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Impaired function of circulating HIV-specific CD8I cells in chronic human
immunodeficiency virus infection

Premlata Shankar, Melissa Russo, Brooke Harnisch, Mark Patterson, Paul Skolnik, and Judy Lieberman

The functional status of circulating hu-
man immunodeficiency (HIV)-specific CD8
T cells in chronically infected subjects was
evaluated. By flow cytometry, only 5 of 7
subjects had detectable CD8 T cells that
produced IFN- vy after stimulation with HIV-
infected primary CD4 T cells. In 2 subjects,
the frequency of IFN- y—producing cells in-
creased 4-fold when IL-2 was added to the

culture medium; in another subject, IFN-  y—

producing cells could be detected only after
IL-2 was added. IFN- y—producing cells

specific T cells irrespec tive of function,
was used to evaluate the proportion of
HIV-specific CD8 T cells that may be non-
functional in vivo. CD8 T cells binding to
tetramers complexed to HIV gag epitope
SLYNTVATL and reverse transcriptase
epitope YTAFTIPSI were identified in 9 of
15 and 5 of 12 HLA-A2—expressing sero-
positive subjects at frequencies of 0.1%
to 1.1% and 0.1 to 0.7%, respectively.
Freshly isolated tetramer-positive cells
expressed a mixed pattern of memory and

the relevant gag or reverse transcriptase
peptide. In all subjects tested, freshly iso-
lated CD8 T cells were not cytolytic against
peptide-pulsed B lymphoblastoid cell line or
primary HiV-infected CD4 T-cell targets. Ex-
posure to IL-2 enhanced the cytotoxicity of
CD8 T cells against primary HIV-infected
CDA4 targets in 2 of 2 subjects tested. These
results suggest that a significant proportion
of HIV-specific CD8 T cells may be function-
ally compromised in vivo and that some
function can be restored by exposure to

ranged from 0.4% to 3% of CD8 T cells.
Major histocompatibility complex—peptide
tetramer staining, which identifies antigen-

effector markers. On average, IFN- +y was
produced by less than 25% of tetramer-
positive CD8 T cells after stimulation with

IL-2. (Blood. 2000;96:3094-3101)
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Introduction

Several studies suggest that CD8 T cells play a critical role in tiwfection in the absence of CD4 T cells has also been demonstrated
control of virus replication in human immunodeficiency virusn mice infected with a gamma-herpes vifd\Ve recently found
(HIV) infection. Compelling evidence for their protective rolethat freshly isolated CD8 T lymphocytes from seropositive subjects
comes from the temporal association of the viral-specific cytotoxare impaired in their ability to lyse HIV-presenting targets. Our
T lymphocyte (CTL) response with the decline in plasma viremistudies suggest that the molecular basis for this loss of function of
in acute HIV infection and from the presence of a vigorous CTCD8 T cells may be linked to the down-modulation of GDthe
response to HIV in long-term nonprogressbfDirect evidence key signaling molecule of the TcR compl&Signaling abnormali-

for the protective role of CD8 T cells was recently provided in thées after TcR engagement of CD8 T cells from HIV-infected
closely related simian immunodeficiency virus model in Rheswonors have been reported in other studies.

macaques, in which elimination of CD8 T cells resulted in a Most in vitro techniques for evaluating the functional status
dramatic increase in viral loae® However, despite the presence obf antigen-specific CD8T cells necessitate the use of repeated
HIV-specific CTL, viral production continues at a high level inantigenic challenge in an artificially enriched cytokine milieu.
most untreated infected subjects and inevitably leads to profoulmdvitro culture may introduce quantitative and qualitative biases
immunodeficiency and death in the absence of continued antirettbat preclude assessment of the true extent of functional
viral therapy. It is unclear why CD8 T cells provide only partiaimpairment of specific CD8 T cells in vivo. Further, repeated
protection and are ultimately unable to prevent progression amtigenic stimulation may result in the outgrowth of clones that
AIDS. The ineffectiveness of the CTL response may at least partlye not truly representative of the circulating repertoire. More
be a consequence of viral evasion strategies, including virairect quantitation and functional characterization of circulating
sequence mutation or nef-mediated down-modulation of majantigen-specific CD8 T cells have been greatly facilitated by the
histocompatibility complex (MHC) class | cell surface expresdevelopment of powerful new techniques, including highly
sion?17 Targeting of essential helper CD4 T cells by HIV may besensitive tetramer staining and intracellular cytokine analysis of
another important cause for the progressive loss of CD8 T-céiiterferon (IFN)sy production after a few hours of specific
function. Emerging data in the murine lymphocytic choriomeningistimulation3-27 With these advances, it is now possible to
tis virus (LCMV) model suggest that in the absence of adequatientify and characterize antigen-specific circulating CD8 T
CD4 help, antiviral CD8 T cells persist indefinitely in a functioncells and to assess their functional capability without the need
ally anergic staté® Loss of CD8 T-cell-mediated control of for prolonged in vitro expansion.
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We used 2 approaches to look for possible functional impaiProduction of phycoerythrin-coupled tetrameric A2—HIV-gag
ment of HIV-specific CD8 T cells. One approach was to evaluatad A2-HIV-RT peptide complexes
IFN-y productl_on of freshly Isolateq peripheral blood monon!'ldeaéir A modified HLA-A2 heavy chain an2 microglobulin were synthe-
cells (PBMC) in response to HIV-infected CD4 T cells. Uniformyizeq ang purified from plasmids (obtained from M. Davis and D. C. Wiley,
populations of HIV-infected stimulator cell targets were isolated byspectively) and refolded with the A2-restricted HIV-gag epitope peptide
removing uninfected cells that continue to express cell surfaggyNTVATL or the HIV-RT epitope peptide YTAFTIPSI. The complex
CD4, as initially described by Ferrari et #&l.IFN-y—producing was biotinylated using the Bir A enzyme as describet.Tetramers were
cells could be easily identified by this method. The magnitude pfoduced by mixing the biotinylated MHC-peptide complex with streptavi-
the response varied between subjects. In some subjectsy IFMin-phycoerythrin (PE) at a molar ratio of 4:1. Before use, the tetrameric
secretion in response to HIV-infected primary cells was greatfpmplexes were titrated to minimize background staining. The specificity
magnified or could be induced only after adding IL-2 to th@f st.a'mmg wgs confirmed for each tetrgmgnc comple'x with peptide-
cultures. Moreover, freshly isolated lymphocytes lysed prima@ﬁi%ﬁ;&;ﬂ:isltr;iﬁiur:ghvtggz f;/f sensitivity of detection of the assay
HIV-infected CD4 T-cell targets only after in vitro exposure to o
IL-2. In the ot.her apprgach, we used. MHC-tetramer _staining anghyw cytometry
flow cytometric analysis of HIV-specific IFN-production after
stimulation by the cognate peptide to investigate the phenoty[ﬁ@r external staining, PBMC from A2-expressing seropositive subjects

and functional characteristics of circulating HIV-specific CD8 ere resuspended in 50 FACS buffer and stained with 0.pg/mL
(%tawdln—PE-conJugated tetramer for 40 minutes at 4°C. The cells were

Ce”.s In subjects at various sFages of disease. Tetramers were us%va;\f’s‘ ed and resuspended in FACS buffer, and aliquots of the suspension
stain T cells that recognized a well-characterized HLA-A2- . . } AR

. . 9 ; were stained with 2uL of the following fluorescein isothiocyanate
restricted gag gpltope, SLYNTVATE, and a novel A2-restricted FITC)-conjugated mAbs: CD27, CD28, CD57, CD38, CD62L, HLA-DR,
reverse transcriptase (RT) epitope, YTAFTIPSI, that we recenidbasra, CD45RO, and Cy5-conjugated CD8 mAb or IgG-FITC and PE
described” In samples from most subjects, few tetramer-positivend Cys isotype-matched controls (Immunotech, Westbrook, ME). After
cells produced IFNy after stimulation with the cognate HIV incubation for 30 minutes at 4°C, cells were washed and resuspended in
peptide epitope. However, tetramer-positive cells could be inducBACS buffer with 1% formaldehyde for analysis. For internal staining with
to produce IFNy by short-term exposure to cytokines. Takerpcl-2 (DAKO, Carpenteria, CA) and granzyme A-reactive mAb CB9,
together, our data are consistent with the notion that circulatifgjduots of tetramer-stained cells were resuspended inubOHanks

HIV-specific CD8 T cells are functionally compromised. balanced salt solution and permeabilized using the Caltag Laboratories
(Burlingame, CA) Fix and Perm kit according to the manufacturer’s

protocol. Fixed cells were incubated for 15 minutes at room temperature
. with 2 pL of the respective antibodies conjugated to FITC, washed, and
Materials and methods resuspended in 5Q.L FACS buffer. The cells were then stained with
CD8-Cys5 for 15 minutes and fixed in FACS buffer with 1% formaldehyde
for flow cytometric analysis. All samples were analyzed on a FACScalibur
This work was carried out on a cross-section of HLA-A2—positivé‘Vith Cell Quest software (Becton Dickinson, Franklin Lakes, NJ) on a
HIV-infected subjects (= 15, Table 1). HLA-A2-expressing subjects!ymphocyte-gated population.

were identified by standard serologic methods or by flow cytometric

analysis with an HLA-A2.1-specific monoclonal antibody (mAb) PA2.immunomagnetic enrichment of tetramer-positive population

(kind gift of Herman Eisen, Massachusetts Institute of Technology). T%MC stained with PE-labeled HLA-A2 tetramers in sterile PBS with 2%
study was approved by the Center for Blood Research Institutional Revi? Al c’aIf serum (FCS) for 40 minutes in the cold, were washed and
Committee. Blood was drawn after obtaining informed consent, and PBI\/I cubated witha-PE Miltenyi beads (Mitenyi Biotec,yAuburn, o) for

were |solated' by Flcoll-Hypaque (Pharma0|a, Plscatawf‘sly, NJ) densgxother 15 minutes. The tetramer-PE cells that bound the beads were
gradient centrifugation. Samples were either freshly obtained or cryop;g‘

Study population

d usi d cell f del 9000 Gordinier R “immunomagnetically selected on a Miltenyi column according to the
served using a programmed cell freezer (mode ; SOraINIer, ROSEVIiE, yyfacturer’s instructions. An aliquot of the selected cells was costained

lv”t)h FIOV\f’ cytc:(me:ly ','eSIUIES dObt'imed from thawed cells were Cornp"’“"’lbﬁith «-CD8 mAb conjugated to Cy5 to ascertain the levels of enrichment.
0 those from freshly 1Solated cels. Usually, more than 100-fold enrichment of the tetramer-positive population

could be obtained by this method.
Table 1. Clinical characteristics of subjects

CDC disease CD4 count Plasma viremia Intracellular Cytokine Staining
Subject stage* (cells/mm3) (copies/mL)
136 B2 410 1338 To enumerate the number of IFN-producing cells within the tetramer

population, 2x 10° PBMC were stimulated with the relevant gag or pol

163 A2 450 < 500 B ! ! )

215 B3 150 46 322 peptide at a concentration ofgg/mL in RPMI 1640 with 10% FCS for 8

216 c3 50 5975 hours at 37°C. Immunomagnetically selected tetramer-binding cells were

219 A2 370 1512 stimulated with the peptide-pulsed autologous Epstein-Barr virus (EBV)-

237 2 260 3430 transformed B lymphoblastoid cell line (BLCL). In some experiments

307 B2 283 8633 PBMC were activated with Jjug/mL phorbol-12 myristate 13-acetate

348 Al 680 <500 (PMA; Sigma, St. Louis, MO) and 0.25g/mL ionomycin (Sigma). In the

350 Al 1005 70 last 4 hours of incubation, 10mol/L Brefeldin A (Sigma) was added to the

351 AL 571 <500 cultures. At the end of the incubation, cells were washed and resuspended in

606 A2 615 <50 FACS buffer and were stained with either gag or pol tetramer—PE on a

701 B3 - <50 rotator at 4°C for 40 minutes. Cells were then washed, fixed, permeabilized,
and stained internally with FITC-conjugated IFNmAb (R&D Systems,

703 Al 529 <50 . ) ) .

704 Al Unknown <50 Minneapolis, MN) followed by CD8-Cy5 mAb as described earlier.

705 A2 650 <50 Simultaneously, control cultures without peptide stimulation were simi-

larly stained. The proportion of tetramer-positive cells secreting +N-
*Defined by the lowest documented CD4 count. in response to the cognate peptide was calculated as ([number of




3096  SHANKARetal BLOOD, 1 NOVEMBER 2000 + VOLUME 96, NUMBER 9

IFN-y—positive CD8 T cells in cultures stimulated with peptidewmber CD8 T cells. We used uniformly HIV-infected autologous CD4 T
of IFN-y—positive CD8 T cells in control cultures without peptide]/totalcells as stimulator cells to identify by flow cytometry IFN-
number of tetramer-positive CD8 T cells in control cultures Withoubroducing HIV-specific CD8 T cells from the PBMC of 7
peptide)X 100. Cells stained with isotype-matched FITC-MslgG1 (R&DHIV-seropositive subjects. In 5 of 7 subjects (subjects 219, 307,
Systems) were used as negative controls. 350, 606, 701), HIV-specific IFN—secreting CD8 T cells were
detectable, but in 2 subjects (subjects 216, 237) no JFN-
producing cells could be visualized above the background of
To evaluate effector function of HIV-specific CD8 T cells ex vivo, we als®.01%. IFNy—producing cells in the positive subjects varied from
used uniformly HiV-infected primary CD4T cells, generated as previ 0.3% to 2.9% of CD8 T cells. We have previously found that brief
ously described! as target cells in cytotoxicity assays and as stimulatqsylture of cells ex vivo in the presence of IL-2 enhances viral-
cells for IFN<y production. Autologous CD4 T cells were positively specific cytotoxicity in some subjectd3” Thus, we tested whether
selected with CD4 Miltenyi beads and activated with phytohemagglutinigxogenous IL-2 also enhances IRNproduction. In 3 subjects who
Two days later, cells were infected with H|\ virus at a multiplicity of ere on HAART therapy and had undetectable plasma virus (350
infection of 0.1. Infected cells were selected by the method previous . ’
described®3! which is based on the down-modulation of CD4 on 06, 701)_’ the same frequency of IRNproducing cells was
HIV-infected cells. After culture for 4 to 7 days, uninfected cells, whictPPServed in the presence or absence of exogenous IL-2. In 2 other
continue to express CD4, were removed by negative selection widhibjects (subjects 219, 307) who had detectable plasma viremia,
CD4-Dynal beads per the manufacturer’s instructions. HIV infection levetfie addition of IL-2 resulted in a 4- to 5-fold increase in the number
of the negatively enriched population were confirmed by flow cytometriaf IFN-y—producing cells. For the 2 other subjects (subjects 216,

HIV-infected primary CD4 T cells

analysis of p24 expression as descrifed. 237) in whom HIV-specific IFNy—secreting CD8 T cells were not
detected in the absence of IL-2, the addition of IL-2 resulted in a

Flow cytometric determination of IFN-  y—producing CD8 T-cell weak but detectable IFN-response in one. For all subjects taken

frequency in response to stimulation with HIV-infected CD4 together, there was a 1.7-fold higher level of IFNproducing

T cells cells in the presence of IL-2 (median frequency, 0.4% of CD8 T

CD8 T cells, positively selected with the Miltenyi Biotec MagneticceIIS without IL-2 vs 0.7% of CD8 T cells with IL-2). HIV-specific

Separation MiniMACS system according to the manufacturer's protocd P69 up-regulation on CD8 T cells was also more pronounced in
were stimulated with uniformly HiV-infected CD4 blasts in RPMI 1640the presence of IL-2 (median frequency, 0.1% of CD8 T cells
medium supplemented with 10% FCS at a ratio of 5:1 of CD8 Without IL-2 vs 4.9% of CD8 T cells with IL-2). Figure 1 depicts
cells:infected CD4 T cells in the presence or absence of 600 IU/mL of IL-ghe flow cytometric analysis of CD69 up-regulation and IffN-
After 3 hours of incubation at 37°C, the cultures were treated with Lfroduction in one representative subject. Cumulative data for all
wmol/L Brefeldin A overnight. Cells were resuspended in FACS buffer angubjects tested are shown in Figure 2.

stained for cell surface CD8 (Cy5) and CD69 (PE) and internally for IFN-y—producing cells either were not detectable or were

IFN-y-FITC as above. present at very low levels in most subjects tested despite our use of
uniformly HIV-infected targets for stimulation. Because nearly
30% to 80% of circulating CD8 T cells from these subjects
Log-phase BLCL target cells, produced as descriBedere labeled with exhibited an effector-memory phenotype (RA or RQ-selectirt,

100 pCi of chromium 51 for an hour, washed 3 times in RPMI 1640

medium with 10% FCS, and resuspended &friQ as described earliéf.34 A
Labeled targets (¥pwere added to triplicate wells of U-bottom microtiter 2
plates in the presence or absence of relevant HIV-gag and pol peptides. « T
After incubating the target cells with the peptides for 1 hour at 37°C,
effector cells suspended at various effector:target (E:T) ratios inp100 N
were added to the wells, and the plates were incubated at 37°C oydoCO -
6 hours. Supernatants (38.) were counted on a Top Count (Packard, -
Meriden, CT) microplate reader, and percentage specific cytotoxicity was
calculated from the average cpm as ([average epspontaneous release)/ [ -
(total release- spontaneous release}) 100. The spontaneous release for @ ~ 10 10 10 10
all experiments was within acceptable limits of less than 20%. Cytotoxicityg c
against %!Cr-labeled uniformly HIV-infected primary CD4 blasts and O =
uninfected CD4 T-cell blast controls was evaluated as desc#flyéd.

Cytotoxicity assay

0.12%

10

0

1.9%

Results

Frequency of circulating HIV-specific CD8 T cells responding to
stimulation with uniformly HIV-infected CD4 T cells

A O
Detection of IFN« production after exposure of T cells to viral {FN-y FITC
antigens has been shown to be an extremely sensitive method to

. . . _ o pe = igure 1. IFN- v secretion and CD69 up-regulation in CD8 T cells from represen-
Identlfy antigen specmc T cells. Because both short-term eﬁedé\ﬁve subject 307 in response to stimulation with HIV-infected CD4 T cells is

and long-lived memory cells are thought to secrete §-ltmedi-  enhanced in the presence of IL-2.  Immunomagnetically isolated CD8" T cells were
ately on antigen stimulatio#t;%6 this method allows identification stimulated with uniformly HiV-infected CD4 T cells in the presence (D) or absence (B)
of all T cells responding to a specific antigen. Thus, WN- of 600 IU/mL of IL-2. Cultures stimulated with uninfected CD4 blasts in the presence

. . l . . . . C) or absence (A) of IL-2 served as controls. Cells were incubated overnight in the
secretionin response to stimulation with virus-infected cells ShOL‘éFisence of Brefeldin A and then stained externally for CD8-Cy5 and CD69-PE and

provide an estimate of the total pool of functional viral-specifi@ternally for IFN-y FITC.

10
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Figure 2. IFN- v production and CD69 up-regulation in HIV-specific CD8 T cells

is IL-2 dependent in some seropositive subjects. CD8 T cells from seropositive
subjects were stimulated with uniformly HIV-infected CD4 T cells, as in Figure 1. CD8
T cells stimulated with infected CD4 T-cell blasts in the presence (N) or absence (E)
of IL-2 were stained for IFN-y (A) and CD69 (B). Data shown are the results after
subtracting the values obtained with uninfected CD4 blasts under the same culture
conditions.
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HIV-specific CD8 T cells can be identified by tetramer staining

Although our results using HIV-infected autologous stimulator or
target cells suggest that HIV-specific CD8I cells may be
functionally compromised in vivo, the assay does not identify all
antigen-specific T cells, only those that are functionally active.
Thus, we used MHC—peptide tetramers to enumerate and character-
ize HIV epitope-specific CD8 T cells. PBMC from a cohort of 15
HLA-A2—expressing subjects infected with HIV-1 were examined
for the frequency of CTL-recognizing epitopes restricted by this
allele. The clinical characteristics of the subjects, who were at
various stages of the disease, are shown in Table 1. CD8 T cells
directed against a well-characterized gag epitope SLYNT\AFL

and a novel RT epitope YTAFTIPSI that we recently described
were directly visualized with HLA-A2 MHC—peptide tetramers.
For samples that stained above background, the frequency of
tetramer-binding cells ranged from 0.2% to 1.4% and 0.2% to 0.8%
of the total CD8 T cells for the A2-restricted gag and pol epitopes,
respectively. Nine of 15 (60%) subjects recognized the gag epitope,
which is similar to data reported by Ogg et*alCD8 T cells
directed against the novel RT epitope were identified in 5 of 14
(35%) subjects, which approximately corresponds to the frequency

DR* cells; data not shown), we tested IRNproduction after reported for recognition of the RT epitope IV9 (ILKEPVHGYA).
stimulation with PMA—ionomycin in 5 subjects. Under thes&inding of more than 0.1% to both tetramers was seen in 2 of 14
conditions, 14% to 69% of CD8cells produced IFNy (data subjects, and in 2 others neither epitope was recognized. Figure 4

not shown).

Lysis of primary HIV-infected CD4 T cells by freshly isolated
and overnight cultured PBMC

We also assessed whether lytic function of HIV-specific CD8 T

cells corresponded with their ability to secrete IFNUniformly

shows representative flow cytometric data for each of the epitopes.
No correlation was observed between viral load and tetramer
positivity in these subjects. However, the study group consisted of a
heterogeneous mix of subjects infected for variable time periods

HIV-infected CD4 targets used as stimulator cells for IfN-
production were also used as target$i@r release assays. In 2
subjects tested (subjects 606, 307) with 2.9% and 0.4%~FN-
producing cells after exposure to HIV, no detectable cytotoxicity
was seen when PBMC were used directly. However, overnight
culture in medium alone restored a modicum of HIV-specific
cytotoxicity (5%-7%) at an E:T ratio of 100:1, which was
substantially enhanced to 12% to 25% by adding exogenous IL-2
(Figure 3).

30 15
307

606

L]
o

N
o

-
o

Percent specific cytotoxicity

f T i
A B C A B C

Figure. 3. PBMC cultured overnight in IL-2 exhibit enhanced cytolytic ability
against HIV-infected CD4 T-cell targets.  Autologous HIV-infected (N) and unin-

Tetramer PE

HLA A2-gag HLA A2-pol
(SLYNTVATL) (YTAFTIPSI)
31215 . 0.4%

{606 T0.26%

Figure 4. Identification of circulating HIV-specific CD8
SLYNTVATL and HLA-A2-YTAFTIPSI tetrameric complexes.

CD8 Cy5

*+ T cells with HLA-A2—
PBMC were

fected (&) CD4 T-cell blasts were used as targets. Effector cells were thawed PBMC
(A) or were cultured overnight in the absence (B) or presence (C) of IL-2 and were
tested at an E:T ratio of 100:1.

costained with streptavidin PE—conjugated tetramers and CD8-Cy5. Flow cytometric
analysis was performed on a lymphocyte-gated population. Results represent
analyses of samples from representative seropositive subjects.
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Table 2. Phenotypic analysis of tetramer-stained CD8 T cells from 9 HIV-seropositive subjects

Patients CD27 CD28 CD38 CD57 CD62L HLA-DR CD45RO CD45RA CB9 Bcl-2
136* +++ * + + - ++++ +++ + ND ND
219* +4+++ + * + * + +++ * ++ ++
350* ++++ + - + + +++ +++ + + +++
606* ++++ + - ++ + ++++ ++++ + ++++ +++
701* +++ - - + * ND +++ + +++ ++++
705* ++++ ND +++ + + ++ + ++ + ++
215t ++++ + + + - ++ +++ + ++++ ND
307t ++++ - + ++ + * ++++ - ++++ ++++
703t ++++ + ++ - + +++ ++ + ND ND

Average expression ++++ * + + + ++ +++ + +++ +++

Relative expression of markers for tetramer populations. Fraction of cells expressing a given marker: —, 0%-10%; =+, 10%-20%; +, 20%-40%; + +, 40%-60%; + + +,
60%-80%; ++ ++, > 80%. ND, not determined.

*PBMC stained with gag tetramer.

TPBMC stained with RT tetramer.

and treated with different antiretroviral regimens, which may hawegether, our data suggest that the tetramer-positive cells showed a
influenced the results (data not shown). mixed pattern of memory and effector characteristics.

Phenotypic characteristics of tetramer-binding, HIV-specific
CD8T cells

Only a fraction of circulating HIV-specific CD8 T cells produces
IFN-y in response to peptide-specific stimulation

Because HIV-1 disease progression is associated with phenotyRif investigate the functional status of tetramer-binding, HIV-
changes in peripheral blood CD8 T cells that may be reflective ghecific CD8 T cells, we studied cytokine production by costaining
functional changes within the HIV-specific CD8 T-cell compartfor tetramer PE and intracellular IF-FITC 8 hours after PBMC
ment, the phenotypic characteristics of tetramer-binding cells wefgre stimulated with the cognate peptide corresponding to each
analyzed by 3-color flow cytometry. Antigen-primed T cells haveetramer. Representative data from stage Al subject 350 (CD4
been shown to segregate into 2 distinct phenotypic subsets¢funt, 10054L) and stage B2 subject 307 (CD4 count, 380y are
memory population that expresses the RO isoform of CD45 andggown in Figure 5. The IFN—producing population was generally
CD27" and an effector population that expresses the RAisoform gftramer-negative after stimulation with the cognate peptide, pre-
CD45 and is CD27.414 As shown in Table 2applying these symably because of TcR down-modulation that accompanies
criteria, the tetramer-binding cells from most of the subjects in thigctivation. Only a fraction of tetramer-positive CD8 T cells
study are of the memory subtype. The tetramer-positive cells wesgyduced IFNy after specific stimulation (Figure 6). In 7 of 9
bel-2 high, which is also suggestive of a memory subt{fpe.supjects, less than 25% of the tetramer-stained cells produced
However, the tetramer-positive cells were CD2fid CD62L" and  |EN-y in response to peptide-specific stimulation. The 2 subjects
expressed granzyme A, which are thought to be characteristics &fipjects 350, 705) with a high proportion of IFNproducing
activated effector cell€: The acute activation marker CD38, whichtetramer-positive cells had no clinical symptoms and had well-
has been implicated as an adverse prognostic marker for diseggfintained CD4 counts of 10Q8L and 650f.L. Five of 7 subjects
progression, was not expressed on most tetramer-positive't#lis. yith less than 25% IFN—producing tetramer-positive cells had a

The tetramer-positive cells were heterogeneous with respecty@ory of HIV-related CDC stage B or C symptoms.
other activation markers such as CD57 and HLA-DR. Taken Because the direct measurement of functional activity in

705+
703+

] gag (0.41%

e ol (0.64%)
701Ny gag (1.02%)
606-faany] 929 (0.27%)

350
307y POl (0.8%)
210y 949 (0.75%)

2164 gag (1.4%)

215—@ pol (0.44%)
T

o

Subject

Vj gag (1.25%)

CD8 Cy5

307

=L}
104 gl

IFN-y FITC

Figure 5. Representative flow cytometric analyses of peptide-specific IFN- v
production by tetramer-binding cells. PBMC from subjects 307 and 350 were

tetramer PE

o Q
< o

o]

o
o [><]

stimulated with the relevant HLA-A2 gag or RT peptide for 8 hours. Brefeldin A (10
wmol/L) was added during the last 4 hours of incubation. Cells were washed and
stained with tetramer PE, CD8-Cy5, and IFN-y FITC. (A) Percentages represent the
proportion of tetramer-staining cells within the CD8-gated population. (B, C) IFN-y—
secreting CD8 T cells in the absence or presence, respectively, of cognate peptide.

Percent of tetramer positive cells that produce IFN-y

Figure 6. Only a fraction of tetramer-binding cells secretes IFN- v in response to
the tetrameric peptide. IFN-y production, assayed as described in Figure 5, is
shown for all subjects tested. Numbers adjacent to each bar represent the percent-
age of tetramer-positive CD8 T cells for each subject.
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uncultured PBMC can be relatively insensitive, in 2 subjects
(subjects 219, 606) we also immunomagnetically selected tijscussion

tetramer-binding cells using anti-PE Miltenyi beads for functional

studies. A significant enrichment in tetramer-positive cells wakhe persistence of HIV viral replication, despite a strong viral-
observed after selection (61% and 42% of CD8 T cells from specific CD8 T-cell response, suggests a functional deficiency of
starting population of 0.7% and 0.27% of CD8 T cells, respethese cells in vivo. Most functional studies have used ex vivo
tively; data not shown). Because tetramer binding itself may not legpanded CD8 T cells cultured in the presence of cytokifies.
a sufficient stimulus for IFNy secretion, the selected cells wereHowever, it is unclear whether the results obtained in these in vitro
incubated with the relevant gag SLYNTVATL peptide-pulsed APGystems are representative of the in vivo picture. Our goal in this
immediately after selection. Even under these conditions, festudy was to determine the functional properties of HIV-specific
IFN-y—producing cells could be discerned (Figure 7C). HoweveED8 T cells directly ex vivo before in vitro culture could modify
after a few days of culture in the presence of IL-2 (600 IU/mL) antheir characteristics. To evaluate the functional status of circulating
IL-15 (25 ng/mL), the selected cells showed a significant level ¢flV-specific CD8 T cells, we used MHC—peptide tetramer staining
peptide-specific IFNy production (Figure 7D). However, becauseand a novel flow cytometric assay to measure H-ISecretion
tetramer binding can block TcR sites, we cannot rule out thiesponse to primary HIV-infected cells. Our results suggest that a
possibility that tetramer selection might have interfered with H-N-significant proportion of HIV-specific CD8 T cells are functionally
production when immunomagnetically enriched cells were testé@mpromised in chronically infected subjects.

immediately after selection. Multiparametric flow cytometric assays that detect rapid intra-
cellular accumulation of cytokines after a brief period of in vitro
stimulation are increasingly used to measure in vivo T-cell
frequencies for specific antigens. Kern &f &lave used this assay

to measure peptide-specific CD8 T-cell frequencies in samples

To determine the cytolytic ability of in vivo—generated tetrameff0m known HLA types in cytomegalovirus infection. However,
staining cells, uncultured PBMC from 8 subjects with detectabfdudies from our laboratory and from oth&&9suggest that the
tetramer-binding cells (subjects 215, 216, 219, 237, 307, 350, 6¢@Munodominant HIV epitopes recognized by seropositive sub-
705) were tested against the relevant gag or RT peptide—puldg€fS are not predictable on the basis of HLA haplotypes. Because
autologous BLCL lines or A2-expressing T2 cells. In all subjectdNost of the conserved HIV epitopes are represented on,kHV
peptide-specific cytotoxicity at an E:T ratio of 100:1 was welinfected CD4 T-cell targets, IFN-secretion in response to these
below the 5% background cutoff level with fresh or thawed PBMETgets provides an efficient and unbiased method to enumerate the
(highest level was 1.4%). Overnight incubation of the cells in |L-otal pool of functional HIV-specific CD8 T cells in circulation.

did not result in a substantial increase in peptide-specific lysis ioréover, an assay that does not rely on specific epitopes, as the
any of the subjects (data not shown). tetramer technology does, may be more useful for an assessment of

CD8 T-cell function during the course of the disease. This is
because T cells recognizing specific epitopes with varying affinities

Circulating HIV-specific CD8 T cells are not cytolytic against
peptide-pulsed targets

- A may have differential requirements for CD4 help, which might

=4 differentially alter the CTL response to specific epitopes in chronic
45% 0.4% . .

o HIV infection.18:50

The frequencies of IFN~producing CD8 T cells responding to
HIV-infected CD4 T cells in our study are comparable to those
reported for EBV-specific CD8 T cells in long-term healthy EBV

108

E 2 carriers, using a similar flow cytometric IF{-staining assay after
N stimulation with autologous BLCE’ This is surprising considering
o - that the level of antigenemia in HIV infection is likely to be much
g C higher. The discrepancy between the global increase in the numbers
e o of effector-memory CD8T cells, which can be induced to produce
ﬁ_’ . J42% 1.8% 43% IFN-v by stimulation with PMA and ionomycin, in many of these

=2 .

2y | . subjects, and the relatively small numbers of HIV-specific CD8 T
N : cells detected by the assay also point to a possible accumulation of
nonfunctional cells. Our ability to induce IFN-production in
response to HIV-infected primary T cells in 1 of 2 nonresponders
and to enhance IFN-production in 2 low responders by exposure

oA 32% - - .
0 1 7 3 TR e to IL-2 also suggests CD8 T-cell dysfunction in these subjects.
w? el w0t w0 w0 T ! w0 1 10 o
Moreover, we were able to restore HIV-specific lytic ability toward
|FN'Y FITC HIV-vaccinia—infected targets in some subjects in an earlier §tudy

Figure 7. Immunomagnetically selected tetramer-positive cells secrete IFN- yin and toward HIV-infected primary CD4 T-cell targets in this study
response to peptide only after in vitro culture.  Tetramer-stained cells from subject by overnight exposure of PBMC to IL-2, also pointing to a lack of
606 were isolated from PBMC using «-PE Miltenyi beads and culturec_l for 5 days_ln effector function in CDS8 in vivo. We have found that in subjects
the presence of IL-2 and IL-15. Fresh or cultured cells were stimulated with R . . i )

autologous BLCL alone (A, B) or with autologous BLCL pulsed with the relevant ~ With more advanced disease, HIV-specific cytolytic function can-
peptide (C, D) for 8 hours. Brefeldin A (10 pmol/L) was added during the last 4 hours  not be rescued with IL-2, suggesting that CD8 T-cell dysfunction

of incubation. Cells were washed and stained with gag tetramer PE, CD8-Cy5, and increases with disease progression uItimater approaching the
IFN-y FITC. Left panels depict tetramer-positive cells tested immediately after ’

immunomagnetic selection. Right panels show IFN-y—secreting cells after culture. profound anergy recently reported n patlents with metastatic
Analyses are performed on the CD8-gated population. melanoma’-51
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To address directly the issue of the existence of HIV-specifitysfunctional milieu in chronic HIV infection. Other aberrant
CD8 T cells without effector function, we also performed funcphenotypic characteristics, which may be the result of an altered
tional and phenotypic characterization on tetramer-staining, Hl\¢ytokine milieu, have also been reported in HIV infection. Notable
specific CD8 T cells because this method identifies all CD8 T celdisnong them is the lack of perforin expression on lymph node, but
directed toward a specific epitope irrespective of their functionabt peripheral blood, CD8 T cells despite the presence of other
status. As suggested by Spiegel éfahe nonfunctional fraction of granule components such as granzyfies.
tetramer-stained cells can be used as an index of the accumulatiorRecent studié8>° have suggested that the mere existence of
of virus-specific CD8 T cells without effector function in HIV antigen-primed CD8 T cells in vivo does not imply their functional-
disease. HLA-A2 tetramers were used to visualize HIV epitopéy. Earlier studie¥37from our laboratory have shown that freshly
specific CD8 T cells directed against an HIV-gag epitope, SLYNTsolated CD8 T cells from HIV-infected subjects have down-
VATL, and a novel HIV-RT epitope, YTAFTIPSP303% With modulated CD3, the key signaling molecule of the TcR, and have
tetramer staining we found that approximately 65% of HIVieduced cytotoxicity irt’Cr release assays. After a brief period of
infected subjects had CD8 T cells that recognized the gag epitapéture in IL-2, they up-regulate C@&nd regain their lytic ability.
SLYNTVATL, which is in agreement with published d##8CD8 T  Recently, Lee et & identified tumor-specific cells that were
cells that recognize the novel A2-restricted RT epitope YTAFTunctionally unresponsive despite a sizable clonal expansion. In
IPSI, which we recently found to be well presented on HIVehronic LCMV infection of mice under conditions of CD4
infected primary CD4 T-cell target8,were present in approxi deficiency, CD8 T cells can persist indefinitely in a functionally
mately 35% of the subjects, a level similar to the well-studied 1V8ilenced state, underscoring the essential role of CD4 helper T cells
RT epitope’® in maintaining CD8 functioA® CD4 helper cells sustain CD8

In most subjects less than 25% of the tetramer-stained cefilsiction not only by providing IL-2 but also by providing essential
produced IFNy in response to peptide-specific stimulation. IFN- costimulatory signals through CD40-CD40L interactions between
production is thought to have similar rapid secretion kinetics iactivated CD4 T cells and dendritic ce¥s%1 We found that fresh
both memory and effector ceft833 Thus, the lack of IFNy PBMC from all the subjects tested (8 of 8) were not cytolytic
production by most tetramer-binding cells points to a functionagainst SLYNTVATL (gag) and YTAFTIPSI (pol) peptide-pulsed
defect in these cells. Our data are in contrast to studies of acute #éadjets. However, peptide-specific lines generated from the subjects
memory responses in mouse and humans in which every tetranmgr-in vitro stimulation were highly cytolytic (data not shown). Our
staining cell could be induced to secrete IFNafter antigen- results are in agreement with those of Gray éPalho reported a
specific stimulatior?84%.54*However, our ability to rescue peptide-similar lack of HIV-specific cytolysis by freshly isolated PBMC
specific IFNsy secretion in immunomagnetically selected tetramefrom seropositive subjects. Our data are in contrast to data reported
positive cells by culturing them in the presence of IL-2 and IL-18y Ogg et a'®who found a significant positive correlation between
suggests that the cells are not terminally anergic. fresh cytolysis and tetramer staining. The discrepancy may be

The tetramer-staining cells from most subjects in this studttributed to differences in the study populations. In fact we
were CD45RA, CD45R0O, CD27*, and expressed bcl-2, suggesobserved a relation between the functional defect with disease stage
tive of a long-lived memory subtyp8:43A bias toward a memory- and CD4 count, but not with the viral load. Confounding factors
like phenotype in CD8 T cells, directed toward this A2-restrictethay be antiviral drug therapy and duration of the infection.
gag epitope and a different A2-restricted RT epitope, has also beenin conclusion, by using a dual approach of MHC—peptide
reported by other laboratori@é%® However, the tetramer-stainedtetramer staining and IFN- secretion in response to primary
cells expressed granzyme A and were CD28d CD62L-, which  HIV-infected cells, we found that a significant proportion of
are characteristics of effector ceti&® A recent study points to a antiviral CD8 T cells may be functionally unresponsive in HIV
more complex functional and phenotypic heterogeneity within thiefection. Our results also suggest that functional impairment of
antigen-primed CD8 T-cell podl. Based on expression of theHIV-specific CD8 T cells may worsen with disease progression.
lymph node (LN)-homing chemokine receptor CCR7, CD45RANith a better understanding of why virus-specific CD8 T-cell
and CD62L, CD8 T cells can be subdivided into a CD45RAER7"  functions are compromised during persistent infection, it may
long-term memory subset, which is mostly positive for CD62L andecome possible to devise ways to restore functional competence
homes to LN, and 2 subsets of tissue-homing COBI62L~ to preexisting virus-specific CD8 T cells.
effector CD8 T cells, which have been classified in that study as
CD45RA" effector memory cells and CD45RAerminal effector
cells. How these patterns of phenotypic marker expression reflex;@know|edgments
in vivo function is unclear. The noteworthy absence of
CD45RA*CD27 terminally differentiated CTLs within the tet We thank M. Davis and D. Wiley for the HLA-A2 an@2
ramer-stained population, despite the presence of detectable viméeroglobulin plasmids and Zhan Xu for synthesis of the MHC—
mia, may imply a defect in the generation of effector cells due topeptide tetramers.
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