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Abstract

Interactions between 4-1BB and its ligand, 4-1BBL, enhance CD8* T cell-mediated antiviral and
antitumor immunity in vivo. However, mechanisms regulating the priming of CD8* T cell responses
by 4-1BB remain unclear, particularly in humans. The 4-1BB receptor was undetectable on naive or
resting human CD8* T cells and induced in vitro by TCR triggering. Naive cord blood cells were
therefore primed in vitro against peptides or cellular antigens and then co-stimulated with 4-1BBL
or agonistic antibodies. Co-stimulation enhanced effector function such as IFN-y production and
cytotoxicity by augmenting numbers of antigen-specific and effector CD8* T cells. OKT3 responses
also showed reduced cell death and revealed that the proliferation of CD8* T cells required two
independently regulated events. One, the induction of IL-2 production, could be directly triggered
by 4-1BB engagement on CD8+* T cells in the absence of accessory cells. The other, expression of
CD25, was induced with variable efficacy by accessory cells. Thus, suboptimal accessory cells and
4-1BB co-stimulation combined their effects to enhance IL-2 production and proliferation. Reduced
apoptosis observed after co-stimulation in the presence of accessory cells correlated with
increased levels of Bcl-X, in CD8* T cells, while Bcl-2 expression remained unchanged. Altogether,
4-1BB enhanced expansion, survival and effector functions of newly primed CD8* T cells, acting in
part directly on these cells. As 4-1BB triggering could be protracted from the TCR signal, 4-1BB
agonists may function through these mechanisms to enhance or rescue suboptimal immune
responses.

Introduction

Current models indicate that effective activation of naive T
cells requires two signals. The first is provided by TCR
interactions with antigenic peptides presented on MHC
molecules (signal 1). The second signal, so-called co-stimu-
lation, is provided through various molecules utilizing distinct
mechanisms that physically reorganize the TCR complex,
lower the threshold for TCR signaling, amplify T cell activation
and modify the outcome of antigenic activation, preventing
anergy or death (1-4). Co-stimulation controls the priming and
development of primary immune responses, but is also

important for the re-activation of memory T cells (5). The co-
stimulatory capacity of antigen-presenting cells (APC) is
therefore an important aspect of their ability to induce and to
direct immune responses (6,7)

The co-stimulatory requirements of CD4+ and CD8* T cells
can be distinguished. For instance, the expansion of LCMV
virus-specific CD8* or CD4+ T cells is differentially affected in
mice respectively lacking the ligand for 4-1BB or the ligand for
CD40 (8). This illustrates that specific co-stimulatory signals
control optimal expansion of CD8* T cells and outlines the
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importance of 4-1BB in CD8* T cell responses. The molecule
4-1BB was initially described in mice as a protein up-regulated
during T cell activation (9). 4-1BB is an ~55-kDa homodimeric
type | membrane protein belonging to the tumor necrosis
factor (TNF) receptor (TNFR) superfamily. The human and
murine homologues show 60% identity at the amino-acid level
with conservation in the cytoplasmic domain, but a notable
difference is found in the putative Lck-binding site that is
altered in human 4-1BB (10-13). Its ligand, 4-1BB ligand (4-
1BBL), belongs to the TNF superfamily and it is expressed
primarily on APC such as B cells and dendritic cells (DC) (14).
There is little homology between the mouse and human 4-
1BBL; in particular, cysteine residues are not conserved in the
extracellular domains of the human and murine ligands (12),
suggesting that the 4-1BB-4-1BBL system may possibly play
distinct roles in the immune responses of these two species.

In vivo murine studies have shown the importance of 4-1BB-
4-1BBL signaling in CD8*-mediated cellular immunity. Mice
deficient in 4-1BBL respond suboptimally to some viral
infections, producing lower numbers of virus-specific CD8+ T
cells and reduced virus-specific cytotoxicity, defects further
aggravated if mice also lack CD28 (8,15). Splenocytes lacking
the 4-1BB receptor induce less graft versus host disease
(GvHD) lethality than normal counterparts (16). Reciprocally,
the in vivo administration of recombinant 4-1BBL or of anti-4-
1BB agonistic antibodies enhances cell-mediated immunity,
cytolytic T cell activation, IFN-y production, GvHD and leads to
the rejection of allografts or tumor cells (17,18). Tumor cells
transfected with 4-1BBL cDNA are more immunogenic, induce
the production of lymphoma-specific cytotoxic T cells and
confer protection against further challenge with parental tumor
cells (19). In vivo, both CD40 and 4-1BB signals appear to be
equally efficient in enabling CTL priming against tumor cells in
the absence of CD4+ T cells (20). Altogether, there is ample
evidence in mice that interactions of 4-1BB with its ligand
regulate CD8* T cell-mediated immunity in vivo and this may
involve complex cellular interactions.

The expression of 4-1BB is not restricted to CD8* T cells as
4-1BB is also detected on activated CD4* T cells and
activated NK1.1* cells (21,22). The mRNA for 4-1BB has
also been found in Epstein-Barr virus-transformed lympho-
blastic cell line (EBV-LCL) (23) and the 4-1BB protein is
expressed on a subpopulation of tonsillar B cells, but not on
those in the circulation (R. S. Mittler, unpublished observa-
tions). Murine CD4+ T cells can be directly and effectively co-
stimulated by 4-1BB (24,25), and the lethality of CD4* T cells in
a GvHD model is enhanced by administration of anti-4-1BB
antibodies (16), indicating that 4-1BB plays an important role
in the activation of CD4+ T cells in vivo. However, purified
preparations of CD8* T cells can be co-stimulated in vitro in
the presence of 0.5% accessory cells (17). This effect does not
require CD28 (26,27), further emphasizing that distinct mech-
anisms regulate the optimal co-stimulation of CD8 and CD4 T
cells. In addition to mitogenic effects, 4-1BB provides an
in vivo survival signal to murine CD8* T cells, maintaining their
viability after superantigen activation (28). Yet, like other
members of the TNFR family, 4-1BB appears to mediate both
anti-apoptotic (26) or pro-apoptotic effects (12) and molecules
involved in these pathways are not well characterized.

Fewer studies have addressed the role of 4-1BB co-
stimulation in human cells, yet these are justified by differ-
ences among species at the level of receptor or ligand and are
necessary to define the therapeutic potential of 4-1BB co-
stimulation. It is known that antibodies and 4-1BBL-trans-
fected cells are mitogenic to CD3-activated human blood
lymphocytes (12), and in such polyclonal activation systems
with adult blood cells, that 4-1BB stimulation enhances the
production of IFN-y and IL-2 in human CD4+ and CD8* T cells
(29,30), and induces the adherence of human CD4+ T cells to
fibronectin (31). Our own studies have implicated 4-1BB as a
molecule regulating the activation and/or expansion of
peptide-specific CD8* T cells by DC (32). However, evidence
that 4-1BB regulates the peptide-specific priming of naive T
cells has not been reported in human CD8* T cells. This
prompted us to ask if 4-1BB could directly regulate the priming
of human naive CD8* T cells and analyze such co-stimulatory
mechanisms in naive cells. In the present study, we show that
the in vitro priming of naive CD8* T cells in cord blood or adult
blood can be enhanced by 4-1BB stimulation via recombinant
ligand or agonistic antibodies and the effect is particularly
visible when suboptimal APC conditions are used. 4-1BB
promotes effector CD8* T cell expansion, directly stimulates
IL-2 production and provides a survival signal involving
increased Bcl-X_ levels. As 4-1BB stimulation can be pro-
tracted from the TCR signal, we speculate that 4-1BB is
important for the survival of primed cells, supporting a role to
enhance suboptimal immune responses.

Methods

Source of cells

Neonatal umbilical cord blood (UCB) and peripheral blood
from normal donors were obtained with approval from the
Institutional Review Board of Wayne State University.

Cell preparation and purification

Blood mononuclear cells (MNC) obtained by centrifugation
over Ficoll (Amersham Pharmacia Biotech, Piscataway, NJ)
were used after plastic adherence in complete medium for 2 h
at 37°C and removal of non-adherent cells by gentle washes.
Purified CD8* T cells were prepared from non-adherent MNC
using negative selection. MNC were incubated with human y-
globulins (1 mg/ml) to block non-specific Fc receptor binding,
then with mAb purified from hybridomas obtained from ATCC
(Manassas, VA), and specific for glycophorin A (10F7MN),
CD14 (3C10-1E12), CD32 (1V3), CD11b (OKM1), CD40 (G28-
5) and CD4 (OKT4). Red blood cells, phagocytes, B cells,
monocytes and CD4+ T cells were then removed using
magnetic beads coupled to goat anti-mouse antibodies
(Dynal, Lake Success, NY). Magnetic bead selection was
repeated after adding purified anti-CD20 and anti-HLA-DR
antibodies (Caltag, Burlingame, CA) to further remove B cells
and APC. The negative fraction routinely contained >98%
CD3* T cells and >90% CD8* T cells.

Preparation of DC

DC were generated from monocytes and from CD34+ pro-
genitor cells as previously described (32). Briefly, adherent
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MNC were cultured for 8 days in complete medium composed
of RPMI 1640 (Gibco/BRL, Life Technologies, Gaithersburg,
MD) 10% FCS (Hyclone, Logan, UT), 2 mM glutamine, 100 U/
ml penicillin, 100 ug/ml streptomycin, and 2 X 10° M B-
mercaptoethanol. The cytokines human recombinant (rh)
granulocyte macrophage colony stimulating factor (GM-CSF)
(25 ng/ml), a kind gift from Immunex (Seattle, WA) and rhiL-4
(100 U/ml), a kind gift from Dr Yssel (DNAX, Palo Alto, CA)
were added to cells and medium was changed every 3 days.
DC maturation was induced by adding 50 ng/ml rhTNF-o
(Research Diagnostics, Flanders, NJ) to the medium for the
last 3 days of culture. Progenitor-derived DC were prepared
by culturing UCB CD34+ progenitor cells in complete medium
in the presence of so-called FKGmT4 cytokines consisting of
rhFit-3 ligand and rhGM-CSF (25 ng/ml each; kind gifts of
Immunex), rhe-kit ligand (25 ng/ml; kind gift of SySTEmix, Palo
Alto, CA), rhTNF-a (50 ng/ml; Research Diagnostics) and
rhiL-4 (100 U/ml; kind gift from Dr Yssel). Progenitor cells were
cultured for 7 days and the resulting DC-containing cultures
were used to prime T cell responses.

Naive T cell priming

Priming against the HLA-A2-binding influenza matrix peptide
flu-MP  (58-66 GILGFVTL; Genemed Synthesis, San
Francisco, CA) was performed using HLA-A2* cells, identified
by staining with the BB7.2 antibody (ATCC). Non-adherent
UCB MNC were stimulated with peptide-pulsed autologous
APC at the respective ratio of 10:1 in complete medium
supplemented with 10 ng/ml rhiL-7 (R & D Systems,
Minneapolis, MN). APC consisted of adherent monocytes
(94-97% CD14+), autologous monocyte-derived DC or auto-
logous CD34+ cell-derived DC. Peptide was loaded onto APC
at the concentration of 10 ug/ml for 2 h and then washed
extensively. Priming against allogeneic EBV-LCL was per-
formed by culturing 4 X 108 UCB MNC with an allogeneic
irradiated (6000 cGy) EBV-LCL (ratio 10:1) in complete
medium supplemented with 10 ng/ml rhiL-7 (R & D
Systems). One day after either peptide priming or EBV-LCL
priming, the entire culture was transferred into plates coated
with anti-4-1BB mAb (9D6, rat 1gG2a, 25 ug/ml), 4-1BBL-
mCD8 fusion protein (1 ug/ml; Ancell, Bayport, MN) or
irrelevant rat isotype control-coated plates. Cells were re-
stimulated at day 7 under the same conditions used for
priming. Fresh medium was added at day 3 or 4 following
stimulation. At day 14 and beyond, cells were re-stimulated as
described above, but also received 10% T cell-conditioned
medium (T-Stim; Collaborative Biomedical, Becton Dickinson,
Bedford, MA).

Flow cytometric analysis

Cell surface antigen detection procedures have been de-
scribed elsewhere (33). Directly labeled mAb included FITC-
anti-CD3, FITC-anti-CD27, FITC-anti-CD25, phycoerythrin
(PE)-anti-CD1a, PE-anti-CD45R0O, PE-anti-CD45RA, PE-
anti-CD4, PE-anti-CD137, TriColor-anti-CD4, TriColor—anti-
CD19, allophycocyanin—-anti-CD8 (Caltag, Burlingame CA),
FITC-anti-TCRo/B, FITC-anti-CD45RA (PharMingen, San
Diego, CA) and FITC-anti-CD14 (3C10-1E12 hybridoma,
conjugated in our laboratory). A2-flu-MP-specific allophyco-
cyanin-labeled tetramers were obtained from NIAID MHC

Tetramer Core Facility (Atlanta, GA). Tetramer binding was
performed at 4°C during 30 min and T cell specificity was
confirmed by simultaneous staining with anti-TCRof mAb.
Data were acquired using a FACSCalibur (Becton Dickinson,
San Jose, CA) and analyzed with a WinMDI software, version
2.8 (Scripps Research Institute, La Jolla, CA).

Intracellular staining for IFN-y was performed after a short
antigenic re-stimulation during 5 h at 37°C in the presence of 2
UM Monensin (Sigma, St Louis, MO). After washing, cells were
stained for cell surface antigens as described above, and then
fixed with 4% formaldehyde at 4°C for 5 min and permeabi-
lized with 0.1% saponin (Sigma) in staining buffer. After
washing and blocking Fc receptor binding with human y-
globulins, cells were incubated during 30 min at 4°C with PE-
anti-IFN-y mAb (PharMingen) diluted in permeabilization
buffer. A positive control consisted of T cells stimulated with
50 ng/ml phorbol myristate acetate (PMA; Sigma) and 500 ng/
ml calcium ionophore A23187 (Sigma). Negative controls
consisted of T cells stained with irrelevant mouse 1gG (Caltag).

Apoptosis was measured by exposure of phosphatidylser-
ine at the surface of live but apoptotic cells by flow cytometry
using FITC-conjugated Annexin V (Caltag) and either 7-AAD
(Viaprobe; PharMingen) or Topro-3 (Molecular Probes,
Eugene, OR) as vital dye. The percentage of apoptotic cells
was determined in the region of cells excluding the vital dye
and binding Annexin V above background. Intracellular levels
of Bcl-2 and Bcl-X were determined by flow cytometry after
fixation in 4% formaldehyde and permeabilization with 0.1%
saponin using the PE-conjugated anti-Bcl-2 antibody (clone
Bcl-2/100; PharMingen) and the purified polyclonal rabbit anti-
Bcel-X (Transduction, Lexington, KY) revealed by FITC-conju-
gated goat anti-rabbit antibodies (Vector, Burlingame, CA).
Negative controls included cells stained with irrelevant anti-
bodies.

Polyclonal T cell proliferation

Polyclonal proliferation of purified naive CD8* T cells, UCB
MNC or flu-MP-specific cells (5 x 10* cells/0.2 ml of complete
media per well in triplicate) was induced by culture on plastic
plates coated with suboptimal (10-50 ng/ml) or optimal (1-10
ug/ml) concentrations of OKT3 mAb (Orthoclone; Ortho
Diagnostics, Westwood, MA). During the last 10 h of culture,
1 uCi [3H]thymidine (NEN, Boston, MA) was added to each
well. Cells were harvested (harvester 96; Tomtec, Hamden,
CT) and counted using a liquid scintillation counter (Trilux;
Perkin-Elmer Wallac, Gaithersburg, MD). Stimulation indexes
(SI) were calculated as the average proliferation of triplicate
wells in test cultures divided by the average proliferation of
triplicate wells in control cultures containing an irrelevant rat
IgG2a, kK mADb (clone R35-95; PharMingen).

Cytokine measurements

The production of IL-2 or IFN-y in the culture medium was
measured using the OptiEIA human IL-2 kit or OptiEIA human
IFN-y kit according to manufacturer’'s instructions (Phar-
Mingen).

Cytotoxicity assay

Cytotoxicity was measured 14 days after priming in a standard
51Cr-release assay. Targets consisted of peptide-coated 5'Cr-
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Fig. 1. Regulation of 4-1BB expression on naive and antigen-
specific CD8* T cells. Naive UCB T cells (A and B) or flu-MP-
specific T cells (C and D) were analyzed. The expression of 4-1BB
was measured by multi-color flow cytometry in CD8* T cells at
different time points after stimulation with an optimal concentration of
OKT3 (10 ug/ml). Results are expressed as percentage of cells
expressing 4-1BB within the CD8* T cell population at different time
points. Proliferation was measured at different time points by
numbers of CD8* T cells by manual cell count and flow cytometry
(open squares, B) or by [3H]thymidine incorporation in flu-MP-
specific T cells (filled circles, OKT3 stimulation and open circles,
unstimulated control, D). Results are representative of two
independent experiments.

labeled T2 cells (10 pg/ml specific or irrelevant peptide added
overnight) or EBV-LCL as targets [100 uCi Na5'CrO4 (NEN,
Boston, MA) for 2 h at 37°C] and unlabeled K562 to exhaust
NK/LAK activity. After four washes, 5000 labeled target cells
and 5000 unlabeled K562 cells were added to lymphocytes
(E:T ratio 10:1) in triplicate and incubated for 5 h at 37°C.
Supernatant fluid was harvested to measure 5'Cr release by
liquid scintillation. Spontaneous release was determined by
incubation of target cells alone and maximum release was
determined by incubation of target cells with 0.1 N HCI
solution. The percentage of specific lysis was calculated as:
100 X [(experimental — spontaneous release)/(maximal —
spontaneous release)]. Results as expressed as specific
cytotoxicity minus non-specific cytotoxicity against T2 cells
pulsed with an irrelevant peptide.

flu-MP-specific T cells

A culture of flu-MP-specific T cells was obtained by priming
blood MNC from an HLA-A2* adult individual with autologous
mature monocyte-derived DC using a reported technique (34).
After the third re-stimulation, bulk cells were expanded in the
presence of 10% T-stim conditioned medium, 10 U/ml of rhiL-2
(NCI Biological Resources Branch, Frederick, MD) and either
plastic-coated OKT3 (50 ng/ml) or irradiated peptide-pulsed
autologous EBV-LCL. Flow cytometry analysis demonstrated
50-70% of A2-flu-MP tetramer-specific cells in these cultures.

Resting flu-MP-specific cells were obtained after a period of
culture of 2 days in the absence of rhIL-2 which dramatically
lowered the spontaneous [3H]thymidine incorporation in these
cells.

Results

Regulation of 4-1BB expression on naive and antigen-
specific CD8* T cells

Naive T cells from neonatal UCB are useful to study the
molecular requirements for the priming of antigenic T cell
responses in humans. In our hands, the phenotype of UCB
MNC was 25 = 15% CD4+, 8 = 2% CD8* of which 91 = 8%
expressed the phenotype CD45RA+*CD27+CD8* of naive
CD8* T cells, 7.7 = 8% expressed the phenotype
CD45RA+*CD27-CD8* of effector CD8* T cells and 2 = 1%
expressed the phenotype CD45RO+CD8* of activated/
memory CD8* T cells (n = 9), corroborating that the great
majority of UCB CD8* T cells were antigenically naive (35). We
found that 4-1BB was already detectable on a minority of
freshly isolated UCB cells (0.40 = 0.45%; n = 14), and this
population was 44 = 21% CD14+, 32 = 13 CD56%, 12 = 10%
CD19*, 10 = 12% CD4*CD25* and 8.76 = 5 CD3*CD56+,
suggesting that it contained monocytes, activated/regulatory
T cells and B cells. Yet, the great majority (99.8%) of CD8*
CD3* T cells did not express detectable 4-1BB levels and
neither did the great majority (99%) of monocytes. The
expression of 4-1BB is inducible on human T cells by
phytohemagglutinin or by calcium ionophore + PMA within 1
day, peaking at ~48 h post-activation (36,37). To our know-
ledge, naive T cells were not specifically examined. After
polyclonal OKT3 stimulation of UCB, 4-1BB expression
increased on CD8+ T cells, peaking at day 3 (Fig. 1A)
preceding the peak of proliferation which occurred at day 5
(Fig. 1B), and levels of 4-1BB were down-regulated after-
wards. At peak time, ~43% of primary UCB CD8* T cells
expressed 4-1BB. These results were contrasted with the
analysis of resting, but previously activated antigen-specific
adult T cells that had undetectable levels of 4-1BB but were
70-90% CD8* TCR aff*, CD28-, 50-70% A2-flu-MP tetramer+,
95% CD45R0O* and 5% CD45RA*. After optimal OKT3 stimu-
lation, 41BB increased rapidly on these cells to peak between
10 and 20 h (Fig. 1C), followed by maximal proliferation at 48 h
and a decline thereafter (Fig. 1D). At peak expression, ~70%
of antigen-experienced CD8*+ T cells expressed 4-1BB,
substantially more than naive cells. Thus, we confirm that the
4-1BB molecule is transiently expressed after TCR engage-
ment in a precise and narrow window of time, and that the state
of previous cellular activation determines the kinetics of
expression. Naive cells required more time to up-regulate 4-
1BB and to reach their proliferative peak than previously
activated T cells. These kinetics led us to speculate that 4-1BB
may be able to function at a distance of, and subsequently to,
TCR engagement in naive CD8* T cells. Indeed, 4-1BB and
TCR signals could be given in a temporally discrete manner.
We stimulated UCB T cells with suboptimal OKT3 and 1 day
later, exposed cells to 4-1BB agonists consisting either of
agonistic anti-4-1BB mAb 9D6 or 4-1BBL-mCD8 fusion protein
both coated onto microtiter plastic plates. Reagent concen-
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Table 1. Exogenous 4-1BB agonists improve the priming of monocyte-induced but not DC-induced flu-MP peptide-specific T

cell responses

Experiment APC type Days Numbers of A2-flu-MP tetramer* cells
Control Anti-4-1BB mAb 4-1BBL

1 DC (CD34 derived) 0 NT - -
7 64 53 (0.83) 51 (0.80)
20 1752 2357 (1.35) 1995 (1.14)

2 DC (CD34 derived) 0 8 - -
9 2002 1706 (0.85) 938 (0.47)
14 9177 4575 (0.50) 4057 (0.44)

3 DC (monocyte derived) 0 10 - -
14 1969 NT 1784 (0.91)
27 13334 NT 15022 (1.13)
monocyte 14 1490 2377 (1.60) 1650 (1.11)
27 8784 10027 (1.14) 15625 (1.78)

4 monocyte 0 0 - -
7 400 626 (1.57) 905 (2.26)
14 468 400 (0.85) 1385 (2.96)

UCB MNC were primed in vitro with flu-MP-pulsed autologous adherent monocytes or autologous DC. One day after being primed, cells were
transferred to plates coated with rat IgG2a (control), 4-1BB mAb or 4-1BBL. At the indicated time points, cells were counted and stained with
A2-flu-MP tetramers. Cell numbers are normalized to 10° initial cell input. Numbers in parentheses indicate the fold increase numbers of A2-
flu-MP-tetramer+ cells under 4-1BB-mediated co-stimulation (compared to control). NT, not tested.

trations were optimized in titration experiments. This pro-
tracted co-stimulation enhanced the proliferation of CD8+ T
cells compared to control cells receiving just the primary
signal (data not shown). Based on these results, 4-1BB co-
stimulation was provided 1 day after antigen stimulation in
experiments aimed at measuring the priming of whole cord
blood cells.

Effects of 41BB co-stimulation in the priming of CD8* T cell-
mediated immune responses

The role of 4-1BB co-stimulation in the priming of the human
CD8* T cell response has not been studied extensively. Naive
T cells can be effectively primed by DC that induce a vigorous
CD8* T cell response to the HLA-A2+-binding flu-MP peptide
(88). Our own results implicated 4-1BB in peptide-induced
CD8* T cell expansion by DC (32), therefore we examined if
additional 4-1BB co-stimulation could enhance flu-MP priming
by DC in vitro. Non-adherent MNC from HLA-A2+ UCB
samples were primed with flu-MP peptide-pulsed autologous
DC in the presence of IL-7. One day later, cells were
transferred onto plates coated with 9D6 anti-4-1BB mAb or
4-1BBL. Antigen-specific CD8* T cells, detected by flow
cytometry using A2-flu-MP tetramer, were undetectable or at
very low levels at start of culture (0-0.01%), but increased over
time after DC priming (Table 1). At the time points examined,
there was little or no enhancing effect of 4-1BB agonists when
priming was initiated by DC derived from CD34+* cells or from
monocytes. The addition of 4-1BB agonists sometimes
reduced DC priming to values as low as 44% of control,
suggesting that 4-1BB may participate in cell death. In
contrast, priming was enhanced by 4-1BB agonists, particu-
larly 4-1BBL in two experiments with adherent monocytes as
APC. Figure 2 illustrates one such experiment. In the presence
of 4-1BBL, numbers of A2-flu-MP tetramer+* cells increased to
be as much as 3-fold higher than control cultures. The effects
of 4-1BBL were evident after just one stimulation, i.e. at day 7

as seen in Fig. 2(B), demonstrating an effect at early stages of
priming. High percentages of antigen-specific CD8* T cells
were found in these cultures, in some cases 50% of CD8*
T cells, in agreement with earlier reports of a massive
expansion of antigen-induced specific CD8* T cells (39).
Parallel measures of IFN-y-producing CD8* cells showed that
functional activity appeared later, at day 14, and was dramat-
ically increased by 4-1BBL by ~14-fold (Fig. 2B). At day 14,
significantly higher specific cytotoxicity against peptide-
coated target cells was detectable in cultures treated with 4-
1BBL (Fig. 2C, P < 0.05 at 1:10 ratio) and these results were
confirmed in a separate priming experiment. Increased
function was also seen in cultures stimulated with 4-1BBL, as
IFN-y-producing cells that were only a fraction of antigen-
specific T cells in control cultures (Fig. 2B) became practically
equivalent in numbers to antigen-specific CD8* T cells
determined by MHC-peptide tetramers. Altogether, these
results show an enhancing effect of 4-1BBL in the priming of
peptide-specific CD8* T cell responses via monocytes.

The effects of 4-1BB co-stimulation were also tested in the
priming of UCB T cell response against an allogeneic EBV-
LCL, an antigenic system involving both CD4+ and CD8* T cell
responses. Cultures treated with 4-1BBL contained higher
numbers of CD8* T cells (2.8-fold greater than control
cultures) at day 14 (Fig. 3A). Numbers of EBV-LCL-reactive
CD8* T cells were quantified by flow cytometry as IFN-y-
producing cells in response to specific re-stimulation (Fig. 3A)
and were increased by 4-1BB co-stimulation at day 14 (22-fold
greater than control, Fig. 3B). Accordingly, cytotoxicity was
significantly increased in these cultures compared to controls
(Fig. 3C). In this model system, IFN-y-producing CD4* T cells
were also elicited and their numbers were increased by 4-
1BBL (data not shown). These results demonstrate that 4-1BB
co-stimulation can enhance the priming of CD8* T cells
against peptides or cellular antigens. Results also illustrate
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Fig. 2. 4-1BB engagement improves the priming of peptide-specific
CD8* T cell responses induced by monocytes. Monocytes were
used to prime naive non-adherent UCB MNC against flu-MP
peptide. One representative experiment out of two. (A) Two-color
flow cytometric measures of A2-flu-MP-specific CD8* T cells (top
panel) and of intracellular IFN-y in CD8* T cells (bottom panel). A2-
flu-MP-specific CD8* T cells were shown to express the TCRaf. (B)
Time-dependent changes in numbers of A2-flu-MP tetramer* cells
(circles) and IFN-y-producing CD8* T cells (diamonds), and (C)
peptide-specific killing of T2 target cells measured in the presence
of 4-1BBL (black symbols) compared to control (open symbols). An
asterisk indicates statistical significance (P < 0.05; t-test).

that not all APC provide optimal priming and that suboptimal
APC such as monocytes or EBV-LCL may be supplemented
by protracted 4-1BB stimulation to provide T cell expansion
comparable to that obtained after DC priming.

4-1BB co-stimulation increases numbers of effector CD8*
T cells

Co-stimulation via 4-1BB expanded CD8* T cells prompting us
to measure what subset was expanded. Prior reports had
suggested that co-stimulation via 4-1BB might differentially
affect subsets of CD8* T cells as phytohemagglutinin-medi-
ated polyclonal stimulation induced the 4-1BB receptor on
CD45RA* cells as well as on practically all transitional
CD45RA* CD45R0* cells, but only in a fraction of memory
CD45R0+* cells (37). MNC were polyclonally activated with
OKT3 or primed with flu-MP peptide and co-stimulated via 4-
1BB to measure cell surface phenotype atday 4 or 7 (n=3). In
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Fig. 3. 4-1BB engagement improves the priming of CD8* T cell-
dependent allogeneic responses induced by EBV-LCL. An EBV-LCL
was used to prime the response of allogeneic naive non-adherent
UCB MNC in a single experiment. (A) Two-color flow cytometric
measures of CD8* T cell size (top panel, percentage of CD8* cells
are indicated) and intracellular IFN-y in CD8* T cells (bottom panel).
(B) Time-dependent changes in CD8* T cell numbers (circles, left
side) and in numbers of IFN-y-producing T cells (diamonds, right
side) in response to EBV-LCL stimulation in the presence (black
symbols) or absence (open symbols) of 4-1BBL. (C) Increase in
specific killing of EBV-LCL compared to control target cells in
cultures stimulated by 4-1BBL (black bar) or control (open bar). An
asterisk indicates statistical significance (P < 0.05; t-test).

all cases, 4-1BB co-stimulation increased the absolute num-
bers of CD8* T cells after polyclonal stimulation; however, no
measurable modification in CD4* T cell numbers was
observed (data not shown). Different subsets of CD8* T cells
have been identified (35). Cells with the naive
CD45RA+*CD27+CD8* phenotype were marginally increased
by co-stimulation (median 36% more cells than control
cultures). Cells with the phenotype that includes memory
CD8* T cells (CD8* CD45R0O* or CD45RA") which are known
to produce IL-2, IFN-y and to exhibit cytotoxicity were
increased by 4-1BB co-stimulation, but only up to 2-fold
above control (median 58% more cells than control cultures).
On the other hand, cells with the phenotype of effector CD8+ T
cells (CD8+*CD45RA*CD27-) which reportedly cannot secrete
IL-2 but secrete IFN-y and are dependent upon IL-2 and IL-15
for proliferation were augmented by 4-1BB co-stimulation from
2- to 8-fold above control (median 116% more cells than
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Fig. 4. Proliferation and IL-2 production in purified CD8* T cells after suboptimal TCR signaling. Purified CD8* T cells from adult blood donors
were stimulated with suboptimal (20 ng/ml) concentrations of OKT3 bound to plastic. Two representative experiments are shown out of three.
Here, 4-1BB co-stimulation was administered simultaneously with OKT3 in the presence or absence of defined populations of accessory cells
at a 10% ratio. After 4 days, proliferation was analyzed by [3H]thymidine incorporation and expressed as mean + SD of triplicate wells with SI
indicated on top of graphs (left panels), IL-2 secretion was measured by ELISA and expressed as mean IL-2 production = SD of triplicate
wells (right panels). (A) One experiment where pure CD8+* T cells were cultured with autologous irradiated monocytes or autologous MNC. (B)
A separate experiment where purified CD8* T cells were cultured with autologous irradiated monocyte-derived DC. Positive and negative
controls for proliferation (MNC stimulated with 10 and 0 pg/ml coated OKT3) showed 27,460 + 1,660 and 139 = 68 for (A) and 56,027 =
1,066 and 109 = 30 c.p.m. for (B). Positive and negative controls for IL-2 production (same as above) were 50 = 10 and 2 + 3 for (A) and

109 = 1 and 7 + 8 pg/ml (B).

control cultures). These results confirmed that 4-1BB co-
stimulation caused expansion of effector CD8* T cells.

Distinct roles of 4-1BB and APC in CD8* T cell co-
stimulation

To understand the molecular and cellular mechanisms of
CD8* T cell expansion, CD8* T cells from normal adult blood
were stimulated with suboptimal OKT3 in the presence or
absence of 4-1BB agonists and of autologous accessory cell
populations. Here, for simplification of experimental design,
co-stimulation was provided simultaneously with the TCR
signal. In the presence of 10% irradiated autologous mono-
cytes or 10% autologous whole MNC, CD8* T cells proliferated
modestly in response to OKT3 and this was enhanced by 4-
1BB agonists, thus validating this experimental system (with
monocytes stimulation indices of 12 and 54 in the presence of
4-1BB mAb or 4-1BBL respectively) (Fig. 4A, left panel). In the
absence of accessory cells, OKT3 did not induce the prolif-
eration of purified CD8* T cells and this was not changed by
addition of 4-1BB agonists (Fig. 4A and B). A separate

experiment using DC as accessory cells showed that DC
alone caused strong proliferative responses to OKT3 with little
or no effect of 4-1BB agonists in this system (non-significant
enhancements of 1.8- and 1-fold for 4-1BB mAb and 4-1BBL
respectively) (Fig. 4B, left panel). The effects of autologous
monocytes and DC were directly compared as shown in Fig. 5,
representative of three experiments. These results confirmed
the suboptimal properties of monocytes that induced less
proliferation than DC on a cell-per-cell basis. Co-stimulation
via 4-1BB, especially by 4-1BBL, enhanced the proliferative
effects of those suboptimal APC (either monocytes or
quantitatively suboptimal like 10% whole MNC), but not
those of DC (Fig. 5A).

In parallel, IL-2 production was examined. IL-2 could not be
induced by signal 1, in the absence of accessory cells or co-
stimulation. Strikingly, the sole co-stimulation of purified CD8*
T cells with 4-1BB agonists directly induced IL-2 production
(up to 30-fold) in the absence of accessory cells even though
no proliferative effect was obtained (Fig. 4). The effects of 4-
1BBL were markedly stronger than those of 4-1BB mAb and
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Fig. 5. Regulation of expansion, cell size and CD25 expression by APC. Purified adult blood CD8* T cells were stimulated with suboptimal (20
ng/ml) concentrations of OKT3 bound to plastic in the presence or absence of 10% autologous monocytes or DC and in the presence of 4-
1BBL (black bars), 9D6 4-1BB mAb (gray bars) and control IgG2a protein (open bars). One representative experiment out of three. After 4
days, numbers of cells were counted manually (A); CD8*+ T cell size, represented by FCS, and CD25 expression were measured by flow
cytometry (B). Numbers above histograms indicate the mean channel intensity of FSC or CD25 in the indicated M1 region above background.

accessory cells had no further enhancing effect. In an
apparent paradox, monocytes and 4-1BBL appeared to
induce lower levels of IL-2 than 4-1BBL alone or 4-1BB with
MNC. Since this culture was strongly proliferative (Fig. 4A, cf.
left and right panels) we speculated that IL-2 had been
consumed by day 4. Indeed, a separate experiment where IL-
2 was measured at day 2 confirmed that 4-1BBL co-stimula-
tion in the presence of monocytes enhanced IL-2 production
(data not shown). Here, 4-1BB mAb had suboptimal effects on
IL-2 induction which revealed a complementary effect with
accessory cells. Suboptimal APC such as monocytes which
could not induce IL-2 co-operated with 4-1BB mAb to induce
greater levels of IL-2 and proliferation. In contrast, with DC, 4-
1BB mAb did not provide higher levels of IL-2 than those
already induced by DC. These results therefore show that 4-

1BB co-stimulation has a direct effect on CD8* T cells via
induction of IL-2 production. Results also show that the
induction of IL-2 production is variably induced by APC, but
that suboptimal conditions can be supplemented by 4-1BB
agonists.

Proliferation of CD8* T cells correlated with the appearance
of large blastic cells with high FSC and with high levels of IL-2
receptor o chain (CD25) (Fig. 5B). These events were caused
by accessory cells, more so by DC than monocytes, and not
affected by 4-1BB agonists. Thus, the induction of CD8* T cell
proliferation after TCR engagement correlates with the induc-
tion of CD25 and IL-2 expression, which can be independently
regulated events. 4-1BB co-stimulation induces IL-2 produc-
tion, but not CD25, whereas accessory cells induce both
events with variable efficacy, DC being the most effective. This
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likely explains why 4-1BB co-stimulation enhances the
proliferative effects of suboptimal APC, whereas it has no
further enhancing effect in the presence of DC.

4-1BB engagement prevents apoptosis of primed T cells

In vivo experiments have shown that 4-1BB co-stimulation
provides a survival signal for murine CD8* T cells (28), but the
molecular mechanisms resulting from 4-1BB signaling are
unclear and have not been examined in human CD8* T cells.
In agreement with earlier reports (12), co-stimulation was
apparent when total blood MNC were stimulated with
suboptimal concentrations of OKT3 in the presence of anti-
41BB mAb or 4-1BBL as total cell numbers increased
compared to OKT3 alone (Fig. 6, left panel). As MNC
proliferated, cell death also occurred. Co-stimulation via 4-
1BB slightly reduced the percentages of dead MNC induced
by OKT3 as measured by Trypan blue (Fig. 6, middle panel) as
well as the percentage of apoptotic cells as measured by
Annexin V staining by flow cytometry (Fig. 6, right panel). To
analyze the mechanisms of cell survival implicated in 4-1BBL
co-stimulation, we measured the expression of intracellular
Bcl-2 and Bcl-X by flow cytometry 2 days after OKT3
stimulation of purified CD8* T cells in the presence or absence
of monocytes or DC. Undetectable in naive, unstimulated
CD8* T cells, Bcl-X was rapidly induced by TCR stimulation.
Accessory cells, particularly DC, increased the intensity of
Bcl-X expression as seen by a shift in mean fluorescence
intensity of CD8Pright cells (Fig. 7A). Adding co-stimulation
further increased Bcl-X expression intensity and also in-
creased the percentage of positive cells. In the case of co-
stimulation with monocytes, higher numbers of Bcl-X* cells
were obtained after co-stimulation with 4-1BB mAb or 4-1BBL
(Fig. 7B). Bcl-X exists as a pro-apoptotic Bcl-Xg form or as a
generally more abundant anti-apoptotic form of larger size
Bcl-X, (40). Multiplex-competitive RT-PCR analysis of mRNA
confirmed that Bcl-X, was the only detectable form of Bcl-X in
CD8* T cells with 4-1BBL and/or APC (data not shown). RT-
PCR also showed that Bcl-X_. mRNA levels, very low to
undetectable in naive CD8* T cells, were induced by OKT3
stimulation and did not vary with co-stimulation (data not

shown), suggesting that changes in Bcl-X|_ induced by 4-1BB
stimulation could be post-transcriptional. In the absence of
APC, a seemingly paradoxical effect was obtained as we
observed that 4-1BB co-stimulation caused a reduction in Bcl-
X+ CD8* T cells (Fig. 7B). Confocal microscopic immuno-
fluorescence analysis ruled out a change in the intracellular
distribution of the protein (data not shown) and RT-PCR
confirmed that Bcl-X was the major form, therefore suggest-
ing that 4-1BB may have pro-apoptotic effects in purified CD8*
T cells in the absence of accessory cells. Presumably, and in
agreement with data in Fig. 5(B), APC provide signals other
than 4-1BB co-stimulation that enable the activated T cell to
enter cell cycle and avoid apoptosis after TCR triggering. The
anti-apoptotic molecule Bcl-2 was highly expressed on the
majority of CD8* T cells after OKT3 stimulation (Fig. 7B) and
levels were not affected quantitatively or qualitatively by 4-1BB
co-stimulation. These data agree with earlier reports showing
unchanged Bcl-2 levels in murine CD8* T cells activated in vivo
by superantigen and anti 4-1BB mAb (28). Altogether, our
results show that 4-1BB co-stimulation in the presence of APC
protects from apoptosis and correlates with the induction of
anti-apoptotic molecules such as Bcl-X,, but not Bcl-2.

Discussion

Our study shows that 4-1BB effectively regulates the outcome
of MHC class I-restricted priming, providing a survival signal
to primed cells and increasing numbers of effector CD8* T
cells. Systems with different TCR specificity were analyzed,
including a dominant viral peptide, antigens of an allogeneic
EBV-LCL or polyclonal stimulation. The effects of 4-1BB were
particularly evident when monocytes or B cells were used as
APC suggesting that 4-1BB may rescue suboptimal antigen
priming. In addition, we show that 4-1BB can function in trans-
co-stimulatory mode and implicate Bcl-X as a target of 4-1BB-
mediated effects on the survival of activated CD8* T cells.
Our results demonstrate that 4-1BB co-stimulation can be
provided at distance to TCR engagement and is an effective
way to control the outcome of MHC class | priming. Two
different mechanisms of T cell co-stimulation have been
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of positive cells as measured by cell counts and flow cytometry (percentages of positive cells indicated above bars) or as the mean
fluorescence intensity in the cell population expressing Bcl2 or Bcl-X above background.

proposed. Cis-co-stimulation delivers signal 1 and 2 simul-
taneously. Trans-co-stimulation provides signal 1 from one cell
and co-stimulation possibly from another cell, presumably a
mechanism to control the development of T cell differentiation
into polarized effectors and the prevention of apoptosis (41—
43). We show that 4-1BBL or 4-1BB mAb function as trans-co-
stimulatory agents 1 day after signal 1. Preliminary results
showed that 4-1BB agonists could provide a proliferative
signal up to 4 days post-TCR engagement (data not shown),
suggesting that the window of time to perform trans-co-
stimulation may be substantial. Presentation of MHC class |
determinants can occur on non-professional APC, and would
resultin ineffective T cell survival and expansion; therefore, our
results suggest that the protracted encounter of 4-1BB ligand
by antigen-primed T cells could lead to the establishment of an
effective immune response. The participation of accessory
signals other than 4-1BB seems indispensable since purified
CD8+* T cells were unable to proliferate solely after TCR and 4-
1BB engagement in vitro. Indeed, prior co-stimulatory studies
were also performed in the presence of small amounts of APC
(17). Our results delineate two independent steps for antigen-

induced proliferation of CD8* T cells. One is the induction of
IL-2 production that can be triggered by 4-1BB signaling
independently of accessory cells. While it had already been
described that 4-1BB co-stimulation induces IL-2 production
in CD4+ and CD8* T cells (24,25,30), our results extend these
observations to show that this can be a direct effect on naive
CD8* T cells. We also identify a step that is 4-1BB independent
but accessory cell dependent, leading to response to IL-2 by
up-regulation of its high-affinity receptor. Experiments using a
semipermeable membrane to separate T cells and APC
showed that the cell-cell contact requirement could not be
substituted by CD28 stimulation (data not shown). Possibly,
interactions such as LFA-1-ICAM-1, indispensable for the
proliferation of purified T cells (44,45), play an important
accessory role in this system. A consequence of 4-1BB co-
stimulation of human CD8* T cells is the control of apoptosis
for the survival of newly primed cells. This appears to be
mediated through the up-regulation of Bcl-X_. These anti-
apoptotic effects are consistent with prior studies in newly
activated T cells (36-72 h) (26), and are reminiscent of the
effects of CD28 co-stimulation that also up-regulates Bcl-X_
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and induces IL-2 (46). In addition to augmenting proliferation
and survival, co-stimulation via 4-1BB enhanced the develop-
ment of effector function. This agrees with a recent study
showing the expansion of effector function within murine TCR
transgenic CD8* T cells (25). Wen et al. also recently reported
the induction of cytolytic effector function in human T cells,
which is in agreement with our findings (30). As in the murine
study, we also see a more substantial effect on function than
on proliferation. While it is possible that 41BB increases the
functional capacity of each effector cell, our results essentially
show an increase in the numbers of effector cells as measured
at the individual cell level by IFN-y production and by
phenotypic markers, and could be also consistent with
increased differentiation of antigen-specific cells into effector
cells.

Co-stimulation was most effective with suboptimal APC,
showing little enhancement of antigen-specific T cell expan-
sion after DC priming. It is well accepted that DC are more
effective APC than monocytes to present suboptimal TCR
signals (47,48) and a differential requirement for 4-1BB with
these two APC fits the already proposed concept that 4-1BB is
more critically needed in cases of limited antigenic stimulation
(15,44,49,50). Indeed, in vivo responses to LCMV peptides
are more impaired in 4-1BBL-deficient mice than responses to
whole LCMV virus infection (51). However, 4-1BB increased
Bcl-X, levels after DC priming, suggesting that 4-1BB co-
stimulation may also benefit the outcome of effective antigen
presentation in subtle ways. We often observed that the
supplementation of monocytes with 4-1BBL appeared to equal
the effects of DC. The difference between these APC,
however, does not correlate with their cell surface expression
of 4-1BBL. Using flow cytometry, a biotinylated 4-1BB fusion
protein showed undetectable levels of 4-1BBL on monocytes
as well as on the type of DC used in the present study. In
contrast, EBV-LCL were readily positive (D. Laderach, unpub-
lished observations). Possibly, 4-1BB co-stimulation may
counteract negative signals provided by some APC such as
monocytes or EBV-LCL which prevent the establishment of
effective immune responses. An indirect effect of 4-1BB on
monocytes seems unlikely as we find that very few of these
cells express this receptor and these findings were confirmed
by the absence of 4-1BB mRNA in monocytes by RT-PCR (23).

Our results are encouraging for the use of 4-1BB stimulation
in immunotherapy, as both the recombinant ligand and the
antibody show stimulatory effects. However, proliferation, IL-2
induction and survival were more effectively induced by the
recombinant ligand than agonistic antibodies. Presumably,
this is due to a higher avidity of the recombinant trimeric ligand
for the receptor than the antibodies and may reflect integration
of various molecular effector pathways downstream of the 4-
1BB signal. Similarly, in mice the recombinant 4-1BBL was
found to be a more effective inducer of IL-2 compared to an
agonist mAb that was more effective at inducing IFN-y (25).
While we have focused on the positive aspects of 4-1BB co-
stimulation, it is important to mention possible negative
regulatory aspects of this molecule. Our results show that 4-
1BB co-stimulation in the presence of DC has sometimes
resulted in diminished numbers of cells (Table 1), suggesting
that 4-1BB may possibly inhibit T cell proliferation, perhaps by
augmenting death. Indeed, at late time points after DC + OKT-

3 + 4-1BB stimulation we observed reduced percentages of
cells expressing Bcl-X (data not shown) in a pattern similar to
that seen after co-stimulation of purified CD8* T cells (Fig. 7A).
We speculate that in both cases, the down-regulation of Bcl-X
may result from induction of high levels of IL-2, sensitizing
activated T cells to AICD, as others have suggested (52,53). A
negative regulatory effect of 4-1BB is consistent with pro-
apoptotic effects reported in CD4* T cell clones (12). A recent
report that ex vivo activation of tumor-reactive T cells by 4-1BB
mAb dampened their reactivity (54) emphasizes the subtleties
of 4-1BB-mediated co-stimulation. Negative effects of 4-1BB
on activated cells are likely to prevent uncontrolled expansion
and activation of antigen-specific cells.

In summary, activation of naive T cells seems to be highly
controlled by multiple co-stimulatory molecules encountered
on the surface of the APC. We describe here that 4-1BB-4-
1BBL represents a frans-co-stimulatory system that regulates
the initiation of specific immune responses by controlling the
survival, the numbers and the function of activated CD8* T
cells elicited after priming. Not all APC provide optimal
inductive effect therefore suboptimal immune responses can
be supplemented with agonists that may be useful tools in
immunotherapy aimed at enhancing CD8* T cell-mediated
immunity.
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Abbreviations

4-1BBL 4-1BB ligand

APC antigen-presenting cell
DC dendritic cell

EBV LCL-EBV-transformed lymphoblastic lymphoid cell line
GvHD graft versus host disease
MNC mononuclear cell

PE phycoerythrin

PMA phorbol myristate acetate
rh recombinant human

Sl stimulation index

TNF tumor necrosis factor
TNFR TNF receptor

uCB umbilical cord blood
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