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Abstract

Although serum-free media have been used to expand lymphokine-activated killer cells, antigen-specific CD8 T cell
cytotoxicity does not develop in vitro in the absence of serum. The immunodominant V 17 response to an influenza Ab

matrix protein epitope restricted by HLA A2.1 was used to study the serum requirement for CTL activation. Serum acts
directly on T cells and not indirectly by activating APCs. In the absence of serum, the initial steps of T cell activation,
including expression of CD69 and CD25, are unimpaired and some antigen-specific cytotoxicity may be generated in the
first few days after stimulation. However, expression of late activation markers, such as HLA-DR and CD38, and clonal
expansion of class I-restricted antigen-specific CTL does not occur if CTL are not exposed to serum within 4 days of antigen
exposure. The antigen-specific CTL, but not unstimulated bystander T cells, undergo apoptosis if they are not exposed to
serum within a few days of activation. Apoptosis of TCR-activated CTL does not appear to be Fas-mediated since it is not
blocked by inhibiting the Fas pathway. Therefore, late exposure to an unidentified serum protein regulates the clonal
expansion of TCR-activated CD8 CTL. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cytotoxic CD8 T lymphocytes are key immune
effector cells in the protective response to viral
infection and tumors. When naive T cells are stimu-

AbbreÕiations: MPP, Influenza A matrix protein peptide;
rhuIL-2, recombinant human IL-2; 7-AAD, 7-amino-actinomycin
D; PI, propidium iodide; B-LCL, B lymphoblastoid cell line;
AICD, activation induced cell death
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278-3493; E-mail: lieberman@cbr.med.harvard.edu.

lated by antigen, they become activated to proliferate
and differentiate into effector cells. Little is known
about what factors regulate the development of effec-
tor function and most studies do not distinguish
between the initial activation step and subsequent
differentiation into effector CTL. The kinetics of
expression of cytolytic effector molecules after TCR
engagement suggest that CTL differentiation occurs
about 3–5 days after activation of naive T cells
Ž .Garcia-Sanz et al., 1988 . A cognate CD4–CD8
interaction is important in generating effector CTL
Ž .Krowka et al., 1986; Bennett et al., 1997 . Recent

Ž .studies show that binding of CD40L CD154 ex-
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pressed on T cells to CD40 on APCs is critical toH
Žthe induction of a primary CTL response. Bennett et

al., 1998; Borrow et al., 1998; Schoenberger et al.,
.1998 . This interaction is probably required during

the initial activation since it occurs via APCs, but it
is unclear in these models whether activation or
proliferation occur in the absence of CD40 engage-
ment even though effector CTL do not develop. The
role of CD4 T cell help can in some cases be
replaced by high concentrations of exogenous cy-

Žtokines, including IL-2 and IL-15 Hurme et al.,
.1986 .

In a previous study while we were developing
methods for the expansion of autologous antigen-
specific CTL for infusional therapy to treat HIV
infection, we were surprised to find that HIV-specific
cytotoxicity only developed in mitogen- and IL-2-
stimulated PBMC cultures derived from HIV-
seropositive donors in the presence of a source of

Žplasma or serum Lieberman et al., 1995; Shankar et
.al., 1995; Trimble et al., 1996 . Serum-free media

have been developed and used for ex vivo lympho-
cyte expansion for immunotherapy to reduce the risk

Žof transmission of blood-borne infections Yssel et
.al., 1984; Rosenberg et al., 1987; Jadus et al., 1988 .

These commercially available media, which contain
transferrin and other undisclosed proteins, support
the early events of G –G transition, for which0 1

Ž .serum is required Herzberg and Smith, 1987 . T cell
proliferation of both CD4 and CD8 T cells occurs
without impairment in these serum-free media, espe-
cially in the presence of an excess of IL-2. Although
antigen-specific CD8 CTL expansion required serum
exposure, CD8 T cell proliferation and lymphokine

Ž .activated killer LAK -like cytotoxic activity were
unimpaired in serum-free media. Several different
commercially available serum-free media gave simi-
lar results. These cultures were grown under condi-
tions that were more than adequate to meet the
known requirements for CTL activation, which in-
clude signals for TCR engagement, costimulation
and cytokine second messenger receptor engage-
ment. Mitogen was used to stimulate the TCR, there
was an adequate supply of professional APCs
Ž .monocytes, dendritic cells and B cells in the PBMCs
used to initiate the cultures to provide costimulatory
signals, and recombinant human IL-2 was supplied

Ž .in excess 600 IUrml . Human or fetal bovine serum

were equivalent at supporting specific CTL develop-
ment.

HIV-infected donors have an expanded population
of circulating activated and memory CD8q CTL,

Žmost of which stain for granzyme A Vanham et al.,
1990; Ho et al., 1993; Saukkonen et al., 1993;
Roederer et al., 1995; Lloyd et al., 1997; Trimble

.and Lieberman, 1998 . In addition their T cells de-
velop in an abnormal milieu containing high levels
of free antigen and antigen-infected cells, chronically
elevated levels of proinflammatory cytokines and a
paucity of antigen-specific CD4q helper T cells.
We, therefore, wondered whether the serum require-
ment for clonal expansion of HIV-specific CD8q
CTL might be specific to HIV infection. To address
this question, in this paper we will study the effects
of serum on the in vitro expansion of alloreactive
CD8 T cells and on the secondary CD8 CTL re-
sponse to an immunodominant influenza A matrix

Ž .3protein peptide MPP recognized in the context of
A2.1 in PBMC derived from healthy donors. Be-
cause T cells responding to the influenza MPP pep-

Ž .tide express the V 17 gene Lehner et al., 1995 , theb

latter system has enabled us to label the activated
cells with V 17-specific antibody to compare the fateb

of the peptide-specific CTL in the mixed population
of PBMC. We also were able to verify our results by
staining antigen-specific T cells with fluorescently
labeled tetramers of MPP complexed to modified

Ž .A2.1 Altman et al., 1996 . In this paper, we will
show that the serum requirement for CTL expansion
is not restricted to T cells from HIV-seropositive
subjects. Serum is not required for the early steps of
T cell activation which follow TcR engagement, but
is required for clonal expansion. In the absence of
serum, the activated T cells undergo apoptosis.

2. Materials and methods

2.1. Cell lines

PBMC were obtained by Ficoll-Hypaque density
centrifugation from heparinized blood from HLA-
A2.1q healthy individuals or leukopak preparations
from healthy A2.1q platelet donors with informed
consent. The study was approved by the institutional
Human Investigation Review Committee. In some
instances PBMC were thawed from samples cryopre-
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Ž .served in fetal calf serum Sigma, St. Louis, MI
with 5% DMSO, using a programmed cell freezer
Ž .Cryomed . Fresh or thawed cryopreserved PBMC
were depleted of CD4q T cells by immunomagnetic

Ždepletion using an excess of Dynabeads Dynal,
. Ž 6Lake Success, NY . CD4-depleted PBMC 1=10 –

6 .3=10 cellsrml were incubated with either 5
w xmgrml Influenza A matrix-protein peptide H -

w x ŽGILGFVFTL- NH MPP; Tufts Oligo and Peptide2
.Facility, Boston, MA or an equal number of g-

Ž .irradiated 300 cGy allogeneic PBMC in AIM-V
Ž .medium Gibco, Gaithersburg, MD supplemented

Žwith 30 IUrml rhuIL2 Cetus Oncology, Emeryville,
.CA , 2 mM glutamine, 2 mM HEPES, 100 Urml

penicillin, 100 mgrml streptomycin and 50 mM
b-mercaptoethanol. To some cultures, 5% fetal calf

Ž .serum Sigma was added. Cultures were incubated
at 378C in the presence of 5% CO and were ad-2

justed to 5=105rml with fresh media biweekly.
Autologous EBV-transformed B cell lines were gen-
erated using B95-8 marmoset cell line supernatant by
standard methods.

2.2. PositiÕe selection of CD8q cells

CD8q cells were isolated with the Miltenyi
Biotec Magnetic Separation MiniMACS system ac-
cording to the manufacturer’s protocol. Separated
populations were analyzed by flow cytometry and
found to be )90% CD8q .

2.3. Flow cytometry

Ž 5 5.T cell lines 2=10 –10=10 were harvested
and resuspended in 50 ml of cold FACS medium
Ž .PBS with 1% BSA and 0.02% sodium azide to
which 2.5–5 ml of conjugated mAb were added.

Ž .Antibodies were CD4 Leu3a q 3b-FITC , CD8
Ž . Ž .Leu2a-PE or Leu2a-FITC , CD3 Leu-4-FITC ,

Ž . Ž .CD28 Leu-28-PE , CD38 Leu-17-PE , Anti-HLA-
Ž . Ž .DR-PE, CD25 anti-IL-2R-PE , CD57 Leu-7-FITC ,

Ž . Ž .CD11a anti-LFA-1a-FITC , CD69 anti-Leu-23-PE
Ž .Becton Dickinson, Mountain View, CA , TLiSA1-

Ž .FITC Leo-A1, Coulter, Kennesaw, GA , V 17-FITCb

Ž .or V 3-FITC Immunotech, Westbrook, ME . Afterb

incubation for 20 min at 48C, the cells were washed
twice with FACS media and fixed with 1% formal-
dehyde in FACS media. Previously phenotyped CD4
q and CD8q clones were stained simultaneously to

establish gates and gain settings. Fluorescent staining
was analyzed on a FACScan with Cell Quest soft-

Ž .ware Becton Dickinson .

2.4. Tetramer staining of T cell lines

Human class I histocompatibility antigen BirA-
modified A2.1 heavy chain and b -microglobulin2

Žwere expressed and purified from plasmids obtained
.from Mark Davis and Don C. Wiley, respectively

Žand refolded with MPP as described Garboczi et al.,
.1992; Altman et al., 1996 . Tetramer staining was

performed using 0.5 mg of strepavidin-PE conju-
gated tetramer in 50 ml FACS buffer for 1 h at 48C
in the dark. After washing with 1 ml FACS media,
the samples were stained for Cy5-CD8 and FITC-
V 17 for 15 min at 48C in the dark. The samplesb

were then washed and resuspended in 100 ml FACS
buffer with 1% formaldehyde.

( )2.5. DNA analysis of propidium iodide PI stained T
cell lines

Ž 6 6.T cells 1=10 –2=10 were suspended in 50
ml of FACS media to which was added 2.5 ml
V 17-FITC or 5 ml CD8-FITC. After incubation forb

20 min at 48C and washing, cell were resuspended in
100 ml FACS media. An equal volume of ice-cold
ETOH was added dropwise while vortexing and the
cells were then incubated at 48C for 15 min. Cells

Ž .were pelleted 300=g for 7 min at 48C and resus-
Ž .pended in 50 ml 500 Urml RNAse Sigma and

incubated at 378C for 15 min. An equal volume of
Ž .propidium iodide 50 ngrml was added and the

samples were stored at 48C in the dark until FAC-
Scan analysis using a 525 nm filter for FITC and 575
nm filter for PI. Cell cycle distribution was analyzed
with Cell Quest software.

2.6. Analysis of apoptotic cells with 7-AAD staining

Cells, dually stained for cell surface markers us-
ing FITC and PE-conjugated antibodies as above,

Žwere analyzed for apoptosis as described Schmid et
.al., 1994a,b . Stained cells were incubated with 20

Ž .microgramrml 7-AAD 7-amino-actinomycin D for
20 min at 48C in the dark and washed. The pellet
was then resuspended in 20 mgrml actinomycin D
Ž .AD in 1% paraformaldehyde in FACS media and
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stored at 48C in the dark for up to 5 days before
analysis on FACScan flow cytometer using a 650 nm
long pass filter.

2.7. Chromium release assay

Cytotoxicity assays were performed against 51Cr-
labeled target cells that were pulsed with media or

Ž20 mgrml influenza peptide as described Trimble et
.al., 1996 . Influenza A-specific cytotoxicity was de-

fined as the difference between the percent specific
cytotoxicity against influenza A-peptide pulsed and
media-incubated targets. For the alloreactive cell
lines, cytotoxicity assays were performed in the pres-
ence of a 10-fold excess of unlabeled K562 cells to
reduce non-specific LAK-like background lysis.

3. Results

3.1. Serum is required for the in Õitro deÕelopment
of CD8q antigen-specific cytotoxicity in the re-
sponse to an immunodominant influenza peptide and
in the alloresponse in healthy donors

To determine whether the serum requirement for
HIV-specific CTL development also applied to gen-
erating antigen-specific CTL from healthy donor

PBMC, we studied in vitro secondary CTL responses
in PBMC from healthy individuals. Most healthy
HLA-A2.1-expressing adults generate a vigorous
secondary response to an immunodominant influenza

Ž .A matrix protein peptide MPP GILGFVFTL
Ž .Lehner et al., 1995 . No MPP-specific cytotoxicity
was detectable in freshly isolated CD4-depleted
PBMC from 3 A2.1-expressing healthy donors even

Žwhen assayed at E:T ratios as high as 60:1. data not
.shown PBMC from six HLA-A2.1 positive healthy

donors were stimulated with 5 mgrml Influenza A
MPP and 30 IUrml IL-2 in AIM V medium, with or
without 5% FCS supplementation, and tested for

Ž .MPP-specific cytotoxicity at effector:target E:T ra-
tios of 10–30:1 after 4–14 days. In six subjects,
peptide-specific cytotoxicity was substantial only in

Ž .lines supplemented with 5% FCS. Table 1; Fig. 1
The cell lines grown in serum had peptide-specific
cytotoxicity, defined as the difference between lysis
of autologous targets in the presence or absence of
MPP peptide, of 51"9% compared to 5"6% in

Žcultures grown in the absence of serum p-
.0.0000001; paired Student’s t-test . LAK-like killing

of K562 cells was unimpaired in the absence of
Ž .serum Fig. 1 .

Serum was also required for the generation of
CD8q alloreactive CTL from healthy donors. Al-

Table 1
Cytotoxicity directed at cells expressing the A2.1 restricted Influenza A peptide MPP only develops in cultures grown in the presence of
serum

Subject Experiment Day E:T ratio % MPP-specific cytotoxicity % V 17q CD8q T cellsb

yserum qserum yserum qserum

DMF a1 7 10:1 0 46 4 12
a2 9 15:1 5 54 8 59

PJB a1 11 20:1 11 38 ND ND
a2 10 10:1 23 48 16 39

P5 a1 14 15:1 5 60 7 49
a2 14 15:1 0 58 7 40

P7 a1 4 30:1 1 60 7 29
a2 7 10:1 2 38 8 20

P8 a1 7 15:1 0 65 7 28
a2 7 10:1 6 60 10 29

P17 a1 7 10:1 0 46 3 16
a2 6 10:1 6 39 9 17

CD4-depleted PBMC from six healthy HLA-A2.1 donors were stimulated with MPP peptide and tested on the indicated day for
MPP-specific cytotoxicity by 51Cr release assay against HLA-A2.1q MPP peptide-pulsed B-LCL targets. CD8q V 17q T cell expansionb

was analyzed by flow cytometry.
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Fig. 1. MPP-specific cytotoxicity develops only in serum supple-
mented medium, although LAK-like killing develops indepen-
dently of serum. CD4-depleted PBMC from a healthy HLA-A2.1
donor were stimulated with MPP and rhuIL-2 in AIM V medium

Ž . Ž .without serum A or with 5% FCS B and compared to cells
stimulated with IL-2 but no peptide in serum-containing medium
Ž . 51C . Cells were tested for cytotoxicity on day 9 against Cr

Ž . Ž .labeled autologous B-LCL targets pulsed with B or without l

MPP or against 51Cr labeled K562 targets to analyze LAK-like
Ž .killing ' .

loreactive CD8 T cell cytotoxicity from three cul-
tures of normal donor CD4-depleted PBMC stimu-
lated with allogeneic B-LCL were analyzed 7 days
later. Only the cell lines grown in serum demon-
strated robust CD8q T cell lysis of allogeneic tar-

Žgets approximately 60% specific lysis at an E:T
.ratio of 10:1 ; the comparable MLR performed in the

absence of serum had no CD8 CTL reactivity above
background. Therefore antigen-specific CTL activa-
tion or expansion from PBMC requires exposure to a

serum factor in healthy as well as in HIV-infected
donors.

3.2. The V 17q T cell subset does not expand afterb

MPP exposure in the absence of serum

To verify that the response to influenza MPP in
A2.1-expressing donors is predominantly within the

ŽV 17-bearing CD8q T cell subset Lehner et al.,b

.1995 , we assayed MPP-specific cytotoxicity 20 days
after peptide stimulation of CD4-depleted T cells
either with or without depletion of V 17-expressingb

T cells. In one cell line tested, we found a 74%
reduction of MPP-specific cytotoxicity after V 17b

depletion from 58% to 15% at an E:T ratio of 10:1.
Therefore, we used the V 17 antibody to stain cellb

lines activated with MPP peptide either in the pres-
ence or absence of serum to determine whether the
deficiency in specific cytotoxicity in the serum-free
cultures was due to a lack of expansion of the V 17b

subset. Table 1 shows the strong correlation between
the V 17q subset expansion and the level of MPP-b

Žspecific cytotoxicity in the samples rs0.817, p-
.0.001 . V 17-expressing cells accounted for 31"b

14% of CD8q T cells after MPP activation in the
cultures grown in the presence of serum vs only
8"3% in the cultures activated in the absence of

Ž .serum p-0.0003; paired Student’s t-test .
These results were confirmed by staining with

fluorescently labeled HLA A2.1 tetramers folded
Ž .with MPP peptide Fig. 2 . Tetramer staining CD8 T

cells expanded only in MPP-stimulated serum-con-
taining cultures by day 14 to comprise half of the
culture and over 95% of the V 17 CD8 T cells.b

Fewer than 0.1% of the CD8 T cells stained for
tetramers in the cultures that were stimulated with
MPP in the absence of serum.

The serum concentration required for develop-
ment of MPP-specific cytotoxicity and for V 17qb

Ž .CD8 T cell expansion were also similar Fig. 3 .
Both began to decline at serum concentrations less
than 1%. There was no difference between serum-free
cultures and serum-containing cultures when the
serum concentration was F0.1%.

To follow the fate of influenza peptide-specific
CTL, we analyzed by flow cytometry temporal
changes in the number of T cells doubly positive for
V 17 and CD8. Fig. 4 shows a comparison of MPP-b
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Ž .Fig. 2. A V 17qCD8q T cells increase only in serum containing medium after stimulation with MPP and rhuIL-2. Cell lines wereb

Ž . Ž . Ž . Ž .stimulated with MPP in the absence of serum l , without MPP but with serum B or with MPP plus serum ' . B Cultures were also
stained for the percentage of CD8q T cells that bind MPP-A2.1 tetramer. Only the serum supplemented line stimulated with MPP showed

Ž .an increase in tetramer binding over a 14 day period. C Dot plots of day 9 cultures gated on CD8q T cells show an expansion of
V 17q tetramerq CD8 T cells only in the MPP and serum stimulated cell lines.b

specific cytotoxicity and V 17q CD8q T cells inb

cultures from donor P5 grown either in the presence
or absence of 5% FCS for 7 days following exposure

Fig. 3. The development of MPP-specific cytotoxicity and expan-
sion of V 17q CD8 T cells develop in parallel in a serumb

concentration-dependent manner. CD4-depleted PBMC from a
healthy HLA-A2.1 donor were stimulated with MPP and rhuIL-2
in AIM V medium supplemented with increasing concentrations

Ž .of FCS. A Stimulated cells were tested at an E:T ratio of 15:1
for MPP-specific cytotoxicity on day 14 against 51Cr labeled

Ž . Ž . Ž .targets pulsed with B or without I MPP. B The percent of
V 17q CD8q T cells in each cell line was also analyzed by flowb

cytometry.

to MPP. In the presence of serum, there was measur-
able specific cytotoxicity at day 3 of culture in the
serum-containing cultures, with continued increase
over the 7 days of culture. The major expansion of
antigen-specific V 17q CD8q T cells did not be-b

come clearly apparent by flow cytometry until ap-

Fig. 4. The sustained clonal expansion of antigen-specific CD8
CTL occurs only in the presence of serum. CD4-depleted PBMC
from a healthy HLA-A2.1 donor were stimulated with MPP and

Ž . Ž .IL-2 in the presence B or absence e of serum and cultured for
7 days. Cell lines were tested at serial times after stimulation for

Ž .MPP-specific cytotoxicity A and for the percent of CD8 T cells
Ž .that were V 17q B .b
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proximately day 4 and continued until day 10 or 11
Ž .data not shown . Similar results were obtained in
cultures from two additional A2.1-expressing donors.

In the absence of serum, a transient increase in
specific cytotoxicity, and a possible corresponding
slight increase in the fraction of V 17q CD8 Tb

cells, occurred at day 2.5–3 but was back to baseline
at day 4 in the serum-free culture of two of three
subjects. This suggests, as we shall show below, that
T cell activation and possibly an initial round of cell
division may occur even in the absence of serum. In
the third cell line grown in the absence of serum, no
MPP-specific cytotoxicity or increase in V 17q CD8b

T cells was detected at any time although robust
cytotoxicity and V 17q CD8 T cell expansion de-b

veloped in the presence of serum as for the other
Ž .subjects data not shown .

3.3. V 17q CD8q T cells are actiÕated in serum-b

free media but do not proliferate

To determine whether the lack of influenza A-
specific CTL expansion was due to a defect in the
first steps of antigen presentation and T cell activa-
tion, PBMC were stimulated with MPP and cultured
in the presence or absence of serum. Two days later,
the cell lines were washed free of their culture media

Žand CD8q T cells were positively selected )98%
.CD8q to remove CD4q T cells and APCs.

Serum-deprived cells were resuspended in medium
containing serum in new flasks and cells, activated in

Fig. 5. Serum is not required at the time of antigenic stimulation
but is required for clonal expansion of antigen-specific CTL.
CD4-depleted PBMC from a healthy HLA-A2.1 donor were stim-
ulated with MPP and IL-2 in the presence or absence of serum for
two days. CD8q T cells were then positively selected and
transferred to fresh media with or without serum. Each line was
tested 8 days after transfer for specific cytotoxicity against autolo-

Ž . Ž .gous B-LCL targets pulsed with B or without I MPP.

Fig. 6. Antigen-specific CTL clonal expansion occurs provided
serum is added within 4 days of antigenic stimulation. Serum was
added either at the initiation of culture or 3–7 days after CD4-de-
pleted PBMC were stimulated with MPP. Each line was tested 14

Ž .days after exposure to antigen for A specific cytotoxicity against
Ž . Ž .autologous B-LCL targets pulsed with B or without I MPP

Ž . Ž .E:T ratio 15:1 and for B the percent of CD8q T cells
expressing V 17.b

serum-containing medium, were changed to medium
without serum. Eight days later, the crossed-over cell
lines were tested for influenza A-specific cytotoxic-

Ž .ity Fig. 5 . The lines transferred to serum-containing
medium on day 2 were able to support antigen-
specific cytotoxicity and had 64% MPP-specific cy-
totoxicity at an E:T ratio of 15:1. Cells generated in
serum-containing media but removed from it on day
2, however, had little MPP-specific cytotoxicity
Ž .9.1% at 15:1 . This suggests that specific CTL can
be activated in the absence of serum but are unable
to expand in the absence of serum. Moreover, serum
appears to act on CTL and not on specialized APC
since when it was added to positively selected CD8q
T cells in the absence of APC on day 2, CTL activity
was supported.

To define further the temporal requirement for
serum, serum was added to replica CD4-depleted
PBMC cultures, stimulated with MPP in AIM-V

Ž .medium, either at the initiation of the culture day 0
or on days 2–8. Cultures were tested for MPP-
specific cytotoxicity on day 14. In a representative
experiment of two, shown in Fig. 6A, antigen-specific
cytotoxicity was robust in cultures to which serum
was added on day 0 or on days 2 through 4, but not
later. Although the percent specific cytotoxicity at an
E:T ratio of 15:1 was comparable when serum was
added on days 3 and 4, the percentage of V 17qb

CD8q T cells was reduced for each day without
Ž .serum Fig. 6B . This suggests that the antigen-

specific CTL were either dying incrementally as
serum was withheld or that they were not clonally
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expanding until exposed to serum. By day 5, it was
no longer possible to rescue activated influenza A-
specific CTL and neither V 17q CD8q T cellb

expansion nor development of specific cytotoxicity
was detected.

To verify that specific CTL were activated in the
absence of serum, cell surface staining of V 17qb

CD8q cells for known activation markers was ex-
amined at times between 4 h to 7 days after MPP

Ž .exposure Fig. 7 . There were few differences in
activation marker expression between lines generated
in the presence or absence of serum for the first 3
days. CD69 increased comparably within 4 hrs of
exposure to antigen in both cell lines. The mean
fluorescence intensity of the high affinity IL-2 recep-

Ž .tor CD25 was similarly up-regulated in both lines
in the first 3 days after activation. However, the
secondary peak in these early activation cell surface
markers on or after day 4 occurred only in the cell
lines maintained in serum-containing medium. Simi-
larly, the late events of T cell activation were evident
only in the serum-containing cultures. Staining for
late activation markers expressed 3 to 7 days after

Ž .activation, including CD38, CD11a LFA-1 , HLA-
Ž .DR and TLiSA1 data not shown , changed from

baseline staining and was greatly increased only in

Fig. 7. V 17q CD8 T cells stimulated with MPP in the absenceb

Ž .of serum I express early activation cell surface markers, but do
not undergo the late activation program that occurs in the presence

Ž .of serum B . The CD8q V 17q T cells in cultures of CD4-de-b

pleted PBMC stimulated with MPP were analyzed at 4 h and
every 24 h for 7 days by flow cytometry for mean cell fluores-
cence intensity of early and late activation markers compared to
staining with an IgG1 isotype control.

the lines supplemented with serum. This suggests
that after antigenic stimulation in the absence of
serum, activated cells either do not complete the late
activation program or do not survive long enough to
express late activation markers.

3.4. ActiÕated V 17qrCD8q T cells undergob

apoptosis in the absence of serum

Without serum, V 17q MPP-specific pCTL wereb

initially activated and may have begun to proliferate.
However by day 5, specific cytotoxicity and en-
hanced V 17 expression were no longer apparent. Tob

determine if these activated cells undergo
activation-induced apoptosis in the absence of serum,
propidium iodide staining was performed 4 h and 1,
3, 5, and 7 days after peptide-stimulation. The per-

Ž .centage of cells that were apoptotic hypodiploid ,
Ž . Ž .resting G rG or dividing SrG rM was deter-0 1 2

Ž .mined by flow cytometry Fig. 8 . When all CD8q
T cells were analyzed, there were no major differ-
ences in the cell cycle profile in the presence or
absence of serum at any time point. However, when
the analysis was restricted to the V 17 subset, thereb

was increased apoptosis in the serum-free cultures by
24 h, which continued for the duration of the culture.
Approximately 1 of every 4 V 17q CD8 T cellsb

was apoptotic in the serum-deprived cultures on days
3–7. In contrast, the maximum apoptosis in the
serum-containing cultures occurred on day 5 and was
only 14%. Therefore, V 17 T cells which were acti-b

vated by exposure to MPP underwent apoptosis if
they did not encounter serum.

As expected, more proliferation occurred after
antigenic exposure in the V 17 T cell subset if serumb

was present. The percentage of cells in SrG2rM
was comparable until day 5 when clonal expansion
became evident only in the cultures exposed to serum.
The proportion of V 17 dividing cells in the serum-b

containing cultures increased to 28% by the end of
the culture. Representative DNA histograms for
V 17q CD8 T cells on day 7 used to calculate theb

percent apoptotic and dividing cells are shown in
Fig. 8E.

The preferential loss of V 17qrCD8q T cellsb

also occurred when positively selected CD8q T
cells were removed from serum-containing medium
on day 2. T cells were harvested 24 h after the
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Fig. 8. Antigen-stimulated CD8 T cells undergo apoptosis if serum is not present in the culture medium. CD4-depleted PBMC from a
Ž . Ž .healthy HLA-A2.1 donor were stimulated with MPP in the presence B or absence ' of serum and analyzed at subsequent times by flow

cytometry for DNA content by PI staining. Cells were costained with anti-V 17-FITC. Panels A and C represent PI staining of all cells inb

the culture; panels B and D were gated on the V 17q subset. Differences in apoptosis and proliferation due to serum were only substantialb

Ž . Ž .in the V 17q subset. The % of apoptotic hypodiploid and dividing cells in SrG2rM with )2N DNA content were obtained usingb

Ž . Ž .CellQuest software from PI histograms. E Representative histograms obtained on day 7 of culture grown in the absence left or presence
Ž .right of serum. There is an accumulation of hypodiploid cells with lower fluorescence intensity in the cultures grown without serum and an

Ž .accumulation of dividing cells with twice the fluorescence intensity of the major peak in the serum-containing cultures.

change of medium and simultaneously stained with
V 17-FITC, CD8-PE, and the DNA intercalating dye,b

Ž .7-amino-actinomycin D 7-AAD . 7-AAD more in-
tensely stains apoptotic than live cells and can be
used to distinguish between live and apoptotic popu-

Ž . Ž .lations Schmid et al., 1994a,b Fig. 9 . The per-
centage of V 17q CD8q T cells in each popula-b

tion was compared. When all CD8q T cells were
analyzed, the overall numbers of apoptotic cells in
cultures transferred to either serum-free or serum-
containing media were comparable. There were 7%

apoptotic cells in the absence of serum versus 6% in
cultures transferred to serum containing media.
Therefore, removal from serum did not initiate pro-
grammed cell death in the majority of unactivated
CD8q T cells. However, when V 17q CD8q Tb

cells were analyzed, there was a striking increase in
the percentage of apoptotic V 17q CD8q T cellsb

Žin the cell line removed from serum 24% versus
.7% . The results from these two sets of experiments

suggest that serum exposure is required to prevent
late apoptosis of TCR-activated CTL precursors.
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3.5. Post-actiÕation apoptosis in the absence of serum
is not Fas-mediated

Ž .Activation induced cell death AICD occurs when
TCR-activated T cells are restimulated within a few
days of initial activation. AICD is generally thought

Ž . Žto be FAS CD95 mediated Alderson et al., 1995;
Brunner et al., 1995; Dhein et al., 1995; Ju et al.,

Fig. 9. 7-AAD staining shows increased apoptosis when antigen-
stimulated cells are removed from serum-containing medium.
There is no increased apoptosis in the majority of T cells that

Ž .were not activated by the peptide. A CD4-depleted PBMC were
Ž . Ž .stimulated with MPP in the absence left or presence right of

serum. Two days later, CD8q T cells were positively selected
and cells stimulated in serum-containing medium were transferred
to serum-free medium and vice versa. After 24 h further incuba-
tion each cell line was analyzed for apoptosis by three color
staining with 7-AAD, V 17-FITC, and CD8-PE. The percentageb

of CD8q V 17q T and of all CD8q T cells with increasedb

Ž .7-AAD staining is shown. B A positive control for the assay
compares PBL incubated for 24 h in the absence or presence of 50
mM etoposide. The number of apoptotic cells increases after
etoposide exposure.

Fig. 10. Anti-Fas blocking antibody does not inhibit the death of
Ž .CTL stimulated and grown in serum-free media. A The anti-Fas

Ž .blocking antibody ZB4 1 mgrml blocks apoptosis of H9 cells
Ž .induced by Fas antibody CH11. B The addition of the same

concentration of ZB4 at the time of antigenic stimulation did not
restore clonal expansion of antigen-specific CTL stimulated in the
absence of serum. Each cell line was tested for MPP-specific

Ž .cytotoxicity at a 10:1 E:T ratio in the presence B or absence
Ž .I of specific peptide.

.1995 . Apoptosis induced by early reactivation can
Žbe blocked either by Fas-blocking antibodies M3 or

.ZB4 or by Fas-Ig fusion proteins that compete for
Ž . Žbinding of Fas ligand FasL Hanabuchi et al., 1994;

Alderson et al., 1995; Brunner et al., 1995; Dhein et
.al., 1995; Ju et al., 1995 . In our system, however,

apoptosis occurs a few days after T cell activation at
the time of clonal expansion. FAS-blocking antibody

Ž .ZB4 1 mgrml added at the beginning of the culture
Ždid not restore V 17q CD8q expansion data notb

.shown or MPP-specific cytotoxicity. Cytotoxicity
data from representative cultures obtained from 1 of
3 A2.1-expressing donors studied is shown in Fig.
10. Therefore, post-activation CTL apoptosis is likely
to involve a different mechanism than AICD.

4. Discussion

We have shown that serum is required during the
clonal expansion phase of a CTL response to specific
antigen. Using PBMC from HIV-infected donors we
previously showed this for PHA and anti-CD3 acti-
vation of HIV-specific CTL. In healthy donors, we
found similar results for CD8q CTL activation to
allogeneic targets and in response to a viral peptide
antigen. Using the influenza A immunodominant
A2-restricted V 17 response as a model, we haveb

found that serum is not required for the initial steps
of T cell activation but is critical for clonal expan-
sion. Antigen-stimulated CD8 T cells generated in
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serum-free medium are capable of antigen-specific
cytotoxicity in the first few days after stimulation.
However, specific cytotoxicity is lost as antigen-
specific CTL undergo apoptosis if they are not ex-
posed to serum within a few days of activation.
There may be limited cell division of some antigen-
activated CD8 T cells in the absence of serum before
undergoing apoptosis, but the exponential increase in
specific cells does not occur.

The early events of CTL activation after TCR
engagement appear to proceed without impairment in
the absence of serum. Cells activated in the absence
of serum display early activation markers, such as
CD69 and CD25. Serum can be added as late as day
4 to rescue antigen-specific cytotoxicity. By adding
serum to positively selected CD8q T cells two days
after activation, we have shown that serum acts
directly on T cells and not indirectly by activating
APCs. Our results therefore indicate a regulatory
event in CTL generation that is distinct from the
recently identified requirement for APC contact with

ŽCD40-expressing helper T cells Bennett et al., 1998;
.Borrow et al., 1998; Schoenberger et al., 1998 . The

APC requirement occurs at the time of initial activa-
tion, while the serum requirement is a late event on
T cells, not APCs. This late regulation at around 3–4
days after activation coincides with the time cyto-
toxic granule-associated proteins, such as the
granzymes and perforin, begin to be detected
Ž .Garcia-Sanz et al., 1988 and with our earliest in
vitro detection of specific cytotoxicity.

The proliferation and development of cytotoxicity
by CD8q T cells, per se, does not require serum.
When CD8q T cells are stimulated with high con-
centrations of IL-2 in serum-free medium, the cells
proliferate rapidly and develop unimpaired LAK-like

Ž .cytotoxicity Rosenberg et al., 1987 . In fact, serum-
free media have been widely used to generate LAK
cells for immunotherapy infusions for cancer. An
unfortunate corollary of our results is that the
serum-free culture conditions used for these studies,
which generally involve TCR activation with PHA
or anti-CD3, may deplete any potential CD8 CTL
bearing tumor-specific TCR in the cultures. The
phenomenon we are describing is specific to the way
the CD8 T cells are stimulated. It occurs after TCR
engagement but not after high dose cytokine activa-
tion in the absence of specific antigen. It is also not

prevented by excessive concentrations of IL-2, which
we used in our initial HIV study of the serum
requirement for CTL expansion. It remains to be
seen whether activation via cell surface receptors
other than the TCR leads to apoptosis if serum is
withheld.

Under some circumstances, it has been possible to
generate CD8 T cell lines and clones which lyse
immortalized cell lines and tumors via TCR engage-

Žment in serum-free media Yssel et al., 1984; Maeda
.et al., 1991; Finke et al., 1992 . However, these

studies did not compare the expansion of specific
CTL in the presence or absence of serum. It may be
that the serum requirement is not absolute, that
certain CD8 T cell subtypes might not require serum,
or that other cells in the cultures provided the miss-
ing serum component. Two previous studies from

Žother laboratories Finkelstein and Miller, 1991;
.Lamers et al., 1992 , in addition to our prior report

Ž .Trimble et al., 1996 , have reported diminished lysis
of some targets by effector cells generated in AIM V
media. Finkelstein and Miller demonstrated that
murine LAK cells grown in AIM V media are not as
efficient at killing TNP-modified syngeneic ConA
blasts as cells generated in media supplemented with

Ž10% heat inactivated FCS Finkelstein and Miller,
.1991 . However a 1:1 mix of the serum containing

media with AIM V media could completely restore
Ž .lysis. In a bispecific antibody BsAb -directed cellu-

Ž .lar immunotherapy model, Lamers et al. 1992 re-
ported that mixed media, containing 78% RPMI,
20% AIM V, and 2% autologous or pooled human
serum, was much more efficient at inducing anti-
body-directed cytolysis than AIM V alone. These
experiments would have detected a combination of
both antigen-specific and nonspecific lysis.

The requirements for activation, costimulation,
generation of effector function and clonal expansion
of cytotoxic CD8 T cells have not been studied as
extensively as they have been for CD4 T cells
Ž .Guerder et al., 1995 . Because CD4 and CD8 T
cells have largely different functions in the cellular
immune response, it would not be surprising if the
regulation of their clonal expansion differs. For ex-
ample, after TCR activation, CD8 CTL often down-
modulate CD28 and may not require CD28 costimu-
lation for subsequent activation. This may reflect the
fact that CD8 T cells need to function to cytolyse
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virally infected or transformed tumor cells that gen-
erally do not express B7 molecules. In contrast CD4
T cell activation of function is carefully regulated to
require professional APCs to prevent autoimmunity.
This study has focused only on the serum require-
ment for clonal expansion of CD8 CTL. Our prelimi-

Žnary experiments and the literature Yssel et al.,
.1984; Kaldjian et al., 1992 suggest that serum is not

required for the in vitro expansion of antigen-specific
CD4 T cells, but this needs to be further investi-
gated.

Ž .We have not been able to identify the factor s in
serum required for specific CTL clonal expansion.
Preliminary experiments suggest that the factor is a
protein, since heat denaturation and protease treat-
ment of serum depletes its ability to support clonal

Ž .expansion data not shown . We have also surveyed
various serum components which might play a role

Žin CTL proliferation Darfler and Insel, 1983; Yssel
et al., 1984; Grimm et al., 1988; Garbe et al., 1992;

.Carini and Essex, 1994; Trinchieri, 1995 to show
that serum cannot be replaced by a potent antioxi-
dant cocktail, retinol, linoleic acid or the cytokines,

Ž .IL-7 and IL-12 data not shown . Moreover, the
addition of proinflammatory or CTL-inhibitory cy-
tokines, such as IL-10, IL-1a , or TNFa , at high
concentrations did not inhibit CTL expansion when

Ž .added to serum-containing cultures data not shown .
Ž .The identification of the serum factor s would facili-

tate further studies to define the pathways required to
be activated for clonal expansion.

Although our results have obvious implications
for ex vivo CTL culture, they might also have in
vivo significance. If a CD8 T cell is activated in the
periphery and is not exposed to the ‘serum factor’ in
extracellular fluid, perhaps it is limited in its local
clonal expansion unless it circulates via the lymph or
blood on its way to a lymphoid organ. This mecha-
nism might provide some protection against local
inflammatory damage by uncontrolled CTL activa-
tion or granule exocytosis, as occurs in some viral

Žinfections Chisari and Ferrari, 1995; Moskophidis et
.al., 1995; Zinkernagel, 1995 . It is also possible that

this factor might be absent from the extracellular
fluid only in privileged immune sites such as the
central nervous system, testes or eye. This could be a
mechanism for controlling CD8 T cell proliferation
at these sites, unless inflammation disrupts the

blood–brain barrier. At present this is merely specu-
lation. Further study would require testing body flu-
ids such as lymph or cerebrospinal fluid to determine
if they can replace serum in in vitro culture as a
survival factor.

Acknowledgements

We thank P. Shankar, B. Huber, J. Mier, and H.
Wortis for useful suggestions, M. Davis and D.
Wiley for plasmids and M. Davis for advice in
preparing the tetramers. This work was supported by
a Pew Scholar Award in the Biomedical Sciences
and NIH AI36611.

References

Alderson, M.R., Tough, T.W., Davis-Smith, T., Braddy, S., Falk,
B., Schooley, K.A., Goodwin, R.G., Smith, C.A., Ramsdell,
F., Lynch, D.H., 1995. Fas ligand mediates activation-induced
cell death in human T lymphocytes. J. Exp. Med. 181, 71.

Altman, J.D., Moss, P.A.H., Goulder, P.J.R., Barouch, D.H.,
McHeyzer-Williams, M.G., Bell, J.I., McMichael, A.J., Davis,
M.M., 1996. Phenotypic analysis of antigen-specific T lym-
phocytes. Science 274, 94.

Bennett, S.R., Carbone, F.R., Karamalis, F., Miller, J.F., Heath,
W.R., 1997. Induction of a CD8q cytotoxic T lymphocyte
response by cross-priming requires cognate CD4q T cell
help. J. Exp. Med. 186, 65.

Bennett, S.R., Carbone, F.R., Karamalis, F., Flavell, R.A., Miller,
J.F., Heath, W.R., 1998. Help for cytotoxic-T-cell responses is
mediated by CD40 signalling. Nature 393, 478.

Borrow, P., Tough, D.F., Eto, D., Tishon, A., Grewal, I.S., Sprent,
J., Flavell, R.A., Oldstone, M.B., 1998. CD40 ligand-mediated

Ž .interactions are involved in the generation of memory CD8 q
Ž .cytotoxic T lymphocytes CTL but are not required for the

maintenance of CTL memory following virus infection. J.
Virol. 72, 7440.

Brunner, T., Mogil, R.J., LaFace, D., Yoo, N.J., Mahboubi, A.,
Echeverri, F., Martin, S.J., Force, W.R., Lynch, D.H., Ware,

Ž .C.F., Green, D.R., 1995. Cell-autonomous Fas CD95 rFas-
ligand interaction mediates activation-induced apoptosis in
T-cell hybridomas. Nature 373, 441.

Carini, C., Essex, M., 1994. Interleukin 2-independent interleukin
7 activity enhances cytotoxic immune response of HIV-1-in-
fected individuals. AIDS Res. Hum. Retroviruses 10, 121.

Chisari, F.V., Ferrari, C., 1995. Hepatitis B virus immunopatho-
genesis. Annu. Rev. Immunol. 13, 29.

Darfler, F.J., Insel, P.A., 1983. Clonal growth of lymphoid cells in



( )L.A. Trimble et al.rJournal of Immunological Methods 225 1999 39–52 51

serum-free media requires elimination of H O toxicity. J.2 2

Cell. Phys. 115, 31.
Dhein, J., Walczak, H., Baumler, C., Debatin, K.-M., Krammer,

P.H., 1995. Autocrine T-cell suicide mediated by APO-
Ž .1r FasrCD95 . Nature 373, 438.

Finke, J.H., Rayman, P., Edinger, M., Tubbs, R.R., Stanley, J.,
Klein, E., Bukowski, R., 1992. Characterization of a human
renal cell carcinoma specific cytotoxic CD8q T cell line. J.
Immunother. 11, 1.

Finkelstein, D.M., Miller, R.G., 1991. Effect of culture media on
lymphokine-activated killer effector phenotype and lytic ca-
pacity. Cancer Immunol. Immunother. 33, 103.

Garbe, A., Buck, J., Hammerling, U., 1992. Retinoids are impor-
tant cofactors in T cell activation. J. Exp. Med. 176, 109.

Garboczi, D.N., Hung, D.T., Wiley, D.C., 1992. HLA-A2-peptide
complexes: refolding and crystallization of molecules ex-
pressed in Esherichia coli and complexed with single anti-
genic peptides. Proc. Natl. Acad. Sci. USA 89, 3429.

Garcia-Sanz, J.A., Velotti, F., MacDonald, H.R., Masson, D.,
Tschopp, J., Nabholz, M., 1988. Appearance of granule-asso-
ciated molecules during activation of cytolytic T-lymphocyte
precursors by defined stimuli. Immunology 64, 129.

Grimm, E.A., Crump, W.L.3d., Durett, A., Hester, J.P., Lagoo-
Deenadalayan, S., Owen-Schaub, L.B., 1988. TGF-beta in-
hibits the in vitro induction of lymphokine-activated killing
activity. Cancer Immunol. Immunother. 27, 53.

Guerder, S., Carding, S.R., Flavell, R.A., 1995. B7 costimulation
is necessary for the activation of the lytic function in cytotoxic
T lymphocyte precursors. J. Immunol. 155, 5167.

Hanabuchi, S., Koyanagi, M., Kawasaki, A., Shinohara, N., Mat-
suzawa, A., Nishimura, Y., Kobayashi, Y., Yonehara, S.,
Yagita, H., Okumura, K., 1994. Fas and its ligand in a general
mechanism of T-cell-mediated cytotoxicity. Proc. Natl. Acad.
Sci. USA 91, 4930.

Herzberg, V.L., Smith, K.A., 1987. T cell growth without serum.
J. Immunol. 139, 998.

Ho, H.N., Hultin, L.E., Mitsuyasu, R.T., Matud, J.L., Hausner,
M.A., Bockstoce, D., Chou, C.C., O’Rourke, S., Taylor, J.M.,
Giorgi, J.V., 1993. Circulating HIV-specific CD8q cytotoxic
T cells express CD38 and HLA-DR antigens. J. Immunol. 150,
3070.

Hurme, M., Varkila, K., Sihvola, M., 1986. Induction of TNP-
specific cytotoxic T lymphocyte memory in vivo in the ab-
sence of T helper cell activity. J. Immunol. 137, 1782.

Jadus, M.R., Thurman, G.B., Mrowca-Bastin, A., Yannelli, J.R.,
1988. The generation of human lymphokine-activated killer
cells in various serum-free media. J. Immunol. Methods 109,
169.

Ju, S.-T., Panka, D.J., Cui, H., Ettinger, R., El-Khatib, M., Sherr,
D.H., Stanger, B.Z., Marshak-Rothstein, A., 1995. Fas
Ž .CD95 rFasL interactions required for programmed cell death
after T-cell activation. Nature 373, 444.

Kaldjian, E.P., Chen, G.-H., Cease, K.B., 1992. Enhancement of
lymphocyte prolieration assays by use of serum-free medium.
J. Immunol. Methods 147, 189.

Krowka, J.F., Singh, B., Fotedar, A., Mosmann, T., Giedlin,

M.A., Pilarski, L.M., 1986. A requirement for physical linkage
between determinants recognized by helper molecules and
cytotoxic T cell precursors in the induction of cytotoxic T cell
responses. J. Immunol. 136, 3561.

Lamers, C.H.J., van de Griend, R.J., Braakman, E., Ronteltap,
C.P.M., Benard, J., Stoter, G., Gratama, J.W., Bolhuis, R.L.H.,
1992. Optimization of culture conditions for activation and
large scale expansion of human T lymphocytes for bispecific
antibody-directed cellular immunotherapy. Int. J. Cancer 51,
973.

Lehner, P.J., Wang, E.C., Moss, P.A., Williams, S., Platt, K.,
Friedman, S.M., Bell, J.I., Borysiewicz, L.K., 1995. Human
HLA-A0201-restricted cytotoxic T lymphocyte recognition of
influenza A is dominated by T cells bearing the V beta 17
gene segment. J. Exp. Med. 181, 79.

Lieberman, J., Fabry, J.A., Shankar, P., Beckett, L., Skolnik, P.R.,
1995. Ex vivo expansion of HIV type 1-specific cytolytic T
cells from HIV type 1-seropositive subjects. AIDS Res. Hum.
Retroviruses 11, 257.

Lloyd, T.E., Yang, L., Tang, D.N., Bennett, T., Schober, W.,
Lewis, D.E., 1997. Regulation of CD28 costimulation in hu-
man CD8q T cells. J. Immunol. 158, 1551.

Maeda, K., Lafreniere, R., McKinnon, J.G., Jerry, L.M., 1991.
Generation of human autologous melanoma-specific cytotoxic
T cells from tumor-involved lymph nodes. Mol. Biother. 3, 95.

Moskophidis, D., Battegay, M., van den Broek, M., Laine, E.,
Hoffmann-Rohrer, U., Zinkernagel, R.M., 1995. Role of virus
and host variables in virus persistence or immunopathological
disease caused by a non-cytolytic virus. J. Gen. Virol. 76, 381.

Roederer, M., Dubs, J.G., Anderson, M.T., Raju, P.A., Herzen-
berg, L.A., Herzenberg, L.A., 1995. CD8 naive T cell counts
decrease progressively in HIV-infected adults. J. Clin. Invest.
95, 2061.

Rosenberg, S.A., Lotzke, M.T., Muul, L.M., Chang, A.E., Avis,
F.P., Leitman, S., Linehan, W.M., Robertson, C.N., Lee, R.E.,
Rubin, J.T., Seipp, C.A., Simpson, C.G., White, D.E., 1987. A
progress report on the treatment of 157 patients with advanced
cancer using lymphokine-activated killer cells and interleukin-2
or high dose interleukin-2 alone. N. Eng. J. Med. 316, 889.

Saukkonen, J.J., Kornfeld, H., Berman, J.S., 1993. Expansion of a
CDqCD28y cell population in the blood and lung of HIV-
positive patients. J. Acquired Immune Defic. Syndr. 6, 1194.

Schmid, I., Uittenbogaart, C.H., Giorgi, J.V., 1994a. Sensitive
method for measuring apoptosis and cell surface phenotype in
human thymocytes by flow cytometry. Cytometry 15, 12.

Schmid, I., Uittenbogaart, C.H., Keld, B., Giorgi, J.V., 1994b. A
rapid method for measuring apoptosis and dual-color immuno-
fluorescence by single laser flow cytometry. J. Immunol.
Methods 170, 145.

Schoenberger, S.P., Toes, R.E., van der Voort, E.I., Offringa, R.,
Melief, C.J., 1998. T-cell help for cytotoxic T lymphocytes is
mediated by CD40–CD40L interactions. Nature 393, 480.

Shankar, P., Fabry, J., Lieberman, J., 1995. A simple method to
selectively expand HIV-1 specific cytotoxic T lymphocytes in
vitro. Immunol. Invest. 24, 489.

Trimble, L.A., Lieberman, J., 1998. Circulating CD8 T lympho-



( )L.A. Trimble et al.rJournal of Immunological Methods 225 1999 39–5252

cytes in human immunodeficiency virus-infected individuals
have impaired function and downmodulate CD3 zeta, the
signaling chain of the T-cell receptor complex. Blood 91, 585.

Trimble, L., Perales, M.-A., Knazek, R., Lieberman, J., 1996.
Serum enhances the ex vivo generation of HIV-specific cyto-
toxic T cells. Biotechnol. Bioeng. 50, 521.

Trinchieri, G., 1995. The two faces of interleukin 12: a pro-in-
flammatory cytokine and a key immunoregulatory molecule
produced by antigen-presenting cells. Ciba Found. Symp. 195,
203.

Vanham, G., Kestens, L., Gigase, P., Colebunders, R., Vanden-

bruaene, M., Brijs, L., Ceuppens, J.L., 1990. Evidence for
circulating activated cytotoxic T cells in HIV-infected subjects
before the onset of opportunistic infections. Clin. Exp. Im-
munol. 82, 3.

Yssel, H., De Vries, J.E., Koken, M., Van Blitterswijk, W., Spits,
H., 1984. Serum-free medium for generation and propagation
of functional human cytotoxic and helper T cell clones. J.
Immunol. Methods 72, 219.

Zinkernagel, R.M., 1995. Are HIV-specific CTL responses salu-
tary or pathogenic?. Curr. Opin. Immunol. 7, 462.


