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bor, NY, 1988)] with monoclonal antibodies (12CA5) to

HA. Both lysate supernatants and immunoprecipitates
were fractionated by SDS-polyacrylamide gel electro-
phoresis on 12.5 or 15% (for HDAg deletion derivatives)
gels, and the resolved proteins were transferred to Im-
mobilon-P (Millipore) membranes and subjected to im-
munoblot analysis with either polyclonal antibodies to
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DIPA (1:4000 dilution) (CalTag) or polyclonal antibodies
toHDAg (1:15,000 dilution) (CalTag). Immune complex-
es were detected with horseradish peroxidase—conju-
gated goat antibodies to rabbit immunoglobulin G
(1:7500 dilution) (Gibco BRL) and enhanced chemilu-
minescence (ECL; Amersham).
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Phenotypic Analysis of Antigen-Specific
T Lymphocytes

John D. Altman, Paul A. H.
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Identification and characterization of antigen-specific T lymphocytes during the course
of an immune response is tedious and indirect. To address this problem, the peptide-
major histocompatability complex (MHC) ligand for a given population of T cells was
multimerized to make soluble peptide-MHC tetramers. Tetramers of human lymphocyte
antigen A2 that were complexed with two different human immunodeficiency virus
(HIV)—derived peptides or with a peptide derived from influenza A matrix protein bound
to peptide-specific cytotoxic T cells in vitro and to T cells from the blood of HIV-infected
individuals. In genéral, tetramer binding correlated well with cytotoxicity assays. This
approach should be useful in the analysis of T cells specific for infectious agents, tumors,

and autoantigens.

Quantitative analyses of antigen-specific T
cell populations have provided important in-
formation on the natural course of immune
responses (1-3). Currently, the standard
method for deriving frequency information is
limiting dilution analysis (LDA) (3). How-
ever, this technique may significantly under-
estimate the number of specific T cells be-
cause it cannot detect cells that have no
proliferative potential (4-6). Although flow
cytometry provides a fast and direct method
for enumerating cells expressing a particular
antigen on their surface, detection of low-
frequency populations of antigen-specific
lymphocytes by staining with their cognate
antigen has only been demonstrated for B
lymphocytes, making use of the high affinity
for antigen that many of these cells have (7).
Antigen-specific T cells from normal, immu-
nized mice have been identified and ana-
lyzed in a few systems, with T cell receptor V
region antibodies as surrogate markers for
antigen specificity (I, 8), but the more gen-
eral approach of staining specific T cells with
their ligand has failed because soluble pep-
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tide-MHC complexes have an inherently
fast dissociation rate from the T cell antigen
receptor (9).
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Multimeric peptide-MHC  complexes
should be able to bind more than one T cell
receptor (TCR) on a specific T cell, and
thus have correspondingly slower dissocia-
tion rates, making the complexes more suit-
able for use as an immunological stain. To
engineer tetrameric peptide-MHC com-
plexes, we first added a 15-amino acid sub-
strate peptide for BirA-dependent biotin-
ylation (10) to the COOH-terminus of the
human lymphocyte antigen (HLA)-A2
heavy chain. After folding the heavy-chain
fusion protein in vitro in the presence of
B,-microglobulin (3,M) and a specific pep-
tide ligand (11), the purified MHC-peptide
complex was biotinylated efficiently (70 to
100%) on a single lysine within the BirA
substrate peptide (BSP) (12). Biotinylation
at the COOH-terminus of the heavy chain
also served to correctly orient the MHC
molecule, as the site recognized by the TCR
involves the NH,-terminal domains (13).
Tetramers were produced by mixing the
biotinylated peptide-MHC complex with
phycoerythrin-labeled deglycosylated avi-

Fig. 1. Staining by MHC-pep-
tide tetramers correlates with
peptide-dependent  cytotox-
icity. Flow cytometric analysis
(78) of CD8™ T cells (1.7, 20,
30) from (A) clone 20 stained
with A2-Pol (solid line) and
A2-Gag (dotted line) tetram-
ers, (C) HIV-Gag-specific CTL
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peptide, no killing of target cells was seen.
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din at a molar ratio of 4:1.

In HIV-infected HLA-A02017 individu-
als, strong anti-HIV cytolytic T lymphocyte
(CTL) responses are often observed that tar-
get one of two major HLA-A2-restricted HIV
epitopes, Gag(77-85) (14). or reverse trans-
criptase(309-317) (15, 16). To test the utility
of tetrameric peptide-MHC complexes as
staining reagents, we prepared HLA-A2 tet-
ramers with either the Gag or Pol peptide and

used them to stain HLA-A2-restricted, HIV-
specific CTL lines or clones (17, 18) (Fig. 1).
The A2-Pol-specific clone 20 is stained by
the A2-Pol tetramer but not the A2-Gag
tetramer (Fig. 1A), whereas 10% of the cells
in the uncloned Gag-specific CTL line 868
are stained by the Gag reagent, but no stain-
ing is observed with the Pol reagent (Fig. 1C).
In each case, the presence of a positively
staining population correlates with functional

Fig. 2. Correlation of antigen- 40 25 Patient
specific staining in three of A Gag*0.28+0.03% E number
four patients with peptide- 30 1 Pol*:0.77£0.13% 201
specific kiling,activity in CTL :
bulk  cultures.  Peripheral
blood mononuclear cells from 20 065
four healthy HIV-infected do-
10 1 . pol
nors were separated as de-
scribed (5). The CD4 counts i
for each patient at the tme of °TTB T Gag™:0.17%
analysis were as follows: pa- ]
tient 065, 410; patient 868, 30 ] Pol*: 0.04%
330; patient 077, 270; and
patient 606, 510. Two milion 20 ]  Q— 868
peripheral blood cells from f !
each patient were stained 4o | ' -
with  ant-CD8a-CyChrome ~ $ 2
and  phycoenythrinsiabeled  § POl % M ) 2
HLA-A2-Gag (solid line) or £ Cc | Gag*: 0.17%| =
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through D) (78). Software & 151
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ed in each panel, The repro- 30 1 1 Pol+:0.02%| 20
ducibility of the A2-Pol* and
A2-Gag™ populations in pa- 0 ] 151
tient 065 (A) was tested 104 606
through analysis of five sepa- —
rate stains with each reagent; 104 E 54
the standard deviations are o Pol b Gag g e
reported. Bulk cultures were o conce 0 Gag Pol

assayed for CTL activity (E

through H) (79) on days 14 through 16 at an effector:target ratio of 50:1. Black bars, lysis of Gag-loaded

targets; white bars, lysis of Pol-loaded targets.
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Fig. 3. Analysis of surface phenotype of HLA-A2—Pol* cells from patient 065. Peripheral blood cells
were stained as described (78). Approximately 200,000 CD8* small lymphocytes were analyzed for
antigen specificity by using the A2-Pol tetramer and the expression of the following surface markers with
fluorescein isothiocyanate-labeled antibodies as indicated: CD45R0O (Dako, clone UCHL-1), CD38

(Serotec, MCA1019F), CD62L (Becton Dickinson,

Leu-8, clone SK11), HLA-DR (Becton Dickinson,

clone 1243), and CD57 (Becton Dickinson, clone HNK-1). Contour plots were generated with
CELLQuest software (Becton Dickinson) by using the 75% log density contour option to demonstrate
the small populations that stain positive for HLA-A2-Pol.
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killing assays (19) (Fig. 1, B and D). To
further demonstrate the generality and speci-
ficity of these reagents, we prepared a third
HILA-A2 tetramer containing a peptide (MP)
from the influenza A matrix protein M58-66
and used it to sort cells (PG-001) from an
HLA-A2-MP-specific CTL line. Approxi-
mately 10% of the CD3* cells in the line
bound the A2-MP tetramer (Fig. 1E), and
binding of the tetramer was completely inhib-
ited by an antibody to TCR V17, the vari-
able gene segment that dominates the HLA-
A2-MP response (20). The line was sorted
into CD3"A2-MP* and CD3*A2-MP~ frac-
tions, which were then assayed for CTL ac-
tivity at an effector:target ratio of 1:1. Signif-
icant killing activity was observed in the A2-
MP? fraction but not in the A2-MP~ fraction
(Fig. 1F).

Next, we tested the A2-Gag and A2-Pol
tetramers for their ability to identify HIV-
specific CD87 cells present in freshly isolated
peripheral blood mononuclear cells from
HLA-AQ0201%, HIV-seropositive donors, and
thereby quantitate them rapidly and directly.
Fresh peripheral blood mononuclear cells
from four HLA-A2*, HIV-seropositive pa-
tients were analyzed by three-color flow cy-
tometry with the A2-Pol and A2-Gag tetram-
ers (Fig. 2). Background staining levels were
established by similar analyses of peripheral
blood cells from HIV-seronegative, low-
risk, HLA-A0201* donors. To correlate
the staining data with functional assays, we
also established bulk cultures from the same
preparation of cells used in the staining
experiments and assayed them for peptide-
dependent cytotoxicity.

The highest frequency of T cells specific
for either the Gag or Pol epitopes was found in
patient 065, where 0.77% of the CD8™ small.
lymphocytes bound the A2-Pol tetramer,
whereas a smaller number of cells (0.28%)
were stained by the A2-Gag tetramer (Fig.
2A). In the samples from three additional
patients, distinct peaks in the staining profiles
were observed with the A2-Gag tetramer,
whereas no staining was observed with the
A2-Pol reagent (Fig. 2, B through D). Con-
sistent with the staining results, the bulk cul-
ture cells from patient 065 killed target cells
pulsed with the Pol peptide, whereas the bulk
cultures from patients 868 (Fig. 2F) and 077
(Fig. 2G) exhibited the predicted killing ac-
tivity toward Gag- but not Pol-loaded targets.
The bulk cultures from the fourth patient
killed neither Gag- nor Pol-loaded targets
(Fig. 2H). In two cases (Fig. 2, A and D), the
staining data predicts Gag-specific killing, al-
though none was observed (Fig. 2, E and H).
Although the percentage of A2-Gag™ cells in
patient 065 (Fig. 2A) is significant, a distinct
peak in the A2-Gag staining profile was ab-
sent, so that the 0.28% of A2-Gag* CD8"
cells may represent an overestimate. Alterna-
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tively, the A2-Gag* cells found in patients
065 and 606 (Fig. 2, A and D) may have failed
to proliferate or develop effector function in
bulk culture, possibly because of weaker pro-
liferative capacity relative to other cells.

The frequency of antigen-specific T cells
in patient blood that stain with our reagents
is quite high but is consistent with previous
estimates for anti-HIV CTL populations.
LDA of anti-HIV CTL responses has sug-
gested precursor frequencies in the range of
0.0001 to 0.003 (4, 21), but even these
unusually high frequencies are thought to
be an underestimate because an analysis of
clones present in TCR cDNA libraries sug-
gests freuencies as high as 1:100 (4, 5).
This later estimate is supported by the more
direct staining data we present.

The phenotypic state of a T cell is depen-
dent on its contact with an antigen and can
be analyzed with a variety of cell-surface
markers (22, 23). Powerful techniques for
phenotypic analysis of antigen-specific T cells
use trace populations of transgenic T cells that
can be labeled with clonotypic antibodies (23,
24); alternatively, cells from nontransgenic
subjects can first be sorted according to phe-
notype, followed by assay for antigen specific-
ity by LDA techniques (25). The MHC tet-
ramers provide a more general, rapid, and
direct method for analysis of the phenotypic
state of antigen-specific T cells. To demon-
strate this, we analyzed the phenotype of the
A2-Pol-specific cells we found in the periph-
eral blood of patient 065 (Fig. 3). The
CD8%A2-Pol* population is composed al-
most exclusively of cells that are CD45RO™
and CD62L™, both indicating the memory
and effector phenotypes expected for cells
with a history of contact with antigen. The
A2-Pol™ cells are predominantly negative for
the activation markers HLA-DR (26) and
CD38 (27), which suggests a memory rather
than effector phenotype; the A2-Pol* cells
are also negative for CD57, a marker of un-
known function found on elevated percent-
ages of CD8" cells in HIV-infected patients
(22). A similar bias toward a memory-cell
phenotype was observed in the HIV antigen—
specific cells of two other patients (28), sug-
gesting that this may be a general feature of
asymptomatic individuals.

The methodology we introduce here pro-
vides a powerful and general tool for the
study of the development and phenotype of
antigen-specific T cells. It does not require
in vitro assays such as LDA to determine and
quantify peptide-specific responses. Other
approaches to the study of antigen-specific T
cells in vivo require either the use of trans-
genic cells (23, 24) or that the TCR reper-
toire of the responding cells be unusually
restricted and that antibodies to V, and V
domains are available (1, 8). Staining T cells
with a tetrameric peptide-MHC complex as
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described here solves many of the problems
inherent in these techniques. The method-
ology is also generally applicable because it
can be adapted for any T cell ligand by the
engineering and expression of peptide-MHC
complexes followed by tetramer synthesis.
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