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SUMMARY

 

The existence of an immune based graft-

 

versus

 

-leukaemia (GvL) effect highlighted the prospect of
managing relapsed leukaemias with T cell-based adoptive immunotherapy. Thus, various strategies have
been explored for the 

 

in vitro

 

 expansion of acute myeloid leukaemia (AML)-specific T cells. In a pop-
ular approach, AML blasts have been genetically modified to express co-stimulatory molecules essential
for effective T cell priming. One such tactic has been the modification of AML cells to express the B7/
CD80 co-stimulatory molecule that binds to CD28 on T cells initiating events that culminate in
enhanced cytokine production, proliferation and development of effector functions by T cells. The suc-
cess of these strategies has been limited by difficulties in attaining sufficient transduction efficiencies
and associated high levels of CD80 expression. We demonstrate that these problems can be circum-
vented by using anti-CD28 monoclonal antibody. Furthermore, we show that the synergistic relation-
ship between CD80/CD28 pathway and interleukin 12 cytokine (IL-12), documented in the generation
of cytotoxic T lymphocytes (CTL) for solid tumours, also applies to AML. CD28/IL-12 synergy facili-
tated the proliferation of allogeneic T cells in response to stimulation with primary AML blasts. The syn-
ergy also favoured generation of a Th1-type immune response, evidenced by gamma interferon (IFN-

 

g

 

) secretion and facilitated naive and memory T cell proliferation. Unlike some methods of 

 

in vitro

 

 T cell
expansion, use of CD28/IL-12 synergy left T cells in the physiologically appropriate CD45RA

 

–

 

/CCR7

 

–

 

subsets known to be associated with immediate cytotoxic functions.
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INTRODUCTION

 

In contrast to solid tumours, the immunotherapy of haematolog-
ical malignancies has focused on the feasibility of generating
tumour specific cytotoxic T lymphocytes (CTL) 

 

ex-vivo

 

 for the
purpose of adoptive immunotherapy [1–3]. Such strategies
depend largely on the use of the leukaemic blasts as source of
antigen for the necessary 

 

in vitro

 

 T cell stimulations. It is therefore
problematic that the antigen-presenting capacity of acute myeloid
leukaemia (AML) cells is restricted by the fact that they generally
lack expression of B7·1/CD80 [4], the most important co-stimula-
tory molecule essential for effective T cell priming [5–7]. B7/

CD80 has also long been known to act in synergy with interleukin
(IL)-12 cytokine in generating Th1 immune responses [8]. This
synergistic relationship, in which the effect of the combined co-
stimuli is greater than their additive effect, has been exploited
with some success in the generation of CTL against solid tumours
[9–11]. As such, various tactics have been deployed to genetically
modify leukaemic blasts to express B7/CD80 and IL-12, including
the use of retroviruses [12], and adeno-associated viruses [13].
However, these endeavours are hampered by the low levels of
protein expression achieved in the AML cells. Therefore, in this
study we have set out to initially explore an alternative method of
attaining B7/CD80 co-stimulation for AML cells without the
requirement for genetic modification and then ascertain whether
the B7/CD80 and IL-12 synergy can also be applied to the gen-
eration of CTL for AML.

The CD80 co-stimulatory molecule is normally found on pro-
fessional antigen-presenting cells (APCs) with its receptor, CD28,
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being expressed on CD4

 

+

 

 and CD8

 

+

 

 T cells [5–7]. On association
with CD28, a sequence of events is initiated in the T cell that
results in increased cytokine production, proliferation, clonal
expansion and the development of effector functions [5–7].
Attempts to manipulate AML cells to express B7/CD80 thus aim
to endow these cells with the antigen presenting capacity of the
professional APCs. Work using murine models of AML has dem-
onstrated that AML cells, transfected to express B7/CD80, are
immunogenic and when used as vaccines can generate CTL able
to eliminate established disease [14–16]. Indeed, it has been
shown that B7/CD80 expression by human AML cells provides
the required co-stimulation that permits them to stimulate allo-
geneic T cell proliferation [12,17].

As a result of their low proliferative rate [18] AML cells, in
common with other cells of haematopoietic origin, are notori-
ously difficult to transduce [19], given that most vectors require
replicating cells. As such, difficulties have been encountered in
genetically modifying human AML cells to express acceptable
and reproducible levels of B7/CD80 protein [12]. It has become
imperative therefore to explore alternative ways of providing
co-stimulation for AML stimulation of T cells without the
requirement for gene modification. Notter and colleagues [4]
have started on this exercise by creating a B7·1 IgG fusion pro-
tein that simply binds, through the Fc segment, to AML blasts
via their Fc

 

g

 

 receptor I (CD64). In this manner, human AML
cells acquired a B7/CD80 positive phenotype without any
genetic manipulations and were proficient in stimulating prolif-
eration of autologous T cells. In this study, we have explored
another alternative of simply using a monoclonal antibody to
CD28, the receptor for B7/CD80. We set out initially to deter-
mine whether use of this CD28 antibody would provide co-
stimulation that would permit AML cells to stimulate T cell
proliferation without the requirement for genetic manipulation.
Secondly, we aimed to examine whether the synergistic relation-
ship between B7/CD80 and IL-12 that has been well docu-
mented in the generation of CTL against solid tumours could
also be utilized in a similar fashion for haematological malig-
nancies such as AML.

 

MATERIALS AND METHODS

 

Primary AML cells

 

Samples of peripheral blood and/or bone marrow were obtained,
subject to local ethical committee approval, from consenting adult
AML patients attending the Department of Haematology, Royal
Free Hospital and other collaborating centres in the United King-
dom. Cells were isolated on a LymphoPrep (Amersham, UK) gra-
dient and cryopreserved in RPMI-1640 (10%) fetal calf serum
(FCS) (80%) with 10% DMSO. In all cases, AML blasts were
phenotyped for expression of HLA class I antigens, HLA-DR,
CD80 and CD86. All samples expressed normal levels of HLA
class I (W632 monoclonal antibody) compared to normal donor
mononuclear cells. HLA-DR was also expressed by all samples,
although the intensity of expression varied between donors (data
not shown). CD80 was absent from all AML samples tested and
CD86 was expressed on more than 5% of blasts in all 24 samples
tested. The 5% threshold was used because our group has shown
previously that AML cells can stimulate allogeneic T cells when as
few as 5% express CD86 in the absence of CD80 [20]. Density of
expression of HLA-DR does not influence significantly the allo-
geneic response to AML [20].

 

Isolation of T cells

 

Peripheral blood mononuclear cells (PBMC) were isolated from
peripheral blood of normal donors or AML patients in complete
remission by density gradient separation (LymphoPrep, Amer-
sham, UK). T cells (purity greater than 95% CD3

 

+

 

) were then
obtained by immunomagnetic depletion of other lymphocyte
populations using anti CD14, CD19 and CD56 PE conjugated
antibodies and anti-PE microbeads (Miltenyi Biotec, Germany).
Sorted T cells were maintained in RPMI-1640, 10% FCS, 2 m

 

M

 

 

 

L

 

-
glutamine, 50 U/ml penicillin, 50 

 

m

 

g/ml streptomycin.

 

Stimulation of T cells with phytohaemaglutinnin (PHA)

 

Purified T cells (2 

 

¥

 

 10

 

5

 

cells/well) were stimulated with PHA
(0·5–16 

 

m

 

g/ml) in 96-well plates. After 48 h, cells were pulsed
with [

 

3

 

H]thymidine (1 

 

m

 

Ci/well) for 17 h and then harvested.
[

 

3

 

H]thymidine uptake was determined using a scintillation
counter.

 

T cell proliferation in response to patient-derived AML blasts

 

For allogeneic studies T cells were selected from peripheral blood
of healthy volunteers and tested against a variety of allogeneic
AML blasts. For autologous experiments T cells were isolated
from AML patients in remission and tested against AML blasts
from the same patient taken at the time of disease presentation.
In all cases, 2 

 

¥

 

 10

 

5

 

 T cells were stimulated with irradiated (10 000
rad) AML blasts (2 

 

¥

 

 10

 

4

 

) for 5 days in 96-well plates. To assess
anti-CD28/IL-12 synergy, IL-12 (10 ng/ml) and anti-CD28 anti-
body (5 

 

m

 

g/ml) were added as supplements to the stimulations.
The specificity of CD28 antibody was assessed by using an irrel-
evant goat antimouse antibody (5 

 

m

 

g/ml) as a negative control.
On day 5, cells were pulsed with [

 

3

 

H]thymidine (1 

 

m

 

Ci/well) for 17
h prior to harvesting. [

 

3

 

H]thymidine uptake was determined using
a scintillation counter.

 

Detection of IFN-

 

g

 

 secreting and perforin positive T cells

 

Allogeneic T cells were isolated from peripheral blood
donated by healthy volunteers as described previously; 2 

 

¥

 

 10

 

5

 

T cells were then stimulated with 4 

 

¥

 

 10

 

4

 

 irradiated (10 000
rad) AML blasts for 48 h in 96-well plates. The cells were then
harvested and divided. The percentage of IFN-

 

g

 

 secreting cells
was determined using the MACs IFN-

 

g

 

 secretion assay (Milte-
nyi Biotec, Germany) before flow cytometric analysis. Intracel-
lular perforin expression was determined by surface labelling
with anti-CD3 FITC and anti-CD8 PerCP followed by fixation
and permeabilization (Dako Intrastain, Ely, UK) and labelling
with antiperforin PE (PharMingen, Oxford, UK) and subse-
quent flow cytometric analysis.

 

Expression of CCR7/CD45RA

 

T cells, 2 

 

¥

 

 10

 

5

 

, isolated as described previously from normal
volunteers, were stimulated with 2 

 

¥

 

 10

 

4

 

 irradiated AML blasts
(10 000 rad) for 5 days with IL-12 (10 ng/ml) and varying con-
centrations of CD28 antibody (0·5–16·0 

 

m

 

g/ml); 2 

 

¥ 

 

10

 

5

 

 T cells
were also stimulated with PHA (0·5–16 

 

m

 

g/ml). On day 5, the
level of proliferation was assessed by [

 

3

 

H]thymidine uptake and
a concentration of CD28/IL-12 was determined that gave the
same level of proliferation as PHA. The cells were then analy-
sed for the expression of CCR7/CD45RA using the following
antibodies; CD45RA APC (Pharmingen), CCR7 IgM (Pharmin-
gen), IgM FITC secondary antibody (Pharmigen), CD8 PE
(BD), CD3 PerCP (BD).
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Statistical analysis

 

All T cell proliferation data were distributed normally. Paired dis-
tributions were tested for comparability of variance by 

 

F

 

-test. Dif-
ferences between means of datasets with comparable variance (

 

F

 

-
test, 

 

P

 

 

 

>

 

 0·05) were tested by conventional non-paired Student’s 

 

t

 

-
test. Welch’s correction was used to determine the significance of
differences between the means of distributions with significantly
different variance as determined by 

 

F

 

-test (

 

P

 

 

 

<

 

 0·05).

 

RESULTS

 

Anti-CD28/IL-12 synergy drives the proliferation and 
blastogenesis of allogeneic T cells to primary AML blasts

 

The ability of CD28/IL-12 in combination to drive the prolifera-
tion of T cells in response to stimulation by AML blasts was

assessed initially using allogeneic T cells obtained from normal
donors. T cells were stimulated with irradiated patient AML
blasts in the presence of anti-CD28 antibody, IL-12 cytokine or
the two agents combined. Figure 1a shows that, when compared
to the proliferation of allogeneic T cells stimulated with blasts
alone, CD28 was able to induce a modest level of proliferation in
15/18 cases; however, the degree of allogeneic T cell proliferation
attained was enhanced significantly (

 

P

 

 

 

=

 

 0·0017, 14/18 experi-
ments) when CD28 antibody was used in conjunction with IL-12
cytokine. Generally, IL-12 cytokine used alone did not enhance
the level of proliferation when compared to that observed with
allogeneic T cells stimulated only with blasts. However, Fig. 1a
shows that proliferation observed when IL-12 was used in com-
bination with CD28 was always significantly better than that
observed with IL-12 alone (

 

P

 

 

 

=

 

 0·0035). In 11/18 cases the

 

Fig. 1.

 

 Anti-CD28/IL-12 synergy drives the proliferation of allogeneic T cells to primary AML blasts. (a) Proliferation, as determined by
[

 

3

 

H] thymidine uptake, of allogeneic T cells (2 

 

¥

 

 10

 

5

 

 cells/well) stimulated with primary AML blasts (2 

 

¥

 

 10

 

4

 

cells/well) in the presence of
anti-CD28 antibody ( ), IL-12 cytokine (

 

�

 

) or anti-CD28 in combination with IL-12 cytokine (

 

�

 

). Fold increase was calculated relative
to the proliferation of T cells stimulated with AML blasts alone. (b) The effect of anti-CD28 on allogeneic T cell response to AML blasts
plus IL-12.
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combination of IL-12 plus anti-CD28 was synergistic rather than
simply additive. Addition of an irrelevant goat antimouse anti-
body did not affect proliferation of allogeneic T cells stimulated
with AML blasts (data not shown).

To determine the optimum concentration of anti-CD28 for
the co-stimulation of T cells to AML blasts, we conducted a
dose–response experiment with T cells from three donors.
Figure 1b shows the proliferation (mean 

 

±

 

 s.d.) of the donor T
cells in response to a single AML sample. Background T cell pro-
liferation is compared to proliferation of purified T cells to irra-
diated AML blasts in the presence of IL-12, as described above.
Concentrations of anti-CD28 MoAb ranged from nil to 16 

 

m

 

g per
well. The lowest concentration of anti-CD28 showed significant
increases in proliferation compared with IL-12 alone (

 

P

 

 

 

<

 

 0·05),
whereas concentrations of 4 

 

m

 

g or greater were associated with
greater increases in proliferation which were also significant
(

 

P

 

 

 

<

 

 0·01).
Blastogenesis of the T cell population in these cultures was

also observed on day 5 and the synergy between IL-12 and
anti-CD28 was confirmed. Addition of anti-CD28 to the cul-
tures increased the proportion of blastoid T cells by an aver-
age of ninefold (mean 8·7; s.d. 1·45) while IL-12 alone had
signficantly less effect (2·53; 0·89). In contrast, the use of the
combined IL-12/CD28 led to increases of up to 20-fold (19·7;
3·21) (Fig. 2).

Anti-CD28/IL-12 synergy drives the proliferation of autolo-
gous T cells to primary AML blasts. In two cases we were able to
obtain freshly isolated T cells from AML patients in complete
haematological remission from whom we had cryopreserved their
AML blasts at time of disease presentation. The addition of anti-
CD28 alone was unable to enhance the proliferative response in
either case while addition of IL-12 plus anti-CD28 led to signifi-
cantly increased proliferation in both cases (

 

P

 

 

 

<

 

 0·05 and 

 

P

 

 

 

<

 

 0·03,
respectively) compared to autologous T cells without either co-
stimulant (Fig. 3).

 

Anti-CD28/IL-12 synergy stimulates allogeneic T cells to 
produce IFN-

 

g

 

 and perforin in response to primary AML blasts

 

Having demonstrated the ability of CD28/IL-12 synergy to drive
the proliferation of allogeneic T cells in response to AML blasts,
we set out to determine if this synergy pushed T cells through a
Th1 pathway. To this end, we stimulated allogeneic T cells with
AML blasts in the presence of CD28 alone, IL-12 alone, and the
two agents in combination. After 48 h, we tested the ability of the
stimulated T cells to secrete IFN-

 

g

 

, a ThI cytokine. Figure 4 shows
that T cells stimulated with IL-12 and CD28 alone do produce low
levels IFN-

 

g

 

; however, T cells stimulated with AML blasts in the
presence of the two agents combined show, on average, a twofold
increase in the frequency of IFN-

 

g

 

-producing T cells. The fre-
quency of CD3

 

+

 

/CD8

 

+

 

 T cells expressing intracellular perforin
increased by nearly threefold during the same culture period
(mean 2·86; s.d. 0·3) (Fig. 5).
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Fig. 2.

 

Blastogenesis of T cells in response to (a) AML blasts alone; (b)
AML blasts plus anti-CD28; (c) AML blasts plus IL-12; (d) AML blasts
plus anti-CD28 and IL-12. The data are presented as flow cytometric dot
plots of forward angle light scatter (indicative of cell size) 

 

versus

 

 CD3
expression. The percentages represent the CD3

 

+

 

 blast cells as a proportion
of total CD3

 

+

 

 cells. This is representative of five experiments.
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IL-12/CD28 synergy initiates proliferation of CD45RA

 

+

 

 T cells

 

Normal donor T cells from three donors were isolated and
sorted subsequently into CD45RA

 

+

 

 and CD45RO

 

+

 

 fractions
to 

 

>

 

95% purity and co-cultured with allogeneic AML blasts
in the presence and absence of IL-12 

 

±

 

 anti-CD28. In com-
mon with the 18 samples shown in Fig. 1b, the three AML
samples all showed increased allostimulatory capacity in the
presence of anti-CD28/IL-12 than with either co-stimulant
alone (Fig. 6a). CD45RO T cells showed an enhanced prolif-
erative response following addition of IL-12 but anti-CD28
had no additive effect either in the presence or absence of
IL-12 (Fig. 6b). In marked contrast, the CD45RA

 

+

 

 T cells
responded only to allogeneic AML blasts in the presence of
both anti-CD28 and IL-12 (Fig. 6c). It was apparent that
over 60% of the T cell proliferation in the cultures supple-
mented with anti-CD28 plus IL-12 was in the CD45RA
subset.

 

The CD45RA

 

-

 

/CCR7

 

-

 

 T cell subset proliferates following 
stimulation with AML blasts using the anti-CD28/IL-12 synergy

 

It has been observed that 

 

ex-vivo

 

 expanded T cells often have
impaired function when used for adoptive immunotherapy
[21–23]. This has been attributed largely to the methods used
for 

 

ex-vivo

 

 expansion such as phytohaemagglutinin (PHA),
concavalin A and high levels of CD3 stimulation [21–23].
Recent work [24] has shown that the method of 

 

ex-vivo

 

expansion can affect the distribution of CD45RA/CCR7 sub-
sets that describe the functionality of T cells. Of particular
interest in the field of tumour immunology are the CD45RA

 

-

 

/
CCR7

 

-

 

 double negative cells which migrate to inflamed areas
and have immediate cytolytic functions [25]. This subset is lost
when T cells are expanded polyclonally with non-physiologi-
cal stimuli such as PHA [24]. Therefore, having shown that
CD28/IL-12 synergy could drive T cells to proliferate in
response to AML blasts and also secrete IFN-g, we set out to
see whether this method of ex-vivo T cell expansion pre-
served the CD45RA-/CCR7- subset. [3H]thymidine uptake
assays were carried out initially to determine the concentra-
tions of CD28/IL-12 and PHA that gave comparable levels of
T cell proliferation. Figure 7 shows the expression of
CD45RA/CCR7 on T cells after 5-day stimulation with AML
blasts and CD28/IL-12 compared to that of T cells that were

stimulated with PHA (4 mg/ml) for the same duration of time.
Cells stimulated with CD28/IL-12 synergy remain in the phys-
iologically relevant CD45RA/CCR7 subsets, as shown by the
profile of unstimulated cells, whereas T cells stimulated with
PHA lose the CCR7-/CD45RA- double negative population
that is associated with immediate effector functions. The sce-
nario holds true for CD4+ and CD8+ T cells.

DISCUSSION

Evidence of a graft-versus-leukaemia [26,27] effect showed that
haematological malignancies such as AML could be responsive
to T cell-based immunotherapy. Subsequent attempts to use
AML blasts in vitro for the ex-vivo generation of CTL that
could be used for adoptive immunotherapy were thwarted by
the fact that AML cells rarely express B7/CD80 co-stimulatory
molecules [4] and thus make poor antigen presenters. As
attempts to modify these cells genetically to express B7/CD80
as well as cytokines essential for competent antigen presenta-
tion have experienced technical difficulties in transducing these
cells, our study has now established that CD28 monoclonal anti-
body can provide primary AML blasts with the co-stimulation
required to drive the proliferation of allogeneic and autologous
T cells, thus circumventing the need for genetic manipulation.
Furthermore, the co-stimulation provided by CD28 antibody
could be enhanced in a synergistic fashion by the exogenous
addition of IL-12 cytokine. This combination also facilitated
the generation of a proliferative response within the naive
CD45RA+ T cell subsets.

The quest to find alternative ways of providing AML cells
with the co-stimulation required for T cell stimulation without
genetic modification was already begun by Notter and cowork-
ers [4]. This group of workers showed that a B7·1 Ig fusion
protein, capable of binding to AML cells via the CD64 recep-
tor, could provide the co-stimulation required by human AML
blasts to stimulate the proliferation of allogeneic and autolo-
gous T cells. Our data now provide another alternative method
for the provision of co-stimulation without genetic manipula-
tion. In addition to circumventing the technical difficulties
encountered when transducing AML cells, the use of CD28
monoclonal antibody in this manner will be more practical
than AML cells modified genetically with viral vectors due to
safety issues for both the individual patients as well as the
public at large [28]. Notter and colleagues [4] found that the
co-stimulation provided by the use of the B7·1 Ig fusion pro-
tein could drive the proliferation only of preactivated autolo-
gous T cells and not resting ones. Our data show that use of
CD28 alone induces a modest level of proliferation in resting
autologous T cells, which is enhanced further by the addition
of IL-12.

It has been documented for some time that IL-12 cytokine
acts in synergy with B7/CD80 in the generation of Th1 immune
response [8]. Indeed, this synergistic relationship had already
been utilized successfully in the generation of CTL for the erad-
ication of solid tumours [9–11]. Using a murine model of leu-
kaemia, Dunussi-Joannopoulos and colleagues [29] had also
shown that AML cells transduced to express IL-12 were effective
in stimulating therapeutic immunity. However, the synergistic
relationship existing between B7/CD80 and IL-12 was yet to be
evaluated with respect to AML or indeed any other haematolog-

Fig. 3. Two cases of autologous T cell proliferation to AML blasts. AML
55 (�) AML 65 (�).
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Fig. 4. Anti-CD28/IL-12 synergy stimulates T cells to produce IFN-g in response to primary AML blasts. IFN-g production by CD3+ selected
T cells, stimulated with AML blasts for 5 days in the presence of anti-CD28 alone, IL-12 alone or the two agents in combination. Percentage
of cytokine-producing cells determined using MACs IFN-g secretion assay and measured by flow cytometry.
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ical malignancy. Our data therefore extend this area of research
by showing that this synergy also applies to AML stimulation of
both allogeneic and autologous T cells and could thus be
exploited in the ex-vivo generation of CTL for adoptive immuno-
therapy. Furthermore, such AML-reactive T cells appear to retain
functional activity with respect to interferon-g synthesis and intra-
cellular perforin and, when expanded in vitro, retain the
CD45RA–/CCR7– phenotype associated with immediate cytolytic
activity.

There is now a body of opinion that suggests that alloge-
neic CTL would be suitable for the immunotherapy of leu-
kaemia [30] in patients from whom functional autologous CTL
cannot be derived. Such patients would receive an allogeneic
transplant from an HLA-identical donor which was depleted
of T cells, thus reducing the mortality associated with graft-ver-
sus-host disease. They would then receive AML-specific CTL
generated ex-vivo from the same HLA-matched donor. This
anti-CD28/IL-12 strategy is readily translatable to clinical prac-
tice and we believe that it represents a pragmatic alternative
to the use of genetically modified tumour cells. As such, it is
suited to a broad range of haematological and solid tumours
alike.
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Fig. 5. Intracellular perforin expression in CD3+/CD8+ T cells after stimulation with anti-CD28, IL-12 or a combination of both.
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(c) CD45RA+ T cells. Three separate AML blasts were tested, represented
by the variously shaded bars.
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