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Background: Quantitation of antigen-speciﬁc T cells provides an insight into the development and dynamics of
T-cell responses in tumor immunology and infectious diseases. Soluble major histocompatibility class I tetramers
are widely used to monitor immune responses; however,
variations due to handling and analysis are likely to confound comparisons between different experiments and
laboratories.
Methods: Whole blood from healthy donors was stained
with HLA-A*0201/tetramers speciﬁc for an epitope of
phosphoprotein 65, the immunodominant antigen in cytomegalovirus infection. With the help of Trucount tubes,
a single-platform, four-color ﬂow cytometric assay was
established to obtain absolute counts of tetramer-positive
cells. Various staining and gating strategies were evaluated.

Soluble major histocompatibility class (MHC) I tetramers are widely used in tumor immunology and infectious
diseases to monitor antigen-speciﬁc immune responses
(1,2). Tetramers are speciﬁc for the relevant T-cell receptor and, hence, allow detection of low frequencies of
peptide-speciﬁc CD8⫹ T lymphocytes. Quantitation of
rare cells is dependent on the accuracy and precision of
the assay (3). Accuracy and precision strongly depend on
the amount of background staining and on handling artifacts, i.e., those due to freezing and thawing. Values for
the quantitation of rare cells are commonly given as the
percentage of CD8⫹ cells. Normalization for CD8⫹ cells
reduces variations due to the T-cell counts but can confound
comparisons between different donors, experiments, or laboratories, if the gating strategy is not clearly deﬁned.
The enumeration of rare cells has been standardized in
clinical settings for CD34⫹ cells, which are isolated for

Results: The no-wash method was a quick and straightforward procedure for the quantitation of tetramer-positive events from whole blood. The level for background
staining was low. This information about the intra-assay–
related variation and the physiologic variation will allow
validation and interpretation of data in future studies.
Conclusions: The method is highly reliable and can be
standardized for multiple experiments. It is therefore suitable for the direct ex vivo analysis of antigen-speciﬁc T
cells in a variety of clinical settings such as infectious,
autoimmune, or neoplastic diseases and can be implemented as a tool for multicenter studies. © 2004 Wiley-Liss,
Inc.
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patients undergoing autologous stem cell transplantation,
and for CD4⫹ T cells for the immune monitoring of patients with the human immunodeﬁciency virus (HIV).
Different groups have established protocols and guidelines using dual- or single-platform assays to obtain absolute cell counts (4 –10). Flow cytometric single-platform
methods are based on the use of a known number of
ﬂuorescent beads in the sample, containing a deﬁned
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volume. The number of the beads acquired allows for the
calculation of the acquired volume per probe.
In this study, we establish and validate a single-platform
ﬂow cytometric assay to obtain absolute numbers of MHC
tetramer-positive T cells from whole blood. Phosphoprotein 65 (pp65), the immunodominant protein of the cytomegalovirus (CMV) (11), is used as a model antigen in our
system. Infection with CMV is persistent in healthy individuals and results in a robust immune response. In immunosuppressed patients, e.g., after organ transplantation, CMV is highly pathogenic and may lead to vasculitis
or transplant failure among other disease manifestations
(12,13). The monitoring of CMV-speciﬁc T cells therefore
might help to predict whether the immune system can
cope with the viral load (14 –27). The method presented
here allows for a standardized and direct quantitation of
tetramer-positive, CMV-speciﬁc T cells in whole blood as
absolute numbers and as a percentage of CD8⫹ cells.
METHODS AND MATERIALS
Donors
Blood was obtained from healthy donors with a known
HLA-A*0201 expression. Written informed consent was
obtained from each subject. Blood was collected and
mixed immediately with sodium heparin (10 U/ml blood).
Seropositivity for CMV immunoglobulin G was tested by
the Institute of Virology, University of Cologne, using
standard enzyme-linked immunosorbent assay techniques.
Antibodies
The following antibodies were used: anti-CD3 ﬂuorescein isothiocyanate (FITC; clone UCHT1), anti-CD8 peridinin chlorophyll protein (PerCP; clone SK1), anti–CD19APC (clone HIB19), anti–CD45-APC (clone HI30), anti–
CD56-APC (clone B159; all from BD Pharmingen,
Heidelberg, Germany), anti–CD14-APC (clone TüK4), and
anti–CD16-APC (clone 3G8; Caltag, Hamburg, Germany).
Tetramers
MHC multimer reagents were generated as previously
described (21,28 –30). Brieﬂy, recombinant ␤2 microglobulin and HLA fusion proteins containing a speciﬁc
biotinylation tag (31) at the C-terminus of the ␣3 domain
were separately expressed as inclusion bodies in Escherichia coli (28). After puriﬁcation of recombinant proteins, MHC molecules were folded in vitro in the presence
of high concentrations of the relevant peptide. After enzymatic biotinylation (BirA), correctly folded and biotinylated MHC molecules were puriﬁed by chromatography
over a size exclusion column (Superdex 200HR, Pharmacia, Uppsala, Sweden). Biotinylation efﬁciency was determined by avidin shift assay and reached greater than 95%
for all reagents used in this study. Tetramerization was
achieved by overnight incubation of biotinylated MHC
molecules with streptavidin phycoerythrin (PE; Molecular
Probes, Leiden, Netherlands) at a molar ratio of 5:1. Unbound MHC molecules were removed by washing MHC
tetramers over a 100-kDa molecular weight cutoff spin

tube membrane. MHC tetramers were concentrated to 2
mg/mL in phosphate buffered saline (pH 8) and stored at
4°C in the presence of protease inhibitors (pepstatin,
leupeptin), ethylene diamine tetraacetic acid (1 mmol/L),
and sodium azide (0.02%). The following synthetic peptides (Afﬁna, Berlin, Germany) were used: pp65(495–503)
(NLVPMVATV) and pol 476 – 484(ILKEPVHGV). Throughout all the experiments described in this study, the same
batch of tetramers was used. Speciﬁcity of the tetramers
was controlled by staining of peptide-speciﬁc T-cell clones
(data not shown).
Staining
An aliquot of whole blood with heparin was pipetted
into 1.5-ml reaction tubes. For all assays (except for the
titration assay), a concentration of 0.2 g of tetramer per
100 l whole blood was used. The tetramer was added,
and the probe was vortexed and incubated for 20 min at
room temperature. An antibody mixture containing CD3FITC, CD8-PerCP, CD56-APC, CD19-APC (10 l of each
antibody/100 l blood), CD16-APC, and CD14-APC (2.5
l/100 l blood) was added and incubated for another
15min at room temperature. In some experiments CD45APC was used instead of the APC-labeled exclusion cocktail. Initial experiments included samples incubated with
FITC-, PerCP-, and APC-labeled isotype control immunoglobulin G1 (BD Pharmingen).
Nine hundred microliters of FACS lysing solution (BD
Pharmingen) was pipetted into Trucount tubes (BD
Pharmingen). By using a reverse pipetting technique, 145
l of the antibody– blood mixture (100 l of blood and 45
l of the antibody mixture) was added to the Trucount
tubes. Samples were vortexed, incubated for 15 min at
room temperature, and then put on ice for immediate
analysis. Each probe was stained in one tube and then
measured as duplicates in two separate Trucount tubes.
Data Acquisition, Instrument Settings, and
Sequential Gating
Data were acquired using a FACScalibur with an additional 635-nm red diode laser for the fourth color. Analysis
was carried out with CellQuest Pro (BD Pharmingen)
software. Acquisition was performed by gating on beads.
Because light scatter appearance is not recommended for
gating on beads, two regions (R6 and R7) were routinely
used, taking into account all four colors of the beads (Fig.
1, plots 1 and 2). Events that were positive for all four
colors were regarded as beads (G4 ⫽ R6 and R7). The
number of the beads per tube varies from batch to batch
and is indicated individually for each batch by the manufacturer. Acquisition was stopped when one-third of the
beads was counted (in general, approximately 18,000
beads). For acquisition, a CD3 anchor was used by setting
the threshold of FL1 on 200.
Light scatter parameters were ampliﬁed to best visualize
lymphocytes. The color compensation between different
ﬂuorochromes was set with single ﬂuorochrome-stained
cells and the appropriate isotype-labeled controls by using
the same staining procedure described earlier.
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FIG. 1. Data acquisition and sequential gating using Trucount tubes and staining with anti–CD3-FITC, tetramer-PE, anti–CD8-PerCP, anti–CD14-APC,
anti–CD16-APC, anti–CD19-APC, and anti–CD56-APC on whole blood. List mode data were acquired on a FACScalibur (BD Biosciences) and analyzed with
CellQuest Pro software. Standard method (method A): Plots 1 and 2: Acquisition was performed by gating on beads. Beads are identiﬁed by combining R6
and R7 (⫽ G4). Acquisition was stopped when one-third of all beads was counted. Plot 3: All events (beads excluded) are displayed in a density plot of
FSC versus FL-3(CD8). R1 includes more than 95% of the CD8⫹ population. Plot 4: All events from R1 are displayed in an FL-1(CD3) versus SSC dot plot.
R2 includes CD3⫹ cells with a low SSC. Plot 5: Cells from R1 and R2 are displayed in an FL1(CD3) versus FL4 dot plot to exclude all FL4⫹ cells
(CD14,CD16,CD19,CD56) (R3). Method A: All cells from R1 and R2 and R3 (⫽ G1) are displayed in an FL2(tetramer) versus FL3(CD8) dot plot. R4 deﬁnes
tetramer-positive events. Absolute numbers are deﬁned by G2 ⫽ G1 and R4. Absolute numbers for CD8⫹ cells are deﬁned by G3 ⫽ G1 and R5. Alternative
gating strategy (method B, no exclusion gate): All cells from R1 and R2 are displayed directly in an FL2(tetramer)/FL3(CD8) dot plot. Percentages indicate
the numbers of the cells within the region of interest versus all cells (beads excluded). Instrument settings remained unchanged for all experiments.

Analysis was performed by excluding all beads (Fig. 1,
G5). All remaining cells were displayed in an forward
scatter (FSC)/FL3(CD8) density plot, and a region was
drawn to determine the upper and lower FSC bounds of
the CD8⫹ population (Fig. 1, R1, plot 3). These cells were
then displayed in an FL1 (CD3)/side scatter (SSC) dot plot,

and a region was drawn around the CD3⫹ population with
a low side scatter (Fig. 1, R2, plot 4). Gating on cells in R1
and R2 in an FL1(CD3)/FL4 dot plot revealed all contaminating cells that were positive for any of the markers such
as CD14, CD16, CD19, or CD56. A region (R3) including
all FL4⫺ cells was drawn (plot 5). Combining these three
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regions in one gate (G1 ⫽ R1 and R2 and R3) displayed all
CD3⫹CD14⫺CD16⫺CD19⫺CD56⫺ lymphocytes with a
typical light scatter appearance. These cells were then
displayed in an FL2(tetramer)/FL3(CD8) dot plot, and a
region around tetramer-positive, CD8 highly positive cells
was drawn (R4, plot 6). Gate 2 then combined G1 and R4
to produce the absolute number of tetramer-positive,
CD8⫹ T cells. An additional region (R5) could be used to
quantitate the number of CD8⫹ T cells (G1 and R5). This
gating method was used as the standard method, referred
to as method A.
An alternative approach, referred to as method B, was
evaluated in some experiments. For this approach the
exclusion gate was omitted, i.e., gating was performed on
R1 and R2 and cells were directly displayed in an
FL2(tetramer)/FL3(CD8) dot plot (Fig. 1, method B). In a
third approach, all cells (beads excluded) were displayed
directly in a FL1(CD3)/FL4(CD14/CD16/CD19/CD56) dot
plot, and CD3⫹FL4⫺ cells were displayed in the
FL2(tetramer)/FL3(CD8) dot plot (method C).
Calculation of the absolute amount of tetramer-positive
cells per microliter of whole blood was done with the
following equation:
(n tetramer-positive cells acquired [gate 2]
⫻ n beads/Trucount tube)/(n beads acquired [gate 4]
⫻ volume sample[ ⫽ 100l])
Analysis of Mean Fluorescence Intensities
To compare the mean ﬂuorescence intensity (MFI) of
positive events with the negative population, a widely
accepted way is to use the so-called 2% threshold method
(32). Brieﬂy, a 2% threshold marker is set in a control
histogram containing 2% of the cells with the highest
ﬂuorescent intensity. This marker is then applied for positive samples, and the values of the positive and the
negative sample can be subtracted or correlated to each
other. Because we expected low amounts of positive
cells, we used a 1% threshold, which is sufﬁcient to
include all positive events. Further, rather than pre-setting
the threshold in the negative control sample (e.g., stained
with HIV tetramer), we analyzed samples individually,
adapting the markers of the “threshold gate,” so that the
top 1% of each sample was included. The x-fold increase
was then calculated as (MFI of top 1% ⫺ MFI of all
cells)/MFI of all cells. This calculation allows for the comparison of the MFI of the 1% of cells with the highest
ﬂuorescence intensity with the MFI of all cells of the
sample and can be applied for each sample individually.
Statistics
Assay accuracy was assessed as part of the “limits of
agreement” approach suggested by Bland and Altman (33)
and by least-squares linear regression analysis where the
intercept parameter can be interpreted as constant bias
and the difference “1 minus slope parameter” as proportional bias (3). Assay precision was assessed by calculation
of variance components (between tubes, within tubes) or,
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when the assumption of normal distributed data was implausible, by determination of maximal individual 99%
quantiles (background) or mean relative ranges (variation
over time), i.e., (99% quantile ⫺ median)/median averaged over patients. Assay linearity was assessed by leastsquares linear regression analysis (slope, y intercept, R2,
residual standard deviation).
Statistical analyses were performed with R 1.6.2 and
Microsoft Excel 2000.
RESULTS
Titration of Tetramers Is Required for Optimal
Resolution of Positive and Negative Events
In a ﬁrst series of experiments, CMVpp(65)(495–503) tetramer was titrated with the blood of HLA-A*0201⫹/CMV⫹
donors at a concentration of 0.1– 0.8 g/100 l whole
blood.
A high resolution between positive and negative events
could be achieved with as little as 0.2 g/probe. In two of
three experiments, the MFI of negative cells increased
with the increasing concentration of the tetramer. To
avoid bias due to gating on positive and negative events,
we applied the modiﬁed threshold method as described in
Materials and Methods to calculate the increase of ﬂuorescence of the positive cells over the background. This
calculation allows for a standardized analysis and comparison of the MFI of the positive and negative events, even
if the ﬂuorescence of the negative events varies from
sample to sample. Comparison of the raw data (Fig. 2) and
calculation of the x-fold increase of the top 1% of the cells
per sample (upper right corner of each plot) showed 0.2
g of tetramer/100 l whole blood to be sufﬁcient, resulting in optimal discrimination. This concentration was
then used for all other assays.
Background, Detection Limit, Linearity, and Time
Dependency
As described in Materials and Methods, the acquisition
was stopped when one-third of the beads was counted.
This equals 33.3 l of the 100 l whole blood. Given that
there was no background staining at all, mathematically,
one event per 33.3 l, or three events per 100 l, could be
detected. The theoretical detection limit therefore is
0.01% of CD8⫹ T cells, given that there are approximately
30,000 CD8⫹ cells/100 l in healthy donors. The detection limit can be improved by acquiring more of the
sample (e.g., half of the beads), and doing so is reasonable,
if extremely low frequencies are expected. However, by
increasing the amount of events acquired, acquisition time
is signiﬁcantly increased.
The real detection limit depends on the background
staining. Analysis of the probes stained with the
HIV(pol)(476 – 484) tetramer in general revealed a low background (Table 1). To deﬁne a threshold above which the
probes are considered to be positive, we performed repetitive stainings with the HIV(pol)(476 – 484) tetramer (two
to six times) for each donor. Based on these data, we
calculated the 99% quantile for each of the 14 donors
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FIG. 2. Titration of the CMVpp(65)(495–503) tetramer (top row). Whole blood, 0.1– 0.8 g/100 l, from HLA-A*0201⫹/CMV⫹ donors was stained. The
x-fold increase of tetramer-positive over tetramer-negative CD8⫹ cells was calculated as described in the text and is given in the upper right corner. Staining
with HIV(pol)(476 – 484) tetramer is shown as a negative control (lower row). Plots represent one of three experiments.

individually and chose the donor with the highest value to
determine the upper limit for the assay. The value of the
highest 99% quantile was 13.95 cells/100 l whole blood,
or 38.69 cells/105 CD8⫹ T cells (⬍0.04%). Staining of

CMV⫺ donors with CMVpp(65)(495–503) tetramer revealed
similar intervals for the background (99% quantile, maximum: 8.93 cells/100 l, or 17.51 cells/105 CD8⫹ T cells;
Table 1).

Table 1
Determination of Background Staining for Individual Donors*

Patient
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

99% quantile HIV (pol)(476–484)
tetramer
Cells/100 l
Cells/105 CD8⫹
T cells
whole blood
5.98
13.95
11.22
9.97
8.27
2.99
2.89
8.90
2.96
8.90
2.90
0
2.96
0

20.76
26.76
34.28
38.69
14.35
7.74
5.34
17.36
6.83
12.71
5.57
0
5.75
0

99% quantile CMVpp(65)(495–503)
tetramer
Cells/100 l
Cells/105 CD8⫹
whole blood
T cells
—
—
—
—
—
—
8.58
0
2.96
8.90
8.59
0
8.93
8.90

—
—
—
—
—
—
14.22
0
6.96
12.98
13.28
0
17.51
12.18

*Blood from each donor was stained repeatedly (two to six times) with the respective tetramer. The 99% quantile was calculated for each donor. The highest background values (bold numbers) deﬁne the upper limit for negative samples. Patients 1
to 6 were CMV⫹; therefore, the values for the staining with the CMV tetramer are not
shown.
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Statistical Evaluation of the Assay-Related Variation

FIG. 3. Linear regression of statistically expected, measured quantity of
cells showing high goodness-of-ﬁt (y ⫽ 0.91x ⫹ 8.8; R2 ⫽ 0.964; residual
standard deviation: 29.62) limits of agreement were determined as described in Figure 5: mean ratio of (measured ⫺ expected)/expected: 0.17;
standard deviation, 0.71). Cells stained with CMVpp(65)(495–503) tetramer
were titrated to samples stained with HIV(pol)(476 – 484) tetramer. Expected values were calculated from samples stained with CMV tetramer
and acquired as duplicates (⫽ positive control, 100%). Data from four
different experiments are included.

To assess linearity between expected and observed
events, we performed mixing assays by titrating a positive
probe stained with CMVpp(65)(495–503) tetramer into a
negative probe stained with HIV(pol)(476 – 484) tetramer. A
linear regression of statistically expected, measured quantity of cells showed high goodness of ﬁt (Fig. 3); thus, the
assay is assumed linear over the relevant measurement
range.
Time course experiments showed a loss of positive
events (in some experiments, up to 25%) within the same
probe (on ice) after periods longer than 3 h (Fig. 4). This
could not be stabilized by the addition of paraformaldehyde (0.33% ﬁnal concentration; data not shown). Hence,
we limited the acquisition time to 2 h, which allowed the
analysis of a maximum of 12 samples per assay.

FIG. 4. Time-related variation of tetramer counts. Samples were stained
by using the standard method, measured immediately (t ⫽ 0), and then
stored on ice in the dark for the indicated times. Samples were measured
in duplicate and the mean value was calculated. Values from different
time points are given as a percentage of the values obtained at t ⫽ 0. Data
from three independent experiments are presented.

One of the aims of this study was to standardize experimental conditions, so that samples from different experiments could be compared. This is important if one wants
to avoid variation due to freezing and thawing and other
technical artifacts. To discern a true difference in cell
counts from assay-dependent variation, we calculated different factors inﬂuencing the results. All samples were
measured in duplicates, using one tube for the staining
procedure and two different tubes for the acquisition. The
overall standard deviation calculated with the use of these
duplicates allows determination of between-tubes variation, which is inﬂuenced by the data acquisition, pipetting, and random distribution of the tetramer-positive
cells. This standard deviations for the between-tubes variation were 3.67 cells/100 l (10.18/105 CD8⫹T cells, or
0.1%) for negative samples and 31.42 cells/100 l (62.79
cells/105 CD8⫹ T cells, or 0.63%) for positive samples. If
one-ﬁfth of the same tube was measured three times in a
row (within-tube variation), a similar standard deviation
was calculated (38.09 cells/100 l; 92.15 cells/105 CD8⫹
T cells, or 0.92%).
To calculate the physiologic range of tetramer-positive
CD8⫹ cells in healthy seropositive donors, we examined
the same donors three times within 2 months. Of six
donors, the mean range of variation was 28.6% (minimum,
16.6%; maximum, 43.0%, normalized for CD8⫹ T-cell
counts). This variation is attributed to the interassay variation plus the physiologic variation within the donor.
These data are useful for further studies, because assay-toassay variation for up to 50% must be attributed to physiologic and/or assay-related variations, whereas higher or
lower values can be considered a true increase or a true
decrease. Representative examples are shown in Figure 5.
Inﬂuence of Different Gating Strategies
It has been demonstrated in different studies that the
quantitation of rare cells depends highly on different gating strategies (34 –36). To determine this gating-related
bias in our setting, we reanalyzed a set of data by using
three different gating strategies (Fig. 1): we ﬁrst compared
the data obtained with our standard gating strategy (four
colors, exclusion gate, method A) with data obtained by
analysis of the same experiments without the use of the
fourth color as an exclusion gate (method B). To compare
the two methods, we determined the limits of agreement
as suggested by Bland and Altman (33). As demonstrated
in Figure 6, omitting the exclusion gate did not substantially change the standard method with regard to background staining (Fig. 6A and 6B, CMV⫺ donors). The
number of CD8⫹ cells was slightly increased (not shown),
which we consider to be a minor variation. Thus, the
fourth channel can be used for other purposes, e.g.,
characterization of the phenotype. As an alternative
gating strategy, we analyzed our data by using the
classic FSC/SSC lymphocyte gate, followed by a CD8/
tetramer dot plot. This strategy resulted in similar values, with a slightly increased background (data not
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FIG. 5. Variation of tetramer-positive cell numbers from assay to assay and over time. The same donors were evaluated for the absolute number of
tetramer-positive T cells on 3 different days within a 2-month period. Representative examples from three (of six) different CMV⫹ donors are given.
Numbers represent absolute numbers of tetramer-positive cells/100 l whole blood (upper row) and percentage of CD8⫹ T cells.

shown). One drawback of this analysis is the bias due to
the use of the CD3 anchor during data acquisition and
the high ampliﬁcation of FSC and SSC. The preselection
of CD3⫹ cells makes it much easier to draw an appropriate FSC/SSC gate. In initial experiments using isolated peripheral blood mononuclear cells (PBMCs),
cells were acquired without setting a threshold. The
FSC/SSC turned out to be the source of the highest
variation (data not shown).
Because light scatter parameters appear to be the major
source for variability in gating, we wondered whether the
analysis could be done without these parameters. We
analyzed the data by gating on the CD3⫹FL4⫺ population

in an FL1(CD3)/FL4(CD14,16,19,56) dot plot and displayed these cells in a tetramer/CD8 dot plot (method C).
Figure 6 shows a substantial variation of background values and numbers of positive events in comparison with
our standard method. Hence, light scatter parameters cannot be omitted.
The use of a CD45 anchor also has been suggested for
the quantitation of CD4⫹ cells in HIV⫹ patients (8). We
compared samples stained with CD45-APC as the fourth
color with our standard staining method. Neither the
exclusion gate nor the use of an additional CD45 anchor
changed the number of tetramer-positive cells substantially (data not shown).
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FIG. 6. Inﬂuence of different gating strategies. Cells were stained with the standard method: CD3-FITC/tetramer-PE/CD8-PerCP/(CD14/16/19/56-APC).
Data were analyzed with three different methods (see Fig. 1). Method A: Standard method (see Fig. 1). Method B: Standard method without the
FL4-exclusion channel. Method C: Gating on the FL1(CD3)⫹/FL4⫺ population and displaying these cells in an FL2(tetramer)/FL3(CD8) dot plot without the
use of light scatter parameters. Let a1 ⫺ n be the values obtained by method A and b1 ⫺ n and c1 ⫺ n the values obtained by methods B and C, respectively.
Triangles represent data obtained by comparison of methods A and B: x axis, mean of ax and bx; y axis, (bx ⫺ ax)/mean(ax;bx). Rectangles represent the
corresponding data comparing method C with method A (33). A: Background staining obtained by staining with the HIV(pol) tetramer. Limits of agreement:
method B versus A (triangles): mean (y value), 0.22; standard deviation, 0.54. Method C versus A (rectangles): mean, 1.77; standard deviation, 0.23. B:
Staining with CMV(pp65) tetramer. Values to the left of the bar represent data obtained from CMV⫺ donors. Values to the right represent data obtained
from CMV⫹ donors. Limits of agreement: method B versus A (triangles): mean (y value), 0.08; standard deviation, 0.14. Method C versus A (rectangles):
mean, 1.22; standard deviation, 0.59.

DISCUSSION
The direct ex vivo quantitation of antigen-speciﬁc T
cells provides an insight into the development and dynamics of T-cell responses in tumor immunology and infectious diseases (1). There are several methods to monitor
antigen-speciﬁc cells, e.g., tetramer staining of the speciﬁc
T-cell receptor, intracellular cytokine staining, and ELISPOT
assays. These assays are complementary to each other. Assays such as cytokine staining or ELISPOT demonstrate the
functional capacity of the cells but depend on in vitro restimulation. Tetramer staining demonstrates the phenotype,
but not the function, of the cell.
The low frequencies of CD8⫹ T cells speciﬁc for a given
peptide antigen in the peripheral blood require highly
accurate methods that depend on variables such as sample
processing, viability, and background. Numbers are often
given as a percentage of CD8⫹ T cells alone, which is an
additional source of variability. Variation from experiment
to experiment often complicates the interpretation of the
data. Freezing of the probes and analysis of all probes in
one experiment are often performed, but variation due to
the freezing and thawing process itself cannot be avoided.
In this study we have presented and evaluated a singleplatform, four-color ﬂow cytometric method for the determination of tetramer-positive cells from whole blood.
The method is rapid—staining and analysis can be performed within 1 h after the blood is drawn— easy to
perform, accurate, and produces results as events per
volume of whole blood and as a percentage of CD8⫹ cells.
In patients with highly differing T-cell counts, e.g., in
immunosuppressed patients, this additional information
about the absolute numbers of tetramer-positive cells
might better reﬂect the immunologic “power” of the Tcell response than the mere percentage of CD8⫹ cells.

Several points have turned out to be critical for the
performance of the assay. With the use of Trucount tubes,
a deﬁned volume of the probe can be determined, because the exact number of the beads per tube is known.
Identifying the beads is easy because they show a bright
ﬂuorescence in all four channels. The manufacturers recommend the use of one tight gate in an FL1/FL2 dot plot.
However, we found using at least three or, better, all four
colors and combining the two regions into a “bead gate”
to be more exact. This decreases the possibility that nonspeciﬁcally stained cells, aggregates of cells, or dead cells
are counted as beads and allows for the use of larger
regions, which avoids the exclusion of beads due to a gate
that is too tight.
Another important feature is the use of an anchor
marker for data acquisition. With a whole blood/no-wash
method, the amount of platelets or debris is high. Acquisition of ungated (i.e., setting the threshold to 0) events
results in large amounts of data that are difﬁcult to handle
and analyze. Selection before data acquisition needs to be
done. We chose CD3 as an anchor, because it homogenously stains the T-cell population and is not expressed
on B and natural killer cells that would also fall in an
FSC/SSC lymphocyte gate. Setting the threshold so that
CD3⫺ events are excluded within the process of data
acquisition helps to reduce the size of the FCS ﬁles.
The deﬁnition of gating parameters, especially for FSC,
to exclude debris is often difﬁcult. However, the use of
light scatter parameters is necessary to achieve a low
background, as demonstrated in Figure 6. We used three
strategies to facilitate gating: (a) the use of a CD3 anchor
for acquisition to exclude debris; (b) strong ampliﬁcation
of the light scatter parameters to focus on lymphocytes.
Granulocytes and monocytes are not within the bound-
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aries of the dot plot, but they ought to be excluded by
gating, so this method is valid. (c) Using an FSC/CD8
density plot rather than the usual FSC/SSC plot deﬁnes the
upper and lower borders of the FSC gate for the cells of
interest, i.e., the highly CD8⫹ population. If these cells are
then displayed in an SSC/CD3 dot plot, gating on the T cell
population is facilitated. Combination of these two regions takes into account the expression of CD3, CD8, and
the typical light scatter appearance of lymphocytes.
It is much easier to standardize the sequential gating
strategy when using square regions rather than polygonal
regions and by combining each light scatter parameter
with a ﬂuorescence channel rather than using the classic
FSC/SSC lymphocyte gate. Of the 25 experiments with
approximately 300 samples, we only had to make slight
adjustments for region 1 in one experiment and for region
4 in eight experiments (see Fig. 1). Variation using the
classical FSC/SSC region was relatively low in our experiments when comparing different gating strategies, but
because data were acquired with a CD3 anchor, debris
and CD3⫺ events were already excluded and gating was
facilitated. Our own experience with ungated PBMCs and
data from different groups showed that the light scatter
appearance, especially FSC, contributes most to the gating-related variance (34 –36). An additional gate to exclude all cells that are positive for other lineage markers
can be used but is not a prerequisite for the successful
identiﬁcation of tetramer-positive cells. The fourth channel can serve for the characterization of the phenotype by
using markers such as CD45RA, CD45RO, and CCR7 or
activation markers. However, because the staining procedure is done at room temperature, caution is necessary
when the cells are characterized for markers that are
rapidly regulated after antibody-binding, e.g., via internalization.
Dead cells do not represent a major problem in this
assay. In initial experiments, staining with amino actinomycin D (7-AAD) showed no signiﬁcant numbers of dead
cells within the CD8⫹ population (data not shown). Because we used fresh whole blood and a CD3 anchor for
acquisition, this is not surprising. The loss of tetramerpositive events after periods longer than 3 h on ice (Fig. 4)
might be explained by activation and subsequent cell
death due to binding of the T-cell receptor during the
staining period at room temperature (37–39). Longer storage of the blood sample itself also might result in different
staining characteristics, including a larger amount of dead
cells, which could increase background staining. Switching to a system using CD8-APC in FL4 instead of CD8PerCP and adding 7-AAD as a dye for dead cells in FL3
would resolve the problem.
We chose CMV infection as a model disease, because
the T-cell response in healthy donors is robust and monitoring for CMV-speciﬁc cells has an impact in a variety of
clinical settings, e.g., in patients receiving a liver, kidney,
or bone marrow transplant (11,15,18 –21,27). In a number
of studies, quantitation of CMV-speciﬁc T cells was done
with tetramers using PBMCs (14,20,21,24,26) or whole
blood (17,22). In a recent study, Engstrand et al. analyzed

CMV-speciﬁc T cells in healthy donors and immunosuppressed patients by using a similar method. In their work,
three assays, tetramer staining and intracellular interferon-␥ staining after pulsing with lysate or pp65 peptide,
were compared by using a whole blood staining procedure with a subsequent lysing and washing step or a
single-platform approach in some experiments. (25). Our
data are consistent with the data presented in that study
and in the studies mentioned above concerning the range
of CMV responses in healthy donors. Some differences can
be discussed in view of the different methodologies. For
example, a dual-platform approach, including washing
steps and different gating strategies, is usually used. The
general focus in these studies is the monitoring of immunosuppressed patients. Our study focused on issues of
background staining, standardization of the gating procedure, and statistical analysis of assay-related variation by
analyzing various variables possibly inﬂuencing assay accuracy. Therefore it provides complementary data to the
aforementioned studies and might be useful for the design
of future studies.
The method presented here is applicable to a variety of
infectious diseases, autoimmune diseases, or tumor immunology provided that the immunogenic epitope of the
antigen in question is known. Due to the small amount of
blood required (500 l is needed for duplicates and controls), it is a useful tool, especially for analysis in pediatric
patients.
The detection limit of the method based on our data is
14 cells/100 l whole blood, which equals approximately
0.04% of all CD8⫹ T cells. This is slightly higher than the
currently accepted detection limit (0.01%) (1). The difference can be explained by the statistical method used to
determine the upper threshold limit. Most negative controls in our study had very low background values (mean
50% quantile: 1.58 cells/100 l; 0.003% of the CD8⫹ T
cells; Table 1). Because a normal distribution of these
values could not be assumed, the calculation of a mean
value and its standard deviation was not possible. We
therefore calculated the 99% quantile for each donor separately and chose the donor with the highest individual
99% quantile to deﬁne the detection limit to clearly identify only truly positive cell populations.
Establishing a general background threshold is advantageous because, for further studies, a positive sample can
now be deﬁned as a sample with a cell count higher than
this deﬁned background and is valid only if the corresponding negative control (e.g., stained with HIV tetramer) lies within this interval. Further, information concerning between-tubes variation can be used as an
additional tool to validate the assay. This strategy ensures
that only samples with a similar background staining are
compared, and these data do not need to be recalculated
by subtracting the background.
Choosing the appropriate negative control is crucial.
We chose HIV(pol) as a control, which is commonly used
as a negative control in various assays (e.g., ELISPOT or
intracellular cytokine staining). The data obtained for the
background were conﬁrmed by the data obtained from
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samples of HLA-A*0201⫹/CMV⫺ donors that were stained
with the CMV tetramer. However, in experimental settings where a very low frequency of speciﬁc T cells is
expected, the use of tetramers with different alleles may
be useful.
The knowledge about the normal (physiologic and assay-related) variations from experiment to experiment facilitates the comparison of data obtained from different
time points. This helps to interpret data about an increase
or a decrease in patient cohorts and reduces the risk of
over-interpretation of slight changes (in our case, ⬍50%)
of the tetramer-positive T-cell counts.
A major advantage of tetramer staining is that it is a
straightforward technique to identify antigen-speciﬁc
cells. One limitation of tetramer technology is its restriction for speciﬁc HLA alleles and certain antigen epitopes.
Combining tetramer staining with functional assays provides additional information, and the latter can be used if
the immunogenic epitope is not clearly deﬁned.
The method evaluated in this study reduces processing
time and handling to a minimum and is close to the in vivo
setting. Sample processing, data acquisition, and analysis
are standardized; therefore, results from different laboratories might be easier to compare. The method provides a
robust, precise, time-efﬁcient, and standardized assay to
be used as a tool to understand the development and
expansion of the T-cell pool.
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