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Abstract

For immune diagnostic purposes it would be critical to be able to distinguish between ongoing immune processes, such as active infec-
tions, and long-term immune memory, for example imprinted by infections that have been cleared a long time ago or by vaccinations. We
tested the hypothesis that the secretion of granzyme B, as detected in ex vivo ELISPOT assays, permits this distinction. We studied EBV-,
flu- and CMV-specific CD8+ cells in healthy individuals, Vaccinia virus-reactive CD8+ cells in the course of vaccination, and HIV-spe-
cific CD8+ cells in HIV-infected individuals. Antigen-specific ex vivo GzB production was detected only transiently after Vaccinia immu-
nization, and in HIV-infected individuals. Our data suggest that ex vivo ELISPOT measurements of granzyme B permit the identification
of actively ongoing CD8+ cell responses—a notion that is pertinent to the immune diagnostic of infections, transplantation, allergies,
autoimmune diseases, tumors and vaccine development.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

CD8+ cells play a critical role in host defense [1–3].
Before the first encounter of their antigen CD8+ cells are
naı̈ve, occur in low clonal sizes, express cell surface markers
characteristic of resting cells, and are not capable of exert-
ing effector functions such as killing [4]. Shortly after an
infection or vaccination the specific CD8+ cells are trig-
gered to engage in an immune response. The antigen-spe-
cific cells undergo clonal expansion and acquire
activation markers [5]. Such CD8+ cells that have recently
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encountered antigen in the context of a primary infection
or vaccination are called effector cells. T cells that exert
effector functions after secondary antigen encounter are
referred to as effector memory cells [6–8]. Naı̈ve CD8+ cells
will proliferate vigorously but will not differentiate in lytic
effector cells unless they also receive a ‘‘third signal’’ that
can be provided by IL-12 [9,10] or type I IFNs [11]. In
the absence of such third signals, CD8+ cells will prolifer-
ate, express perforin but not granzyme B (GzB)2 and will
lack cytolytic functions [12]. If the immune response is suc-
cessful and the antigen is cleared/controlled the CD8+ cells
become quiescent, their clonal sizes drop, they reacquire a
2 Abbreviations: Flu, influenza; GzB, granzyme B; ICS, intracellular
cytokine staining; PPD, purified protein derivative; TT, tetanus toxoid;
MTB, Mycobacterium tuberculosis.
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resting phenotype and lose the ability to engage in direct
lytic effector functions. Such CD8+ cells that have encoun-
tered antigen long ago are called central memory cells [13].
Translating these notions into immune diagnostic consider-
ations one might predict that high clonal sizes and the
expression of activation/effector molecules would distin-
guish between CD8+ cells that are actively engaged in an
immune response vs. resting memory cells. The clonal size,
however, is not a reliable indicator of active immune pro-
cesses—frequencies of virus-specific CD8+ cells are fre-
quently low in chronic viral infections [14–16]. When
antigen persists, the antigen-specific CD8+ cell population
undergoes exhaustion and the frequencies of the antigen-
specific cells drop to barely detectable numbers as is
typically seen in the chronic phase of many infections,
including HIV, hepatitis B and C or tuberculosis
[14,17,18]. In these diseases the frequencies of the patho-
gen-specific T cells can drop to levels so low that present
technologies frequently have difficulties to discern unin-
fected or chronically infected individuals. The distinction
between recently activated and long-term memory cells
therefore needs to rely on techniques that not only permit
the detection of rare antigen-specific cells, but in addition
either delineate activation markers/effector molecules or
functions of these cells.

Only recently activated CD8+ cells are capable of exert-
ing perforin/GzB-mediated cytolytic functions [6]. Effector
CD8+ cells store perforin and GzB molecules in their cyto-
lytic granules, and upon antigen encounter, release these
molecules towards the target cell [19–21]. Perforin mole-
cules punch holes into the membrane of the target cell
and GzB penetrates inducing apoptosis via activation of
caspase pathways [21–23]. While resting CD8+ cells (naı̈ve
and central memory cells) have no cytolytic granules con-
taining GzB, they start expressing granzyme within days
after antigen encounter—provided they also receive ‘‘signal
3’’ [12,23]. In the absence of ongoing antigen stimulation
CD8+ cells stay GzB positive for approximately 1 month
[24]. Due to ongoing stimulation with various environmen-
tal antigens up to 20% of all CD8+ cells in the PBMC of
healthy individuals are GzB positive [24]. These notions
have implications for the detection of antigen-specific
CD8+ cells expressing GzB. Unlike with intracytoplasmic
cytokine staining (ICS), where cytokine expression in the
unstimulated T cells is very low and hence a small increase
in the numbers of T cells expressing the cytokine after anti-
gen stimulation permits the identification of the antigen-
specific cells, for GzB the very high baseline expression in
human CD8+ cells interferes with flow cytometry-based
identification of the antigen-specific cells in a functional
assay. Moreover, unlike for the ICS measurements, the
stimulation of a granzyme positive CD8+ cell with antigen
will not induce detectable additional synthesis of GzB, but
to the contrary, will cause the CD8+ cells to release GzB
from their lytic granules. In this degranulation process only
a fraction of the GzB stored per cell is secreted (enabling
the CD8+ cells to be ‘‘serial killers’’) [22] which makes it
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challenging to detect the loss of GzB through degranula-
tion by flow cytometry. In ELISPOT assays, on the con-
trary, the actually released GzB can be measured [25].

Based on the above considerations, tetramer/pentamer
staining can be, and has been successfully combined with
the detection of intracellularly stored GzB to identify
in vivo activated antigen-specific CD8+ cells [26]. Since such
effector memory cells have prestored GzB at isolation from
the body, they should be able to release GzB upon direct
ex vivo stimulation with the antigen. We set out to test this
hypothesis. As a paradigm for recently activated effector
memory cells, we studied Vaccinia-specific CD8+ cells after
revaccination with this virus as well as HIV peptide-reac-
tive CD8+ cells in HIV-infected subjects. As prototypic
resting CD8+ memory cells, we tested EBV-, CMV- and
flu peptide-reactive CD8+ cells in healthy individuals in
whom these infections occurred in the indefinite past, and
in whom there was no evidence for active infection.

2. Materials and methods

2.1. Subjects, cell separation

Peripheral blood was obtained from female and male
healthy human donors, 23–45 years of age. They were
members of our laboratory or adjoining laboratories. High
resolution HLA-typed PBMC were also purchased from
Cellular Technology, Limited, CTL, Cleveland OH. Since
most humans get exposed to flu, EBV and CMV early in
life we assumed that the individuals in our test cohort that
responded to such antigens in an ELISPOT assay have
been exposed. This assumption should be valid since a clear
correlation has been established between an individual’s T
cell response to viral recall antigen as measured by ELI-
SPOT and a positive antibody titer [27,28]. Moreover, ELI-
SPOT assays have been shown to have high specificity in
settings where antigen exposure affects only a fraction of
the population, e.g., HIV infection [29], hepatitis C infec-
tion [14], and in settings of immunizations [30]. We there-
fore assume that positive ELISPOT results are specific
and do not entail significant heterologous priming. We
have several independent lines of evidence that acute flu,
EBV and CMV infections did not occur in our cohort while
the T cell data were obtained. First, the donors did not
exhibit clinical signs of infections. Second, the frequencies
of CD8+ cells specific for these viruses were found to be
constant in several repeat experiments over an observation
period of close to 2 years—infections should have resulted
in increased frequencies. Third, the functional properties of
the CD8+ cells specific for these viruses were constant over
the observation period—reactivation of these CD8+ cells
by an acute infection should have resulted in conversion
to a GzB positive phenotype.

Three volunteers who had been previously vaccinated
with Vaccinia in childhood were revaccinated (using Dry-
vax�). The donors were bled on the day of the revaccina-
tion, prior to the revaccination (day 0), on days 14 and
production distinguishes recently activated CD8+ ..., Cell. Im-
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105 thereafter. In addition, unvaccinated and childhood
vaccinated donors were tested. The latter all showed the
typical local lesion on the upper arm confirming the take
of the prior vaccination. Blood was also obtained from
HIV-infected patients from the Special Immunity Unit at
the University Hospitals (Cleveland, OH). All HIV patients
were under HAART therapy at the time of testing. All
studies were performed under the approval of the Institu-
tional Review Board for Human Investigation at the Uni-
versity Hospitals of Cleveland.

PBMC were isolated from heparinized blood by stan-
dard Ficoll-Hypaque density gradient centrifugation (using
Isoprep, Robbins Scientific, Sunnyvale, CA). CD8+ T lym-
phocytes, CD4+ T lymphocytes and B lymphocytes were
isolated from peripheral blood by negative selection using
RosetteSepTM enrichment antibody cocktails according to
the manufacturer’s instructions (Stemcell Technologies,
Vancouver, BC, Canada). The enrichment for the desired
phenotype was >95% for CD4+ and CD8+ T lymphocytes
and >81% for B lymphocytes as had been previously con-
firmed by FACS analysis.

2.2. Antigens

HLA-A2-restricted peptides of EBV (EBV early lytic
protein BMLF1, peptide 259–267, GLCTLVAML; EBV
LMP2A, CLGGLLTMV; EBV EBNA3a 325, FLRGRA
YGL), CMV (pp65, peptide 495–503, NLVPMVATV;
HCMV pp65 495, NLVPMVATV) and flu (Flu Mat 158,
GILGFVFTL; Influenza M, ASCMGLIY) were purchased
from Princeton Biomolecules (Langhorne, PA). An HIV
Peptide 9mer peptide (VIYQYMDDL, RT346–354 LAI)
was used as unspecific control and was purchased from
Interactiva (Ulm, Germany). The CEF peptide pool [31]
containing 23 or 32 8–12mer peptides from CMV, EBV
and Influenza as well as the HIV 1 Gag 20mer Peptides
(�1–480) were obtained through the NIH AIDS Research
& Reference Reagent Program, Division of AIDS, NIAID,
NIH. Single Peptides from the CEF peptide pool were pur-
chased form Sigma-Genosys (Woodlands, TX). Mumps
virus antigen was from Bio-Whittaker (Walkersville,
MA), tetanus toxoid (TT) was a gift from Chiron Behrin-
ger GmbH & Co., Marburg, Germany. Purified protein
derivative (PPD) prepared from human strains of Myco-

bacterium tuberculosis (MTB) was purchased from Evans
Medical (Leatherhead, England), Candida antigen was
obtained from Greer (Lenoir, NC). Dust Mite Mix was
from ALK Abello (Hørsholm, Denmark) and Vaccinia
from WR/ABI (Advanced Biotechnologies Inc., Columbia,
MD).

2.3. Cell culture and ELISPOT assays

When specified as ‘‘ex vivo’’, PBMC were directly plated
into a 24 h ELISPOT assay within 5 h after blood draw.
When specified, and as specified, PBMC were prestimulat-
ed with the nominal peptide for 3–8 days under sterile tis-
Please cite this article in press as: T.M. Nowacki et al., Granzyme B
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sue culture conditions before the cells were transferred into
an ELISPOT assay of 24 h duration. Cells were cultured in
RPMI medium (Bio-Whittaker, Walkersville, MA) supple-
mented with 5% heat-inactivated ABO serum (Gemini Bio-
products, Calmasas, CA) and 1% L-glutamine (complete
RPMI). If purified CD8+ T cells were tested in an ELI-
SPOT assay, autologous B cells were used as antigen pre-
senting cells (APC). In the prestimulation cell cultures,
purified CD8+ T cells were supplemented with B cells as
APC. Cells were cultured in the presence or absence of
antigen challenge. After 3–6 days, the cells were harvested,
washed and counted. The cells were then plated in regular
24 h ELISPOT assays.

Human ELISPOT assays were performed as described
previously [32]. Briefly, ImmunoSpot M200 or P50 plates
(Cellular Technology Ltd., Cleveland, OH) were coated
overnight at 4 �C with the cytokine-specific capture anti-
body diluted in phosphate buffered saline (PBS) at concen-
trations specified below. The same concentrations were
proven to be optimal for both the single color ELISPOT
and the double color ELISPOT. Thus, for the double color
ELISPOT, the two antibodies were added sequentially.
Before plating of cells and antigens, the plates were blocked
with bovine serum albumin (BSA) (10 g/l in PBS: PBS–
BSA) for 1 h and washed three times with PBS. PBMC
were plated in complete RPMI medium at 2–4 · 105 cells
per well (as specified in the table and figure legends).
CD8+ T cells were plated at 105 cells per well with 25,000
B lymphocytes as APCs. Pre-established optimal antigen
concentrations were used for the ELISPOT assay [32]. All
peptides were used at 20 lg/ml; Mumps antigen at a final
dilution of 1:16. Tetanus toxoid was used at 77 lg/ml,
PPD at 20 lg/ml. Candida was used at 10 lg/ml and Dust
mite was at 100 AU/ml. Vaccinia virus was used at 1 moi.
We applied PHA at a final concentration of 10 lg/ml.

Twenty-four hours ELISPOT assays were used for IFN-
c, GzB, IL-2, TNF-a and GM-CSF. For IL-4, IL-5 and IL-
10 48 h assays were performed. Thereafter, the plates were
washed three times with PBS, then three times with
PBS–Tween (0.025%), and the detection antibodies (in
PBS–BSA–Tween) were added at previously established
concentrations as indicated below. In the case of double
color assays, the two antibodies were added simultaneously
at the same concentrations as for the single color assays.
After an overnight incubation at 4 �C, plates were washed
four times with PBS–Tween and the tertiary reagent was
added in PBS–BSA for 2 h at room temperature. For the
red system, Streptavidin–HRP conjugate was added at a
1:2000 dilution. For the blue system, Streptavidin–AP
was added at a 1:1000 dilution. In the case of double color
assays, we used Streptavidin–HRP conjugate at a 1:1000
dilution for the detection of biotin conjugated secondary
antibodies and AP labeled anti-FITC antibodies at a dilu-
tion of 1:500 for the detection of FITC labeled secondary
antibodies. All tertiary reagents were purchased from
Dako (Carpenteria, CA). Afterwards, plates were washed
three times with PBS–Tween followed by multiple washes
production distinguishes recently activated CD8+ ..., Cell. Im-
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with PBS. The red spots were visualized using either HRP-
substrate (Pierce Pharmaceuticals, Rockford, IL) or blue
spots via nitriblue tetrazolium (NBT)/5-bromo-chloro-3-
indoyl phosphate (BCIP) containing Vector Blue develop-
ment solution (Vector Laboratories, Burlingame, CA).
The Vector Blue development solution was prepared
according to the manufacturer’s instruction, filtered
(0.22 lm) and added to the wells. A total of 200 ll of the
development solution was plated per well. The reaction
was stopped by rinsing with distilled water when spots
became clearly visible macroscopically (10–45 min, depen-
dent on the cytokine). When double color assays were per-
formed, the blue color development was done first. The
plates were then air-dried overnight before subjecting them
to ELISPOT counting using an ImmunoSpot� Analyzer
(Cellular Technology Ltd.). Data are recorded as spot
forming units (SFU) per well, i.e., the number of spots/
well. To assess the amount of cytokine produced by single
cells, we also measured the spot-size distribution, which is
one of the built-in functions of the ImmunoSpot� software.
For the ELISPOT assays, the following capture antibodies
were used: IFN-c (2G1 from Endogen, Woburn, MA) at
3 lg/ml, GzB (GB-11 from BD Bioscience, San Jose, CA)
at 5 lg/ml, IL-2 (5334.21 from R&D Systems, Minneapo-
lis, MN) at 5 lg/ml, TNF-a (MAb1 from BD PharMingen,
San Diego, CA) at 6 lg/ml, GM-CSF (BVD2-23B6 from
BD PharMingen) at 6 lg/ml, IL-4 (8D4-8 from BD
PharMingen) at 2 lg/ml, IL-5 (TRFK5 from BD PharMin-
gen) at 4 lg/ml and IL-10 (JES3-9D7 from eBioscience,
San Diego, CA) at 4 lg/ml. For the detection of single
color ELISPOT assays we used biotinylated antibodies.
In double color assays we used a FITC labeled IFN-c detec-
tion antibody: IFN-c (B133.5 from Endogen, biotinylated
or FITC labeled in our laboratory) at 2 lg/ml, GzB (GB-
10 from BD Bioscience, San Jose, CA) at 2 lg/ml, IL-2
(BG5 from Endogen) at 0.06 lg/ml, TNF-a (MAb11 from
BD PharMingen, San Diego, CA) at 1.25 lg/ml, GM-
CSF (BVD2-21C11 from BD PharMingen) at 2 lg/ml, IL-
4 (MP4-25D2 from BD PharMingen) at 2 lg/ml, IL-5
Table 1
HLA-A2 peptide induced direct ex vivo IFN-c ELISPOT responses of HLA-A

#1 #2

Donors

HLA-A allele ‘‘a’’ 2-0201 2-0201
HLA-A allele ‘‘b’’ 33-3301 26-2601

HLA-A2-restricted peptides

Flu Mat 158 (GILGFVFTL) 4 ± 1 40 ± 12
Flu A (FMYSDFHFI) 24 ± 10 37 ± 15
EBV LMP2A (CLGGLLTMV) 139 ± 15 3 ± 1
EBV BMLF1259 (GLCTLVAML) 13 ± 1 12 ± 6
HCMV pp65 495 (NLVPMVATV) 126 ± 2 3 ± 1
CEF peptide pool (32 peptides) 232 ± 21 81 ± 29

a PBMC (2 · 105/well) from the specified HLA-A2 positive donors (identifie
non-HLA-A2-restricted peptides (sequence specified, tested at 2 lg/ml) for 24
IFN-c ELISPOT assay. CEF peptide pool (containing 32 peptides of EBV, CM
smaller than three spots per well. The data are shown as mean IFN-c SFU per
reproduced twice with similar results—the inter-assay variation of peptide-ind
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(JES1-5A10 from BD PharMingen) at 4 lg/ml and IL-10
(JES3-12G8 from eBioscience) at 4 lg/ml.

3. Results

3.1. In HLA-A2 positive donors individual HLA-A2-

restricted CEF peptides induce variable frequencies of IFN-c
producing CD8+ cells

In most healthy human donor infections with flu, EBV
and CMV have occurred early in life. These infections have
in common that—while the viruses are not necessarily
cleared—they are readily controlled by the immune system
and therefore the virus-specific memory cells might be con-
sidered resting. HLA-A2-restricted peptide determinants
recognized by CD8+ cells have been well characterized
for these viruses [31]. To study CD8+ cell responses to these
three viruses PBMC from six HLA-A2 positive donors
were tested for reactivity to five A2-restricted peptides of
the above viruses in an IFN-c ex vivo ELISPOT assay. In
addition the CEF peptide pool was used. As can be seen
in Table 1 all donors responded to the CEF peptide pool;
however the extent to which the individual HLA-A2 pep-
tides-induced CD8+ cell responses was highly variable.
For example, in donors 1 and 3 peptides EBV LMP2A
(CLGGLLTMV) and HCMV pp65 495 (NLVPMVATV)
activated a high number of peptide-specific CD8+ cells to
produce IFN-c, but these peptides did not activate CD8+

cells in donors 2, 4, 5 and 6. The latter donors however
responded to other individual CEF peptides. These results
were highly reproducible in repeat experiments with
inter-assay variations less than 30% (data not shown). Cell
separations confirmed that the peptide-induced IFN-c pro-
ducing cells were CD8+ cells (CD8 cell depletion abrogated
IFN-c production in the PBMC, CD4 cell depletion
increased the frequencies of IFN-c producing cells, see
below). The data illustrate that even if donors are HLA-
matched, and tested with corresponding ‘‘immune domi-
nant’’ peptides, virus-specific memory cells frequently
2 positive healthy donors’ PBMCa

#3 #4 #5 #6

2-0201 2-0201 2-0201 2-0201
2-0201 29-2902 24-2402 3-0301

72 ± 38 28 ± 4 33 ± 1 4 ± 0
594 ± 142 32 ± 6 32 ± 3 6 ± 0
779 ± 106 2 ± 1 1 ± 1 1 ± 0
17 ± 3 7 ± 1 4 ± 1 35 ± 11
762 ± 144 2 ± 0 3 ± 1 1 ± 0
796 ± 60 273 ± 47 75 ± 4 71 ± 18

d by high resolution typing) were cultured with the specified HLA-A2- or
h and the peptide-induced IFN-c production was measured in a standard

V and flu) was also tested. In the negative control wells spot counts were
200,000 PBMC ± SD for triplicate wells for one experiment that has been
uced responses was <30%.
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Fig. 1. The cytokine signature of EBV- and CMV-specific CD8+ memory
cells at isolation from healthy donors. Twenty-nine donors were screened
for CEF peptide reactivity. Of these subjects, donors were selected that are
HLA-A2 positive and that showed an IFN-c recall response to EBV
BMLF1 259 and CMV pp 65 495, as specified by the solid circle or the
solid square, respectively. (a) The peptide-induced secretion of an
extended panel of cytokines (IL-2, TNF-a, GM-CSF, IL-4, IL-5, IL-10)
and GzB was measured in ex vivo ELISPOT assays in freshly isolated
PBMC. The medium subtracted mean spot number is shown for all
cytokines. The number of donors tested for each cytokine and peptide was
between 4 and 12, as specified. (b) The cytokine signature of EBV BMLF1
259 and CMV pp 65 495-specific purified CD8+ cells. CD8+ cells and B
cells were purified by negative selection as specified in Section 2. One
hundred thousand CD8+ cells were plated with 50,000 B cells. The
peptides are specified by the symbols as in Fig. 1a. (c) Purified CD8+ cells
and B cells were stimulated with PHA. The legend to (a) and (b) applies.
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cannot be reliably detected in all individuals. The frequency
of such peptide-reactive T cells apparently underlies consid-
erable inter-individual variation being under the detection
limit for a considerable fraction of the test subjects. How-
ever, when several peptides of the virus are tested using the
CEF peptide pool, CD8+ cell memory is revealed. The data
support the notion that in the human population peptide
pools will more reliably detect CD8+ cell memory than indi-
vidual peptides (whereby peptide pools are suitable for test-
ing by ELISPOT and ICS, but not by tetramers).

3.2. The extended secretion profile of CEF peptide-induced

PBMC

HLA-A2 positive donor/peptide combinations that
scored positive in the above screening (Table 1) were
selected for the closer functional characterization of the
peptide-specific CD8+ memory cells. The peptide-induced
secretion of an extended panel of cytokines, i.e., IL-2,
TNF-a, GM-CSF, IL-4, IL-5, IL-10 and GzB was mea-
sured in ex vivo ELISPOT assays, along with IFN-c. We
tested unseparated PBMC (as pertinent for clinical immune
diagnostic) and purified CD8+ cells (verifying that the mea-
sured cytokine is indeed CD8+ cell derived). The results
obtained for testing unseparated PBMC are summarized
in Fig. 1a for EBV peptide BMLF1 259 and CMV pp65
peptide and are representative of all other individual
CEF peptides tested, as well as for CEF peptide pool-
induced responses. The CEF peptides that induced IFN-c
in the PBMC did not induce detectable GzB, IL-2, IL-4
or IL-5. Stimulation with these peptides induced increased
numbers of TNF-a spots in most donors that responded
with IFN-c production to the peptide. IL-10 was induced
by the peptides in the PBMC of several donors. With the
exception of a single donor, the peptides did not induce
GM-CSF in the PBMC. Therefore, in addition to IFN-c
production only TNF-a and IL-10 was reliably induced
by CEF peptides in the PBMC.

3.3. The cytokine profile of purified CD8+ cells

Testing of cytokine induction in PBMC with class I-
restricted peptides is frequently done under the assumption
that the induced cytokine is CD8+ cell derived. However,
this notion is in need of experimental verification. There-
fore we purified CD8+ cells from the PBMC of the above
donors and tested these cells using B cells as APC. IFN-c
was readily induced in the purified CD8+ cells (Fig. 1b).
The numbers of the IFN-c spots generated by the purified
CD8+ cells were compared to the numbers of spots induced
in the PBMC. In average, 3.1 times the number of spots
was induced using CD8+ cells compared to the respective
PBMC (Fig. 2a). This result is consistent with CD8+ cells
constituting �20–50% of the PBMC. The data suggest that
all IFN-c spots induced by the peptides in PBMC were
CD8+ cell derived. Consistent with this notion, purified
CD4+ cells did not respond to CEF peptides with IFN-c
Please cite this article in press as: T.M. Nowacki et al., Granzyme B
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spot formation (data not shown). The size of the spots
induced in PBMC and CD8+ cells was comparable
(Fig. 2c) further suggesting that the CEF peptide-induced
IFN-c is CD8+ cell derived.

Unlike CEF peptides that induced CD8+ cells, protein
antigens of mumps (Fig. 2b), Candida, PPD and tetanus
production distinguishes recently activated CD8+ ..., Cell. Im-



Fig. 2. CD8+ cell-derived IFN-c spots are smaller than CD4+ T cell-derived IFN-c spots. (a) Spot numbers obtained for PBMC or purified CD8+ cells
were normalized for 100,000 cells and corresponding data points are connected. (b) CEF peptide-induced IFN-c spots are CD8+ cell derived while protein-
antigen-induced IFN-c spots are produced by CD4+ cells. PBMC, CD8+ and CD4+ enriched cells were tested for either mumps protein (solid bars) or
EBV BMLF 1 259 peptide (open bars). Cell numbers of CD8+ and CD4+ cells were selected as specified in Section 2 matching the frequency of these cells
in the PBMC. (c) Mean IFN-c spot size induced by CEF peptides in PBMC vs. purified CD8+ cells. (d) Mean IFN-c spot size produced by CD8+ and
CD4+ cells. IFN-c spot-size distributions induced by the individual CEF peptides and the protein antigens mumps or Candida were compared. The bars
show the means ± SD of spot sizes established in 18 donors for each purified cell type as indicated on the x-axis. A representative example of CEF peptide-
induced CD8+ cell-derived IFN-c spots is shown (e). Spot-size distribution for such CD8 cell-derived spots from triplicate wells is shown in (g). A
representative example of protein-antigen-induced CD4 cell-derived IFN-c spots is shown in (f). The spot-size distribution for triplicate wells of CD4 cell-
derived spots is shown in (h).
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toxoid (data not shown) triggered IFN-c spot formation in
CD4+ cells. CD8+ cells were found to produce less IFN-c
on a per cell basis than CD4+ cells. A representative exam-
ple of IFN-c spots produced by CD8+ cells is shown in
Fig. 2e. The spot-size distribution for CD8+ cell-derived
spots is shown in Fig. 2g, which is characteristic for each
of the CEF peptide-induced responses of 18 donors whose
assay results were subject to detailed morphometric analy-
sis. Parallel measurements of IFN-c production by CD4+

cells yielded consistently larger spots, as shown by the
example of the same donor (Fig. 2f and h vs. e and g)
and on the cumulative results obtained for the 18 donors
tested (Fig. 2d). CD8+ cells, therefore, produce less IFN-
c cytokine than CD4+ cells. This notion has to be
accounted for when setting size gates in ELISPOT analysis.

Purified CD8+ cells produced TNF-a (Fig. 1b) although
the spots were smaller, fainter, and lower in number than in
PBMC (data not shown) suggesting that in addition to cog-
nate TNF-a secretion by CD8+ cells there is bystander pro-
duction of this cytokine when assays are performed with
unseparated PBMC.

Except for IFN-c and TNF-a no other cytokine (IL-2,
-4, -5, -10, GM-CSF) or GzB was induced in purified
CD8+ cells by the CEF peptides ex vivo (Fig. 1b). This out-
come is surprising for IL-2 because central memory cells are
thought to secrete IL-2 [33]. This finding is also surprising,
Please cite this article in press as: T.M. Nowacki et al., Granzyme B
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because the notion is emerging that protective CD8+ cells
are multi-cytokine producers, including the production of
IL-2 [34]. Flu-specific CD8+ cells certainly qualify as protec-
tive CD8+ cells since they have cleared flu virus—yet they
definitively did not produce IL-2. It should be noted that
stimulation of purified CD4+ cells (or of CD4+ cells within
PBMC) with protein antigens such as mumps, Candida or
PPD consistently yielded a high number of distinct IL-2
spots in the same assays and with cells of the same donors
in whom the CEF peptides triggered vigorous IFN-c produc-
tion in CD8+ cells, but no detectable IL-2 (data not shown).
Therefore, the lack of IL-2 detection when CD8+ cells are
tested cannot be attributed to the insensitivity of the assay,
but reflects CD8+ cell biology. While IL-2 can be commonly
detected by intracytoplasmic staining in CD8+ cells, it seems
to be biosynthesized, but not readily secreted by these cells.
The IL-10 production induced by the peptides in PBMC
(Fig. 1a) was not detected in purified CD8+ cells (Fig. 1b),
suggesting that this cytokine is produced by macrophages
[32].

We stimulated purified CD8+ cells with the mitogen
PHA to further verify the cytokine signature of CD8+ cells
ex vivo (Fig. 1c). IFN-c was the prevalently produced cyto-
kine, TNF-a spots were also induced (but these TNF-a
spots showed the aforementioned faint morphology). IL-
4, IL-5, IL-10 and GM-CSF were not produced by CD8+
production distinguishes recently activated CD8+ ..., Cell. Im-
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cells (but were abundantly generated in PHA stimulated
PBMC, providing the positive control for the performance
of the assay). Relative to IFN-c, low frequencies of IL-2
and GzB producing CD8+ cells were detected after the
mitogen stimulation.
3.4. IFN-c positive, GzB negative CD8+ memory cells

convert into GzB producing cells within 2 days after antigen

stimulation

Freshly isolated CEF peptide-reactive CD8+ cells pro-
duced IFN-c within 24 h after the antigen challenge, but
did not produce GzB in the same time frame (see above).
Purified CD8+ cells that responded with IFN-c production
to a peptide were stimulated with that peptide at isolation
and kept in culture for up to 6 days. The production of
IFN-c and GzB was measured at days 2 (3), 4, and 6 as
indicated. As shown in Fig. 3, such cells started producing
GzB on day 2 with maximal GzB release on day 4, after
which it declined. We tested the transferred cells with and
without adding antigen again. The results were the same
under both conditions. While the cells were thoroughly
washed before the transfer to remove soluble peptide,
washing apparently did not remove peptide that has
already bound to MHC class I molecules. Thus, we attri-
bute our finding to the transfer of peptide loaded APC.

The induction of GzB in vitro was confined to in vivo

primed memory cells because control peptides did not
induce GzB during the 6 day culture (data not shown).
As control peptides we used A2-restricted CEF peptides
that did not induce IFN-c in A2 donors within the 24 h
Fig. 3. CD8+ memory cells that do not secrete GzB ex vivo start secreting
it 2–4 days after restimulation. CD8+ cells and B cells were isolated from
PBMC of healthy donors and cultured with an individual CEF peptide
that induced an ex vivo IFN-c response (here: EBV BMLF 1 259) or an
A2-restricted HIV control peptide (RT346–354 LAI—this peptide did not
induce an ex vivo IFN-c response). After culture for the specified duration
in a tissue culture plate, the cells were harvested, counted and cell numbers
adjusted before transfer into IFN-c or GzB pre-coated ELISPOT plates,
followed by a 24 h single color ELISPOT test. The results for the IFN-c
assay correspond to the y-axis on the left, those of the GzB assay to the
y-axis on the right. Means and SD for duplicate wells are shown. Results
are shown for one antigenic peptide (here: EBV BMLF 1 259) in one
donor and are fully representative of six donors tested.
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ex vivo culture. As an additional control peptide we used
an A2-restricted HIV peptide (RT346–354 LAI) [35] for
these non-HIV-infected healthy donors: also this peptide
did not induce IFN-c or GzB neither ex vivo, nor after
up to 6 days of in vitro culture (data not shown).

3.5. Induction of GzB producing CD8+ cells after Vaccinia
virus booster immunization

The data so far showed that CEF peptide-reactive long-
term memory cells do not produce GzB ex vivo, which is
consistent with the notion that these T cells are quiescent
memory cells. To further test this notion, we performed
IFN-c and GzB ELISPOT assays to test for Vaccinia virus
reactivity in individuals that had been vaccinated with the
virus in childhood. In the majority of these individuals
(10/11 individuals) weak but clear-cut IFN-c responses
were elicited ex vivo by Vaccinia virus while this virus did
not induce IFN-c production in non-vaccinated individuals
(0/9 individuals). Vaccinia virus did not trigger GzB pro-
duction ex vivo in any of these individuals (0/20). Three
of these donors were revaccinated with Dryvax� through
a classic intracutaneous inoculation and the formation of
a local lesion in all three confirmed the take of vaccination.
These donors were bled before the inoculation and tested in
an IFN-c and GzB ELISPOT assay (day 0 results). Low
frequency IFN-c spots, but no GzB spots were detected
in all three donors (Fig. 4b and c). The donors were re-bled
and tested on day 14. At this time the virus challenge not
only induced a vigorous IFN-c response, but also GzB pro-
duction. When re-bled on day 105, the frequencies of Vac-
cinia-reactive IFN-c producing cells declined, and at this
late time point GzB production was no longer detectable.
The original data for one of the donors are shown in
Fig. 4a. The data suggest that only CD8+ cells that have
been recently engaged in an immune response secrete
GzB within 24 h ex vivo.

3.6. HIV peptides induce GzB production in HIV-infected
individuals directly ex vivo

In HIV infection the immune system does not succeed in
controlling the virus. Therefore we postulated that CD8+

cells, which actively combat a virus in vivo at the time of
their isolation, are in an activated/effector state and will
secrete GzB within 24 h after the antigen challenge
ex vivo. We tested this hypothesis by performing 24 h
ex vivo GzB assays, in addition to IFN-c measurements
on PBMC of HIV-infected individuals (or healthy con-
trols). These PBMC were challenged with a library of 49
20mer peptides that cover the gag 1–480 sequence in steps
of five amino acids. As shown in Fig. 5a, the gag peptides
induced IFN-c production in HIV-infected individuals.
Consistent with our previous observations [29] and those
of others [36], different donors responded to different pep-
tides (Fig. 5a) and no significant IFN-c spot formation was
induced in PBMC of healthy controls (data not shown).
production distinguishes recently activated CD8+ ..., Cell. Im-



Fig. 4. Detection of Vaccinia-specific CD8+ cells producing GzB post Vaccinia reimmunization. Three healthy volunteers who had been vaccinated in
childhood were bled prior to revaccination with Dryvax� (day 0), and on days 14 and 105 after the revaccination. Ex vivo IFN-c (a and b) or GzB (a and c)
ELISPOT assays were performed with 400,000 PBMC per well, using Vaccinia virus (Vaccinia WR/ABI at 1 moi) for recall. For each time point and
donor the mean spot numbers for triplicate wells are shown and connected by a line. (a) Original well images are shown for one of the donors, with
analytes and time points specified.

Fig. 5. HIV peptides induce GzB secretion in PBMC of HIV-infected donors. GzB and IFN-c secretion by CD8+ cells is dissociated in these donors. (a
and b) PBMC were obtained from seven HIV-infected individuals and tested in 24 h ex vivo IFN-c (a) and GzB (b) ELISPOT assays. A peptide library
covering HIV-1 gag peptides 1–480 was used for recall. The peptides were 20mers and walked the sequence of gag in steps of 5 a.a. They were tested
individually (as specified by the peptide serial numbers on the x-axis), in duplicate well. The means of the duplicates are shown. (c and d) Because 20 a.a.
long peptides can induce CD4+ cells in addition to CD8+ cells, PBMC of HIV-infected subjects were CD4 cell-depleted before testing with the HIV peptide
library in IFN-c (c) and GzB (d) ELISPOT assays. Since all HIV+ donors had known low CD4+ cell count (approx. 150 CD4+ cells/ll), similar numbers
of CD8+ T cells were used for antigen stimulation in both the total (a and b) and the CD4+-depleted (c and d) cell populations. Selected peptides were
tested that previously scored positive/negative. An asterisk highlights peptides that either induced IFN-c or GzB only.
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Because 20mer peptides can trigger CD4+ cells in addition
to CD8+ cells, we tested CD4 cell-depleted PBMC of HIV-
infected subjects. An example of test results obtained with
such CD4 cell-depleted PBMC is shown in Fig. 5c showing
that these peptides stimulate CD8+ cells.

In parallel to the IFN-c measurements, GzB ELISPOT
assays were performed on PBMC of HIV-infected donors
(Fig. 5b). GzB producing cells could be detected in these
24 h ex vivo assays in frequencies similar and higher as
compared to the numbers of IFN-c producing cells. gag

peptides induced GzB spots in the CD4 cell-depleted
PBMC of HIV-infected donors (Fig. 5d), but not in CD3
cell-depleted PBMC (data not shown).

Similar to the healthy controls, CEF peptides induced
IFN-c production in HIV-infected individuals, but did
not trigger the CEF-specific CD8+ cells to release GzB
Please cite this article in press as: T.M. Nowacki et al., Granzyme B
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(data not shown). Therefore, only those CD8+ cells secrete
GzB in HIV-infected individuals that are engaged in active
host defense (the HIV-reactive CD8+ cells), but not the
long-term memory cells with third party antigen specificity
(the CEF-reactive CD8+ cells).

Performing IFN-c and GzB assays side-by-side on the
same samples and testing for reactivity to the same HIV
peptides permitted us to measure to what extent CD8+ cells
in HIV co-express IFN-c and GzB. Sixty-nine percent of
the gag peptides that induced GzB production in the
PBMC (such cells are CD8+ cells) did not induce IFN-c.
Testing of CD4 cell-depleted PBMC confirmed this obser-
vation. The peptides that induced GzB but no IFN-c are
highlighted by an asterisk in Fig. 5d. A substantial propor-
tion of HIV-specific CD8+ memory/effector cells, therefore,
do not produce IFN-c. Are these Tc2 cells? Looking at
production distinguishes recently activated CD8+ ..., Cell. Im-
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PBMC, the reverse was also frequently seen. Several pep-
tides that induced IFN-c did not induce GzB. Do CD8+

cells specific for these peptides target determinants that
have mutated, and no longer maintain the CD8+ cells in
an activated state?

4. Discussion

Resting CD8+ memory cells can be distinguished from
recently activated CD8+ effector cells via cell surface mar-
ker expression [37–41], although there is some controversy
how reliable the individual markers are delineating when
the CD8+ cells last encountered antigen [42]. Tetramer/
pentamer analysis excels in establishing such markers for
peptide-specific CD8+ cells (except when multiple peptides
are targeted, when multiple restriction elements need to be
accounted for, and when the frequencies of the peptide-spe-
cific cells are low). Tetramer/pentamer-based studies, how-
ever, have the weakness that they provide limited
functional information because TCR ligation with the tet-
ramers/pentamers interferes with the T cell’s functionality,
typically inducing apoptosis in the T cells [43]. The weak-
ness of ELISPOT assays is that they do not provide infor-
mation on surface phenotypes—but ELISPOT assays excel
in assessing the functionality of T cells by measuring the
actual release of cytokines and effector molecules after
physiological stimulation. Linking functionality data
(obtained by ELISPOT or ICS) with markers of resting
memory cells is not straightforward, because the very stim-
ulus used to detect the CD8+ cells in the functional assay
leads to the activation of these cells and hence their conver-
sion from a resting to an activated phenotype. Based on
these considerations we did not seek to establish the com-
plex relationship between phenotype and function, but
focused on functions of CD8+ cells only.

The primary scope of our study was to determine
whether the differential secretion of effector molecules per-
mits to delineate CD8+ cells as resting memory cells vs.
recently activated effector cells. The detection of antigen-
induced IFN-c production has been commonly used to
monitor CD8+ cell immunity [44,45], but IFN-c is
produced by resting and activated CD8+ cells alike not per-
mitting conclusions on the antigen history of the cell
[36,44–48].

Our first set of experiments aimed at studying CD8+

cells that are specific for EBV, CMV and flu peptides.
The common feature of these CD8+ cells in healthy sub-
jects is their priming by viral infections at an earlier time
point that cannot be exactly defined. However, these infec-
tions occurred in all likelihood more than several months,
typically several years before the actual characterization of
the specific CD8+ cells. While there have been reports sug-
gesting that the different immunobiology of EBV, CMV
and flu would differently affect CD8+ cells [49,50] the mem-
ory cells specific for the three viruses showed indistinguish-
able patterns of cytokine production in all 10 healthy
donors that we tested and also behaved identically with
Please cite this article in press as: T.M. Nowacki et al., Granzyme B
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respect to the (lack of instant) secretion of GzB. Based
on this uniform behavior of these CD8+ cells and on their
lack of ex vivo GzB secretion, these CD8+ cells can be con-
sidered resting, long-term memory cells. We have extended
the number of healthy donors whose PBMC have been
tested for CEF peptide-induced IFN-c and GzB to 29 to
date. Consistent with the data shown here, only occasional
donors were found to produce GzB upon CEF peptide
stimulation, and when seen, the numbers of GzB producing
cells were low, lower than for IFN-c. It is possible that a
recent flu infection or active EBV or CMV replication in
these donors caused the rather atypical outcome. Unlike
for IFN-c assays, where the use of CEF peptides has
become the gold standard for the positive control, for
GzB ELISPOT assays these peptides do not seem to be sui-
ted as a reliable positive control—however, the mitogen
PHA stimulation was found to consistently induce GzB
secretion in PBMC.

There is evidence that CMV frequently persists in low
viral load and subsequently maintains CMV-reactive
CD8+ cells in an activated state, resulting in an activated
phenotype and high clonal sizes [51]. When we stimulated
PBMC with CMV peptides, we did not elicit GzB produc-
tion in the CD8+ cells, although IFN-c secretion was read-
ily detectable—suggesting that even if the persisting
antigen led to (partial) activation of these cells it did not
result in the CD8+ cell transition into an effector cell that
secretes GzB.

It is widely held that resting CD8+ memory (central
memory cells) cells secrete IL-2 in addition to IFN-c
[33,39]. While IFN-c was readily induced by CEF peptides,
none of the individual EBV, CMV and flu peptides, nor the
pool of these peptides (CEF) [32] triggered significant IL-2
production in the CD8+ cells of all donors tested. IL-2
spots were either not induced at all, or, in the few instances
when detected, they occurred in low numbers (Fig. 1) and
in those cases the spot sizes (reflecting the per cell produc-
tivity) were orders of magnitudes smaller than the IL-2
spots generated by CD4+ cells. In contrast, protein anti-
gens, including PPD, tetanus toxoid, mumps, and Candida

induced IL-2 production by CD4+ cells resulting in large
and distinct ELISPOTs (data not shown). Therefore, our
IL-2 ELISPOT assay readily detects IL-2 producing cells,
but resting CD8+ memory cells either do not release or pro-
duce IL-2 or produce it on a minimal scale relative to
CD4+ cells. The co-expression of IL-2 with IFN-c has been
reported based on intracytoplasmic cytokine staining (ICS)
[33,52]. ICS and ELISPOT seem to suggest different cyto-
kine profiles for resting CD8+ cells. The former measures
intracytoplasmic cytokines in cells that have been treated
with inhibitors of the Golgi apparatus and in addition in
most instances with costimulatory anti-CD28 and anti-
CD49d Abs. On the contrary, ELISPOT measures the
actual secretion of the cytokine in unmanipulated cells. It
is possible that the pharmacological treatment itself affects
IL-2 gene expression, or, alternatively, the secretion of IL-2
might be regulated at a posttranslational level [53]. Other
production distinguishes recently activated CD8+ ..., Cell. Im-
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studies suggest a differential regulation of cytokine release
dependent on the mode of stimulation [54–56]. Therefore,
measurements of IL-2 in contrast to IFN-c do not seem
to be suited for the detection of long-term memory CD8+

cells in healthy donors. At the basic immunology level,
such EBV-, CMV- and flu-specific CD8+ cells in healthy
donors do not qualify as ‘‘central memory cells’’ if IL-2
secretion is a defining parameter. Based on studies using
flow cytometry it has been claimed that protective CD8+

cells are multi-cytokine producers, including the secretion
of IL-2 [34]. Measuring the actually released IL-2, we have
not found such CD8+ cells in the collective that we tested.
Importantly, we have found that flu-reactive CD8+ mem-
ory cells, that have cleared the virus, and hence qualify as
‘‘protective CD8+ cells’’ showed the same secretory profile
as CMV-reactive CD8+ cells that did not succeed in clear-
ing the virus.

Neither the individual peptides, nor the CEF peptide
pool induced IL-4 or IL-5 in PBMC or purified CD8+ cells
(Fig. 1a and b). These cytokines were not even induced
upon the mitogen PHA stimulation in CD8+ cells
(Fig. 1c). In contrast, using the same assays, we have found
antigen or PHA stimulated CD4+ cells to secrete these
cytokines [57,58]. It has been reported that CD8+ cells, like
CD4+ cells, can differentiate in type 2 cytokine producing
cells, called [59]. Apparently, the natural infection by
EBV, CMV or flu does not result in significant Tc2 differ-
entiation. Moreover, the essentially undetectable numbers
of PHA-inducible IL-4 and IL-5 producing CD8+ cells sug-
gest that Tc2 cells occur at very low frequencies within the
CD8+ cell pool of healthy individuals. IL-10 production
was induced by several peptides in the PBMC of some
donors (Fig. 1a). However, IL-10 was not elicited in the
purified CD8+ cell fraction, and hence was not secreted
by CD8+ cells. In a previous study we have reported that
apparently antigen-induced IL-10 in PBMC is frequently
not derived from T cells, but results from macrophage acti-
vation [32]. The CEF peptide-induced IL-10 production in
PBMC also seems to fall in this category. IL-10 secretion
was not induced in CD8+ cells even after PHA stimulation
(but was readily seen in PBMC, controlling for the assay
performance). Apparently, IL-10 secreting regulatory
CD8+ cells also occur in very low frequencies within
PBMC.

It has been suggested that CD8+ cells produce GM-CSF
[60]. With the exception of one donor’s PBMC response to
a peptide, GM-CSF was not induced by the CEF peptides
in PBMC and in purified CD8+ cells, and even PHA stim-
ulation induced GM-CSF secreting cells only in low num-
bers (�30 spots/100,000 CD8+ cells, data not shown).
These results obtained by ELISPOT are clearly not a con-
sequence of the assay insensitivity for detection because
PHA stimulation of PBMC resulted in ‘‘too numerous to
count’’ spots (data not shown).

TNF-a is produced by several cell types of the innate
immune system but not by resting T cells [5,8,37,61,62]
and generally not by B cells, although some studies suggest
Please cite this article in press as: T.M. Nowacki et al., Granzyme B
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it might be secreted under certain conditions [63]. Fre-
quently, high numbers of TNF-a ‘‘background’’ spots were
seen in the medium control wells of PBMC cultures. The
addition of antigenic peptide caused only minor increases
in the overall spot number, resulting in low ‘‘stimulation
indices’’ (antigen-induced spot numbers divided by spot
counts in medium control wells). The spots in the medium
control were clearly not CD8+ cell derived because purified
CD8+ cells (plated with purified B cells as APC) did not
produce TNF-a spots in the absence of antigen, but could
be induced to produce TNF-a by the addition of the anti-
gen. Thus, the CEF peptide-specific CD8+ cells (resting
memory cells) were capable of producing TNF-a. However
measuring the cognate CD8+ cell-derived cytokine required
purifying the CD8+ cells and testing them on TNF-a neg-
ative APC (B cells). Unlike IFN-c assays, in which very lit-
tle to no background was seen, TNF-a assays performed
on unseparated PBMC did not lend themselves well for
monitoring antigen-specific CD8+ cells.

Resting memory CD8+ cells do not have preformed lytic
granules containing GzB and it takes several days after
reactivation for them to convert into effector cells that con-
tain preformed granules [64]. Within 24 h activation culture
CEF peptides (or the CEF peptide pool) rarely induced
GzB ex vivo in the healthy donor collective we have stud-
ied. According to our results, resting CD8+ cells start
secreting GzB 2–4 days after renewed antigen (Fig. 3) chal-
lenge. Thus, when freshly isolated PBMC are tested within
a 24 h recall assay, resting CD8+ cells will not secrete GzB,
while activated CD8+ cells will [41]. The GzB negative phe-
notype in the primary ELISPOT assay clearly delineates
the CEF peptide-reactive CD8+ cells as resting memory
cells as opposed to recently activated effector memory cells
(whereby non-effector cells can have different activation
stages and phenotypes) [49].

Except for GzB, the cytokine/effector molecule signature
of CD8+ cells did not change during the 6 days of in vitro

antigen stimulation. The major change was the induction
of GzB secretion. These data suggested that GzB measure-
ments would permit the distinction between CD8+ cells
that have been recently activated in vivo and resting long-
term memory cells. To address this hypothesis, we have
studied GzB recall responses after Dryvax� immunization,
and in HIV-infected individuals.

Supporting the hypothesis, in 24 h ex vivo assays, Vac-
cinia virus induced IFN-c, but no GzB production in
PBMC of long-term vaccinated individuals. After the reim-
munization, however, on day 14, a vigorous GzB response
was induced by Vaccinia virus recall in the PBMC. The
GzB production was transient, because it became barely
detectable by day 105. Using ELISPOT, these data confirm
studies in which tetramers were used to track the Vaccinia-
specific CD8+ response in immunized individuals. One
month after Vaccinia immunization GzB containing tetra-
mer positive CD8+ cells could be detected which declined
within a year [24]. However, the ELISPOT approach
should be a significant technological advance for immune
production distinguishes recently activated CD8+ ..., Cell. Im-
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diagnostic because it permits the detection of such cells in
all humans (irrespective of HLA-type) and without the
need to select peptides that are restricted by an allele,
and without having to account for the different alleles pres-
ent in each subject. This is a major advantage because—as
shown in Table 1 and in Fig. 5—the peptide recognition
patterns in infections are highly variable among different
test subjects.

In subjects actively infected with HIV, viral peptides
induced GzB production directly ex vivo (Fig. 5b). It is
likely that these GzB producing CD8+ cells are effector
cells that are actively engaged in combating the virus. Inter-
estingly, in such HIV-infected individuals we detected
CD8+ cells that produced IFN-c, but no GzB (Fig. 5c
and d). Based on their signature, these cells qualify as rest-
ing memory cells. The CEF peptide-reactive CD8+ cells
showed the same phenotype in HIV-infected individuals.
Because of the high mutation rate of HIV, it is tempting
to postulate that the HIV peptides which induce IFN-c,
but no GzB delineate determinants of the virus that have
mutated during the course of the infection. The original
sequence (that is tested in the recall assay) has primed
CD8+ cells at an earlier time point, inducing effector cells
that were IFN-c and GzB positive, and that then actively
participated back in fighting the virus. However, if such
determinants were silenced by mutations that led to peptide
variants losing MHC-binding properties then the original
peptide sequence would not be synthesized anymore. In
the absence of stimulation by such peptides, the CD8+ cells
that had targeted the original peptide will revert to the
stage of resting memory cells and will produce IFN-c,
but no GzB. If this hypothesis is correct, peptides that
induce ex vivo GzB in CD8+ cells delineate the determi-
nants that are actively targeted at the time point of testing.
Moreover, this hypothesis further predicts that measure-
ments of GzB ex vivo permit monitoring whether a persist-
ing virus such as HIV has been replicating within a time
frame of approximately 100 days after which the CD8+

effector cells revert to a GzB negative phenotype. A
renewed flare of virus replication will reactivate these rest-
ing memory cells and convert them to GzB positive effector
memory cells. This notion may also be important for judg-
ing the impact of reimmunizations when immunity has
already been established. Developing effective vaccines,
e.g., for influenza or small pox continues to be high prior-
ity. In a clinical trial, the T cells of most patients will have
been pre-primed by flu infection or by immunization with
Vaccinia virus. Such individuals will display IFN-c produc-
ing (resting) CD8+ memory cells [65]. The impact of the
newly administered vaccine could be judged by its ability
to reactivate these memory cells and to convert them into
GzB producing recently activated memory cells.

In summary, our data show that for the detection of
resting CD8+ memory cells IFN-c measurements are the
most helpful. Such cells are GzB negative and they do
not secrete the cytokines IL-2, IL-4, IL-5, IL-10 and
GM-CSF. With respect to the above cytokine profile, acti-
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vated CD8+ effector cells seem to be indistinguishable from
CD8+ memory cells. However, CD8+ effector cells, unlike
resting CD8+ memory cells, secrete GzB within 24 h after
antigen challenge. Therefore, GzB measurements permit
the identification of CD8+ cells that have undergone recent
reactivation in vivo.
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