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Tumor immunosuppression is a major cause of treatment failure and
disease relapse, both in solid tumors and leukemia. Local hypoxia is
among the conditions that cause immunosuppression, acting at least

in part through the upregulation of extracellular adenosine levels, which
potently suppress T-cell responses and skew macrophages towards an M2
phenotype. Hence, there is intense investigation to identify drugs that target
this axis. By using the TCL1 adoptive transfer chronic lymphocytic leukemia
mouse model, we show that adenosine production and signaling are upreg-
ulated in the hypoxic lymphoid niches, where intense colonization of
leukemic cells occurs. This leads to a progressive remodeling of the immune
system towards tolerance, with expansion of T regulatory cells (Treg), loss
of CD8+ T-cell cytotoxicity and differentiation of murine macrophages
towards the patrolling (M2-like) subset. In vivo administration of SCH58261,
an inhibitor of the A2A adenosine receptor, re-awakens T-cell responses,
while limiting Treg expansion, and re-polarizes monocytes towards the
inflammatory (M1-like) phenotype. These results show for the first time the
in vivo contribution of adenosine signaling to immune tolerance in chronic
lymphocytic leukemia, and the translational implication of drugs interrupt-
ing this pathway. Although the effects of SCH58261 on leukemic cells are
limited, interfering with adenosine signaling may represent an appealing
strategy for combination-based therapeutic approaches. 
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ABSTRACT

Introduction

Chronic lymphocytic leukemia (CLL) is a slowly progressive disease character-
ized by complex interactions between leukemic cells and surrounding elements
occurring mainly in privileged niches, such as lymphoid organs.1-3 Over the years,
microenvironment-activated pathways, essential to sustain and protect leukemic
cells, became a target for novel therapeutic approaches aimed at interrupting these
interactions.4,5 However, despite their impressive clinical benefits, it is becoming
clear that these drugs fail to produce a cure, underlining the need for combination
strategies.6,7 We now know that the cross-talk between CLL cells and the microen-
vironment is not a one-way relationship, in which leukemic cells “passively” receive
positive stimuli. Several pieces of evidence showed that CLL cells play an active role
in remodeling the phenotype and functions of cellular elements that inhabit the
lymphoid niche.8 For example, nurse-like cells, an M2-like macrophage subset
known to be a CLL-supporting population, can be differentiated only in the pres-
ence of leukemic B cells, suggesting that CLL cells directly shape the microenviron-
ment towards tumor-friendly immuno-tolerant conditions.9 Over the last two
decades, many co-stimulatory signals and circuits have been identified, building the
picture of a highly articulated space in which it may be difficult to understand hier-
archical organization. It is therefore important to unravel unifying structural condi-
tions of the microenvironment that may be more amenable to therapeutic targeting
than single molecular circuits.



Hypoxia, defined as a condition of low oxygen tension,
is a feature of the tumor microenvironment, particularly,
but not exclusively, of solid tumors.10,11 Hypoxia activates
a transcriptional program ruled by hypoxia-inducible fac-
tor (HIF)-1α, which contributes to building local condi-
tions that shield the tumor from eventual therapies and
that blunt immune responses.12,13 Our previous data indi-
cate that the CLL lymph node is a hypoxic environment
and that hypoxia acts, at least in part, through the activa-
tion of extracellular adenosine production and signaling.14
This work shows the modulation of adenosine signaling

and the effects of its blockade in the CLL microenviron-
ment using the TCL1 adoptive transfer model, making it a
suitable option for combination strategies.

Methods

Adoptive transfer TCL1 mouse model 
Ten million cells from different TCL1 leukemic clones were

intraperitoneally injected (in 200 mL of phosphate-buffered saline)
in 8-week-old C57BL/6 female mice and left to engraft. Where
indicated, mice were treated with SCH58261 (Selleckchem)
administered intraperitoneally at a dose of 1 mg/kg every other
day. Treatment was started blindly 4 days after injection of
leukemic cells, following published protocols.15 When showing
clear signs of disease or at the end of the treatment schedule, mice
were euthanized and organs (peritoneal cavity, spleen, peripheral
blood and bone marrow) collected. In experiments aimed at eval-
uating progressive hypoxia, mice were intraperitoneally injected
with 100 mg/kg pimonidazole hydrochloride (PIM; Hypoxyprobe,
Inc.) 2 h before euthanasia. All the in vivo experiments were per-
formed following the institutional and national guidelines and
approved by the Italian Ministry of Health (authorization n.
118/2018-PR).

Antibodies and reagents
A complete list of antibodies used in flow cytometry is reported

in Online Supplementary Table S1.

Immunohistochemistry and confocal microscopy
Formalin-fixed paraffin-embedded spleen sections were stained

and analyzed as previously reported.14 Full details are provided in
the Online Supplementary Information. 

Detection of hypoxia using pimonidazole hydrochloride
Cells purified from mice injected with PIM prior to euthanasia,

were fixed, permeabilized and stained with a FITC-conjugated
mouse anti-PIM antibody (Hypoxyprobe, Inc). Fluorescence was
analyzed by flow cytometry. Confocal analyses of PIM staining
were performed as described in the Online Supplementary
Information.

Real-time polymerase chain reaction
Quantitative real-time polymerase chain reaciont (qRT-PCR)

was performed using the 7900 HT Fast Real Time PCR System
(SDS 2.3 software). Primers for Entpd1 (Mm00515447_m1), Nt5e
(Mm00501920_m1), Adora2a (Mm00802075_m1), Adora2b
(Mm00839292_m1), Adora3 (Mm00802076_m1), Ada
(Mm00545720_m1), and Actb (Mm02619580_g1) were from Life
Technologies. 

High performance  liquid chromatography 
measurement of adenosine production
Nucleotide metabolism was analyzed by high-performance liq-

uid chromatography.16 A full description of the methods can be
found in the Online Supplementary Information. 

Statistical analyses
Data are reported as box plots, with the top and bottom of the

rectangle defining the third and first quartile, respectively, and the
whiskers defining the maximum and minimum values. The line
inside the rectangle represents the median value. Data were ana-
lyzed with GraphPad Prism v6 software (GraphPad Software).
Differences were considered statistically significant when P-values
were ≤0.05. Results are shown as means ± standard deviation.
Statistics were calculated using either the Mann-Whitney test for
unpaired data or the Wilcoxon test for paired data, as specified for
each graph in the figure legends.
Methods described fully in the Online Supplementary Information

include the enzyme-linked immunosorbent assay for protein
kinase A (PKA) activity, assays of cell degranulation and cytokines
release, as wells as the Phosflow and apoptosis assays. 

Results

Leukemia engraftment is accompanied by progressive
hypoxia
The TCL1 adoptive transfer model is based on the

intraperitoneal injection of leukemic cells derived from
TCL1 transgenic mice into normal immunocompetent
C57BL/6 recipients. Rapid disease engraftment occurs in
100% of cases: after a period ranging from 2 to 5 weeks,
depending on the number of cells transferred and on the
leukemic clone, B220+/CD5+ leukemic cells appear in the
peripheral blood (Figure 1A). At this moment, the spleen
already shows signs of leukemic colonization, with large
nodules progressively effacing the normal tissue architec-
ture (Figure 1B). Terminally ill animals show signs of
widespread disease, with massive colonization of the
spleen, bone marrow, peritoneal cavity and peripheral
blood. At this stage, no architecture is recognizable in the
spleen, which is composed of a sheet of cells, with signif-
icant necrosis (Figure 1B). Following the hypothesis that
leukemic colonization is accompanied by the progressive
onset of hypoxic conditions, we stained for carbonic
anhydrase IX (CAIX), an enzyme that is under the direct
transcriptional control of HIF-1α, the master regulator of
hypoxia. Images show a gradient of staining intensity
from wild-type (WT) to terminally ill mice (Figure 1B). To
confirm this observation, we injected mice with PIM, a
compound that forms stable adducts with cellular macro-
molecules under low oxygen tension. Triple staining with
anti-B220, anti-CD3 and anti-PIM antibodies confirmed
that the spleen of terminally ill mice was intermixed with
B and T cells that were positive for PIM (Figure 1C).
Consistently, staining purified B cells from the spleen,
peripheral blood and bone marrow with an anti-PIM anti-
body demonstrated a marked increase of PIM+ cells in
leukemic compared to normal B lymphocytes (Figure 1D).

Upregulation of the adenosine-producing capacity of
leukemic cells during leukemia progression
Our previous data indicate that hypoxia acts, at least

using in vitro culture systems, through the upregulation of
an extracellular enzymatic system that dismantles ATP
and ADP, generating adenosine.14 We then sought to deter-
mine expression levels and activity of the adenosinergic
axis during disease progression.
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Figure 1. Leukemia engraftment
is accompanied by progressive
hypoxia. (A) Left panel: schematic
representation of the experimen-
tal setting and schedule; right
panel: box plot of the percent-
ages of leukemic cells traced in
the different engrafted districts
early and late after intraperi-
toneal (i.p.) injection of leukemic
cells in C57BL/6 mice (n=20
mice each time point). PB: periph-
eral blood; BM: bone marrow. (B)
Representative immunohisto-
chemical analysis of tissue archi-
tecture (top; hematoxylin and
eosin, H&E) and of a progressive-
ly hypoxic environment (bottom;
carbonic anhydrase IX, CAIX) in
spleen sections at different
stages of disease progression
compared to wild-type (WT)
spleen. Magnification 20X, mag-
nification of inset 40X. The graph
on the right summarizes quantifi-
cation of CAIX intensity (WT mice
n=7; TCL1 early and late time-
points n=13). Statistics were cal-
culated with the Mann-Whitney
test for unpaired data. (C)
Confocal microscopy analysis of
pimonidazole (PIM; red) accumu-
lation in spleen sections at differ-
ent stages of leukemia engraft-
ment compared to WT spleen.
B220 (green) and CD3 (white)
mark B and T cells, respectively.
Magnification 20X, insert 63X.
(D) Left panel: representative plot
of flow cytometry analysis of PIM
accumulation in B cells collected
from spleen. Right panel: cumula-
tive graph of PIM staining on B
cells from spleen, PB and BM
samples of TCL1-injected mice
(n=7) compared to not injected
WT mice (n=7). Statistics were
calculated with the Mann-
Whitney test for unpaired data.
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Figure 2. Upregulation of adenosine-generating enzymes during leukemia progression. (A) Left panel. Flow cytometry analysis of surface CD39 expression on B cells,
and CD4+ and CD8+ T cells collected from spleens of TCL1 mice at early and late time-points (n=20, each time-point) after leukemia injection and compared to expres-
sion in wild-type (WT) mice (n=7). Right panel. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of Entpd1 expression in terminally ill TCL1 mice
(n=20) compared to WT animals (n=20). Statistics were calculated with the Mann-Whitney test for unpaired data. RE: relative expression. (B) Left panel. Flow cytom-
etry analysis of surface CD73 expression on B cells, and CD4+ and CD8+ T cells collected from spleens of TCL1 mice at early and late time points (n=20, each time
point) after leukemia injection and compared to WT mice (n=7). Right panel. qRT-PCR analysis of Nt5e expression in terminally ill TCL1 mice (n=20) compared to WT
animals (n=20). Statistics were calculated with the Mann-Whitney test for unpaired data. RE: relative expression. (C) Confocal microscopy analysis of CD73 (red)
staining in spleen sections from TCL1 and WT mice. B220 (green) and CD3 (white) mark B and T cells, respectively. Magnification 63X.
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Figure 3. Upregulation of adenosine-producing capacity during leukemia pro-
gression. (A) Top panels. A high-performance liquid chromatography profile of
inosine (INO) and adenosine (ADO) peaks at baseline or upon AMP supply in the
presence or absence of the indicated doses of the adenosine deaminase
inhibitor EHNA. Bottom panels. Cumulative graphs of INO and ADO concentra-
tions in the indicated experimental conditions in five independent experiments.
Statistics were calculated using the Wilcoxon test for paired data. (B)
Quantitative real-time polymerase chain reaction analysis of Ada expression in B
cells and CD4+ or CD8+ T lymphocytes of TCL1 mice (n=20) compared to the
expression of wild-type (WT) animals (n=20). Statistics were calculated with the
Mann-Whitney test for unpaired data. RE: relative expression.
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The first observation was that CD39, the enzyme that
converts ATP or ADP to AMP, and CD73, the enzyme that
removes the last phosphate generating adenosine, were
significantly upregulated in leukemic B cells from eight
different TCL1 leukemias. This was evident by flow
cytometry (Figure 2A and B) and confocal microscopy (for
CD73 only) (Figure 2C) performed at early and late time
points, and confirmed by qRT-PCR performed on cells col-
lected from spleens of terminally ill animals (Figure 2A and
B). Cells from peripheral blood and bone marrow showed
the same behavior (Online Supplementary Figure S1A and
B). Conversely, only CD39 was increased both at the
mRNA and protein levels on CD4+ and CD8+ T cells col-
lected from spleen, peripheral blood and bone marrow of
leukemic mice, compared to WT mice. In these cells,
CD73 was transcriptionally stable although we observed
slight but significant downregulation of surface protein
expression (Figure 2A and B, Online Supplementary Figure
S1A and B).
Upregulation of ATP-dismantling enzymes is consistent

with an enhanced adenosine-producing capability of the
leukemic microenvironment, which was in fact docu-
mented using high-performance liquid chromatography to
determine adenosine production by leukemic B cells. For

these studies, we used purified leukemic cells from termi-
nally ill mice and incubated them with AMP, the substrate
of CD73, which controls the last step in the reaction and
measured adenosine and inosine accumulation. Results
showed rapid and efficient consumption of AMP, with
conversion to inosine (Figure 3A), the final degradation
product, indicating that adenosine is metabolized by
adenosine deaminase into inosine. In agreement, (i) the
use of inhibitors of adenosine deaminase – erythro-9-(2-
hydroxy-3-nonyl)adenine (EHNA) – prevented inosine
generation, leading to the appearance of an adenosine
peak following incubation with AMP (Figure 3A) and (ii)
qRT-PCR data indicated increased adenosine deaminase
expression by the leukemic subset (Figure 3B). These
results are in line with what was observed for human CLL
in which hypoxia induced accumulation of inosine by
leukemic cells, suggesting that under hypoxia this cell
population actively scavenges extracellular nucleotides.

Upregulation of the adenosine-sensing ability during
leukemia progression
According to our working hypothesis, hypoxia would

boost not only adenosine production, but also adenosine
sensing in the leukemic microenvironment. To investigate
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Figure 4. Upregulation of adenosine-sensing ability with leukemia progression. (A) Quantitative real-time polymerase chain reaction analysis of Adora2a expression
in B cells and in CD4+ or CD8+ T lymphocytes of TCL1 mice (n=20) compared to the expression in wild-type (WT) animals (n=20). Statistics were calculated with the
Mann-Whitney test for unpaired data. RE: relative expression. (B) Confocal microscopy analysis of A2A upregulation in spleen sections of TCL1 mice at different
stages of leukemia engraftment compared to WT mice. Magnification 63X. (C) Phosflow analysis of CREB phosphorylation in B-lymphocytes (top) or CD8+ cells (bot-
tom) upon treatment with A2A agonist CGS21680 or A2A antagonist SCH58261. Data were compared between terminally ill TCL1 mice (n=13) and WT C57BL/6
mice (n=6). Statistics were calculated using the Mann-Whitney test for unpaired data, when comparing TCL1 and WT mice, and the Wilcoxon test for paired data,
when analyzing, within the same experimental group, the effect of stimulation/inhibition of A2A compared to the untreated condition. MFI: mean fluorescent intensity.
(D) Enzyme-linked immunosorbent assay to evaluate protein kinase A (PKA) activity in B-lymphocytes from TCL1 mice compared to WT mice upon treatment with A2A
agonist CGS21680 or A2A antagonist SCH58261. The results presented are from five independent experiments. Statistics were calculated using the Mann-Whitney
test for unpaired data, when comparing TCL1 and WT mice, and the Wilcoxon test for paired data, when analyzing, within the same experimental group, the effect
of stimulation/inhibition of A2A compared to the untreated condition.
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this, we checked the expression of adenosine receptors in
cells residing in the leukemic microenvironment. The
qRT-PCR data from cell subpopulations showed marked
upregulation of the A2A adenosine receptor in leukemic
B-cell and CD4+ and CD8+ T-cell subsets (Figure 4A). The
other two adenosine receptors, i.e., A2B and A3, followed
a similar trend, even though expression levels remained
extremely low (Online Supplementary Figure S2A and B).
Macrophages could not be examined by qRT-PCR because

of their extremely low numbers that prevented purifica-
tion. However, immunohistochemistry performed on sec-
tions of spleens from terminally ill animals confirmed a
general increase in the expression of A2A in this tissue
(Figure 4B).
A2A are G-protein-coupled receptors that lead to accu-

mulation of cAMP, in turn activating PKA and ultimately
inhibiting the pro-inflammatory action of the nuclear fac-
tor-κB pathway through phosphorylation of cAMP
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Figure 5. Legend on following page. 
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Figure 5. Inhibition of A2A signaling in vivo partially restores immune competence. (A) Flow cytometry analysis of leukemic cells (defined as the CD5+/B220+ cell
population) in the spleen, peripheral blood (PB) and bone marrow (BM) of TCL1 mice treated or not with SCH58261 (n=20 mice for each group). (B) In vitro effects
of SCH58261 (SCH) on leukemic cell viability. Cells were cultured either alone or in the presence of 10 mM fludarabine (Flud) for 48 h. Where indicated, cells were
supplied with 50 mM adenosine (ADO) every 12 h or treated with 10 mM SCH58261, starting from the beginning of the experiment and without replenishing it. ADO
confers a survival advantage to TCL1 leukemic cells and protects them from spontaneous and fludarabine-induced apoptosis. SCH58261 efficiently reverts these
effects without resulting per se in major apoptosis of leukemic cells, although a slight increase of fludarabine-induced apoptosis was observed in the presence of
A2A inhibitor. Results are from 17 independent experiments and statistics were calculated with the Wilcoxon test for paired data. (C) Percentage of regulatory T cells
(Treg) out of the total CD4+ cell population progressively increases in TCL1 mice, analyzed at different time-points after injection of leukemic cells, compared to WT
not injected mice. In vivo treatment with SCH58261 significantly prevents Treg differentiation. Analyses were performed on 20 TCL1 mice for each condition (different
time-points and SCH58261 treatment) compared to seven WT not injected mice. Statistics were calculated using the Mann-Whitney test for unpaired data. (D)
Percentage of CD107a+ cells out of CD8+ T lymphocytes in terminally ill vehicle-treated TCL1 mice (n=12) compared to SCH58261-treated mice (n=8) or to WT
C57BL/6 (n=12). Statistics were calculated using the Mann-Whitney test for unpaired data, when comparing TCL1 and WT mice, and the Wilcoxon test for paired
data, when analyzing, within the same experimental group, the effect of stimulation/inhibition of A2A compared to the untreated condition. (E) Percentage of inter-
leukin (IL)-2+ (left panel) and interferon (IFN)-γ+ (right panel) cells out of CD8+ T lymphocytes in terminally ill vehicle-treated TCL1 mice (n=12) compared to SCH58261-
treated mice (n=8) or to WT C57BL/6 (n=12). Statistics were calculated using the Mann-Whitney test for unpaired data, when comparing TCL1 and WT mice, and
the Wilcoxon test for paired data, when analyzing, within the same experimental group, the effect of stimulation/inhibition of A2A compared to the untreated condi-
tion. (F) Characterization of monocyte subpopulations in TCL1 mice, analyzed at different time-points after injection of leukemic cells, compared to WT not injected
mice, show a dramatic increase of the patrolling (M2-like) subset at the expense of the inflammatory (M1-like) one. In vivo treatment with SCH58261 significantly
rescues skewing of monocytes, restoring the inflammatory subset. Monocytes were defined as the Lin–CD11b+F4/80+ cell fraction and subpopulations were identi-
fied on the basis of LY6C and CD43 expression (inflammatory: LY6C+CD43–; intermediate: LY6C+CD43+; patrolling: LY6C–CD43+). Analyses were performed on 20
TCL1 mice for each condition (different time-points and SCH58261 treatment) compared to seven WT not injected mice. Statistics were calculated using the Mann-
Whitney test for unpaired data.

response element binding protein (CREB).17,18 For this rea-
son, we set-up a phosflow assay to rapidly assess CREB
phosphorylation status upon exposure of different cell sub-
sets to A2A agonists. The results indicated that leukemic
cells, as well as CD4 and CD8 subsets, showed constitu-
tively higher levels of CREB phosphorylation, likely indi-
cating an activated status of the pathway. Addition of
CGS, a specific A2A agonist, further enhanced CREB phos-
phorylation, suggesting that in this context inflammatory
responses are blunted. As a control, cells were pre-treated
with the A2A antagonist SCH58261 before exposure to the
agonist, completely inhibiting CREB phosphorylation
(Figure 4C, Online Supplementary Figure S2C and D). These
data were confirmed on leukemic cells by demonstrating
PKA activation, which was higher in leukemic B cells than
in normal B cells, further enhanced by the agonist and
blocked by the antagonist (Figure 4D).

In vivo targeting of A2A restores immune competence
Data so far indicate that progression of leukemia is

accompanied by increased hypoxia, which leads to the
modulation of the adenosinergic axis, with production of
adenosine and activation of its signaling pathway. The
hypothesis is that this may lead to progressive adaptation
of the immune system to these conditions, with inhibition
of potentially tumor-specific T cells. If this is true, inhibi-
tion of A2A signaling should prove beneficial to immune
cells, reconstituting their functional properties.
In order to address this issue, we treated leukemic-bear-

ing mice with the commercially available SCH58261 A2A
antagonist, which was shown to be well tolerated in ani-
mals. The A2A antagonist was administered every other
day for 2 weeks, starting from 4 days after injection of the
leukemic cells. Sixteen hours after the last administration,
animals were euthanized and leukemia dissemination as
well as immune cell populations were analyzed. 
In line with our previous data showing that extracellular

adenosine exerts mild protection from drug-induced apop-
tosis on leukemic cells,19 SCH58261 treatment in
monotherapy in vivo had minimal effects on tumor bur-
den, with no significant differences highlighted between
vehicle- or SCH58261-treated mice when looking at the
percentage of leukemic cells colonizing the spleen, periph-
eral blood or bone marrow (Figure 6B). Similar to what
was observed in primary human CLL cells, in vitro expo-

sure of TCL1 leukemic cells to adenosine significantly
improved cell viability in the presence of standard
chemotherapeutic agents (e.g., fludarabine). Blocking A2A
signaling with SCH58261 reverted the cytoprotective
effect of adenosine but did not result in a major apoptotic
response of TCL1 leukemic cells when used as a single
agent. In contrast, it slightly but significantly potentiated
the antileukemic effect of fludarabine, opening the way to
combination studies (Figure 6A).
The administration of SCH58261 as monotherapy was

however very useful for identifying the major contribu-
tion of A2A signaling in leukemia progression in vivo. In
fact, as expected, leukemia progression was accompanied
by marked immune adaptation, as documented by the sig-
nificant increase in regulatory T cells (Treg), a finding also
in line with what was observed in patients.20 Treatment
with SCH58261 prevented accumulation of Treg; the per-
centage of Treg out of total CD4+ cells was 15.6% in ter-
minally ill vehicle-treated mice versus 11.8% in
SCH58261-treated mice (Figure 5A, Online Supplementary
Figure S3A). In addition, T cells from leukemic mice were
dysfunctional, showing reduced expression of the degran-
ulation marker CD107a (Figure 5B, Online Supplementary
Figure S3B), an effect again reverted upon A2A blockade.
T cells from terminally ill mice also secreted significantly
less interleukin-2 and interferon-γ compared to cells
obtained from WT animals, both at baseline and after
short-term incubation with phorbol 12-myristate 13-
acetate (PMA) and ionomycin (Figure 5C, Online
Supplementary Figure S3B), again in line with data from
patients.21 Compared to the T cells from vehicle-treated
TCL1 mice, those from mice given SCH58261 showed
restored ability to secrete interleukin-2 and interferon-γ,
both at baseline and following maximal cellular activation
with PMA and ionomycin (Figure 5C, Online
Supplementary Figure S3B). Lastly, treatment with
SCH58261 had a notable impact on the myeloid subset of
cells. Indeed, leukemia progression was marked by an
increase in patrolling monocytes at the expense of inflam-
matory ones, suggesting an imbalance similar to that
observed in patients.22 Importantly, inhibition of A2A sig-
naling reverted this adaptation, restoring the inflammato-
ry component and limiting the patrolling one (Figure 5D,
Online Supplementary Figure S3C).
The results suggest that targeting adenosine signaling
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Figure 6. Effects of adenosine signaling and A2A inhibition. Hypoxia upregulates CD39 and CD73 leading to increased adenosine generation. Adenosine in the extra-
cellular space signals mainly through the A2A receptor, expressed on leukemic cells as well as immune cells in the microenvironment, and exerts autocrine and
paracrine effects. Signaling via A2A activates protein kinase A (PKA) and CREB phosphorylation, which in turn inhibits nuclear factor (NF)-κB-driven inflammation.
Depending on the cell population, A2A signaling may favor different outcomes each contributing to an immune-tolerant environment, such as interleukin (IL)-10
secretion by chronic lymphocytic leukemia (CLL) cells, regulatory T cell (Treg) differentiation and expansion, exhaustion of CD8+ T cells, and monocytes switching
toward an M2 (patrolling) phenotype. Inhibition of A2A signaling with SCH58261 rescues CD8+ cytotoxicity and ability to secrete cytokines, such as IL-2 and interferon
(IFN)-γ, while limiting Treg expansion and favoring monocyte differentiation towards a M1 (inflammatory) phenotype.

might be particularly relevant when interfering with
paracrine circuits affecting immune cell functions, rather
than having an impact on CLL cytoprotection. In addition,
the observation that in SCH58261-treated mice no corre-
lation was found between the variation of the tumor loads
and the size of the effect of immune system repolarization
(Online Supplementary Figure S4A-D) suggests that blocking
A2A signaling might be sufficient to rescue immune cell
dysfunctions, even without evidence of tumor regression.
These findings prompt the way to future drug combina-
tion studies aimed at dually targeting central pathways for
the malignant behavior of leukemic cells while restoring
immune competence, in order to achieve the best long-
term responses. 

Discussion 

Dysfunction of the immune system is a major clinical
issue in CLL since the early stages of the disease predispose
patients to recurrent infections, which represent a major
cause of morbidity and mortality.23 Qualitative and quanti-
tative defects in the innate and adaptive immune responses

are frequently found in CLL patients and include T-cell
exhaustion, expansion of Treg and skewing of
macrophages towards a tumor-supportive M2 pheno-
type.21,22,24,25 Growing evidence indicates that leukemic cells
primarily drive immune cell dysregulation in an attempt to
evade immune control. For example, CLL cells show fea-
tures of regulatory B cells and they might exert a direct
immunosuppressive effect by secreting interleukin-10.26
Regulatory activity is further enhanced within the lym-
phoid niche, likely as a consequence of local B-cell activa-
tion, highlighting the importance of microenvironmental
conditions in bidirectional tumor-host remodeling.27
The TCL1 adoptive transfer model of CLL is based on

injection of leukemic cells obtained from C57BL/6 animals
that are transgenic for TCL1 into syngeneic hosts.28
Leukemic cells injected into the peritoneum engraft and
leukemia develops over a period of a few weeks, during
which it is possible to observe progressive adaptation of
the immune system. Specifically, naïve CD4+ and CD8+ T
lymphocytes are progressively substituted by memory
cells that bear exhaustion markers and are poorly respon-
sive to activation. In addition, the regulatory T-cell pool
expands, while in the myeloid compartment the inflamma-
tory subset is substituted by patrolling cells.29-32 As these
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events are time-dependent and highly reproducible, they
are sensitive tools for studying immune adaptation. 
This work shows that leukemia progression is accompa-

nied by progressive tissue hypoxia, which in turn power-
fully modulates the adenosinergic system. Modulation of
the HIF-1α pathway was documented both by increased
expression of the carbonic anhydrase IX protein, which is
under its direct transcriptional control, and by increased
staining with PIM, which binds macromolecules specifical-
ly under low oxygen tension. We previously demonstrated
that, under hypoxia, CLL cells undergo HIF-1α-driven
reprogramming, which favors metabolic adaptation and
blunting of the immune response, partly through the
upregulation of the adenosinergic axis.14 
Leukemia progression is also accompanied by increased

expression of the enzymes that are responsible for adeno-
sine conversion from ATP or ADP in the extracellular
space. CD39, which is also considered a marker of memo-
ry B cells, becomes expressed by the great majority of
leukemic cells. The same trend is observed for CD73,
which is the rate-limiting enzyme in the pathway.
Immunohistochemical analysis also confirmed a general
upregulation of CD73 expression with the progression of
leukemia. 
Extracellular adenosine can, therefore, exert both

autocrine and paracrine effects, similarly to what was
described in human CLL.19 On the one hand, the observa-
tion that murine leukemic cells also strongly upregulate
adenosine deaminase suggests that adenosine is in part
recycled via conversion to inosine. On the other hand, more
importantly, we found an overall increase of adenosine
receptor expression and signaling in the spleens of terminal-
ly ill mice, with A2A being the most expressed receptor.
This was documented at the mRNA level both on leukemic
B cells and on CD4+ and CD8+ T lymphocytes purified from
TCL1 mice and compared to those from WT C57BL/6
mice, in line with the view that the adenosinergic axis is
part of a hypoxia-driven transcriptional reprogramming.
Consistently, spleen sections of leukemic mice stained
much more strongly positive for A2A compared to WT
spleen. The finding that A2A signaling, via PKA activation
and CREB phosphorylation, was strongly increased in B
and T cells from terminally ill mice, compared to control
animals, argues in favor of an adenosine-mediated circuit,
activated by HIF-1α, responsible, at least in part, for
immunosuppression. In fact, in human B cells, PKA-mediat-
ed CREB activation induces interleukin-10 production and
secretion, contributing to an anti-inflammatory immune-
tolerant environment and directly linking A2A signaling to
immunomodulation.14,18 Consistent with this view, and with
previous literature, we observed a progressive dysregula-
tion of the immune system in leukemic mice, affecting T-
cell functions and monocyte polarization. Restoring
immune competence represents a major achievement in
CLL management and here we explored the effects of tar-
geting the adenosinergic axis and its potential application in
a translational perspective. Importantly, we show that
interfering with adenosine signaling, using a specific A2A
inhibitor, significantly rescues CD8+ T-cell responses and
functions while preventing the expansion of immunomod-
ulatory subsets such as Treg and patrolling monocytes. 

The establishment of a progressively hypoxic environ-
ment promotes metabolic adaptation and reprogramming
in CLL, contributing also to enhance leukemic cell aggres-
siveness and to inducing drug resistance.33 Adenosine sig-
naling mediates part of these effects, favoring metabolic
switching of CLL cells and conferring them cytoprotection
and immune regulatory functions.14 Nevertheless, our
results also indicated that SCH58261 treatment in vivo had
little or no effect on leukemic cells, suggesting that
paracrine, rather than autocrine, effects of extracellular
adenosine play an important role in disease progression, at
least in this experimental setting (Figure 7), arguing in favor
of using A2A inhibitors as part of combination strategies.
Novel, more specific and efficient A2A inhibitors are cur-
rently under development, and future studies are coming
to validate their effects both as single agents and in combi-
nation.
The lesson from data on solid tumors,34 and further sub-

stantiated by our results, is that targeting the adenosinergic
axis could be a promising strategy to re-awake the immune
system and restore immune-cell functions. Applied to the
field of CLL, these data might be a starting point to design
and develop more effective therapies. Different possible
scenarios can be envisaged: one option could be to com-
bine inhibitors of the adenosinergic cascade together with
drugs directly targeting central pathways of the CLL cell.
Alternatively, targeting adenosine signaling may represent
an adjunctive tool to potentiate chimeric antigen receptor
T-cell activity against CLL cells, also considering the prom-
ising results obtained with this novel therapeutic
approach.35 Further studies will tell which of these avenues
will be more promising.
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