Dissertation
submitted to the
Combined Faculties for the Natural Sciences and for Mathematics of the RupertoCarola University of Heidelberg, Germany
for the degree of
Doctor of Natural Sciences

presented by
Ivan Shevchenko, Diploma in Biology
Born in: Kemerovo, Russia
Oral-examination: 6.11.2013

Extracellular adenosine metabolism in melanoma and
pancreatic cancer

Referees:

Prof. Dr. Viktor Umansky
Prof. Dr. Alexandr Bazhin
2

The current study was performed in the research groups of Prof. Dr. Viktor Umansky (German
Cancer Research Center and Department of Dermatology, Venereology and Allergology,
University Medical Center Mannheim, Ruprecht-Karl University of Heidelberg, Heidelberg,
Germany) and Prof. Dr. Alexandr Bazhin (Department of General Surgery, University of
Heidelberg, Heidelberg, Germany).

Publications during the PhD studies:
Shevchenko I, Bazhin AV, Umansky V. 2012. Comment on "Adenosinergic regulation of the
expansion and immunosuppressive activity of CD11b(+)Gr1(+) cells". J Immunol 188: 29-30.
Shevchenko I, Karakhanova S, Soltek S, Link J, Bayry J, Werner J, Umansky V, Bazhin AV.
2013. Low-dose gemcitabine depletes regulatory T cells and improves survival in the orthotopic
Panc02 model of pancreatic cancer. Int J Cancer 133: 98-107

3

CONTENTS
SUMMARY..................................................................................................................................... 6
ZUSAMMENFASSUNG ............................................................................................................... 8
ABBREVIATIONS ...................................................................................................................... 10
1. INTRODUCTION .................................................................................................................... 15
1.1 T CELLS IN CANCER............................................................................................................................................. 15
1.1.1 Tumor-specific T cells and adoptive T cell therapy ................................................................................... 16
1.1.2 Role of T cell subsets in anti-tumor immunity ........................................................................................... 18
1.1.3 Phenotypes of tumor infiltrating lymphocytes and the manipulation of immune checkpoints ................... 19
1.2 REGULATORY T CELLS........................................................................................................................................ 20
1.2.1. Treg development: naturally occurring and induced Tregs ....................................................................... 21
1.2.2 Treg phenotype and identification .............................................................................................................. 22
1.2.3 Mechanisms of suppression ........................................................................................................................ 22
1.2.4 Therapeutic targeting of Tregs ................................................................................................................... 25
1.2.4.1 Low-dose chemotherapy ........................................................................................................................................ 26
1.2.4.2 Treg depletion by CD25-targeting agents .............................................................................................................. 27
1.2.4.3 FoxP3 vaccination .................................................................................................................................................. 29
1.2.4.4 CTLA-4.................................................................................................................................................................. 29
1.2.4.5 GITR ...................................................................................................................................................................... 30
1.2.4.6 OX40...................................................................................................................................................................... 30
1.2.4.7 Extracellular adenosine metabolism and signaling ................................................................................................ 31

1.3 MYELOID-DERIVED SUPPRESSOR CELLS .............................................................................................................. 32
1.3.1 Subsets, phenotypes and development ....................................................................................................... 32
1.3.2 Mechanisms of immunosuppression .......................................................................................................... 33
1.3.3 Therapeutic targeting of MDSCs ................................................................................................................ 34
1.4 TUMOR MODELS ................................................................................................................................................. 37

2. AIMS OF THE STUDY ........................................................................................................... 39
3. MATERIALS AND METHODS............................................................................................. 40
3.1 REAGENTS .......................................................................................................................................................... 40
3.1.1 Chemicals, buffers and media .................................................................................................................... 40
3.1.2 Buffers and media ...................................................................................................................................... 41
3.1.3 Antibodies .................................................................................................................................................. 41

4

3.2 CELL LINE ........................................................................................................................................................... 43
3.3 ROUTINE LABORATORY MATERIALS AND EQUIPMENT......................................................................................... 43
3.3.1 Routine laboratory materials ...................................................................................................................... 43
3.3.2 Devices and equipment............................................................................................................................... 44
3.4 MICE ................................................................................................................................................................... 45
3.4.1 Ret transgenic spontaneous melanoma model ............................................................................................ 45
3.4.2 Orthotopic model of pancreatic ductal adenocarcinoma ............................................................................ 45
3.5 SOFTWARE .......................................................................................................................................................... 45
3.6 SINGLE CELL SUSPENSIONS ................................................................................................................................. 45
3.6.1 Spleen ......................................................................................................................................................... 45
3.6.2 Lymph nodes .............................................................................................................................................. 46
3.6.3 Bone marrow .............................................................................................................................................. 46
3.6.4 Tumor ......................................................................................................................................................... 46
3.6.5 Cell numbers............................................................................................................................................... 46
3.7 FLOW CYTOMETRY ............................................................................................................................................. 46
3.8 IN VITRO SPLENOCYTE ACTIVATION ..................................................................................................................... 47
3.9 ANALYSIS OF THE IFN- PRODUCTION BY T CELLS ............................................................................................. 47
3.10 SURVIVAL ANALYSES ....................................................................................................................................... 48
3.11 STATISTICAL ANALYSES ................................................................................................................................... 48

4. RESULTS .................................................................................................................................. 49
4.1. EXPRESSION OF ECTONUCLEOTIDASES CD39 AND CD73 ON TREGS .................................................................. 49
4.2. ANALYSIS OF ECTONUCLEOTIDASE EXPRESSION ON CD4 TCONS AND CD8 T CELLS ......................................... 54
4.3. EXPRESSION OF ECTONUCLEOTIDASES ON MDSCS............................................................................................ 62

5. DISCUSSION ........................................................................................................................... 66
5.1 EXPRESSION OF ECTONUCLEOTIDASES ON MURINE TREGS, TCONS AND CD8 T CELLS ....................................... 67
5.2 PATTERNS OF ECTONUCLEOTIDASE EXPRESSION ON TREGS AND TCONS FROM THE PERIPHERAL BLOOD OF
CANCER PATIENTS AND HEALTHY DONORS ............................................................................................................... 68

5.3 ACTIVATION-DEPENDENT INDUCTION OF ECTONUCLEOTIDASES ON T CELLS ...................................................... 69
5.4 ECTONUCLEOTIDASES ON MEMORY T CELLS ...................................................................................................... 71
5.5 THE ROLE OF ECTONUCLEOTIDASES ON MDSCS................................................................................................. 72

REFERENCES ............................................................................................................................. 76
ACKNOWLEDGEMENTS ......................................................................................................... 89

5

Summary
Adenosine is a small molecule suppressing the effector arm of the immune system and enhancing
the activity of immunosuppressive cells. It is produced through the two-step hydrolysis of
extracellular ATP by ectonucleotidases CD39 and CD73. These enzymes have been detected on
various populations of immune cells as well as on tumor cells and they can contribute to the
immunosuppression developed in the tumor microenvironment. The aim of the current study was
to investigate the role of ectonucleotidases CD39 and CD73 in different subsets of immune cells
in the regulation of anti-tumor immunity in tumor-bearing hosts. We used the ret transgenic
mouse model of spontaneous melanoma and the orthotopic Panc02 model of pancreatic ductal
adenocarcinoma that resemble the clinical situation. Patterns of ectonucleotidase expression on
various immune cell subpopulations were analyzed with regard to their phenotype and function.
We showed that CD39 and CD73 are strongly expressed on murine regulatory T cells (Tregs).
Moreover, ectonucleotidase expression was detected on CD4 FoxP3- conventional T cells
(Tcons) and CD8 T cells. Notably, a significant fraction of tumor-infiltrating Tcons and CD8 T
cells expressed CD39 or CD73 (especially in the Panc02 pancreatic adenocarcinoma model),
thereby suggesting that the expression of ectonucleotidases on T cells might be influenced by the
tumor microenvironment. Next, we found that Tcons with the activated phenotype (CD25+) were
highly enriched in CD39+ and CD73+ cells. Furthermore, in vitro activated Tcons and CD8 T
cells also contained increased frequencies of CD39+ cells, as compared to unstimulated cells. The
observed upregulation of ectonucleotidases on T cells upon activation suggests a possible
mechanism of negative feedback regulation through auto- and/or paracrine adenosine signaling.
In memory CD4 T cells, the frequency of CD39+ and CD73+ cells was found to be significantly
higher than within naïve CD4 T cells. Memory CD8 T cells displayed an enrichment in CD39+
cells, whereas the numbers of CD73+ cells were similar in memory and naïve cell compartments.
In addition, we found that IFN--producing CD4 and CD8 T cells harbored increased frequencies
of both CD39+ and CD73+ cells as compared to respective IFN--negative populations. These
data implied that CD39 and CD73 might mediate adenosine production by memory cells, thereby
providing a mechanism of auto- and/or paracrine regulation to prevent an adverse memory T cell
response.
Studying the role of ectonucleotidases in CD11b+Gr1+ myeloid-derived suppressor cells
(MDSCs), we demonstrated that the majority of CD11b+Ly6G+Ly6C- granulocytic MDSCs
6

coexpressed CD39 and CD73. Importantly, the frequency of CD73+ cells in granulocytic MDSCs
was significantly higher than in immature CD11b+Gr1+ myeloid cells considered as a counterpart
of MDSCs in healthy mice. In addition, we observed a substantial frequency of CD73+ cells
among monocytic MDSCs in pancreatic tumors. These data indicate that ectonucleotidase
expression might contribute to the MDSC suppressive function in tumor-bearing hosts. Using the
ret transgenic mouse model of melanoma, we showed that the administration of a CD73 inhibitor
APCP or an A2a receptor antagonist SCH58261 prolonged the survival of tumor-bearing mice
and reduced the MDSC infiltration into tumors, suggesting that this might be a promising strategy
for cancer therapy.
Taken together, we found that CD39 and CD73 might be involved in the regulation of T cell
activation and memory as well as in the activity of MDSCs, suggesting that agents targeting
adenosine production and signaling might be instrumental in the development of novel strategies
for tumor immunotherapy.

7

Zusammenfassung
Adenosin ist ein kleines Molekül, das die Effektorzellen des Immunsystems supprimiert und die
Aktivität von immunsupprimierenden Zellen verbessert. Dies geschieht durch die zweistufige
Hydrolyse von ATP durch extrazelluläre CD39 und CD73 Ektonukleotidasen. Diese Enzyme
sind in verschiedenen Populationen von Immunzellen sowie auf Tumorzellen exprimiert und sie
können zur Immunsuppression beitragen, welche sich in der Tumor-Mikroumgebung entwickelt.
Das Ziel der vorliegenden Arbeit war, die Rolle von CD39 und CD73 Ektonukleotidasen in der
Regulation der anti-Tumor-Immunität in tumortragenden Organismen zu untersuchen. Hierzu
wurden unterschiedliche Populationen von Immunzellen betrachtet. Wir nutzten ret transgene
Mäuse, welche spontan Melanome entwickeln, und das orthotopen Panc02 Mausmodell duktaler
Adenokarzinome des Pankreas. Beide Modelle ähneln stark der klinischen Situation im Patienten.
Die Expression von Ektonukleotidasen auf verschiedenen Subpopulationen von Immunzellen
wurde hinsichtlich ihres Phänotyps und ihrer Funktion analysiert.
Unsere Untersuchungen zeigten, dass CD39 und CD73 auf der Oberfläche von regulatorischen TZellen (Tregs) in Mäusen stark exprimiert sind. Darüber hinaus wurde die Expression von den
Ektonukleotidasen auf CD4+FoxP3- konventionellen T-Zellen (Tcons) und CD8 T-Zellen
beobachtet. Die tumorinfiltrierenden Tcons und CD8 T-Zellen enthalten große Anteile von
CD39+ und CD73+-Zellen (insbesondere im Panc02 Pankreaskarzinommodell). Dies lässt
vermuten, dass die Expression von den Ektonukleotidasen auf T-Zellen durch die TumorMikroumgebung beeinflusst werden könnte. Des Weiteren fanden wir, dass Tcons mit dem
aktivierten Phänotyp (CD25+) in CD39+ und CD73+-Zellen stark angereichert wurden. Außerdem
enthielten in vitro-aktivierte Tcons und CD8 T-Zellen höhere Anteile von CD39+-Zellen als
unstimulierten Zellen. Die beobachtete Hochregulation der Ektonukleotidasen auf den aktivierten
T-Zellen könnte einen Mechanismus der negativen Feedback-Regulation durch auto- und/oder
parakrine Adenosineffekte darstellen. Der Anteil von den CD39+CD73+ Zellen in der Population
der Gedächtnis-CD4-T-Zellen erwies sich als signifikant höher als in den naiven CD4 T-Zellen.
Die Population der Gedächtnis CD8-T-Zellen zeigte eine starke Anreicherung an CD39+-Zellen,
obwohl der Anteil der CD73+ Untergruppe ähnlich in naiven und Gedächtniszellen war. Darüber
hinaus stellten wir fest, dass sowohl CD4 als auch CD8 IFN--produzierende T-Zellen einen
höheren Anteil von CD39+ und CD73+-Zellen aufweisen im Vergleich zu den jeweiligen IFN-negativen Zellpopulationen. Diese Daten deuteten an, dass CD39 und CD73 auf Gedächtniszellen
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Adenosinproduktion vermitteln könnten. Damit stellen unsere Daten einen neunen Mechanismus
der auto-und / oder parakrinen Regulation dar, der eine mögliche schädliche Gedächtnis-T-ZellAntwort verhindern könnte.
Unsere Untersuchungen bezüglich der Rolle der Ektonukleotidasen auf CD11b+Gr1+ Myeloiden
Suppressorzellen (MDSCs) zeigten, dass die Mehrheit der CD11b+Ly6G+Ly6C- granulocytischen
MDSCs CD39 und CD73 koexprimieren. Wichtig ist, dass der Anteil an CD73+-Zellen unter
granulocytischen MDSCs signifikant höher ist als unter unreifen CD11b+Gr1+myeloiden Zellen,
welche in gesunden Mäusen als Gegenstück zu den MDSCs betrachtet werden. Darüber hinaus
fanden wir einen wesentlichen Anteil an CD73+-Zellen unter monozytischen MDSCs in den
pankreatischen Tumoren. Diese Daten deuten darauf hin, dass die Expression der
Ektonukleotidasen auf den MDSCs zur Immunsuppression in einem tumortragenden Organismus
beitragen könnten. Mit dem ret transgenen Mausmodell des Melanoms gelang es uns zu zeigen,
dass die Verabreichung eines CD73-Inhibitors oder eines A2a-Rezeptor-Antagonisten
(SCH58261) das Überleben von tumortragenden Mäusen verlängerte und gleichzeitig die
Infiltration von MDSCs in den Tumoren reduzierte. Diese Substanzen könnten somit
vielversprechend für eine Krebstherapie sein.
Zusammenfassend ist festzuhalten, dass CD39 und CD73 sowohl in der Regulation der TZellaktivierung und des T-Zellgedächtnisses als auch in der Aktivität von MDSCs beteiligt sein
könnten. Dies deutet darauf hin, dass die Regulation der Adenosinherstellung und -signalkaskade
in der Entwicklung neuer Strategien für Tumorimmuntherapien hilfreich werden könnte.
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Abbreviations
A
A2AR

type-2A Adenosine receptors

A2BR

type-2B Adenosine receptors

ACT

adoptive cell transfer

ADP

adenosine diphosphate

AMP

adenosine monophosphate

APC

allophycocyanin

APC

antigen-presenting cell

APCP

adenosine 5'-(, -methylene) diphosphate

ARG1

arginase-1

ATP

adenosine diphosphate

ATRA

all-trans-retinoic acid

B
BM

bone marrow

BSA

bovine serum albumine

C
cAMP

cyclic adenosine monophosphate

CCL

C-C chemokine ligand

CCR

C-C chemokine receptor

CD

cluster of differentiation

CNS1

conserved non-coding sequence 1

CTLA-4

cytotoxic T lymphocyte antigen 4

CTX

cytoxan (cyclophosphamide)

CXCL

C-X-C chemokine ligand

CXCR

C-X-C chemokine receptor

Cy

cyanin
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D
DC

dendritic cell

DKFZ

Deutsches Krebsforschungszentrum

DNA

desoxyribonucleic acid

E
EDTA

ethylenediamine-tetra-acetic acid

F
FACS

fluorescence activated cell sorting

FBS

fetal bovine serum

FCS

fetal calf serum

FITC

flourescein-isothiocyanat

Foxp3

forkhead box P3 (transcription factor)

FSC

forward scatter

G
GITR

glucocorticoid-induced tumor necrosis factor receptor-related protein

G-CSF

granulocyte colony-stimulating factor

GM-CSF

granulocyte-macrophage colony-stimulating factor

H
HER2/neu

Human Epidermal Growth Factor Receptor 2) also known as neu

HLA

human leukocyte antigen

HPV

human papilloma virus

I
IDO

indoleamine 2, 3-deoxigenase

IL

interleukin

IFN

interferon
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IPEX

immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome

ITIM

immunoreceptor tyrosine-based inhibitory motif

K
KLH

keyhole limpet hemocyanin

L
LAG-3

lymphocyte-activation gene 3

LIN

lineage markers (CD3, CD14, CD19, CD20, CD56)

LN

lymph nodes

LPS

lypopolisaccharide

M
MART1

melanoma antigen recognized by T cells 1

M-CSF

Macrophage colony-stimulating factor

MDA

melanocyte differentiation antigen

MDSC

myeloid-derived suppressor cell

MHC

major histocompatibility complex

N
NDP

nucleoside diphosphate

NF-κB

nuclear factor kappa B

NK

natural killer cell

NKT

natural killer T cell

NO

nitric oxide

iNOS

inducible nitric oxide synthase

P
PBS

phosphate buffered saline
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PD-1

programmed death 1

PDAC

pancreatic ductal adenocarcinoma

PDE-5

phosphodiesterase-5

PD-L1

programmed death ligand 1

PE

phycoerythrin

PerCP

peridinin-chlorophyll-protein complex

PMA

phorbol 12-myristate 13-acetate

PMEL

premelanosome protein

R
RBC

red blood cell

ret

human ret proto-oncogene

ret tg

ret transgenic mice without macroscopically visible tumors

ret tu

ret transgenic tumor-bearing mice

RNA

ribonucleic acid

siRNA

small interfering ribonucleic acid

ROS

reactive oxygen species

RPMI

Roswell Park Memorial Institute medium

S
SCF

stem cell factor

STAT

signal transducer and activator of transcription (a family of transcription factors)

SSC

side scatter

T
Tcon

conventional (FoxP3-) CD4 T cells

TCR

T cell receptor

Teff

effector T cells (Tcons and CD8 T cells)

TGF-β

transforming growth factor beta

Th

T-helper cell

TIGIT

T cell immunoreceptor with Ig and ITIM domains protein
13

TIL

tumor infiltrating lymphocyte

TIM-3

T cell immunoglobulin and mucin domain-containing protein 3

Tr1

type-1 regulatory T cells

Treg

regulatory T cell

iTreg

induced regulatory T cell

nTreg

naturally occurring regulatory T cell

TRP

tyrosinase related protein

V
VEGF

vascular endothelial growth factor

VEGFR1

vascular endothelial growth factor receptor 1
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1. Introduction
The major role of the immune system in the host protection from malignancies has been
progressively recognized over the last decades. Multiple studies in humans and animal models
demonstrated a vigorous activation of innate and adaptive immunity in response to tumor growth
(1). This is highlighted by the correlation between the tumor infiltration with leukocytes and the
prognosis (1-4). However, although tumors often attract immune cells capable of recognizing and
destroying tumor cells, establishment of chronic inflammation and immunosuppressive network
hinders tumor eradication (5). The outcome of tumorigenesis is thus largely determined by the
balance between anti-tumor immunity and numerous mechanisms of immune escape developed
by the tumor (1). One of the main factors of tumor-associated immune suppression is the
activation and recruitment of inhibitory immune cells, e.g. regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs). Over the last years, insights into the mechanisms of
tumor-associated immune suppression led to the development of novel immunotherapeutic
strategies that can significantly extend the survival of cancer patients (6).

1.1 T cells in cancer
Multiple genetic and epigenetic alterations in tumor cells provide a broad diversity of antigens
that can be recognized by cells of the adaptive immune system (6). In the periphery, naïve T cells
continuously sample antigens in the context of Major Histocompatibility Complex protein
(MHC) until they encounter their cognate antigen, which, in the presence of costimulation, leads
to their activation through T cell receptors (TCRs). In particular, tumor-specific T cells can
become activated upon their stimulation with tumor-associated antigens presented by
“professional” antigen-presenting cells (APCs), including dendritic cells (DCs), macrophages and
B cells. However, antigen-experienced T cells are capable of directly recognizing antigens bound
to MHC class I (MHC-I) on tumor cells (7).
Tumor antigen-specific CD8 T cells (which are MHC-I-restricted) can, in principle, directly
recognize different types of tumor cells, since MHC-I is ubiquitously expressed by virtually all
nucleated cells. However, malignant cells often downregulate MHC-I expression (1, 7, 8).
Professional APCs uptake, process and present tumor antigens to T cells in the context of MHCII or MHC-I (in the latter case, through a mechanism termed cross-priming) (7). In many cases,
CD4 T cells are unable to recognize cancer cells directly due to the lack of MHC-II on most solid
15

cancers (9). Hematological malignancies represent an exception, since B and T cells can express
MHC-II. However, in certain cases, solid cancers (e.g. over 40 % of melanomas) can also
constitutively express MHC-II, (10).
Upon migration to the tumor site, T cells can produce cytokines, chemokines and anti-angiogenic
factors that affect tumor growth (1, 7). T cells may also exert direct cytotoxicity against tumor
cells either through apoptosis-inducing molecules or through the release of cytotoxic granules (7).
Mature CD8 T cells and certain subpopulations of CD4 T cells produce interferon-γ (IFNγ) and
tumor necrosis factor (TNF)-, which can stimulate the immune response by upregulating the
expression of MHC class I and II molecules on both tumor cells and APCs (1, 7). CD4 T cells
can orchestrate many aspects of innate and adaptive immunity, including the function of
cytotoxic CD8 T cells (1, 7). They can also engage and 'license' APCs, which in turn recruit
additional T cells and promote the activation of the innate immune system (7, 9).
Thus, one of the greatest challenges in the field of immunotherapy is the identification of tumor
antigens that can be used to redirect the immune system against the tumor with minimal side
effects in patients (11).
1.1.1 Tumor-specific T cells and adoptive T cell therapy
Tumor-specific T cells can recognize differentiation and germline antigens, products of mutated
genes, as well as viral antigens (7). In melanoma patients, it has been shown that tumorinfiltrating lymphocytes (TILs) can be isolated from tumors and expanded ex vivo in the presence
of interleukin-2 (IL-2). Upon reinfusion, the expanded cells can traffic to the tumor and, in some
cases, cause tumor regression (7, 12). Such therapy is called adoptive cell transfer (ACT).
Usually, it is preceded by so-called „preparative lymphodepletion“(temporary ablation of
lymphoid cells). The latter can be achieved either through chemotherapy alone or in combination
with total-body irradiation. The combination of preparative lymphodepletion with ACT and
administration of IL-2 can lead to tumor eradication in patients with metastatic melanoma (or
other tumor entities, including leukemia and synovial cell sarcoma) who failed to benefit from
other treatment modalities (7, 9, 12, 13).
Transformed cells often over-express respective tissue-specific differentiation antigens (7). This
offers an opportunity to use those antigens as targets for ACT or vaccination (14, 15). However,
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such therapies might entail severe adverse effects, since the targeted antigens are expressed in
healthy cells and tissues as well (15). For example, patients who have responded to
immunotherapies targeting CD19 on B cell lymphomas also experience long-term depletion of
normal polyclonal CD19+ B-lineage cells (16).
Melanocyte differentiation antigens (MDAs) - such as PMEL (also known as gp100), melanoma
antigen recognized by T cells 1 (MART-1), tyrosinase, tyrosinase-related protein 1 (TRP-1) and
TRP-2 - are expressed in most melanoma lesions. Importantly, they are also present in normal
melanocytes in the stratum basale of the skin, in the retinal pigmented epithelium and in the inner
ear, where they are associated with melanin production (15). Early antigen-cloning studies
suggested that self-MDAs could be promising targets for T cell-based therapy (17). However, T
cells with gene-engineered TCRs specific for PMEL or MART-1 caused a destruction of normal
melanocytes in the skin, eyes and ears of treated patients (18). Objective clinical responses were
observed in 9 out of 36 (25%) patients treated in these trials, but only one patient showed a
complete response to the treatment. In contrast, TILs usually cause no apparent toxicity, although
they have TCRs specific for the same self-antigens (19). Recent data on the melanoma exome
indicated the presence of a large number of mutational changes (20, 21), which allows targeting
non-synonymous mutations that result in the creation of new epitopes. It has been shown that
tumor-specific antigens harboring particular point mutations can be recognized by tumorinfiltrating effector T cells from melanoma patients (22).
Certain tumors caused by transforming viruses can express viral products, which represent
attractive targets, since they are absent from normal tissues. In particular, it is possible to target
oncogenic proteins encoded by cancer-associated viruses such as those derived from Epstein–
Barr virus and human papillomavirus (HPV) (7).
In some tumor entities, epigenetic alterations can trigger expression of non-mutated proteins
termed cancer germline antigens or cancer-testis antigens (8, 23). These antigens are normally
expressed in germline cells in the testes and fetal ovaries. Genes encoding cancer-testis antigens
are silent in normal non-germline tissues but can be activated in many types of tumors (23).
Importantly, T cells do not recognize these antigens on male germline cells because these cells
lack MHC molecules (24). Tumors commonly expressing cancer testis antigens include
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melanomas, lung carcinomas as well as head and neck, oesophagus and bladder cancers (25).
Therefore, cancer testis antigens are among the most attractive targets for cancer immunotherapy.
1.1.2 Role of T cell subsets in anti-tumor immunity
Recent studies focusing on the clinical impact of TILs in solid tumors (the frequencies of CD3,
CD4, CD8, FoxP3 and ratios between them) showed that the presence of CD3, CD8, as well as a
high CD8/FoxP3 ratio are indicative of good prognosis (9, 26). In addition, the density and
distribution of TILs were shown to independently predict the sentinel lymph node status and
survival in patients with melanoma (27). Studies by Fridman et al. (reviewed in (28)) showed
that both CD8+CD45RO+ memory cells and IFN--producing T helper type 1 (Th1) cells
represent positive prognostic factors in the vast majority of tumor entities. Moreover, Galon et al.
(29) have shown that CD8+CD45RO+ T cells in the core of the tumor represent a superior
prognostic factor compared to the conventional clinical staging in colorectal cancer. Strikingly,
low frequencies of T cells in the tumor core indicated a very poor prognosis even in patients with
localized disease, similar to that of patients with concomitant distant metastasis. This suggested a
particular clinical importance of CD8 memory T cells at the tumor site (9).
On the other hand, suppressor CD8 T cells detected at quite high frequencies in cancer patients
display strong suppressive properties (30). The lack of surface markers allowing
immunohistochemical detection of these cells in biopsies complicates the interpretation of
clinical data on CD8 T cell infiltration in tumors (9).
The data on CD4 T cells are more ambiguous, which could be due to the higher plasticity and
diversity of CD4 T cell subpopulations, which can sometimes play opposing roles (9). Moreover,
tumor-specific effector CD4 T cells can be converted into immunosuppressive CD25+FoxP3+
Tregs (31). In addition, certain organs harbor large numbers of Tregs, which underscores the role
of the originating tissue in the immune response against cancer (9). Recently, multiple studies
showed that a high CD8/Treg ratio can serve as a positive prognostic factor in many malignancies
(9). Thus, despite the fact that FoxP3 is not solely expressed by Tregs, these data suggest a
predominant expression of FoxP3 in cells with a pro-tumor activity.
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1.1.3 Phenotypes of tumor infiltrating lymphocytes and the manipulation of immune
checkpoints
Tumor-infiltrating T cells show a remarkable phenotipic diversity (32). It has been demonstrated
that tumor-infiltrating CD8 T cells display a higher expression of exhaustion markers than CD8 T
cells in the peripheral blood or surrounding normal tissue (9). In melanomas, tumor-infiltrating
CD8 T cells express the Programmed Death-1 (PD-1) and Cytotoxic T-Lymphocyte Antigen-4
(CTLA-4) (often simultaneously) at high levels (7). These two molecules represent major
immune checkpoints, and the activation of respective signaling pathways leads to a profound
inhibition of T cell activation, proliferation and function (6).
CTLA-4 competes primarily with CD28 (a T cell co-stimulatory receptor) for their common
ligands CD80 (also known as B7.1) and CD86 (also known as B7.2) (6). Upon antigen
recognition, CD28 engagement by CD80 and CD86 provides the essential second signal for naive
T cell activation (6). Since CTLA-4 has a much higher overall affinity for both ligands, it has
been proposed that its expression on the surface of T cells dampens the activation of T cells by
outcompeting CD28 in binding CD80 and CD86, as well as by actively delivering inhibitory
signals to the T cell (6). Normally, CTLA-4 expression is induced in T cells upon their initial
exposure to antigen. The level of CTLA-4 upregulation is largely determined by the intensity of
the initial TCR-mediated signaling (6). High-affinity ligands induce higher levels of CTLA-4,
which restricts the amplitude of the initial response. Naive and memory T cells express high
levels of cell surface CD28 (6). On the contrary, CTLA-4 remains sequestered in intracellular
vesicles. Once the TCR is triggered by antigen encounter, CTLA-4 is transported to the cell
surface, in amounts proportional to the strength of TCR (and CD28) stimulation (6). Therefore,
CTLA-4 provides a negative feedback loop to regulate T cell activation after the TCR stimulation
with ligands of varying concentrations and affinities.
In contrast to CTLA-4, the major function of PD-1 is to restrain the activity of T cells in
peripheral tissues during an inflammatory response to infection and to prevent autoimmunity (6).
This turns into a major immunosuppressive pathway in cancer. Activated T cells upregulate PD-1
and continue to express it in tissues (6). Chronic antigen exposure, which is common in chronic
viral infections and cancer, often entails high expression of PD-1 (6). This causes a state of
exhaustion or anergy among antigen-specific T cells (6). Similarly to CTLA-4, PD-1 can shift the
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balance from T cell activation to tolerance at the early stages of T cell responses to antigens
within secondary lymphoid tissues (6).
Tumor-infiltrating CD4 T cells also show high expression of PD-1 and CTLA-4 (9). The PD-1+
fraction of TILs displayed impaired effector functions (6). The immune regulatory checkpoints
PD-1 and CTLA-4 play a major role in the exhausted phenotype of TILs, and the blockade of
these molecules has been shown to increase not only T cell effector functions but also their
infiltration into tumor lesions (6). PD-L1 expression has been correlated with a decreased CD8
infiltration, but the correlation with the overall survival or disease progression remains
controversial and may differ with regard to different malignancies (33, 34). However, there is
clear association between the blocking of these immune-blockade pathways, increased T-cell
functionality, increased tumor infiltration and the clinical effect of these novel immunotherapies
(9).

1.2 Regulatory T cells
Under physiological conditions, regulatory CD4 T cells are characterized by the expression of the
forkhead box P3 (Foxp3) transcription factor and interleukin-2 (IL-2) receptor α-chain (CD25)
and serve to prevent adverse immune reactions against self, food and environmental antigens
(35). Mice with a loss-of-function mutation in Foxp3 lack functional Tregs and die of multi-organ
autoimmune and lymphoproliferative reactions early in life (35). In humans, hypomorphic
mutations

in

FOXP3

causes

similar

pathology

termed

immune

dysregulation,

polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome (36). Numerous studies have linked
the Treg accumulation in tumors and peripheral blood of cancer patients to poor prognosis,
making Tregs an attractive target for cancer immunotherapy (28, 37). Studies in animal models
showed that Treg depletion or inhibition of Treg suppressive mechanisms can restore anti-tumor
immunity, eventually leading to a decreased tumor growth or even tumor regression (4, 38).
However, many recent publications challenged this simplistic view of Tregs as a major protumorigenic cell population in the tumor microenvironment. First, a variety of other cells has
been implicated in the negative regulation of anti-tumor immune responses (39, 40). Second, it
has been established that in certain malignancies, Treg accumulation can diminish tumorigenic
inflammation and serve as a positive prognostic factor (41-43). Third, Tregs exhibit a significant
phenotypical and functional heterogeneity with different subsets showing a distinct suppressive
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efficacy and exploiting distinct suppressive mechanisms (44). Finally, Treg phenotype and
function strongly differ in various tumor entities, underlining the necessity to investigate the
specific role of Tregs in particular malignancies (45).
1.2.1. Treg development: naturally occurring and induced Tregs
During thymic differentiation, T cell receptor (TCR) signals of intermediate strength (together
with IL-2 signaling) enable a number of CD4 single-positive thymocytes to escape deletion (35).
This population is enriched for cells instructed to differentiate into naturally occurring Foxp3+
Treg cells (nTregs) (35). While the development of nTreg cells in the thymus is promoted by
increased affinity interactions with self-peptide-MHC complexes, the conversion of conventional
CD4+CD25-FoxP3- T cells (Tcons) into iTregs occurs in the periphery as a result of high-affinity
TCR signaling together with suboptimal costimulation in the presence of transforming growth
factor (TGF)-β and IL-2 (35, 46). These cells can arise in the response to stimulation with foreign
as well as tumor-associated self- or altered self-antigens under tolerogenic conditions (35, 46).
The TCR repertoire of iTregs largely differs from that of nTregs (35). In particular, it has been
suggested that iTreg often descend from Tcons recognizing antigens from the environment or
commensal microbiota (47-50). This implies that iTregs play an important role in the post-thymic
education of the immune system and adaptive tolerance (50).
The TGF-β signaling is essential for the induction of Foxp3 in peripheral CD4 T cells (35). IL-2
is required for the TGF-β-mediated induction of Foxp3 in peripheral T cells in vitro (35, 46, 51).
IL-2 activates the Foxp3 locus through STAT5 and enhances the viability and proliferation rate
of target cells in the presence of TGFβ (52). IL-2 also inhibits the development of T helper 17
(Th17) cells (53). Moreover, IL-2 is indispensable for the homeostasis of fully differentiated Treg
cells (54).
Type 1 regulatory T cells (Tr1), characterized by IL-10 production, can be induced by the
suboptimal activation and TGF- signaling (55, 56). However, the Tr1 differentiation requires
high IL-10 levels and they might be Foxp3- (55, 57). These data indicate that iTregs and Tr1 may
represent competing and alternative cell lineages. It has been proposed that tumor antigenspecific nTregs and iTregs contribute to the pool of tumor-infiltrating Tregs (58). Moreover, the
Treg stimulation with tumor antigens may trigger vigorous proliferation of both nTregs and
iTregs, significantly increasing their numbers in the tumor (59). Recently, Rudensky‟s group
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generated mice with a deleted CNS1-element, an intronic Foxp3 enhancer, which is essential for
the differentiation of iTreg but not nTreg cells (60). This model has already been applied to
determine the role of iTregs in mucosal Th2 inflammation (61) and maternal-foetal conflict (62).
1.2.2 Treg phenotype and identification
In mice, Foxp3 appears to be a necessary and sufficient marker for the identification of bona fide
Tregs (35), although it has been detected in a minor fraction of recently activated Tcons (63).
However, in humans, FOXP3 is expressed in a significant proportion of activated Tcons (36),
which requires the use of additional markers for an accurate analysis of human Tregs. Tregs are
routinely defined and isolated based on the surface expression of CD25, although it can also be
expressed on activated Tcon (55). Therefore, much attention has been focused on finding further
markers that would allow a robust Treg detection and sorting. For instance, several studies
suggested that IL-7-receptor, CD127 is expressed on conventional but not on regulatory T cells
(64). However, CD127 is not an ideal biomarker for the identification of Tregs. First, some early
activated Tcon also downregulate the CD127 expression (65). Second, activated Tregs can be
CD127+ (66). Another study

showed that the integrin CD49d is present on most pro-

inflammatory CD25high cells but virtually absent in the Treg compartment (67); it can be used in
conjunction with CD127 to improve the purity of sorted Treg preparations. Indeed, sorting of
CD25highCD127low/-CD49d- Tregs, with subsequent analysis of FoxP3 expression is now
becoming a standard method for human Treg isolation (68).
1.2.3 Mechanisms of suppression
Tregs inhibit the activity of various immune cell types, e.g. CD4 and CD8 T cells, B cells, DCs),
natural killer (NK) and NKT cells both in vitro and in vivo (31, 35). In vitro, Tregs show
hyporesponsiveness, i.e. low proliferation rate in the response to stimulation (36, 57). However, a
significant proportion of Tregs exhibit a vigorous homeostatic proliferation in vivo, probably
reflecting a high turnover rate or representing a consequence of recurrent interactions with
cognate antigens (45). Tregs inhibit immune responses in an antigen-unspecific manner but their
suppressive function is activated upon antigen-specific stimulation (69).
Treg suppressive effects are mediated by a wide variety of mechanisms. These include surface
expression of inhibitory or cell-death-inducing molecules, secretion of immunosuppressive
cytokines, production of inhibitory molecules and direct cytolysis. Tregs express high levels of
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CD25 (IL-2 receptor α-chain) and thus can compete with effector T cells (Teff) for IL-2 and
hamper their proliferation (70). The inhibitory co-receptor CTLA-4 is constitutively expressed on
Tregs at high levels and plays an important role in the Treg suppressive function (71). CTLA-4
interaction with co-stimulatory molecules B7-1 and B7-2 on DC leads to the upregulation of the
suppressive enzyme indoleamine 2, 3-dioxygenase (IDO) in antigen-presenting cells (APC), and
the subsequent suppression of T cell activation and function (72). Moreover, IDO itself is a
strong inducer of Treg differentiation (73).
There are several other surface molecules that Tregs use to inhibit the APC activity. For instance,
LAG-3, a CD4 homolog and a high-affinity ligand of MHC class II, contributes to the
suppressive activity of both nTregs and iTregs (74). Ligation of MHC on DCs through LAG-3
leads to the inhibition of their maturation and function (75). A recently discovered protein TIGIT
is highly expressed on Tregs and activated Tcons, representing another example of Tregmediated control of the DC activity. During Treg-DC interactions, TIGIT induces IL-10 and
TGF-β production by DC (76). Besides contact-dependent immune suppression, Tregs can also
elaborate a variety of suppressive cytokines, most notably TGFβ and IL-10, which proved to be
essential for the Treg homeostasis and function in vivo (77-79).
Several mechanisms of the Treg-mediated immune suppression involve production of molecules
disrupting metabolic pathways and signaling in target cells. For instance, Tregs can transfer the
second messenger cyclic AMP (cAMP) into target cells through gap junctions, which dampens
the proliferation and activity of target cells (80). Another mechanism leading to the cAMP
elevation in effector cells is the Treg-mediated adenosine production through the enzymatic
activity of cell-surface enzymes CD39 and CD73 (81). These proteins can convert proinflammatory ATP into immunosuppressive adenosine in a two-step process: CD39 hydrolyses
ATP or ADP into AMP, and CD73, in turn, cleaves AMP yielding adenosine (82). However,
extracellular enzymes adenylate kinase and nucleoside diphosphate (NDP) kinase can
phosphorylate AMP and ADP respectively, thus antagonizing CD39 activity (83). In contrast,
adenosine can only be phosphorylated inside the cell by adenosine kinase, although it can also be
inactivated in the extracellular space by adenosine deaminase. Remarkably, despite the necessity
of CD73 for adenosine synthesis under physiological conditions, CD73-deficiency is usually
complemented by compensatory overproduction of alkaline phosphatases (83).
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Adenosine activates four distinct G-protein-coupled receptors: A1, A2A, A2B, and A3 (82). The
A1 and A3 adenosine receptors are coupled to the Gi/o subunit, and their activation leads to the
inhibition of adenylate cyclase, cAMP production, and protein kinase A activation. An
engagement of these receptors also activates the phosphatidylinositol 3-kinase pathway (82).
Activation of A2A and A2B largely accounts for immunosuppressive effects of adenosine. These
receptors are coupled to the Gs subunit that activates adenylate cyclase, thus leading to enhanced
cAMP synthesis and subsequent inhibitory effects on target cells (81). However, in contrast to
other adenosine receptors, A2B is a low-affinity receptor and can only be activated at high levels
of adenosine generated in response to pathological conditions (82).
A2a receptors (A2AR) are expressed on a variety of immune cells (monocytes/macrophages,
granulocytes, lymphocytes, DCs and NK cells) (82, 84). The A2AR-triggered cAMP elevation
inhibits effector functions of all these cell populations. In particular, adenosine impedes the
phagocytic capacity of macrophages, degranulation of neutrophils and IFN-γ production by NKcells (82). It also drives DC differentiation towards a population producing immune suppressive
factors, such as TGF-β, prostaglandin E2, IDO etc. (85). An adenosine-mediated cAMP
accumulation and inhibition of the NF-κB pathway (86) in T cells hinders their activation,
proliferation, survival and effector functions (87, 88).
Adenosine production strongly contributes to the Treg immunosuppressive activity (83, 89).
Tregs from CD39-deficient mice are constantly activated but fail to suppress effector T cell
proliferation (88). Furthermore, in CD73-deficient mice, activated CD4 T cells show an enhanced
production of pro-inflammatory cytokines (IFN-γ, IL-2 and TNF-α), and Tregs completely lack
their suppressive activity (90). Therefore, it was hypothesized that CD73-derived adenosine
ensures a tonic inhibition of NF-κB in CD4 T-cells, thereby restricting the development of
effector T cell responses (90). CD39 and CD73 on Tregs play an important role in regulating the
balance between the pro-inflammatory ATP and immunosuppressive adenosine. ATP can
accumulate outside the cell both under normal and pathological conditions. In the context of
inflammation and cancer, ATP is released by activated leukocytes, dying, injured or stressed cells
(83).
The effects of ATP-mediated signaling are concentration-dependent. High ATP concentrations
activate NLRP3 inflammasome through P2X7 receptors, which leads to the activation of caspases
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and cell death (91). Low ATP concentrations can trigger the influx of calcium into the cytoplasm
or inhibit the synthesis of immunosuppressive cAMP through various P2Y receptors (92). Thus,
the regulation of the ratio between extracellular ATP and adenosine by CD39 and CD73 on Tregs
provides a means of tipping the balance between an immune activation and suppression.
However, the role of CD73 in the human immune system appears to differ significantly from that
in animal models. Importantly, while murine Tregs stably express CD73 on the cell surface, in
human Tregs, CD73 can only be detected inside the cell (93). This challenges the notion that
human Tregs can mediate the whole cascade of ATP conversion into adenosine, thereby
suggesting that other cell populations might be involved in catalyzing AMP dephosphorylation.
Another means of Treg-mediated immune suppression is direct cytotoxic activity against effector
immune cells (57). Tregs can release cytolytic molecules such as granzyme A/B, perforin or
activate the tumor necrosis factor related apoptosis inducing ligand-death receptor-5 pathway.
Thus, Tregs deploy a wide variety of mechanisms to control the effector arm of immunity. This
paves the way for the development of numerous strategies to alleviate Treg suppressor function
in cancer patients aiming to improve the anti-tumor immune responses.
1.2.4 Therapeutic targeting of Tregs
Current strategies to target Tregs in cancer include Treg depletion as well as a blockade of the
Treg immunosuppressive activity and migration. Treg depletion has been widely used to restore
the anti-tumor immunity and to improve the efficacy of vaccination and adoptive cellular
immunotherapy in cancer patients and tumor-bearing mice (38). Depletion agents used in clinical
and preclinical studies include low-dose chemotherapeutics, anti-CD25 antibody (daclizumab),
IL-2-difteria toxin fusion protein (denileukin diftitox, ONTAK) and CD25-targeting
immunotoxins (45, 94). However, current depletion strategies do not allow a specific Treg
targeting since the latter share CD25 expression with activated Tcons, and their high proliferative
activity makes them sensitive to chemotherapy (45). However, these approaches proved
instrumental

when

Tregs

significantly

outnumber

activated

Tcons

in

the

tumor

microenvironment. Therefore, Treg depletion might restore the activation, migration,
proliferation and activity of remaining Tcons (38).
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1.2.4.1 Low-dose chemotherapy
The high proliferation rate of Tregs makes them more sensitive to chemotherapy than effector T
cells

(45). Therefore, certain chemotherapeutic regimens might lead to a selective Treg

depletion. This was confirmed by studies, showing that anti-tumor effects of certain
chemotherapeutic agents have distinct mechanisms, depending on the dose regimen (95).
Metronomic (low-dose) cyclophosphamide (CTX) administration have been shown to improve an
anti-tumor immunity and vaccination efficacy through Treg depletion, whereas high-dose
regimens exerted direct cytolytic effects on tumor cells, causing an immunosuppression (95).
The results of an early study by Polak and Turk (96) indicated that CTX might reverse the
immune tolerance by targeting a yet unidentified suppressive T-cell population. Further
investigations confirmed this hypothesis. Machiels et al. (97) showed that immune-modulating
doses of CTX, doxorubicin, and paclitaxel can boost anti-tumor effects of HER-2/neu-expressing
whole cell vaccines and reduce mammary tumor growth in neu transgenic mice. The tolerance to
the neu transgene observed in these mice recapitulates irresponsiveness to tumor antigens in
cancer patients. The administration of CTX at 50-150 mg/kg one day before vaccination was
superior to CTX or vaccination alone. The reversed order of treatment proved to be ineffective.
Moreover, higher doses of CTX were rather detrimental for the vaccination efficacy. Metronomic
CTX treatment resulted in an augmented Th1 HER-2/neu-specific T cell response, indicating the
reversal of tolerance.
In a rat model of colon carcinoma, Ghiringhelli et al. (98) demonstrated that CTX reduces Treg
numbers, leading to a restoration of peripheral T cell proliferation and innate killing activities. A
single administration of CTX at 25 to 30 mg/kg depleted CD4+CD25+ T cells while sparing other
lymphocytes, delayed tumor growth, and led to a complete tumor regression when followed by
immunotherapy that had no curative effect when administered alone. Later, it was shown that
metronomic CTX could also selectively deplete CD4+CD25+FOXP3+ Tregs in advanced cancer
patients. In a study reported by Ge et al. (99), daily oral administration of 50 mg
cyclophosphamide in patients with treatment-refractory metastatic breast cancer initially caused a
depletion of more than 40% of Treg in the peripheral blood. However, during the treatment, Treg
numbers gradually recovered. Nevertheless, the transient Treg depletion allowed an expansion of
tumor antigen-specific T cells that persisted during the whole period of treatment. Notably,
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numbers of tumor-reactive T effectors but not Tregs correlated with the disease stabilization and
increased overall survival.
Preclinical studies showed that low-dose CTX also decreases the functional activity of Treg cells.
Lutsiak et al. (100) compared Tregs from cyclophosphamide-treated and control mice 2 and 10
days after the treatment. Tregs from CTX-treated animals had a significantly diminished
suppressive capacity, which was restored by day 10 upon the treatment.
In a recent phase II randomized trial (101), Treg numbers, phenotype and function were
rigorously monitored in the lymph nodes and peripheral blood of stage II-III melanoma patients
vaccinated with HLA-A*0201-modified tumor peptides in conjunction with the low-dose CTX
and low-dose IL-2 administration. CTX slightly decreased the number of circulating Tregs in the
vaccinated patients followed by a complete recovery of Treg numbers despite the administration
of additional CTX doses. However, the treatment resulted in a substantial reduction in Treg
numbers as well as IL-10 and TGFβ production in regional lymph nodes. Interestingly, the
frequency of activated Tregs was lower in the LNs of patients treated with CTX compared with
that in the LN of control patients. This observation is in agreement with the preclinical data
indicating that CTX selectively depletes cycling and effector/memory Tregs with enhanced
tumor-homing activity (102, 103).
1.2.4.2 Treg depletion by CD25-targeting agents
Several groups showed that prophylactic Treg depletion with anti-CD25 mAb in mice triggered
the rejection of syngeneic tumors (104, 105), although such treatment after the tumor inoculation
was less effective. However, tumor rejection was substantially facilitated when the anti-CD25
mAb administration was combined with the DC vaccination (106, 107), CTLA-4 blockade (108)
or GITR stimulation (57, 109). Since CD25 is expressed not only on Tregs but also on activated
CD4 and CD8 T cells, anti-CD25 therapy may entail concomitant deletion of effector T cells.
Accordingly, in B16 melanoma model, it was observed that although CD25+ T cell depletion
before vaccination enhanced the treatment efficacy, the administration of anti-CD25 mAbs before
a rechallenge in pre-vaccinated mice significantly diminished the protective effect of vaccination
(106, 108).
In a clinical study, Jacobs et al. (110) evaluated the impact of anti-CD25 mAb treatment on the
vaccination efficacy. Thirty HLA-A2.1+ metastatic melanoma patients were vaccinated with
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mature DC loaded with the tumor peptide and keyhole limpet hemocyanin (KLH). Half of the
patients were pretreated with daclizumab, a humanized blocking antibody against CD25.
Daclizumab

efficiently

depleted

all

circulating

CD25high

leukocytes

(including

CD4+FoxP3+CD25high cells) within four days after daclizumab injection. The presence of
daclizumab during DC vaccinations prevented the induction of specific antibodies but not the
presence of antigen-specific T cells. However, these CD25+ T cells did not acquire effector
functions. Daclizumab pretreatment had no significant effect on the progression-free survival as
compared to that in the control group. A more recent study by Rech et al. (111) showed that
daclizumab did not act through antibody-dependent or complement-mediated cytotoxicity but
rather repressed FoxP3 expression selectively in CD25highCD45RA- Tregs. Morevover,
daclizumab-treated CD45RA- Tregs lost suppressive function and acquired the ability to produce
interferon-γ, indicating their reprogramming towards Th1 lineage. In a clinical trial monitored by
the same group (111), daclizumab was administered in combination with an experimental cancer
vaccine in patients with metastatic breast cancer. The treatment led to a substantial and prolonged
decrease in Tregs. An effective CD8 and CD4 T cell priming and responsiveness to all vaccine
antigens were observed in the absence of autoimmune reactions.
Another CD25-targeting agent, denileukin diftitox (ONTAK) was initially approved as an antineoplastic agent for the treatment of cutaneous T cell lymphoma (94). Denileukin diftitox
consists of a fragment of diphtheria toxin fused to IL-2. Upon internalization, diphtheria toxin
irreversibly inhibits protein synthesis, ultimately triggering cell death. In patients with renal cell
carcinoma, ONTAK significantly reduced circulating Treg numbers and promoted the expansion
of CD4 and CD8 T cells producing IFN-γ after the DC vaccination (112). However, clinical
studies of ONTAK in patients with melanoma showed a variable efficacy in the Treg depletion
and contradictory data on the clinical outcome. For instance, the ONTAK administration altered
neither FoxP3 mRNA levels in CD4 T cells nor the suppressive activity of CD4+CD25+ T cells
(113). None of the patients showed an objective clinical response. In contrast, Telang et al. (114)
showed that ONTAK caused a transient depletion of Tregs, thereby promoting melanoma
antigen-specific CD8 T cells. Moreover, in a phase II clinical trial, ONTAK treatment resulted in
a partial response in 16.7% of totally 60 patients and markedly increased the one-year survival in
the cohort of partial responders as compared to patients with the progressive disease (114).
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Two clinical trials explored the administration of immunotoxins linked to CD25 antibodies:
RFT5-SMPT-dgIgA, CD25-specific murine antibody linked to a deglycosylated ricin A chain
(dgA) (115), and LMB-2, a fusion of a single-chain Fγ fragment of the CD25-specific, anti-Tac
monoclonal antibody to a truncated form of the bacterial pseudomonas exotoxin A (116). The
administration of RFT5-SMPT-dgA to six patients with metastatic melanoma led to a transient
but consistent reduction in the number of CD25high CD4 T cells in vivo (115). However, the
decrease in total FoxP3+ CD4 T cell numbers was not so drastic since the CD25low/-FoxP3+
subpopulation of CD4 T cells escaped selectively the depletion and persisted at stable numbers.
No objective clinical responses were observed. In another study, eight patients with metastatic
melanoma received LMB-2 followed by the MART-1 and gp100-specific peptide vaccination
(116). The LMB-2 administration resulted in a preferential, transient reduction (up to 79.1%) in
circulating CD25+ CD4 T cell numbers. FoxP3+ CD4 Treg cells that escaped LMB-2-mediated
depletion were CD25low/-. However, despite the decrease in Treg numbers, LMB-2 therapy failed
to improve the immune and clinical responses.
Thus, above mentioned Treg-depleting strategies transiently reduce the Treg numbers and
function in the peripheral blood of some cancer patients. However, Tregs come back and the
blocking of their activity becomes again necessary.
1.2.4.3 FoxP3 vaccination
Since FoxP3 is a “master regulator” transcription factor of Treg development and function, the
vaccination against FoxP3 might lead to efficient Treg depletion, representing an interesting
approach to neutralize the tumor-associated immune suppression. In the B16 melanoma model, it
was shown that the vaccination with FoxP3 mRNA leads to a local intratumoral but not systemic
depletion of FoxP3+ cells (106). Nevertheless, the paucity of tumor Treg was associated with the
improved anti-tumor reactivity of TRP-2-specific cytotoxic T lymphocytes after an additional
vaccination with TRP-2-loaded DC. The mechanisms of this preferential depletion of tumor Treg
remain obscure.
1.2.4.4 CTLA-4
Similar to many other markers, CTLA-4 expression is shared by regulatory and activated T cells
(57). There have been some conflicting data on the specific role of CTLA-4 expression in either
subset. Mice with Treg-specific CTLA-4 knockout succumb to lymphoproliferation and
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autoimmune diseases similar to Foxp3 deficiency (117). Nude mice reconstituted with
splenocytes with CTLA-4-deficient Tregs showed an enhanced survival and decreased tumor
growth as compared to the recipients of control splenocytes (117). On the other hand, it has been
demonstrated (118) that although antibody-mediated CTLA-4 blockade on T effector cells
significantly improved the survival of mice with B16 melanoma, a specific blockade of CTLA-4
expressed on Tregs alone had no antitumor effects. The maximal prolongation of survival was
achieved by concomitant CTLA-4 blockade in both regulatory and effector T cells. In stage IV
melanoma patients, the therapy with the anti-CTLA-4 antibody ipilimumab reduced Treg
numbers and restored TCR-dependent proliferation of effector T cells (98). Importantly, a
randomised trial in a large cohort of patients with previously treated metastatic melanoma (119)
showed a significantly increased overall survival upon the ipilimumab treatment.
1.2.4.5 GITR
Glucocorticoid-induced tumor necrosis factor receptor-related protein (GITR) is a co-stimulatory
molecule constitutively expressed on Tregs (45). It is also expressed at lower levels on resting
effector T cells and is upregulated upon the T cell activation (38). GITR stimulation by agonistic
antibodies or GITR ligands leads to the suppression of Treg activity and augmented proliferation
of effector T cells (45). Administration of anti-GITR mAbs elicited a concomitant immunity in
B16 melanoma-bearing mice (105). Moreover, GITR activation triggered the tumor regression in
mice with methylcholanthrene-induced fibrosarcoma (120). In contrast to most depletion
strategies, anti-GITR mAb therapy showed higher efficacy in mice with established tumors than
in prophylactic settings (120). In addition, combination of GITR activation with the tumor
antigen stimulation promotes tumor antigen-specific effector T cells (121). Thus, GITR
represents an attractive target for cancer immunotherapy.
1.2.4.6 OX40
OX40 (CD134) is a costimulatory receptor expressed on Treg and activated Teff (45). OX40
ligation promotes the T cell proliferation, cytokine production and survival (122). Furthermore, it
can also inhibit the Treg differentiation and suppressive activity (123, 124). Studies in preclinical
models demonstrated that the OX40 activation provides a strong protection against immunogenic
tumors, although poorly immunogenic tumors are more refractory to the therapy (125).
Interestingly, a recent study showed that, in the context of chemotherapy-induced lymphopenia,
30

the OX40 activation induced a novel CD4 T cell population, expressing the transcription factor
eomesodermin and producing Th1 and Th2 cytokines (126). This subpopulation promoted
eradication of advanced B16 tumors in mice, supporting the use of immune modulation in
redirecting the polarization of CD4 T cells. These promising results suggest the necessity of
further research to gain a better understanding of the role of OX40 in antitumor immunity.
1.2.4.7 Extracellular adenosine metabolism and signaling
In mice, Tregs coexpress ectoenzymes CD39 and CD73 producing immunosuppressive adenosine
(81). Over the last years, multiple studies implicated the adenosine production by Treg in their
inhibitory activity, and showed that targeting adenosine synthesis in vivo was a promising
strategy to diminish tumor-mediated immunosuppression (87, 88, 93, 127-130).
It has been well documented that the deficiency or inhibition of adenosine production and
signaling significantly reduces the tumor growth by improving the anti-tumor immunity (87, 127131). One of the seminal studies showed that A2AR-deficiency promoted the rejection of
established immunogenic tumors, and that the administration of A2AR antagonists reduced the
tumor growth and metastasis (87). The anti-tumor effects of A2AR targeting were CD8 T celldependent. Furthermore, in a transplantable breast cancer model, Stagg et al. (128) demonstrated
the efficacy of anti-CD73 mAb therapy in reducing tumorigenesis and metastasis. This study,
together with several others (87, 130), showed an importance of CD73 expressed on tumor cells
in hindering the anti-tumor immune reactivity.
A more recent research has been focused on the role of the host CD73 in tumor-mediated
immunosuppression and on the specific contribution of various cell lineages to adenosine
production. Using four different transplantable tumor models, Stagg et al. (127) found that CD73deficiency enhanced anti-tumor immune responses and resistance to experimental metastasis. The
anti-tumor effect of the CD73 deletion was dependent on CD8 T cells and associated with an
expansion of antigen-specific IFN-γ-producing CD8 T cells in the peripheral blood and tumor
microenvironment. Experiments with the bone marrow chimeras indicated that both
hematopoietic and non-hematopoietic expression of CD73 non-redundantly contribute to the
tumor immune escape. Furthermore, CD73 expression at least partially accounted for the tumorpromoting effects of Tregs. The pro-metastatic effect of host-derived CD73 was dependent on
CD73 expression on non-hematopoietic cells. Complementary data of Wang et al. (129)
31

suggested that the enzymatic activity of CD73 on non-hematopoietic cells hindered leukocyte
migration into the tumor site, whereas CD73 on hematopoietic cells suppressed a systemic antitumor T cell expansion and their effector functions. Both groups demonstrated the anti-tumor and
anti-metastatic effects of the CD73 targeting with a selective inhibitor α,β-methylene adenosine
diphosphate (APCP) or respective monoclonal antibodies. Moreover, Wang et al. (129) showed
that anti-CD73 mAbs could completely restore the efficacy of adoptive T cell therapy in tumorbearing mice. The translational significance of these findings is underscored by the fact that
various adenosine receptor antagonists are already used in clinical settings for other indications
(45).
Thus, targeting adenosine production and signaling represents a promising strategy to restore
spontaneous T cell-mediated anti-tumor reactivity and to improve the efficacy of adoptive
cellular immunotherapy in cancer patients. Further studies are necessary to elucidate the role of
adenosine in the human immune cells and their interactions with tumor cells in the tumor
microenvironment and in the periphery.

1.3 Myeloid-derived suppressor cells
1.3.1 Subsets, phenotypes and development
MDSCs represent a heterogeneous population of highly suppressive immature myeloid cells
(IMCs). In mice, MDSCs are identified by the co-expression of the myeloid-cell lineage
differentiation antigen Gr-1 and CD11b (also known as αM-integrin) (132). MDSCs contain
subpopulations of (Ly6G+Ly6Clow/-) and monocytic (Ly6G-Ly6Chigh) lineages (132). In cancer
patients, various sets of markers have been use to analyze or isolate MDSCs. In particular, Lin–
HLA-DR– CD33+CD11b+ MDSCs have been isolated from the peripheral blood of patients with
glioblastoma, breast cancer, colon cancer, lung cancer or kidney cancer (40). These cells shared
morphological and functional properties with granulocyte precursors. High frequencies of these
cells correlated with a poor prognosis and radiographic progression in patients with breast or
colorectal cancer (133, 134). Furthermore, the frequency of each MDSC subset appears to be
influenced
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with melanoma, multiple myeloma, prostate cancer, hepatocellular carcinoma or head and neck
cancer (40, 135-138).
In the bone marrow of healthy mice, the CD11b+Gr-1+ population comprises 20–30% of all cells.
However, CD11b+Gr-1+ cells make up only a small proportion (2–4%) of spleen cells and are
absent from the lymph nodes (132). MDSCs accumulate in the bone marrow, spleen and
peripheral blood, within primary and metastatic solid tumors, and to a lesser extent in lymph
nodes. Tumors release multiple soluble factors, causing substantial alterations in the
differentiation and function of myeloid cells. Cytokines such as GM‑CSF, G‑CSF, M‑CSF, stem
cell factor (SCF), vascular endothelial growth factor (VEGF) and IL‑3 not only promote
myelopoiesis but also block myeloid cell maturation (132, 139). Tumor-derived proinflammatory factors (e.g. IL-1β, IL-6, S100A8 and S100A9), as well as cytokines released by
activated T cells (such as IFNγ, IL-4, IL-10 and IL-13) convert IMCs into MDSCs (140). The
tumor-derived factors CCL2, CCL12, CXC-chemokine ligand 5, prokineticin 2, S100A8 and
S100A9 attract MDSCs to the tumor bed (40, 141). Interestingly, MDSCs can also be recruited
by nitrated or nitrosylated CCL2, whereas effector CD8 T cells cannot, which may account for
the selective accumulation of myelomonocytic cells within murine and human tumors (142).
Lypopolisaccharide (LPS), in combination with IFN-γ, promotes MDSC expansion, probably
through the inhibition of DC differentiation (143). Tumor-derived TGF-β also regulates MDSC
accumulation and neutrophil polarization (144, 145). Tumors can also promote MDSC expansion
through the release of small membrane vesicles – exosomes that contain signaling peptides,
mRNAs, microRNAs and lipids (146).
1.3.2 Mechanisms of immunosuppression
In tumor-bearing mice, the granulocytic MDSC subset is the prevalent population of MDSCs.
Polymorphonuclear MDSCs suppress antigen-specific CD8 T cells predominantly through
production of reactive oxygen species (ROS) (40). Although granulocytic MDSCs represent the
major subset of circulating MDSCs, they are less immunosuppressive than the monocytic
counterparts when assessed on a per cell basis. Monocytic MDSCs express variable levels of
usual monocytes markers, such as F4/80, CD115, Ly6C and CCR2 (40). This subset of MDSCs
may also include progenitors that give rise to a subset of CD11bhiGr-1lowLy6G–F4/80hiMHC-II+
macrophages with potent immunosuppressive properties. Monocytic MDSCs suppress CD8 T
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cells predominantly via the expression of arginase-1 (ARG1) and inducible nitric oxide synthase
(iNOS) and through the production of reactive nitrogen species. The increased activity of ARG1
in MDSCs leads to the depletion of L-arginine from the microenvironment. The shortage of Larginine inhibits T-cell proliferation through several different mechanisms, including
downregulation of TCR δ-chain expression and blockade of the cell cycle. NO and its derivatives
cause T cell apoptosis, the nitration of chemokines and T cell receptors (TCR), blockade of T cell
migration, cytokine production and cytotoxic activity.
Another type of MDSC suppressive activity perturbs lymphocyte migration and viability (40).
For

instance,

MDSCs

express

the

membrane

receptor

ADAM17

(disintegrin

and

metalloproteinase domain-containing protein 17) that decreases CD62L levels on the surface of
naive CD4 and CD8 T cells, thereby hindering T cell homing to secondary lymphoid organs
(147). Furthermore, MDSCs express galectin-9, which binds to the T cell immunoglobulin and
mucin domain-containing protein 3 (TIM-3) on lymphocytes and triggers T cell apoptosis (148).
MDSCs also decrease the numbers and inhibit the function of mouse and human NK cells, mostly
through membrane contact-dependent mechanisms, i.e. through membrane-bound TGF-β (in the
case of mouse MDSCs) and through interaction with the NK cell receptor NKp30 (also known as
NCR3) (40, 149).
MDSCs have also been shown to activate and expand Tregs, which underscores the
interdependence of these two major immunosuppressive populations (137, 150). MDSCs boost
the clonal expansion of antigen-specific nTregs and induce the conversion of naive CD4 T cells
into iTregs. Human CD14+HLA-DRlow/– MDSCs promote the transdifferentiation of Th17 cells
into FOXP3+ iTregs through TGFβ and retinoic acid (40, 150).
A recent study by Ryzhov et al. (151) suggests that the numbers and immunosuppressive activity
of MDSC can be modulated by extracellular adenosine through A2BR. Furthermore, the authors
detected high levels of CD73 on the surface of granulocytic MDSC and showed that the MDSC
suppressive activity is enhanced in the presence of AMP, thereby suggesting that
ectonucleotidase-mediated adenosine production might contribute to the MDSC function.
1.3.3 Therapeutic targeting of MDSCs
A large body of evidence indicates that the reduction of MDSC numbers and/or activity
significantly improves anti-tumor immunity and improves the survival of tumor-bearing hosts
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(39). Several strategies for targeting MDSC showed promising results in preclinical models (39,
40). The first approach is to block MDSC generation from bone marrow progenitors and to
promote the maturation of MDSCs into proficient APCs. The inhibition of the migration of
MDSCs to the tumor and tumor-draining lymph nodes also showed therapeutic efficacy. Finally,
it is important to inhibit the molecular pathways used by MDSCs to suppress T cell function.
It has been shown that MDSC development can be blocked by targeting stem cell factor (SCF)
(152, 153). Several studies showed that siRNA-mediated knockdown of SCF or inhibition of SCF
signaling by anti-c-Kit antibodies or tyrosine kinase inhibitors (such as sunitinib, pazopanib and
sorafenib) hinder MDSC development from bone marrow precursors in humans (in vitro) and
mice (colon and Lewis lung carcinomas) (152, 153). A decrease in MDSC numbers was
associated with improved tumor-specific immune responses, tumor regression and significantly
prolonged survival. In addition, sunitinib has been demonstrated to reverse MDSC accumulation
in patients with renal cell carcinoma, resulting in an expansion of Th1 cells and reduction in Treg
numbers (154). In a mouse model of RCC, sunitinib was also found to neutralize the
immunosuppressive functions of tumor-infiltrating MDSCs (154).
Administration of all-trans-retinoic acid (ATRA) or ultra-low non-cytotoxic doses of paclitaxel
has been shown to promote the differentiation of MDSCs into mature macrophages, DCs or
granulocytes (155, 156). The combination of ATRA with G-CSF enhanced granulocyte
differentiation, whereas ATRA together with vitamin D induced the development of monocytes
(155). In a recent study, Sevko et al. (157) showed that the administration of the
chemotherapeutic drug paclitaxel at ultra-low non-cytotoxic doses (previously described as
chemoimmunomodulation (158)) in healthy C57BL/6 mice significantly reduced the frequency of
CD11b+Gr1+ immature myeloid cells that are known as the MDSC counterparts in healthy mice
(132). This was associated with an increase in NK cell frequencies in the bone marrow and their
ability to produce IFN-γ. Moreover, paclitaxel-mediated chemoimmunomodulation enhanced the
efficacy of vaccination with a peptide derived from melanoma-associated antigen tyrosinase
related protein-2. Ultra-low dose paclitaxel administration in the ret transgenic (ret tg) mouse
melanoma model led to a drastic reduction in MDSC frequencies as well as their ability to
produce NO and to suppress T cell proliferation in vitro (159). Moreover, the concentrations of
numerous chronic inflammatory factors (e.g. IL-1β, IL-6, TNF-α, IFN-γ, GM-CSF, and IL-10) in
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melanoma lesions were significantly diminished. These changes were associated with a partial
recovery of tumor-specific T cell responses that resulted in a delayed tumor growth and
prolonged survival (159).
Furthermore, MDSCs can also be sensitive to conventional chemotherapy (39, 40). A selective
depletion of MDSCs has been achieved by the administration of gemcitabine (160) or 5‘fluorouracil (161). These agents depleted MDSCs with no apparent toxicity against other
leukocyte subpopulations, which led to a markedly enhanced anti-tumor effect in several
transplantable tumor models.
Targeting of tumor-derived chemokines has also been applied to inhibit MDSC migration
towards tumor lesions. Thus, prostate, breast and Lewis lung carcinomas, melanoma and
colorectal cancer have been shown to produce various ligands for CCR2 (including CCL2) that
attracted MDSCs and supported their suppressive activity (162, 163). For instance, direct CCL2
binding by bindarit (164) or the blocking of production of these chemokine in tumors (162) has
been shown to diminish MDSC frequencies in tumor microenvironment, to inhibit metastasis and
neoangiogenesis and suppress the development of transplantable tumors.
Finally, MDSCs could be neutralized through inhibition of their immunosuppressive activity. It
has been reported that phosphodiesterase (PDE)-5 inhibitors (e.g. sildenafil or tadalafil) block
MDSC immunosuppressive functions in various transplantable tumor models, which restores
antitumor immunity and delays tumor growth (165-167). These effects were due to elevated
intracellular concentrations of cyclic guanosine monophosphate leading to the down-regulation of
iNOS and ARG-1 activities and decreased NO synthesis in MDSCs.
In the ret transgenic mouse melanoma model, chronic administration of sildenafil caused a
significant reduction in NO production and ARG-1 expression, which led to an improved antitumor CD8 T cell response (168). Moreover, sildenafil significantly diminished chronic
inflammation, which was manifested by a reduction in IL-1β, IL-6, VEGF, GM-CSF, CCL2,
CCL3 and S100A9 production. All these changes resulted in a significantly prolonged survival of
tumor-bearing mice. In addition to PDE-5 inhibitors, the activity of iNOS and ARG-1 can be
directly blocked by corresponding inhibitors (165, 169) or by nitroaspirin (170), leading to a
reactivation of T cells and strong anti-tumor effects.
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Interestingly, some agents preventing the migration of MDSCs towards tumor lesions can also
inhibit MDSC immunosuppressive function (39). In particular, COX-2 inhibitors that reduced
MDSC trafficking mediated by chemokines CXCR4/CXCL12 and CXCR1-CXCR2/CXCL8,
also impaired MDSC-mediated immunosuppression through the down-regulation of ROS and NO
production or ARG-1 expression in these cells (171-173).

1.4 Tumor models
In the current study, we used two distinct tumor models – the ret tg mouse model of melanoma
and the orthotopic Panc02 model of pancreatic ductal adenocarcinoma (PDAC).
The ret tg model largely recapitulates human melanoma with respect to etiology, tumor genetics,
histopathology and clinical development (174, 175). Tumor lesions show typical melanoma
morphology and express melanoma-associated antigens, such as S100, tyrosinase, tyrosinase
related protein (TRP)-1, TRP-2 and gp100. In these mice, the human ret transgene expression is
controlled by the mouse metallothionein I promoter/enhancer, which allows its selective
expression in melanin-producing cells (39, 174, 176). Ret belongs to the family of receptor
tyrosine kinases and its activation promotes malignant transformation of melanocytes and tumor
development in ret transgenic mice (177). Overexpression of the Ret kinase is associated with the
activation of other kinases (such as mitogen-activated protein kinase and c-Jun) and matrix
metalloproteinases acting downstream of the Ret kinase. After a short latency period (20–70
days; mean, 40 days), transgenic animals develop skin tumors on the head (nose, ears, eyes),
neck, back, or tail with metastases in lymph nodes, lungs, liver, brain, kidney, and bone marrow,
similar to the metastatic pattern observed in melanoma patients. It was previously shown that skin
tumors of these mice contain high frequencies of TRP-2-specific CD8 T cells, mostly exhibiting
the effector memory phenotype (176, 178). Notably, these cells could be detected even at earlier
stages of melanoma progression. Upon a co-incubation with DCs pulsed with melanoma lysates,
bone marrow-derived T cells produced IFN- in vitro and exerted an anti-tumor activity after
their adoptive transfer into melanoma-bearing ret tg mice. However, this anti-tumor effect was
merely transient and failed to trigger tumor regression, probably subdued by the complex
immunosuppressive network in the tumor microenvironment represented, for instance, by CD4
Tregs and MDSCs (39, 92, 175, 176, 178). Indeed, a strong Treg accumulation in skin tumors
and metastatic lymph nodes was observed at the early stage of melanoma development (179). In
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addition, increasingly high frequencies of MDSCs were detected in skin melanomas and
lymphoid

organs

during

the

course

of

tumor

progression.

Inhibition

of

MDSC

immunosuppressive activity was shown to improve anti-tumor immunity and survival in tumorbearing ret tg mice (159, 168).
Another model used in our work was an orthotopic model of pancreas adenocarcinoma (180,
181). Panc02 tumor cells were injected directly into the pancreata of immunocompetent mice.
The development of pancreatic tumors in their natural microenvironment constitutes an important
advantage of that model. It has been found that Panc02 tumors are strongly infiltrated with Tregs
(182). The vast majority of tumor-infiltrating Tregs, Tcons and CD8 T cells exhibited the
effector/effector memory phenotype. In Tregs, this phenotype had been linked to an enhanced
suppressive activity and proliferation capacity.
Although a steady increase in TGF-β levels was observed in pancreatic tumors, treatment with a
specific inhibitor of the TGF-β receptor I kinase failed to abrogate Treg accumulation (182).
Targeting a major pathway of Treg migration with a CCR4 antagonist also did not affect Treg
frequencies in the tumor. However, Panc02 tumors harbor high frequencies of cycling (Ki-67expressing) Tregs, which suggested that local proliferation might be the driving force of Treg
accumulation in the tumor. Accordingly, Treg frequencies in the tumor were strongly reduced
upon the administration of low-dose gemcitabine. This resulted in a modestly increased survival
of tumor-bearing mice, thereby underscoring the contribution of Tregs to tumorigenesis in the
Panc02 model.
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2. Aims of the study
Recent studies have shown that extracellular adenosine plays an important role in the regulation
of various arms of the immune response. Several lines of evidence indicate that extracellular
adenosine might be produced by a variety of cell types. In particular, it has been shown that
adenosine can be elaborated by ectonucleotidases expressed on Tregs, MDSCs, endothelial cells,
mesenchimal cells, cancer cells etc. However, recent studies suggested that ectonucleotidasemediated adenosine production might also be performed by certain types of effector T cells, in
particular, IL-17-producing Th17 cells. Moreover, the patterns of ectonucleotidase expression in
Tregs, Tcons and MDSCs, as regards to their subsets and anatomical location, remain largely
unknown. Therefore, the goal of this work was to investigate the expression of CD39 and CD73
on various subsets of T cells and MDSCs from tumors and lymphoid organs, in order to
understand the role of extracellular adenosine in the regulation of immunity under homeostatic
conditions and in cancer. In the current study, following issues were addressed:
- determination of the patterns of ectonucleotidase expression on Tregs in tumor-bearing mice
and cancer patients;
- elucidation of the role of CD39 and CD73 in the regulation of T cell activation and function.
- investigation of the function of ectonucleotidases in the myeloid compartment, particularly in
MDSCs.
- evaluation of the therapeutic efficacy and immunological effects of CD73 inhibitors in vivo.

39

3. Materials and Methods
3.1 Reagents
3.1.1 Chemicals, buffers and media
Product

Company

Catalogue number

Bovine serum albumin (BSA)

Sigma

7030-50G

0,5M EDTA (pH 8.0)

GIBCO

15575-098

Fetal bovine serum (FBS)

PAN Biotech, GmbH

3702-P260718

Sodium azide (NaN3)

Roth

K305

0.4% Trypan blue solution

Sigma

T8154

Phosphate buffer saline (PBS)

PAA

H15-002

RPMI-1640, with L-glutamine

PAA

E15-840

Red Blood Cell (RBC) Lysis Buffer

Biolegend

420301

Penicillin-Streptomycin (P/S)

PAA

P11-010

Phorbol 12-myristate 13-acetate (PMA)

Sigma

P1585

Ionomycin calcium salt

Sigma

I3909

Foxp3/Transcription Factor Staining Buffer Set eBioscience

00-5523-00

Permeabilization Buffer (10X)

eBioscience

00-8333-56

Protein Transport Inhibitor (Brefeldin A)

BD Biosciences

555029

Adenosine 5′-(,-methylene)diphosphate

Sigma

M3763
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3.1.2 Buffers and media
Buffer / medium

Components

FACS buffer:

1 x PBS

2% FBS,
0.2% NaN3
2 mM EDTA
Complete RPMI:

RPMI-1640 w/L-glutamine

10% FCS
1% P/S
3.1.3 Antibodies
Antibody

Conjugate

Isotype

Company

Catalogue No.

anti-human CD3e

V500

mouse IgG1, 

BD

560770

anti-mouse CD3e

PerCP-Cy5.5

rat IgG2a, 

BD

555276

APC

rat IgG2a, 

BD

553066

V500

syrian hamster IgG2, 

BD

560771

V450

syrian hamster IgG2, 

BD

560352

purified

armenian Hamster IgG

eBioscience

16-0031

anti-human CD4

APC-H7

mouse IgG1, 

BD

560158

anti-mouse CD4

APC

rat IgG2a, 

BD

561091

APC-Cy7

rat IgG2b, 

BD

552051

APC-H7

rat IgG2b, 

BD

560181

APC-H7

mouse IgG1, 

BD

560179

anti-human CD8
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APC-Cy7

rat IgG2a, 

BD

557654

APC-H7

rat IgG2a, 

BD

560182

PerCP-Cy5.5

rat IgG2b, 

BD

550993

FITC

rat IgG2b, 

BD

553310

APC

rat IgG2b, 

BD

553312

anti-human CD25

PE

mouse IgG1, 

BD

560355

anti-mouse CD25

APC

rat IgG2b, 

BD

558643

V450

rat IgG1, 

BD

561257

purified

Golden Syrian Hamster eBioscience

anti-mouse CD8a

anti-mouse CD11b

Anti-Mouse CD28

16-0281

IgG
anti-human CD39

PE

mouse IgG2b, 

BD

555464

anti-mouse CD39

PE-Cy7

rat IgG2b, 

eBioscience

25-0391

anti-mouse CD44

PE

rat IgG2b, 

BD

553134

anti-mouse CD45

V500

rat IgG2b, 

BD

561487

anti-mouse CD45.2

PerCP-Cy5.5

rat IgG2a, 

BD

BD 552950

anti-mouse CD45RB

PE

rat IgG2a, 

BD

553101

anti-mouse CD62L

APC

rat IgG2a, 

BD

553152

anti-human CD73

APC

mouse IgG1, 

BD

560847

anti-mouse CD73

eFluor® 450

rat IgG1, 

eBioscience

48-0731

PE

rat IgG1, 

eBioscience

12-0731

PerCP-Cy5.5

mouse IgG1, 

BD

560551

anti-human CD127
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PE-Cy7

rat IgG2b, 

BD

552985

APC-Cy7

rat IgG2b, 

BD

557661

anti-human FOXP3

FITC

rat IgG2a, 

eBioscience

11-4776

anti-mouse Foxp3

FITC

rat IgG2a, 

eBioscience

11-5773

anti-mouse Ly6C

APC

rat IgG2b, 

BD

553129

anti-mouse Gr1

3.2 Cell line
Highly tumorigenic Panc02 cells were maintained in RPMI-1640 cell culture medium (PAA,
Germany) supplemented with 10% FCS (PAA) at 37°C under 5% CO2. Cells were passaged by a
brief detachment with 0.025% trypsin. The cells were routinely tested for contamination
including mycoplasms. Cell cultivation was done by Mr. Markus Herbst (department of General
Surgery, University Heidelberg).

3.3 Routine laboratory materials and equipment
3.3.1 Routine laboratory materials
Material / instrument

Type / model

Company

Needles

0,4x19 mm Mikrolance

BD

0,3x13 mm Mikrolance

BD

Pipets

2-20 µl, 20-200 µl, 200- Rainin
1000µl

Object carrier

76x26 mm SuperFrostPlus

Menzel-Gläser

Cover glass

24 x 24 mm

Roth

Test tubes

5 ml / 15 ml / 50 ml

BD Falcon

0.5 ml / 1.5 ml / 2 ml

Eppendorf
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Syringes

1 ml

BD

Cell culture plates

96-well flat bottom Platte

Greiner

Cell strainer

40 µm; 100 µm

BD Falcon

Sterile filter

0,45 µm, sterile

Roth

3.3.2 Devices and equipment
Equipment

Model

Company

Flow cytometer

FACS Canto II, 3 lasers

BD

Refrigerator (-80 °C)

HeraFreeze

Heraeus

CO2 incubator

HeraCell

Heraeus

Refrigerator (-20 °C)

Premium

Liebherr

Microscopes

DMIL

Leica

pH meter

766

Calimatic

Laminar flow hood

Hera Safe

Thermo Electron Cooperation

Vortex

Vortex Genie 2

Scientific Industries

Balance

BP 3100P

Sartorius

Water bath

DC3, HAAKE

GFL

Centrifuges

Labofuge 400R

Heraeus

Biofuge primo R

Heraeus

Varifuge K

Heraeus
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3.4 Mice
All mice were crossed and kept under specific pathogen-free conditions in the animal facility of
the German Cancer Research Center (Heidelberg) or Heidelberg University. Experiments were
performed in accordance with governmental and institutional guidelines and regulations.
3.4.1 Ret transgenic spontaneous melanoma model
Ret tg mice (C57BL/6 background) kindly provided by Dr. I. Nakashima (Japan) overexpress the
human Ret proto-oncogene in melanocytes under the control of mouse metallothionein-I
promoter-enhancer

(177).

Non-transgenic

littermates

and

transgenic

mice

without

macroscopically visible tumors were used as controls. The mice were kept and crossed under the
guidelines of the animal facility of the German Cancer Research Center.
3.4.2 Orthotopic model of pancreatic ductal adenocarcinoma
Highly tumorigenic syngeneic murine Panc02 pancreatic ductal adenocarcinoma cells were
injected into the head of the pancreas, producing rapidly growing tumors starting from day 5 after
transplantation. Experiments were performed under the guidelines of the animal facility of
Heidelberg University. Orthotopic transplantation was performed by Dr. Sabine Soltek or by
Prof. Dr. Alexandr Bazhin (Department of General Surgery, University Heidelberg). C57BL/6
mice were purchased from CharlesRiver (Germany).

3.5 Software
FlowJo (Version 7.6.1)
GraphPad PRISM (Version 5)

Tree Star, Inc., Ashland, USA
GraphPad Software, Inc., San Diego, USA

3.6 Single cell suspensions
3.6.1 Spleen
Mouse spleens were collected into 2 ml Eppendorf tubes with 2 ml of ice-cold PBS (PAA).
Single cell suspensions were prepared by mashing spleens with a plunger of a 5 ml syringe
through a 40 µm cell strainer. Next, cell suspensions were centrifuged at 300g and the
supernatant was discarded. Red blood cells were depleted by resuspending cell pellets in 1 ml of
RBC lysis buffer followed by 3 min of incubation on ice. The reaction was stopped by adding 9
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ml of PBS. Cells were subsequently centrifuged (300 g, 10 min), and the pellet was resuspended
in FACS buffer at the concentration of 107 cells/ml.
3.6.2 Lymph nodes
Isolated mouse lymph nodes were mashed on a petri dish using plunger of a 5 ml syringe and
passed through a 40 µm cell strainer. Cells were washed with PBS (300 g, 5 min), and the pellet
was resuspended in FACS buffer at 107 cells/ml.
3.6.3 Bone marrow
Freshly isolated murine femurs and tibiae were cut at both ends and BM was flushed out with ice
cold PBS using a 10 ml syringe with a 23G needle. BM was collected into a 10 cm Petri dish and
subsequently transferred onto a 40 µm cell strainer. After the BM was mashed through the cell
strainer, the resulting cell suspension was centrifuged, and red blood cells were depleted as
described in 3.1.1. After washing with cold PBS (300 g, 5 min), the pellet was resuspended in
FACS buffer at 107 cells/ml.
3.6.4 Tumor
Freshly isolated tumor mass was mashed through a 40 µm cell strainer with a 5 ml syringe
plunger. After the depletion of red blood cells, the cell pellet was resuspended in FACS buffer
at107 cells/ml.
3.6.5 Cell numbers
Cell numbers were determined using a Neubauer counting chamber. A sample of 10 µl was
diluted with trypan blue at 1:100. The following formula was used:
n x 104 x dilution factor = cell number / ml, where n= mean number of cells in a quadrant.

3.7 Flow cytometry
Single cell suspensions were dispensed into 5 ml polystyrene tubes at 106 cells per tube and
incubated for 15 min with the Fc-blocking reagent. Next, fluorescently labeled antibodies against
surface antigens were added, followed by 15 min of incubation in the dark (at 4°C or on ice).
Then, cells were washed twice with an excess of FACS buffer. When no intracellular staining
was required, the cells were resuspended in 100 µl of FACS buffer and analyzed by flow
cytometry with the FACS Canto II cytometer (BD) using the BD Diva Software V.6.1.1. At least
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10,000 events were acquired for each population of interest. When necessary, intracellular
staining for cytokines and transcription factors was performed. For this, cells were incubated in 1
ml of Fixation/Permeabilization solution (eBioscience) for 30 min and subsequently washed
twice with an excess of Permeabilization buffer (eBioscience). Next, cells were resuspended in
50 µl of Permeabilization buffer and stained with fluorescently labeled antibodies against
intracellular antigensAfter 30 min of incubation, cells were washed twice with the FACS buffer,
resuspended in 100 µl of the same buffer and analyzed by flow cytometry.
FlowJo software 7.6.1 (Tree Star) was used to analyze at least 10,000 events per population of
interest. Data were expressed as pseudocolor dot plots.

3.8 In vitro splenocyte activation
Microwells of the assay plate were coated with anti-CD3 antibodies. To this end, a 10 μg/ml
solution of anti-CD3 antibodies (eBioscience) in sterile PBS was prepared and 50 μL of the
antibody solution were dispensed to each well of the assay plate. As a control, unstimulated cells,
50 μl of sterile PBS were added. The plate was tightly covered with Parafilm™ to avoid sample
evaporation and incubated at 37°C for 2 hours. Immediately before adding cells, the antibody
solution was removed with a multichannel pipettor, and the wells were rinsed with 200 μl of
sterile PBS three times.
Single cell suspensions of splenocytes were centrifuged and resuspended in the complete RPMI1640 medium at 106 cells/ml. Then 200 μL of the cell suspension were added to each well, and
the plate was placed in a humidified 37°C, 5% CO2 incubator. Then soluble anti-CD28
(eBioscience) antibody was added to the cells at 2 µg/ml. The kinetics of ectonucleotidase
expression on splenocytes was analyzed by flow cytometry (as described in 3.2) at different time
points (5, 24 and 48 hours) after the beginning of activation.

3.9 Analysis of the IFN- production by T cells
Single cell suspension of splenocytes was centrifuged, and the pellet was resuspended in
complete RPMI at 106 cells/ml. Next, 100 µl of the resulting cell suspension were dispensed to
each well of a 96-well flat bottom plate followed by the addition of 100 µl of master mix
containing 10 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma), 1 mM ionomycin (Sigma),
and GolgiStop (BD Biosciences) (1.2 µl/ml). To the control wells, only GolgiStop was added.
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After 5 hours of incubation, cells were stained with antibodies against surface markers, followed
by the fixation/permeabilization and intracellular staining for IFN- according to the protocol
described in 3.2.

3.10 Survival analyses
Ret transgenic tumor-bearing mice were injected intraperitoneally (i.p.) with APCP at 20 mg/kg
or with SCH58261 at 5 mg/kg three times a week for 60 days. Mice were monitored daily for the
tumor progression. The control group of mice with tumors of similar size received PBS. Each
group comprised 15 animals. Two independent survival experiments have been performed.

3.11 Statistical analyses
Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc.). The
paired t-test using was applied to analyze the statistical significance where appropriate. Survival
of tumor bearing mice was analyzed with Kaplan-Meier curves with subsequent Log-rank test. A
p-value < 0.05 was considered significant. Values were expressed as mean ± SEM.
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4. Results
4.1. Expression of ectonucleotidases CD39 and CD73 on Tregs
It was previously shown that the vast majority of murine Tregs express on their surface a high
level

CD39

and

CD73,

and

adenosine

production

strongly

contributes

to

Treg

immunosuppressive properties (82, 83). However, patterns of the ectonucleotidase expression on
Tregs from tumors and lymphoid organs remain poorly understood and deserve further
investigation. To this end, we analyzed Tregs from tumors, bone marrow, spleens and lymph
nodes of healthy mice and animals bearing melanoma or pancreatic adenocarcinoma (Fig. 1).
Consistently with previously published findings, we found that Treg populations in the spleen
contained 90-95% CD39+CD73+ cells (Fig. 2A), whereas only a minor proportion of CD4 Tcon
and CD8 T cells coexpressed CD39 and CD73. Moreover, the levels of CD73 on Tregs in
spleens of healthy mice were far above those on Tcons and CD8 T cells, although CD39
expression was comparable (Fig. 2B, C). These observations confirmed that Tregs possess the
whole machinery of adenosine synthesis and can perform it more efficiently than other major T
cell subsets.
Remarkably, the patterns of ectonucleotidase expression on tumor-infiltrating T cells were
distinctly different from what was observed in splenic T cells (Fig. 2D). In particular, only 60%
of Tregs from melanoma lesions in ret transgenic mice expressed both CD39 and CD73. On the
other hand, in both tumor models, we observed increased frequencies of CD39+CD73+ subsets
among tumor-infiltrating Tcons and CD8 T cells as compared to these subsets in the spleen. This
was especially pronounced in the Panc02 model, where approximately 50% of Tcons and more
than 60% of CD8 T cells expressed both enzymes. Moreover, Tcons and Tregs from pancreatic
tumors showed nearly the same expression level of both ectonucleotidases (Fig. 2E, F). These
profound alterations might be due to the influence of the tumor microenvironment and/or to
certain phenotypical and functional differences between T cell populations in the spleen and
tumor.
Next, we analyzed the expression of CD39 and CD73 on regulatory (FOXP3+CD25highCD127low/)
and conventional (FOXP3-CD25low/-CD127high) T cells from the peripheral blood of patients with
melanoma or pancreatic adenocarcinoma and healthy donors (Fig. 3A). In contrast to mouse
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Tregs, human regulatory T cells contained only a small population of CD39+CD73+ cells, which
suggested that human Tregs have a very limited capacity to produce adenosine through enzymatic
hydrolysis of extracellular nucleotides (Fig. 3B, C). However, we observed that approximately a
half of the Treg subset showed CD39 expression, which indicates the ability of these cells to
hydrolyze ATP. Only a small proportion of Tregs was positive for CD73 expression. Thus,
human Tregs can contribute only to the first step of adenosine production outside the cell.
Moreover, we detected a two-fold increase in the percentage of CD73+ cells in Tcons from
melanoma patients, suggesting, in turn, an increased capacity to produce adenosine from AMP
(Fig. 3D).Furthermore, we found that the CD73+ subset comprised only around 10% of human
Tcons, and the CD39+ population is also relatively small (Fig. 3D, E). Similarly to our findings in
mouse models, we observed increased frequencies of CD39+ and/or CD73+ cells in human Tcon
and Treg from the peripheral blood of cancer patients as compared to healthy donors. In
particular, Tregs and Tcons from pancreatic cancer patients contained increased frequencies of
CD39+ cells, indicating their enhanced capacity to hydrolyze ATP (Fig. 3E).
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A

B

Figure 1. Representative dot plots of murine pancreatic tumors (A) and spleens from tumor-bearing mice
(B) showing gating strategy for the analysis of CD73 and CD39 expression on regulatory and
conventional CD4 T cells (measured by flow cytometry).
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Figure 2. Analysis of CD39 and CD73 expression on Tregs, CD4 Tcons and CD8 T cells in spleens (A-C)
and tumors (D-F) of ret tg melanoma-bearing mice (ret tu) and animals with pancreatic adenocarcinoma
(Panc02) as well as healthy wild type C57BL/6 (wt) mice (measured by flow cytometry;

n=20;

*p<0.001).
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4.2. Analysis of ectonucleotidase expression on CD4 Tcons and CD8 T cells
Since we found a relatively high expression of both ectonucleotidases also in non-regulatory T
cells in melanoma and pancreatic cancer, we reasoned that it might be due to the alterations in the
milieu and/or activation status of T cells. To address this suggestion, we compared the expression
of CD39 and CD73 in CD25-FoxP3- and CD25+FoxP3- T cells (Fig. 4A-H). The latter subset
presumably consists of activated T cells, since CD25 (IL-2 receptor α-chain) is induced on T cells
upon activation (35). Importantly, CD25+FoxP3- T cells from lymphoid organs and tumors
contained significantly higher frequencies of CD73+ cells than their CD25- counterparts.
Accordingly, the CD25+ T cell subpopulation was highly enriched in CD39+ cells. This indicated
that T cells may upregulate ectonucleotidases upon activation, which can possibly provide a
negative feedback mechanism of autocrine regulation.
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Figure 4. Analysis of CD39 and CD73 expression on Tregs, CD4 Tcons and CD8 T cells in spleens (A,
B) lymph nodes (C, D), bone marrow (E, F) and tumors (G, H) of ret tg melanoma-bearing (ret tu) mice
and animals with pancreatic adenocarcinoma (Panc02) as well as healthy wild type C57BL/6 (wt)
(measured by flow cytometry; n=20; *p<0.05; **p<0.01; ***p<0.001).
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To test this hypothesis, we activated normal murine splenocytes in vitro and analyzed the
dynamics of CD39 and CD73 expression (Fig. 5A, B). Similarly to our ex vivo data, we observed
a substantially higher percentage of CD39+ cells among activated CD4 T cells, compared to the
non-activated control. However, we did not detect any significant changes in CD73 expression,
which may reflect the differences in conditions of in vitro and in vivo T cell activation.
Studying memory T cells, we found that both central (CD44highCD62L+) and effector memory
(CD44highCD62L-) CD4+FoxP3- subsets are highly enriched in CD39+ cells (Fig. 6A) as
compared to naïve (CD44lowCD62L+) CD4 T cells, which contained only a very low percentage
of CD39-expressing cells. Similarly, the memory compartments of conventional CD4 T cells
showed significantly higher frequencies of CD73+ cells than the naïve subset (Fig. 6B).
Memory CD4 T cells are known to produce rapidly effector cytokines upon restimulation (183).
Therefore, to determine if the association of ectonucleotidase expression with the memory
phenotype has any functional implication, we analyzed CD39 and CD73 expression in the
context of IFN-γ production by CD4 T cells from healthy wild type mice 5h after stimulation.
Indeed, IFN-γ-producing cells contained a significantly higher percentage of CD39+ and CD73+
cells than IFN-γ-negative cells (Fig. 7A, B).
Next, we asked if CD8 T cells also might exploit ectonucleotidases as a means of self-regulation.
First, we found that virtually all CD8 T cells from lymphoid organs and tumors constitutively
express CD73, suggesting that they might produce extracellular adenosine when AMP is
available in their environment (Fig. 8A-D). However, CD39 expression appeared to be highly
heterogeneous and varying between different lymphoid organs and the tumor site. In the spleen
and lymph nodes, only a minor fraction of CD8 T cells expressed CD39 (Fig. 9B, C). In contrast,
the CD39+ subset comprised 30-50% of CD8 T cells in the bone marrow (Fig. 9D). Remarkably,
CD39+ cells represented the larger part of the CD8 T cell population in Panc02 tumors (Fig. 9A).
In line with our data on activated CD4 Tcons, in vitro activation of CD8 T cells led to a two-fold
increase in the percentage of cells expressing CD39 (Fig. 10). This suggested that activated CD8
T cells upregulate CD39 in order to hydrolyze the excess of ATP released upon activation.
Furthermore, similar to Tcons, memory CD8 T cells were enriched in CD39+ cells (Fig. 11). In
particular, effector memory CD8 T cells contained the highest percentage of CD39+ cells, and in
the central memory compartment, the frequency of CD39-expressing cells was higher than in
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naïve cells (Fig. 11A). Furthermore, the proportions of CD39+ and CD73+ subsets were
significantly increased within IFN--producing CD8 T cells. (Fig. 12A, B).
Taken together, these data suggest that CD39 and CD73 ectonucleotidase may play an important
role in CD4 and CD8 T cell activation and memory. In particular, in recently activated T cells,
they may mediate a negative feedback mechanism restricting excessive activation, proliferation
and effector function. In memory T cells, these enzymes may serve to prevent adverse activation
of recall response.
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Figure 7. Expression of CD39 (A) and CD73 (B) on IFN-γ-producing CD4 Tcons from spleens of
healthy mice (measured by flow cytometry; n=10; ***p<0.001).

A

B

CD8 T cells, Spleen

100

100

80

80

% of CD73+ cells

% of CD73+ cells

CD8 T cells, Tumor

60
40
20

*

***

60
40
20
0

0
ret tu

wt

Panc02

ret

ret tu

Panc02

D

C
CD8 T cells, LN

CD8 T cells, BM
100

**
% of CD73+ T cells

% of CD73+ cells

100
80
60
40
20

*

80
60
40
20
0

0
wt

ret

ret tu

Panc02

wt

ret

ret tu

Panc02

Figure 8. Analysis of CD73 expression on CD8 T cells in tumors (A) as well as in spleens (B), lymph
nodes (C) and bone marrow (D) of healthy wild type (wt) and Panc02 mice as well as ret tg mice with
(ret tu) or without tumors (ret) (measured by flow cytometry; n=12; *p<0.05; **p<0.01; ***p<0.001).

59

B

A

CD8+ T cells, Spleen
20

CD8+ T cells, Tumor
% of CD39+ T cells

% of CD39+ T cells

100
80
60
40
20

*

15
10
5
0

0
ret tu

wt

Panc02

D

C

60

% of CD39+ T cells

8
6
4
2

Panc02

*

**

10

ret tu

CD8 T cells, BM

CD8 T cells, LN

% of CD39+ cells

ret

***

40

20

0

0
wt

ret

ret tu

Panc02

wt

ret

ret tu

Panc02

Figure 9. Analysis of CD39 expression on CD8 T cells in tumors (A), spleens (B), lymph nodes (C) and
bone marrow (D) of healthy wild type mice (wt), ret tg mice with (ret tu) or without tumors (ret) as well as
mice with pancreatic adenocarcinoma (Panc02) (measured by flow cytometry; n=12; *p<0.05; **p<0.01;
***p<0.001).

Figure 10. Analysis of the expression of CD39 (A) and CD73 (B) on CD4 Tcons from spleens of healthy
mice after the activation of T cells with antibodies against CD3 and CD28 (measured by flow cytometry;
n=6; ***p<0.001).
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Figure 11. Expression of CD39 (A) and CD73 (B) on memory and naïve CD8 T cells in spleens of
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Figure 12. Expression of CD39 (A) and CD73 (B) on IFN-γ-producing CD8 T cells from spleens of
healthy mice (measured by flow cytometry; n=10; **p<0.01; ***p<0.001).
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4.3. Expression of ectonucleotidases on MDSCs
Since the role of CD39 and CD73 expressed on other immunosuppressive cells remains poorly
understood, we addressed the question whether MDSCs can also contain the enzymatic cascade
of adenosine synthesis (Fig. 13). We found that CD39 is constitutively expressed on both MDSC
subpopulations (monocytic CD11b+Ly6ChighLy6G- and granulocytic CD11b+Ly6C-/lowLy6G+
cells) from tumor-bearing mice (Fig. 14A). However, CD73 expression differed between
granulocytic and monocytic subsets (Fig. 14B-E). In particular, approximately 20% of
granulocytic IMCs (which are considered MDSC counterparts in healthy mice) expressed CD73,
whereas on the monocytic IMC subset, CD73 was barely detectable (Fig. 14B, C, E). In contrast,
Ly6C-/low MDSCs from tumor-bearing mice were highly enriched in CD73+ cells (Fig. 14B-D).
As regards to the monocytic Ly6Chigh MDSC subset, we found that the percentages of CD73+
cells were slightly increased in spleens and tumors of ret transgenic mice, whereas there was a
pronounced accumulation of CD73+ monocytic MDSCs in Panc02 tumors (Fig. 14E). These data
indicate that CD73 expression may represent another distinctive marker of MDSCs, and
adenosine production may serve as a highly regulated mechanism of MDSC-mediated
immunosuppression.
Thus, the expression of CD39 and CD73 on a variety of immune and malignant cells as well as
strong immune suppressive properties of adenosine suggest that this molecule can provide an
important mechanism of immune regulation and represent an attractive target for therapeutic
modulation. Therefore, we targeted in ret transgenic melanoma mouse model either adenosine
synthesis or signaling using a CD73 inhibitor (APCP) or an A2a receptor antagonist (SCH58261)
respectively (Fig. 15A). Both treatments resulted in a significantly prolonged survival (please
include median survival for all arms) of melanoma-bearing animals as compared to the nontreated group (Fig. 15B). To better understand the mechanisms behind the improved survival, we
focused on the effects of APCP on the anti-tumor immunity. In tumor-bearing mice, we observed
a substantial reduction in the frequency of MDSCs among tumor infiltrating leukocytes (Fig.
16A). In addition, we detected a tendency toward increased numbers of IFN--producing CD8 T
cells in metastatic lymph nodes upon the treatment (Fig. 16B). However, the frequency of T cells
infiltrating skin tumors or metastatic lymph nodes was not changed.
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Figure 13. Representative dot plots of the bone marrow from ret tg melanoma-bearing mice showing the
gating strategy for the analysis of CD73 and CD39 expression on MDSCs (measured by flow cytometry).
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Figure 14. Expression of CD39 and CD73 on granulocytic and monocytic MDSC subsets detected by
flow cytometry. (A) Representative histogram showing CD39 expression on BM-derived MDSCs. (B-D)
Analysis of CD73 expression on granulocytic MDSCs from the bone marrow (B), spleen (C) and tumors
(D). (E) Analysis of CD73 expression on monocytic MDSC in lymphoid organs and tumors (n=10.
*p<0.05; **p<0.01; ***p<0.001).
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Figure 15. Effect of the selective adenosine A2a receptor antagonist SCH58261 and the CD73 inhibitor
APCP on the survival of melanoma-bearing transgenic mice. (A) Treatment regimens; (B) ) Survival of
mice (16 mice/group) is shown as a Kaplan-Meier curve (*p<0.05).

Figure 16. Effects of APCP treatment on MDSC frequencies among tumor-infiltrating leukocytes (A) and
on amounts of IFN--producing CD8 T cells in metastatic lymph nodes (B) (measured by flow cytometry;
*p<0.05, n=16).
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5. Discussion
The immune system deploys a variety of suppressive mechanisms to restrain excessive responses
against pathogens or preclude harmful autoimmune reactions (35, 83, 183, 184). However, these
mechanisms can be hijacked by tumors to subvert anti-cancer immunity or even involve immune
cells in promoting tumor growth, angiogenesis and metastasis (1, 6, 39, 40, 82, 132, 174, 176,
185).
Extracellular adenosine is a small molecule, regulating the function of diverse immune cell
populations and playing an important role in maintaining the balance between inflammation and
tolerance (82, 186). Under homeostatic conditions, adenosine levels in tissues are relatively low
(187). However, at the peak of inflammation, the destruction of host tissues by a vigorous
immune response combined with damaged microcirculation and hypoxia set off multiple
pathways, leading to the accumulation of adenosine in the extracellular space (187). Enhanced
adenosine signaling prevents further tissue destruction by inhibiting the effector arm of the
ongoing immune response. Tumors are often characterized by hypoxia and severe tissue damage,
which trigger adenosine accumulation in the microenvironment and ultimately lead to the
inhibition of an anti-tumor immunity (188). Adenosine receptors are expressed on a wide variety
of immune cells (82), which makes them subject to adenosine-mediated regulation. Activation of
adenosine receptors triggers accumulation of cAMP in target cells, leading to a profound
alteration in their activity (82, 188). In particular, the engagement of adenosine receptors on
effector T cells and resulting cAMP accumulation strongly inhibits their activation, function and
proliferation (82, 188).
One of the main pathways, leading to adenosine accumulation outside the cell is the two-step
hydrolysis of extracellular ATP by ectonucleotidases CD39 and CD73 (186). These proteins have
been detected on various populations of immune cells as well as on tumor cells. In contrast to
many other enzymes, CD39 and CD73 lack regulatory domains. Therefore, their net activity
depends on their expression and the concentrations of the substrate, product and bivalent cations
(129, 189-192). Importantly, CD73 is inhibited by high concentrations of ATP or ADP,
underscoring the highly coordinated action of CD39 and CD73 (191). Ectonucleotidases play an
important role in the regulation of the balance between the proinflammatory ATP and
immunosuppressive adenosine. However, the specific contribution of particular immune cell
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populations to the accumulation of extracellular adenosine is still poorly understood. Moreover, it
is remains unclear whether adenosine produced by these enzymes acts in an autocrine or
paracrine manner. In the current study, we addressed these questions by analyzing the patterns of
ectonucleotidase expression on various immune cell subsets in the context of their phenotype.

5.1 Expression of ectonucleotidases on murine Tregs, Tcons and CD8 T cells
Previous studies suggested that extracellular adenosine production represents a major mechanism
of Treg-mediated immune suppression (82, 83). Therefore, we decided to analyze the distribution
of ectonucleotidases on Tregs from tumors and lymphoid organs to determine if adenosine
production is a ubiquitous and constitutive function of Tregs and if its intensity could vary
between different lymphoid organs and the tumor site. We found that, both in lymphoid organs
and tumors, ectonucleotidases were expressed on the majority of Tregs, although we observed
substantial differences between Tregs in spleens and tumors of mice with melanoma and
pancreatic cancer. In particular, only 60% of Tregs from melanoma lesions of ret transgenic mice
were CD39+CD73+, whereas more than 90% of Tregs from spleens and Panc02 tumors expressed
both enzymes. Moreover, the levels of CD73 on Tregs from spleens of tumor-bearing ret
transgenic mice were substantially lower than in non-transgenic littermates. These data suggest
that ectonucleotidase expression on Tregs is neither constitutive nor ubiquitous, and Tregs from
the tumor may strongly differ from Tregs in lymphoid organs in terms of their ability to produce
adenosine. This indicates that adenosine production by Tregs can be negatively regulated by the
tumor microenvironment.
Another important observation made in the same set of experiments was that ectonucleotidase
expression is not restricted to the regulatory compartment of T cells. Although very few Tcons
and CD8 T cells from the spleen coexpressed CD39 and CD73, their tumor-infiltrating
counterparts were distinctly enriched in CD39+CD73+ cells. However, despite the low proportion
of CD8 T cells expressing both enzymes, CD73 was ubiquitously expressed on the vast majority
of CD8 T cells from lymphoid organs and tumors, suggesting that CD8 T cells may constitutively
convert the environmental AMP into adenosine and prevent their own inappropriate activation.
On the other hand, this might represent a homeostatic mechanism of maintaining CD8 T cell
turnover, proliferation and survival at constant rates, since adenosine signaling has been shown to
regulate all these processes (82, 83).
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In contrast to the ubiquitously expressed CD73, the expression of CD39 varied significantly
between lymphoid organs and tumor tissues as well as between healthy and tumor-bearing
animals. Although in spleens and lymph nodes the percentage of CD39+ cells was relatively low
(around 5-10%), the CD8 T cell compartment in the bone marrow contained more than 30% or
even up to 50% (in the Panc02 model) of CD39-expressing cells. Since the T cell pool in the
bone marrow is largely comprised of memory cells, this led us to a hypothesis that
ectonucleotidases might be involved in the function of these cells.
Collectively, these observations suggested a previously unappreciated role of CD39 and CD73
expression on effector T cells in the regulation of anti-tumor immunity and implied possible
mechanisms of autocrine adenosine signaling in non-regulatory T cells.

5.2 Patterns of ectonucleotidase expression on Tregs and Tcons from the peripheral
blood of cancer patients and healthy donors
To understand if the data on ectonucleotidase expression obtained in mouse models could be of
relevance for the human immune system, we analyzed the expression of CD39 and CD73 in the
peripheral blood of melanoma patients and healthy donors. We found that CD39 and CD73
expression on human Tregs and Tcons strongly varied not only among patients but also in healthy
donors. Between some individuals, the differences in frequencies of CD39+ or CD73+ populations
were more than ten-fold. Furthermore, the patterns of ectonucleotidase expression on human
CD4 T cells showed little similarity to those observed in mice. In particular, the mean frequency
of CD39+ cells among human Tregs was around 50%. Moreover, CD73 was absent from the
majority of Tregs. This was in agreement with the report by Mandapathil et al. (93), showing the
lack of CD73 on Treg surface. Thus, most Tregs from human peripheral blood lack the enzymatic
machinery that performs the two step conversion of extracellular ATP into adenosine. Therefore,
the function of human Tregs is probably restricted to the hydrolysis of the pro-inflammatory
ATP. In melanoma patients, we observed a significant expansion of the CD39+ subpopulation of
Tregs, which might reflect the enhanced capacity of Tregs to decrease ATP levels in the
peripheral blood and thereby dampen the inflammation.
In contrast to Tregs, only 5-10% of human Tcons expressed CD39. The frequency of such cells
doubled in patients with pancreatic cancer, compared to healthy donors. As regards to CD73, this
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enzyme was expressed on 10-20% of Tcons from the peripheral blood. Notably, the percentage of
CD73+ cells in Tcons from melanoma patients was two times larger than in healthy donors.
Thus, ectonucleotidase expression on regulatory and conventional T cells is substantially
increased in cancer patients, which may lead to an enhanced adenosine accumulation and
contribute to the tumor associated immune suppression.

5.3 Activation-dependent induction of ectonucleotidases on T cells
To gain a better understanding of mechanisms governing ectonucleotidase expression on nonregulatory T cells, we investigated the patterns of CD39 and CD73 expression, depending on the
phenotype, activation status and functional activity of T cells. We hypothesized that
ectonucleotidases on Tcons and CD8 T cells might serve two distinct functions: 1) keep resting T
cells in check by preventing an inappropriate activation; 2) provide an autocrine negative
feedback loop to restrain a T cell response, once T cells have been activated. This would suggest
that similar to CTLA-4 and PD-1 molecules, ectonucleotidases represent an immune checkpoint
maintaining tolerance and regulating the duration and intensity of the immune response (6).
Accordingly, we found that the CD25+ subset of Tcons, presumably representing activated T cells
(35), contain significantly higher percentages of CD39+ and CD73+ cells than their resting CD25counterparts both in lymphoid organs (bone marrow, spleen, lymph nodes) and tumors. This was
the case both for healthy and tumor-bearing animals. Notably, we observed that even resting
CD25- Tcons in the bone marrow were highly enriched in CD39+ and CD73+ cells.
In addition, we observed that in pancreatic tumors, CD73 was expressed by virtually all Tcons,
both CD25+ and CD25-. Moreover, CD39 was also expressed on a considerably higher proportion
of Tcons than in spleens or lymph nodes. This indicates that microenvironmental factors might
also induce ectonucleotidase expression, even on resting T cells. Indeed, we previously showed
that Panc02 tumors contain increasingly high amounts of the immunosuppressive cytokine TGFFurthermore, several recent studies demonstrated that this cytokine might be a major inducer
of the ectonucleotidase expression on T cells. In particular, Chalmin et al. (193) showed that T
cell polarization under the Th17-skewing conditions (the activation in the presence of TGF-and
IL-6), triggered the ectonucleotidase expression and adenosine production. The results obtained
in that study suggested the necessity of both TGF-and IL-6 for the upregulation of the
ectonucleotidase expression. Remarkably, the authors showed that Th17 cells suppressed antigen69

specific T cell proliferation and function in an ectonucleotidase-dependent manner in vitro and in
vivo. However, Regateiro et al. (194) demonstrated that TGF-alone is sufficient for an
activation-dependent upregulation of CD39 and CD73 both in FoxP3+ and FoxP3- CD4 T cells.
Importantly, de novo ectonucleotidase induction proved independent of FoxP3. Moreover, this
study showed that CD73 is expressed on about 80% of CD8 T cells. Similarly to Tcons, activated
CD8 T cells displayed a TGF--dependent upregulation of CD73 levels and a strong increase in
the frequency of CD39+ cells. Interestingly, although CD39 expression on CD8 T cells could be
induced de novo by activation alone, the presence of TGF-substantially increased the
expression of the enzyme. In contrast to the results reported by Chalmin et al. (193), the study by
Regaterio et al. (194) suggested that inflammatory cytokines, in particular IL-6, can antagonize
the ectonucleotidase induction. Altogether, the results of these two studies suggested that
activation signals and TGF- strongly affect the ectonucleotidase expression on T cells.
Therefore, we next analyzed the impact of activation on the expression of CD39 and CD73. To
this end, we stimulated splenocytes from healthy mice through the engagement of CD3 and
CD28. Since we sought to determine the net effect of activation on ectonucleotidase expression,
we did not add any polarizing cytokines. In contrast to the report of Regaterio et al. (194), we
observed no significant difference in the percentage of CD73+ T cells between the activated and
intact cells. This apparent discrepancy between our ex vivo (increased percentage of CD73+ cells
among CD25+ Tcons) and in vitro findings may be due to the artificial and non-physiological
conditions of an in vitro T cell activation, which cannot recapitulate the in vivo TCR stimulation.
However, in line with the study by Regaterio et al. (194) and our own ex vivo data, we found that
the frequencies of CD39+ cells among both CD4 and CD8 T cells significantly increased upon
activation. It has been shown that activated T cells release increased amounts of ATP in order to
promote their own activation through autocrine purinergic signaling (186, 195). Indeed, T cells
express both ionotropic (P2X) and metabotropic (P2Y) ATP receptors (186). Recently, Schenk et
al. (196) demonstrated that the TCR stimulation triggered a release of cellular ATP through
pannexin-1 channels. Pannexin-1 translocates to the immune synapse where it releases ATP,
which provides an autocrine positive feedback loop amplifying T cell activation (196). However,
high concentration of extracellular ATP may trigger apoptosis of T cells (82). Therefore the
mechanisms to dispose of excessive ATP are necessary. The rapid induction of CD39 upon the T
cell activation may provide an effective means of controlling extracellular ATP levels during the
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course of the T cell response. Furthermore, CD73 induction in activated T cells may dampen their
function through accumulation of extracellular adenosine. For instance, the data of Romio et al.
(90) indicated that NF-B signaling (a major signaling pathway triggered by T cell activation) in
stimulated T cells is regulated by the activity of CD73. A knockdown or inhibition of CD73
resulted in an augmented release of the pro-inflammatory cytokines IL-2, TNF- and IFN-
Thus, the rapid induction of CD39 and CD73 upon TCR stimulation may have profound effects
on the development of the T cell response. In particular, CD39 can serve to degrade the excess of
ATP released upon activation, thereby fine-tuning the stimulatory signals and preventing T cell
apoptosis. Moreover, since the released ATP can also affect bystander cells such as DCs or NK
cells, the activity of CD39 on activated T cells might also modulate the function of a local
network of immune cells. In addition, the cleavage of ATP by CD39 yields AMP which is the
substrate of CD73. Therefore, an activation-triggered CD39 induction on T cells can also increase
the rate of adenosine production leading to the suppression of T cell functions. This can be
ensured by the concomitant upregulation of CD73 on the same cells.

5.4 Ectonucleotidases on memory T cells
Immunological memory constitutes an essential feature of adaptive immunity, whereby an
organism „remembers‟ the original pathogen encountered and mounts more robust humoral and
cellular responses to rapidly control reinfection and reduce the severity of disease (184).
Compared to naïve lymphocytes, memory T and B cells display increased longevity and they do
not require costimulatory signals for their activation (184).
Memory T cells develop from naive T cells after a stimulation with cognate antigen and exert a
rapid and vigorous response to the previously encountered antigen (183, 184). The memory T cell
compartment comprises two main subsets: central memory T cells and effector memory T cells
(184). Central memory T cells express CD62L (L-selectin) and the CC-chemokine receptor 7
(CCR7), which enables them to circulate through lymphoid organs. In contrast, effector memory
T cells lack both CD62L and CCR7, and they circulate in non-lymphoid tissues. In addition,
these cells express high levels of effector molecules such as cytokines or granzyme B and
perforin, which allows them to rapidly exert effector functions upon activation (184). However,
despite numerous studies conducted over the last decades, the mechanisms governing the
development and homeostasis of memory lymphocytes are still largely obscure.
71

Since extracellular adenosine profoundly dampens T cell activation, we hypothesized that it may
also play a role in the regulation of T cell memory and effector function. To test this supposition,
we evaluated the CD39 and CD73 expression on naïve as well as central and effector memory
CD4 and CD8 T cells. We found that central and especially effector memory T cells (both Tcons
and CD8) were highly enriched in CD39-expressing cells. The same pattern was observed for
CD4 T cells in the case of CD73 expression, whereas all three CD8 T cell subsets were mostly
comprised of CD73+ cells. Next, we sought to determine if these correlations of ectonucleotidase
with the T cell phenotype may have some functional implications. Since the rapid production of
effector molecules upon stimulation is a cardinal feature of memory cells (197), we analyzed the
expression of CD39 and CD73 on CD4 and CD8 T cells in the context of their ability to produce
IFN-a cytokine driving the Th1-type response (198). We found that both CD4 and CD8 T cells
that

rapidly

produced

IFN-after

restimulation

contained

a

higher

percentage

of

ectonucleotidase-expressing cells as compared to the population unable to produce IFN-
Thus, we showed that ectonucleotidase expression in T cells is largely associated with the
memory compartment. Therefore, memory cells might constitutively produce adenosine from
ATP to prevent their adverse activation and an outbreak of destructive autoimmunity. In this
regard, it is logical that the effector memory subset contains a higher frequency of
ectonucleotidase-expressing cells than the central memory cell population, since an inappropriate
or unspecific activation of effector memory cells might entail more immediate and severe
damages than those of central memory cells. In the same way, the increased percentage of
ectonucleotidase-expressing subsets in IFN--producing T cells subpopulations might be essential
for controlling the activity of these cells through autrocrine adenosine signaling.

5.5 The role of ectonucleotidases on MDSCs
The heterogeneous population of MDSCs exploits a vast array of mechanisms to suppress the
anti-tumor immunity (132). Some of these mechanisms are shared by all MDSC fractions while
others are rather restricted to specific MDSC subsets (39, 40). Each of these suppressive
pathways profoundly inhibits the activation, proliferation, migration and effector functions of T
cells.
It has previously been demonstrated that autocrine purinergic signaling plays an important role in
the regulation of myeloid cell chemotaxis (186, 199-202). For instance, ectonucleotidases have
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been shown to regulate neutrophil chemotaxis by converting extracellular ATP into adenosine
(201). Upon their activation with bacterial formylated peptides, neutrophils release ATP through
pannexin-1 hemichannels (199, 200). ATP signaling through P2Y2 receptors augments the
neutrophil activation and enhances their sensitivity to chemotactic gradients (186, 199, 200).
Moreover, P2Y2-signaling triggers cell polarization within the gradient field and induces the
translocation of pannexin-1, ectonucleotidases and A3 receptors to the leading edge of the cell
(186, 199-201). The clustering of these proteins focuses ATP release and adenosine production at
the leading edge and results in the autocrine signaling through A3 receptors, promoting cell
migration towards the source of chemoattractants (186, 199-201).
A recent study by Ryzhov et al. (151) suggested that both auto- and paracrine purinergic
signaling substantially contribute to the MDSC function. First, the authors detected CD73 on in
vitro differentiated MDSCs. The expression of CD73 on a per-cell level was the highest in the
CD11b+Gr1high subset followed by the CD11b+Gr1int and CD11b+Gr1low fractions. Importantly,
the expression of CD73 on the in vitro differentiated MDSCs positively correlated with its
enzymatic activity. This was in line with the analyses of CD73 crystal structure and ex vivo
assays showing that the activity of CD73 depends primarily on its expression and the
substrate/product ratio and can be described by conventional Michaelis-Menten kinetics (129,
189-192). Furthermore, Ryzhov et al. (151) showed that A2BR-signaling strongly augments the
expansion and immunosuppressive activity of CD11b+Gr1high cells both in vitro and in vivo. This
implied that adenosine production by MDSCs contributes to their suppressive properties in a dual
manner. On one hand, it can modulate the activity of other cells in the local microenvironment,
inhibiting effector T cells and promoting Tregs through the accumulation of intracellular cAMP.
On the other hand, autocrine adenosine production can increase the numbers and activity of
granulocytic MDSCs. However, this study demonstrated only CD73 expression and activity on
MDSCs that were differentiated in vitro. Furthermore, CD39 expression on MDSCs was not
investigated.
Therefore, we asked if these findings are relevant to the in vivo situation. To this end, we studied
the expression of CD39 and CD73 on MDSCs from tumor-bearing mice, as well as on
CD11b+Gr1+ IMCs from healthy animals. Since the granulocytic (Ly6GhighLy6Clow/-) and
monocytic (Ly6G-Ly6Chigh) subsets of MDSCs have been shown to differ in their suppressive
73

mechanisms, we separately analyzed the ectonucleotidase expression in each of these subsets. We
observed that both IMCs and MDSCs constitutively and ubiquitously express CD39, suggesting
that all such cells have the capacity to hydrolyze ATP. This corresponds to the findings indicating
the important role of CD39 in myeloid cell migration and function (186, 199-203). In contrast,
CD73 expression showed considerable heterogeneity. Analyzing the granulocytic subset of
CD11b+Gr1+ cells, we found that IMCs from the spleen and bone marrow contained a substantial
population of CD73-expressing cells. However, MDSCs from respective lymphoid organs
harbored distinctly higher percentages of CD73+ cells. This could be linked to the observed
expansion of CD11b+Gr1+ cells in both tumor models (168; Karakhanova et al., upublished data).
Therefore, these data suggest that ectonucleotidases not only contributes to MDSC suppressive
function but can also promote MDSC expansion through autocrine signaling.
Granulocytic MDSCs both from melanoma lesions and pancreatic tumors were also highly
enriched in CD73+ cells. Given the high numbers of tumor-infiltrating granulocytic MDSCs in
both models (168), these cells can contribute to the accumulation of extracellular adenosine in the
tumor microenvironment. Of note, we observed a particularly high frequency of CD73+ cells
among the granulocytic MDSCs from Panc02 tumors. These tumors contain high levels of TGFβ, which has been shown to induce CD73 expression on T cells through the downregulation of
the transcription factor Gfi-1 (193). It has been reported that this factor plays in important role in
the differentiation of neutrophils and its genetic ablation leads to the expansion of immature
CD11b+Gr1+ cells (204). Therefore, the abundance of TGF-β may account for the high frequency
of the CD73+ granulocytic MDSCs as well as for the overall expansion of MDSCs in Panc02
tumors.
As regards to the monocytic subset of MDSCs, we showed that only a minor proportion (less than
10%) of these cells expressed CD73+. In contrast, the CD73+ subset comprised up to 40% of the
monocytic MDSCs in Panc02 tumors, which might also be a consequence of the high TGF-β
levels in the tumor microenvironment. Thus, we showed that MDSCs are highly enriched in
CD73-expressing cells, as compared to CD11b+Gr1+ IMC, and CD73 expression is largely
restricted to the granulocytic MDSC subset. In addition, the CD73 expression can be induced on
tumor-infiltrating monocytic MDSCs.
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Since MDSCs have previously been shown to strongly suppress the anti-tumor response in ret
transgenic mice (168), we asked if the inhibition of the CD73 activity in vivo might hamper
MDSC expansion and function, thereby restoring anti-tumor immune responses. To this end, we
treated ret transgenic tumor-bearing mice with a CD73 inhibitor APCP and analyzed its effects
on the survival and the immune system. Similarly to previous studies based on transplantable
mouse tumor models (127, 129, 131, 205), the treatment significantly improved the survival of
tumor-bearing animals. In addition, this therapy substantially reduced the frequency of MDSCs
among tumor-infiltrating leukocytes, suggesting a possible role of adenosine signaling in the
MDSC expansion. However, the treatment had no statistically significant effects on T cell
frequencies in tumor lesions or lymphoid organs, on the TCR -chain expression in these cells or
on the IFN- production by these T cells. Therefore, the beneficial effect of the therapy can be
partly due to the decrease in the numbers of MDSCs since the latter lave been shown to directly
promote tumor development, metastasis and angiogenesis (39). However, other effects of the
CD73 inhibitor APCP cannot be excluded and need further investigation.
To summarize, we showed that CD39 and CD73 are highly expressed by murine regulatory T
cells. However, on human Tregs these ectonucleotidases are expressed to the less extent than on
mouse cells. We have also detected ectonucleotidase expression on CD4+FoxP3- conventional T
cells and CD8 T cells. Importantly, CD25+ Tcon, tumor-infiltrating T cells and memory T cells
were all highly enriched in CD39+ and CD73+ cells, which implies an important role of
ectonucleotidases in the regulation of T cell activation, effector function and memory.
Furthermore, we demonstrated for the first time that the majority of granulocytic MDSCs
coexpress CD39 and CD73, which suggests that the production of extracellular adenosine might
contribute to MDSC immunosuppressive properties. Finally, using a clinically relevant ret
transgenic model of melanoma we showed that the inhibition of adenosine production or
signaling prolonged survival of tumor-bearing mice and reduced MDSC infiltration into tumors,
indicating that this might be a promising strategy for cancer therapy.
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