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Abstract

 

CD40–CD40-ligand (CD154) interactions play a critical role
in immune activation. Using replication defective adenovirus
encoding mouse CD154 (Ad-CD154), we modified human
chronic lymphocytic leukemia B cells to express a func-
tional ligand for CD40. This not only induces expression of
immune accessory molecules on the infected cell, but also
allows it to 

 

trans

 

-activate noninfected bystander leukemia B
cells. Also, factors that impair the antigen-presenting ca-
pacity of leukemia B cells are downmodulated. Ad-CD154–
infected leukemia cells are highly effective stimulators in
mixed lymphocyte reactions and can induce generation of
cytotoxic T lymphocytes specific for autologous nonmodi-
fied leukemia cells. As such, Ad-CD154 can induce a host
antileukemia response that may have therapeutic potential.
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Introduction

 

B cell chronic lymphocytic leukemia (CLL)

 

1

 

 is an accumula-
tive disease of slowly dividing, monoclonal B cells that express
differentiation antigens, class I and II molecules of the MHC,
and surface Ig (1, 2). The Ig expressed in this disease, although
often encoded by nonmutated Ig variable region genes, has
features that distinguish it from the Ig expressed by normal,
nonmalignant B cells (3, 4). Furthermore, CLL B cells fre-
quently harbor complex cytogenetic abnormalities that often
accumulate over time (1, 2, 5–8). In view of the CLL B cell’s
slow growth kinetics, expression of MHC class I and II mole-

cules, and propensity to express proteins that distinguish it
from other somatic cells, including normal B lymphocytes, the
leukemia B cells should be susceptible to host immune recog-
nition.

However, despite expressing MHC class II molecules, CLL
B cells are ineffective antigen-presenting cells (APCs). These
leukemia cells are unable to stimulate T cells in allogeneic mix
lymphocyte reactions, in part because they lack expression of
important costimulatory accessory molecules necessary for ef-
ficient T cell activation (9–11). Furthermore, leukemic B cells
can downmodulate the levels of stimulatory T cell surface mol-
ecules that are induced in response to antigen (12). For these
reasons, it may be necessary to change the phenotype of the
leukemia B cell to stimulate a host antileukemia immune re-
sponse.

Exposure of leukemia cells to sufficient numbers of acti-
vated T cells can induce dramatic changes in the CLL cell sur-
face phenotype within 48–72 h (9). The signals are mediated
largely by members of the TNF family of ligands and receptors
expressed on activated T cells and leukemic B cells, respec-
tively. A critical surface molecule is the ligand for CD40
(CD154), a class II membrane glycoprotein (9–11, 13–16). This
molecule is expressed transiently on CD4

 

1

 

 T cells within 4 h
after ligation of the T cell receptor CD3 complex, and then is
rapidly downmodulated (12, 17–19). Expression of CD154 al-
lows activated T cells to stimulate CD40-bearing B cells,
monocytes, and dendritic cells into expressing other immune
accessory surface molecules that are important in cognate co-
stimulatory cell–cell interactions (9–11, 20–22). Activated T
cells also can engage CD40 on the leukemia B cell surface.
This, along with signals derived from TNF itself, triggers a cas-
cade of events that ultimately results in the leukemia cell ex-
pressing a variety of heretofore nonexpressed stimulatory sur-
face accessory molecules, such as CD80 (B7-1). Such changes
allow the leukemic cell to stimulate allogeneic nonactivated T
cells to respond productively to presented antigens, potentially
also to those peculiar to the leukemia cell clone.

To extend these findings into a practical and efficient strat-
egy for immune therapy of CLL, we examined whether CLL B
cells could express genes encoding a functional ligand for
CD40. Previously we found that high proportions of CLL B
cells from any one patient could be made to express a selected
transgene using high-titer replication-defective recombinant
adenovirus vectors (23). As such, we constructed adenovirus
vectors encoding either human or mouse CD154. Because sol-
uble, recombinant mouse CD154 had been found to bind hu-
man CD40 (24), the rationale underlying construction of the
latter was to generate a vector encoding a functional heterolo-
gous ligand for human CD40 that could be distinguished from
endogenously expressed human CD154 on infected human
cells. We examined whether infection of CLL cells with either
vector could induce changes in the leukemia B cell phenotype
that could facilitate T cell immune recognition.
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Methods

 

Cells.

 

After informed consent, blood was obtained from patients sat-
isfying diagnostic criteria for B cell CLL (1, 2). Approximately 97%
of the mononuclear cells isolated via Histopaque 1077 (Sigma Chemi-
cal Co., St. Louis, MO) coexpressed CD19 and CD5, as assessed by
flow cytometry. CLL B cells were frozen in FCS containing 10%
DMSO (Sigma Chemical Co.) and stored in liquid nitrogen before
use. Autologous T cells were isolated from the PBMC of CLL pa-
tients using anti-CD4– and anti-CD8–conjugated magnetic beads
(Dynal, Lake Success, NY). After incubation with PBMC (5 

 

3

 

 10

 

7

 

)
and magnetic beads (200 

 

m

 

l/each) for 1 h at 4

 

8

 

C, magnetic bead–
bound CD4

 

1

 

 and CD8

 

1

 

 

 

T cells were eluted by DETACHaBEAD
(200 

 

m

 

l) according to the manufacturer’s instructions. The purified
cells (

 

z 

 

3 

 

3

 

 10

 

6

 

) were analyzed by flow cytometry and found to be
lymphocytes, of which 

 

. 

 

95% expressed CD3.
Allogeneic T cells were purified from PBMC of normal healthy

donors via density gradient centrifugation in Histopaque 1077 (Sigma
Chemical Co.). Monocytes and B cells were depleted by adherence to
anti-CD14– and anti-CD19–conjugated magnetic beads (Dynal).
Magnetic depletion of bead-bound cells resulted in 

 

. 

 

95% pure
CD3

 

1

 

 T cells, as determined by flow cytometry.
HeLa cells were obtained from the American Type Culture Col-

lection (Bethesda, MD) and cultured in RPMI 1640, supplemented
with 10% fetal calf sera. To harvest cultured cells we removed the
culture media and added 10 mM EDTA in PBS (pH 7.2) for 5 min at
37

 

8

 

C. The cells were harvested and then washed in media.

 

Adenovirus vectors.

 

The adenovirus vector encoding 

 

b

 

-gal, Ad-
lacZ, was as described (23). To generate the adenovirus vector encod-
ing human CD154, we obtained the cDNA encoding human CD154
(25) from Dr. Melanie K. Spriggs (Immunex, Seattle, WA). To gener-
ate the adenovirus vector encoding the murine CD154, we isolated
total RNA using the RNA STAT-60 kit (Tel-Test “B” Inc., Friends-
wood, TX) from 10

 

7

 

 B6 mouse splenocytes that were previously acti-
vated for 8 h with immobilized CD3-specific mAb. The cDNA were
synthesized with the Superscript cDNA synthesis kit (GIBCO BRL,
Gaithersburg, MD) using oligo-dT primers. The murine CD154 gene
was amplified from the cDNA by PCR using the sense primer 5

 

9

 

-GTT-
AAGCTTTTCAGTCAGTCAGCATGATAGAA-3

 

9

 

 (nt 2–21) and
antisense primer 5

 

9

 

-GTTTCTAGATCAGAGTTTGAGTAAGCC-
3

 

9

 

 (nt 795–778). The cDNA encoding either human or mouse CD154
was subcloned into the multiple cloning sites of an eukaryotic expres-
sion vector pRc/CMV (Invitrogen, San Diego, CA). A DNA frag-
ment encompassing the CMV promoter, either human or mouse
CD154, and a polyadenylation signal was released from this plasmid
construct after restriction digestion with BglII and XhoI enzymes.
Each of these DNA fragments was subcloned into the shuttle plasmid
MCS(SK)pXCX2 (23), designated human or mouse CD154 pXCX2.
The human or mouse CD154 pXCX2 plasmid was cotransfected with
pJM17 into 293 cells (American Type Culture Collection) using the
calcium phosphate method. Isolated adenovirus plaques were picked
and expanded by reinfecting 293 cells. High titer adenovirus prepara-
tions were obtained, as described (23). The virus titer was determined
by infecting 293 cells with serial dilutions of the purified adenovirus
and counting the number of plaques formed. Viral titers typically
ranged from 10

 

10

 

 to 10

 

12

 

 plaque forming units per milliliter.
HeLa cells or 10

 

6

 

 freshly thawed and washed CLL B cells were
suspended in 1 ml of culture medium at 37

 

8

 

C and infected with ade-
novirus vectors at various moi ratios (1–1,000). Adenovirus vectors
encoding human CD154, murine CD154, or lacZ, designated Ad-
hCD154, Ad-CD154, or Ad-lacZ respectively, were added to the
CLL cells at an moi of 1,000, as described (23).

 

Flow cytometry.

 

The cells were washed and then suspended in
staining media, consisting of RPMI 1640, 3% FCS, 0.05% NaN

 

3

 

, and
1 

 

m

 

g/ml propidium iodide (PI) with saturating amounts of fluoro-
chrome-conjugated mAbs specific for human or mouse CD154
(PharMingen, San Diego, CA). After 30 min at 4

 

8

 

C, the cells were
washed with staining media and analyzed via flow cytometry using a

FACS-Calibur

 

®

 

 (Becton Dickinson, San Jose, CA). Dead cells stain-
ing with PI were excluded from the analyses. The relative expression
of surface antigen is described as the mean fluorescence intensity ra-
tio (MFIR). MFIR equals the MFI of cells stained with a fluoro-
chrome-conjugated antigen-specific mAb divided by the MFI of cells
stained with a fluorochrome-conjugated isotype control mAb.

Fluorescein-conjugated mAbs specific for human CD54 or CD70
were purchased from Caltag (Burlingame, CA). Fluorescein-conju-
gated mAb specific for human CD27, CD58, CD80, CD86, or CD95
and phycoerythrin (PE)-conjugated mAb specific for human or
mouse CD154 were obtained from PharMingen. For analysis of 

 

b

 

-gal
expression, the cells were stained with the 

 

b

 

-gal fluorescent substrate,
fluorescein di-

 

b

 

-

 

D

 

-galactopyranoside (Molecular Probes, Eugene,
OR), as described (23).

 

ELISA for soluble CD27.

 

Soluble CD27 was measured by ELISA
using two non–cross-blocking CD27 mAbs (clones M-T271 and L128
[26]) provided by Dr. Ko Okumura (Juntendo University, Tokyo, Ja-
pan). For this, polystyrene microtiter plates were coated with M-T271
at 5 

 

m

 

g/ml in 0.2 M phosphate buffer (pH 9.0). The plates were
washed with PBS and treated for 2 h at room temperature with block-
ing buffer (1% BSA and 0.01% sodium azide in PBS). The plates
were washed four times with wash buffer (0.05% Tween 20 in PBS)
and incubated for 1 h at room temperature with culture supernatants
diluted in blocking buffer. As a standard, we used a CD27-Ig fusion
protein (27), provided by Dr. Raymond Goodwin (Immunex Corp.).
The plates were washed four times with wash buffer and incubated
for 1 h with biotinylated L128 mAb at 5 

 

m

 

g/ml in blocking buffer.
Washed plates then were treated sequentially with Avidin and then
biotinylated horseradish peroxidase (Elite Vectastain™; Vector Lab-
oratories, Burlingame, CA), that then was allowed to react with its
substrate TMB peroxidase (Kirkegaard & Perry Laboratories, Gaithers-
burg, MD). The OD at 450 nm was determined using an ELISA mi-
croplate reader (Molecular Devices, Menlo Park, CA).

 

Trans-activation assay.

 

CD154-CLL or CLL B cells were prela-
beled with a green fluorescence dye (CellTracker™ Green CMFDA;
Molecular Probes) at a concentration of 40 

 

m

 

M for 15 min at 37

 

8

 

C.
After washing, the green fluorescence–labeled CD154-CLL B cells,
or the green fluorescence–labeled control CLL B cells, were cocul-
tured with noninfected, nonstained CLL B cells at 37

 

8

 

C. After 2 d, ex-
pression of CD54 and CD86 on noninfected, green fluorescence–
negative CLL B cells was analyzed by PE-conjugated anti-CD54 and
anti-CD86 mAbs (PharMingen).

 

Mixed lymphocyte reactions (MLTR).

 

Allogeneic MLTR were
performed using a protocol modified from one described previously
(9–11). Adenovirus vectors encoding murine CD154 or lacZ, desig-
nated Ad-CD154 or Ad-lacZ, respectively, were added to the CLL
cells at an moi of 1,000. CLL B cells were cultured for 3 d at 10

 

6

 

 cells/ml
in serum-free AIM-V culture medium (GIBCO BRL), supplemented
with human IL-4 (R&D Systems, Minneapolis, MN) at 10 ng/ml. Al-
ternatively, CLL cells were stimulated with G28-5 mAb (28) (pro-
vided by Dr. Edward Clark, University of Washington, Seattle, WA),
or an isotype control mAb, MOPC21, presented by murine CD32-L
cells in AIM-V media supplemented with 10 ng/ml of IL-4, as de-
scribed (9, 29).

After 3 d, adenovirus-infected or anti-CD40–stimulated CLL B
cells were harvested and treated with mitomycin C (Sigma Chemical
Co.) at a concentration of 60 

 

m

 

g/ml for 1 h at 37

 

8

 

C to inhibit prolifera-
tion. These cells then were washed three times and plated into a 96-
well U-bottom culture plate (Corning, Cambridge, MA) at 5 

 

3

 

 10

 

4

 

cells/well for use as stimulator cells. Purified normal T cells in AIM-V
medium were added at 2 

 

3

 

 10

 

5

 

 cells/well in a final total volume of 200 

 

m

 

l,
and plates were incubated at 37

 

8

 

C, 5% CO

 

2

 

. After 2 d, cell-free super-
natants were collected and tested for human IFN-

 

g

 

 by ELISA using
two mAbs obtained from PharMingen, according to the manufac-
turer’s instructions. Serial dilutions of recombinant human IFN-

 

g

 

(Sigma Chemical Co.) was used as the standard. After 5 d, the prolif-
erative response was measured by supplementing the cultures with
0.5 

 

m

 

Ci/well [

 

3

 

H]thymidine (DuPont/NEN, Boston, MA) for 8 h be-
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fore harvesting the cells onto glass fiber filters. Filter-bound [

 

3

 

H]thy-
midine incorporated into newly synthesized DNA was measured us-
ing a scintillation counter (Beckman Instruments, Fullerton, CA)

For the autologous MLTR, T lymphocytes were isolated from the
blood mononuclear cells of patients with CLL to 

 

. 

 

95% purity, as de-
scribed. Purified T cells (2 

 

3

 

 10

 

5

 

) were cocultured with various stimu-
lators (5 

 

3

 

 10

 

4

 

) in AIM-V serum-free medium supplemented with re-
combinant human IL-2 (Sigma Chemical Co.) at 25 U/ml for various
time periods. IFN-

 

g

 

 concentration was assessed in supernatants after
48 h of culture, and [

 

3

 

H]thymidine incorporation was measured for
the last 8 h of a 5-d culture. 5 d after autologous MLTR, T cells were
isolated over Histopaque and further cultured for 1 d in AIM-V me-
dium without exogenous IL-2 for use as effector cells in the cytotoxic
T lymphocyte (CTL) assay.

 

CTL assay.

 

Cytolytic activity against CLL B cells was deter-
mined by the modified annexin V assay (30, 31). T cells from autolo-
gous MLTR (10

 

5

 

) were cocultured in AIM-V medium with freshly
thawed and noninfected CLL B cells (5 

 

3

 

 10

 

4

 

) in 96-well U-bottom
plates for 3 h at 37

 

8

 

C. Cells were stained with PE-conjugated CD19
followed by staining with FITC-labeled annexin V (PharMingen) plus
PI and analyzed by flow cytometry. Apoptotic target CLL B cells
gated on PE-CD19

 

1

 

 appeared in the FL-1

 

1

 

 region, and the percent-
age of cytolysis was calculated from the following formula: 

 

% cytoly-
sis

 

 

 

5 

 

100 

 

3

 

 

 

number of FL-1–positive target cells

 

/

 

number of total target
cells gated on CD19

 

1

 

 cells

 

. In some experiments, mAbs were added to
effector and target cells upon initiation of the assay to a final concen-

tration of 3 

 

m

 

g/ml. These included the anti–HLA class I mAb, W6/32
(32), the polymorphic anti–HLA-DP mAb, B7/21 (33) (Becton Dick-
inson), the anti–Fas-ligand mAb, NOK3 (34) from Dr. Ko Okumura,
or an isotype control Ig of irrelevant specificity, MOPC21 (Phar-
Mingen).

 

Results

 

Expression of native or heterologous CD154 in CLL B cells.

 

We generated adenovirus vectors encoding either human or
mouse CD154. HeLa cells infected with either adenovirus vec-
tor expressed high levels of human or mouse CD154, as as-
sessed by flow cytometry (Fig. 1, 

 

A

 

 and 

 

B

 

). However, infection
of CLL B cells with the adenovirus encoding human CD154
(designated Ad-hCD154) did not result in detectable surface
expression of CD154, even at high moi ratios (e.g., 

 

. 

 

10

 

4

 

) (Fig.
1 

 

C

 

). On the other hand, the adenovirus vector encoding the
mouse CD154 (designated Ad-CD154) could effect stable,
high-level surface expression of a ligand for CD40 on infected
leukemia cells (Fig. 1 

 

D

 

). Moreover, surface expression reached
a peak level at 48 h after infection and persisted at high levels
for at least 6 d thereafter (Fig. 2).

 

Induction of immune accessory molecules on infected CLL
B cells.

 

Adenovirus-infected CLL cells from each of seven
different patients were evaluated for induced expression of
various immune accessory molecules important in cognate
B cell–T cell interactions. In contrast to mock-infected or
Ad-lacZ–infected CLL cells (Fig. 3, 

 

thin-lined histograms

 

),
CLL cells infected with Ad-CD154 (designated CD154-CLL)
expressed high levels of CD54 (Fig. 3, 

 

top left

 

), CD80 (Fig. 3,

 

top middle

 

), CD86 (Fig. 3, 

 

top right

 

), CD58 (Fig. 3, 

 

bottom
left

 

), CD70 (Fig. 3, 

 

bottom middle

 

), and CD95 (Fig. 3, 

 

bottom
right

 

). On the other hand, CD154-CLL expressed significantly
lower levels of both surface membrane CD27 (Fig. 4 

 

A

 

) and
soluble CD27 (Fig. 4 

 

B

 

) than mock-infected or Ad-lacZ–

Figure 1. Infection of HeLa cells (A and B) or CLL cells (C and D) 
with adenovirus vectors encoding CD154. HeLa cells were infected at 
an moi of 10, whereas CLL cells were infected at an moi of 1,000, with 
adenovirus vectors encoding human (A and C) or mouse (B and D) 
CD154. The cells were analyzed for expression of CD154 by flow cy-
tometry 2 d after infection. Shaded histograms represent the fluores-
cence of cells stained with a FITC-conjugated isotype control mAb. 
Open histograms represent the fluorescence of cells stained with 
FITC-conjugated mAb specific for human (A and C) or mouse (B 
and D) CD154.

Figure 2. Time course of transgene expression in Ad-CD154–
infected CLL B cells. CLL B cells were infected with Ad-CD154, at 
an moi of 1,000 at time 0, and then assessed by flow cytometry at var-
ious times thereafter. At each time point listed on the abscissa, the 
proportions of viable CLL B cells that expressed detectable CD154 
are indicated by the vertical bars corresponding to the percent scale 
depicted on the right-hand ordinate. The MFIR, comparing the fluo-
rescence intensity of CD191 CLL cells stained with PE-labeled 
CD154 versus the same stained with a PE-labeled isotype control 
mAb at each time point, are represented by the closed circles con-
nected by solid lines according to the scale provided on the left-hand 
ordinate.
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infected CLL cells (

 

P

 

 

 

, 

 

0.01, Bonferroni 

 

t

 

 test). These results
were consistent for the leukemia cells of each of seven patients
studied. The reduced expression of CD27 is similar to that
noted for leukemia B cells stimulated via CD40 cross-linking
with mAb G28-5 presented by CD32-expressing L cells (Fig.
4 

 

B

 

) (10).

 

Trans-activation of noninfected bystander leukemia B cells.

 

To address whether these phenotypic changes resulted from
intracellular versus intercellular stimulation, we examined the
effect of culture density on the induced expression of CD54
and CD80 after infection with Ad-CD154. After infection,
CLL cells were cultured at standard high density (e.g., 10

 

6

 

cells/ml) or low density (e.g., 2 

 

3

 

 10

 

5

 

 cells/ml) for 3 d at 37

 

8

 

C.
Cells plated at high density contained homotypic aggregates,
whereas cells plated at low density remained evenly dispersed
and without substantial cell–cell contact (data not shown). De-
spite expressing similar levels of heterologous CD154, CD154-
CLL B cells cultured at high density were induced to express

higher levels of CD54 and CD80 than CD154-CLL cells cul-
tured at low density (Fig. 5 

 

A

 

). The stimulation achieved at
high density could be inhibited by culturing the cells with a
hamster anti–mouse CD154 mAb capable of blocking CD40–
CD154 interactions (Fig. 5 

 

B

 

, 

 

a

 

CD154 Ab

 

). Collectively, these
studies indicate that CD154-CLL cells can activate each other
in 

 

trans

 

 and that surface expression of CD154 is necessary for
optimal leukemia cell stimulation.

We labeled Ad-CD154–infected, mock-infected, Ad-lacZ–
infected, or G28-5–stimulated CLL cells with a green fluores-
cence dye to examine whether CD154-CLL could stimulate
noninfected bystander leukemia cells. Dye-labeled cells were
used as stimulator cells for equal numbers of nonlabeled syn-
geneic CLL B cells. After 2 d of culture, stimulator cells cul-
tured by themselves retained the green fluorescence dye, al-
lowing such cells to be distinguished from nonlabeled CLL
cells by flow cytometry. We found that bystander (green fluo-
rescence–negative) CD19

 

1

 

 CLL B cells were induced to ex-

Figure 3.  Changes in surface
antigen phenotype of CLL B 
cells infected with Ad-CD154 
(CD154-CLL). 3 d after infec-
tion, the CLL B cells were exam-
ined for surface expression of 
CD54 (ICAM-1), CD80 (B7-1), 
CD86 (B7-2), CD58 (LFA-3), 
CD70 (CD27-ligand), and CD95 
(Fas) by flow cytometry. Shaded 
histograms represent staining of 
CLL B cells with FITC-conju-
gated isotype control mAb. 
Open histograms represent 
staining of noninfected CLL 
cells (thin lines) or CD154-CLL 
(thick lines) with FITC-conju-
gated specific mAb, respectively.

Figure 4. (A) CD154-CLL ex-
press reduced levels of surface 
CD27. 3 d after infection, the 
CLL B cells were examined for 
expression of CD27 via flow cy-
tometry. Shaded histograms rep-
resent staining of CLL B cells 
with FITC-conjugated isotype 
control mAb. Open histograms 
represent staining of noninfected 
CLL cells (thin lines) or CD154-
CLL (thick lines) with FITC-
conjugated aCD27 mAb, respec-
tively. (B) Production of soluble 

form of CD27 by CLL B cells. Cell-free supernatants were collected after the infection or stimulation of CLL B cells for 72 h and tested for the 
concentration of human CD27 by ELISA. Data represent the mean6SE of triplicate wells.
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press CD54 (Fig. 5 C, right histogram) or CD86 (Fig. 5 D, right
histogram) when cocultured with Ad-CD154–infected leuke-
mia B cells, but not with mock-infected CLL cells (Fig. 5, C
and D, left histograms), G28-5–stimulated CLL cells, or Ad-
lacZ–infected CLL cells (data not shown). As expected, these
bystander (green fluorescence–negative) CLL cells also were
negative for heterologous CD154.

Allogeneic mixed T cell reactions. We evaluated whether
Ad-CD154–infected, Ad-lacZ–infected, or mock-infected leu-
kemia B cells could act as stimulator cells in an allogeneic
MLTR. In parallel, we also examined the stimulatory capacity
of leukemia B cells that had been cultured with CD32-L cells
and an anti-CD40 mAb (G28-5) or an isotype control Ig, as de-
scribed (9, 28, 35). Effector T cells from a nonrelated donor
were cocultured with mitomycin C–treated leukemia stimula-
tor cells at an effector to target ratio of 4:1. After 18 h of cul-
ture at 378C, . 30% of the allogeneic CD31 cells were found
to express the activation-associated antigen CD69 when cul-
tured with CD154-CLL cells (data not shown). In contrast,
, 4% of the T cells expressed CD69 when cocultured with
mock-infected or Ad-lacZ–infected CLL cells (data not shown).

2 d after the initiation of the MLTR, we assessed the con-
centrations of IFN-g in the culture supernatants by ELISA.
The supernatants of the MLTR stimulated with CD154-CLL
cells (Fig. 6 A, CD154-CLL) contained significantly higher lev-
els of IFN-g (30665 ng/ml, mean6SE, n 5 3) than that of
MLTR cultures stimulated with the anti-CD40 mAb (Fig. 6 A,
aCD40-CLL) (2363 ng/ml) (P , 0.05, Bonferroni t test). The
latter was not significantly different from that of MLTR cul-
tures stimulated with Ad-lacZ–infected CLL cells (Fig. 6 A,
lacZ-CLL) (43610 ng/ml) (P . 0.1, Bonferroni t test). The su-

pernatants of effector cells alone, or of MLTR cultures stimu-
lated with mock-infected CLL cells (Fig. 6 A, CLL) or control
Ig-treated CLL cells (Fig. 6 A, MOPC-CLL), did not contain
detectable amounts of IFN-g (, 2 ng/ml). Similarly, none of
the leukemia B cell populations produced detectable amounts
of IFN-g when cultured alone, without added effector T cells
(data not shown).

After 5 d, cell proliferation was assessed by incorporation
of [3H]thymidine. Cultures with isotype control IgG-treated
(Fig. 6 B, MOPC-CLL) or mock-infected (Fig. 6 B, CLL)
stimulator cells did not incorporate more [3H]thymidine than
cultures without added leukemia-stimulator cells (Fig. 6 B,
None). Ad-lacZ–infected CLL B cells (Fig. 6 B, lacZ-CLL)
also were unable to stimulate allogeneic T cells to incorporate
amounts of [3H]thymidine that were much greater than that of
control cultures. In contrast, anti-CD40–stimulated leukemia
cells or CD154-CLL cells each induced significant effector cell
proliferation (Fig. 6 B, aCD40-CLL or CD154-CLL) (P ,
0.05, Bonferroni t test). Moreover, the amount of [3H]thymi-
dine incorporated by cultures stimulated with CD154-CLL
cells (41,0046761 cpm, mean6SE, n 5 3) was significantly
greater than that of cultures stimulated with equal amounts of
aCD40-CLL cells (22,93561,892 cpm, n 5 3) (P , 0.05, Bon-
ferroni t test). However, neither of these mitomycin C–treated
leukemia cell populations incorporated [3H]thymidine when
cultured without effector T cells (data not shown). Also, as de-
scribed for the MLTR between allogeneic T cells and CD40-
stimulated CLL cells (9–11), allogeneic T cell proliferation in
response to CD154-CLL could be inhibited by CTLA-4-Ig or
CD11a mAb when added at the initiation of the MLTR, indi-
cating that respective interactions between CD80/CD86 and

Figure 5. (A) Induction of sur-
face antigen on CD154-CLL
B cells at different cell densities. 
CLL B cells were infected with 
Ad-CD154 and cultured at low 
cell density (2 3 105 cells/ml) or 
high cell density (106 cells/ml), 
respectively. Expression of 
CD54 (left) or CD80 (right) was 
assessed by flow cytometry. 
Shaded histograms represent 
staining of leukemia B cells with 
a FITC-conjugated isotype con-
trol mAb. Open histograms rep-
resent CD154-CLL B cells cul-
tured at high or low density 
(arrows) that were stained with a 
FITC-conjugated mAbs specific 
for CD54 or CD80. (B) Inhibi-
tion of CD154-CLL cell activa-
tion by anti-CD154 mAb. CLL B 
cells were infected with Ad-
CD154 in the presence (aCD154 
mAb) or absence (No Ab) of 
hamster anti–mouse CD154 

mAb. After 3 d of culture, the expression of CD54 or CD80 was assessed by flow cytometry. (C and D) Expression of immune accessory mole-
cules on bystander noninfected CLL B cells induced by CD154-CLL. Noninfected CLL B cells were cocultured with green fluorescence–labeled 
noninfected CLL cells (left histograms) or green fluorescence–labeled CD154-CLL cells (right histograms) at 378C. After 2 d, the level of CD54 
or CD86 expressed by green fluorescence–negative bystander CLL B cells was determined by staining with PE-conjugated mAb specific for 
CD54 (C) or anti-CD86 (D). Shaded histograms represent staining with PE-conjugated isotype control mAb.
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CD28, or CD54 and CD11a/CD18, contribute to the noted al-
logeneic T cell reaction (data not shown).

Prior studies indicated that antigen presentation to T cells
without the signals derived from costimulatory molecules such
as CD28 can lead to specific T cell clonal anergy (36–38). For
this reason, we examined whether allogeneic T cells that had
been cultured previously with nonmodified CLL B cells, lack-
ing expression of CD80 and other immune accessory mole-
cules, could still respond to CD154-CLL cells. Allogeneic effec-
tor cells did not incorporate more [3H]thymidine in response
to nonmodified CLL cells (Fig. 6 C, CLL), or CLL cells in-
fected with Ad-lacZ (Fig. 6 C, lacZ-CLL), than when they
were cultured alone (Fig. 6 C, None). In contrast, even after
prior coculture with nonmodified CLL B cells, allogeneic ef-
fector cells could still be induced to proliferate (Fig. 6 C,
CD154-CLL) or to produce IFN-g (Fig. 6 D, CD154-CLL) in
response to CD154-CLL. Although modest amounts of IFN-g
were detected in the supernatants of such secondary cultures
when Ad-lacZ–infected leukemia cells were used as stimulator
cells (Fig. 6 D, lacZ-CLL), this level was significantly lower than
that noted for secondary cultures with Ad-CD154–infected
CLL cells (Fig. 6 D, CD154-CLL) (P , 0.05, Bonferroni t test).
Similarly, the supernatants of the leukemia cells alone (data
not shown), the effector cells alone (Fig. 6 D, None), or the
MLTR cultures stimulated with mock-infected CLL cells (Fig.
6 D, CLL) contained negligible amounts of IFN-g (, 2 ng/ml).
Collectively, these studies indicate that allogeneic effector cells
cultured with nonmodified CLL B cells are not precluded from
responding to Ad-CD154–infected CLL B cells.

Autologous T cell response and generation of CTL by
CD154-CLL. T cells isolated from the blood of CLL patients
were examined for their ability to respond to autologous
CD154-CLL B cells in vitro. T cells were isolated to . 95%
purity, and then cocultured with mitomycin C–treated autolo-
gous leukemia cells in serum-free AIM-V medium supple-

mented with exogenous IL-2, at 25 U/ml. We detected modest
[3H]thymidine incorporation (# 10,000 cpm) in cultures with-
out added stimulator cells, secondary in part to the exogenous
IL-2 (Fig. 7 A, and data not shown). However, the level of T
cell proliferation did not increase in response to mock-infected
CLL cells (Fig. 7 A, CLL) or Ad-lacZ–infected CLL cells (Fig.
7 A, lacZ-CLL). In contrast, Ad-CD154–infected CLL cells
(Fig. 7 A, CD154-CLL) induced autologous T cells to incorpo-
rate significantly more [3H]thymidine (17,36861,093 cpm, n 5
3) than any of the control cultures (P , 0.05, Bonferroni t
test). Furthermore, the MLTR stimulated with Ad-CD154–
infected CLL cells also generated significantly more IFN-g
(16563 ng/ml, n 5 3) than any of the other cultures (Fig. 7 B)
(P , 0.05, Bonferroni t test).

The T cells were harvested after 5 d from the autologous
MLTR and assessed for CTL activity against autologous CLL
B cells. T cells cocultured with autologous CD154-CLL cells
developed CTL activity for nonmodified CLL B cells, effecting
40.1% lysis (62.3%) at an effector to target ratio of 2:1 (Fig. 7
C, CD154-CLL). However, such T cells did not develop de-
tectable CTL activity for the same target cells when cocultured
with mock-infected or Ad-lacZ–infected CLL cells (Fig. 7 C).

Effector cells stimulated with autologous lacZ-CLL or
CD154-CLL were evaluated for their ability to secrete IFN-g
or manifest CTL activity against allogeneic CLL B cells. We
found that T cells stimulated in the autologous MLTR with
CD154-CLL cells, but not with lacZ-CLL cells, produced sig-
nificantly more IFN-g in response to secondary culture with
nonmodified autologous CLL B cells than with allogeneic
CLL B cells (Fig. 8 A) (P , 0.05, Bonferroni t test). Further-
more, T cells stimulated with CD154-CLL cells, but not with
lacZ-CLL cells, were cytotoxic for autologous CLL cells, but
not allogeneic CLL cells (Fig. 8 B). Similar results were ob-
tained with the autologous MLTR-activated T cells of the allo-
geneic donor, again demonstrating specific cytotoxicity for au-

Figure 6. Allogeneic T cell responses in-
duced by CD154-CLL. (A) The concentra-
tion of IFN-g in the supernatants after 48 h 
of culture is indicated on abscissa. Horizon-
tal bars represent the mean concentration 
of triplicate wells and the error bars depict 
the standard error about the mean. (B) 2 3 
105 allogeneic T cells were cultured in a 96-
well microtiter plate with 5 3 104 mitomy-
cin C–treated stimulator CLL B cells, as 
described. Wells were supplemented with 
0.5 mCi of [3H]thymidine for the final 8 h of 
a 5-d culture. Counts per minute (cpm) of 
incorporated [3H]thymidine are presented 
on the abscissa. Error bars denote the stan-
dard error about the mean cpm of triplicate 
wells. (C and D) Secondary allogeneic
T cell responses induced by CD154-CLL. 
Allogeneic T cells were cultured with mito-
mycin C–treated CLL B cells (noninfected) 
at a 4:1 (responder/stimulator) ratio. After 
4 d of primary culture, T cells were isolated 
via Ficoll density-gradient separation, 

washed extensively, and then cultured in media for 24 h. Primary stimulated T cells were restimulated with various secondary stimulators, as de-
scribed. [3H]Thymidine incorporation was measured for the last 8 h of a 3-d culture (C), and IFN-g concentration of supernatants was assessed 
by ELISA at 48 h after initiation of culture (D). Data represent mean6SE of triplicate wells.
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tologous CLL B cells (data not shown). Finally, W6/32, an
mAb to class I MHC antigens, could significantly inhibit the
cytotoxicity of T cells stimulated with CD154-CLL cells for au-
tologous CLL B cells (Fig. 8 C, aHLA-ABC) (P , 0.05, Bon-
ferroni t test). Such inhibition was not observed with mAb spe-
cific for MHC class II antigen (Fig. 8 C, aHLA-DP), mAb
specific for the Fas-ligand (Fig. 8 C, aFasL), or an isotype con-
trol mAb of irrelevant specificity (Fig. 8 C, MOPC21). Collec-
tively, these studies indicate that Ad-CD154–infected CLL
cells can induce an autologous antileukemia cellular immune
response in vitro, leading to the generation of MHC class
I–restricted CTL specific for autologous nonmodified leuke-
mia B cells.

Discussion

In this study, we demonstrate that infection of CLL B cells
with a replication defective adenovirus vector encoding mu-
rine CD154 can cause both infected and bystander leukemia
cells to become better APCs. In contrast to CLL cells infected

with a control adenovirus vector, the leukemia cells infected
with Ad-CD154 expressed high levels of a heterologous CD40-
ligand and were induced to express accessory molecules, e.g.,
CD80 (B7-1), that facilitate stimulatory B cell antigen presen-
tation to T cells (Fig. 3). Culturing Ad-CD154–infected cells
either at densities that precluded cell–cell contact or with an
anti–murine CD154 mAb that precluded CD154–CD40 inter-
actions inhibited the induced expression of such accessory
molecules (Fig. 5). Moreover, addition of a murine mAb spe-
cific for human CD40 (G28-5) to cultures of Ad-CD154–
infected leukemia cells also could inhibit the induced expres-
sion of these accessory molecules (data not shown). Finally,
Ad-CD154 infected cells could induce noninfected bystander
leukemia cells also to express these costimulatory accessory
molecules (Fig. 5). Collectively, these data indicate that the
heterologous ligand expressed on Ad-CD154 infected cells
can trans-activate infected and bystander leukemia cells via a
CD40-dependent signal.

Surprisingly, infection of CLL cells with Ad-hCD154, en-
coding human CD154, proved to be ineffective (Fig. 1 C). De-

Figure 7. Autologous T cell responses in-
duced by CD154-CLL. (A) 2 3 105 autolo-
gous T cells purified from CLL patient were 
cultured with 5 3 104 mitomycin C–treated 
stimulator CLL B cells in the presence of 
IL-2 (25 U/ml). Wells were supplemented 
with 0.5 mCi of [3H]thymidine for the final 
8 h of a 5-d culture. The cpm of incorpo-
rated [3H]thymidine are presented on the 
abscissa. Error bars denote the SE of tripli-
cate wells. (B) Cell-free supernatants were 
collected after 48 h of culture and tested for 

human IFN-g by ELISA. Data represent mean6SE of triplicate wells. (C) After 5 d of autologous MLTR, the cytolytic activities of T cells were 
tested against autologous nonmodified CLL B cells. T cells stimulated with various stimulators were mixed with noninfected (resting) CLL B 
cells at a 2:1 (effector/target) ratio for 3 h. The cells were stained with FITC–annexin V and analyzed for apoptosis by flow cytometry. The mean 
specific lysis6SE of triplicate wells was calculated as described (30, 31).

Figure 8. Specificity of CTL for autologous 
CLL B cells. After 5 d of autologous 
MLTR with CD154-CLL or lacZ-CLL, the 
T cells were isolated by Ficoll density gra-
dient centrifugation, washed extensively, 
and then cultured in media for 24 h. 
Washed T cells were mixed with autolo-
gous (Auto CLL, solid bars) or allogeneic 
(Allo-1 CLL or Allo-2 CLL, hatched or 
shaded bars) target CLL B cells. IFN-g 
concentration was assessed in the superna-
tants after 48 h of culture (A), and cytolytic 
activity was assessed at 3 h of culture (B). 
In C, mAb were added to the autologous 
leukemia target cells before the CTL assay. 
The antibody added is indicated in the col-
umn to the left of the bars. In each figure, 
the length of the bar indicates the mean 
value. The error bars represent the SE of 
triplicate samples.
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spite finding that infection of HeLa cells with Ad-hCD154 re-
sulted in high level surface membrane expression of this ligand
(Fig. 1 A), and that CLL cells infected with Ad-hCD154 ex-
pressed high levels of CD154 mRNA, as assessed by a quanti-
tative RT-PCR assay (12) (data not shown), we could not de-
tect expression of CD154 protein on the leukemia cell surface.
Moreover, we also could not detect any induced expression of
accessory molecules, such as CD80 (B7-1) or CD54, on leuke-
mia cells infected with Ad-hCD154 (data not shown). Ordi-
narily, CD154 is expressed transiently on the surface of acti-
vated human T cells and is highly susceptible to CD40-induced
downmodulation (12, 17–19). As such, the CD40 expressed by
the leukemia cells may preclude detection of CD154 on the
leukemia cell surface or induce rapid intracellular ligand re-
ceptor downmodulation. However, the failure to detect ex-
pression of human CD154 on CLL cells cannot be due to a
simple masking effect with membrane or soluble CD40, as mu-
rine CD154 also can bind human CD40 and yet can be stably
expressed on the human leukemia cell surface. Conceivably,
there may exist other posttranslational processing steps or
metabolic pathways that also preclude expression of functional
native CD154 on the leukemia B cell surface. In any case, the
mouse CD154 does not seem affected, allowing for the high-
level, stable surface expression of a molecule capable of cross-
linking the CD40 expressed by leukemia B cells. As such, the
heterologous transgene has a distinct advantage over its hu-
man counterpart in modifying human leukemia cells into be-
coming more proficient APCs.

As a consequence, Ad-CD154–infected leukemia cells are
highly effective stimulators of allogeneic or autologous T cells.
Ad-CD154 infected leukemia cells induced significantly higher
rates of allogeneic or autologous T cell proliferation and pro-
duction of IFN-g than nonmodified leukemia cells or leukemia
cells infected with a control adenovirus vector (Figs. 6 and 7).
Importantly, Ad-CD154–infected cells also induced genera-
tion of autologous CTL capable of mediating specific lysis of
autologous nonmodified leukemia cells in vitro (Figs. 7 C and
8). As such, CLL B cells that express murine CD154 appear
capable of inducing a host antileukemia immune response that
may be therapeutic. On the other hand, the use of mouse
CD154 may induce an immune response in vivo that could
have a negative impact on the outcome of a clinical trial testing
the response to CD154-CLL cells in patients with CLL.

Prior studies demonstrated the potential for immunother-
apy using tumor cells that were genetically engineered to ex-
press stimulatory cytokines or immune costimulatory acces-
sory molecules, such as CD80 (39–41). However, the use of
Ad-CD154–infected leukemia cells has several potential ad-
vantages over these approaches. First, infection of CLL cells
with Ad-CD154 induces expression of a stable ligand for
CD40, that in turn stimulates expression of more than just a
single immune costimulatory molecule on the infected leuke-
mia cell surface. Furthermore, leukemia cell expression of
molecules that potentially can interfere with antigen presenta-
tion, such as soluble CD27, is downmodulated in CD154-CLL
cells. Another important difference is that Ad-CD154–infected
CLL cells can induce these phenotypic changes in bystander
leukemia B cells. Such trans-stimulation may obviate having to
infect large numbers of neoplastic B cells to generate the num-
bers of modified leukemia cells necessary for inducing an ef-
fective host antileukemia immune response.

Nadler and colleagues demonstrated that the neoplastic B

cells of patients with acute lymphoblastic leukemia (pre-ALL)
or follicular lymphoma (FL) also can induce autologous T cell
immune recognition if they first are stimulated by anti-CD40
mAb or human CD154-expressing fibroblasts in vitro (42, 43).
However, Ad-CD154–infected leukemia cells induce higher
rates of autologous T cell proliferation and INF-g production
than CLL cells stimulated via exogenous CD40 mAb or CD40-
ligand. This may reflect an “adjuvant effect” of adenovirus
proteins expressed by the Ad-CD154–infected CLL B cell. Al-
ternatively, the phenotypic changes induced by Ad-CD154 in-
fection may be more resilient than those induced via exoge-
nous stimulation. In any case, the CD154-CLL cells may be
more effective for inducing CTL from autologous T cells
against nonmodified CLL cells, allowing us to consider this ap-
proach for the immunotherapy of patients with this disease.
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