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Montréal, QC, Canada H3C 3J7; and ¶Department of Pathology and Molecular Medicine, McMaster University, Hamilton, ON, Canada L8N 3Z5

Edited by Ralph M. Steinman, The Rockefeller University, New York, NY, and approved December 9, 2003 (received for review October 10, 2003)

Effective adjuvants capable of inducing strong cytotoxic T cell
responses in humans are lacking. In this study, we tested 4-1BBL as
an adjuvant for activation of human memory antiviral CD8 T cell
responses ex vivo. A recombinant replication-defective 4-1BBL
adenovirus was used to convert autologous monocytes into effi-
cient antigen-presenting cells after overnight incubation, bypass-
ing the need to generate dendritic cells. Together with viral
peptides, 4-1BBL led to robust memory responses of human Epstein–
Barr virus- and influenza virus-specific cytotoxic T cells, with
expansion of peptide-specific CD8 effector cells; up-regulation of
Bcl-xL, granzyme A, and perforin; enhanced cytotoxic activity; and
increased cytokine production. The response was significant even
at a 100-fold lower peptide dose, compared with responses ob-
tained with control adenovirus. Adenovirus-delivered B7.1 also
expanded and activated virus-specific CD8 T cells, but 4-1BBL was
more effective in driving the T cells toward a more fully differen-
tiated CD27� effector state. Thus, 4-1BBL is a promising adjuvant
for human memory CD8 T cells and will likely be most effective in
the boost phase of a prime-boost strategy.

E fficient activation of the cellular arm of the immune system
requires a specific T cell antigen receptor signal delivered

upon recognition of peptide�MHC together with costimulatory
signals. It has now been well established that dendritic cells are
potent antigen-presenting cells (APC) for initiation of immune
responses (1). Upon maturation, these cells up-regulate costimu-
latory molecules required for T cell activation. As a result, there
is now considerable interest in the use of dendritic cells loaded
with antigens as adjuvants for therapeutic vaccines (2, 3). A
limitation of this approach is the need to derive the syngeneic
dendritic cells in culture, a process that takes 7 days. In this
report we describe the conversion of monocytes into efficient
APC for activation of T cell memory responses by overnight
incubation with recombinant adenoviruses expressing costimu-
latory molecules.

Although the best characterized costimulatory molecule is
CD28, recently other costimulatory molecules have been char-
acterized (4–6). The emerging picture is that CD28 is important
for the initial activation of an immune response and that other
costimulatory ligand-receptor pairs act later to help sustain and
diversify the response (4–6).

4-1BB is an inducible costimulatory member of the tumor
necrosis factor receptor family expressed on activated CD4 and
CD8 T cells. Its ligand, 4-1BBL, is expressed on activated APC
(6, 7). 4-1BB can enhance both the proliferation and the survival
of murine CD4 and CD8 T cells (8–14). Recent evidence in
mouse models suggests that 4-1BB�4-1BBL interaction plays an
important role in the memory CD8 T cell response to viruses
(15–18).

In humans, several studies have looked at the role of 4-1BBL
or anti-4-1BB in polyclonal activation of T cells, but the specific
role of 4-1BBL in activation of antigen-specific memory T cells
in humans has not been addressed (19–23). In view of the
evidence in mice that 4-1BBL is important in CD8 T cell memory

(18), we set out to directly test the ability of 4-1BBL to stimulate
antiviral cytotoxic memory T cells from humans. The results
show that 4-1BBL-mediated costimulation is highly effective in
expanding and activating T cell memory responses to influenza
virus and Epstein–Barr virus (EBV) and does so with faster
kinetics than B7.1.

Materials and Methods
Tetramers, Antibodies, and Peptides. Class I peptide tetramers were
produced as described (24). Peptides (purified to �90%) were
obtained from the Alberta Peptide Institute (Edmonton, Al-
berta, Canada). The peptides used were influenza-M1 (GILG-
FVFTL) and EBV-BMLF1 (GLCTLVAML). Class I HLA-
peptide monomers were biotinylated with BirA enzyme (Avidity,
Denver) and purified by gel filtration on an FPLC. Biotinylated
monomers were then mixed with extravidin-phycoerythrin
(Sigma-Aldrich) at a 4:1 molar ratio to form the tetramers.

Antibodies for CD3, CD4, CD28, HLA-A2, and HLA-DR
were purified and labeled with FITC or biotin. Antibodies for
CD8, CD14, CD27, CD28, CD45RA, and B7.2 were purchased
from eBioscience (San Diego), and antibodies for 4-1BBL, B7.1,
CCR7, CXCR3, IFN-�, tumor necrosis factor �, IL-2, perforin,
granzyme A, and Bcl-2 were purchased from BD Pharmingen.
Bcl-xL-specific antibody was purchased from Southern Biotech-
nology Associates. CCR5- and CXCR4-specific purified anti-
bodies were obtained through the AIDS Research and Refer-
ence Reagent Program, Division of AIDS, National Institute of
Allergy and Infectious Diseases, National Institutes of Health
(Bethesda), and labeled with FITC or biotin.

Generation of Recombinant Adenoviruses. Recombinant replica-
tion-defective adenovirus 5 (Adv) expressing full-length human
4-1BB ligand (4-1BBL-Adv) was generated by two-plasmid
rescue method (25). Human full-length 4-1BBL cDNA was
isolated (20) and cloned into EcoRI site of shuttle plasmid
pDC104, and its sequence was confirmed. The purified shuttle
plasmid was combined with rescue plasmid pBHGlox-delE1�
E3.cre2 and cotransfected into 293 cells to rescue the adenovirus
(25). 4-1BBL transgene expression was confirmed by fluores-
cence-activated cell sorting analysis of 4-1BBL-Adv-infected
A549 cells. 293N3S cells were infected for large-scale virus
production, viruses were purified from cell lysates by cesium
chloride gradient ultracentrifugation, and viral titers were
measured by plaque assay. A similar protocol was used for
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generation of human B7.1-Adv. Endotoxin levels in the adeno-
virus stocks were �0.06 units�ml (Limulus amebocyte lysate
assay, BioWhittaker).

Donors, T Cell Purification, and APC Preparation. Eighty milliliters of
venous blood was obtained from healthy volunteers, and periph-
eral blood mononuclear cells (PBMC) were isolated by Ficoll-
Paque Plus gradient centrifugation (Amersham Biosciences). All
donors gave informed consent, as approved by the University of
Toronto human subjects review board. PBMC were used fresh or
after freezing in 10% DMSO in a 50�50 FCS�medium mixture
and storage in liquid nitrogen at �150°C. No significant differ-
ences between fresh and frozen samples were observed. Donors
were screened for HLA-A2 by staining with the BB7.2 antibody.
Donors were confirmed to be HLA-A*0201� by using sequence-
based HLA typing (provided by the Canadian Vaccines and
Immunotherapeutics Network, Toronto). In most donors stud-
ied, a tetramer� population was detectable in unstimulated
PBMC, ranging from 0.05% to 0.3% of CD8� T cells.

For costimulation cultures, fresh or freshly thawed PBMC
were plated at 3.5 million per 48 wells for 1 h to allow the
adherent fraction to attach to the plastic wells. The nonadherent
fraction was removed and kept overnight at 37°C. After washing,
control Adv, 4-1BBL-Adv or B7.1-Adv were added at a multi-
plicity of infection of 50 and the plate was centrifuged at 37°C at
1,643 � g for 1 h. Influenza matrix protein peptide (GILG-
FVFTL) or the EBV-BMLF1 peptide (GLCTLVAML) dis-
solved in DMSO and diluted in medium were then added at the
concentrations indicated. Irrelevant melanoma gp100 peptide
(IMDQVPFSV) or DMSO in suspension medium were used as
negative controls (indicated as no-antigen), with identical re-
sults. After overnight incubation with adenovirus and peptides,
APC were washed twice with prewarmed medium. T cells were
purified with a Pan T cell negative selection kit from Miltenyi
Biotec (magnetic cell sorting). T cell purity was routinely
�99.5%, as determined by flow cytometry. Purified T cells were
added to adherent cell cultures at a concentration of 1 million
per well of a 48-well dish. The cultures were stimulated for 7–9
days. In initial experiments, we compared cultures with and
without exogenous IL-2 (added at 3 units�ml) and found that
IL-2 did not improve T cell expansion and resulted in increased
background, so remaining experiments were done without any
exogenous cytokines.

Flow Cytometry. Samples were stained with tetramers at 37°C for
15 min, followed by a wash with cold buffer. All subsequent
antibody stains were done on ice. For intracellular cytokine
staining, samples were restimulated with 5 �M peptide for 5 h
in the presence of GolgiPlug (BD Biosciences). Cells were
stained for surface markers, followed by intracellular staining
with anti-cytokine antibodies. The CytoFix�CytoPerm kit
(BD Biosciences) was used to fix and permeabilize the cells
for intracellular staining. FlowJo software was used for data
analysis.

Cytotoxic T Lymphocyte (CTL) Assays. The human HLA-A2.1� T2
cell line was used for target cells. Targets were pulsed with 3 �M
influenza or EBV peptides and DMSO in suspension medium or
irrelevant melanoma control peptides overnight. The next day,
targets were labeled with 200 �Ci of Na2

51CrO4 and incubated
with effector T cells for 4 h. Supernatant was analyzed for the
release of radioactive chromium.

Results
Delivery of Costimulatory Molecules to Donor APC by Means of
Recombinant Adenovirus. Replication-defective recombinant ad-
enoviruses were used to deliver costimulatory molecules to the
adherent cell fraction of healthy donor PBMC. The adherent cell

fraction was composed almost exclusively of CD14 monocytes
(Fig. 1a), with no detectable B7.1 and negligible 4-1BBL (�2%)
expressed on control adenovirus-treated cells (Fig. 1c). Some
B7.2 (CD86) was detected on monocytes of most donors (Fig. 1b,
day 0). Expression of CD86 decreased significantly after 2 days
in culture on control or 4-1BBL-adenovirus-infected monocytes
(Fig. 1b, days 1–2). Adherent monocytes expressed class I
(HLA-A2) and class II (HLA-DR), both of which were up-
regulated after infection with adenoviruses (Fig. 1a). The de-
livery of both costimulatory molecules through recombinant
adenoviruses resulted in 32–55% of monocytes expressing
4-1BBL or B7.1 (Fig. 1c). The marker for human dendritic cells,
CD83, was not detected on the adenovirus-infected adherent
cells, as measured up to day 4 postinfection (data not shown).

4-1BBL Acts as a Potent Adjuvant for Influenza- and EBV-Specific
Memory CD8 T Cell Responses. To test the effect of 4-1BBL on
memory responses to viruses, T cells from healthy donors were
incubated with adherent monocytes that had been preactivated
with 4-1BBL-Adv or control Adv plus influenza matrix peptides.
4-1BBL costimulation was tested over a 100-fold range of
peptide concentrations and significantly enhanced the expansion
of influenza-specific tetramer� T cells over control adenovirus-
treated cultures at all peptide doses. At the lowest peptide dose,
a 35-fold enhancement of T cell expansion by 4-1BBL-Adv over
control Adv-treated cultures was observed (Fig. 2a). Intracellu-
lar levels of perforin and granzyme A were consistently higher
in 4-1BBL stimulated cultures, especially at lower peptide doses
(Fig. 2b). The ability of 4-1BBL-stimulated T cells to kill
influenza peptide-pulsed targets was consistently better than
that observed with control adenovirus plus peptide-treated
cultures, correlating with the increased expansion of tetramer�

cells and increases in effector molecule expression (Fig. 2c).
Expression of the survival protein Bcl-xL was found to be

higher in 8 of 10 experiments in the 4-1BBL-costimulated as
compared with control Adv cultures, mainly at lower doses of

Fig. 1. Characterization of adherent cells and gene transfer efficiency with
recombinant adenoviruses. (a) Adherent cells were stained for expression of
CD14 (monocytes), HLA-A2, and HLA-DR before (thin lines) and 24 h after
(thick lines) infection with adenovirus. Similar results were obtained by using
control-Adv or 4-1BBL-Adv. The dashed lines indicate staining with isotype
control antibody. (b) Monocytes were stained for B7.1 (CD80) and B7.2 (CD86)
before (day 0) and 1 and 2 days after infection with 4-1BBL adenovirus. (c)
Expression of B7.1 and 4-1BBL 24 h after infection with control or recombinant
adenoviruses, as indicated. In b and c, the percentage of cells in each quadrant
is indicated. Results are representative of three different donors.
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peptide (Fig. 2b). Bcl-2 levels, in contrast, were relatively
constant. Cultures with 4-1BBL costimulation showed efficient
production of cytokines after a 6-h restimulation with the
peptide (Fig. 2d), whereas control adenovirus cultures showed
moderate production of cytokines only in cultures that received
a high dose of peptide during the 7-day culture period. In some
donors, peptide restimulation for cytokine analysis was per-
formed at 0.15 �M. Even this low dose of antigen resulted in
nearly similar production of IFN-� in the 4-1BBL-costimulated
cultures, as compared to restimulation with 5 �M peptide (data
not shown). Control adenovirus cultures showed no significant
response at this low restimulation dose, suggesting 4-1BBL-
costimulated T cells have an increased sensitivity and respond
well at lower concentrations of peptide. The T cells produced
mainly IFN-� and tumor necrosis factor � and relatively small
amounts of IL-2 (a phenotype associated with memory re-
sponses). Because IL-2 was not added to the cultures (see
Materials and Methods), this small amount of IL-2 may be
important in the observed CD8 T cell expansion.

Similar to the results observed with influenza-specific re-
sponses, 4-1BBL costimulation dramatically enhanced T cell
responses to the EBV BMLF1 (GLCTLVAML) epitope. Strong
4-1BBL-dependent proliferation, up-regulation of survival
markers and effector molecules, and enhancement in cytotoxic

capability were observed (data not shown). Taken together,
these results indicate that 4-1BBL is an efficient adjuvant for
enhancing memory cytotoxic T cell responses to two different
viruses. 4-1BBL was particularly effective at enhancing the
response to low doses of peptide.

4-1BBL Costimulation Induces Mature CD27� Effector T Cells. The
costimulatory molecules CD27 and CD28 have been used as
markers of different subsets of memory T cells, differing in
proliferative potential and cytotoxicity (26–28). The loss of
CD27 is thought to herald a more committed effector cell, with
lower proliferative potential and greater cytotoxicity (29). Most
virus-specific CD8 T cells in 4-1BBL-costimulated cultures were
CD27� (70–88%) (Fig. 3a). In contrast, only �10–25% of
tetramer� T cells were CD27� in control Adv cultures (Fig. 3a).
Both influenza- and EBV-specific-responses exhibited a similar
trend. Before stimulation, the majority of tetramer� T cells
(64–86%) were CD27� CD28� (Fig. 3b). In some donors CD27�

CD28� and CD27� CD28� populations were also found (Fig. 3b
Lower). In most donors influenza-specific CD8 T cells remained
CD28� for the first 7 days after activation (Fig. 3c), consistent
with a differentiation pathway that first results in the down-
regulation of CD27, followed by CD28, at least for recently
activated memory T cells. Thus, 4-1BBL costimulation drives the

Fig. 2. 4-1BBL costimulates expansion and activation of influenza-specific memory CD8 T cells. T cells were cultured with adherent monocytes preincubated
with 4-1BBL-Adv or control-Adv and influenza matrix peptide at the concentrations indicated. Seven days later, cells were analyzed for CD8 and HLA-A*0201�
influenza matrix peptide tetramer staining (a). Before stimulation, total purified T cells contained memory CD8 T cells specific for the influenza matrix protein
epitope (range 0.05–0.27% of CD8 T cells in seven donors). ‘‘No-Antigen control’’ indicates cultures incubated with irrelevant peptide or peptide suspension
medium only. Data shown are gated on CD8� cells. (b) Intracellular levels of perforin, granzyme A, Bcl-xL, and Bcl-2 were measured by intracellular flow cytometry.
4-1BBL-Adv-costimulated cultures (thick line) and control-Adv (thin line) are shown. All plots are gated on CD8� influenza-tetramer� T cells, as shown in a. Mean
fluorescence intensities of CD8 tetramer� population for 4-1BBL (top number) and control adenovirus cultures (bottom number) are indicated beside the
histograms. (c) Killing of influenza peptide-coated T2 target cells by effector T cells from a, with 7-day stimulation conditions as indicated. (d) Cytokine production
by 4-1BBL- or control-stimulated T cells after a 5-h restimulation in the presence of monensin and 5 �M influenza peptide, measured by intracellular flow
cytometry. Concentrations above each plot indicates the concentration of peptide during the 8-day stimulation. Percent of cells in the indicated population are
included in the plots for a and c. Similar results were obtained with six donors, with one to four experiments per donor. EBV-specific T cells showed similar results
in three donors.
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differentiation of memory T cells into more mature effector cells
as measured by loss of CD27 and gain of effector function.

Comparison of 4-1BBL- Versus B7.1-Mediated Costimulation of Anti-
viral CD8 T Cell Responses. The preceding data suggest that 4-1BBL
is an effective costimulatory molecule for memory cytotoxic T
cells. To determine the effectiveness of 4-1BBL compared with
a more conventional costimulation regimen, we set up parallel
cultures in which 4-1BBL, B7.1, or both were delivered to the
APC. In all five donors tested, 4-1BBL and B7.1 could each
enhance T cell expansion when tested in isolation, albeit with
some variability in efficacy among donors (Fig. 4a). Further
kinetic analysis in additional experiments in four of the same
donors showed that the weaker effect of 4-1BBL compared with
B7.1 on day 8 in some experiments was due to the response
developing more rapidly and exhausting the 4-1BBL cultures
(Fig. 4b). Thus, taking into account the kinetic analysis, 4-1BBL
is able to expand memory antiviral CD8 T cells with faster
kinetics than B7.1 in all donors examined. Surprisingly, the
combination of 4-1BBL and B7.1 did not show additive or
synergistic effects over individual costimulatory molecules in
any of the donors, even when analyzed at earlier time points
(Fig. 4b).

4-1BBL and B7.1 Costimulation and the Efficacy of Effector T Cells. The
response to 4-1BBL, B7.1, or the combination was further
analyzed by gating on the tetramer� cells and visualizing the
up-regulation of effector molecules. In six independent experi-
ments on day 8 of stimulation, perforin and granzyme A were
similar to or slightly higher in the 4-1BBL-costimulated cultures
than in the B7.1 cultures (Fig. 5a and data not shown). Bcl-xL
levels showed only a slight difference between the two costimu-

latory molecules. CTL responses in a standard chromium-release
assay correlated with tetramer expansion (data not shown),
indicating that the increase in perforin did not translate into an
increase in CTL activity, at least in this assay. Analysis of four
donors showed little or no difference between 4-1BBL- and
B7.1-costimulated cultures in terms of IFN-� production on day
8 (data not shown).

Analysis of CD27 and CD28 expression on the activated T cells
revealed that whereas the 4-1BBL-costimulated cultures showed
the development of the more mature CD27� subset (Fig. 5b), this
population was noticeably reduced in B7.1-stimulated cultures in
four of seven experiments. The lack of a difference in some
experiments appeared to be related to the time point analyzed,
with day 7 showing a difference in all experiments, day 8 in most,
and day 9 in none, even in the same donor. In most donors,
effector T cells maintained the expression of CD28 for the 7–8
days of culture, but by 9 days higher numbers of CD28� T cells
were observed in some donors, perhaps due to the accumulation
of cytokines that are known to modulate the expression of CD28
(30–32). These data suggest that 4-1BBL can be more effective
than B7.1 in driving human memory T cells into mature CD27�

effector cells, at least under some conditions.
Freshly isolated tetramer� cells from peripheral blood were

mainly CD45RA� or CD45RAint (Fig. 5c), with either a pre-
dominantly CCR7� population or a mixture of CCR7� and
CCR7� populations, suggesting they are comprised of both
central memory and effector memory subsets (33). A donor with
predominantly CCR7� effector memory T cells (donor 3) and a
donor with predominantly CCR7� central memory T cells
(donor 1) both showed strong responses to 4-1BBL. Despite the
apparent differences in some donors in CCR7 expression (com-
pare donor 1 and 3 in Fig. 5c), the expanded tetramer� T cells
after 7–8 days of stimulation were of both CCR7� and CCR7�

phenotype, and the majority were CD45RA� (Fig. 5c). Thus,
4-1BBL costimulation can expand both CCR7� and CCR7�

effectors.

Fig. 3. 4-1BBL costimulation induces mature CD27� CD8 effector T cells. (a)
T cells were cultured with adherent monocytes preincubated with 4-1BBL-Adv
or control-Adv and EBV or influenza peptides. Seven days later expression of
CD27 on tetramer� CD8 T cells in influenza or EBV cultures was analyzed, with
or without 4-1BBL costimulation. The percentage of tetramer� cells that are
CD27� or CD27� are indicated. Data shown were gated on CD8� cells. (b)
Expression of CD27 and CD28 on influenza tetramer� CD8 T cells in freshly
isolated, unstimulated T cells in two donors. Most cells are double positive
(range, 64–86%). EBV tetramer� T cells contained more CD28� T cells. (c)
Expression of CD27 and CD28 on tetramer� T cells after a 7-day stimulation
with 4-1BBL (Upper) or control Adv (Lower) plus peptide. Data shown were
gated on CD8� tetramer� T cells. The percent of cells in each quadrant is
indicated.

Fig. 4. Comparison of 4-1BBL versus B7.1-mediated costimulation of anti-
viral memory responses: 4-1BBL induces more rapid expansion of CD8 effector
cells. (a) Expansion of tetramer� T cells in response to influenza after 8 days of
stimulation. Plots are gated on CD8� events. The number in each plot indicates
the percentage of CD8 T cells staining with tetramer. Data are representative
of four donors (influenza) and two donors (EBV). (b) Kinetics of expansion of
tetramer� T cells in cultures with indicated recombinant adenoviruses as a
function of stimulation time in days. Donor 1 in a and b represent two separate
experiments with the same donor.
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Discussion
The need to generate strong cell-mediated immunity, in partic-
ular a strong CD8 T cell response, is critical for eradication or
control of many viral infections, including hepatitis C and HIV
(34, 35). Both 4-1BBL and B7.1 are similar in their ability to
costimulate expansion and development of effector function in
memory T cells. Both 4-1BBL and B7.1 costimulation induced
increased expression of perforin, granzyme A, and Bcl-xL, with
some donors showing slightly higher increases in response to
4-1BBL compared with B7.1. 4-1BBL costimulation expanded
human memory T cells with faster kinetics than B7.1 costimu-
lation and was more effective in converting memory T cells into
more mature CD27� effectors, particularly when analyzed ear-
lier in the response. The ability to induce more efficient effector
expansion may be critically important in chronic viral infections
such as HIV, where HIV-specific effector T cells (as determined
by tetramer staining) are unable to mature effectively and lack
expression of perforin, an important cytotoxic mediator (36, 37).

The recent characterization of antiviral memory CD8 T cell
subsets (26–28, 36), including the effector and central memory
distinction (33), suggests not only that it will be important to
expand effector cells, but also that it will be important for them
to differentiate into memory�effector subset(s) able to act at the
proper sites in the body to control disease. 4-1BBL costimulation
was effective in donors where antiviral memory cells were
predominantly CD45RA� CCR7hi (central memory) or
CD45RA� CCR7low (effector memory) or a mixed population.
At the end of the cultures, effector T cells in different donors had
variable expression of CCR7 and the chemokine receptors
CCR5, CXCR3, and CXCR4 (data not shown). Although not
formally tested on isolated subsets, these results are consistent
with a general costimulatory effect of 4-1BBL on human mem-

ory CD8 T cells, regardless of phenotype, yielding effector T cells
with variable homing potential.

In the murine influenza model, 4-1BBL-mediated costimula-
tion is important in recall responses (17, 18). The finding that
4-1BBL was able to expand memory virus-specific T cells with
faster kinetics than B7.1-mediated costimulation (Fig. 4b) sug-
gests that for human memory CD8 T cell responses signals
through 4-1BB may also be important.

The apparent lack of synergy between 4-1BBL and B7.1 in our
experiments was surprising. In contrast, we and others have
observed increased effects by combining transfected 4-1BBL and
anti-CD28 during polyclonal activation of human T cells (20, 23).
The use of anti-CD28 avoids the inhibitory effect of B7.1�
CTLA-4 interaction. In addition, in polyclonal activation studies,
it is likely that naı̈ve T cells are present in the cultures and
respond to anti-CD3 plus anti-CD28, which may explain the
differences observed. In the present study only primed antiviral
memory CD8 T cells were likely to respond, because 7–9 days is
not sufficient time to expand a naı̈ve population. It is possible
that memory T cells are unable to respond to both B7.1 and
4-1BBL simultaneously, perhaps due to competition for down-
stream signaling intermediates (see ref. 38 for discussion). When
both stimuli are given simultaneously, the kinetics of response
parallels the response to B7 alone (Fig. 4b). Because CD28 is
constitutively expressed and 4-1BB is inducible, it appears that
the first interaction dominates the response.

The data presented here show that 4-1BBL expressed in a
recombinant replication-defective adenovirus efficiently deliv-
ers costimulatory molecules to autologous APC. The viral
delivery system has the added advantage of increasing MHC
expression levels in the APC. Current methodologies for tumor
vaccines often focus on the generation of dendritic cells from
monocytes, a process that takes �7–10 days to accomplish (2).

Fig. 5. 4-1BBL and B7.1 induce effective antiviral effector T cells. T cells were cultured with adherent monocytes preincubated with the indicated recombinant
adenoviruses and pulsed with influenza matrix protein 1 peptide at 0.5 �M. Eight days later, cells were analyzed for intracellular levels of perforin, granzyme
A, and Bcl-xL, measured by intracellular flow cytometry (a). 4-1BBL, B7.1, and no-antigen cultures are compared as indicated. (b) CD27 and CD28 expression, gated
on CD8� tetramer� cells. Prestimulation profile is shown in Top and Middle. (c) Expression of CCR7 and CD45RA for three donors, before and after stimulation.
Prestimulation expression is shown on the left, indicating central and effector memory T cell divisions. Data shown were gated on CD8� tetramer� cells, with
the percentage of cells indicated in each quadrant.
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Recently, Wiethe et al. (39) modified dendritic cells with a
combination of adenovirus-encoded 4-1BBL and adenovirus-
encoded antigen and used the modified dendritic cells to induce
antitumor CTL responses in mice. As shown here, we extend this
approach by showing that autologous adherent monocytes can be
converted into efficient APC with recombinant adenoviruses, a
process that requires only an overnight incubation. Adenovirus-
modified syngeneic APC could be used as immunogens directly
(39, 40), or they could be used to activate patient T cells ex vivo
for adoptive immunotherapy, an approach that is being devel-
oped for HIV therapy (41). As shown in Fig. 2, the inclusion of
4-1BBL in the stimulation reduces the effective antigen dose by
�100-fold for both influenza- and EBV-specific responses. Thus,
inclusion of 4-1BBL in a vaccine vector could serve to reduce the
amount of vaccine required.

In conclusion, our results suggest that 4-1BBL delivered into
syngeneic APC by recombinant adenovirus acts as an effective
adjuvant for expansion and development of effector function in

memory antiviral CTL originating from both acute (influenza)
and latent (EBV) viral pathogens. Evidence suggests that
4-1BBL expands memory T cells more rapidly than B7.1 and in
some cases generates more mature CD27� effectors. Based on
the present results and analysis of anti-influenza responses in
CD28�/� and 4-1BBL�/� mice (17), we suggest that B7.1 or
innate inducers of B7 family members will be most useful during
priming, whereas 4-1BBL will be most beneficial during the
boost phase of a prime-boost regimen designed for CD8 T
cell-mediated immunity. These results suggest that 4-1BBL
should be given strong consideration for inclusion in antiviral
therapeutic strategies.
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