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In vitro induction of T cells that are resistant to A,
adenosine receptor-mediated immunosuppression
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M Sitkovsky

New England Inflammation and Tissue Protection Institute, Northeastern University, Boston, MA, USA

Background and purpose: The increased levels of extracellular adenosine in inflamed tissues down-regulate activated immune
cells via the A,a adenosine receptor. This Azx adenosine receptor-mediated immunosuppression is a disqualifying obstacle in
cancer immunotherapy as it protects cancerous tissues from adoptively transferred anti-tumour T cells. The aim of this study
was to test whether the negative selection of T cells will produce T cells that are resistant to inhibition by extracellular
adenosine.

Experimental approach: Cytotoxic T lymphocytes (CTL) were developed by mixed lymphocyte culture in the presence or
absence of the adenosine receptor agonist 5’-N-ethylcarboxamidoadenosine (NECA). The sensitivity of CTL to adenosine
analogues was characterized by cAMP induction, interferon-y production and cytotoxicity.

Key results: CTL that could proliferate even in the presence of NECA were less susceptible to inhibition by A,y adenosine
receptor agonists, as shown by a much smaller accumulation of cAMP and less inhibition of interferon-y production compared
with control CTL. The successful protocol to produce CTL that are both resistant to adenosine-mediated immunosuppression
and maintain strong cytotoxicity and interferon-y secretion required NECA to be added only during the expansion stage after
the establishment of CTL. In contrast, the priming of resting T cells in the presence of NECA resulted in T cells with impaired
effector functions.

Conclusions and implications: Adenosine-resistant effector T cells were successfully obtained by exposure of activated T cells
to NECA. These in vitro studies form the basis for future attempts to produce anti-tumour T cells that are more effective in
adoptive immunotherapy.
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Introduction

The A, adenosine receptor is highly expressed in the brain
and immune cells (Fredholm etal., 2001; Linden, 2001).
Binding of ligands to A, adenosine receptors expressed on T
cells strongly inhibits proliferation (Huang et al., 1997), cyto-
toxicity (Koshiba et al., 1997) and the production of cytokines
(Koshiba etal.,, 1997; Erdmann etal.,, 2005; Lappas etal.,
2005). Az adenosine receptors are also expressed in macroph-
ages, mast cells and activated T cells (Fredholm et al., 2001;
Linden, 2001; Ohta et al., 2006). As both A,, and A,z adenos-
ine receptors are Gas-coupled receptors, the subsequent
increase of intracellular cAMP by adenylate cyclase activates
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protein kinase A (PKA) (Fredholm et al., 2001; Linden, 2001).
Phosphorylation by PKA of COOH-terminal Src kinase (Csk)
results in the inhibition of Lck activation and interruption of
T cell receptor signalling (Vang et al., 2001). It is also shown
that the regulatory subunit of PKA plays a role in the inhibi-
tion of effector functions of activated T cells (Raskovalova
etal., 2007). T cells also express other immunosuppressive
Gos protein-coupled receptors [i.e. B.-adrenoceptor, hista-
mine H, receptor, prostaglandin E, (PGE,) receptor]; however,
the A,, adenosine receptor has been found to have an essen-
tial role in the mechanism of physiological down-regulation
of inflammatory responses (Ohta and Sitkovsky, 2001; Sitk-
ovsky et al., 2004; Sitkovsky and Ohta, 2005; Ohta etal.,
2007). Indeed, a deficiency of A,, adenosine receptors was
demonstrated to exacerbate inflammatory tissue damage
(Ohta and Sitkovsky, 2001; Day et al., 2004). Az adenosine
receptor-deficient mice were also found to have low levels of
inflammation in the vascular endothelium (Yang et al., 2006).
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Thus, Ax/Azs adenosine receptors play an important role in
the down-regulation of immune responses.

Tumours may use this adenosine-mediated immunosup-
pression to evade attack by anti-tumour T cells. Cancerous
tissues are often hypoxic because of the aggressive growth of
tumour cells and tumour geometry, and chronic hypoxia in
tumours is known to correlate with poor prognosis (Harris,
2002; Shannon et al., 2003; Vaupel and Mayer, 2007). This
hypoxia inside tumours results in the extracellular fluid in
tumour tissues having higher levels of adenosine than in
normal tissues (Ohta et al., 2006). Tissue hypoxia is condu-
cive to accumulation of extracellular adenosine because of
the inhibition of adenosine kinase (Decking etal., 1997;
Kobayashi et al., 2000) and hypoxia-induced up-regulation
of extracellular adenosine-generating enzymes CD39 and
CD73 (Eltzschig et al., 2004; Kobie et al., 2006; Deaglio et al.,
2007).

The much enhanced tumour destruction in A,, adenosine
receptor-deficient mice demonstrates that intratumoural
adenosine has a role in the self-protective mechanism of
tumours by exerting immunosuppression through A,
adenosine receptors (Ohta et al., 2006). In agreement with
this hypothesis, antagonists of the A,y adenosine receptor
significantly improved tumour immunotherapy by T cell
adoptive transfer (Ohta etal., 2006). These observations
suggest the novel approach whereby more effective immuno-
therapy will be accomplished by preventing down-regulation
of adoptively transferred T cell functions via A;\/Azs adenos-
ine receptors. Accordingly, treatments that down-regulate A,
and A, adenosine receptors in effector T cells are expected to
improve adoptive immunotherapy.

In the present study, we developed cytotoxic T lymphocytes
(CTL) that are insensitive to A,/A,; adenosine receptor-
mediated immunosuppression. This was done by culturing
them with 5’-N-ethylcarboxamidoadenosine (NECA) that is
an adenosine receptor agonist having high affinity for both
Az and Az adenosine receptors (Kq = 10-20 nmol L) (Fred-
holm et al., 2001). We showed that NECA suppressed CTL
expansion in vitro; however, a significant number of cells
could still expand even in the presence of a high concentra-
tion of NECA. We found that these negatively selected CTL
did not respond to A,a/Az; adenosine receptor stimulation
induced by cAMP accumulation and that their effector func-
tions were resistant to extracellular adenosine and A;\/Azg
adenosine receptor-mediated immunosuppression.

Methods

Mice

C57BL/6 and DBA/2 mice were obtained from Charles River
Laboratories (Wilmington, MA). The mice were housed in the
animal facility of Northeastern University, and were used at
7-9 weeks of age in accordance with the institution’s animal
care guidelines.

Mixed lymphocyte culture
Antigen-specific cytotoxic T cells were induced by allogenic
mixed lymphocyte culture using spleen cells from C57BL/6
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(H-2°) and DBA/2 (H-2% mice. Spleen cells from DBA/2 mice
were pre-treated with 50 pg ml™' mitomycin C for 30 min
at 37°C. After being washed three times by centrifugation,
2 x10° DBA/2 spleen cells (stimulator) were mixed with
6 x 10° C57BL/6 spleen cells (responder) in 2 ml of RPMI1640
medium containing 10% foetal calf serum. The cells were
cultured for 5 days in a 12-well plastic plate. In some experi-
ments, CTL (2 x 10° cells) were re-stimulated on day 5 using
mitomycin C-treated DBA/2 spleen cells (4 x 10° cells). The
re-stimulated cells were cultured for additional 2 days, and
were analysed on day 7. NECA was added either at the begin-
ning of mixed lymphocyte culture (0-120 h) or after re-
stimulation (120-168 h).

Cytokine production and cell proliferation in mixed

lymphocyte culture

Culture supernatant was collected 5 days after the set-up of
mixed lymphocyte culture or 2 days after re-stimulation and
was stored at 4°C for subsequent measurement of interferon-y
(IFN-y) levels. IFN-y was quantified by ELISA according to the
manufacturer’s instructions. Cells were incubated for an addi-
tional 4 h in the presence of 1 uCi [*H]-thymidine and radio-
activity of incorporated thymidine was counted.

Cytotoxicity assay

Cytotoxicity of T cells against P815 mastocytoma (H-29) was
determined by *'Cr release assay. Initially, P815 cells (2 x 10°)
were incubated with 100 puCi [*'Cr]-sodium chromate for 1 h
at 37°C. The cells were washed for three times by centrifuga-
tion to remove excess radioactivity. The labelled P815 cells
(1 x 10* cells) were mixed with the effector cells recovered
from mixed lymphocyte culture in a volume of 150 pl.
Effector-target ratio was between 5:1 and 1.25:1. Sedimenta-
tion of the cells in a v-bottom 96-well plate by brief centrifu-
gation was followed by incubation at 37°C. After 4 h, 5'Cr
release in the supernatant from target cells was counted using
a y-radiation counter. Spontaneous *'Cr release was measured
by culturing target cells alone. Maximum °'Cr release was
measured by adding 1 N hydrochloric acid to the same
number of target cells. Cytotoxicity was calculated as percent-
age cell lysis when spontaneous *'Cr release and maximum
S1Cr release were set to 0% and 100% respectively.

cAMP assay

Stimulation of cAMP production and measurement of cAMP
levels were performed as described previously (Apasov et al.,
2000). After washing the cells twice with media to remove
excess NECA, cAMP production from the cells (2 x 10°) was
induced by addition of either NECA, CGS21680 (CGS, Az
adenosine receptor-specific agonist) or forskolin (adenylate
cyclase activator). The concentration of cAMP inducers was
5 umol L. The cells were incubated for 15 min at 37°C, and
the reaction was stopped by addition of 1 N hydrochloric
acid. cAMP levels were determined by ELISA.

Stimulation of IFN-y production from CTL
The CTL (2x 10° cells) were washed twice with media
and re-stimulated by plate-bound anti-CD3 and anti-CD28



monoclonal antibodies (mAb). Anti-CD3 mAb (2 ug ml™)
and anti-CD28 mAb (1 ug ml™") diluted in PBS were immobi-
lized in a flat-bottom 96-well plastic culture plate for 1 h at
37°C before use. In order to examine anti-tumour cellular
responses, CTL (2x10° cells) were also cultured with
mitomycin C-treated P815 mastocytoma (2.5 x 10° cells).
Re-stimulation was performed in the presence of either NECA,
CGS or forskolin (10 pumol L™) in order to examine sensitivity
of T cells to cAMP inducers. After 24-48 h, the culture super-
natant was assayed for IFN-y levels by ELISA.

Flowcytometric analysis

Cells recovered from the mixed lymphocyte culture
were labelled with phycoerythrin-conjugated anti-CDS,
allophycocyanin-conjugated anti-CD4 and fluorescein-
conjugated anti-CD69 mAb, and were analysed by FACS-
Calibur. Cytokine production from CTL was analysed by
intracellular staining as described previously (Nishimura
et al., 1999). After being stimulated with immobilized anti-
CD3 and anti-CD28 mAb for 24 h, the cells were further
incubated in the presence of brefeldin A (10 ug ml™) for 2 h.
The cells were then fixed with 4% paraformaldehyde-PBS for
15 min, permeabilized with permeabilizing buffer
(50 mmol L! NaCl, 5 mmol L' EDTA, 0.02% NaNs, 0.5%
Triton X-100, 10 mmol L™ Tris-HCI, pH 7.5) for 15 min, and
stained with fluorescein-labelled anti-IFN-y mAb. IFN-y-
producing CD8* cells were identified by cell surface staining
using phycoerythrin-conjugated anti-CD8 mAb.

For the cell proliferation assay, spleen cells from
C57BL/6 mouse were labelled with carboxyfluorescein suc-
cinimidyl ester (CFSE) at 1 umol L' for 8 min. Excess CFSE
was removed by dilution with foetal calf serum and subse-
quent centrifugation. This washing step was repeated twice.
The resulted CFSE-labelled cells were used as a responder in
mixed lymphocyte culture. After 3 days, the cells were
stained with phycoerythrin-conjugated anti-CD8 mAb,
and cell division was analysed by a flowcytometer as indi-
cated by the stepwise decrease of fluorescence intensity of
CFSE.

Materials

Mitomycin C, forskolin and NECA were obtained from Sigma
(St. Louis, MO, USA); ELISA for IFN-y from R&D Systems
(Minneapolis, MN, USA); ELISA for cAMP, Amersham Bio-
sciences (Buckinghamshire, UK); [*H]-thymidine, American
Radiolabeled Chemicals (St. Louis, MO, USA); [*'Cr]-sodium
chromate, Perkin Elmer (Boston, MA, USA); CGS (2-(4-[2-
carboxyethyl]-phenethylamino)adenosine-5’-N-ethylurona-
mide), Tocris (Ellisville, MO, USA); all the antibodies used and
FACS Calibur were obtained from BD Biosciences (San Diego,
CA, USA); CFSE, Molecular Probes.

Statistics

Data represent mean * s.d. Statistical calculations were per-
formed using Student’s t-test. Statistical significance was
accepted for P-values less than 0.05.
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Results

Development and expansion of CTL in the presence of the
adenosine receptor agonist NECA

In order to examine the effect of NECA on the development
of CTL, we started mixed lymphocyte culture with or
without NECA using spleen cells from C57BL/6 mice (H-2P)
as responders and those from DBA/2 mice (H-2¢) as stimu-
lators. After 5 days, NECA, as expected, significantly
impaired CTL development in a concentration-dependent
manner. Cell proliferation as indicated by [*H]-thymidine
incorporation decreased to 30-40% in the presence of NECA
(Fig. 1A). Correspondingly, there was a decrease in the cell
numbers in a concentration-dependent manner. The cell
number in the NECA-treated culture decreased to 78%
(0.1 umol L"), 72% (1 umol L") and 68% (10 umol L™!) of
control. IFN-y levels in the culture supernatant decreased to
44% by 107 M NECA and it was only 18% when incubated
with 10° M NECA (Fig. 1B). Cytotoxicity was also reduced
to 33% of control when the cells were incubated with
105 M NECA (Fig. 1C). Interestingly, although a large part of
CTL development was impaired, a significant number of
clusters of proliferating cells formed even at the highest con-
centration of NECA. Flow cytometric analysis of the cells
revealed the expansion of activated T cells in the presence of
NECA. The majority of the expanded cells were CD8" T cells
and there were also a smaller number of CD4* T cells. This
profile was similar to that of CTL developed without NECA
(Fig. 1D). Furthermore, a significant proliferation of CD8*
cells in the presence of NECA was demonstrated in the
mixed lymphocyte culture after labelling with CFSE. Note
that although the number of activated cells was decreased
and this was dependent on the concentration of NECA, the
NECA-treated culture still contained progressively prolifer-
ated CD8" cells similar to those seen in the control culture
(Fig. 1E). These results suggest that while NECA does
strongly suppress T cell activation, some of the CTL can
still be activated and expanded even in the presence of
NECA.

Selection of adenosine-resistant CTL with NECA present
throughout the induction

We speculated that the CTL developed in the presence of
NECA (named NECA-CTL) could survive because they were
less sensitive to signalling by NECA via A, adenosine recep-
tors. If this is the case, then NECA-CTL may not respond to
Aza/Az adenosine receptor stimulation as much as CTL devel-
oped in the absence of NECA (control CTL). In order to test
this, we measured the cAMP responses of the different prepa-
rations of CTL to a non-selective A,:/A,; adenosine receptor
agonist NECA and A, adenosine receptor-selective agonist
CGS. Control CTL increased cAMP levels 7.4- and 11.1-fold in
response to CGS and NECA respectively (Fig. 2). In contrast,
the increase in cAMP levels in the NECA-CTL was only
induced 1.3- to 2.4-fold by CGS and 2.2- to 3.1-fold by NECA.
The basal cAMP levels were not different in these CTL. Direct
activation of adenylate cyclase by forskolin induced high
levels of cAMP in both control CTL and NECA-CTL, thereby
providing an important internal control that shows that it is
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Figure 1 NECA suppressed the mixed lymphocyte reaction, but there was significant development of CTL. CTL were induced by mixed

lymphocyte culture using spleen cells from C57BL/6 (H-2°) and DBA/2 (H-2%) mice. The cells were cultured for 5 days in the presence or
absence of NECA (0.1-10 umol L™"). Resulting cells were examined for their proliferative activity (A), IFN-y levels in the culture supernatant (B)
and cytotoxicity against P815 mastocytoma (C). Effector—target ratio for cytotoxicity assay was 5:1. D. Proportion of CD4 and CD8 cells after
5 days. Large (activated) cells were gated for the analysis. Data from CTL induced with 10 umol L' NECA shown are representative results;
there was no marked difference in CTL induced with other concentrations of NECA. E. CD8" cell expansion during mixed lymphocyte culture.
C57BL/6 cells were stimulated after being labelled with CFSE and its fluorescence in CD8* cells was analysed after 3 days of culture. Large
(activated) CD8-expressing cells were gated for the analysis. Numbers in the panels indicate percentage of population. Data shown here
represent average * s.d. of triplicate samples. The statistical significance was calculated by Student’s t-test: a P < 0.05; b P < 0.01; c P < 0.001.
CFSE, carboxyfluorescein succinimidyl ester; CTL, cytotoxic T lymphocytes; IFN-y, interferon-y; NECA, 5’-N-ethylcarboxamidoadenosine;
NECA-CTL, CTL developed in the presence of NECA.

indeed a difference in the A, adenosine receptors but not the
intracellular cAMP-producing machinery that accounts for
the differential susceptibility of NECA-CTL versus control CTL
to the effects of adenosine receptor agonists (Fig. 2). This
result indicates that NECA-CTL produce much smaller
amounts of cAMP than control CTL in response to Az\/Azg
adenosine receptor agonists, even though their cAMP-
synthesizing mechanisms are intact.
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The greatly diminished cAMP response of NECA-CTL to
adenosine receptor agonists suggested that they would also
be more resistant to adenosine-mediated immunosupression.
To test this, we stimulated NECA-CTL and control CTL and
compared their cytokine-producing activities in the presence
of Azx/Azs adenosine receptor agonists. It is shown in Table 1
that negatively selected NECA-CTL retained up to 80% of
their IFN-y-producing capacity when tested for susceptibility
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Figure 2 CTL developed with NECA show impaired response to
Aza/Azs adenosine receptor agonists. CTL were induced as described
in Figure 1. cAMP production from the CTL was determined after
incubation with Aa/Azs adenosine receptor agonists (CGS and NECA)
and adenylate cyclase activator (forskolin). The concentration
of cAMP inducers was 10 umol L. Data shown here represent
average * s.d. of triplicate samples. The statistical significance was
calculated by Student’s t-test: a P < 0.05; b P<0.01 versus control
CTL. CGS, CGS21680; CTL, cytotoxic T lymphocytes; NECA, 5’-N-
ethylcarboxamidoadenosine.

Table 1 CTL developed with NECA were resistant to immunosup-
pression by Az\/Azs adenosine receptor agonists

IFN-y levels (%)

None CGS NECA
Control 100 + 8 (9188) 44 = 11 28 +7
NECA (0.1 umol L) 100 + 23 (3722) 57 + 8** 44 + 2%
NECA (1 umol L) 100 + 19 (2327) 67 + 10* 56 + 8***
NECA (10 umol L) 100 + 5 (1089) 80 + 13** 60 = 8***

CTL induced as described in Figure 1 were stimulated with immobilized anti-
CD3 and anti-CD28 mAbs for 24 h in the presence or absence of CGS or NECA
(10 umol L™"). Numbers in parentheses are IFN-y levels (pg ml™'). The data
represent the IFN-y levels expressed as a % of those in corresponding CTL
without CGS/NECA. The statistical significance was calculated by Student’s
t-test: *P < 0.05; **P < 0.01; ***P < 0.001 versus control CTL.

CGS, CGS21680; CTL, cytotoxic T lymphocytes; IFN-y, interferon-y; NECA,
5’-N-ethylcarboxamidoadenosine.

to inhibition by CGS. In contrast, non-selected control CTL
retained only 44% of their IFN-y-producing capacity even
though the absolute amounts of IFN-y were originally higher
in control CTL; the maximum IFN-y producing activity of
NECA-CTL was decreased compared with control CTL and
this was dependent on the concentration of NECA used to
induce NECA-CTL. Control CTL produced 9188 pg ml™
IFN-y, but the activities in NECA-CTL decreased to 3722
(0.1 umol L"), 2327 (1 umol L') and 1089 (10 umol L)
pg ml™ (Table 1). Forskolin strongly suppressed IFN-y pro-
duction from both control CTL and NECA-CTL (data not
shown).

We interpreted these results by assuming that T cell activa-
tion and expansion in the presence of NECA led to the selec-
tion of CTL that are resistant to the immunosuppressive
mechanism induced via activation of the A,x/A;; adenosine
receptors. A disadvantage of inducing NECA-CTL in this way
is the impaired effector functions of these cells, as shown by
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their diminished cytotoxicity (Fig. 1C) and ability to produce
IFN-y (Table 1). As NECA was present during the ongoing CTL
priming process, it might have interrupted T cell activation
and hampered the production of fully functional CTL. To
avoid this drawback, we performed the experiments described
below.

Selection of adenosine-resistant CTL with NECA treatment after
the development of CTL

In order to produce NECA-CTL that retain comparable effec-
tor functions to control CTL, we initially withheld NECA for
5 days to induce fully functional CTL, and re-stimulated these
CTL with the same stimulator (DBA/2 cells) in the presence
or absence of NECA. After the re-stimulation, NECA again
was shown to inhibit proliferation of CTL (Fig. 3A) and IFN-y
levels in the culture supernatant (Fig. 3B). However, in con-
trast to the primary mixed lymphocyte culture (Fig. 1), the
cytotoxicity was not impaired by NECA treatment (Fig. 3C).
In addition, flowcytometric analysis revealed that the propor-
tion of CD8" T cells in the expanded cells was unchanged
from control CTL (Fig. 3D). These CTL were re-stimulated
with anti-CD3 mAb to compare their ability to produce IFN-y.
NECA-CTL were found to produce high levels of IFN-y com-
parable to control CTL (Fig. 4A). Furthermore, the frequency
of IFN-y-producing CD8" T cells was at the same
level (approximately 60%) in both control and NECA-CTL
(Fig. 4B). When added to pre-activated T cells, NECA may
suppress their proliferation, but the resulting cells retain
equivalent effector activities to those of control CTL.

The NECA-CTL that were cultured with NECA only after the
CTL had developed were then tested for their susceptibility
to the A,A/Azs adenosine receptor agonists. When control CTL
were re-stimulated with anti-CD3 mAb, NECA and CGS
strongly inhibited IFN-y production from these cells, whereas
NECA-CTL were resistant to the suppressive effects of these
NECA and CGS (Fig. 4A). The production of IFN-y in the
presence of the A,)/A,; adenosine receptor agonists was sig-
nificantly higher in the NECA-CTL than in control CTL
(Fig. 4A). Also the frequency of IFN-y-producing CD8" T cells
was higher in the NECA-CTL. CGS and NECA markedly
reduced IFN-y-producing cells in control CTL (by 70%), but
the reduction in NECA-CTL was much less (only 20-35%)
(Fig. 4B). In accordance with the cytokine data, the cAMP
assay demonstrated that the ability of NECA-CTL to respond
to Axx/A,p adenosine receptor agonists was reduced compared
with control CTL. In contrast to the high levels of cAMP
produced in control CTL in response to CGS and NECA,
NECA-CTL produced significantly less cAMP when incubated
with CGS and NECA (Fig. 4C). Next, NECA-CTL were tested
to determine how long they maintained their resistance to
adenosine. When IFN-y production was induced 24 h after
removal of NECA, the resistance to the A,, adenosine receptor
agonist persisted in NECA-CTL induced by 1 or 10 umol L™
NECA (Fig. 5). However, their sensitivity to A,, adenosine
receptor stimulation had returned after 48 h. These results
show that the culturing with NECA could induce adenosine-
resistant CTL and those CTL that have been exposed to NECA
only after the CTL induction could maintain strong effector
functions. Although the resistance of NECA-CTL to adenosine
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Figure 3 Cytotoxicity of NECA-CTL was maintained well when
NECA was added only during the secondary mixed lymphocyte
culture. Primary CTL were induced by mixed lymphocyte culture
for 5 days. After extensive washing, the cells were re-stimulated
with spleen cells from DBA/2 mice for 2 more days. NECA (0.1-
1 umol L") was withheld during the primary mixed lymphocyte
culture and was added for 2 days after re-stimulation. The resulting
cells were examined for their proliferative activity (A), IFN-y levels in
the culture supernatant (B), cytotoxicity against P815 mastocytoma
(C) and flowcytometric analysis (D). Effector-target ratio for cytotox-
icity assay was 5:1, 2.5:1 and 1.25:1. Data shown here represent
average * s.d. of triplicate samples. The statistical significance was
calculated by Student’s t-test: b P < 0.01; ¢ P < 0.001. CTL, cytotoxic
T lymphocytes; IFN-y, interferon-y; NECA, 5’-N-ethylcarboxamid-
oadenosine; NECA-CTL, CTL developed in the presence of NECA.

was not permanent, these cells remained resistant for at least
24 h after the removal of NECA.

We further examined antigen-specific anti-tumour
responses of the CTL by culturing them with P815 tumour
cells. The CTL produced IFN-y upon recognition of the
tumour cells, and the amount of IFN-y produced was almost
equivalent in control and NECA-CTL (Fig. 6). It was again
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Figure 4 CTL treated with NECA for only the last 2 days were not
only resistant to immunosuppression by A;s/A;s adenosine receptor
agonists but also high IFN-y producers comparable with control CTL.
CTL were prepared as described for Figure 3. A and B. On day 7, the
cells were re-stimulated by immobilized anti-CD3 and anti-CD28
mAbs for 24 h with CGS or NECA (10 umol L™"). A. IFN-y levels in the
culture supernatant were quantified by ELISA. B. Intracellular IFN-y
expression in stimulated CTL was evaluated after further incubation
with brefeldin A for 2 h. Numbers in each panel show the percentage
of IFN-y producers. The data shown here represent two separate
experiments. C. NECA-CTL treated with NECA for only the last 2 days
also showed an impaired cAMP response to A;a/As adenosine recep-
tor agonists. Data shown here represent average = s.d. of triplicate
samples. The statistical significance was calculated by Student’s t-test:
aP<0.05bP<0.01; c P<0.001 versus control CTL. CTL, cytotoxic
T lymphocytes; IFN-y, interferon-y; NECA, 5’-N-ethylcarboxamid-
oadenosine; NECA-CTL, CTL developed in the presence of NECA.
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Figure 5 NECA-CTL maintained their resistance to A, adenosine
receptor stimulation at least for 24 h. NECA was removed by exten-
sive washing 2 days after re-stimulation. Cells were re-cultured with
IL-2 for 24-48 h, and then IFN-y production was induced by immo-
bilized anti-CD3 and anti-CD28 mAbs. The inhibitory effect of CGS
(10 umol L") is expressed as a percentage of IFN-y levels remaining
compared with control. Data shown represent average * s.d. of trip-
licate samples. CTL, cytotoxic T lymphocytes; IFN-y, interferon-y;
NECA, 5’-N-ethylcarboxamidoadenosine; NECA-CTL, CTL developed
in the presence of NECA.
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Figure 6 NECA-CTL could produce high levels of IFN-y upon rec-
ognition of tumour cells even in the presence of A;a/Az adenosine
receptor agonists. CTL were induced as described for Figure 3. In
order to activate antigen-specific anti-tumour responses, the same
number of CTL was evaluated after co-culture with mitomycin
C-treated P815 cells. The susceptibility of the CTL to Azs/Azs adenos-
ine receptor activation was examined by stimulating them in the
presence of CGS or NECA (10 umol L™). IFN-y levels in the superna-
tant were determined after 2 days. Data shown here represent
average * s.d. of triplicate samples. The statistical significance was
calculated by Student’s t-test: a P<0.05; b P<0.01; ¢ P<0.001
versus control CTL. CGS, CGS21680; CTL, cytotoxic T lymphocytes;
IFN-y, interferon-y; NECA, 5’-N-ethylcarboxamidoadenosine; NECA-
CTL, CTL developed in the presence of NECA.

confirmed that NECA-CTL could produce significantly higher
levels of IFN-y than control CTL when they encountered
tumour cells in the presence of A,\/As; adenosine receptor
agonists. Together with the strong cytotoxicity against the
tumour cells (Fig. 3C), these results suggest that NECA-CTL
may act more effectively than control CTL in an adenosine-
rich microenvironment.

Discussion and conclusions

Adoptive transfer of anti-tumour CTL is a promising approach
used to eradicate tumours (Dudley and Rosenberg, 2003;
Gajewski et al., 2006; Gattinoni et al., 2006). CTL may be
collected from a tumour-bearing host, expanded in vitro, and
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then a large number of anti-tumour effector cells will be
returned to the host. However, in spite of their strong anti-
tumour activities in vitro, the outcome of adoptive immuno-
therapy has not been satisfactory. Even after successful
expansion of anti-tumour effector T cells, anti-tumour
responses of adoptively transferred T cells appear to be dis-
abled in the tumour micorenvironment. The immunosup-
pressive mechanisms in tumours include secretion of
anti-inflammatory cytokines, that is, IL-10 (Steinbrink et al.,
1999) and TGEF-B (Gorelik and Flavell, 2001), induction of T
cell apoptosis by programmed death ligand-1 (Iwai etal.,
2002), nutrient deficiency by glucose deprivation (Cham
and Gajewski, 2005), L-arginine metabolism by myeloid sup-
pressor cells (Rodriguez et al., 2004) and the expression of
indoleamine-2,3-dioxygenase (Uyttenhove et al., 2003; Pucc-
etti and Grohmann, 2007). Regulatory T cells may also play a
major role in the suppression of T cell activation in tumours
(Sutmuller et al., 2001; Curiel et al., 2004; Turk et al., 2004;
Antony et al., 2005). It is known that lymphodepletion before
adoptive transfer improves T cell responses (Cheever et al.,
1980; Gattinoni et al., 2006). This effect, at least in part, can
be explained by the depletion of regulatory T cells. Regulatory
T cells produce anti-inflammatory molecules such as IL-10
(Asseman et al., 1999; Annacker et al., 2001; von Boehmer,
2005), TGF-B (Powrie et al., 1996; von Boehmer, 2005; Chen
et al., 2005) and galectin-1 (Garin et al., 2007; Rabinovich
et al., 2007). If anti-tumour effectors resistant to such immu-
nosuppressive mechanisms are available, these cells may
improve the outcome of tumour immunotherapy.

Recently, we found that extracellular adenosine in the
hypoxic tumour microenvironment represents a non-
redundant and powerful defensive mechanism that protects
tumours from anti-tumour T cells (Ohta etal.,, 2006).
Although tissue hypoxia leads to the accumulation of extra-
cellular adenosine, regulatory T cells may also be a potential
source of adenosine, because they were found to express
CD39 and CD73 (Kobie et al., 2006; Deaglio et al., 2007),
which catalyse the degradation of ATP/AMP to adenosine.
In experiments using A,, adenosine receptor-deficient mice,
we demonstrated that the efficacy of anti-tumour T cells is
restricted in the adenosine-rich tumour microenvironment
(Ohta et al., 2006). When adoptive immunotherapy was com-
bined with adenosine receptor antagonists including caffeine,
there was a significant improvement in the inhibition of lung
metastasis and growth retardation of subcutaneous tumours
(Ohta etal., 2006). This previous study prompted us to
develop anti-tumour T cells that lack functional Ajx/Az
adenosine receptors.

In the present study, CTL development was strongly, but
not completely, impaired in the presence of NECA (Fig. 1); a
significant number of T cells managed to survive this hostile
environment, and the cells surviving were insensitive to
A,4/Az adenosine receptor agonists. Importantly, Ay, and Ay
adenosine receptors are known to down-modulate upon treat-
ment with agonists. This regulation involves desensitization
by G protein-coupled receptor kinases and internalization of
the receptors (Klaasse et al., 2008; Zezula and Freissmuth,
2008). After treatment with NECA, CTL might become insen-
sitive to adenosine because of a temporal down-modulation
of the receptors. This explanation corresponds well with the
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results depicted in Figure 5 that show the sensitivity of NECA-
CTL to an A;, adenosine receptor agonist that is restored after
48 h.

Another possible explanation for the proliferation of CTL
despite the presence of NECA is that A,,/A,; adenosine recep-
tor expression in CD8" T cells might be heterogeneous. T cells
in general are known to express relatively high levels of A,
adenosine receptors (Fredholm et al., 2001; Linden, 2001), but
the distribution of these receptors within T cell subsets are not
known. The lack of adequate antibodies against A,y and Ay
adenosine receptors is restricting the identification of hetero-
geneous expression of these receptors. If there are T cell sub-
populations expressing different levels of A;a/A,; adenosine
receptors, a certain fraction of CD8* T cells may not respond
well to A;\/Azs adenosine receptor stimulation, while most
of the CD8" T cells are high responders. NECA will strongly
suppress activation of A,s/Ass adenosine receptors on high-
responding CD8* T cells but will have little effect on the
population with low levels of receptors, resulting in the selec-
tive proliferation of adenosine-resistant CD8" T cells. This
hypothesis is consistent with the early proliferation of NECA-
CTL (Fig. 1E) and their marginal response to A,s/A,; adenos-
ine receptor agonists (Fig. 2 and Table 1).

These adenosine-resistant CTL are expected to be more
effective in the tumour microenvironment; however, CTL
developed in the presence of NECA had impaired anti-tumour
effector activities as shown by the strong reduction of cyto-
toxicity (Fig. 1) and ability to produce IFN-y (Table 1). Hence,
such CTL may not have the ability to destroy tumours in vivo
even though they are insensitive to adenosine. The interrup-
tion of the full activation of T cells by NECA in the priming
stage might have caused the expansion of CTL with poor
effector functions. Our results (shown in Fig. 1 and Table 1)
are consistent with those in a recent publication showing the
induction of ‘anergic’ T cells in the presence of an A,, adenos-
ine receptor agonist (Zarek et al., 2008). While the precise
mechanism of these poor effector functions is not clear,
the results shown in Figure 2 suggest that changes in cAMP
content of the cells are not responsible for the incomplete
expression of the effector functions in NECA-CTL.

Although the immunosuppressive effects of A4 adenosine
receptor agonists have been demonstrated using resting T
cells (Huang et al., 1997; Lappas et al., 2005; Sevigny et al.,
2007; Zarek et al., 2008), it is not clear whether the addition of
NECA subsequent to the establishment of activated CTL, in
which strong cytotoxicity and IFN-y-producing activity were
already induced, can down-regulate these effector functions.
We re-stimulated control CTL in the presence of NECA and
found that proliferative responses were still attenuated by
NECA (Fig. 3A). IFN-y levels in the supernatant were also
decreased (Fig. 3B) corresponding to the inhibition of prolif-
eration. This partial inhibition of re-stimulated T cells may
reflect the presence of high responders to A;1/A; adenosine
receptor agonists in the established control CTL. The re-
stimulated cells that survived NECA treatment were again
shown to be resistant to A,,/A,; adenosine receptor agonists
(Figs 4 and 6). Furthermore, in this treatment protocol, the
resulting NECA-CTL retained equivalent cytotoxicity (Fig. 3C)
and comparable IFN-y-producing activity to control CTL
(Figs 4 and 6). Therefore, the problem in NECA-CTL, that is,
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diminished effector functions, could be overcome by with-
holding NECA during the development of CTL.

The A, adenosine receptor is up-regulated upon T cell acti-
vation and negatively regulates pro-inflammatory cytokines
(Koshiba et al., 1999; Lappas et al., 2005). Although NECA is
immunosuppressive to both resting (primary mixed lympho-
cyte culture) and activated T cells (re-stimulated CTL), the
effector functions of activated T cells are relatively resistant to
NECA compared with resting T cells (Fig. 1C vs Fig. 3C and
Table 1 vs Fig. 4A). This result is in accordance with a study
showing no CGS-mediated inhibition of cytotoxicity and
only a minor decrease of IFN-y production from activated
CD8* T cells (Erdmann et al., 2005). Activated T cells are less
responsive than resting T cells to negative stimulation from
PGE, receptors and p.-adrenoceptors, both of which are
coupled with Gs protein and induce cAMP (Heijink et al.,
2003). This difference was correlated with the impairment
of phosphorylation of cAMP responsive element binding
protein in response to PGE; or B,-agonist (Heijink et al., 2003),
suggesting that signalling events downstream of A, adenos-
ine receptor might be different between resting and activated
T cells.

In conclusion, we successfully established antigen-specific
CTL, which are partially resistant to adenosine-mediated
immunosuppression, after selection using NECA. These CTL
retained strong effector functions when NECA treatment
started after the development of activated CTL. The use of
NECA-CTL for adoptive transfer may be useful to improve
immunotherapy. However, the fate of these cells in vivo and
how long they maintain their insensitivity to A,,/A,; adenos-
ine receptor stimulation remain to be tested.
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