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Abstract In chronic lymphocytic leukemia (CLL), malig-
nant B cells and nonmalignant T cells exhibit dysfunction.
We previously demonstrated that infection of CLL cells
with modified vaccinia Ankara (MVA) expressing the
costimulatory molecules B7-1, ICAM-1, and LFA-3 (desig-
nated TRICOM) increased expression of these costimula-
tory molecules on the surface of CLL cells and thus
augmented their antigen-presenting capability. Here, we
evaluate the effect of MVA-TRICOM-modified CLL cells
on T cells. Following incubation with irradiated MV A-TRI-
COM-modified CLL cells, allogeneic and autologous CD4*
and CD8" T cells expressed significantly higher levels of
B7-1, ICAM-1, and LFA-3. We show that this increase was
the result of physical acquisition from the antigen-present-
ing cells (APCs), and that purified T cells that acquired
costimulatory molecules from MVA-TRICOM-modified
CLL cells were able to stimulate the proliferation of
untreated T cells. These results demonstrate for the first
time that T cells from CLL patients can acquire multiple
costimulatory molecules from autologous CLL cells and
can then act as APCs themselves. Given the immunodefi-
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ciencies characteristic of CLL, enhancing the antigen-pre-
senting function of CLL cells and T cells simultaneously
could be a distinct advantage in the effort to elicit antitumor
immune responses.
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Immunotherapy

Introduction

Chronic lymphocytic leukemia (CLL) is a malignancy
characterized by accumulation of clonal CD5* B lympho-
cytes that are inefficient in antigen presentation [7, 25],
largely due to an inadequate costimulatory capacity. The
limited ability of CLL cells to present antigens to T cells is
manifested as a failure to stimulate proliferation of both
allogeneic and autologous T cells. CLL is also character-
ized by profound defects in the T-cell compartment, which
are believed to increase the risk of infection and to hinder
immune recognition and elimination of leukemic cells [2,
22]. It has been proposed that the distinctive phenotype and
functional defects of T cells from CLL patients may result
from T-cell interaction with the malignant B-cell clone
[14]. Moreover, it has been demonstrated that contact with
CLL cells induces several defects in healthy T cells in vitro
[S].

Effective stimulation of T cells by antigen-presenting
cells (APCs) involves two signaling events. Signal 1 is
induced by T-cell receptor (TCR) recognition of peptide-
MHC complexes, and signal 2 is triggered by interaction of
costimulatory molecules on the surface of the APC with
specific ligand(s) on the T-cell surface [13]. To form tight
conjugates between T cells and APCs, various cell surface
molecules (TCR/CD3, peptide/MHC, CD28/B7, CD2/LFA-3,
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LFA-1/ICAM-1, among others) segregate into distinct
regions or clusters, designated supramolecular activation
clusters (SMACs) [16] that create an organized interface
referred to as an immunological synapse [6]. It has been
previously demonstrated that as a result of this firm coupling
of T cell and APC, molecules can be transferred to the T cell
from the surface of various APCs, including insect cells,
dendritic cells, and tumor cell lines [1, 810, 20, 23]. Both
CD4* and CD8* T cells have been shown to acquire peptide/
MHC complexes from the surface of APCs in an antigen-
dependent manner [1, 8, 10, 20]. Following this molecular
transfer, CD4" T cells can induce proliferation of T cells
with the same antigen specificity in a secondary culture [1],
whereas CD8" T cells that have acquired peptide/MHC
complexes become susceptible to fratricide killing by
neighboring T cells [8]. In addition to peptide/MHC mole-
cules, it has also been demonstrated that T cells can extract
from the surface of APCs costimulatory molecules such as
B7-1 and B7-2, and that this transfer can be mediated by
either TCR-peptide/MHC interaction or CD28-B7 interac-
tion [10, 20, 23]. Whereas activated T cells efficiently
acquire B7 molecules via CD28 [10], the level of B7-1
acquisition by naive CD4* T cells, with their lower expres-
sion of CD28, has been shown to be directly proportional to
both the strength of signal 1 and the amount of B7-1
expressed on the surface of the APCs [20, 23]. Following
acquisition of B7-1 and peptide/MHC complexes, the fates
of naive and effector/memory CD4" T cells appear to be differ-
ent. While naive CD4" T cells can act as APCs after acquisi-
tion, effector/memory CD4" T cells can undergo apoptosis
in the presence of increased levels of signal 1 [17, 20, 27].
We demonstrated in a previous report that in vitro infec-
tion of CLL cells with replication-defective modified vac-
cinia Ankara (MVA) engineered to express the human
costimulatory molecules B7-1, ICAM-1, and LFA-3 (desig-
nated TRICOM) increased expression of these costimula-
tory molecules on the surface of CLL cells and thus
augmented the ability of the CLL cells to stimulate prolifer-
ation of allogeneic and autologous T cells [18]. Impor-
tantly, all three costimulatory molecules were shown to
contribute to the improvement of antigen-presenting capac-
ity. Furthermore, cytotoxic T lymphocytes generated in
vitro by stimulation of autologous T cells with MVA-TRI-
COM-modified CLL cells showed cytotoxicity against
unmodified CLL cells [18]. To better understand the ability
of MVA-TRICOM-modified CLL cells to elicit strong T-
cell proliferation—taking into account that interaction with
CLL cells can induce profound phenotypic alterations in T
cells—we analyzed the phenotype of allogeneic and autolo-
gous T cells after contact with CLL cells that were unmodi-
fied or modified by infection with MVA-TRICOM. Our
results demonstrate that after a brief contact with MVA-
TRICOM-modified CLL cells, allogeneic and autologous
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CD4" and CD8* T cells express significantly higher levels
of the costimulatory molecules B7-1 and ICAM-1 (and to a
lesser extent LFA-3) on their cell surface, compared to T
cells that have been in contact with unmodified CLL cells.
This finding is demonstrably the result of physical acquisi-
tion of costimulatory molecules from the APCs and not of
endogenous upregulation of each molecule. Moreover, we
demonstrate that purified T cells that have acquired
costimulatory molecules through brief contact with MVA-
TRICOM-modified CLL cells have the ability to then stim-
ulate the proliferation of untreated T cells, and therefore,
have acquired the ability to act as APCs. These results
show for the first time that T cells from CLL patients can
acquire costimulatory molecules from autologous CLL
cells and can then act as APCs themselves. While all previ-
ous studies demonstrated T cell acquisition of costimula-
tory molecules from a range of APCs including insect cells,
dendritic cells, or tumor cell lines, to our knowledge, these
studies provide the first direct demonstration that T cells
can acquire costimulatory molecules from primary tumor
cells. Finally, these results show the novel finding that
APCs which exhibit high expression of B7-1, ICAM-1, and
LFA-3 can transfer all three costimulatory molecules to T
cells. We hypothesize that T cell acquisition of costimula-
tory function after a brief contact with TRICOM-modified
CLL cells might provide an advantage in eliciting an effec-
tive immune response against the tumor cells.

Materials and methods
PBMC:s from CLL patients and healthy donors

Peripheral blood was collected at the University of Pittsburgh
Cancer Institute from patients diagnosed with CLL, after
informed consent was obtained and following approval by
the University of Pittsburgh Institutional Review Board.
Peripheral blood was collected at NIH from healthy donors,
after informed consent was obtained and following approval
by the NIH Institutional Review Board. Peripheral blood
mononuclear cells (PBMCs) were isolated as previously
described [18]. Unless otherwise noted, cells were cultured
in RPMI 1640 medium (Mediatech, Inc., Herndon, VA) sup-
plemented with 2 mM glutamine, 1 x antibiotic/antimycotic
solution (Mediatech, Inc.), and 10% human AB serum
(Gemini Bio-Products, West Sacramento, CA).

MVA viruses

A replication-defective MVA vector expressing genes
encoding for the human B7-1, ICAM-1, and LFA-3
costimulatory molecules (designated TRICOM) was used.
Wild-type (WT) MVA virus was used as a control vector.
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Both viruses were kindly provided by Therion Biologics
(Cambridge, MA).

Modification of CLL cells with MV A viruses

T cells were removed from PBMCs from patients with CLL
by anti-CD4 and anti-CD8 microbeads (Miltenyi Biotec,
Auburn, CA). The remaining CLL cells were resuspended
at 4 x 10° cells/mL in Opti-MEM (Invitrogen, Carlsbad,
CA), plated at 2 x 10° cells/well (in 0.5 mL) on a 24-well
plate, and modified with five plaque-forming units/cell of
MVA virus (multiplicity of infection =35) for 1 h at 37°C.
Following modification, 1.5 mL of prewarmed medium
containing 10% human AB serum was added to the cells,
and cells were cultured for an additional 24 h.

Flow cytometry

CDI19-FITC, CD19-PE-Cy5, CD4-FITC, CD4-APC-Cy7,
CD8-APC-Cy7, CD8-PE-Cy5, CDS8-PE-Cy7, CD3-PE-
Cy7, B7-1-PE, ICAM-1-PE, LFA-3-PE, and CD40-APC
were purchased from BD Biosciences Pharmingen (San
Diego, CA). HLA Class 1I (DQ, DP, DR)-PE was pur-
chased from Serotec, Inc. (Raleigh, NC).

Mixed lymphocyte reaction (MLR)

Allogeneic MLR and autologous lymphocyte proliferation
assays were conducted as previously described [18].

Acquisition of costimulatory molecules by T cells

T cells were negatively isolated from PBMCs of healthy
donors by using the Pan T Cell Isolation Kit (Miltenyi Bio-
tec). T cells were negatively isolated from PBMCs of CLL
patients by depletion of CLL cells using anti-CD19 micro-
beads, followed by the Pan T Cell Isolation Kit (Miltenyi
Biotec). Purified T cells from either healthy donors (alloge-
neic) or CLL patients (autologous) were cocultured with
irradiated (75 Gy) CLL cells at a 5:1 ratio for 4 h at 37°C.
CLL cells were either unmodified or modified with MVA
vectors as described above.

In experiments with cycloheximide (CHX) treatment, T
cells were pretreated with 20 pg/mL CHX (Sigma-Aldrich,
St. Louis, MO) for 2 h at 37°C, then incubated with irradi-
ated CLL cells for 4 h in the presence of the same concen-
tration of CHX. As a control, T cells that were pretreated
for 2 h with CHX were activated with 5 ng/mL phorbol
myristate acetate (PMA) and 1 pM ionomycin for 4 h in the
continued presence of CHX. For antibody (Ab) blocking
experiments, CLL cells were pretreated with purified Ab to
human B7-1, ICAM-1, or LFA-3 (or control mouse I1gG1;
Serotec, Inc.) at a concentration of 20 pg/mL for 1h at

37°C, then incubated with T cells for 4 h in the presence of
the same concentration of Ab. Alternatively, T cells were
pretreated with purified Ab to human CD28, CDl1a, or
CD2 (or control mouse IgG1; Serotec, Inc.) at a concentra-
tion of 20 pg/mL for 1 h at 37°C, then incubated with CLL
cells for 4 h in the presence of the same concentration of Ab.

RT-PCR

T cells were purified after 4-h acquisition by negative selec-
tion with two rounds of anti-CD19 microbeads (Miltenyi
Biotec), and RNA was isolated using the RNeasy Kit
(Qiagen, Valencia, CA). RT-PCR was performed on
0.04 pg RNA using the Titanium One-Step RT-PCR Kit
(Clontech, Mountain View, CA) according to the manufac-
turer’s suggested protocol, using 30 cycles of denaturation
(94°C, 30s), annealing (65°C, 30s), and polymerization
(68°C, 1 min). Products (5 pL) were reamplified using the
Platinum PCR SuperMix (Invitrogen) by a first denatur-
ation at 94°C for 5 min, 30 cycles of denaturation (94°C,
30s), annealing (55°C, 30s), and polymerization (72°C,
1 min), followed by an extension step at 72°C for 7 min.
The following primers were used: B7-1-F 5" GAC CCT
AAG CAT CTG AAG CCA TG 3', B7-1-R 5 TGA TCC
CCA CGA TCC ATG TAT C 3', CD3¢-F 5" GTG TCA
TTC TCA CTG CCT TGT TCC 3', CD3(-R 5" TTC AGT
GGC TGA GAA GAG TGA ACC 3', CDI19-F 5" TCA
CCG TGG CAA CCT GAC CAT G 3, and CDI9-R 5’
GAG ACA GCA CGT TCC CGT ACT G 3'. As a positive
control, Epstein-Barr virus (EBV)-transformed B cells were
diluted 1:100 in 1 x 107 T cells from a healthy donor. All
PCR products were resolved on 1.2% agarose E-Gels
(Invitrogen); expected product sizes for B7-1, CD3, and
CD19 were 1 kb, 468 bp, and 278 bp, respectively.

Anti-CD3-mediated proliferation assay

For proliferation assays with T cells from healthy donors, T
cells were purified after 2-h acquisition by negative selec-
tion with two rounds of anti-CD19 microbeads (Miltenyi
Biotec). Untreated T cells from the same healthy donor
(5 x 10* cells/well) were cocultured with irradiated
(50 Gy) T cells from acquisition (5 x 10* cells/well) in
triplicate wells of 96-well round-bottom culture plates pre-
coated with 0.01 pg/mL anti-CD3 Ab (BD Biosciences
Pharmingen). For proliferation assays with T cells from
CLL patients, T cells from CLL patients were purified after
2-h acquisition by negative selection with three rounds of
anti-CD19 microbeads (Miltenyi Biotec). Untreated T cells
from a CLL patient (2.5 x 10* cells/well) were cocultured
with irradiated (50 Gy) T cells from acquisition (2.5 x 10*
cells/well) in triplicate wells of 96-well round-bottom cul-
ture plates pre-coated with 0.01 pg/mL anti-CD3 Ab (BD
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Biosciences Pharmingen). For all proliferation assays, cells
were cultured for 6 days and pulsed with *H-thymidine
(1 pCi/well) for the final 16 h before harvesting. Stimulation
index was calculated as average cpm (T cells + irradiated
T cells)/average cpm (T cells alone).

Results

Phenotypic modification of allogeneic T cells
from healthy donors following incubation
with MVA-TRICOM-modified CLL cells

Infection of CLL cells with MVA-TRICOM was previ-
ously shown to increase expression of the costimulatory
molecules B7-1, ICAM-1, and LFA-3 on their cell surface,
resulting in an augmentation of their antigen-presenting
ability [18]. In accordance with these previous observa-
tions, we show here that proliferation of T cells from four
healthy donors was significantly enhanced after contact
with allogeneic MVA-TRICOM-modified CLL cells, com-
pared to contact with unmodified or MVA-WT-modified
CLL cells (Fig. 1a). Similarly, proliferation of T cells from
six CLL patients was increased following contact with
autologous MVA-TRICOM-modified CLL cells (Fig. 1b).
We then examined the phenotype of T cells that had been
incubated with MVA-TRICOM-modified CLL cells. After
allogeneic T cells from healthy donors were incubated with
irradiated MVA-TRICOM-modified CLL cells for 4 h at
37°C, CD4* and CDS8* T cells exhibited an increase in the
percentage of cells with surface expression of B7-1 and
ICAM-1; an increase in LFA-3 was evident from mean
fluorescent intensity (MFI) of expression (Fig. 2a, b, show-
ing results for three healthy donors assayed). As a control,
T cells incubated with MVA-WT-modified CLL cells
showed expression levels of B7-1, ICAM-1, and LFA-3
that were comparable to levels in untreated T cells (Fig. 2a,
b). Comparable results were obtained from six healthy
donors assayed (following incubation with MVA-TRI-
COM-modified CLL cells from six CLL patients). T cells
from all of the healthy donors exhibited an increase in sur-
face expression of B7-1 (by percentage of expression),
ICAM-1 (by percentage and/or MFI of expression), and
LFA-3 (by MFI of expression). However, the magnitude of
the increase varied from donor to donor, as can be seen for
three of the six healthy donors assayed in Fig.2a, b.
Increased expression of HLA class II molecules was also
seen in allogeneic CD4* and CD8* T cells after contact
with MVA-TRICOM-modified CLL cells (data not shown).
HLA class I (HLA-A,B,C) expression on allogeneic T cells
was not changed by incubation with MVA-TRICOM-modi-
fied CLL cells, nor was HLA-A?2 surface expression evi-
dent on allogeneic HLA-A2™ T cells after contact with
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Fig. 1 T-cell proliferation in the presence of MVA-TRICOM-modi-
fied CLL cells. a CD3" T cells from four healthy donors were cocul-
tured with allogeneic irradiated CLL cells, either uninfected, MVA-
WT-, or MVA-TRICOM-infected, at a ratio of effector to stimulator
cells of 10:1. b CD3* T cells from six CLL patients were cocultured
with autologous irradiated CLL cells, either uninfected, MVA-WT-, or
MVA-TRICOM-infected, at a ratio of effector to stimulator cells of
2.5:1. Proliferation was measured as 3H-thymidine incorporation
on day 5 of culture. Stimulation index was calculated as average cpm
(T cells + CLL cells)/average cpm (T cells alone)

HLA-A2* MVA-TRICOM-modified CLL cells (data not
shown). To rule out the possibility that a tight interaction
between T cells and TRICOM-expressing CLL cells had
skewed the flow cytometry results, the samples were simul-
taneously stained for CD19 expression. Results showed
<0.3% expression of CD19, thus excluding the possibility
of B-cell contamination within the T-cell fraction. These
results demonstrate that a brief incubation with MVA-TRI-
COM-modified CLL cells results in phenotypic modifica-
tion of allogeneic T cells from healthy donors.

Effect of CHX treatment on expression of costimulatory
molecules by allogeneic T cells from healthy donors

To determine whether the increase in costimulatory mole-
cules on allogeneic T cells after incubation with MVA-TRI-
COM-modified CLL cells was due to upregulation of
endogenous expression by the T cells or to acquisition from
the CLL cells, allogeneic T cells were incubated with CHX
before and during incubation with MVA-TRICOM-modified
CLL cells and subsequently analyzed for expression of B7-1,
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Fig. 2 Detection of costimulatory molecules on allogeneic T cells
after incubation with MVA-TRICOM-modified CLL cells. CD3* T cells
from healthy donors were cultured alone or with MVA-WT-modified
or MVA-TRICOM-modified irradiated CLL cells at a 5:1 ratio for 4 h
at 37°C. CD4" (a) and CD8* (b) T cells from three healthy donors were
analyzed for expression of the costimulatory molecules B7-1 (lef?),
ICAM-1 (center), or LFA-3 (right) after the 4-h incubation. MFI of
LFA-3 expression by the T cells is shown in the plots at the far right.
As a control for the presence of CLL cells, T cells simultaneously
stained for CD19 exhibited <0.3% expression of the B-cell marker.

ICAM-1, and HLA class II molecules. Following incubation
of CD4* and CD8* T cells from healthy donors with MVA-
TRICOM-modified CLL cells, levels of surface expression
of B7-1, ICAM-1, and HLA class II on CHX-treated T cells
(in which protein synthesis is abrogated) were equal to levels
seen on untreated T cells (Fig. 2c, d, showing results for
three healthy donors assayed). CHX-treated T cells activated
during the 4-h incubation with PMA and ionomycin did not
exhibit upregulation of CD69 (74.3% of untreated T cells vs.
12.8% of CHX-treated T cells), demonstrating that CHX
inhibited new protein synthesis. These findings demonstrate
that the increase in costimulatory and HLA class IT molecules
on allogeneic T cells is due to acquisition from the MVA-
TRICOM-modified CLL cells.

Effect of Ab blocking on expression of costimulatory
molecules by allogeneic T cells from healthy donors

We analyzed the respective contributions of B7-1, ICAM-
1, and LFA-3 to the acquisition of costimulatory molecules
by T cells by treating MVA-TRICOM-modified CLL cells

Comparable results were obtained for six healthy donors assayed. ¢, d
One group of T cells was treated with CHX (20 pg/mL); CHX-treated
T cells activated during the 4-h incubation with PMA and ionomycin
did not exhibit upregulation of CD69 (74.3% of untreated T cells vs.
12.8% of CHX-treated T cells), demonstrating that CHX inhibited new
protein synthesis. CD4* (¢) and CD8* (d) T cells from three healthy do-
nors (of three donors assayed in total) were analyzed for expression of
B7-1 (left), ICAM-1 (center), and HLA class II (DQ, DP, DR) (right)
at the end of the 4-h incubation

with blocking Ab to each costimulatory molecule before
and during incubation with allogeneic T cells from healthy
donors. Blocking of LFA-3 on MVA-TRICOM-modified
CLL cells produced the most striking effect on acquisition
by allogeneic T cells, decreasing the acquisition of LFA-3,
as evidenced by MFI (data not shown), as well as B7-1,
ICAM-1, and HLA class II molecules (Table 1). In con-
trast, blocking of ICAM-1 did not significantly impair the
acquisition of any of the molecules, while anti-B7-1 Ab
significantly blocked the acquisition of B7-1 by CD4* and
CD8* T cells (Table 1).

APC function of T cells from healthy donors that have
acquired costimulatory molecules from MVA-TRICOM-
modified CLL cells

We examined whether T cells from healthy donors that had
acquired costimulatory molecules from MVA-TRICOM-
modified CLL cells could function as APCs to untreated T
cells. T cells from healthy donors were cultured with either
unmodified, MVA-WT-modified, or MVA-TRICOM-mod-
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Table 1 Decrease in acquisition of costimulatory molecules by allo-
geneic T cells with Ab blocking

Talone T+ MVA-TRICOM CLL
IgGl aB7-1 alCAM-1 aLFA-3
CD4* T cells®
B7-1
Healthy donor 6 1.9 350 140 444 2.0
Healthy donor 8 0.3 420 128 34.4 7.0
Healthy donor9 1.9 354 174 34.5 12.5
ICAM-1
Healthy donor 6  26.8 705  59.0 68.5 47.0
Healthy donor 8  42.2 776 735 67.8 47.3
Healthy donor 9 42.8 748  63.7 66.1 50.3
HLA Class 11
Healthy donor6 7.9 339 148 355 13.7
Healthy donor 8 1.7 36.7 319 29.1 8.2
Healthy donor 9 25.4 435  38.0 46.3 20.4
CD8* T cells*
B7-1
Healthy donor 6 1.2 337 165 36.4 2.0
Healthy donor 8 0.2 506 219 41.1 8.3
Healthy donor9 0.7 256 120 20.3 3.6
ICAM-1
Healthy donor 6 76.4 943 895 92.4 83.9
Healthy donor 8  77.4 90.6 903 86.9 72.1
Healthy donor 9 55.7 824 694 70.6 56.8
HLA Class II
Healthy donor 6 19.9 506  27.6 47.7 28.1
Healthy donor 8 8.1 569 579 45.7 21.4
Healthy donor 9 38.7 582 488 56.1 29.8

CD3* T cells from 3 healthy donors were cultured alone or with MVA-
TRICOM-modified irradiated CLL cells at a 5:1 ratio for 4 h at 37°C.
MVA-TRICOM-modified CLL cells in indicated groups were treated
with blocking Ab (anti-B7-1, anti-ICAM-1, anti-LFA-3, or isotype con-
trol mouse IgG1) before and during the 4-h acquisition. CD4* and CD8"*
T cells were analyzed for percentage of cells expressing B7-1, ICAM-
1, and HLA class II (DQ, DP, DR) at the end of the 4-h incubation

2 Shown is percentage expression of each marker by CD4* or CD8" T cells

ified irradiated CLL cells at a 5:1 ratio for 2 h at 37°C, after
which the T cells were purified by depletion of B cells. Fol-
lowing incubation with MVA-TRICOM-modified CLL
cells, purified CD3* T cells exhibited an increase in the per-
centage of cells with surface expression of B7-1, ICAM-1,
and HLA Class II (Figure S1A of Electronic Supplemen-
tary Material, showing results for one representative donor
of two healthy donors assayed). As a control for possible
CLL contamination, aliquots of the purified T cells were
stained for CD19 and CD40; for two healthy donors
assayed, all groups exhibited <0.3% expression of the
B-cell markers (shown for T cells from acquisition with
MVA-TRICOM-modified CLL cells from one representa-
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tive healthy donor in Fig. S1B of Electronic Supplementary
Material). The purified T cells from acquisition were irradi-
ated and cocultured with untreated T cells from the same
healthy donor at a 1:1 ratio in a proliferation assay, on
plates pre-coated with anti-CD3 Ab. T cells that had
acquired costimulatory molecules from MVA-TRICOM-
modified CLL cells enhanced anti-CD3-mediated prolifera-
tion of the effector T cells. For a representative healthy
donor, the stimulation index of effector T cells cultured
with T cells that had acquired costimulatory molecules as
APCs was 105.9 (Figure S1C of Electronic Supplementary
Material). T cells that had been incubated with unmodified
or MVA-WT-modified CLL cells (and had not acquired
costimulatory molecules) exhibited poor APC function in
the proliferation assay (Figure S1C of Electronic Supple-
mentary Material). Thus, T cells from healthy donors that
had acquired costimulatory molecules from TRICOM-
expressing CLL cells were capable of functioning as APCs
to untreated T cells.

Phenotypic modification of autologous T cells
from CLL patients following incubation
with MVA-TRICOM-modified CLL cells

As observed with allogeneic T cells, after autologous T
cells from CLL patients were incubated with irradiated
MVA-TRICOM-modified CLL cells for 4 h at 37°C, CD4*
and CD8" T cells exhibited increased surface expression of
B7-1, ICAM-1, and LFA-3 (LFA-3 measured by MFI of
expression; Fig. 3a, b, showing results for 1 representative
donor of 12 CLL patients assayed). To rule out the possibil-
ity that doublet formation between T cells and TRICOM-
expressing CLL cells had skewed the flow cytometry
results, the samples were simultaneously stained for CD19
expression. Results showed <0.2% expression of CD19 by
CD4" and CD8* T cells, thus excluding the possibility of B-
cell contamination within the T-cell fractions (Fig. 3c, d).
CHX-treated autologous T cells also showed enhanced sur-
face expression of the three costimulatory molecules, indi-
cating that the increase was due to acquisition from the
MVA-TRICOM-modified CLL cells and not to endogenous
expression by the T cells (Table 2, showing results for one
representative donor of two CLL patients assayed). These
results demonstrate that autologous T cells from CLL
patients acquire costimulatory molecules following a brief
incubation with MVA-TRICOM-modified CLL cells.

As observed with allogeneic T cells, treatment of MVA-
TRICOM-modified CLL cells with blocking Ab to B7-1
significantly decreased acquisition of B7-1 by autologous T
cells from CLL patients; for a representative donor, acquisi-
tion of B7-1 by CD4" T cells was reduced from 28.5% for
the isotype control to 12.9% with anti-B7-1 Ab (Figure S2A
of Electronic Supplementary Material). Further, treatment
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Table 2 Detection of costimulatory molecules on CHX-treated autol-
ogous T cells after incubation with MVA-TRICOM-modified CLL
cells

B7-1 % ICAM-1 % LFA-3 %
(MFI) (MFI) (MFI)
CD4*
T (CHX) 10.8 (471) 70.6 (507) 100.0 (3,550)
T (CHX) + 11.0 (420) 72.2 (585) 99.9 (3,175)
MVA-WT CLL
T (CHX) + MVA-  759(2,891) 91.0(7,368) 100.0 (6,356)
TRICOM CLL
CD8*
T (CHX) 5.2(1,075)  75.4(942) 99.9 (3,696)
T (CHX) + 2.4 (908) 77.4 (1,083) 99.7 (3,387)
MVA-WT CLL
T (CHX) + MVA-  589(4,394) 81.5(10,105) 99.7 (6,375)
TRICOM CLL

CD3* T cells from a CLL patient were treated with CHX (20 pg/mL)
and were cultured alone or with autologous MVA-WT-modified or
MVA-TRICOM-modified irradiated CLL cells at a 5:1 ratio for 4 h at
37°C. CD4* and CD8" T cells were analyzed for expression of B7-1,
ICAM-1, and LFA-3 at the end of the 4-h incubation. Results from a
representative donor are shown; comparable results were obtained for
two CLL patients

of MVA-TRICOM-modified CLL cells with blocking
Ab to LFA-3 abrogated acquisition of B7-1, ICAM-1, and
LFA-3 by autologous T cells. Acquisition of B7-1 by CD4*
T cells decreased from 28.5% for the isotype control to
9.3% with anti-LFA-3 Ab, while acquisition of ICAM-1 by

CD4* T cells was reduced from 56.5 to 37.1% with anti-
LFA-3 treatment (Figure S2A of Electronic Supplementary
Material). Ab blocking of T-cell ligands had a similar effect
on acquisition of costimulatory molecules by autologous T
cells. B7-1, ICAM-1, and LFA-3 on TRICOM-expressing
CLL cells bind to CD28, CD11a, and CD2, respectively, on
the surface of T cells. While T cells from CLL patients
sometimes show marked reductions in the surface expres-
sion of key costimulatory and adhesion molecules, includ-
ing CD28 and CD11a [21], CD3* T cells from the patients
assayed in this paper expressed CD28 (97.8% =+ 3.5),
CDl1l1a (97.2% = 2.5), and CD2 (98.7% =+ 2.0). Ab block-
ing of CD28 decreased acquisition of B7-1 by CD4* T cells
from 26.7% (isotype control) to 12.8% (Figure S2B of
Electronic Supplementary Material). Blocking of CD2
abrogated acquisition of B7-1, ICAM-1, and LFA-3 (Figure
S2B of Electronic Supplementary Material; data not
shown). These studies further demonstrate that transfer of
costimulatory molecules from MVA-TRICOM-modified
CLL cells to T cells is largely dependent upon ligation of
LFA-3/CD2 and, to a lesser extent, B7-1/CD28.

Analysis of B7-1 mRNA expression in autologous
T cells from CLL patients

Of the three costimulatory molecules examined in this
study, B7-1 alone is negligibly expressed on untreated T
cells. To further demonstrate that T cells were acquiring
B7-1 from MVA-TRICOM-modified CLL cells rather than
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upregulating endogenous expression, we performed RT-
PCR analysis for B7-1, the T-cell marker CD3, and the B-
cell marker CD19. Autologous T cells from CLL patients
were incubated with irradiated MVA-TRICOM-modified
CLL cells for 4 h at 37°C, purified by depletion of B cells,
and subjected to RNA isolation. Autologous T cells exhib-
ited increased surface expression of B7-1 by flow cytome-
try following incubation with TRICOM-expressing CLL
cells (Fig. 4a). However, no amplification of B7-1 was
observed by RT-PCR in unmodified T cells or T cells incu-
bated with MVA-TRICOM-modified CLL cells, while CD3
was uniformly amplified in all samples (Fig. 4b). To estab-
lish the sensitivity of the RT-PCR for B7-1, EBV-trans-
formed B cells were diluted into T cells from a healthy
donor prior to RNA isolation. The B7-1 message could be
detected from 10,000 EBV-transformed B cells diluted in
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1 x 107 T cells (1:1,000) (data not shown). These results
further demonstrate that the increase in surface expression
of B7-1 on autologous T cells after incubation with MVA-
TRICOM-modified CLL cells is not due to upregulation of
endogenous B7-1, but rather to acquisition from the CLL
cells. Because CD19 was not amplified from the purified T
cells (data not shown), the results also indicate that after a
4-h incubation with MVA-TRICOM-modified CLL cells,
purified T cells are free of contaminant CLL cells.

APC function of T cells from CLL patients that have
acquired costimulatory molecules from MVA-TRICOM-
modified CLL cells

We examined whether T cells from CLL patients that had
acquired costimulatory molecules from MVA-TRICOM-
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Fig. 4 PCR analysis and APC function of T-cell fractions following
acquisition. a CD3* T cells from a CLL patient were cultured alone or
with autologous MVA-TRICOM-modified irradiated CLL cells at a
5:1 ratio for 4 h at 37°C. B7-1 expression by CD4* (left) and CD8*
(right) T cells was analyzed by flow cytometry at the end of the 4-h
incubation. T cells simultaneously stained for CD19 exhibited <0.3%
expression of the B-cell marker. b T cells from the same acquisition as
shown in panel a were purified by negative selection. Isolated RNA
(0.04 pg) was used in RT-PCR reactions for human B7-1 and CD3, and
products were reamplified by PCR. Lane I T cells alone; lane 2 T cells
from acquisition with MVA-TRICOM-modified CLL cells; lane 3 pos-
itive control for B7-1: EBV-transformed B cells diluted into T cells
from a healthy donor; lane 4 negative control: no template. ¢, d T cells
from CLL patients were cultured with either unmodified, MVA-WT-
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modified, or MVA-TRICOM-modified irradiated CLL cells at a 5:1
ratio for 2 h at 37°C, following which the T cells were purified by
negative selection. ¢ Purified CD3" T cells from acquisition with MV A-
TRICOM-modified CLL cells were analyzed for expression of CD19
(left) and CD40 (right). Results from one representative patient are
shown. The level of contamination by CLL cells was <0.5%. d Puri-
fied T cells from acquisition were irradiated and cocultured with autol-
ogous (Patients 7 and 8) or allogeneic (Patient 9) untreated T cells from
a CLL patient at a 1:1 ratio (2.5 x 10* cells/well) in triplicate wells of
96-well round-bottom culture plates that had been pre-coated with
0.01 pg/mL anti-CD3 Ab as stimulant. Proliferation was measured by
3H-thymidine incorporation on day 6 of culture. Stimulation index was
calculated as average cpm (T cells + irradiated T cells)/average cpm
(T cells alone)
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modified CLL cells could function as APCs to untreated T
cells. T cells from CLL patients were cultured with either
unmodified, MVA-WT-modified, or MVA-TRICOM-mod-
ified irradiated CLL cells at a 5:1 ratio for 2 h at 37°C, after
which the T cells were purified by depletion of B cells. As a
control for possible CLL contamination, aliquots of the
purified T cells were stained for CD19 and CD40; all
groups exhibited <0.5% expression of the B-cell markers
(shown for T cells from acquisition with MVA-TRICOM-
modified CLL cells from one representative patient in
Fig. 4c). The purified T cells from acquisition were irradi-
ated and cocultured with untreated T cells from a CLL
patient at a 1:1 ratio in a proliferation assay, on plates pre-
coated with 0.01 pg/mL anti-CD3 Ab as stimulant. T cells
that had acquired costimulatory molecules from MVA-
TRICOM-modified CLL cells induced anti-CD3-mediated
proliferation of the effector T cells (stimulation indexes of
4.9, 44.6 and 3.2 for three patients assayed; Fig. 4d). T cells
that had been incubated with unmodified or MVA-WT-
modified CLL cells (and had not acquired costimulatory
molecules) did not function as APCs in the proliferation
assay (Fig. 4d). Thus, T cells from CLL patients that had
acquired costimulatory molecules from TRICOM-express-
ing CLL cells were capable of functioning as APCs to
untreated T cells.

Discussion

Chronic lymphocytic leukemia is a disease in which both
malignant B cells and nonmalignant T cells exhibit dys-
function. CLL cells show decreased expression of costimu-
latory molecules such as B7-1 and B7-2, resulting in an
inability to provide an adequate signal 2, which is required
for T-cell activation [2, 7, 25]. Equally important, T cells
from CLL patients show an inverted CD4/CDS8 ratio,
altered cytokine production, and decreased mitogenic and
allogeneic responses, despite their increased absolute num-
bers and enhanced expression of activation markers [2, 22].
Current therapies for CLL, including the nucleoside analog
fludarabine and the monoclonal Ab alemtuzumab, can fur-
ther depress T cell-mediated immunity, thereby diminish-
ing the potential for tumor control and increasing the risk of
opportunistic infections [19]. Thus, there is substantial
interest in developing CLL-specific immunotherapies that
could limit tumor growth while boosting immune response.

We have previously demonstrated that modification of
CLL cells with MVA-TRICOM, a recombinant virus
encoding B7-1, ICAM-1, and LFA-3, results in increased
surface expression of these three costimulatory molecules,
with concomitant augmentation of the antigen-presenting
ability of the CLL cells [18]. We show here that both allo-
geneic and autologous CD4* and CD8* T cells exhibit

higher levels of surface expression of B7-1, ICAM-1, and
LFA-3 after a 4-h exposure to MVA-TRICOM-modified
CLL cells. We also demonstrate that allogeneic CD4" and
CD8* T cells exhibit higher levels of HLA class II, but not
HLA class I, following a 4-h incubation with MVA-TRI-
COM-modified CLL cells.

Protein synthesis inhibition experiments, and RT-PCR
analysis in the case of B7-1, provided evidence that higher
surface expression by T cells of the three costimulatory
molecules and HLA class II was the result of physical
acquisition from the CLL cells. These results are consistent
with previous reports which show the transfer of B7 and
ICAM-1 from APCs to T cells [10, 20, 23], as well as the
transfer of MHC class II from allogeneic APCs to human T
cells [4, 24]. For ICAM-1 and LFA-3, which are more
widely expressed by T cells prior to incubation with MVA-
TRICOM-modified CLL cells, the possibility remains that
the increased surface expression results from redistribution
of pre-formed molecules within the T cell. Further experi-
ments could more directly assess whether acquisition is
occurring by utilizing CLL cells which are infected with
MVA virus expressing GFP-tagged TRICOM molecules.

We also show by Ab-mediated blocking experiments that
the acquisition of the three costimulatory molecules and
HLA class II was mainly dependent on the interaction
between LFA-3/CD2, while the interaction between ICAM-
1/LFA-1 had a negligible effect on acquisition. These results
are consistent with previous reports in other cell types show-
ing the importance of LFA-3 in the transfer of B7-1 and
MHC class II from APCs to T cells [4, 24]. Acquisition of
B7-1 was similarly abrogated by Ab blocking directed
against B7-1 or the correspondent CD28 ligand, which is
also in accordance with previous studies showing CD28-
mediated absorption of B7 molecules by T cells [10]. The
relative importance of these receptor/ligand pairs in the
acquisition of costimulatory molecules may mirror their rel-
ative importance in forming and stabilizing the immunologi-
cal synapse between T cell and APC. For instance,
interaction between CD2 and LFA-3 is thought to form a
complex with the same dimensions as the TCR-peptide/
MHC complex, which favors close membrane proximity
and stabilizes the synapse by excluding larger molecules,
such as CD43 and CD45, from the contact interface [15]. In
contrast, the larger ICAM-1 molecule is excluded from the
central SMAC and, perhaps because of this exclusion,
appears to play no role in the T-cell acquisition process,
except in those cases where T cells are absorbing molecules
from exosome-like membrane vesicles shed from APCs
[11]. Consistent with this observation, our results also indi-
cate that transfer of costimulatory molecules from CLL cells
to T cells is independent of membrane vesicles.

Acquired molecules have previously been shown to alter
the function of T cells in vitro and in vivo. Zhou et al.
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demonstrated that naive T cells can acquire B7-1/MHC
molecules from professional APCs, and that these acquired
molecules can sustain T-cell activation/proliferation in the
absence of APCs [27]. It has also been shown that CD4*
and CD8" T cells from HIV-infected individuals express
increased levels of B7-1 and B7-2, which allow the T cells
to act as APCs [12, 26]. Further, T cells from myeloma
patients have been demonstrated to acquire B7 antigens,
and this phenotype seems to be associated with stable dis-
ease [3]. We have shown here for the first time that, after
acquiring costimulatory molecules from MVA-TRICOM-
modified CLL cells, T cells from CLL patients are capable
of functioning in vitro as APCs to untreated T cells from
CLL patients. T cells which acquired costimulatory mole-
cules provided signal 2 to untreated T cells in an anti-CD3-
mediated proliferation assay. To more closely mimic the
situation in vivo, further experiments could assess the
capacity of the modified T cells to stimulate an antigen-spe-
cific response against a recall antigen, for example by puls-
ing T cells which acquired costimulatory molecules with a
peptide epitope from influenza virus. Previous studies from
our laboratory have shown that CD4* TCR-transgenic T
cells which have acquired costimulatory molecules can
effectively stimulate antigen-specific proliferation and cyto-
kine production [27]. Undale et al. also demonstrated that T
cells which have acquired MHC class II can present peptide
to antigen-specific CD4* T cells [24].

While it is difficult to deduce the implications of this
acquisition in vivo, we speculate that T cells which acquire
costimulatory molecules will amplify the immune stimula-
tion induced by MVA-TRICOM-modified CLL cells used
as a vaccine. Unmodified CLL cells express low levels of
costimulatory molecules, and thus cannot provide a signal 2
adequate for T-cell activation. In vivo, circulating T cells
that have contact with unmodified CLL cells will thus
likely be activated only by signal 1, which could lead to
anergy. However, T cells in vivo that acquire costimulatory
capacity through contact with MVA-TRICOM-modified
CLL cells administered via a vaccine may be able to deliver
the missing signal 2 to those T cells activated by unmodi-
fied CLL cells, thereby enhancing immune response. We
further showed that allogeneic T cells also acquire HLA
class II from MVA-TRICOM-modified CLL cells, and
other groups have previously shown that T cells can acquire
entire peptide-MHC complexes from APCs [1, 8, 10, 20,
24], suggesting the possibility that T cells following acqui-
sition could deliver both signals 1 and 2 to activate leuke-
mia-specific T cells. This phenomenon of acquisition of
costimulatory molecules by T cells has previously been
shown in murine models to have potentially important bio-
logic implications. In the literature, naive CD4" T cells
which acquired B7 stimulated the proliferation of untreated
T cells [20, 27], whereas memory CD4* T cells which
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acquired B7 were more susceptible to apoptosis in vitro and
in vivo, a susceptibility dependent on the strength of signal
1 [17, 20]. Also, in a previous report, CD8" T cells which
acquired peptide/MHC complexes became susceptible to
fratricide killing by neighboring T cells [8]. Future experi-
ments should be performed to clarify the distinction
between effects on naive versus memory T cells.

This study thus further supports the rationale for the use
of CLL cells modified ex vivo with MVA-TRICOM as a
whole tumor-cell vaccine for the immunotherapy of CLL.
Given the profound immune deficiencies characteristic of
CLL, the ability to enhance the antigen-presenting function
of CLL cells and T cells simultaneously could be a distinct
advantage in the effort to elicit an effective immune
response.
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