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CTLA-4 is not restricted to the lymphoid cell lineage and can function as a target
molecule for apoptosis induction of leukemic cells
Maria Pia Pistillo, Pier Luigi Tazzari, Giulio Lelio Palmisano, Ivana Pierri, Andrea Bolognesi, Francesca Ferlito, Paolo Capanni,
Letizia Polito, Marina Ratta, Stefano Pileri, Milena Piccioli, Giuseppe Basso, Laura Rissotto, Roberto Conte, Marco Gobbi,
Fiorenzo Stirpe, and Giovanni Battista Ferrara

The expression of cytotoxic T-lymphocyte
antigen–4 (CTLA-4) molecule in human
normal and neoplastic hematopoietic
cells, both on the cell membrane and in
the intracellular compartment, was evalu-
ated. Flow cytometric analysis carried out
with a panel of anti–CTLA-4 human single-
chain fragment of variable domain (scFv)
antibodies revealed that CTLA-4 was not
expressed on the surface, whereas it was
highly expressed within the cytoplasm, in
freshly isolated peripheral blood mono-
nuclear cells (PBMCs), T cells, B cells,
CD34� stem cells, and granulocytes. Vari -
ous treatments with agents able to specifi-
cally activate each cell type induced
CTLA-4 expression on the surface of these

cells. Similarly, increased CTLA-4 expres-
sion was observed in different hematopoi-
etic cell lines although they also ex-
pressed surface CTLA-4, at different
degrees of intensity, before activation.
Surprisingly, CTLA-4 RNA transcripts
were detectable in such cell lines only
after nested polymerase chain reaction
(PCR) specific for CTLA-4 extracellular
domain, suggesting a very fast CTLA-4
RNA processing accompanied by pro-
longed CTLA-4 protein accumulation. We
further demonstrated surface expression
of CTLA-4 in a variety of acute and chronic
myeloid leukemias (AMLs and CMLs) and
B- and T-lymphoid leukemias, either adult
or pediatric. CTLA-4 was expressed in

25% to 85% of AMLs and CMLs depend-
ing on the leukemia subtype and the
epitope analyzed, whereas in acute B-
and T-leukemias CTLA-4 expression was
mainly cytoplasmic. Chronic B leukemias
appeared to express CTLA-4, both on the
surface and in cytoplasm, whereas few
cases tested of chronic T leukemias were
negative. Two anti–CTLA-4 immuno-
toxins (scFvs-saporin) induced in vitro
apoptosis of neoplastic cells from a repre-
sentative AML, suggesting a novel immu-
notherapeutic approach to AML based on
CTLA-4 targeting. (Blood. 2003;101:
202-209)

© 2003 by The American Society of Hematology

Introduction

Cytotoxic T-lymphocyte antigen–4 (CTLA-4) (CD152) is a T-cell
costimulatory receptor that functions as a negative regulator of
T-cell activation,1,2 in contrast to CD28, which delivers positive
signals. The engagement by its ligands CD80 and CD86 expressed
on antigen-presenting cells (APCs) inhibits the induction of
interleukin 2 receptor (IL-2R)�-chain and CD69 expression, the
production of IL-2, interferon-� (IFN-�), IL-4, and other cyto-
kines.3 CTLA-4 is expressed mainly on activated CD4� and CD8�

T cells where it is predominantly localized in intracellular compart-
ments, while its membrane expression is maximal after 48- to
72-hour stimulation.2 Recently, it was shown that a subpopulation
of peripheral human CD4�CD25� T cells, with regulatory func-
tion, constitutively expresses intracellular CTLA-4, which can be
induced on the surface upon activation.4 After T-cell receptor
(TCR)–mediated stimulation, these regulatory T cells inhibit the
activation of other CD4� and CD8� T cells by direct cell-cell

contact.5 Relatively high levels of CTLA-4 have also been found
expressed on activated B cells,6 including malignant B cells from
non-Hodgkin lymphomas,7 placental fibroblasts,8 cultured muscle
cells,9 and monocytes.10

Because of its dominant role in modulating T-cell activation,
CTLA-4 has received considerable attention as a therapeutic agent
in a variety of in vivo immune responses, including induction of
transplantation tolerance.11 The chimeric CTLA-4–immuno-
globulin (CTLA-4–Ig) protein,12 interferes with T-cell/APC inter-
action both in vitro and in vivo, preventing xenograft rejection13

and prolonging allograft survival.14 In contrast to strategies that
interfere with the costimulatory CD28-CD80/CD86 pathway, the
availability of reagents that completely abolish T-cell activation by
targeting the CTLA-4 molecule might have important clinical
implications. In this regard, we previously described the generation
of human recombinant anti–CTLA-4 single-chain fragments of
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M.P.P. and P.L.T. contributed equally to this work.

Reprints: Maria Pia Pistillo, Laboratory of Immunogenetics, National Cancer
Research Institute, c/o Advanced Biotechnology Center, Largo R Benzi 10,
16132 Genova, Italy; e-mail: mariapia.pistillo@istge.it.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734.

© 2003 by The American Society of Hematology

202 BLOOD, 1 JANUARY 2003 � VOLUME 101, NUMBER 1



variable domain (scFvs)15 and their use as therapeutic reagents in
transplantation, either as unconjugated antibodies16 or conjugated
with saporin,17 a type-1 ribosome-inactivating protein (RIP).18,19

Since most of the available data on CTLA-4 expression are
limited to human T cells, the goal of the present study was to
analyze the distribution pattern of CTLA-4 in a panel of human
normal and neoplastic hematopoietic cells (cell lines and leukemic
myeloid and lymphoblastic cells). The analysis was performed by
flow cytometry with the parallel use of 5 different human anti–
CTLA-4 scFv antibodies to a commercial anti–CTLA-4 murine
monoclonal antibody (mAb) and by reverse transcriptase–
polymerase chain reaction (RT-PCR). In addition, we investigated
the ability of 2 immunotoxins, consisting of anti–CTLA-4 scFv
antibodies and saporin, to induce apoptosis of CTLA-4–expressing
neoplastic cells from an acute myeloid leukemia.

Patients, materials, and methods

Monoclonal antibodies and immunotoxins

Recombinant anti–CTLA-4 scFv antibodies, namely scFvs 3, 40, and 83,
were obtained by selecting the human Nissim scFv phage library, as
described previously,15 whereas scFvs 55 and 67 were obtained by selecting
the high-affinity human ETH-2 phage library20 with purified CTLA-4–Ig
fusion protein. Specificity of scFvs was checked by enzyme-linked
immunosorbent assay (ELISA), Western blot, and immunofluorescence. All
the scFv antibodies showed different CDR3 regions upon DNA sequencing
of the heavy chain variable (VH) regions. They were conjugated to
fluorescein isothiocyanate (FITC) and used for direct immunofluorescence
together with the commercially available FITC-conjugated anti–CTLA-4
BN13 mAb (Coulter Immunotech, Birmingham, United Kingdom) as
positive control. The FITC-conjugated anti–bovine serum albumin (anti-
BSA) scFv 26 (selected from the Nissim library, Medical Research Council
Centre, Cambridge, United Kingdom) and a FITC-conjugated mouse IgG1
mAb (isotypic control; Coulter Immunotech) were used as negative controls.

Two scFvs, 67 and 83, were conjugated to the type-1 ribosome-
inactivating protein (RIP) saporin-S6, and the resulting immunotoxins were
tested for reactivity with activated T cells and for toxicity with hematopoi-
etic precursors according to standard protocols.17

Cells and culture conditions

Peripheral blood mononuclear cells (PBMCs) were isolated from the buffy coats
of 10 healthy donors by density gradient centrifugation over Ficoll/Biocoll
(Biochrom, Berlin, Germany). Purification of T cells, B cells, stem cells, and
monocytes was achieved from PBMCs by the use of magnetic cell sorting
(MACS) CD3, CD19, CD34, and CD14 microbeads respectively, followed by
magnetic separation columns (Miltenyi Biotec, Bergisch Gladbach, Germany).
Purity was always greater than 95%, checked by direct immunofluorescence with
FITC anti-CD3/CD2 mAbs (Coulter Immunotech) for T cells, FITC anti-CD19/
CD20 mAbs (Coulter Immunotech) for B cells, FITC anti-CD34 HPCA-2 mAb
(Becton Dickinson, San Jose, CA) for stem cells, and FITC anti-CD1a mAb
(Pharmingen, San Diego, CA) for monocytes. Approval was obtained from the
institutional review board of the Department of Internal Medicine, University of
Genoa, and Department of Pediatrics, University of Padua, Italy for these studies.
Informed consent was provided according to the Declaration of Helsinki.

PBMCs, T cells, B cells, and cell lines were activated by culturing them
in RPMI 1640 (Biochrom) supplemented with 10% fetal calf serum (FCS)
(Biochrom), antibiotics, and 2 mM L-glutamine in the presence of phorbol
ester (PMA; Sigma, Milan, Italy) at 5 ng/mL and/or phytohemagglutinin
(PHA; Life Technologies, Milan, Italy) at a final concentration of 2 �g/mL
for 48 hours at 37°C. For B cells, other stimuli such as lipopolysaccharide
(LPS, 1 �g/mL; Sigma) and anti-CD40 mAb (clone EA-5, 1 �g/mL;
Biosource, Camarillo, CA) were used. Activation of stem cells derived from
PBMCs of adult normal healthy donors, treated subcutaneously with 10
�g/kg/d glycosylated granulocyte colony-stimulating factor (G-CSF,
Lenograstin; Rhone-Poulenc Rorer, Milan, Italy) for 5 to 6 days, was

obtained by culturing CD34� purified cells for 7 days in RPMI 1640
supplemented with 20% FCS and 50 ng/mL granulocyte-macrophage
colony-stimulating factor (GM-CSF; Walter Occhiena, Turin, Italy). Activa-
tion of monocytes was performed by culturing 1 � 106 purified CD14�

cells for 5 to 7 days in 1 mL complete medium supplemented with 800
U/mL IL-4 (Schering Plough, Kenilworth, NJ) and 50 ng/mL GM-CSF as
previously described.21

The following human transformed cell lines were used: CEM, Jurkat,
and Molt-4, derived from T-lymphoblastic cells; Daudi and Raji, derived
from a Burkitt lymphoma; HOM-2, an Epstein-Barr virus (EBV) B-
lymphoblastoid cell line; HL60 and KG1a, 2 myeloid leukemia–derived
cell lines; and K562, an erythroleukemia cell line. The murine cell line
J558L is a myeloma transfected with human CTLA-4–Ig cDNA22 and was
used as positive control.

Patients and isolation of leukemic cells

A total of 100 patients, either adult or pediatric, affected by different
hematological malignancies have been studied, including 31 patients with
acute myeloid leukemia (AML), 4 patients with chronic myeloid leukemia
(CML), 53 patients with acute B-lymphocytic leukemia (B-ALL), 6
patients with acute T-lymphocytic leukemia (T-ALL), 4 patients with
chronic B-lymphocytic leukemia (B-CLL) and 2 patients with chronic
T-lymphocytic leukemia (T-CLL) large granular lymphocytic leukemia
(LGL). The diagnosis was established according to the standard criteria of
each leukemia23 at the Department of Internal Medicine, University of
Genoa (Italy) for the adult leukemias and at the Department of Pediatrics,
University of Padua Medical School (Italy) as far as the pediatric leukemias
were concerned. None of the patients received therapy at the time of the
study. Leukemic cells were obtained by density gradient centrifugation of
peripheral blood or bone marrow aspirates and were freshly used for testing
or stored in liquid nitrogen. In the latter case, cells were thawed and
cultured at a final concentration of 5 � 105 cells per milliliter in RPMI 1640
medium with L-glutamine and 20% FCS, overnight at 37°C, before testing.
For kinetics studies of CTLA-4 and CD34 expression, AML and CML
leukemic cells were cultured in the presence of GM-CSF for 7 days.

Immunofluorescence and flow cytometry

A direct immunofluorescence was performed for analyzing surface and
cytoplasmic expression of CTLA-4 in normal and neoplastic cells. Briefly, a
pellet of 4 � 105 cells, with or without fixation in 2% paraformaldehyde
followed by permeabilization with 0.5% saponin, was incubated for 30
minutes at room temperature with different FITC anti–CTLA-4 scFvs (nos.
3, 40, 55, 67, 83), the FITC anti–CTLA-4 BN13 mAb, or the FITC-negative
controls. CTLA-4 expression on CD34� stem cells and on AML and CML
leukemic cells was confirmed by double staining with FITC-83 scFv in
combination with phycoerythrin (PE)–conjugated anti-CD33 mAb (Coulter
Immunotech). The fluorescence intensity was measured by flow cytometry
(EPICS Elite; Coulter Electronics, Hialeah, FL); at least 15 000 cells per
sample were counted.

Analysis of CTLA-4 expression in granulocytes was performed with
appropriate gating. Flow cytometry evaluation of CTLA-4 antibody
reactivity with leukemic cells from pediatric leukemias was always carried
out with the use of simultaneous 4-color staining for CTLA-4, CD7, CD19,
and CD45 molecules; CTLA-4 expression was evaluated only in the
leukemic cells identified by immunological gate (atypical CD45 expression
and/or CD19). The intracytoplasmatic evaluation was performed by 4-color
analysis (CD19, CD7, CD45 for surface and CTLA-4 for intracytoplas-
matic expression) with the use of Fix and Perm permeabilization solution
(Walter Occhiena; Caltag, Turin, Italy)

Apoptosis

In a series of 3 independent experiments, neoplastic cells derived from an
adult AML patient were incubated with different concentrations of 67-
saporin or 83-saporin immunotoxins, or with a mix of saporin and scFvs 67
or 83, in complete RPMI 1640 medium for 72 hours. Viable and dead cells
were evaluated by double staining with FITC-annexin V and propidium
iodide (kit from Bender Medsystem, Vienna, Austria), following the
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manufacturer’s instructions. Analysis was performed by flow cytometry,
with calculation of both the percentage of apoptotic (annexin V�/propidium
iodide�) and necrotic (annexin V�/propidium iodide�) cells.

Cytospin and immunohistochemistry of AML cells

Cytospin preparations of CD34� cells and neoplastic cells from an AML
patient were air-dried overnight and fixed for 10 minutes in acetone at room
temperature. The slides with AML cells were incubated with biotin-
conjugated anti–CTLA-4 67 scFv for 30 minutes at room temperature and,
after washing in phosphate-buffered saline (PBS), alkaline phosphatase
(AP)–labeled streptavidin (Dako, Copenhagen, Denmark) was applied for
20 minutes. The slides with CD34� cells were incubated with the BN13
mAb followed by incubation with alkaline phosphatase (AP)–labeled
antimouse immunoglobulin antibody (Dako). Color development was
detected with phosphatase substrate (Dako). Slides were counterstained
with hematoxylin-eosin.

RNA preparation and cDNA synthesis

Total cellular RNA and cDNA were prepared as previously described.17

Polymerase chain reaction

PCRs were carried out in 50 �L volume, with 1/10 of the RT mixture (500
ng RNA). Specific amplifications of both CTLA-4 full-length and extracel-
lular domain transcripts were performed on each cDNA sample with the use
of the set of primers previously described.24,25 Both PCR reactions were run
following the same cycle profile (denaturation at 94°C for 1 minute and
elongation at 72°C for 1 minute for a total of 35 cycles), except for the
annealing temperature (AT). Briefly, for CTLA-4 full-length amplification,
the AT was at 60°C for 1 minute, while for CTLA-4 extracellular domain
the AT was at 58°C for 1 minute. Both reactions were initially hot-started
(94°C for 3 minutes) and were terminally extended at 72°C for 5 minutes.
As internal control, �-actin gene amplification (�-actin forward primer,
5�-ATGGATGATGATATCGCCGCG-3�; �-actin reverse primer, 5�-
CGGTTGGCCTTGGGGTTCAG-3�) was carried out for each cDNA
sample with the use of 65°C of AT and the same reaction conditions as for
CTLA-4 amplification. The obtained PCR products were analyzed by
electrophoresis on a 2% agarose gel. The size and specificity of CTLA-4
PCR products were confirmed after direct sequencing analysis in both
directions by means of an ABI-PRISM 377 Perkin-Elmer DNA Sequencer
(Foster City, CA)

Nested PCR

A second round of PCR was performed amplifying 1 �L CTLA-4
full-length first PCR products with CTLA-4 extracellular domain primers
as inner primers. Twenty-five more cycles were carried on at 58°C AT, as
previously described. Negative as well as positive results were confirmed
by repeating the assay with a second aliquot of each original total RNA
sample. Reproducibility was almost 100% in negative cases and greater
than 90% in positive cases. Adequate precautions to prevent cross-
contamination and negative control reactions were performed routinely.
The obtained nested-PCR products were analyzed and sequenced as
described above.

Western blot analysis

Cells from different cell lines, either untreated or treated with PMA/PHA or
PMA for 48 hours, were washed twice with PBS and then resuspended in
lysis buffer (10 mM Tris-HCL [tris(hydroxymethyl)aminomethane], pH
7.5; 150 mM NaCl; 1 mM EDTA [ethylenediaminetetraacetic acid]; 0.1%
sodium dodecyl sulfate [SDS], 1% Nonidet P-40) for 30 minutes on ice.
Cell debris was removed by centrifugation, and equal amounts of cells
(8 � 105) were loaded on a nonreducing 12% (wt/vol) SDS–polyacrylam-
ide gel, electrophoresed at 100 V for 2 hours, and blotted onto nitrocellulose
membrane by electrotransfer at 300 mA for 3.5 hours in 190 mM glycine
and 25 mM Tris, pH 8.3. After blocking, the membrane was incubated
overnight at 4°C with scFv 83 mixed to the mAb 9E10, which recognizes
the C-terminal c-myc peptide tag linked to the scFv. After washing,

horseradish peroxidase (HRP)–conjugated goat antimouse IgG was applied
1 hour at room temperature. After washing, the membrane was treated with
electrochemiluminescence (ECL) reagents (Amersham Life Science, Buck-
inghamshire, United Kingdom) and exposed to Hyperfilm ECL (Amersham
Life Science).

Results

CTLA-4 expression in human hematopoietic normal
cells and cell lines

We have shown recently that CTLA-4 receptor is expressed on the
surface of human cells of the lymphoid, myeloid, and erythroid
lineages, on which it represents a target molecule suitable for
apoptosis induction by immunotoxins.17 To further investigate the
distribution pattern of surface and intracellular CTLA-4 molecule,
we tested its expression levels in a variety of hematopoietic normal
cells and cell lines by immunofluorescence using a panel of new
and previously produced anti–CTLA-4 scFv antibodies. These
scFvs, namely nos. 3, 40, 55, 67, and 83, were developed by
selection of 2 different phage libraries and recognize different
epitopes of CTLA-4 extracellular domain (data not shown). The
commercially available anti–CTLA-4 BN13 mAb and the CTLA-
4–transfected J558L murine myeloma were used as positive
controls. Cells were analyzed by flow cytometry, with anti–
CTLA-4 FITC-scFvs and FITC-BN13 mAb or anti-BSA FITC-
scFv 26 and mouse IgG1 mAb as negative controls, either in resting
conditions or after activation with different stimuli specific for each
cell type. In particular, with the exception of monocytes, we
detected a negative expression profile of surface CTLA-4 on
resting cells, since the molecule was not constitutively expressed
on freshly isolated PBMCs, T cells, B cells, granulocytes, or
CD34� stem cells, but it was induced upon 48-hour activation with
PMA/PHA or PMA, GM-CSF (Table 1). In contrast, high CTLA-4
expression was detected in the cytoplasm of all these cells, except
granulocytes, even in resting conditions. Weak CTLA-4 expression
was observed on the cell surface of fresh monocytes, whereas the
intracellular expression was higher and present in all the cells,
differing from recent studies reporting CTLA-4 expression in only
20% of monocytes.10

After B-cell activation, 52% of B cells were induced to express
CTLA-4 on the surface by PMA, whereas other stimuli, such as
anti-CD40 mAb and LPS, induced CTLA-4 expression in only
20% of B cells. In summary, the CTLA-4 expression pattern
observed in fresh hematopoietic cells is consistent with the known
T-cell surface and intracellular distribution of CTLA-4, which is
primarly localized in vesicles of the Golgi compartment.26

CTLA-4 expression in leukemic cell lines appeared stronger on
the surface of KG1a, Raji, and Jurkat cells, as detected by most of
the scFvs and BN13 mAb, whereas it was weaker on CEM (except
with scFv 83) and Daudi cells (Table 2). The expression was
highlighted after stimulation with PMA/PHA or PMA. but in CEM
(except with scFv 83) and Daudi cells, it remained at low levels.
Strong cytoplasmic reactivity with both the anti–CTLA-4 scFvs
and BIN13 mAb was observed in all the cell lines tested either
resting or activated. Of all the scFv antibodies, 4 showed a similar
reactivity pattern and 1, scFv 3, a consistently weaker or absent
binding to surface, but not cytoplasmic, CTLA-4, suggesting that it
might recognize an internal molecule epitope that requires perme-
abilization before being detected. The anti-BSA scFv 26 and the
IgG1 isotype control mAb were consistently negative with either
normal or neoplastic cells both at the surface and the cytoplas-
mic level.
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The flow cytometry profiles of surface CTLA-4 expression in 6
cell lines either before or after stimulation were compared with
those of their normal counterparts (Figure 1).

CTLA-4 expression in human acute and chronic leukemias

CTLA-4 expression was analyzed by flow cytometry with the use
of the selected scFv antibodies, in a panel of 100 adult and pediatric
hematologic malignancies, including AML, CML, B-ALL, T-ALL,
B-CLL, and T-CLL (LGL), all containing leukemic cells at high
frequency (greater than 75%) in peripheral blood or bone
marrow aspirate samples. Few differences were observed in the
surface reactivity of AML leukemias with the different antibod-
ies, since the epitopes recognized by scFvs 67 and 83 (67- and
83-epitopes) were detected at high frequency (23 of 27 and 23 of

31, respectively) and intensity of staining; the same was true for
the epitopes recognized by scFvs 40 and 55 (40- and 55-
epitopes; 22 of 31 and 22 of 27, respectively), whereas the
epitope recognized by scFv 3 (3-epitope) was detected at a lower
frequency (16 of 31) (Table 3). It is noteworthy that these AML
samples belonged to different subtypes (M0-M5) according to
the French-American-British (FAB) classification23 and were
indifferently expressing the myeloid CD34 marker (data not
shown). All the CTLA-4 epitopes consistently showed higher
expression in the cytoplasm of the AML samples analyzed
(Table 3).

Moreover, alkaline-phosphatase staining with biotin-labeled
scFv 67 performed in a cytospin preparation of AML neoplastic
cells indicated a diffuse CTLA-4 cytoplasmic staining (Figure 2A).

Table 1. Summary of CTLA-4 expression in human normal hematopoietic cells

Hematopoietic normal cells

Surface Cytoplasm

scFv no. mAbs scFv no. mAbs

3 40 55 67 83 26 BN13 IgG1 3 40 55 67 83 26 BN13 IgG1

PBMCs � � � � � � � � �� �� �� �� �� � �� �

PBMCs plus PMA/PHA � �� �� �� �� � � � �� �� �� �� �� � �� �

T cells � � � � � � � � �� �� �� �� �� � �� �

T cells plus PMA/PHA � � �� �� �� � � � �� �� �� �� �� � �� �

B cells � � � � � � � � � �� � �� �� � �� �

B cells plus PMA 	 � � � � � � � � �� �� �� �� � �� �

Granulocytes � � � � � � � � � � � � � � � �

Granulocytes plus G-CSF � � � � � � � � � � � � � � � �

Stem cells (CD34�) � � � � � � � � � �� �� � � � �� �

Stem cells (CD34�) plus GM-CSF � � � � �� � �� � � �� �� �� �� � �� �

Monocytes (CD14�) � � 	 	 	 � 	 � � � � � � � � �

Monocytes (CD14�) plus GM-CSF �� �� �� �� �� � �� � �� �� �� �� �� � �� �

Reactivity of different peripheral blood cells with a panel of FITC-conjugated anti-CTLA-4 scFvs and the commercial BN13 mAb by flow cytometry. Fluorescence intensity
was scored as follows: �, negative; 	, weak; and � to ��, positive, with grading from 1 log to more than 1 log of histogram shift relative to the negative control. The
FITC-conjugated anti-BSA scFv 26 and a FITC-conjugated mouse IgG1 mAb were used as negative controls for anti-CTLA-4 scFvs and BN13 mAb, respectively. All cell
samples were tested either resting or in vitro activated, except granulocytes that were derived from in vivo G-CSF–treated donors, as described in “Patients, materials
and methods.”

Table 2. Summary of CTLA-4 expression in human hematopoietic cell lines

Hematopoietic normal cells

Surface Cytoplasm

scFv no. mAbs scFv no. mAbs

3 40 55 67 83 26 BN13 IgG1 3 40 55 67 83 26 BN13 IgG1

Jurkat � � �� � �� � �� � �� �� �� �� �� � �� �

Jurkat plus PMA/PHA 	 �� �� �� �� � �� � �� �� �� �� �� � �� �

CEM � 	 	 � � � � � �� �� �� �� �� � � �

CEM plus PMA/PHA � 	 	 	 �� � � � �� �� �� �� �� � �� �

Molt-4 � 	 � � �� � � � �� �� �� �� �� � �� �

Molt-4 plus PMA/PHA � � �� �� �� � � � �� �� �� �� �� � �� �

Raji 	 �� �� �� �� � �� � �� �� �� �� �� � �� �

Raji plus PMA 	 �� �� �� �� � �� � �� �� �� �� �� � �� �

Daudi � 	 	 	 	 � � � �� �� �� �� �� � �� �

Daudi plus PMA � 	 	 	 	 � � � �� �� �� �� �� � �� �

HOM-2 � � � � � � � � �� �� �� �� �� � �� �

HOM-2 plus PMA 	 �� �� �� �� � �� � �� �� �� �� �� � �� �

HL-60 � 	 �� 	 �� � �� � �� �� �� �� �� � �� �

HL-60 plus PMA � � �� � �� � �� � �� �� �� �� �� � �� �

KG1a �� �� �� �� �� � �� � �� �� �� �� �� � �� �

KG1 plus PMA �� �� �� �� �� � �� � �� �� �� �� �� � �� �

K562 � � � � � � � � �� �� �� �� �� � �� �

K562 plus PMA � �� �� �� �� � �� � �� �� �� �� �� � �� �

J558L 	 	 � � � � � � �� �� �� �� �� � �� �

J558L plus PMA 	 	 � � � � � � �� �� �� �� �� � �� �

Reactivity of different cell lines with a panel of FITC-conjugated anti–CTLA-4 scFvs and the commercial BN13 mAb by flow cytometry. All cell lines were tested either resting
or in vitro activated as described in “Patients, materials, and methods.” See Table 1 footnote for an explanation of fluoresence intensity scoring and a description of nega-
tive controls.
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Surface expression of CTLA-4 was detected at various degrees
in CML samples showing higher frequency of 67- and 83-epitopes
(4 of 4) followed by 40- and 55-epitopes (3 of 4) and 3-epitope (1 of
4). All CML samples strongly expressed CTLA-4 epitopes in the
cytoplasm (Table 3). CML neoplastic cells were consistently found
to express surface CTLA-4 epitopes at lower density compared
with AML, as shown by double staining with FITC-scFv 83 and
PE–anti-CD33 mAb (Figure 3A). Positive staining with both
antibodies also confirmed that CTLA-4–expressing cells from
patients with AML and CML were likely to be leukemic cells.

CTLA-4 epitopes were present on either the surface or the
cytoplasm of B-CLL (3 of 4 and 4 of 4, respectively), whereas they
were lacking on T-CLL LGL (0 of 2).

Flow cytometry analysis of the same leukemia samples was also
carried out with the control BN13 mAb, resulting in overlapping

flow cytometric profiles, and with scFv and isotypic control mAbs,
consistently resulting in negative staining (data not shown).

As far as B-ALL is concerned, 3- and 83-epitopes were
expressed on the surface (2 of 53 and 8 of 53, respectively) and
more frequently in the cytoplasm (24 of 35 and 34 of 35,
respectively), whereas the other epitopes were expressed mainly in
the cytoplasm. These findings suggest that CTLA-4 expression
might be differently regulated in classical B-origin ALL indepen-
dently of the CD34 expression and the stage of differentiation (data
not shown). In only 1 of 6 cases of T-ALL studied was CTLA-4
expressed on the surface, although it was expressed more fre-
quently in the cytoplasm. All the CTLA-4� T-ALLs were adult
T-ALLs, whereas all the pediatric leukemias never demonstrated
CTLA-4 expression. This could fit with a different degree of
differentiation in the adult and the pediatric cases.

Figure 1. Flow cytometric profi les of surface CTLA-4
expression in peripheral blood T cells, B cells, stem
cells, and cell lines. Cells were tested before (gray
histograms) and after (black histograms) activation for 48
hours as described in “Patients, materials, and methods.”
Resting and activated cells were stained with FITC-
conjugated anti–CTLA-4 scFv 83 and analyzed by flow
cytometry. Results are expressed as fluorescence inten-
sity.

Table 3. Summary of CTLA-4 expression in human acute and chronic leukemias

Leukemia

ScFv no. (total no.)

mAb BN133 40 55 67 83

AML

Surface 16 (31) 22 (31) 22 (27) 23 (27) 23 (31) 23 (27)

Cytoplasm 30 (31) 30 (31) 25 (27) 25 (27) 31 (31) 26 (27)

CML

Surface 1 (4) 3 (4) 3 (4) 4 (4) 4 (4) 4 (4)

Cytoplasm 4 (4) 4 (4) 4 (4) 4 (4) 4 (4) 4 (4)

B-ALL

Surface 2 (53) 1 (53) 1 (12) 1 (15) 8 (53) 2 (10)

Cytoplasm 24 (35) 7 (35) 8 (12) 10 (15) 34 (35) 9 (10)

T-ALL

Surface 1 (6) 1 (6) 1 (6) 1 (6) 1 (6) 1 (2)

Cytoplasm 2 (3) 3 (3) 2 (2) 2 (2) 3 (3) 2 (2)

B-CLL

Surface 3 (4) 3 (4) 3 (4) 3 (4) 3 (4) 3 (4)

Cytoplasm 4 (4) 4 (4) 4 (4) 4 (4) 4 (4) 4 (4)

T-CLL (LGL)

Surface 0 (2) 0 (2) 0 (2) 0 (2) 0 (2) 0 (2)

Cytoplasm 0 (2) 0 (2) 0 (2) 0 (2) 0 (2) 0 (2)

Reactivity of leukemic cells with a panel of FITC-conjugated anti-CTLA-4 scFvs and the commercial BN13 mAb by flow cytometry. Positivity was considered when the
histogram shift of the sample was greater than 1 log relative to the negative control. Data are presented as the number of samples that reacted positively.
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CTLA-4 expression in human CD34� normal
and neoplastic blood cells

We determined whether, either at the time of collection or
following in vitro stimulation with GM-CSF for 7 days, CTLA-4
was differentially expressed in CD33�/CD34� stem cells and
neoplastic cells from AML and CML leukemias by flow cytometric
analysis (Figure 3A). Results confirmed that CTLA-4 was not
expressed by freshly isolated stem cells, whereas it was highly
expressed by AML and, to a lesser extent, by CML cells (Figure
3A). During culture stimulation, the frequency of CTLA-4–
expressing cells was increased up to 56% for CML cells and to 91%
for stem cells at day 7, whereas it remained quite similar for AML
cells. Alkaline-phosphatase staining of CD34�-activated cells
carried out with the BN13 mAb showed cytoplasmic and, to a
major extent, membrane CTLA-4 localization (Figure 2B).

To determine whether this expression correlated with the
expression of the CD34 marker, we simultaneously analyzed the
kinetics of CD34 expression in the 3 cell populations. The
frequency of CD34-expressing cells followed a time course

opposite to the one observed for CTLA-4, resulting in a 47% and
98% decrease, respectively, for stem cells and AML/CML cells
(Figure 3B). These findings suggest that up-regulation of CTLA-4
expression might be inversely associated with cell differentiation.

Effect of activation on CTLA-4 RNA expression

Expression of CTLA-4–specific transcripts was investigated by
RT-PCR with the use of 2 sets of primers specific for CTLA-4
full-length coding sequence24 and CTLA-4 extracellular domain.25

The first primer set detected 2 main RNA transcript variants of 672
and 550 bp in resting PBMCs, corresponding to the membrane
CTLA-4 transcript and to the spliced CTLA-4del transfer mem-
brane (TM) transcript respectively, as previously described.24

Stimulation of PBMCs with PMA/PHA resulted in the disappear-
ance of the CTLA-4delTM band, whereas the membrane CTLA-4
band increased in intensity (Figure 4A). The same RT-PCR analysis
was performed on 2 representative hematopoietic resting and
activated cell lines (Raji and Jurkat) and 1 AML leukemia sample,
highly expressing CTLA-4 by flow cytometry.

A clear 672-bp band was detected only for PMA-stimulated
Jurkat cells, whereas an identical but faint band was detected for
the AML sample. The second primer set detected a 369-bp band
corresponding to the CTLA-4 extracellular domain only in PMA/
PHA–stimulated PBMCs (Figure 4B). To explain the discrepancy
between CTLA-4 expression detected at protein level and that
detected at RNA level, a nested PCR assay was developed, in
which the first-round CTLA-4 full-length PCR product was
amplified with CTLA-4 extracellular domain inner primers. Surpris-
ingly, all the samples tested showed a sharp 369-bp band (Figure
4C). These results demonstrate that the failure in detecting CTLA-4
transcripts by conventional PCR was probably due to the low
amount of specific CTLA-4 RNA molecules present in the cell
lines, thus explaining the low sensitivity of a single-round PCR.

Effect of activation on CTLA-4 protein expression

CTLA-4–specific bands of expected molecular weight (46 to 50
kDa)12 were observed by Western blot under nonreducing condi-
tions in the lanes containing 2 representative cell lines (Jurkat and

Figure 2. Intracellular localization of CTLA-4 in activated CD34� stem cells and
AML neoplastic cells. (A) Immunostaining with the biotin-conjugated anti–CTLA-4
scFv67 and AP-labeled streptavidin of neoplastic cells from peripheral blood of an
AML patient. (B) Immunostaining with the anti–CTLA-4 BN13 mAb and AP-labeled
antimouse immunoglobulin antibody of CD34� stem cells activated with GM-CSF for
7 days. Staining was performed on cytospins, visualized by the addition of phospha-
tase substrate, and counterstained by hematoxylin (original magnifications: panel A,
� 70; panel B, � 110). Panel A and B stainings show cytoplasmic and membrane
positivity for CTLA-4.

Figure 3. CTLA-4 expression in CD34� stem cells and AML and CML neoplastic
cells. (A) Double staining of peripheral blood normal CD34� stem cells and
neoplastic cells from AML and CML patients with FITC-conjugated anti–CTLA-4 scFv
83 and PE-conjugated anti-CD33 mAb by flow cytometry. (B) Kinetics of CTLA-4
surface expression after treatment of normal CD34� stem cells and neoplastic cells
from AML and CML patients resting or stimulated with GM-CSF. Cells were analyzed
by flow cytometry to determine the percentage of positive cells. These results are
representative of 3 independent experiments.

Figure 4. RT-PCR analysis of CTLA-4 transcripts from normal and neoplastic,
resting and activated, hematopoietic cells. Total RNA from the indicated cells was
reverse transcribed and PCR amplified with primers specific for CTLA-4 full-length
coding sequence (A) and for CTLA-4 extracellular domain (B). Nested PCR was
performed on the first-round CTLA-4 full-length PCR product as template with
CTLA-4 extracellular domain inner primers (C). As internal control, �-actin gene
amplification was carried out (D). PBMCs are freshly isolated peripheral blood
mononuclear cells; Raji and Jurkat are B- and T-lymphoblastic cell lines, respectively;
and AML is an adult acute myeloid leukemia sample. Molecular weights are
expressed as base pairs (bp).
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Raji) in either resting or activated conditions. A highly significant
increase in CTLA-4 protein levels was observed after activation
with PMA/PHA or PMA, by immunoblotting with the scFv 83
mixed to the 9E10 mAb recognizing the peptide tag linked to the
scFv fragment (Figure 5). These results confirm the increased
CTLA-4 expression observed by flow cytometry after activation,
although this was undetectable at transcription level, thus support-
ing the concept of CTLA-4 protein intracellular accumulation.

Effect of anti–CTLA-4 immunotoxins on the induction
of apoptosis in AML cells

The effect of 2 immunotoxins, obtained by chemically conjugating
anti–CTLA-4 scFvs 67 and 83 to the saporin type-1 RIP, on the
induction of apoptosis of leukemic cells was evaluated by the
annexin V/propidium iodide staining. Both the immunotoxins at
10�8 M concentration caused apoptosis of more than 90% of
neoplastic cells from an M2 AML sample with a high percentage of
neoplastic elements (Figure 6). Saporin mixed with scFvs was
weakly toxic only at 10�8 M concentration. Since anti–CTLA-4
immunotoxins have been previously shown17 to be only slightly
toxic for bone marrow precursors at 10�8 M concentration, these
results suggest their possible in vivo application for killing
leukemic cells.

Discussion

There is much information on the expression of CTLA-4 receptor
in human cells of the T-lymphoid lineage, but very little informa-
tion is available about other types of cells. In this study, we
analyzed the CTLA-4 distribution pattern in a variety of human
normal and transformed hematopoietic and neoplastic cells of
lymphoid or myeloid origin.

To this purpose, cell reactivity was tested with a panel of human
anti–CTLA-4 scFv antibodies and with the commercial murine
BN13 mAb in commonly used techniques, such as immuno-
fluorescence and flow cytometry, immunohistochemistry and West-
ern blotting.

Immunofluorescence staining with either the scFvs or BN13
mAb indicated that CTLA-4, although regularly present in the
cytoplasm, was never expressed at the cell surface of resting
normal PBMCs, T cells, B cells, granulocytes, or CD34� stem
cells, but its expression was induced upon activation. On the

contrary, CTLA-4 was constitutively weakly expressed on mono-
cytes. The 4 different CTLA-4 epitopes (40, 55, 67, and 83)
recognized by the scFvs were similarly expressed in the various
cell types except for 1 epitope (3) that consistently appeared more
weakly expressed on the cell surface but not in the cytoplasm. All
together, these results correlate with previous findings that most
CTLA-4 molecules accumulate in the intracellular compartment,
from which they traffic to the cell surface and are rapidly
internalized.26,27

CTLA-4 expression was observed to various degrees on cell
lines of T-lymphoid (Jurkat, CEM, Molt-4), B-lymphoid (Raji,
HOM-2, Daudi), myeloid (HL-60, KG1a), and erythroid (K562)
origin, with an expression pattern resembling the one observed in
their normal activated cell counterparts.

Our RT-PCR analysis confirmed previous studies showing that
nonstimulated human PBMCs constitutively expressed membrane
full-length CTLA-4 transcript24 but also expressed an additional
spliced variant named CTLA-4delTM.25 As expected, this variant,
which lacks both transmembrane and intracellular domains, was
not observed in PMA/PHA–stimulated PBMCs.

None of the cell lines tested, whether resting or stimulated,
expressed both CTLA-4 full-length and extracellular domain RNA
by conventional RT-PCR, except activated Jurkat cells that were
positive for the full-length transcript. Only an RT-PCR/nested PCR
combination was able to detect a CTLA-4 transcript (extracellular
domain) in all the cell lines analyzed. This finding may be
explained by a low amount of CTLA-4 RNA molecules, probably
due to a very high RNA translation rate or to low RNA stability.
Such evidence appears to be in striking contrast to the high
CTLA-4 protein levels observed in cell lines, but it actually
confirms previous findings28 that the signals regulating CTLA-4
RNA transcription rate and protein expression may be different
(M.P.P., P.L.T., G.L.P., et al, manuscript in preparation).

The finding of CTLA-4 expression in the Jurkat cell line, in
resting as well as activated conditions, was surprising since
previous studies never found such a cell line positive, at either the
protein or the mRNA level.29,30 This discrepancy may be attributed
to the different specificity and characteristics of the anti–CTLA-4
antibodies used in the studies. In fact, previous reports used a
xeno-polyclonal serum recognizing mainly the monomeric form of
CTLA-4 in immunoprecipitation experiments, in contrast to our
human scFv fragments recognizing the homodimerized CTLA-4
(Pistillo et al15 and data not shown). In addition, previous analysis
of CTLA-4 mRNA in Jurkat cell line was performed by Northern

Figure 5. Western blot analysis of CTLA-4 protein from resting and activated
B-lymphoblastic (Raji) and T-lymphoblastic (Jurkat) cell lines. Proteins from cell
lysates were subjected to SDS–polyacrylamide gel electrophoresis (SDS-PAGE) on
a nonreducing 12% (wt/vol) polyacrylamide gel, transferred to nitrocellulose mem-
brane, and probed with scFv 83 mixed to the anti–c-myc tag 9E10 mAb. The reaction
was visualized by ECL.

Figure 6. Effect of anti–CTLA-4 immunotoxins on apoptosis induction of AML
cells. Percentage of viable neoplastic cells from an adult AML leukemia treated for 72
hours with scalar doses of 2 immunotoxins (83-Sap and 67-Sap), or a mixture of
saporin and scFv (83�Sap and 67�Sap). Results are expressed as means of 3
different experiments. SD never exceeded 10%.
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blot,29,31 whereas we used the more sensitive nested-PCR tech-
nique.

Neoplastic cells from most AMLs or CMLs and B-CLLs were
positive for all CTLA-4 epitopes at either the surface or the
cytoplasm, whereas neoplastic cells from T-CLL LGL were com-
pletely negative. Absence of surface CTLA-4 expression in T-CLL
cells is in concordance with the T-resting–like phenotype of this
leukemia, although resting T cells differ in their cytoplasmic
expression of CTLA-4. In general, the highly frequent expression
of CTLA-4 on various subtypes of myeloid and lymphoid leuke-
mias are likely to reflect their differentiation and maturation stages,
as confirmed by the phenotypic pattern of expression observed in
cell lines belonging to the same lineage.

Since incubation with the anti–CTLA-4 scFvs described above
did not affect proliferation or survival of either normal or neoplas-
tic hematopoietic cells, we evaluated the possibility of using them
as vehicles for apoptosis-inducing toxins. Therefore, we investi-
gated whether immunotoxins containing 2 different scFvs, against
CTLA-4 and the type-1 RIP saporin, were able to kill CTLA-4–
expressing leukemic cells in vitro. It was already reported that
RIP-containing immunotoxins are able to induce apoptosis in target
cells,32,33 with cytotoxic mechanisms comprehending protein syn-
thesis inhibition and possibly direct damages to DNA or other types

of RNA.34 We demonstrated that they were highly efficient in
inducing apoptosis of neoplastic cells from an AML sample,
supporting the importance of CTLA-4 as a new target molecule for
in vivo immunotherapeutic strategies of human leukemias.

Our results point out that the availability of a panel of
anti–CTLA-4–specific scFvs will be very important for monitoring
CTLA-4 expression in neoplastic cell populations from different
leukemia subtypes and for studying the physiological function of
this molecule in such neoplastic cells. In fact, the expression of
CTLA-4 in leukemias might indicate that the tumor cells have the
ability to interact with the CD80/CD86 ligands on antigen-
presenting cells, and actually transduce an immunosuppressive
signal that plays a role in initiating and maintaining the neoplastic
process. Whether this signal would follow the same inhibitory
pathway typical of activated T cells remains to be established.

Acknowledgment

We are grateful to D. Neri (Swiss Federal Institute of Technology,
Zurich) for kindly providing the ETH-2 phage library used in
this study.

References

1. Walunas TL, Lenschow DJ, Bakker CY, et al.
CTLA-4 can function as a negative regulator of T
cell activation. Immunity. 1994;1:405-413.

2. Krummel MF, Allison JP. CD28 and CTLA-4 have
opposing effects on the response of T cells to
stimulation. J Exp Med. 1995;182:459-465.

3. Alegre ML, Shiels H, Thompson CB, Gajewski F.
Expression and function of CTLA-4 in Th1 and
Th2 cells. J Immunol. 1998;161:3347-3356.

4. Jonuleit H, Schmitt E, Stassen M, Tuettenberg A,
Knop J, Enk AH. Identification and functional
characterization of human CD4�CD25� T cells
with regulatory properties isolated from peripheral
blood. J Exp Med. 2001;193:1285-1294.

5. Levings MK, Sangregorio R, Roncarolo MG. Hu-
man CD25�CD4� T regulatory cells suppress
naive and memory T cell proliferation and can be
expanded in vitro without loss of function. J Exp
Med. 2001;193:1295-1301.

6. Kuiper HM, Brower M, Linsley PS, van Lier RAW.
Activated T cells can induce high levels of
CTLA-4 expression on B cells. J Immunol. 1995;
155:1776-1783.

7. Xerri L, Devilard E, Hassoun J, Olive D, Birg F. In
vivo expression of the CTLA4 inhibitory receptor
in malignant and reactive cells from human lym-
phomas. J Pathol. 1997;183:182-187.

8. Kaufman KA, Bowen JA, Tsai AF, Bluestone JA,
Hunt JS, Ober C. The CTLA-4 gene is expressed
in placental fibroblasts. Mol Hum Reprod. 1999;5:
84-87.

9. Nagaraju K, Raben N, Villalba ML, et al. Costimu-
latory markers in muscle of patients with idio-
pathic inflammatory myopathies and in cultured
muscle cells. Clin Immunol. 1999;92:161-169.

10. Wang XB, Giscombe R, Yan Z, Heiden T, Xu D,
Lefvert AK. Expression of CTLA-4 by human
monocytes. Scand J Immunol. 2002;55:53-60.

11. Sayegh MH. Finally, CTLA4Ig graduates to the
clinic. J Clin Invest. 1999;103:1223-1225.

12. Linsley PS, Brady W, Urnes M, Grosmaire LS,
Damle NK, Ledbetter JA. CTLA-4 is a second re-
ceptor for the B cell activation antigen B7. J Exp
Med. 1991;174:561-569.

13. Wallace PM, Johnson JS, MacMaster JF,
Kennedy A, Gladstone P, Linsley PS. CTLA4Ig
treatment ameliorates the lethality of murine

graft-versus-host disease across major histocom-
patibility complex barriers. Transplantation. 1994;
58:602-610.

14. Judge TA, Wu Z, Zheng XG, Sharpe AH, Sayegh
MH, Turka LA. The role of CD80, CD86 and
CTLA-4 in alloimmune responses and the induc-
tion of long-term allograft survival. J Immunol.
1999;162:1947-1951.

15. Pistillo MP, Tazzari PL, Ellis JH, Ferrara GB. Mo-
lecular characterization and applications of re-
combinant scFv antibodies to CD152 costimula-
tory molecule. Tissue Antigens. 2000;55:229-238.

16. Pistillo MP, Tazzari PL, Stirpe F, et al. Anti-
CTLA-4 human scFv antibodies could prevent T
cell activation in transplantation. Transplant Proc.
2001;33:285-287.

17. Tazzari PL, Polito L, Bolognesi A, et al. Immuno-
toxins containing recombinant anti-CTLA-4
single-chain fragment variable antibodies and
saporin: in vitro results and in vivo effects in an
acute rejection model. J Immunol. 2001;167:
4222-4229.

18. Barbieri L, Battelli MG, Stirpe F. Ribosome-inacti-
vating proteins from plants. Biochim Biophys
Acta. 1993;1154:237-282.

19. Peumans WJ, Hao Q, Van Damme EJ. Ribo-
some-inactivating proteins from plants: more than
RNA N-glycosidase? FASEB J. 2001;15:1493-
1506.

20. Pini A, Viti F, Santucci A, et al. Design and use of
a phage display library. J Biol Chem. 1998;273:
21769-21776.

21. Ratta M, Curti A, Fogli M, et al. Efficient presenta-
tion of tumor idiotype to autologous T-cells by
CD83� dendritic cells derived from highly purified
circulating CD14� monocytes in multiple my-
eloma patients. Exp Hematol. 2000;28:931-940.

22. Dohring C, Angman L, Spagnoli G, Lanzavecchia
A. T-helper- and accessory cell-independent cyto-
toxic responses to human tumor cells transfected
with a B7 retroviral vector. Int J Cancer. 1994;57:
754-759.

23. Bennett JM, Catovsky B, Daniel MT, et al. Pro-
posal for the classification of the acute leukemias.
French-American-British (FAB) Co-operative
Group. Br J Haematol. 1976;33:451-458.

24. Magistrelli G, Jeannin P, Herbault N, et al. A

soluble form of CTLA-4 generated by alternative
splicing is expressed by nonstimulated human T
cells. Eur J Immunol. 1999;29:3596-3602.

25. Dariavach P, Mattei MG, Golstein P, Lefranc MP.
Human Ig superfamily CTLA-4 gene: chromo-
somal localization and identity of protein se-
quence between murine and human CTLA-4 cy-
toplasmic domains. Eur J Immunol. 1988;18:
1901-1905.

26. Schneider H, Martin M, Agarraberes FA, et al.
Cytolytic T lymphocyte-associated antigen-4 and
the TCR zeta/CD3 complex, but not CD28, inter-
act with clathrin adaptor complexes AP-1 and
AP-2. J Immunol. 1999;163:1868-1879.

27. Linsley PS, Bradshaw J, Greene J, Peach K,
Bennett L, Mittler RS. Intracellular trafficking of
CTLA-4 and focal localization towards sites of
TCR engagement. Immunity. 1996;4:535-543.

28. Finn PW, He H, Wang Y, et al. Synergistic induc-
tion of CTLA-4 expression by costimulation with
TCR plus CD28 signals mediated by increased
transcription and messenger ribonucleic acid sta-
bility. J Immunol. 1997;158:4074-4081.

29. Lindsten T, Lee KP, Harris ES, et al. Characteriza-
tion of CTLA-4 structure and expression on hu-
man T cells. J Immunol. 1993;151:3489-3499.

30. Baroja ML, Luxenberg D, Chau T, et al. The in-
hibitory function of CTLA-4 does not require its
tyrosine phosphorylation. J Immunol. 2000;164:
49-55.

31. Freeman GJ, Lombard DB, Gimmi CD, et al.
CTLA-4 and CD28 mRNA are coexpressed in
most T cells after activation. J Immunol. 1992;
149:3795-3801.

32. Bolognesi A, Tazzari PL, Olivieri F, et al. Induction
of apoptosis by ribosome-inactivating proteins
and related immunotoxins. Int J Cancer. 1996;68:
349-355.

33. Keppler-Hafkemeyer A, Kreitman RJ, Pastan I.
Apoptosis induced by immunotoxins used in the
treatment of hematologic malignancies. Int J Can-
cer. 2000;87:86-94.

34. Barbieri L, Bolognesi A, Valbonesi P, Polito L,
Olivieri F, Stirpe F. Polynucleotide: adenosine gly-
cosidase activity of immunotoxins containing ribo-
some-inactivating proteins. J Drug Target. 2000;
8:281-288.

CTLA-4 IN NORMAL AND LEUKEMIC HEMATOPOIETIC CELLS 209BLOOD, 1 JANUARY 2003 � VOLUME 101, NUMBER 1


