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Abstract
Artificial APCs (aAPCs) genetically modified to express selective costimulatory molecules
provide a reproducible, cost-effective, and convenient method for polyclonal and Ag-specific
expansion of human T cells for adoptive immunotherapy. Among the variety of aAPCs that have
been studied, acellular beads expressing anti-CD3/anti-CD28 efficiently expand CD4+ cells, but
not CD8+ T cells. Cell-based aAPCs can effectively expand cytolytic CD8+ cells, but optimal
costimulatory signals have not been defined. 4-1BB, a costimulatory molecule expressed by a
minority of resting CD8+ T cells, is transiently up-regulated by all CD8+ T cells following
activation. We compared expansion of human cytolytic CD8+ T cells using cell-based aAPCs
providing costimulation via 4-1BB vs CD28. Whereas anti-CD3/anti-CD28 aAPCs mostly expand
naive cells, anti-CD3/4-1BBL aAPCs preferentially expand memory cells, resulting in superior
enrichment of Ag-reactive T cells which recognize previously primed Ags and efficient expansion
of electronically sorted CD8+ populations reactive toward viral or self-Ags. Using HLA-A2-Fc
fusion proteins linked to 4-1BBL aAPCs, 3-log expansion of Ag-specific CD8+ CTL was induced
over 14 days, whereas similar Ag-specific CD8+ T cell expansion did not occur using HLA-A2-
Fc/anti-CD28 aAPCs. Furthermore, when compared with cytolytic T cells expanded using CD28
costimulation, CTL expanded using 4-1BB costimulation mediate enhanced cytolytic capacity
due, in part, to NKG2D up-regulation. These results demonstrate that 4-1BB costimulation is
essential for expanding memory CD8+ T cells ex vivo and is superior to CD28 costimulation for
generating Ag-specific products for adoptive cell therapy.

Clinical trials have demonstrated beneficial effects of adoptive immunotherapy in viral
infection (1, 2), HIV infection (3), EBV-associated lymphoproliferative disorder (4), EBV-
associated nasopharyngeal carcinoma (5), Hodgkin's disease (6), and malignant melanoma
(7, 8). In murine melanoma, combining adoptive T cell therapy with vaccination and
cytokine therapy can induce durable regression of sizable tumors whereas similar results
cannot be achieved with vaccination and/or cytokine administration alone (9). Thus,
adoptive immunotherapy holds promise for the treatment of viral and neoplastic disease.
Currently, most investigators generate cell products for clinical trials of adoptive
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immunotherapy by repetitive TCR-based stimulation of PBLs using one of a variety of
APCs. No consensus exists regarding the optimal cell type or costimulatory signals needed
to generate these products, therefore a variety of APCs have been used including EBV-
immortalized lymphoblast cell lines (LBL)3 (2, 10), CD40-activated B cells (11), autologous
monocytes (12), autologous PBMCs (13), and autologous dendritic cells (14, 15). Although
each of these approaches has been demonstrated capable of expanding Ag-specific T cells,
careful studies to identify the optimal costimulatory signals for generating CTL products
have not been undertaken. Thus, it remains unclear which, if any, APC is superior to the
others.

The CD28:B7 pathway is widely considered the most important costimulatory pathway for
TCR activation (16) and, as a result, most approaches used to expand T cells have
emphasized a critical role for CD28 costimulation. However, bead-based anti-CD3/CD28
artificial APCs (aAPCs) induce brisk expansion of CD4+ populations but not CD8+ T cells
(17–19), demonstrating that the CD28 costimulation is not sufficient for expansion of CD8+

CTL. Using genetically modified autologous monocytes, Bukczynski et al. (12) identified a
critical role for 4-1BBL in expanding Ag-specific CTL, and Maus et al. (19) demonstrated
that the incorporation of 4-1BBL into an aAPC greatly augmented the capacity for Ag-
specific expansion of CD8+ T cells ex vivo. Thus, these results provided evidence that
4-1BB signaling augmented ex vivo expansion of CD8+ CTL. However, the APCs used in
both of these studies also provided CD28 signaling, and therefore the studies did not clarify
whether 4-1BB costimulation was sufficient to induce expansion in the absence of CD28
signaling.

In this study, we used genetically modified aAPCs to directly compare CD28 vs 4-1BB
costimulation for expanding cytolytic CD8+ cells. Surprisingly, we observed efficient
expansion of CD8+ CTL using 4-1BB costimulation in the absence of CD28 signaling, thus
demonstrating that CD28 costimulation is not necessary for efficient expansion of memory
CD8+ CTL. Furthermore, we demonstrate that 4-1BB costimulation preferentially expands
memory CD8+ T cells, and that 4-1BB signaling augments cytolytic function both directly,
and indirectly, via up-regulation of NKG2D. Thus, 4-1BB is an essential costimulatory
molecule for efficient ex vivo expansion of Ag-specific CD8+ CTL.

Materials and Methods
Donors and cells

HLA-A0201+ PBLs were obtained from healthy donors by leukapheresis following
informed consent according to National Institutes of Health Clinical Center and/or the
University of Pennsylvania Institutional Review Board approved protocols. CD8 + T cells
were isolated by negative selection according to the manufacturer's instructions via a MACS
CD8 T cell isolation kit (Miltenyi Biotec). Resulting populations consisted of >90% CD8+ T
cells. P815 and T2 (American Type Culture Collection (ATCC)) cell lines were cultured and
maintained in RPMI 1640 containing 10% FCS (Harlan), 2 mM L-glutamine, 100 U/ml
penicillin, 100 μg/ml streptomycin, and 50 μg/ml 2-ME at 37°C, 5% CO2.

aAPCs and cell expansion cultures
K32 (20) and K32/4-1BBL (19) aAPCs were generated and maintained as described
previously. Briefly, the parent K562 cell line (ATCC) was transfected with CD32 to
generate the K32 aAPC, which is maintained in culture under G418 selection. The
K32/4-1BBL aAPC was generated by transfecting the K32 line with 4-1BBL, and this line is

3Abbreviations used in this paper: LBL, lymphoblast cell line; aAPC, artificial APC.
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maintained in culture under G418 and hygromycin selection. The procedures used to
generate the KT series of cell lines have been detailed elsewhere (21). Briefly, K562 cells
(ATCC) were transduced with lentiviral vectors to introduce genes for CD32, CD80,
4-1BBL, IL-15, and sorted into single-cell clones using high-speed MoFlo sorting
(Cytomation) to generate KT-4-1BBL that express CD32 and 4-1BBL, KT80-4-1BBL that
expresses CD32, CD80, and 4-1BBL, KTIL-15-4-1BBL-CD80 that secretes IL-15 and
expresses CD32, 4-1BBL, and CD80, and KT80 that expresses CD32 and CD80. All aAPCs
were irradiated (10,000 rad) and cryopreserved in 10% DMSO and 90% FCS then thawed
before initiation of aAPC:T cell coculture.

Upon thawing, the aAPCs were suspended at a concentration of 107 cells/ml and
coincubated with the designated mAbs: anti-CD3 (OKT3; Ortho Biotech), and/or anti-CD28
(clone 9.3; kindly provided by Dr. R. Gress, Experimental Transplantation and Immunology
Branch, National Cancer Institute, Bethesda, MD), at 1 μg/ml for 15 min at room
temperature, then washed and resuspended before coincubation with the CD8+ cells
undergoing expansion. For experiments using HLA-A2-Fc fusion proteins, thawed K32 and
K32/4-1BBL were maintained at cell concentrations of <107/ml and incubated with the
HLA-A2-Ig-Fc fusion protein (BD Biosciences) at 1 μg/ml for 5 min at room temperature.
The designated HLA-A2-binding peptide was then added at a concentration of 10 μM for an
additional 10 min. The peptide-loaded HLA-A2-Ig-aAPCs were then directly placed into
coculture without washing. CD8+ T cells were incubated with the cell based aAPCs at a 2:1
CD8:aAPC ratio or with anti-CD3/anti-CD28 beads (Dynal Biotech) at a 1:3 CD8:bead
ratio. All cell expansion cultures used 10% human AB serum in AIM-V (Invitrogen Life
Technologies) medium containing 20 IU/ml IL-2 (Chiron) and 10 ng/ml IL-7 (Cytheris).

Flow cytometry and FACS sorting
T cells (～106/tube) were removed from culture, washed with FACS medium (PBS
containing 0.5% FCS and 2 mM EDTA), collected by centrifugation, and resuspended in
100 μl of FACS medium. Cells were stained with the Abs indicated (fluorochrome-labeled
Abs were purchased from Caltag Laboratories, unless specified otherwise) for phenotypic
analysis on ice for 30 min. Anti-4-1BB-FITC, anti-IL-15-FITC, anti-IL-15Rα, CD107a-PE,
and NKG2D-PE were purchased from BD Pharmingen. For tetramer-binding assays, cells
were stained with the designated HLA-A2+ tetramers (Beckman Coulter) for 30 min at room
temperature. Apoptosis was assayed using Annexin VFITC (BD Pharmingen) surface
staining according to the manufacturer's manual. Flow cytometry was performed using a
FACSCalibur and CellQuest software (BD Biosciences) and analyzed using FlowJo 8.3
(Tree Star). FACS sorting for CMV+ and Flu+ cells was performed using a FACSVantage
(BD Immunocytometry Systems).

Naive and memory CD8+ T cell proliferative assay
CD8 T cells, isolated as described above, were separated into naive (CD45RO−) and
memory (CD45RO+) subsets using CD45RO microbeads, according to the manufacturer's
instructions (Miltenyi Biotec). The resulting population consisted of >90% CD45RO−

(collected negatively) or CD45RO+ (collected positively) T cells. Subsequently, naive and
memory CD8 T cells (105 each per well) were added to a 96-well flat-bottom plate (Nunc),
which was previously coated with OKT3 at 1 μg/ml and variable doses of anti-4-1BB (R&D
Systems) and anti-CD28 as indicated. Cells were incubated for 5 days at 37°C in a final
volume of 200 μl/well with 10% human AB serum and AIM-V medium. Proliferation was
measured by adding 1 μCi of [3H]thymidine/well (ICN Pharmaceuticals) 16 –18 h before the
cells were harvested and thymidine incorporation (expressed as cpm) was measured using a
gamma counter (Beckman Packwood).
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Cytolytic assays
Where designated, cultures were harvested, cells were counted, and lytic activities were
measured using conventional 4-h 51Cr-release assays using T2 target cells that were first
pulsed with either 10 μM Flu M1 peptide (GILGFVFTL), CMV pp65 peptide
(NLVPMVATV), or the carcinoem-bryonic Ag-derived HLA-A2-binding peptide CAP1
(GVLVGVALI; New England Peptide), then labeled with 51Cr (PerkinElmer). Radioactivity
in the supernatant was measured and the percentage-specific 51Cr lysis was calculated using
the following equation: percent-specific lysis = (test release − spontaneous release)/
(maximal release − spontaneous release) × 100. Cytolysis was also measured using CD107a
expression as a marker of degranulation as previously described (22).

For the T cell-redirected cytolytic assay, P815 cells (1 × 106) were labeled with 51Cr as
described above, then coupled with anti-CD3 (Ortho-clone), anti-4-1BB (R&D Systems),
anti-CD28 (BD Biosciences), and/or anti-NKG2D (R&D Systems) where designated for 15
min at room temperature. Expanded T cells were assayed for their ability to lyse 51Cr-
labeled Ab-bound P815 target cells in an Ag-independent manner using a conventional
4-h 51Cr-release assay as described above. One lytic unit was defined as 30% lysis of 5 ×
103 target cells. Blockade of lysis following coincubation with the anti-MHC class I mAb
W6/32 (Leinco Tech) was used to confirm MHC-restricted killing.

Statistical analysis
Differences between values were evaluated using a two-tailed unpaired Student's t test.
Significance was determined as p < 0.05.

Results
TCR stimulation induces transient 4-1BB expression on all circulating CD8+ T cells

4-1BB is not expressed by resting naive or memory peripheral blood CD8+ T cells, but is
up-regulated following activation (23). To assess 4-1BB expression on normal human CD8+

PBL following anti-CD3/anti-CD28 vs anti-CD3/anti-4-1BB-based stimulation, CD8+ T
cells obtained from healthy donors were stimulated with plate-bound anti-CD3/anti-CD28 or
anti-CD3/anti-4-1BB. In both cultures, 4-1BB was transiently up-regulated on essentially all
CD8+ cells from normal donors with peak expression between 8 and 10 h following
stimulation (Fig. 1A). A similar time course and degree of 4-1BB expression was also
observed following anti-CD3 stimulation alone (data not shown). Therefore, although
4-1BB is expressed by only a minority of resting peripheral blood CD8+ T cells, T cell
activation induces rapid, transient up-regulation of 4-1BB on all circulating CD8+ T cells,
raising the possibility that 4-1BBL could serve as an effective costimulatory molecule for ex
vivo expansion of CD8+ cells.

Cell-based aAPCs induce greater CD8 expansion than bead-based aAPCs
To determine the relative efficiency of 4-1BBL and CD28 costimulation for expanding
human CD8+ T cells, enriched peripheral blood CD8+ T cells were enumerated following
two consecutive stimulations (days 0 and 7) with aAPCs comprising K32 cell-based anti-
CD3/4-1BBL, K32 cell-based anti-CD3/anti-CD28, and anti-CD3/anti-CD28-coated
magnetic beads (Fig. 1B). Anti-CD3/4-1BBL and anti-CD3/anti-CD28 stimulation delivered
via the K32 aAPCs induced rapid growth with a mean 7-fold expansion at 7 days, whereas
anti-CD3/anti-CD28-coated beads induced only modest CD8+ T cell expansion during the
same period. Similar relationships were observed on day 14 with K32-based expansion
cultures generating a median of 50-fold expansion compared with ～10-fold expansion using
bead-based aAPCs (data not shown). These results confirm previous data demonstrating that
bead-based aAPCs do not efficiently expand CD8+ T cells (17–19). To determine whether
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the differences in CD8+ T cell expansion induced by cell- vs bead-based aAPCs resulted
from different apoptotic rates, we measured the percentage of cells expressing annexin V
throughout the first 7 days of culture under the various conditions. Bead-based anti-CD3/
anti-CD28-stimulated CD8+ T cells demonstrated more apoptosis compared with cells
expanded using K32-based aAPCs (Fig. 1C), indicating that programmed cell death limits
expansion of CD8+ T cells when using anti-CD3/anti-CD28-coated beads. Because cell-
based aAPCs outperform the bead-based aAPCs for CD8 expansion, we investigated
whether the K32 cells might express IL-15 and/or IL-15Rα, which could exert an
antiapoptotic effect on expanding CD8+ T cells (24). Indeed, both K32 and K32/4-1BBL
aAPCs express IL-15Rα and produce IL-15 (Fig. 1D), a key survival factor for activated and
memory CD8+ T cells. Furthermore, neutralization of IL-15 in the cell-based aAPC:CD8+

cocultures substantially diminished CD8+ T cell proliferation, providing evidence that the
augmented effectiveness of the cell-based aAPCs in this system results, at least in part, from
the production and presentation of IL-15 by the K32 cells (Fig. 1E).

aAPCs providing both CD3 and 4-1BB signaling selectively enrich for CD28− memory
CTLs

Adoptive immunotherapy typically seeks to eradicate large antigenic burdens in viral
reservoirs or tumor cells in hosts already primed toward the Ag to be targeted. Therefore,
one goal of adoptive immunotherapy is to increase the number of primed, Ag-specific CTL
beyond that generated naturally in vivo. To compare the capacity for 4-1BBL vs anti-CD28-
based costimulation to expand memory CD8+ CTL, we compared the frequency of flu- and
CMV-specific CTL in HLA-A0201+ peripheral blood CD8+ T cells following expansion
using anti-CD3/anti-CD28 vs anti-CD3/4-1BBL K32 aAPCs. As shown in Fig. 2 A, baseline
flu matrix protein (FluM1)- and CMV (pp65)-specific cell frequencies were 0.02 and 0.04%,
respectively; following anti-CD3/4-1BBL-based expansion, flu- and CMV-specific cells
increased in frequency to 0.4 and 0.6%, respectively, whereas anti-CD3/anti-CD28
expansion did not enrich viral-specific cells in the expanded populations (Fig. 2A). An
HLA-A2-binding peptide derived from ERBB2 (Her2Neu), a self Ag which is not expected
to induce immune priming in healthy donors, served as a control because the low frequency
of ERBB2-specific cells did not change following either anti-CD3/anti-CD28 or anti-
CD3/4-1BBL-based expansion. The enrichment observed using tetramer enumeration is
functionally significant because anti-CD3/4-1BBL expanded CD8+ PBL demonstrated lytic
activity against the FluM1- and pp65-pulsed targets whereas the anti-CD3/anti-CD28-
expanded CD8+ PBL did not (Fig. 2B). Therefore, anti-CD3/4-1BBL expansion rapidly
enriches peripheral blood CD8+ populations for memory CTL, which retain functional
activity.

These results suggested that 4-1BBL costimulation preferentially expands memory CTL
whereas anti-CD28 costimulation preferentially expands naive CD8+ T cells. To directly
address this, CD8 PBL were immunomagnetically separated into CD45RO+ and RO−

subsets (purity >90%) and then cultured on plates coated with a submitogenic dose of OKT3
(1 μg/ml) and titrated doses of anti-4-1BB or anti-CD28. Whereas the combination of anti-
CD3/anti-CD28 preferentially expands naive CD8 subsets, anti-CD3/anti-4-1BB
costimulation preferentially expanded memory CD8 subsets (Fig. 2C). These results confirm
the 4-1BBL preferentially expands memory CTL and further demonstrate that the
differential results shown in Fig. 2A are not due to a previously unrecognized difference
between the K32 and the K32/4-1BBL cell lines, because this study used plate-bound Abs
instead of K32-based cellular aAPCs. Rather, the results are consistent with the known
physiologic role for 4-1BB costimulation in sustaining expansion of Ag-specific memory
CD8+ T cells in vivo during the evolution of an immune response, as demonstrated
previously in other model systems (24–27).
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These results demonstrate that 4-1BBL costimulation can modestly enrich viral-specific
CTL following polyclonal expansion, however, many clinical applications seek to use a
product with much higher levels of antigenic specificity than achieved using the polyclonal
expansion approach shown above. We therefore investigated whether the K32 aAPCs
delivering signals via anti-CD3 and 4-1BBL could effectively expand highly enriched Ag-
reactive enriched CD8+ T cells from T cell populations which were electronically sorted
based upon tetramer binding (Fig. 3A). Peripheral blood CD8+ cells from donors immune to
influenza were first expanded for 10 days using anti-CD3/4-1BBL aAPCs to increase the
frequency of flu-specific cells above that found at baseline. CD8 cells binding FluM1
tetramers were then electronically sorted and placed back into coculture with anti-
CD3/4-1BBL aAPCs. Fourteen days following stimulation of the sorted populations, flu-
specific CD8 cells comprised >85% of the culture and the cells had undergone 1 log
expansion. The cells demonstrated robust IFN-γ production and degranulation following
exposure to FluM1 peptide-pulsed targets but not targets pulsed with irrelevant peptide. In
three similar experiments, a mean of 1 log expansion was observed in 14 days using
electronically sorted populations. Therefore, anti-CD3/4-1BBL aAPCs can be used to
generate sizable populations of highly enriched Ag-specific CTL from peripheral blood,
which retain specificity and function. Furthermore, not only does this data demonstrate that
CD28 costimulation is not necessary to expand memory CTL, but also CD28 costimulation
was inferior to 4-1BBL in expanding these populations because K32 aAPCs delivering anti-
CD3/anti-CD28 expanded the electronically sorted cultures but they did not retain Ag
specificity or function (data not shown). These results suggest that either the small numbers
of naive cells contaminating the sorted cell population were preferentially expanded via
CD28 costimulation, resulting in a subsequent loss of Ag specificity and/or CD28
costimulation induced anergy in these populations as described previously (18).

aAPCs providing both CD3 and 4-1BB signaling support expansion of cytolytic MART-1-
reactive effector CTL

Because T cells used in tumor-directed adoptive cell therapy often seek to target tumor-
associated Ags which represent self Ags (28), we also sought to determine the relative
efficiency of expanding self-reactive memory cells using this approach. For these
experiments, the KT32 cells lines were used as these represent the product currently being
developed for clinical application. A MART-1 reactive CTL line was generated from an
HLA-A201+ donor by three cycles of stimulation with peptide-loaded autologous APC.
After three cycles of stimulation, the culture comprised 10% MART-1-specific CD8+ T
cells, as measured by tetramer flow cytometry. The cell line was then restimulated with the
KT32 aAPC expressing anti-CD3 and 4-1BBL and/or CD80 as a source of costimulation
(Fig. 3B). Whereas MART-1 cells expanded and maintained viability following stimulation
with anti-CD3/4-1BBL and anti-CD3/4-1BBL/CD80 aAPCs, no viable MART-1-reactive
CD8 T cells were recovered in the cells stimulated aCD3/CD80 aAPCs. Furthermore, the
MART-1 cells recovered from the 4-1BBL-containing culture exhibited potent peptide-
specific cytotoxicity (Fig. 3B, middle panel). In addition, three successive cycles of
stimulation of the MART-1 cell line with an cell-based aAPC genetically manipulated to
express IL-15, CD80, 4-1BBL, and CD32 (used to load anti-CD3) induced robust expansion
of the MART-1-reactive CTL, to potentially therapeutic numbers (Fig. 3B, right panel).

Selective expansion of Ag-specific cells from polyclonal populations using MHC-Fc fusion
peptides and K32/4-1BBL aAPCs

Because electronic cell sorting is expensive, labor intensive, and requires large numbers of
starting cells, we sought to determine whether the preferential expansion of memory cells
induced by 4-1BBL costimulation could lead to selectively enriched Ag-specific memory
CTL from polyclonal T cell populations without the requirement for electronic cell sorting.
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To that end, the CD32-expressing aAPCs described above were coupled to an HLA-A2 Ig-
Fc fusion protein, which was subsequently pulsed with the CMV pp65 antigenic peptide to
expand memory CD8 cells reactive toward CMV. Ag-specific T cell expansion was
compared when the costimulatory signal was provided by anti-CD28 vs 4-1BBL. Fig. 4
shows the results of cell cultures stimulated in this manner weekly for 3 wk. On day 22 of
culture, 4-1BBL expressing aAPC induced substantial enrichment of CMV-specific T cells
(7% CMV positive) (Fig. 4A) which retained functionality and specificity, (Fig. 4B),
whereas the K32 aAPC, bearing the same pp65 A2-Ig Fc but delivering anti-CD28
costimulation, did not expand CMV-specific T cells. Cytolytic activity quantitated based
upon degranulation and measured using CD107a expression (22) suggest that the tetramer
assay in Fig. 4A underestimated the true frequency of pp65-specific CTL. In a series of three
consecutive experiments, 10- to 100-fold enrichment and >2 log expansion of viral Ag-
specific CD8+ T cells was observed within 14 days using cells from three different normal
donors stimulated with HLA-A2-Fc/4-1BBL aAPCs (Table I). Similar Ag-specific
expansion was also accomplished using FluM1-pulsed HLA-A2-Fc molecules to expand flu-
specific CTL (data not shown).

Anti-CD3/4-1BB signaling mediated up-regulation of NKG2D expression and enhancing
cytolysis

Ag-specific CD8+ T cells that persist in hosts with high viral or tumor burdens often lack
effective cytolytic activity (29–32) and, in some models, this is associated with NKG2D
down-regulation, which can limit the capacity for cytolytic T and NK cells to kill MIC-
expressing tumor cells (33, 34). Therefore, adoptive immunotherapy also seeks to augment
the functional capacity of cells generated ex vivo, in addition to increasing numbers of Ag-
specific T cells available to the host. We previously reported that CD8+ T cells expanded
polyclonally with aAPCs using anti-CD3/anti-CD28 and anti-CD3/4-1BBL could mediate
MHC-unrestricted cytotoxicity (35). We therefore sought to determine whether NKG2D, a
killer-activating receptor (KAR) which can mediate MHC-unrestricted killing (36–38), was
expressed on anti-CD3/4-1BBL-activated CD8+ T cells. Resting CD8+ PBL express high
levels of NKG2D, but CD8+ PBL maintained in culture for 7 days or expanded using anti-
CD3/anti-CD28 aAPC-based costimulation showed minimal NKG2D expression. In
contrast, CD8+ T cells expanded using 4-1BBL costimulation maintain substantial NKG2D
expression (Fig. 5A). To determine whether the NKG2D expression induced by anti-CD3/4-
BBL-based expansion conferred NKG2D-signaling capacity and augmented cytotoxic
function, we used a T cell-redirected cytotoxicity assay. Although neither fresh resting
CD8+ T cells nor anti-CD3/anti-CD28-expanded CD8+ T cells were cytolytic in this assay
(data not shown), anti-CD3/4-1BBL-expanded CD8+ PBL showed baseline cytolytic
function as evidenced by lytic activity following cross-linking with anti-MHC class I, used
as a negative control in this assay. Furthermore, cytolytic activity was substantially
increased when either anti-NKG2D (p = 0.02) or anti-CD3 was added to the culture (p =
0.03), demonstrating that both NKG2D and CD3 signaling mediated a cytolytic signal in the
expanded populations. Although anti-4-1BB signaling alone did not induce augmented
cytolytic activity (p = 0.13), the highest cytolytic activity was observed when CD3 signaling
was combined with anti-4-1BB or anti-NKG2D (Fig. 5B). Therefore, 4-1BB costimulation
not only facilitates survival of memory populations in vivo as reported previously (39–41),
and expansion of memory cells ex vivo as shown in this report, but also augments cytolytic
function directly and indirectly via up-regulation of NKG2D.

Discussion
Ex vivo T cell expansion for adoptive immunotherapy seeks to rapidly generate large
numbers of functional T cells to amplify Ag-specific effector function in vivo. Several
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groups have demonstrated that autologous APCs, generated from a variety of cell types, can
effectively expand cytolytic T cells (2, 10, 14, 15, 42). Although autologous APCs are ideal
in principle because they are natural APCs, they are difficult to standardize, expensive to
generate, and are not optimal for identifying critical costimulatory pathways that are most
effective in inducing CTL expansion. aAPCs (aAPC), off-the-shelf reagents that eliminate
the requirement for generating patient-specific APCs to provide TCR stimulation and
costimulation to induce ex vivo T cell expansion, represent a potentially cost-effective and
less labor-intensive approach to developing cytolytic T cell products for adoptive
immunotherapy. In general, the vast majority of aAPCs under study have incorporated
CD28 ligands as the primary costimulatory signal (43–47). However, we and others have
noted that anti-CD3/anti-CD28 mAbs conjugated to magnetic beads do not effectively
expand CD8+ T cells (17, 19, 48), and it is well-known that CD8+ populations rapidly down-
regulate CD28 upon acquisition of effector function (49). Alternatively, several studies have
also demonstrated a role for 4-1BB costimulation in CD8+ T cell expansion, although each
of these studies also delivered CD28 signals during the phase of CD8+ T cell expansion (12,
19, 20). 4-1BB, a member of TNFR family expressed primarily on activated lymphocytes
(23), promotes CD8+ T cell proliferation, differentiation, and inhibits programmed cell death
(50–53). The 4-1BB ligand is expressed by activated B cells, dendritic cells, and monocytes/
macrophages and likely serves to augment survival of cytolytic CD8+ T cells during the
evolution of an immune response (39–41).

In this report, we used a system of genetically modified aAPCs to directly compare the
efficacy of CD28 vs 4-1BB signaling in the expansion of CD8+ CTL. Because K32 cells are
not natural APCs, they do not endogenously express a host of stimulatory and inhibitory
ligands, and thus allowed us to directly assess whether 4-1BB costimulation was sufficient
to induce CD8+ CTL expansion. The data demonstrate K32 cell-based aAPCs, which deliver
either anti-CD3/anti-CD28 signals or anti-CD3/4-1BBL signals, promote rapid expansion of
peripheral blood CD8 T cells with a median 1.5 log expansion in 14 days. Such expansion
was greater than that observed using bead-based APCs, in part, due to the production of
IL-15 and expression of IL-15Rα expression on the K32-based aAPCs. Interestingly, the
quantitative increases in CD8 expansion could not be reproduced by adding IL-15 to the
bead-based cell cultures, perhaps due to inadequate presentation in the absence of IL-15Rα.
CD8 expansion was numerically similar following 4-1BBL or CD28 stimulation despite
vastly different levels of expression of CD28 and 4-1BB on resting T cells. However, our
studies uncovered substantial qualitative differences in the CD8+ populations expanded
using 4-1BB vs CD28 costimulation. Whereas anti-CD3/4-1BBL aAPCs preferentially
expand memory CD8 T cells, resulting in an increased frequency of cells responding to viral
recall Ags in the expanded cultures from healthy donors, anti-CD3/anti-CD28 aAPCs
preferentially expand naive CD8+ cells and therefore do not enrich for viral-specific CTL.
Interestingly, we did not detect any difference in the frequency or extent of 4-1BB
expression following anti-CD3 signaling on naive vs memory CD8+ T cells (data not
shown), therefore the basis for the selective expansion of memory cells via 4-1BB signaling
cannot be ascribed to differential expression of 4-1BB on these two populations.
Furthermore, while we observed increased short-term expansion of polyclonal memory
populations compared with naive populations using 4-1BB costimulation as shown in Fig.
2C, it remains possible that there are also significant survival differences between naive and
memory populations that contribute to the results reported here. Indeed, ample data in
murine models demonstrate that 4-1BB signaling plays a critical role in survival of memory
CD8+ T cells during the later stages of the immune response (24–27).

One theoretical advantage to the use of CD28-based costimulation might be a preferential
expansion and/or retention of CD28-expressing CD8+ T cells, because multiple studies have
demonstrated that CD28+ cells retain a greater proliferative potential and are more
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functional than the CD28− subset (49). We therefore analyzed the CD28+/CD28− ratio of
CD8 T cells pre- vs post-expansion using either K32-based anti-CD3/anti-CD28 or anti-
CD3/4-1BBL stimulation. Whereas normal human CD8+ PBL showed a CD28+/CD28−

ratio of ～2:1, T cells expanded by K32-based anti-CD3/anti-CD28 and anti-CD3/4-1BBL
aAPCs studied in this report resulted in a postexpansion ratio of 1:2 with no difference in the
percent of cells expressing CD28 following anti-CD28 vs 4-1BBL costimulation (data not
shown). Therefore, we found no evidence to suggest that CD28 costimulation was superior
to 4-1BB costimulation in retaining or expanding CD28+ CTL.

In addition to demonstrating that 4-1BB costimulation preferentially expands memory CTL
and the demonstration that 4-1BB costimulation alone is sufficient to induce dramatic
expansions of CD8+ CTL, this report is also the first to demonstrate that 4-1BB signaling
directly augments cytotoxic function in human CD8+ T cells. Furthermore, the up-regulation
of NKG2D on 4-1BBL-co-stimulated cells potentially represents an important secondary
mediator of cytolysis which may be particularly pertinent for adoptive immunotherapy,
because NKG2D down-regulation contributes to immune escape in murine models of cancer
and chronic infection (33, 34). The capacity for 4-1BBL-expressing aAPCs to generate a cell
product with high levels of NKG2D that can augment cytolytic capacity is potentially
favorable to avoid tumor immune escape by down-regulation of either MHC or shedding of
NKG2D ligands. Indeed, consistent with this notion, we demonstrated previously that CD8+

T cells expanded with anti-CD3/4-1BBL-mediated non-MHC-restricted killing of tumor
targets and mediated antitumor activity in vivo in a xenograft model whereas anti-CD3/anti-
CD28-expanded CD8+ T cells did not mediate antitumor activity in vivo (35).

In conclusion, these results provide the first evidence that CD28 costimulation is not
essential for generating CD8+ T cells for adoptive immunotherapy. Rather, TCR and/or CD3
signals combined with 4-1BB costimulation can generate large numbers of cytolytic CD8+ T
cells with enhanced effector functions that are suitable for adoptive cellular immunotherapy.
The expansion of electronically sorted populations or enrichment of large numbers of Ag-
specific cells from polyclonal peripheral blood CD8+ T cells using K32/4-1BBL-HLA-A2-
Fc APCs provides opportunities for expanding large numbers of Ag-specific T cells with
MHC-restricted cytolytic activity. Furthermore, this approach yields CD8+ T cells with
enhanced MHC-restricted cytolytic activity and the potential for non-MHC-restricted
cytolysis as a result of NKG2D up-regulation, which is potentially important for the
elimination of infected and/or transformed cells which can down-regulate MHC expression.
Considering the wide range of diseases that are potentially amenable to treatment given a
robust, reproducible approach for ex vivo expansion of Ag-specific CTLs, 4-1BBL-
expressing cell-based aAPCs hold promise for improving the effectiveness of adoptive
immunotherapy.
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Figure 1.
K32 cell-based aAPCs are superior to bead-based aAPCs for CD8+ expansion. A, CD8 PBL
were purified and stimulated using plate-bound anti-CD3 plus anti-4-1BB (top row) or anti-
CD3 plus anti-CD28 (bottom row) for the duration indicated. CD3+ CD8+ cells were gated
by flow cytometry and evaluated for 4-1BB expression. Blue is binding of anti-4-1BB mAb
at time 0, red is binding of anti-4-1BB mAb at time points indicated, and green is binding of
anti-4-1BB mAb following preincubation with 4-1BBL-μ Ig Fc fusion protein at the time
points indicated. This is a representative of three separate experiments using cells from
different normal donors. B, Expansion of human CD8 T cells stimulated on with K32/anti-
CD3/4-1BBL, K32/anti-CD3/anti-CD28, or anti-CD3/anti-CD28-coated magnetic beads as
described in Materials and Methods. Fold cell number increase after 7 days is shown.
Results are representative of more than seven different experiments, each using cells from a
different normal donor. C, CD8+ cells on day 7 following expansion using anti-CD3/anti-
CD28 beads demonstrate higher apoptosis compared with cells expanded using K32/anti-
CD3/anti-CD28 or K32/anti-CD3/4-1BBL-based aAPCs, as evidenced by flow cytometric
binding of FITC-labeled annexin V. Results are a representative of five experiments using
cells from different normal donors. D, Both K32 and K32/4-1BBL aAPCs produce IL-15
and express IL-15Rα. Intracellular IL-15 and surface IL-15Rα analysis was performed on
K32 and K32/4-1BBL aAPCs, as well as EBV LBL serving as a negative control for IL-15
and 5838 tumor cells serving as a negative control for IL-15Rα. E, Anti-IL-15 partially
blocks CD8+ cell proliferation induced by K32/anti-CD3/4-1BBL. CD8+ T cells were
coincubated with aAPC using anti-CD/4-1BBL at various ratios in the presence of anti-
IL-15 mAb and isotype Ab as a control. The doses of Abs used were indicated in the figure.
Proliferation was measured by [3H]thymidine incorporation during the last 16 ～ 18 h of a 5-
day culture. Results were a representative of three different experiments, using cells from
different individual donors.
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Figure 2.
PBL costimulated with 4-1BBL, but not CD28, are enriched for memory CTL. A, CD8 PBL
were unstimulated (top panel) or stimulated with K32/anti-CD3/4-1BBL (middle panel) or
K32/anti-CD3/anti-CD28 (lower panel) for 7 days, then expanded cells were assayed using
HLA A*0201 tetramers loaded with CMV pp65, Flu M1 peptide, and ERBB2 peptides.
Anti-CD3/4-1BBL-expanded cells, but not anti-CD3/anti-CD28-expanded cells show
increased frequencies of cells responding to viral recall Ags. Percentages reflect the percent
of tetramer binding of CD8+ cells. B, CD8 PBL stimulated with K32/anti-CD3/4-1BBL, but
not K32/anti-CD3/anti-CD28, demonstrate cytotoxicity to FluM1- and pp65-pulsed T2
targets on day 7. Results were representative of five different experiments, using cells from
different individual donors. C, 4-1BB costimulation preferentially expands memory CD8+

cells but anti-CD28 costimulation preferentially expands naive CD8 cells. CD8 T cells were
separated into naive (CD45RO−) and memory (CD45RO+) subsets using anti-CD45RO
microbeads, then placed into a 96-well flat-bottom plate coated with anti-CD3 (1 μg/ml) and
anti-CD28 or anti-4-1BB at the concentrations indicated. Proliferation was measured by
[3H]thymidine incorporation during the last 16～18 h of a 5-day culture. This is a
representative result of three different experiments.

Zhang et al. Page 14

J Immunol. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Generation of FluM1 and MART-1-specific CTL using K32/4-1BBL aAPCs. A, CD8 cells
from a normal HLA-A2+ donor underwent polyclonal expansion using anti-CD3/4-1BBL
resulting in enrichment of FluM1-specific cells to 0.9% by day 10. Cells were then stained
with FluM1 tetramers, electronically sorted, collected, and re-expanded using anti-
CD3/4-1BBL aAPCs. Ag-specific cell numbers increased from 1.4 × 104 cells on day 10
presort to 2.4 × 105 cells on day 24. The expanded cells demonstrated specificity and
functional capacity as evidenced by CD107a expression (bold) and intracellular IFN-γ
production (bold) in response to FluM1- but not irrelevant peptide (CAP1)-pulsed T2
targets. Isotype controls are shown in gray. This is representative of more than nine
experiments sorted using both CMV- and flu-specific cells. B, Left, Expansion of Mart-1-
enriched CTLs using KT32/anti-CD3 aAPCs expressing 4-1BBL, 4-1BBL + CD80, or
CD80. Mart-1-specific CD8+ T cell frequency, assessed using tetramer-based flow
cytometry, was 10.5% on day 0, and 13.7 and 12.8% on day 9 in the KT32/anti-
CD3/4-1BBL and KT32/anti-CD3/4-1BBL/CD80 aAPC-stimulated cultures, respectively.
KT32/anti-CD3/CD80 aAPCs did not expand cells after day 4, and no viable CTLs were
recovered on day 8, which prevented further phenotype/functional analysis for this
condition. Middle, Mart-1 CTL were tested for cytotoxicity using a 4-h chromium release
assay on day 9 post-stimulation with either KT32/anti-CD3/4-1BBL (square) or KT32/anti-
CD3/4-1BBL/CD80 (diamond) aAPCs. Cr-labeled T2 targets were pulsed with Mart-1
(solid) or control irrelevant peptide (open). There were insufficient expanded CTLs to study
cells cocultured with KT32 aCD3/CD80 aAPCs. Right, Mart-1-enriched CTLs were
repetitively stimulated (days 0, 9, and 14) using KT32/anti-CD3/IL-15/4-1BBL/CD80
aAPCs for long-term expansion. Mart-1-specific cells ranged from 10 to 20% during culture
(data not shown).
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Figure 4.
Selective expansion of Ag-specific CTL using K32/4-1BBL/HLA-A2-Fc aAPCs. A, CD8
cells were stimulated using K32/4-1BBL/pp65-HLA-A2-Fc, K32/anti-CD28/pp65-HLA-
A2-Fc, or K32/pp65-HLA-A2-Fc. On day 22 after three stimulations, the cells were
harvested, counted, and analyzed by FACS. K32/4-1BBL/pp65 aAPCs expanded Ag-
specific cells but not cells binding an irrelevant tetramer while K32/anti-CD28pp65 and
K32/pp65 did not expand Ag-specific cells. B, K32/4-1BBL/pp65, but not K32/anti-CD28/
pp65, expanded CTL demonstrate Ag-specific cytotoxicity as assessed by CD107a
expression. CD8+ cells stimulated with K32/pp65 did not produce sufficient cell numbers to
perform the assay. This is a representative result of three experiments using Ag-specific
expansion from different HLA-A2+ donors.
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Figure 5.
4-1BB signaling augments cytolytic activity of expanded CTL. A, Anti-CD3/4-1BBL
aAPC-expanded CD8+ T cells up-regulate NKG2D expression. Purified human CD8 T cells
were unstimulated, or stimulated with anti-CD3/4-1BBL or anti-CD3/anti-CD28 aAPC, then
assessed for NKG2D expression (bold) on days 0 and 7. Isotype control is shown in gray.
This is representative of three experiments from different donors. B, Cytolytic function of
human CD8 T cells stimulated with anti-CD3/4-1BBL aAPCs 7 days prior was assayed
using 51Cr-labeled P815 target cells cross-linked with the Abs indicated for 4 h. The bar
graph is from eight separate experiments with individual donors. Resting CD8 cells and anti-
CD3/anti-CD28 aAPC CD8 cells showed no detectable cytolytic activity (data not shown).
CD3 and NKG2D signaling alone augment cytolytic function of anti-CD3/4-1BBL aAPC-
expanded CD8+ T cells (p < 0.05) whereas cytolytic function after 4-1BB signaling alone
was not significantly different than observed with anti-MHC class I. Combining 4-1BB and
CD3 signaling or NKG2D and CD3 signaling significantly increases cytolytic activity
compared with CD3 signaling alone (**, p = 0.008).

Zhang et al. Page 17

J Immunol. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zhang et al. Page 18

Table I
Ag-specific expansion of CMV-reactive PBL using K32/4-1BBL/CMVpp65-HLA-A2-Fc

a

Total Number of pp65 Tetramer-Binding Cells (% Tetramer Binding)

Donor Day 0 Day 7 Day 14 Day 21

1 540 (0.05) 61,440 (1.3) 347,060 (5.2) ND

2 8,800 (0.9) 25,350 (1.7) 200,420 (9.1) 313,560 (8.7)

3 5,920 (0.37) 12,100 (1.1) 227,200 (7.1) ND

a
CD8+ PBL were stimulated on days 0, 7, and 14 with K32/4-1BBL bound to CMVpp65-pulsed HLA-A2-Fc fusion protein as described in

Materials and Methods. Enumeration shown in the table was performed just prior to subsequent stimulation. ND, Third stimulation not performed
in these cultures.
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