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The potent ability of current antiretroviral drug regimens to
control human immunodeficiency Virus-1 (HIV-1) replication,
in conjunction with the clinical practice of structured therapeu-
tic interruptions, provides a system in which virus levels are
manipulated during a persistent infection in humans. Here, we
exploit this system to examine the impact of variable plasma
virus load (pVL) on the functionality of HIV-specific CD8"
T-lymphocyte populations. Using both ELISpot methodology
and intracellular cytokine staining for interferon (IFN)-y to
assess functional status, together with fluorochrome-labeled
peptide-major histocompatibility complex (pMHC) class |
tetramer analysis to detect the physical presence of CD8" T
lymphocytes expressing cognate T-cell receptors (TCRs), we
observed that the proportion of HIV-specific CD8" T lympho-
cytes capable of mounting an effector response to antigen
challenge directly ex vivo is related to the kinetics of virus
exposure. Specifically, (a) after prolonged suppression of pVL
with antiretroviral therapy (ART), physical and functional
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measures of HIV-specific CD8" T-lymphocyte frequencies
approximated; and (b) the percentage of functionally respon-
sive cellsin the HIV-specific CD8™ T lymphocyte populations
declined substantially when therapy was discontinued and pVL
recrudesced in the same patients. These results corroborate and
extend observations in animal models that describe nonrespon-
sive CD8" T lymphocytes in the presence of high levels of
antigen load and have implications for the interpretation of
quantitative data generated by methods that rely on functional
readouts.

KEY WORDS: CD8" T lymphocyte; HIV-1; peptide-MHC class |
tetramer; intracellular cytokine staining.

INTRODUCTION

CD8" T lymphocytes play an important role in antitumor
immunity and the control of infections with intracellular
parasites through multiple effector mechanisms that are
triggered by T-cell receptor (TCR)-mediated recognition
of cognate peptide—major histocompatibility complex
(PMHC) class | ligands on the target cell surface. The
development of sensitive techniques to measure physical
and functional aspects of antigen-specific CD8" T-
lymphocyte populations at the single-cell level hasled to
substantial advances in our understanding of the role of
these cells in disease states. Multimeric fluorochrome-
labeled pMHC class | complexes allow the physical
detection of CD8™ T lymphocytes bearing TCRs specific
for individual pMHC class | antigens (1). This technique
can be combined with functional assays at the single cell
level, such as flow cytometric analysis of antigen-
induced intracellular cytokine production (2, 3), to assess
the effector phenotype of antigen-specific CD8™ T lym-
phocytes. This combined approach hasreveded that thereis
marked phenotypic heterogeneity within CD8" T-
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Table|. Swiss HIV Cohort Study: Patient Details

On ART Off ART
Patient pvL?® Duration® CD4 count® pvL?® Duration® CD4 count?
1 14 1015 669 31,656 112 523
2 <5 49 842 32,185 70 439
3 <14 98 916 13,788 336 914
4 <5 178 284 102,953 43 258
5 <5 858 749 35,354 246 705
6 <5 49 504 <5 14 471
7 <5 49 727 127,000 28 551
8 <5 709 501 171,000 224 262
9 <5 460 1450 817 225 664
10 <5 290 722 6,000 168 454
11 29 1273 666 nd nd nd
12 10 1337 852 789 84 542
13 31 611 582 18 14 nd
14 5 1175 366 3030 14 nd

#Plasma virus load (copies/ml).
PDuration of therapy (days).

“Duration of cessation of therapy (days).
%Total CD4 count (cells/mm?).

lymphocyte populations specific for individua viral and
tumor-derived pMHC class | antigens. In particular, it is
clear that there can be discrepancies between functional and
physical measurements of specific CD8" T lymphocytes.
Many studies now indicate that a substantial proportion of
cells within an antigen-specific CD8™ T-lymphocyte pop-
ulation can appear functionally compromised, although the
degree of dysfunction varies considerably both quantite-
tively and qualitatively (3—-25). The factors that determine
these differences, however, are poorly understood.

In this study, we use peptide-HLA class | tetramers to
detect virus-specific CD8" T lymphocytes bearing ap-
propriate TCRs, together with intracellular interferon
(IFN)-vy staining and |FN-y ELISpot analysis as readouts
of functional response, to assess the effects of variable
virus load on the level of responsiveness in HIV-specific
CD8" T-lymphocyte populations in chronically infected
patients undergoing interruptions of potent combination
antiretroviral therapy (ART).

MATERIALS AND METHODS

Patients

All patientsinvolved in this analysis are participantsin
the Swiss HIV Cohort Study and were recruited for the
Swiss Spanish Intermittent Therapy Trial (SSITT). Pea-
tient details are summarized in Tablel. In al cases, ART
was initiated during the established chronic phase of
HIV-1 infection. Informed consent was obtained from
each patient.

Genotyping for HLA Class |

The HLA class | genotype of each patient was deter-
mined by polymerase chain reaction (PCR) using se-
guence-specific primers (PCR-SSP) (26).

Measurement of HIV-1 Virus Load

Virus load was quantified from cryopreserved plasma
using the standard Amplicor HIV-1 monitor test, version
1.5 (Roche, Rotkreuz, Switzerland) with ultrasensitive
modifications resulting in a level of detection of 50
copies HIV-1 RNA/ml or lower (27).

Cell Culture

For all experimental data shown from patient samples,
cryopreserved peripheral blood leukocytes (PBL) were
thawed and recovered in RPMI-1640 medium containing
10% fetal calf serum and supplemented with penicillin
(200 1U/ml), streptomycin (100 wg/ml), and glutamine (2
mM). Recovery timeswere 1 hr prior to tetramer staining
or intracellular cytokine staining (ICS) for IFN-vy, and 16
hr prior to IFN-y ELISpot analysis.

Peptide—HLA Class | Tetrameric Complexes

Phycoerythrin (PE)-labeled peptide-HLA class | tet-
rameric complexes were produced as described previ-
oudly (1, 28). Specific tetramers comprised the following
peptide-HLA class | combinations: FLKEKGGL (Nef;
residues 90-97) with HLA B8; KAFSPEVIPMF (p24
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Gag; residues 30—40) with HLA B57; IPRRIRQGL
(gp4l Env; residues 333-341) with HLA B7; SLYNT-
VATL (pl7 Gag; residues 77—-85) with HLA A2; and
ILKEPVHGV (Pol RT; residues 464—-472) with HLA
A2. All residues are numbered with reference to HIV-
IB.

Physical Analysis of HIV-Specific CD8" T-Lymphocyte
Populations

Cells were stained with PE-labeled peptide-HLA class
| tetrameric complexes for 30 min at 37°C, washed in
PBS containing 0.1% sodium azide, stained with PerCP-
labeled anti-CD8 (Becton-Dickinson, England), and
FITC-labeled anti-CD38 (Dako Ltd., England) monoclo-
nal antibodies for 20 min on ice, washed again, and then
fixed with PBS containing 1% paraformaldehyde (29).
Stained cells were analyzed using a Becton-Dickinson
Calibur flow cytometer with CellQuest software.

Functional Analysis of HIV-Specific CD8"
T-Lymphocyte Populations

Functional CD8" T lymphocyte responses to specific
peptide antigens were quantified directly ex vivo using
either IFN-y ELISpot or IFN-vy ICS as described previ-
oudly (2, 30—32). For IFN-y ELISpot analysis, synthetic
peptide epitopes matched to the patients’ individual HLA
class | type were used at a concentration of 2 uM; PHA
(5 pg/ml) was included as the positive control, with
medium alone as the negative control. Spot quantifica-
tion was performed using an ELISpot reader [Autoim-
mun Diagnostika (AID), Germany, software version
2.1]. Results are expressed as spot-forming cells (SFC)
per 10° PBL. Background values were subtracted from
the specific response before normalization. A positive
response to a given peptide epitope was defined as
SFC/10° PBL >3 SD above background and was gen-
erally >50 SFC/10° total PBL. All assays were per-
formed in duplicate. In patients 1 and 5, HIV-specific
CD4" T-lymphocyte helper responses were determined
similarly using IFN-y ELISpot analysis, these assays
were performed with PBL depleted of CD8" T lympho-
cytes as previously described (32). For IFN-vy ICS, cells
were stimulated with 4 uM cognate peptide in the
presence of anti-CD28 and anti-CD49d monaoclonal an-
tibodies at 0.5 wg/ml (Becton-Dickinson, England) for 6
hr at 37°C. Negative controls were stimulated with
anti-CD28 and anti-CD49d monoclona antibodies alone
in the absence of peptide; positive controls included
PMA (50 ng/ml) and ionomycin (500 ng/ml) in place of
peptide. Brefeldin A (Sigma, England) was added at 10
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po/ml for the final 5 hr. Cells were then fixed, perme-
abilized, and stained with PerCP-labeled anti-CD8, PE-
labeled anti-CD69, and FITC-labeled anti-IFN-y mono-
clonal antibodies (Becton-Dickinson, England) prior to
FACS analysis as above.

RESULTS

We studied HIV-specific CD8" T-lymphocyte re-
sponses in a large cohort of patients (n = 133) under-
going structured therapeutic interruption (STI1) according
tothe SSITT protocol (described in Fig. 1) (33). Initialy,
HIV-specific CD8" T lymphocyte responses were iden-
tified and quantified with IFN-y ELISpot screening
assays using a panel of previously described optimal
HIV-derived peptide epitopes matched to each individual
patient’s HLA class | genotype (data not shown). Based
on the frequency of responses detected by IFN-y
ELISpot analysis and the availability of further PBL
samples, HIV-specific CD8" T-lymphocyte populations
were further characterized both physically and function-
ally in a selected subset of individuals.

The effects of STI on HIV epitope-specific CD8" T
lymphocyte frequencies measured both physically with
peptide-HLA class | tetramer staining and functionally
with IFN-y EL1Spot analysis, together with concomitant
changes in pVL, tota CD4" T-lymphocyte counts and
CD38 expression on the tetramer-positive CD8" T-
lymphocyte popul ations, are shown for six representative
individuals in Fig. 1A. In patients B, C, E, and F
(SLYNTVATL-HLA A2), the increase in pVL that
followed therapy interruption was associated with an
increase in HIV epitope-specific CD8" T-lymphocyte
frequencies determined with peptide-HLA class | tet-
ramer staining. This was not observed in patients A, D,
and F (IPRRIRQGL-HLA B7); in these cases, the size of
the HIV-specific tetramer-positive CD8" T-lymphocyte
populations either decreased or failed to increase when
ART was discontinued (Fig. 1A). In al patients, with the
exception of patient E, the increases in pVL were
associated with up-regulation of the activation marker
CD38 on the surface of HIV-specific CD8" T lympho-
cytes (Fig. 1A). Interestingly, the frequencies of func-
tional HIV epitope-specific CD8" T lymphocytes, mea-
sured by extracellular IFN-vy release in ELISpot assays
after antigenic stimulation ex vivo, seemed to be influ-
enced more dramatically by the level of viral replication
than the corresponding tetramer-determined population.
In al patients, the frequencies of IFN-y-secreting HIV
epitope-specific CD8" T lymphocytes decreased sub-
stantially when ART was stopped and pVL increased
(Fig. 1A). Interestingly, in patients B, C, and D, the



OXENIUS ET AL.

366

‘anode () Ul Se palew.oy ake elep ay | "j0d0loid | | |SS a8yl 01 BuipiodJe siequinu »eam 0] Jofal Spae| SIXe-X ayl 'ZS Xeam e Juswieal] parniulel pue ‘jodoio.d
11ISS ay1 pap|dwiod pey H pue 9 siusiled * 1V SNoNUUod BuDUBWIWOD UON®BJUI T-AlH J1UCIYD UM (H pue 9) siueited om) ul sspuenbely a1AooydwA|- 1, 8aD diiseds-AIH JO SsAeue
feulpniibuo| fejiwis (g) 'uwnjod ydes jo dol ay) e umouys afe pa1sal sadolide apndad panLep-A|H 8yl pue Aluapi Waied 'siulod awn Waeylp 8yl Jo} ‘9|ge|eAe aeym ‘Sjunod [Ba-1 +ad
[230] SMOUS MOJ WONOG 8L *MOJ YLNOJ 8y} Ul UMOUS afe ‘SisAfeue 1005 |13 A-Nd| Ag paulweiep ‘seiouenbely [o-1 ,8dD d14108ds- AIH [euonouny Bulpuodse.io) “MO. PAIYL 8Y} Ul UMOUS SI
suorendod asey) ul uoissaldxe gD ‘Spued JO MOJ PUOISS 8] UI UMOUS SISeweliel | ssefd v TH-epndad paALep- AIH Uiim Bulutess seifooydwA| 1, 8aD Jo seiouenbaiyay L “uiod swi ydes e
wired yaes 1oy umous si A ewse|(d ‘spued Jaddn ayl u| “|020104d | | ISS BYI UISHEOM JO JBguinu 8y} 0} pUodsallod sieae| Sixe-X 8y 1 0f Meam e paddols usyl sem | Y pue sawill Inoj pateadal
SemajoAo SIYL (0T Ye0M 0] Z Ye0M) SYEaM g 10} PALLINSa. Jaljeasal)) pue ‘Sysam g 1o} 0 %eam Te paddols sem 13V ‘9|npayds juswiieal) | 1 ISS 8y} 0 BuIpioddy sl |[0Ju e WW/S|ed 00E<
Sem UNnod |p2-1 A 1018yl uondnipiul Adesey 01 Jond syuow 9 Jo wNWIUIW e Jo} ‘Jwsa1dod 0g> A ewseld Yiim ‘ 14y SNONURUOD U0 8eM ] | |SS Ul pa|jolud siusiled “(g€) (111SS)
e Adesaup) JueniwRIUL USILRAS-SSIMS 81 Ul pated D iLied Oym UONIBJUI T-A|H IUOIYD UM (4-Y) Siusited XIS ul pazAjeue alom ssiousnba iy a14ooydwiA|- 1, 8@D anwads-AIH (V) “Adelsyr Jjo
sjulod aw 1} Jussaidal sea ke papeys aliym Adesay uo siulod awi Jussaldel seae papeys Ael9) (g) 1Y snonuiuod Bupuswiwod siusited ul pue () uondnieiul annadessyl panionuss Bulobiepun
swsited ul ‘ApAnosedsal ‘sisAfeue 1005|713 A-Nd| pue Bulurels ewesss) | ssepp v H-epided Buisn ‘sspuenbaiy 81£0oydwA| 1, 8aD d119eds- AH JO Saunseaw feuonouny pue easAud T ‘Bi4

E8 v o 588k no g ° g B N & o S & 8 o 883w 8 @ o
1 1 ] 1 1 H 1 | 1 1 1
B B 0 P Tpu 0 1 i 0 L 1 L L0 I L ! 0 I ) 1 L0 L U_c L0 U,: L I 0 o
|00z | ooz 1 ooz L ooz L 00€ | ooz | ooz ooz §
4 8
al [a] [afoor RESENT . oov |, R ooy A | & |ooo Foor | i oo N oor g
L ooa ) A Loos A | A2 000 | 006 4] 009 | ooa Loos &
A A A 2
| ooe | oos | oos | ooe Fooek | (A | oog A | oog Foos &
A
000l 0001 0001 000L 0051 0001 000L ook 3
0 0 0 0 0 0 * 0 0 £
*1 1*1* L oos MBI . i .
Looor [ ¢ - 000 008 |-00¢ | o | oot | 000l Looor @
B L oooz Loost | | . . 3
*. ool . 009 001 ¢ o 000z |*® - 000z * Loooz 3
| oooz L oooe L oozz » F
[ 006 * - * 5]
[-00se 000p A | oooe L 05t | oooe L oooe Loooe 2
| oooe - o] fooz h @
. 005E * 000S ® | gosy . * 00z 000% ] 000 ooy ©
0 0 0 0 ¥—0 0 0 »—' 0
v . Y oY v =
v v -0¢ v -02 | oz ¥y foe | oz Loz | oz -7 A
Loy Loy v Le &
v oy oy Ioy v oy I-ov 2
I-09 v l-os v\ v viv =1 Iy
Vv v v|v | 09 | o9 L o9 M L o9 L o9 z
v |08 I-08 v v oL m
00l 00} 08 08 v 08 A4 08 08 0z ¥
0 i) 0 ) 0 0 0 0
. n L .
mi® 0 mlvo m . [50 - Lzo L z'0 LR 20 Lzo
. . L1 . ] . B ] L0 R
L v'o B g0 L v'o L v'o -€ L0 &
. 90 u® Z e . . n 90 r s o0 " 9 %
| - lo'o - L g . o0 o)
[ ] b . ] , ¢ . n . 9 u[-80 . g
g0 Lot | oz L g'0 L g0 = . S L, leo @
s [ ]
L i z L o € L b L 8 LB L] L
L L ! b L b L L
. o0 b d EOL =
o |ol |of o lo lof® e . Eoi ot E ol olq o o Lo, B
E ool E ool & too i E 001 : b 3
E 00l £ 0001 foor %
E 0001 E 0001 E 0001 oo . T . E 00001 I
E 00001 E 00001 FO00L @ Eoooos | @ E 00001 E 000001 oo 8
° ® e [ ° ° ° g
° 00000} o —F oooooL Lo 00001 000004 0001 000001 000000 L@ ooool 2
dd 29-VH A1S ZY-Y'H AIS ZV-VH M4 89-VH ATIS ¢Y-VH M4 89-VH A1S ¢V-VIH N 2V-VTH
43d 43 3id aid Oid d3d Vid Vid

Journal of Clinical Immunology, Vol. 22, No. 6, November 2002 (©2002)



DYSFUNCTION IN HIV-sPeciFic CD8" T LYMPHOCYTES

367

PtG PtH
HLA-B8 FLK HLA-B7 IPR
100000 100000
H [ ]
s 10000 100007 @
L ] @ o
1000 3 1000 3 o
s E o ® L)
P 1003 ® . . 1003
2 3 °
©
& 103 P 107
1 1
14 3,5
1217 W m 3] .
+ ] ] u ]
8 10 - n - m ~ 2,57
o 8 - [ ] 2]
by
3 61 : : 1,57
® 47 1]
2 0,57
0 0
70 80 A
& A i
9 60 70 i
k3 50 607 N
¥ 40 A 507 A A
2 i A, 40
8 30 & A 301
- 20 A Ay 201
101 10
0 0
8000 3500
2 7000 | * 3000 ¢
o 6000 | o @ 2500
5  so00 ¢ o ] .
= e ¢ 2000
z 4000 |
£ 1500 *
S 3000 ] |
P 2000 1000
1000 | 5001 @
0 0
—~ 1200 800
£ v
1000 |
£ v vV Yoy 6007
2 800
= 600 ¥ 400
5 v
3 400 ] v
° 200
g 200
0 T T T T T T T T T 0 T T T T
50 52 50 56 58 60 62 64 72 51 54 56 58
weeks

Fig. 1. (Continued).

functionality of HIV epitope-specific CD8" T lympho-
cytes increased after prolonged exposure to viral repli-
cation; this functional increase was associated with a
decrease in plasma VL in all three cases (Fig. 1A).

A similar analysis in two representative patients com-
mencing continuous ART is shown in Fig. 1B. Initiation
of ART resulted in asubstantial reduction in pVL in both
cases. During the period of observation, the frequencies
of HIV epitope-specific CD8™ T lymphocytes that could
be detected with peptide-HLA class | tetramer staining
remained relatively stable, although there was a genera
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decrease in CD38 expression on the surface of these cells
over time (Fig. 1B). In contrast, the size of the function-
aly responsive CD8" T lymphocyte popul ations specific
for the same epitopes increased with time on ART (Fig.
1B).

These observations suggested a relationship between
pVL and functionality within HIV-specific CD8" T
lymphocyte populations. To consolidate this observation,
we studied a further 14 patients using IFN-y ICS as an
aternative measure of functionality; this experimental
approach to the detection of functional responsesis more
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Fig. 2. Ex vivo phenotypic and functional characterization of HIV-specific CD8" T lymphocytes with flow cytometric methods. Patient samples were
stained directly ex vivo with tetrameric complexes: (A) HLA B8-FLKEKGGL for patient 2; (B) HLA B57-KAFSPEVIPMF for patient 5. Staining
with tetramer and anti-CD8 is shown in the upper FACS plots (inset numbers indicate the percentage of CD8" tetramer ™ T lymphocytes). The second
row shows staining with tetramer and anti-CD38 (gated on CD8" T lymphocytes; numbers indicate the percentage of CD8" tetramer™ CD38" T
lymphocytes). In the lower two rows, intracellular stainings for IFN-vy, gated on CD8" T lymphocytes, are shown. The third row shows stainings for
intracellular IFN-y and CDG69 after stimulation with the cognate peptide (FLKEKGGL for patient 2 and KAFSPEVIPMF for patient 5); numbers
indicate the precentage of CD8"CD69" IFN-y" T lymphocytes. The bottom row shows equivalent stainings for intracellular IFN-y and CD69 without

prior antigenic stimulation.

directly comparable to tetramer-based estimations of
epitope-specific CD8" T-lymphocyte frequencies (12).
Each of these 14 patients had been treated successfully
with ART, and subsequently discontinued therapy for
variable periods of time (Table I). We used flow cytom-
etry to quantify the immunodominant responses in these
patients both physically by direct ex vivo staining with
the relevant peptide—HLA class | tetrameric complexes,

and functionally by detection of antigen-induced intra-
cellular IFN7y production. For each patient, we per-
formed this analysis at two separate time points. (@)
while on ART with pVL suppressed to <50 copies
HIV-1 RNA/ml, and (b) after ART had been stopped
(Table I).

Representative data from two individuals are shown in
Fig. 2. Patient 2 was initially studied after a period of 49
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days on ART. Plasma virus load (pVL) was suppressed
to <5 copies HIV-1 RNA/ml at the time of analysis and
the total CD4 " T-lymphocyte count was 842 X 10%/liter.
The dominant HIV-specific CD8" T-lymphocyte re-
sponse detected during IFN-y ELISpot screening was
directed against the HLA B8-restricted Nef-derived
epitope FLKEKGGL (residues 90-97). Using the cog-
nate peptide-HLA class | tetramer, 9.8% of the total
CD8" T-lymphocyte population from patient 2 was
found to be FLKEKGGL-specific at this time; 15% of
these specific CD8" T lymphocytes expressed the acti-
vation marker CD38 (Fig. 2A). Only 2.68% of the total
CD8" T-lymphocyte population mounted a detectable
functional response to this epitope using IFN-vy ICS after
stimulation with the FLKEKGGL peptide (Fig. 2A).
Patient 2 subsequently discontinued ART. After 70 days
without ART, pVL was 32,185 copies HIV-1 RNA/mI
and the total CD4" T-lymphocyte count had declined to
439 X 10%liter. The frequency of the FLKEKGGL-
specific response determined physically by peptide-HLA
class | tetramer staining had increased to 11.5% of the
total CD8" T-lymphocyte population; 51% of these
specific CD8" T lymphocytes expressed CD38, consis-
tent with increased activation in response to rising levels
of antigen in vivo (Fig. 2A). However, a corresponding
increase in the frequency of CD8" T Iymphocytes
capable of mounting a functional response to this epitope
was not observed. In the ICS assay, only 1.45% of CD8"
T lymphocytes produced IFN-y when stimulated with
the FLKEKGGL peptide (Fig. 2A). A similar increased
disparity between physical and functional measures of
HIV-specific CD8" T lymphocytes in response to rising
pVL levels was observed in patient 5 (Fig. 2B). The
dominant responsein thisindividual was directed against
the HLA B57-restricted p24 Gag-derived epitope KAF-
SPEVIPMF (residues 30—40). After 858 days on ART,
pVL was suppressed to < 5 copies HIV-1 RNA/ml and
the total CD4™ T lymphocyte count was 749 X 10%liter.
At this time, 0.18% of the total CD8" T-lymphocyte
population stained with the specific peptide-HLA class |
tetramer; 27% of the tetramer-positive CD8" T lympho-
cytes expressed CD38 (Fig. 2B). An identical proportion
of the CD8" T-lymphocyte population responded func-
tionally to stimulation with KAFSPEVIPMF peptide in
the IFN-vy ICS assay (Fig. 2B). After 246 days without
ART, pVL was 35,354 copies HIV-1 RNA/ml and the
total CD4" T-lymphocyte count was 705 X 10%liter.
The frequency of tetramer-positive cells measured at this
time had increased to 3.5% of the total CD8" T lympho-
cyte population; consistent with enhanced activation,
81% of these specific CD8" T lymphocytes expressed
CD38 (Fig. 2B). In contrast, there was no corresponding
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increase in the number of cells responding functionally
to this epitope. Only 0.24% of the total CD8" T-
lymphocyte population produced I FN-+y in response to ex
vivo stimulation with the cognate peptide (Fig. 2B).

Similar analyses were performed in a further 12
patients (Table I, Fig. 3). The results indicated two
consistent findings. First, physical and functional mea-
sures of HIV-specific CD8" T lymphocytes, using pep-
tide-HLA class | tetramer staining and IFN-y ICS,
respectively, approximate after prolonged suppression of
vira replication during ART. The ratio of frequencies
detected by these methods expressed as IFN-y*/
tetramer™ CD8" T lymphocytes reached 100% only in
those patients who had received ART for a period of 15
months or more (n = 5/6) (Fig. 3). Second, the
IFN-y " /tetramer” ratio in HIV-specific CD8" T-
lymphocyte populations decreased when ART was dis-
continued and virus recrudesced (Fig. 3). This declinein
functional reactivity was most apparent in patients with
large viral rebounds and less marked in those with
smaller increases in pVL. These differences indicate that
the observed cellular effects are virus-specific and not a
general consegquence of ART. Consistent with this, no
such patterns of functional disturbance were detected in
CD8" T lymphocytes stimulated with PMA/ionomycin
as a positive control in each case (Fig. 3). These
observations corroborate the tetramer/IFN-y ELISpot
data presented above (Fig. 1), and indicate that the
degree of discrepancy between the number of CD8" T
lymphocytes physically bearing antigen-specific TCRs
and the number of such cells capable of responding
functionally to the cognate peptide epitope directly ex
vivo is affected by changes in pVL.

DISCUSSION

Technical advances have enabled the detailed pheno-
typic analysis of CD8" T lymphocytes specific for
individual pMHC class | antigens directly ex vivo.
Studiesin avariety of systems indicate that not all CD8™"
T lymphocytes within a given antigen-specific popula-
tion necessarily respond functionally to stimulation with
appropriately presented cognate peptide, despite the
expression of TCRs in sufficient numbers on the cell
surface to engage and internalize peptide-MHC class |
tetrameric complexes. However, the factors that deter-
mine the level of functional responsiveness within such
antigen-specific CD8™ T-lymphocyte populations are not
well defined. Here, we exploited the efficient modulation
of virus replication by ART in chronic HIV-1 infection
to examine CD8" T-lymphocyte populations responding
to rapid changesin pVL. We observed that the function-
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Fig. 3. Flow cytometric quantification of HIV-specific CD8" T-lymphocyte populations in consecutive samples
from patients on ART who subsequently discontinue treatment. In 14 individuals, HIV epitope-specific CD8™"
T-lymphocyte responses were measured both physically, by staining PBL with the relevant peptide-HLA class |
tetramer, and functionally, by detection of peptide antigen-induced intracellular IFN-+y production. For 12 patients,
two samples were analyzed: one sample collected while on ART with pVL suppressed to below the limit of
detection (On) and another sample in the absence of ART, and hence in the presence of detectable viremia (Off).
For the remaining two patients, only one sample was available: patient 11, “on” ART for 42 months, pvL 29
copies/ml, ratio IFN-y*/tet* CD8" T lymphocytes 0.34; patient 8, “off” ART for 7 months, pvL 171,000
copies/ml, ratio IFN-y*/tet" CD8" T lymphocytes 0.3. The ratio of CD8"IFN-y" T lymphocytes and CD8" tet™
T lymphocytesiis plotted in the upper panel for the 12 patients with two available samples (cutoff 100% as drawn).
The different bar shadings represent the assayed HIV-derived CD8" T-lymphocyte epitope. Patients are ordered
along the x-axis according to the duration of ART before assessment of the first (“on”) sample. The middle panel
represents the pVL of each patient at the same time points. The lowest panel shows the percentage of CD8" IFN-y™
T lymphocytes after non-antigen-specific stimulation with PMA/ionomyin of the same samples analyzed for
antigen-specific responses.

ality of HIV-specific CD8" T-lymphocyte populations, complexes increased in relation to the level of virus
determined by either IFN-y ELISpot or IFN-y ICS, rebound during therapeutic interruptions. Further, this

reflects the degree of virus exposure. The proportion of discrepancy between physical and functional measures
apparently inert HIV-specific CD8" T lymphocytes de- of HIV-specific CD8" T lymphocytes declined with
tected by staining with multimeric peptide-HLA class | prolonged suppression of viral replication on ART.
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Several explanations, which are not necessarily mutually
exclusive, could account for these observations.

First, HIV-specific CD8" T lymphocytes might be
rendered refractory, at least in terms of IFN-y produc-
tion, to subsequent antigen recognition events following
each significant encounter with cognate pMHC class|. In
this model, the detection of functionally inert CD8" T
lymphocytes represents a consequence of cross-sectional
sampling of an antigen-specific population. At any one
time, the history of antigen exposure for each CD8" T
lymphocyte detected with peptide-HLA class | tetramer
is unknown and a chronological spectrum exists in the
visualized population. Those cells that have recently
encountered antigen will be refractory to direct ex vivo
challenge, and this proportion of such apparently dys-
functional CD8" T lymphocytes will rise in relation to
antigenic load as reflected in the pVL. However, this
may be an oversimplification. The number of function-
aly inert cells in HIV-specific CD8" T-lymphocyte
populations has been shown to remain relatively low
(<<50%) at equilibrium over arange of pVL from <50 to
>100,000 copies RNA/ml (12). Thus, at steady state, it
appears that a more uniform level of functionality is
achieved. These findings suggest that the proportion of
functionally inert HIV-specific CD8" T lymphocytes is
not smply a reflection of antigen load alone, and that
other factors, possibly including the rate at which antigen
levels increase, might play a role. Such considerations
suggest a kinetic basis for the phenomenon of CD8"
T-lymphocyte dysfunction and in part obviate the re-
quirement to invoke specific mechanistic explanations
for functiona heterogeneity. Consistent with this, it has
been shown in macaques that 100% of tetramer-positive
CD8" T cells specific for a Mamu A*01-restricted
simian immunodeficiency virus (SIV) epitope were func-
tional after vaccination with a DNA prime/MVA boost
approach. After challenge with pathogenic SIV and
establishment of persistent plasma viremia these previ-
ously fully functional SIV-specific CD8" T lymphocytes
experienced a decline in responsiveness (24). Other lines
of evidence also support this hypothesis. For example,
previous studies with lymphocytic choriomeningitis vi-
rus (LCMV) in mice have emphasized the role of
persistently high antigen concentrations in CD8% T-
lymphocyte exhaustion, a process that could be related to
the antigen-induced unresponsiveness observed in this
study (4, 7, 19, 34, 35). Further, we have observed
antigen-induced dysfunction in vitro using the HIV-
specific CD8" T-lymphocyte clone 003 (36); this was
reversible after severa days of culture with interleukin
(IL)-2 in the absence of antigen (data not shown). A
similar recovery of function with IL-2 exposure has been

Journal of Clinical Immunology, Vol. 22, No. 6, November 2002 (©2002)

371

reported for freshly isolated HIV-, SIV-, and HCV-
specific CD8" T lymphocytes initially lacking cytolytic
or secretory functions (6, 13, 15, 25). In addition, the
observation that physical and functional measures of
HIV-specific CD8" T lymphocytes approximate after
prolonged suppression of viral replication during ART
suggests that functional recovery in vivo occurs in the
relative absence of antigen. This is consistent with
studies of persistent viral infections in mice, although it
is not clear whether the dysfunctional HIV-specific
CD8" T lymphocytes regain function themselves or are
replaced by newly generated functional effector cells
from antigen-specific precursor populations (19).

Second, when ART is discontinued, the rapidly repli-
cating viral quasispecies that recrudesced might be anti-
genically distinct from that previously encountered by
the HIV-specific CD8" T-lymphocyte population
present in the host at that time. The variant epitopes
contained within the virus population might then induce
a nonresponsive state in those CD8" T lymphocytes
recognizing the original antigen through phenomena
such as antagonism or anergy (37). Alternatively, a new
CD8" T-lymphocyte response could be mounted to the
variant antigen, if binding to the relevant MHC class |
molecule is retained. In this scenario, the original index
peptide might be anonagonist ligand in the context of the
newly generated CD8" T-lymphocyte response; appar-
ent dysfunction would then be due to stimulation ex vivo
with a nonagonist ligand, while staining with pMHC
class | tetramer is retained due to the incomplete speci-
ficity of these reagents (29, 38).

Third, aloss of T-cell help, either through the destruc-
tion of HIV-specific CD4" T lymphocytes or impaired
dendritic cell function, could limit the capacity to mount
effective functional CD8" T-lymphocyte responses to
the virus (7, 22, 39, 40). We have not formally assessed
HIV-specific CD4" T-lymphocyte responses in this
study, although most individuals maintained total CD4 "
T-lymphocyte counts above 400 X 10liter during the
periods off ART. In patients 1 and 5, we measured HIV
p24-specific CD4" T-cell frequencies at the time points
showninFig. 3. On ART, HIV p24-specific CD4™ T-cell
frequencies were 22 and 10 SFC/10° CD8-depleted PBL
for patients 1 and 5, respectively; off ART, the corre-
sponding frequencies were 328 and 23 SFC/10° CD8-
depleted PBL. Both patients showed fully functional
epitope-specific CD8" T-lymphocyte responses on ART,
when HIV-specific CD4™ T-helper cell responses were
negligible. The substantially increased HIV-specific
CD4" T-helper cell response observed in patient 1 in the
absence of ART was not associated with better mainte-
nance of virus epitope-specific CD8" T-lymphocyte
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functionality. These data, athough anecdotal, suggest
that CD4" T-cell help is not a direct determinant of
functionality within CD8" T-lymphocyte populations
specific for the same virus. Further, previous observa-
tions indicate that HIV-specific CD4" T-cell help de-
clines with prolonged ART administered during the
chronic phase of infection (41); functionality within our
HIV-specific CD8" T-lymphocyte populations actually
increased with prolonged ART.

Fourth, HIV itself might have lymphocytotoxic effects
that induce HIV-specific CD8" T-lymphocyte dysfunction
as part of an immune evasion strategy. However, similar
findings have been reported for CD8" T-lymphocyte pop-
ulations in acute hepatitis C infection, a phenomenon
described as stunning (13), and in persistent LCMV infec-
tion, a process described as exhaustion (19, 34). This
suggests that virus-specific CD8" T-lymphocyte dysfunc-
tion is a kinetic phenomenon and is not restricted to
individual antivira cellular immune responses.

Fifth, altered cell surface TCR expression levelsdueto
down-regulation on antigen encounter might impact on
the observed phenotype of HIV-specific CD8" T lym-
phocytes. The detection of antigen-specific CD8" T
lymphocytes with peptide-HLA class | tetramers re-
quires the presence of some cell surface TCR expression.
However, higher TCR levels might be required to induce
IFN-vy production in response to antigen. Indeed, it is
known that different effector functions require different
levels of TCR triggering for activation, and IFN-y
production appears to be particularly insensitive in this
respect (42). However, levels of peptide-HLA class |
tetramer staining, in terms of the shift in fluorescence
intensity rather than absolute cell numbers, were similar
in most individuals in the functional or dysfunctional
states on and off ART, respectively.

Sixth, HIV-specific CD8" T lymphocyte clones with
low functional avidity that stain with peptide-HLA class
| tetramers might be preferentialy expanded during the
phase of virus rebound, while higher avidity clones could
dominate the antigen-specific population under condi-
tions of minimal antigen concentration. We have not
formally assessed the clonotypic structure of the HIV-
specific CD8™ T-lymphocyte populations in this study,
but previous studies have demonstrated discrepancies
between pMHC class | tetramer staining and functional
avidity (23, 43).

In summary, we have demonstrated that the proportion
of CD8" T lymphocytes that exhibit an impaired func-
tional phenotype in populations expressing TCRs spe-
cific for individual HIV-derived antigens is related to
pVL. These findings have implications for the interpre-
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tation of quantitative data generated by methods that rely
on functional readouts.
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