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The functional CD8 T cell response to HIV becomes
type-specific in progressive disease

Sang Kyung Lee, Zhan Xu, Judy Lieberman, and Premlata Shankar

Center for Blood Research and Department of Pediatrics, Harvard Medical School, Boston, Massachusetts, USA

High levels of HIV-specific CD8 T cells are demonstrable throughout HIV disease using laboratory
assays that measure responses to consensus epitopes. In acute infection, the dynamics of the antiviral
CD8 T cell response correlate well with the decline in viremia. However in chronic infection, although
responses are detected against a broader spectrum of epitopes, virus-specific CD8 T cells are appar-
ently unable to control viral replication. To investigate whether CD8 T cells responding to consensus
epitopes may have lost their in vivo relevance in the chronic phase because of viral evolution driven by
immune pressure, we compared the CD8 T cell response to CD4 T cell targets infected with either lab-
adapted HIV g or the patient’s own virus. The magnitude of the IFN-yresponse declined with disease
progression, especially to autologous virus. T cell receptor (TCR) clonotypes of HIVys and autologous
virus-responding cells were determined by sequencing TCR (3 chain variable (TCRBV) genes. In two
of three asymptomatic donors, the dominant clonotypes overlapped, whereas in five symptomatic
patients, the TCR clonotypes responding to HIVyy virus were completely different from those
responding to autologous virus. Moreover, in cytolytic assays, T cell lines derived from IFN-y* cells
responding to lab-adapted or autologous virus cross-recognized target cells infected with either virus
in asymptomatic subjects with shared TCR clonotypes but not in progressors with differing clono-
types. Therefore, in advanced-stage patients, viral-specific CD8 T cells recognizing consensus epitopes

persist from an earlier response but no longer effectively recognize autologous virus.
J. Clin. Invest. 110:1339-1347 (2002). d0i:10.1172/JC1200216028.

Introduction

Studies of immune responses generated in HIV-infect-
ed individuals suggest that CD8T cells play an impor-
tant role in host defense against the virus. This has
been very effectively shown in acute HIV infection
where the appearance of virus-specific CD8 T cells is
temporally associated with a decline in plasma viremia
(1-3). At the peak of the acute response, up to 5% of
CD8 T cells specific for a single immunodominant epi-
tope have been detected by MHC/peptide tetramer
staining (4). Evidence for the vast mobilization of virus-
specific CD8 T cells during primary infection is also
provided by the substantial expansion of particular
CD8 T cell BV subsets containing HIV-specific CTLs
(5). Direct evidence for the role of CD8 T cells in viral
control comes from the closely related simian immun-
odeficiency virus model in Rhesus macaques, wherein
elimination of CD8 T cells results in higher viral bur-
den and rapid disease progression (6, 7).
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Significant expansions of VP subsets containing CD8
T cells directed against the virus are also present dur-
ing chronic infection (8-12). In fact, the CTL response,
which is highly focused toward a few epitopes during
primary HIV infection, broadens during the chronic
phase (13). Paradoxically, despite the mobilization of
this broad virus-specific CD8 T cell repertoire, most
untreated chronically infected subjects are unable to
control viral replication. The reasons for the inability
of CD8 T cells to control viral replication are not com-
pletely understood. HIV-specific CD8 T cells that are
dominant in chronic infection may not be the ones
associated with the dramatic clearance of virus in acute
infection, because V[ families that are significantly
expanded during primary infection are rapidly down-
sized and even eliminated (14). This is also borne out
by recent studies showing substantial differences in the
CTL epitopes targeted in primary versus chronic HIV
infection (15). Persistence of virus may be facilitated by
sequence mutations in key conserved epitopes target-
ed by CD8* CTLs (16-24). The apparent breadth and
intensity of CD8* T cells in chronic infection could in
fact reflect attempts of the immune system to contain
the virus by targeting new substituted epitopes to con-
trol multiple epitope variants. In such a scenario, CD8
T cells generated before sequence mutations may per-
sist as memory cells even when they are no longer rele-
vant. In fact, use of assays that measure frequencies of
HIV-specific cells by MHC/peptide tetramer staining or
functional responses to relatively conserved consensus
epitopes may result in misleading interpretations.
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Clinical characteristics of study subjects
Subject CDCdisease = CD4 count HIV RNA copies/ml  Rx
stage” (cells/mm3) plasma
CW15 A1 (LTNP) 1,102 3,400 None
CWs A1 (LTNP) 590 23,565 None
606 A2 615 <50 HAART
343 A2 550 <500 HAART
203 A2 490 <500 AZT, ddI
307 B2 283 8,633 HAART
204 B3 440 8,300 ddC
214 B2 220 14,510 AZT, ddC
216 C3 50 5,975 AZT
BW3 c3 40 <400 HAART
BW7 c3 50 <400 HAART

AStage A, asymptomatic; stage B, minor symptoms present (e.g., thrush);

stage
their

C, major opportunistic infections present. Patients were classified by
lowest recorded CD4 counts. LTNPs were defined by infection for more

than 5 years with CD4 T cell counts higher than 500 cells/mm?3 in the absence
of antiretroviral drugs. Rx, treatment; HAART, highly active antiretroviral ther-
apy. ddl, dideoxyinosine (Bristol-Myers Squibb, New York, New York, USA);

ddC,

1340

dideoxycystosine (Hoffman La Roche, Basel, Switzerland).

Most studies analyzing the CTL response to HIV-1
have relied on the use of recombinant vaccinia-infect-
ed or synthetic peptide-pulsed targets. These conven-
tional targets express antigens in excess, which may not
be representative of antigen expression on physiologi-
cally relevant CD4 T cell targets in vivo. This may be
particularly important in HIV infection because MHC
class I downmodulation by Nef may lower epitope den-
sities on infected cells to levels below the threshold of
recognition by low-avidity CD8 T cells (25, 26). More-
over, most laboratory assays measure responses to viral
gene products of laboratory strains of HIV, which may
differ substantially from the patient’s viral strain.

To understand how representative the group-specific
responses against lab-strain viruses are of the response
to the patient’s own viruses, we used a novel assay to
assess the response to HIV-infected primary CD4 T cell
targets (27). We used these targets to quantitate the
IFN-y response of circulating CD8 T cells against lab-
strain and autologous HIV virus and to capture IFN-y-
producing cells to determine whether the dominant T
cell clonotypes in cells responding to autologous virus
overlap with those responding to lab-strain virus.

Methods
Subjects. The work was carried out on a cross section of
HIV-infected subjects (Table 1). The study was
approved by the Institutional Review Committee of the
Center for Blood Research. Blood was drawn after
obtaining informed consent, and PBMCs were isolated
by Ficoll-Hypaque (Pharmacia Biotech Inc., Piscataway,
New Jersey, USA) density-gradient centrifugation. Sam-
ples were either freshly obtained or cryopreserved using
a programmed cell freezer (model 9000; Gordinier Elec-
tronics Inc., Roseville, Michigan, USA).

Generation of viral stocks. To generate autologous virus,
CDA4 T cells in PBMCs from each subject were positive-
ly selected with immunomagnetic beads (Miltenyi

Biotec, Auburn, California, USA) and stimulated with
phytohemagglutinin (PHA) (4 pg/ml) in RPMI 1640
supplemented with 15% heat-inactivated FCS and 60
IU/ml recombinant IL2 (Chiron Corp., Emeryville, Cal-
ifornia, USA) to promote virus production. Super-
natants were tested for p24 production using an HIV-1
p24 ELISA kit (NEN Life Science Products, Boston,
Massachusetts, USA), and samples were used for infec-
tion when the p24 level was over 100 ng/ml. In some
cases, virus production was amplified by coculture with
PHA blasts from HIV-seronegative subjects. HIVyyp
(IIIB) stock was generated in H9 cells from virus origi-
nally obtained from Robert Gallo’s laboratory (Univer-
sity of Maryland, Institute of Human Virology, Balti-
more, Maryland, USA). HIVyi43 viral stock was
generated from 293T cells transfected with the plasmid
construct pNL4-3, obtained from the Research and
Reference Reagent Program, Division of AIDS, Nation-
al Institute of Allergy and Infectious Disease, NIH
(Bethesda, Maryland, USA).

Generation of uniformly infected primary CD4 T cell targets
for cell stimulation and cytotoxicity assays. CD4 T cells iso-
lated from PBMCs by selection with immunomagnet-
ic beads were stimulated with PHA (4 pg/ml). The CD4
PHA blasts were cultured in the presence of antiretro-
viral drugs (500 nM Azido deoxythymidine [AZT]
[Sigma Chemical Co., St. Louis, Missouri, USA], 30 nM
Saquinavir [Hoffman La Roche, Basel, Switzerland],
and 15 nM Ritonavir [Abbott Laboratory, Abbott Park,
Ilinois, USA]) for 1-2 weeks to guarantee that there
was no autologous viral contamination. The cells were
then infected with HIV strain IIIB, NL4-3, or autolo-
gous virus at an moi of 0.01-0.1 or were used as unin-
fected controls. After 3-5 days of culture, the infection
status and MHC class I expression were verified by sur-
face staining with HLA-ABC PE (DAKO Corp., Foster
City, California, USA) and intracellular staining with
p24 FITC-conjugated p24 antibody (Immunotech,
Westbrook, Maine, USA). The infected cells were
enriched by CD4 depletion as described (28).

Detection and capture of IEN-y-producing HIV-specific CD8
T cells. CD4-depleted PBMCs (2 x 10° cells) were stimu-
lated overnight (16-18 hours) with IIIB or autologous
virus-infected CD4 T cells at an effector/target ratio
ranging from 5:1 to 10:1. Control cultures were stimu-
lated with uninfected CD4 blasts. The cultures were
then treated with an IFN-y catch reagent (Miltenyi
Biotec) to generate an affinity matrix on the cell sur-
face. After incubation at 37°C for 1 hour to allow cap-
ture of secreted IFN-y onto the affinity matrix, the cells
were labeled with IFN-y detection antibody conjugated
to PE. An aliquot of the cells was costained with anti-
CD8 mAb and analyzed by flow cytometry. Finally,
IFN-y* cells were isolated using anti-PE microbeads
(Miltenyi Biotec) per the manufacturer’s instructions.

Identification of T cell receptor 3 chain variable and com-
plementarity-determining region 3 sequences. RNA was puri-
fied from IFN-y-producing cells using a commercial
RNA extraction kit (QIAGEN Inc., Valencia, California,
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USA), and cDNA was synthesized using the SMART
RACE ¢DNA amplification kit (CLONTECH Labora-
tories Inc., Palo Alto, California, USA), which provides
an RT enzyme that adds a 5’ oligo(dC) tail. An anchor
oligonucleotide in the mix, which has a dG3' tail,
allows incorporation of the anchor sequence into the
5" end of the cDNA. The first-strand cDNA was used
for anchored PCR with the upstream anchor primers
provided by the manufacturer and a T cell
receptor-specific (TCR-specific) C[3 outer Kd25 (5'-
GGCCAGGCACACCAGTGTGGCCTTTTGGGT-3') and a
CB inner primer, Kd24 (5'-TTCTGATGGCTCAAACA-
CAGGAC-3"). Second strand ¢cDNA was synthesized
using a touchdown PCR for five cycles at 94°C for S
seconds, 72°C for 2 minutes, followed by 5 cycles of
PCR at 94°C for S seconds, 70°C for 10 seconds, and
72°C for 2 minutes. Finally, specific amplification of
TCR B chain variable (TCRBV) genes was done with 25
cycles at 94°C for 5 seconds, 68°C for 10 seconds, and
72°C for 2 minutes. Subsequently, amplification reac-
tions were diluted 50-fold with reaction buffer and a
second round of PCR was performed with inner
primers for another 20 cycles at 94°C for 5 seconds,
68°C for 10 seconds, and 72°C for 2 minutes. Ampli-
fied PCR products were analyzed on 1.5% agarose gels
and purified with the QIAquick PCR purification kit
(QIAGEN Inc.). The purified PCR products were
cloned into TA cloning vector pCR2.1 (Invitrogen
Corp., Carlsbad, California, USA). For each sample,
plasmid DNA was purified from multiple clones using
a plasmid purification kit (QIAGEN Inc.). TCRBV
genes were sequenced from the cloned DNA using an
automated DNA sequencer (Applied Biosystems, Fos-
ter City, California, USA).

Amplification of individual BV genes by RT-PCR. Total
RNA from IFN-y* cells was also used for amplification
of individual V3 families. cDNA was synthesized from
total RNA using the TagMan reverse transcription kit
(Applied Biosystems). Aliquots of cDNA were amplified
with 26 different 5' sense VB-specific primers and a
common 3' antisense CP primer using sequences
described by Choi et al. (29). A sample with no cDNA
served as negative control, and a sample with 5" and 3’
CB oligonucleotides for amplification of the C region
served as positive control.

Generation of HIV-specific CTL lines. Bulk cell lines were
generated by culturing the immunomagnetically select-
ed IFN-y* cells in the presence of irradiated allogeneic
PBMC feeder cells and recombinant IL1S (25 ng/ml;
R&D Systems Inc., Minneapolis, Minnesota, USA) for
10-14 days for use as effectors in cytotoxicity assays. Cul-
ture was kept to the minimum to avoid altering the orig-
inal clonal repertoire.

Chromium release assays. IIIB and autologous
virus-infected CD4 T cell targets, generated as described
above, were labeled with $!Cr, washed, and distributed
in round-bottom 96-well plates (5 % 103 cells in 100 pl).
The bulk cultures from IIIB- and autologous virus-
responding cells were used as effectors in triplicate wells

at effector/target ratios ranging from 1:1 to 5:1. The
effector and target cells were incubated for 4 hours at
37°C. Supernatants (40 pl) from the cultures were har-
vested and g counts measured on a Packard Microplate
reader (Microplate scintillation counter; Packard
Instrument Company, Downers Grove, Illinois, USA).
Percent specific cytotoxicity was calculated from the
average cpm as (average cpm minus spontaneous
release/total release minus spontaneous release) x 100.

Results
Frequencies of IFN-Y-producing cells responding to primary
CDA4 T cell targets infected with lab-strain and autologous HIV
decline with disease progression. HIV-infected CD4 T cells
rapidly downmodulate CD4 expression, so homoge-
neously infected CD4 T cells can be selected for use as
targets by immunomagnetic depletion of CD4-express-
ing uninfected cells from infected cultures (28, 30).
Because infected cells are significantly enriched, the
method eliminates variability in infectivity, making it
possible to compare results from different samples and
viral strains. We used this method to generate primary
CD4 T cell targets infected with autologous or IIIB
virus for use as stimulators to detect and capture func-
tional IFN-y-secreting, HIV-specific CD8 T cells. CD4
T cell blasts from each patient were treated with anti-
retroviral drugs for 7 days to suppress endogenous
virus. The cells were then infected with either IIIB or
autologous virus, and after 3-5 days, were negatively
enriched for infected cells by CD4 depletion. The level
of enrichment of infected cells and the mean fluores-
cence intensity of HIV p24 staining were comparable
between CD4 stimulator cells infected with autologous
virus and CD4 stimulator cells infected with IIIB virus.
We also compared MHC class I expression between
autologous and HIVy virus-infected targets, because
the viral Nef protein is known to induce downmodula-
tion of class I expression. Figure 1a depicts representa-
tive data showing comparable p24 and MHC class I
expression in CD4 T cells infected and enriched for
autologous virus, IIIB, or another lab-adapted virus,
NL4-3. As HIVy;g has been reported to contain multi-
ple viral clones, some of which have dysfunctional nef
genes (26, 31), we also PCR-amplified and cloned the
nef region of the IIIB strain used in the study and com-
pared it with a IIIB strain recently obtained from the
NIH AIDS repository. Although 50% of the clones
derived from NIH IIIB viral isolate contained truncat-
ed nef sequences, fortuitously, all of the sequences from
the clones derived from the viral stock that we used for
the study contained intact nef sequences (not shown).
To measure IFN-y production by CD8 T cells, PBMCs
were stimulated with uninfected CD4 T cells or CD4 T
cells infected with either ITIB or autologous virus. In all
cases, negligible numbers of IFN-y-producing cells
were observed when uninfected CD4 blasts were used
as stimulators (<0.1% IFN-y* CD8 T cells) (Figure 2a).
Thus, after retroviral treatment, endogenous virus is
effectively suppressed and does not interfere with
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Figure 1

Flow cytometric analysis of MHC class | and p24 expression on HIV-
infected primary CD4 T cells used as stimulator cells. CD4 PHA
3 blasts from representative subject 307 were used as uninfected con-
trol (a) or were infected with HIV;; (b), NL4-3 (c), or autologous
o virus (d) for 3 days and then enriched for infected cells by immuno-
) magnetic depletion of cells that had not downmodulated CD4
o' Un|nfe<_:ted 18 i expression. Cells were stained externally with PE-conjugated
y mean: 1837 y mean: 1542 . . |
W, ] Xmean:17 1 xmean: 405 aliltI—HLA-AB(; antibody .(I\/IHC cl.ass | framework) and internally
?5 T T T with FITC-conjugated anti-p24 antibody.
2 . d
% IEN-y-secreting cells was statistically significant when
10 3 3 the magnitude in the CDC stage A subjects was com-
pared with that in the more advanced CDC stage B and
v C subject group (P < 0.02 for IIIB-specific response and
o NLas 1 Autologous P < 0.04 for autologous virus-specific response). Sut-
y mean: 1582 y mean: 1497 prisingly, twice as many IFN-y* cells responded to lab-
x mean: 526 X mean: 458 . .
10 i , , - i . . | adapted IIIB virus than responded to autologous virus
10 10! 102 103 10t 100 10! 102 103 104 . . .
in CDC stage B and stage C subjects (median 1.15 vs.
p24-FITC 0.55, respectively; P < 0.03).
Oligoclonal and nonoverlapping TCRBV usage in IFN-y*
CD8 T cells responding to targets infected with lab-strain and
analysis. The frequency of cells producing an IFN-y  autologous virus. We also characterized the clonotypic
response to virus-infected targets was assessed in 11 composition of the responding cells by using anchored
seropositive subjects: five Centers for Disease Control =~ PCR to determine the TCRBV region and complemen-
(CDC) stage A subjects, including two long-term non-  tarity-determining region 3 (CDR3) gene sequences
progressors (LTNPs); three CDC stage B subjects; and ~ in immunomagnetically selected IFN-y* populations.
three CDC stage C subjects. The frequency of IFN-y- IFN-y-secreting cells were captured by immunomag-
producing CD8 T cells ranged from 0% to 10.6% (Fig- netic selection with OPE beads after external staining
ure 2b). The frequency of IFN-y* CD8 T cells respond-  with PE-conjugated anti-IFN-y (Figure 3). In most
ing to autologous and IIIB virus-infected targets in  cases, more than 90% of the captured cells stained for
subjects in whom response against both viruses could = IFN-y. As the isolated cells were not fixed, they could be
be evaluated suggests a decline in functional HIV-spe-  used for RNA isolation as well as for further culture.
cific IFN-y-producing cells in more advanced donors  Anchored PCR was used for BV gene analysis because
(mean 4.4% + 3.6% against autologous vs. 4.1% + 2.8%
against IIIB in 3 CDC stage A subjects, 1.3% + 1.9%
against autologous vs. 2.5% + 1.9% against [lIB in three g +
CDC stage B subjects, and 0.37% + 0.3% against autol- . 0.05% a2l | 1.9%
ogous vs. 0.8% = 0.75% in three CDC stage C subjects). 5‘5 Q A
In two additional CDC stage A subjects, the percent- & ~ .
ages of CD8 T cells producing an IFN-y response to O %1 F
HIVip were 10.6% and 4.3% of CD8 T cells, but no et )
. . . 10 10 10 10 10% 10Y 10 10 10 10% 10Y 10 10 10 10
autologous virus could be generated in these patients IFN-y-PE
despite several attempts. The decline in frequencies of b "
10
Figure 2 g
Frequency of IFN-y-producing cells responding to HIV-infected tar- 2 ]
gets declines in more advanced disease stages. (a) Representative 8
flow cytometric analysis of surface IFN-yand CD8 staining on gated ; ]
CD8 T cells in PBMCs from subject 307 after overnight stimulation 8
with uninfected CD4 T cells (left) or HIV};g (middle) and autologous <.
(right) virus-infected CD4 T cell targets and capture of secreted uZI_ 41
IFN-y on the cell surface. The numbers shown are the percentages of =
CD8T cells producing IFN-y. (b) The percentage of CD8 T cells pro- , ]
ducing IFN-yin response to IlI1B (black bars) and autologous (white
bars) virus-infected targets are shown for subjects at various disease
stages after subtracting background values for uninfected targets. In U-CWS 343 203 CW15 606 204 307 214 216 BW3 BW7
subjects 606 and CW15, the response was measured only against I11B Stage A « Stage B —» « Stage C —
virus because no autologous virus could be generated. Patients
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Figure 3

Immunomagnetic selection of IFN-y-secreting HIV-specific CD8 T cells.
PBMCs from donor 343 were stimulated with autologous (upper pan-
els) or I1IB (lower panels) virus-infected primary CD4 T cells, stained
for IFN-y, and immunomagnetically isolated. Cells before (a) and after
(b) selection were stained with anti-CD8-Cy5 antibody and analyzed

10*

. 8.6% 91%

10°

10°

CD8-Cy5

10'

10* 10°

7.4% 90%

10°

10°

10'

10’

10*
IFN-y—PE

10° 10" 100 10°

this technique amplifies all TCRBV genes without qual-
itative or quantitative biases, unlike PCR amplification
of individual TCRBV families. After PCR amplification,
the product was analyzed by gel electrophoresis (Figure
4a). In each case, TCRBV genes were sequenced from
30-50 clones derived from the amplified PCR products
(Table 2). To ensure the validity of the TCRBV gene
sequences identified, in two subjects the analysis was
performed in two independent experiments and yield-
ed similar results (data not shown). For five samples, the
authenticity of the analysis was also verified by direct
PCR amplification of the reverse-transcribed RNA using
a panel of upstream V[ primers and a common down-
stream C[3 primer. Although the specific BV* usage of
the IFN-y-producing cells could not be verified by anti-
body staining immediately after stimulation because of
TCR downmodulation that accompanies activation
(data not shown), we could demonstrate the presence of

for IFN-y* cells within a CD8-gated population.

the specific BV* cells in the IFN-y-selected population
after a brief period of culture. Figure 4, b and ¢, shows
the confirmatory studies for one subject for which all
50 clones sequenced from the captured cells responding
to autologous virus had an identical TCRBV sequence
belonging to the 7S1 family. In that case, the PCR analy-
sis amplified only a single 7S1 band, and the antibody
staining after culture showed that 90% of the cells
stained for 7S1 antibody.

The TCR usage of CD8 T cells responding to lab-
strain HIV was analyzed in ten subjects (Table 2). The
response ranged from monoclonal to polyclonal,
although in most subjects, one or two clonotypes dom-
inated the response, with other minor clonotypes con-
tributing less than 10% to the response. Because the
specificity of the capture method is about 90% (see Fig-
ure 1), it is difficult to tell whether clonotypes present
at frequencies of below 10% are contaminating cells or
are participating in the specific response. A polyclonal
response with no clear dominant clonotype was seen in
only one subject. This CDC stage A subject (no. 606),
with 13 TCR clonotypes participating in the response,
had the highest frequency of IFN-y-producing cells
(10.6%). All seven of the CD8 T cell clones generated
from the IFN-y" cells from this subject were HIV-specif-
ic, suggesting that the TCR clonotypes identified were
not because of contamination with nonspecific cells
(data not shown). In the two LTNPs analyzed, the
TCRBV gene usage was monoclonal.

A similar clonotypic analysis was performed for CD8
T cells responding to autologous virus-infected targets

a M 1 2 b M -CB 1 2 3 4 5153 6 7 82 9 10 11 (o]
500 bp — o
600 bp — T 90%
500 bp — o
o 2
0
100 bp — g L]
M 12 1831132 14 15 16 17 18 19 20 21 22 23 24 8
500 bp — o4
Oo_ T T T
T100 10! 102 108
100bp — TCR 7S1-FITC
Figure 4

Representative analysis of TCRBV usage in CD8 T cells responding to HIV-infected targets. (a) Agarose gel analysis of anchored PCR ampli-
fication of TCRBV genes from immunomagnetically captured IFN-y* cells stimulated with autologous virus from representative subject 307.
TCRBV and CD3 region sequencing of 50 cloned PCR products revealed a single 7S1 clonotype (see Table 2). Lanes depict molecular weight
markers (M), negative control containing no cDNA template (1), and TCRBV gene amplification product from autologous virus-respond-
ing CD8 T cells (2). (b) Independent evaluation of TCRBV gene usage by PCR amplification of the same sample with a panel of 5' V3 primers
and a common 3' CP primer (lane numbers indicate individual V[ families and decimals indicate subfamilies). (c) Flow cytometric analysis
of cultured IFN-y* CD8 T cells from the same donor stained with TCRBV antibody corresponding to TCRBV gene 7S1.
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Table 2
TCRBV and CDR3 amino acid sequences of CD8 T cells producing IFN-y in response to HIV-infected primary T cell targets

IFN-y* CD8 T cells responding to HIVy;s

Subject Frequency (%) TCRBV CDR3
CDC stage A
343 40 556 CAS SLDFEGRVF FG
35 6S7 CAS SSTMGQGRSPLH FG
10 1751 CAS SWGTAGTDTQY  FG
5 1351 CAS SYSMATGGNIQY FG
5 551 CAS SVQGAEAF FG
5 1451 CAS SLSGGYSNQPQH  FG
203 58 6S3 CAS SLLDGGRDTQY FG
32 6S3 CAS SSAQGAPLNWLF FG
6 2s1  CSA GSGTSGSNEQ FG
4 1351 CAS GQLGDYT FG
CWs 100 654 CAS  SLLLSGRSDTQY  FG
CW15 100 351 CAS SSVYAVNSPLH FG
606 10 657 CAS SPDSQGIYEQY FG
10 451 CsV GQGYGYT FG
10 2s1  CSA NRGVSGELF FG
10 1751 CAS SGASYGYT FG
10 1851 CAS SPRTGNYGYT FG
10 657 CAS  SSRTSGGFTQY FG
8 585 CAS  SSIAGGLAGELF FG
8 551 CAS SLEAGLTEAF FG
8 1451 CAS SLTGSLGNQPQH  FG
4 9S3 CAS SQGRWGGTDTQY FG
4 1252 CAl SDQTGTSAEAF FG
4 9s1  CAS SQDSAQPQY FG
4 551 CAS SLGGTEAF FG
CDC stage B
307 60 351 CAG GSGTNYGYT FG
40 654 CAS SVTAPPDTQY FG
214 100 351 CAS SLEVGYYEQY FG
204 100 783  CAS  SQGTGVSTEAF FG
CDC stage C
BW3 50 2183 CAS  SPINTPNTGELF FG
22 6S3 CAS GTTGEAYGYT FG
18 1557 CAT SAGGRTGELF FG
10 654 CAS  SPTDGLNTEAF FG
BW7 100 552 CAS  SLAGQYTGELF FG

IFN-y* CD8 T cells responding to autologous virus

TCRBJ  Frequency (%) TCRBV CDR3 TCRBJ
154 45 6S7 CAS SSTMGQGRSPLH FG 1S6
1S6 35 13S1 CAS SYSMATGGNIQY FG 2S4
253 10 586 CAS SLDFEGRVF FG 1S4
254 5 553 CAS  SSIAGGLAGELF  FG 2S2
151 5 1353 CAS RAGGGSGANVLT FG 2S6
1S5
2S3 48 6S3 CAS SSAQGAPLNWLF FG 1S4
154 44 6S3 CAS SLLDGGRDTQY FG 2S3
251 4 1451 CAS SLTGSTPLKWF FG 2S3
1S2 4 2251 CAS  SPFVLDRGGERLF FG 254
283 96 1851 CAS SPPRTGAPYGYT FG 1S2
4 281 CSA PNAVGELF FG 2S2

156 ND

257 ND

152

252

152

152

253

252

151

1S5

2583

151

2S3

151

152 100 751 CAS SQRGGSYNEQF FG 2S1

2583

257 82 1551 CAS  SKTSGKPNEQF  FG  2S1
18 351 CAS  SSIAGMGETQY  FG 2S5

151 62 654 CAS SGEYSNGPQH FG 1S5
34 151 CAS SAPTRLYEQY FG 257
4 6S2 CAS SHLEGYEQY FG 257

252 64 9s1 CAS GDGTGDEQY FG 257

152 20 756 CAS SLRLASGNTIY FG 1S3

252 16 1851 CAS SPSGLDTEAF FG 151

151

252 90 1551 CAS SAGTGGNTIY FG 181
10 7S3 CAS SQGRTASGPPGYT FG 152

Bold text shows shared clonotypes in response to I1IB and autologous HIV virus-infected cells. ND, not done because autologous virus could not be generated.
TCRBJ, TCR B chain joining.
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in the eight of the subjects for whom autologous virus
could be generated (Table 2). The response to autolo-
gous virus was also oligoclonal, with one or two clono-
types dominating the response in most subjects. We
compared the TCR clonotypes responding to lab-strain
virus with those recognizing the patient’s own virus to
determine whether group-specific epitopes in HIVyg
contribute to the dominant response in vivo. In two of
three CDC stage A subjects, the immunodominant
TCR clonotypes against lab-adapted HIVyyg virus and
autologous virus overlapped to a large extent, suggest-
ing a focusing of the response toward such conserved
epitopes (Table 2). In both patients, clonotypes exclu-
sive to autologous virus or lab-adapted virus constitut-
ed less than 10% of the response. However, in all other
subjects analyzed (CDC stage A, n = 1; stage B, n = 3;

and stage C, n = 2), the dominant TCR clonotypes used
in response to autologous virus and lab-adapted IIIB
virus were completely different.

Bulk cell lines generated from lab-strain HIV—specific IFN-y*
cells recognize autologous virus—infected targets and vice versa
only in subjects with shared TCRBV usage. To test the in vivo
relevance of the CD8 T cells responding to lab-strain
virus, we evaluated the ability of cell lines derived from
immunomagnetically selected HIViyp-specific IFN-y*
cells to lyse autologous virus-infected targets (Figure
5). Tissue culture was kept to a minimum to avoid in
vitro alterations of the native clonal composition. In
CTL assays performed after 10-12 days of culture,
HIVyyg-specific T cell lines cross-recognized autologous
virus-infected targets in CDC stage A subjects who
shared TCRBV genes. However, bulk cell lines from
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Autologous virus-infected targets are not lysed by IFN-y* CD8 T cell
lines responding to HIVyg virus and vice versa in samples from more
advanced donors. Short-term cultures from IFN-y* cells responding
to IIIB (a) or autologous virus (b) were tested against uninfected
(black bars), llIB (white bars), or autologous (gray bars) virus-infect-
ed primary CD4 T cell targets. Representative data for subjects from
each CDC stage are depicted at effector/target ratios ranging from
1:1to 5:1. Data are presented as mean of experiments performed in
triplicate. The cytotoxicity assays confirm the results of TCRBV
sequencing. There was cross-recognition of l1IB and autologous virus
by two of the stage A donor cell lines, but not by the cell lines from
more advanced donors.

CDC stage B and C subjects in whom the TCR clono-
types responding to IIIB and autologous virus were not
shared did not cross-recognize autologous virus-infect-
ed targets. When bulk lines generated from IFN-y* cells
responding to autologous virus were tested against
HIVyp-infected CD4 T cell targets, a similar pattern of
cross-recognition was observed. Data from representa-
tive subjects are shown in Figure 5.

To confirm that the results obtained with HIVs do
not represent an aberrant response to an nef-deficient
lab-strain virus, we also examined the lytic capability of
the bulk cell line generated from IIIB-responsive IFN-y*
cells against target cells infected with another lab-
adapted viral isolate, NL4-3. This viral strain is known
to have an intact nef gene (32). As shown in Figure 6,
the bulk cell line from a CDC stage B subject (no. 307)
exhibited comparable lysis of NL4-3 and IIIB
virus-infected targets but failed to lyse autologous
virus-infected targets. Similar results were obtained
with a CTL clone generated from the IIIB-responsive
cells from the same subject. These data indicate that
the lack of recognition of autologous virus-infected
targets was not because of low epitope densities
induced by nef-mediated class I downmodulation.

The epitope specificity of this bulk line as well as the
clone were mapped to a 10 amino acid region in Nef
(LWIYHTQGYF, aa 112-121) using recombinant vac-
cinia and overlapping 20mer peptide-pulsed B-lym-
phoblastoid cell lines targets in cytotoxicity assays as
described by Lieberman et al. (33) (data not shown).
When the nef region of the autologous virus was ampli-
fied by PCR and sequenced, two amino acid changes
were found within the 10mer epitope-containing
region (LWVYNTQGYF) compared with the consensus

sequence in the IIIB and NL4-3 strains. This suggests
that sequence mutation may be the underlying cause
for nonrecognition of autologous virus-infected tar-
gets by IIIB-responsive CTLs.

Discussion
This study examines the functional virus-specific CD8
T cell repertoire in the setting of a protracted infection
with a virus with a propensity for mutation. We used
primary CD4 T cell targets to compare the magnitude
and clonotypic composition of CD8 T cells responding
to lab-strain HIVyyp with those responding to autolo-
gous viral isolates in HIV-infected individuals at differ-
ent stages of disease. Our principal findings are that the
magnitude of the functional response declines with dis-
ease progression and that the TCR clonotypes of CD8
T cells responding to the two viruses overlap in the early
stage of infection but completely diverge in later stages
of the disease. Consequently, HIVys-responding cells do
not recognize autologous virus and vice versa in symp-
tomatic patients. Moreover, the functional CD8 T cell
response is oligoclonal in most patients. Taken togeth-
er, these results suggest that conventional assays that
focus on responses to consensus epitopes may not accu-
rately reflect, but rather tend to overestimate, the
response to autologous virus. OQur results therefore
underscore the need to develop approaches that more
closely test the relevant in vivo responses.

The stimulator cells we used do not exactly mimic in
vivo targets, because CD4 cells are cultured for a brief

30
OUninfected m1IB @O Autologous m NL4-3

- n N
(&) o o
t t t

% Specific cytotoxicity
)

Bulk line Clone N12-1

Figure 6

Bulk lines and clones derived from HIVj;g virus-responsive CD8 T cells
recognize Il1B and NL4-3 virus, but not autologous virus-infected CD4
T cell targets. A bulk cell line and clones were generated from CD8 T
cells that produced IFN-y after stimulation with HIV}g-infected CD4
T cell targets in a CDC stage B subject (no. 307). The cell line and one
clone (N12-1) were then tested for lysis of control uninfected CD4
blasts (white bars) or enriched populations of I1IB (dark gray bars),
autologous (light gray bars), or NL4-3 (black bars) virus-infected CD4
blasts at an effector/target ratio of 5:1. Data are presented as mean
of experiments performed in triplicate. The epitope recognized by the
cell line and clone was mapped to a 10mer region in nef, LWIYHTQ-
GYF (amino acids 112-121). The autologous virus differed from the
sequence by two amino acids (LWVYNTQGYF).
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period before use. Nevertheless, they more closely
resemble the physiologically relevant targets than do
the stimulator cells used in conventional methods.
Unlike recombinant vaccinia-infected or synthetic pep-
tide-pulsed targets, infected CD4 T cells, which are the
natural targets of the virus, more closely reflect epitope
densities achieved on infected targets in vivo (34). This
is particularly important in light of reports that the nef
protein downmodulates cell-surface MHC class I
expression, which may further reduce epitope densities,
making virus-infected cells poor targets for CTL lysis
and possibly for stimulation of IFN-y secretion (25, 26).

The decline in frequency of IFN-y-producing HIV-spe-
cific cells in stage B and C disease is unexpected, consid-
ering studies that show a high frequency of HIV-specif-
ic CD8 T cells until late in the course of HIV disease
(35-37). These studies have generally used MHC/peptide
tetramer staining or IFN-yresponses after peptide stim-
ulation to identify virus-specific CD8 T cells. One expla-
nation may be that our use of virus-infected targets fil-
ters out all of the responses that are not meaningful in
the context of infected cells, including low-avidity or sub-
dominant CD8 T cells that may produce IFN-y only
upon stimulation with an excess of peptides. This is also
suggested by the predominantly oligoclonal and mono-
clonal functional response that we observed against both
lab-adapted and autologous virus in most of the sub-
jects. Moreover, studies that use MHC/peptide tetramers
identify HIV-specific CD8 T cells without regard to their
functionality. Many investigators, ourselves included,
have reported that a significant fraction of tetramer-pos-
itive cells are unable to produce IFN-y when freshly test-
ed ex vivo (27, 38-40). Functional deficiencies of HIV-
specific cells in chronic infection can occur because of
their generation or maintenance in a progressively CD4-
deficient milieu (41-45). In fact, when we analyzed HIV-
specific CD8 T cell frequencies with four different HLA-
A2 and B8/peptide tetramers from five subjects in this
study who expressed these HLA alleles (subjects CW35,
203, 204, 216, and 307), we found no correlation with
the disease stage (ref. 27 and data not shown). Compa-
rable frequencies of gag SLYNVATL/A2.1 tetramer-stain-
ing CD8 T cells were seen in samples from an AIDS
patient (no. 216) with no detectable IFN-y* CD8 T cells
and an LTNP (no. CWS5) with over 2% IFN-y* CD8 T cells
(1.4% and 1.6%, respectively).

We were surprised to find that the overall frequency
of IFN-y-producing cells was lower in response to
autologous virus than to HIVyyg virus stimulation. This
finding suggests that CD8 T cells generated in response
to consensus epitopes early in infection persist even
after viral mutations make them irrelevant. The
responses against any newly presented or substituted
epitopes that come up because of viral mutations dur-
ing chronic infection have to be generated in the setting
of HIV-specific CD4 T helper cell deficiency and
cytokine imbalance and may be functionally impaired.
This may be particularly relevant because the HIV virus
selectively targets HIV-specific CD4 T cells (46).

Although this needs to be investigated in a larger group
of patients, these results suggest that in patients with
more advanced disease, measurement of the IFN-y
response to lab-strain virus significantly overstates the
functional response to autologous virus.

Although we have used only one lab-strain virus as
representative of the response to relatively conserved
epitopes, the most striking fact to emerge from the
study is the discordance between the CD8 T cell clono-
types responding to autologous virus and lab-strain
virus, particularly in more advanced patients. The
inability of the bulk cell lines from IIIB-responsive CD8
T cells to cross-recognize autologous virus-infected tar-
gets in CTL assays corroborates the TCR sequencing
data. Although HIVyg virus has been reported to con-
tain multiple viral clones, some of which have dys-
functional nef genes (26, 31), our results cannot be
explained on the basis of differences in class I expres-
sion. Sequence analysis revealed that the HIVyy isolate
we used for the study did not contain viral clones with
a truncated nef gene, which was in keeping with our
data showing comparable levels of class I expression on
autologous and IIIB virus-infected targets (Figure 1).
Moreover, in one representative subject, the dichotomy
in recognition of autologous and lab-adapted virus
could also be confirmed with NL4-3 virus, which has
an intact nef gene (Figure 6).

One possible explanation for the persistence of virus-
specific CD8 T cells that do not recognize the currently
circulating autologous virus is that these are residual
cells from a previously relevant response that are left
behind as the CD8 T cell response diversifies in an effort
to cope with viral mutations. In fact, our data showing
lower frequencies of IFN-y* CD8 T cells responding to
autologous virus compared with IIIB virus-infected tar-
gets in CDC stage B and C subjects (P < 0.03) also hints
at accumulation of cells that may have become irrelevant
in the context of the evolving virus. It is well document-
ed that memory T cells can persist indefinitely in mouse
models in the absence of antigen (47). In fact, many HIV
tetramer-positive cells exhibit memory-like phenotype,
suggesting that they have not been recently activated by
antigen (27, 48, 49). However, as different viral quasi-
species exist in infected individuals, it is also possible
that CD8 T cells reacting to group-specific epitopes may
be keeping viral quasispecies that have not mutated
these epitopes in control. This type of plasticity in the
immune response may be a host strategy to abrogate the
deleterious consequences of CTL escape (50, 51).

We have provided both functional and molecular evi-
dence suggesting that the dominant CTL response to
autologous HIV virus may shift away from group-spe-
cific epitopes, particularly in more advanced subjects.
Our data suggest that conventional assays that meas-
ure responses to consensus sequences from lab-strain
viruses may overestimate the breadth and diversity of
functioning virus-specific CD8 T cells in vivo. These
results also provide insights into how the virus is ulti-
mately able to prevail in the face of an apparently broad
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and intense host immune response, as the functional
CD8 T cell response to the patient’s own viral isolate
declines around the time disease symptoms develop.
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