/13 (6/15/1)

Same sex 807 (48)
IDY 132 (8)
Opposite sex 483 (29)
Blood products 26 (2)
> 1 risk factor 145 {9)
Otherfunknown 80 (5)
Race {n {%)]
White 1270 (76)
Black 150 (9)
Asian 186 (11}
Other 67 (4)
Concomitant medication [n (%]]
PCP prophylaxis 90 (5)
Toxoplasmosis prophylaxis 22 (1)
Fungal prophylaxis 24 (1)
Herpes prophylaxis 84 (5)
Oral hypoglycaemic agents 33(2)
Lipid-lowering drugs 151 (9)
Blood pressure-lowering drugs 89 (5)

*These Variables include missing data.

®Not all patients had hepatitis information available.

ART, antiretroviral; BMI, body mass index; CDC, Centers for Disease Control
and Prevention; IDU, injecting drug use; IQR, interquartile range; PCP,
pneumocystis pneumonia; SD, standard deviation.

IL-2 after the 8-month visit, and the remainder of patients
did not have a CD4 cell count or had one within 29 days of
their last cycle (Fig. 1).

The baseline characteristics of the 1673 patients included
in these analyses are shown in Table 1. Patients were not at
an advanced stage of HIV infection at baseline but many
were highly treatment experienced. They were all ART
experienced at baseline, predominantly male (82%), white
(76%) and men who have sex with men {48%). The median
[interquartile range (IQR)] CD4 cell count at baseline was
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461 (370, 587) cells/uL, the nadir CD4 cell count was 190
(84, 293) cells/uL and the mean CD4 cell count in the year
preceding baseline was 434 (346, 569) cells/uL. The median
(IQR) baseline HIV-RNA value was 1.7 {1.7, 2.6) log,,
copies/mL and 1311 patients (79%) had HIV-RNA <500
copies/mL.

Patients had been on antiretroviral treatment a median
(IQR) duration of 50.6 (28.2, 77.6) months and were
exposed to a median (IQR) number of 5 (3,-7) ARTs. There
were 687 patients (41%) who were using protease inhibitors
(PIs) at baseline; 621 (37%) using nonnucleoside reverse
transcriptase inhibitors (NNRTIs}; 147 (9%) on both; and
218 (13%) on a nucleoside reverse transcriptase inhibitor
(NRTI)-containing regimen only. The most common con-
comitant medications used at baseline were pneumocystis
pneumonia (PCP) prophylaxis (5%) and lipid-lowering
drugs (9%).

Immunological patterns prior to entry were evaluated for
all individuals with three pre-baseline observations. Of the
1095 individuals with information, there was an increase in
CD4 cell count for 611 patients (55.8%]) in the year before
entry. Overall, the median (IQR) yearly change in CD4 cell
count in the absence of rlL-2 treatment, based on the CD4
cell counts in the year preceding baseline, was 30 (—122,
199) cells/pL.

Adherence to rilL-2

The median (IQR) dose of rIL-2 received was 75.0 (i.e. the
full dose) (75.0, 75.0), 75.0 (60.0, 75.0) and 75.0 (60.0, 75.0}
MIU over the first, second and third cycles, respectively.
There were a total of 1375 patients (82%) who had
completed at least three cycles by month 8. Patients who
only completed one or two cycles received less rlL-2 during
each corresponding cycle than patients who continued
cycling (P<0.0001 in both cases). Patients who only
completed one cycle received a median (IQR) dose of 67.5
(45.0, 75.0) MIU during the first cycle and those who
completed two received 60.0 (45.0, 75.0) MIU during their
second cycle.

There were 638 patients (38%) who missed at least one of
their 10 1IL-2 injections over the first three cycles; 23% of
patients initiating rlL-2 missed at least one injection in the
first cycle, 19% of patients initiating a second cycle missed
at least one injection in the second cycle and 17% of
patients initiating a third cycle missed at least one injection
in the third cycle. These 638 patients included the 267
patients (16%) who dose-reduced in at least one of their
first three cycles; 9% of patients had a dose reduction
during the first cycle, 7% of patients who initiated more
than one cycle dose-reduced during the second cycle and
4% dose-reduced during the third.
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