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Abstract

Antigen-specific T cells acquire a distinctive phenotype during activation, with characteristic
acquisition of surface markers and patterns of gene expression. Early after antigen stimulation,
CD4� T lymphocytes increase their surface density of the CD4 marker, a trait which has been used
to identify antigen-activated cells. The recent development of MHC tetramer technologies has
greatly improved the ability to detect HLA class I-restricted T cells specific for known antigen
epitopes. We have recently extended these studies to human class II-restricted CD4� T cell
responses and now describe antigen-specific T cell responses from human peripheral blood in
which elevated CD4 expression levels in human T cells following antigen stimulation identify the
activated and proliferating subset of cells. The CD4high population is substantially enriched in
epitope-specific cells identified by class II tetramer staining and almost all tetramer-positive cells
are contained within the CD4high population. T cell clones derived from the tetramer-positive,
CD4high population demonstrate antigen specificity and maintain tetramer staining, while the
substantial number of CD4high cells which fail to stain with tetramer appear to proliferate as a
result of bystander activation. Epitope-specific components of a polyclonal immune response are
directly visualized and quantitated by tetramer detection, providing a direct measure of the
heterogeneity of the human immune response.

Introduction

The acquired immune response depends on activation and precursor frequency of antigen-specific cells allowing study
of the development of the antigen-specific response (3–7).proliferation of antigen-specific CD4� T cells, a process which

represents a sequential acquisition of new cell markers and Likewise, use of Vβ clonotypic antibodies has allowed study
of the response to particular antigens that elicit a verygene expression (1,2). In spite of the presence of these

activation markers, however, detailed study of the antigen- restricted TCR usage (8). Nonetheless, these approaches are
limited to selected situations and are generally not applicablespecific Th cell response in humans has been hampered by

low precursor frequencies of epitope-specific T cells and an for the study of antigen-specific responses in humans.
The recent description in mice of elevated CD4 levels oninability to identify these cells from the vast excess of T cells

with other specificities present in the peripheral blood. In the surface of T cells responding in vivo suggests a means
to identify and enrich these antigen-specific populations (9–many clinical applications, ranging from synthetic vaccine

design to antigen-specific therapies for autoimmunity, it is 11). In these studies, autoreactive, alloreactive or foreign
antigen-responsive T cells were recovered from a subset ofessential to identify immunodominant components of the

immune response, in which specific T cells respond to CD4� T cells based on high levels of CD4 expression. These
CD4high cells represented ~5–20% of the CD4 T cell populationindividual peptide epitopes. In experimental studies, the use

of TCR transgenic mice provides a means to increase the depending on the antigen and time-point analyzed. Included
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within this activated cohort were T cells specific for recent splicing overlap technique (19,20). A site-specific biotinylation
sequence was then added to the 3� end of the DRB1*0404/antigen exposure, demonstrated by cloning and functional

assays. leucine zipper cassette. The chimeric cDNA was subcloned
into the Cu-inducible pRmHa-3 Drosophila expression vector.The recent development of class I and class II MHC

tetramers to detect antigen-specific T cells has greatly The DRα expression vector was generated in a similar fashion
using a basic leucine zipper motif and the coding region forimproved the ability to track and analyze antigen-specific T

cell responses where the reactive antigen epitope and MHC the DRA1*0101 chain. For class II production, DRα and DRβ
expression vectors were co-transfected into Schneider S-2restriction are known (12–14). In a number of studies, the use

of class I tetramers has provided a wealth of information on cells. Soluble class II molecules produced following addition of
CuSO4 were purified by affinity chromatography, concentratedthe behavior and phenotypes of T cells specific for a variety

of pathogens and tumor antigens (12,15–17). We have recently and subsequently biotinylated using the BirA enzyme (Avidity,
Denver, CO) (21). Specific peptide was loaded at a concentra-described the use of class II tetramers to detect peripheral

blood T cells specific to immunodominant epitopes of influ- tion of 5-fold molar excess over the class II concentration in
100 mM sodium phosphate, pH 6.0 and 0.2% n-octyl-D-enza A hemagglutinin protein and tegument protein from

herpes simplex-2 virus (14,18). In this paper we demonstrate glucopyranoside. Tetramers were formed by incubating
class II molecules with phycoerythrin (PE)-labeled streptavidinthat up-regulated surface expression of CD4 identifies human

Th cells activated and proliferating to specific antigen stimula- (Biosource International, Camarillo, CA) for 6 h at room tem-
perature at a molar ratio of 8:1.tion. Using class II tetramer staining we show that the CD4high

population contains almost all of the antigen-specific cells For staining, cells were incubated with 1 µg PE-labeled
tetramer in 50 µl media for 1–3 h at 37°C, and subsequentlyand that the tetramer-positive cells account for ~15% of the

CD4high population. These cells continue to demonstrate with combinations of fluorochrome-labeled anti-CD3, CD4,
CD8, CD25 and CD69 for 20 min on ice (PharMingen, Sanantigen specificity when sorted and cloned, validating the

use of a specific marker phenotype to directly quantitate Jose, CA/Becton Dickinson, San Jose, CA). Cells were then
washed in PBS containing 1% FBS and 0.1% NaN3, andantigen-specific T cells in humans.
analyzed using a Becton Dickinson FACSCalibur flow cyto-
meter. The flow cytometer was calibrated using cells stained

Methods with single fluorochromes. Data analysis was performed using
CellQuest software (Becton Dickinson) and WinMdi software

Isolation, antigen stimulation and staining of cells (Stanford University).
Peripheral blood mononuclear cells (PBMC) from healthy
donors previously vaccinated for tetanus and influenza were Calculation of cell divisions and precursor frequency
separated from heparinized venous blood by gradient centrifu-

A portion of CFSE-stained cells was stimulated with 2.5 µg/gation (Lymphoprep; Nycomed, Oslo, Norway). Cells were cul-
ml phytohemagglutinin (PHA) and 10 U IL-2, and examinedtured in RPMI 1640 (Gibco/BRL, Rockville, MD), supplemented
by FACS on day 7. Polyclonal stimulation of T cells with PHAwith 2 mM L-glutamine, 1 mM sodium pyruvate, 100 µg/ml
and IL-2 results in cell division with distinct CFSE fluorescencepenicillin/streptomycin and 15% v/v pooled human serum.
peaks allowing determination of the mean CFSE fluorescenceAdherent cells were prepared by plating PBMC at 5�106 cells/
for each generation. These values were used to calibrate thewell in 24-well plates for 1 h. Non-adherent cells were removed
CFSE fluorescence scale for each experiment. Precursorusing a transfer pipette and washing once with PBS. Adherent
frequencies were determined by following the generalcells were incubated for 3 h with 10 µg/ml influenza hemaggluti-
approach described by Wells et al. (22). Briefly, to determinenin peptide, residues 307–319 (HA307–319), a maximally stimu-
the absolute number of precursors of the divided cells, thelating dose of whole tetanus toxoid or no antigen. The non-
cells in each generation were divided by 2x, where x is theadherent fraction was passed through a nylon wool column,
number of cell divisions. This value was then divided by thewashed twice with serum-free PBS and stained with either
total number of cells (undivided cells � precursor number of0.8 µM 5-(and -6)-carboxyfluorescein diacetate succinimidyl
divided cells) to provide an estimate of precursor frequency.ester (CFSE; Molecular Probes, Eugene, OR) in PBS for 10
Precursor frequencies are expressed as the fraction of CD4�

min at 37°C or 2 µM PKH-26 in Diluent C (Sigma, St Louis,
T cells out of the total CD3� population.MO) for 1 min at 37°C. Staining was stopped by adding 100%

FBS and subsequently washing the cells twice in RPMI 1640
Cloning of antigen-specific cellsculture media. The stained nylon wool-purified T cells were

then added back to the adherent cells at a density of 2.5�106 HA307–319 tetramer-positive and -negative T cells stained with
cells/well. CFSE and CD4 were single-cell sorted into 96-well plates using

a FACS Vantage cell sorter (Becton Dickinson). Clones were
Identification of antigen-specific cells using class II tetramers expanded for 14 days with irradiated PBMC (105/well) plus 2.5

µg/ml PHA and 10 U IL-2. To confirm specificity of the clones,The construction of the expression vectors for generation of
soluble DRA1*0101/DRB1*0401 has been described previ- clonalcellswerestimulatedwith10 µg/mlHA307–319 usingeither

a transfected bare lymphocyte syndrome cell line (BLS-1)ously (14). Briefly, a chimeric cassette containing the extracel-
lular coding region for the DRB1*0401 chain appended to which expresses the sole class II molecule DRA1*0101/

DRB1*0401 (23) or an autologous Epstein–Barr-transformedthe acidic leucine zipper motif was generated from
DRB1*0401 and leucine zipper cDNA using the PCR-mediated B cell line. [3H]Thymidine incorporation was measured at
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72 h. Clonal cells were also stained with PE-labeled tetramer
and analyzed by FACS as described above.

For studies of T cell activation in the absence of antigen-
presenting cells (APC), selected clones were cultured with
10 µg/ml of DR0401 tetramers loaded with either HA307–319
or VP16465–484 (VP16 is a tegument protein of herpes simplex-
2 virus). [3H]Thymidine incorporation was again measured at
72 h, while CD69 expression was measured at 18 h. These
responses were both tetramer- and peptide-dependent as
tetramer lacking specific peptide or peptides in the absence
of tetramer showed no significant proliferative response
(stimulation index � 2).

Results

Cytofluorometric profiling of antigen-specific T cell subsets

Recent FACS-based studies of multiple rounds of proliferation
in human cells have utilized primarily two types of tracking
dyes, PKH-26 and CFSE (24–26). PKH-26 is a lipophilic dye
which incorporates into the cell membrane, while CFSE stably
binds cytoskeletal actin following activation by cellular
esterases. Each time a cell divides, both PKH-26 and CFSE
are apportioned equally between daughter cells, resulting in
a halving of fluorescence. We stained nylon wool-purified T
cells with either CFSE or PKH-26, and polyclonally stimulated
the cells with PHA and IL-2. The cells were cultured for 4
days and analyzed by flow cytometry (Fig. 1A). In the CFSE-
stained sample there was an approximate halving of median
fluorescence intensity as dye was apportioned equally among
daughter cells with each successive generation. Division of
CFSE-stained cells produced distinct peaks in contrast to
PKH-26-stained cells, where peaks were much less resolved,
making it difficult to determine generation boundaries.

We therefore used CFSE staining to identify T cells dividing
in response to stimulation with tetanus toxoid antigen from an
individual previously vaccinated for tetanus. We examined
nylon wool-purified T cells on days 4, 5 and 6 following
stimulation using autologous adherent APC pulsed with tet-
anus toxoid. CFSE proliferation profiles on CD3� gated cells,
with CFSE fluorescence over a four-decade logarithmic scale

Fig. 1. Dye dilution analysis of stimulated peripheral T cells. (A)along the horizontal axis and CD4 levels along the vertical
CFSE- or PKH-26-stained, nylon wool-purified T cells from a singleaxis, are shown in Fig. 1(B). The horizontal axis indicates the donor were added to autologous adherent cells and a portion were

corresponding number of cell divisions with ‘P’ denoting the stimulated with 2.5 µg/ml PHA and 10 U IL-2. Cells were harvested
undivided parent population. Cells at the far left of the CFSE on day 4, stained with anti-CD3 and -CD4 surface markers, and

analyzed by flow cytometry. Histograms of CFSE fluorescence (leftplot represent the small fraction of unstained, CD3� T cells
panel) and PKH-26 fluorescence (right panel) of CD3�, CD4� cellsthat remained in the adherent population. As early as day 4
are shown. PHA/IL-2-stimulated cells are shown with a solid line,

following stimulation, there is a small population of dividing while unstimulated controls are shown with a dotted line. Equal
CD4� T cells, indicated in gate R1, comprising 0.9% of the numbers of events are shown in both panels. (B) Nylon wool-purified

T cells, labeled with CFSE before culture with autologous adherenttotal cells. With time, the population of divided cells increases
cells and tetanus toxoid antigen, were harvested on day 4, 5 and 6and shifts further to the left on the plot of CFSE fluorescence.
of culture and stained with anti-CD3 and -CD4 surface markers, andBy day 6, 55% of the total cells are present in the CD4�
analyzed by flow cytometry. In all panels, cells are gated on forward

divided population with the majority having divided �7 times, and side scatter and CD3� cells, the vertical axis shows CD4
demonstrating marked accumulation of divided cells over a fluorescence and the horizontal axis shows CFSE fluorescence over

a four-decade logarithmic scale, indicating the corresponding number3- to 4-day period in response to tetanus toxoid stimulation.
of cell divisions, with ‘P’ depicting the undivided parent population.A small number of proliferating, non-CD4� cells are also
This scale was calculated from the distinct CFSE fluorescence peaks

evident (2.4% on day 6), representing cells of other subsets, produced by polyclonal stimulation with PHA and IL-2. Arrowheads
mainly CD8� T cells. By using the shift in CFSE-stained cells indicate the boundary between CD4normal and CD4high cells selected

for Fig. 3, corresponding to the top 1% of undivided, CD4� cells.to calculate the average number of cell divisions, the precursor
‘R1’ indicates the early proliferating CD4high population.frequency of CD4� T cells proliferating to tetanus toxoid is
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Fig. 2. Cells with CD4high phenotype span a range of cell sizes.
Nylon wool-purified T cells stimulated with tetanus toxoid as described
were harvested on day 6. Panel indicates CD4 fluorescence versus
forward scatter on all events collected.

Table 1. Elevated CD4 expression levels in divided cells
following tetanus toxoid stimulation

Geometric mean CD4 fluorescence
(four-decade logarithmic scale)a

Day 4 Day 5 Day 6 Day 7

Divided 440 478 436 393
Undivided 156 115 195 114

aCells gated on the CD3�, CD4� population.
Fig. 3. Dividing cells are in the CD4high subset. Nylon wool-purified
T cells were labeled with CFSE before culture with autologous
adherent cells and tetanus toxoid antigen. Each panel indicates the
percent of divided and undivided cells on days 4, 5 and 6 for CD4high

estimated to be 0.1%, within the range identified by earlier
and CD4normal cells, with the CD4high population containing the ~1%

studies of tetanus-immunized individuals using limiting dilution of the undivided CD4� population, as described in the legend of Fig. 1.
analysis (27,28).

Activated, proliferating human cells show CD4high phenotype

Comparison of CD4 levels in the dividing and non-dividing gated as CD4high and CD4normal. As shown in Fig. 3, the
CD4high gate is substantially enriched in the proliferating cellsfractions of tetanus toxoid-stimulated T cells revealed that the

proliferating cells showed significantly elevated CD4 levels starting at day 4, and consists almost entirely of proliferating
cells by days 5 and 6. In the CD4normal population there arecompared to the non-proliferating cells (Table 1). Levels in

the non-proliferating population were generally unchanged initially very few cells which have undergone proliferation.
However, by day 6, increasing numbers of divided cellsfrom levels in unstimulated peripheral blood lymphocytes

samples, and there were no observed differences in CD3 exhibit lower levels of CD4 expression. This may reflect cells
returning to a resting state at the later time points followinglevels between the proliferating and non-proliferating fractions

(data not shown). The CD4high population generally showed antigen stimulation.
increased forward scatter, reflective of blasting cells under-

Antigen-specific cells identified by class II tetramer staininggoing cell division, as shown in Fig. 2 for day 6 following
show CD4high phenotypetetanus toxoid stimulation. Nonetheless, the broad range of

cell sizes for the CD4high population on day 6 indicates In order to identify T cells specific for a particular antigen,
we stimulated cells from a DRB1*0401 donor using anthat the cell size and CD4 fluorescence are not completely

correlated. This increase in CD4 expression upon antigen- immunodominant epitope of the hemagglutinin protein (HA307–

319) and subsequently identified these cells using class IIspecific activation has been shown previously in murine T
cells stimulated with specific antigen and alloantigen (9–11). tetramers. Tetramer-positive cells were first detectable at day

4 following peptide stimulation and continued to expand inOf note, CD8� expression levels in the small ‘bystander’
population of non-CD4� cells which divide did not increase number on subsequent days in accordance with continued

division as reflected by decreased CFSE staining, shown inrelative to non-proliferating CD8� cells.
To determine whether the CD4high marker was specific for Fig. 4.

The small percentage of undivided cells which are tetramer-the proliferating cells we examined CFSE profiles for cells



CD4high marker identifies epitope-specific human T cells 803

Fig. 5. CD4high phenotype of tetramer-positive cells. Nylon wool-
purified T cells were labeled with CFSE before culture with autologous
adherent cells and 10 µg/ml HA307–319 peptide. On day 6 of culture,
cells were harvested and stained with HA307–319 tetramer and anti-
CD4 antibody. Black dots identify divided cells as indicated by
decreased CFSE fluorescence, while grey dots identify undivided
cells remaining in the parent population. The dotted line indicates
the geometric mean fluorescence of the CD4� population. The
arrowhead indicates the boundary for the top 5% of CD4� cells.

We then examined the CD4 surface expression levels of
tetramer-positive cells on day 6 (Fig. 5). CD4 levels on the
horizontal axis are plotted against tetramer staining on the
vertical axis. The dotted line indicates the geometric mean
fluorescence of the CD4� population. The data shows that
the population of proliferating cells, identified by black dots,
is CD4high, consistent with the findings using tetanus toxoid.
Eighty-two percent of the tetramer-positive cells are within the
top 5% of CD4� T cells and 95% are within the top 20%.
Conversely, in the CD4high population consisting of the top

Fig. 4. Temporal expansion of HA307–319-specific cells following 5% of CD4� T cells, 16% of the cells are tetramer-positive.
antigen stimulation. Nylon wool-purified T cells were labeled with
CFSE before culture with autologous adherent cells and 10 µg/ml Tetramer sorted cells maintain antigen-specific phenotype
HA307–319 peptide. Panels are gated on CD3� cells. Percentages

In our studies using peptide-specific stimulation, we haveindicate the percent of CD3� cells in the upper left quadrant reflecting
consistently observed a subset of proliferating, CD4high cellsthe tetramer-positive, divided population. The same numbers of total

events are shown in each panel. that fail to stain with tetramer. We hypothesized that these
cells could either be peptide specific but restricted by an
HLA molecule other than DRB1*0401 or expanding non-
specifically as a result of bystander activation. To more
fully characterize the proliferating, CD4high population wepositive likely reflect non-specific background staining of the

tetramer since we have observed similar levels of staining performed single-cell sorting of both tetramer-positive and
-negative cells of the CD4high, divided population on day 6using both tetramers loaded with irrelevant control peptide

and tetramers not loaded with any peptide (data not shown). following peptide stimulation.
For cells sorted on the tetramer-positive gate, all 24 clonesCombining tetramer staining with CFSE staining to separate

out dividing cells allows us to improve the detection resolution analyzed demonstrated peptide-specific, DRB1*0401-
restricted proliferation when stimulated with a DRB1*0401-of the antigen-specific population. Among the different indi-

viduals tested, the tetramer-negative proliferating cells com- specific BLS-1 cell line (Fig. 6A). In addition, all 24 clones
stained positive with tetramer with staining intensities for theprised 80–96% of the total number of proliferating cells on

day 6 with the majority of these cells (�80%) staining positive individual clones ranging from very strong to more moderate
and broad (Fig. 6D and E). Interestingly, strength of stainingfor CD4.
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Fig. 6. Characterization of CD4high T cell clones. (A) Twenty-four clones identified through sorting of tetramer-positive/CD4high/CFSElow cells
were stimulated using a DRB1*0401-transfected BLS-1 cell line pulsed with 10 µg/ml HA307–319 peptide. [3H]Thymidine was added for the last
18 h of a 72 h incubation. (B) Thirty clones identified through sorting of tetramer-negative/CD4high/CFSElow cells were similarly stimulated using
an autologous Epstein–Barr virus-transformed B cell line pulsed with 10 µg/ml HA307–319 peptide. The stimulation index is the ratio of c.p.m.
of cultures with and without HA307–319 peptide. The geometric mean fluorescence intensity (GMFI) of tetramer staining is plotted for each clone
on the horizontal axis. (C) Comparison of [3H]thymidine incorporation at 72 h between a representative tetramer-positive T cell clone cultured
with no stimulus, 2.5 µg/ml PHA/10U IL-2, 10 µg/ml HA307–319 tetramer or 10 µg/ml VP16465–484 tetramer. Error bars indicate SEM of triplicates.
The lower panels show tetramer staining for representative clones demonstrating the variety of staining intensities. Staining was performed
37°C for 1 h using 10 µg/ml of PE-labeled tetramer. The clone in (D) shows strong tetramer staining, while the clone in (E) shows weaker and
more heterogeneous staining. (F) Tetramer staining of a clone representative of the proliferation-negative clones.

did not correlate with stimulation index (Fig. 6A). Moreover, Discussion
there was no correlation between TCR levels measured by

Identification of antigen-specific T cells in human peripheralFACS before or after tetramer staining and the intensity
blood is increasingly important with the development ofof tetramer staining (data not shown). As shown with a
epitope-specific immune monitoring and therapeutic strat-representative clone in Fig. 6(C), re-stimulation of the T cells
egies. A number of recent studies have employed class Iwith 10 µg/ml of the peptide-specific tetramer, but not an
tetramers to identify and harvest cytotoxic T cells as a meansirrelevant tetramer loaded with VP16465–484, induced cell
to engineer immune-based therapies for tumors and viralproliferation indicated by [3H]thymidine incorporation; this
infections (15,17,29,30). Similar strategies identifying antigen-stimulation by soluble tetramer occurred with both tetramer
specific T helper cells will be needed as CD4� T cellhigh- and moderate-staining T cell clones. Among 10 clones
responses are essential in mediating sustained cytotoxic Ttested, representing a range of tetramer staining, all
cell responses and in the pathogenesis of a number ofresponded to stimulation by tetramer and maximal proliferative
autoimmune diseases (31–33). As early as 4 days followingresponses were generally 10–30% higher than those seen
tetanus toxoid or HA peptide stimulation, proliferating CD4highusing conventional APC (data not shown).
cells are readily identified by FACS analysis. Using class IIThirty clones sorted on the tetramer-negative gate were
tetramer staining we have shown that the CD4high populationalso studied. To test for antigen specificity restricted to any
contains almost all of the proliferating, epitope-specific T cellsof the self class II molecules, we stimulated cells using an
following stimulation with the HA307–319 peptide.autologous B cell line pulsed with the HA307–319 peptide. Only

An earlier study using DBA/2 mice identified the CD4highone clone showed peptide-specific proliferation, while the
population following sperm whale myoglobin stimulation asremaining 29 were negative (Fig. 6B). Upon staining with
enriched in antigen-specific cells as shown by antigen-tetramer, the clone which demonstrated antigen-specific pro-
induced proliferation and limiting dilution analysis (11). Aliferation also showed tetramer staining, while the other 29

clones did not stain with tetramer (Fig. 6F). follow-up study in the NOD mouse model for type 1 diabetes
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National Institutes of Health (DK53004 and DK53345). E. J. N. isshowed that the CD4high subset in prediabetic mice was
supported by Poncin and Achievement Awards for College Scientistssignificantly more effective at transferring disease than the
predoctoral fellowships.

CD4normal subset (10). The present study identifies a similar
phenomenon in human lymphocytes responding to antigen,
and confirms that the CD4high cells are indeed proliferating Abbreviations
and enriched for antigen-reactive cells.
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