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Abstract

Tumor-induced dysfunction of immune cells is a common problem in cancer. Tumors induce
immune suppression by many different mechanisms, including accumulation of regulatory T cells
(Treg). Adaptive Treg (Trl) generated in the tumor microenvironment express CD39 and CD73
ectonucleotidases, produce adenosine and are COX2+PGE2+. Adenosine and PGE2 produced by
Trl or tumor cells bind to their respective receptors on the surface of T effector cells (Teff) and
cooperate in up-regulating cytosolic 3’5" -cAMP levels utilizing adenylyl cyclase isoform 7
(AC-7). In Teff, increased cCAMP mediates suppression of anti-tumor functions. Treg, in contrast
to Teff, seem to require high cAMP levels for mediating suppression. This differential requirement
of Treg and Teff for cAMP offers an opportunity for pharmacologic interventions using selected
inhibitors of the adenosine/PGE2 pathways. Blocking of adenosine/PGE2 production by Tr1 or
blocking binding of these factors to their receptors on T cells or inhibition of cAMP synthesis in
Teff all represent novel therapeutic strategies that used in combination with conventional therapies
could restore anti-tumor functions of Teff. At the same time, these inhibitors could disarm Trl
cells by depriving them of the factors promoting their generation and activity or by down-
regulating 3'5"-cAMP levels. Thus, the pharmacologic control of Treg-Teff interactions offers a
novel strategy for restoration of anti-tumor Teff functions and silencing of Treg. Used in
conjunction with anti-cancer drugs or with immune therapies, this strategy has a potential to
improve therapeutic effects by preventing or reversing tumor-induced immune suppression.
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1. INTRODUCTION

It is well documented that various immunotherapies administered to patients with cancer,
including antitumor vaccines, are largely ineffective in inducing clinical responses, i.e.,
limiting tumor growth, preventing recurrence and prolonging survival [1, 2]. Anti-tumor
immune responses generated by these immunetherapies are often weak, short-lived or biased
toward Th2 instead of Th1 cellular pathways [3]. Among various explanations for this
common situation is the ability of the tumor to disarm the host immune system [4, 5].
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Human tumors are known to produce a variety of immunosuppressive factors, including
adenosine [6, 7], prostaglandin E2 [8-10], cytokines such as TGF-p [11], tumor-associated
gangliosides [12] and others [13, 14]. These factors induce functional abnormalities in those
immune cells that are expected to target and eliminate tumor cells [15]. Further, tumor-
induced immune dysfunction is not generic but is restricted to tumor-specific immune
responses, because only antitumor immune responses are selectively compromised, while
anti-viral or antibacterial immune responses are unimpaired in most cancer patients. As a
result, cancer patients are unable to mount effective anti-tumor immune responses. Tumor-
induced immune cell dysfunction can impact a variety of cellular activities including signal
transduction, activation, cytokine production, proliferation, cytotoxicity and cell migration
[16]. It can be concomitantly present in a variety of immune cell types, including T cells,
natural killer (NK) cells, monocytes, dendritic cells (DC) and B cells [16]. Further, the
profile and the severity of dysfunctions demonstrable in immune cells vary broadly between
patients [17, 18]. These dysfunctions may be local, involving immune cells in the tumor or
tumor-involved lymph nodes, or may be systemic [18, 19]. They are thought to contribute to
cancer progression by enabling the tumor to escape from immune control [20]. Human
tumors are often infiltrated by immune cells, especially T lymphocytes and myeloid cells,
which are recruited to the site by tumor-derived factors and which become subverted by the
tumor to promote its growth [21]. In some cases, infiltrating immune cells retain a limited
degree of anti-tumor effector functions, although tumors which progress aggressively are
strongly immunosuppressive [22, 23]. Among mononuclear cells infiltrating solid tumors
are CD3+ T cells, with various proportions of CD4+ and CD8+ lymphocytes. The T cells
accumulating in the tumor milieu are often activated, i.e., CD25+ (IL-2R+) [16]. In fact, the
role of TIL in tumor progression and prognosis has been debated for many years with more
recent views favoring TIL as indicators of better outcome in colorectal carcinoma,
melanoma and other cancers [24-27]. Yet, TIL have been reported to contain substantial
proportions of CD4+CD25high T cells, which also express FOXP3, a transcription factor
necessary for mediating suppression, confirming that they are regulatory T cells (Treg).
Accumulations of suppressor cells in human tumors as well as the peripheral blood of
patients with cancer have been reported, and their presence has been associated with tumor
progression and poor prognosis [28-31]. While tumors are clearly able to orchestrate
dysfunction of effector T cells (Teff) in the tumor microenvironment, Treg recruited to the
tumor site appear to be resistant to death and mediate higher levels of suppression than Treg
in the peripheral circulation [30]. Treg are a small subset of CD4+ T cells (~ 5%) which
interact with Teff suppressing their functions [32, 33]. They are functionally heterogeneous,
comprising several subsets of phenotypically similar cells which are able to suppress
functions of Teff via distinct and often unexpected mechanisms [34-37]. At least two Treg
subsets have been recognized in humans: (a) natural Treg (nTreg), which originate in the
thymus, mediate suppression by cell contact-dependent mechanisms involving the
Granzyme B/perforin or Fas/FasL pathways and constitute the major regulatory T-cell
subset responsible for maintaining peripheral tolerance to self [38, 39]; (b) inducible Treg
(iTreg) also referred to as type 1 regulatory T cells (Tr1), which are induced in the periphery
following chronic antigenic stimulation in the presence of IL-10 derived from tolerogenic
antigen-presenting cells [40]. They differentiate into active suppressor cells which mediate
suppression via contact-independent mechanisms largely involving TGF-1, IL-10 or other
soluble immunoinhibitory factors [41, 42]. Today, the phenotype of human Treg is not yet
firmly defined. Most nTreg are CD3+CD4+CD25highFOXP3+, while Trl cells have a
somewhat different phenotype characterized by high expression levels of inhibitory
cytokines, TGF-B1 and IL-10, and the absence of IL-4 [41]. Considerable controversy exists
as to the phenotype and the role of Treg in tumor progression. While they might be largely
responsible for tumor escape from the host immune system, it is important to remember that
Treg-mediated regulation of activated immune cells represents a physiologically normal
response designed to maintain a homeostatic balance and prevent undesirable immune
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activation. Thus, Treg found in pathologic conditions, such as cancer or chronic infections,
may represent suppressor cells recruited and conditioned by the microenvironment to
mediate elevated suppression levels and favoring tumor growth. Among tumor-derived
soluble immunosuppressive factors found in the tumor microenvironment are adenosine and
prostaglandin E2 (PGE?2) [41, 43]. Evidence suggests that human Treg are able to utilize
adenosine and PGE2 for inducing Teff suppression. In this review, we will describe the
evidence for the involvement of adenosine and PGE2 in Treg functions in the tumor
microenvironment. Insights into molecular mechanisms driving interactions between Treg
and the tumor offer an opportunity to devise novel strategies for silencing Treg-mediated
suppression in cancer through pharmacologic or immunologic means. If Treg play a role in
tumor progression, then their silencing could eliminate tumor escape from the host immune
system. For example, by directly inhibiting adenosine and PGE2 production by the tumor
and/or Treg or by protecting Teff from inhibitory effects of these factors, it might be
possible to restore effective anti-tumor immunity in patients with malignancies.

2. CD39 ECTONUCLEOTIDASE EXPRESSION BY HUMAN mTreg

Adenosine is an anti-inflammatory product of enzymatic hydrolysis of extracellular ATP by
CD39 (ecto- ATPase) and CD73 (ecto-5"-AMP nucleotidase). Fig. (1) illustrates the
pathway that results in adenosine generation from extracellular ATP. Adenosine is present in
body fluids, although its half-life is very short [44]. The source of adenosine in the tumor
microenvironment can be tumor cells, infiltrating immune cells and epithelial cells. The
tumor microenvironment is characterized by tissue disruption and numerous dying tumor
cells resulting in ATP release, high levels of ectonucleotidase activity and the accumulation
of extracellular adenosine (e.g., 10-20 fold increase in tumor vs. normal tissues) [7]. Local
hypoxia greatly favors ectonucleotidase activity and adenosine metabolism [37]. Adenosine
has well-documented immunosuppressive activity, which contributes to the inhibition of
local and systemic anti-tumor immune responses [6, 7]. Overexpression of CD39 and,
especially CD73, in human tumor cells, including melanoma, breast carcinoma and HNSCC
has been reported [45, 46], suggesting that tumors are a major source of endogenous
adenosine. Because of high levels of extracellular ATP generated in the tumor
microenvironment, ectonucleotidase activity is important for removing its excess and
protecting the tumor from ATP-associated toxicity [47]. At the same time, tumor growth is
promoted by adenosine-mediated inhibition of antitumor T-cell immunity [48]. In support of
this view, it has been shown that ectonucleotidase expression in tumor cells correlated with
tumor progression, invasiveness, neoangiogenesis and metastasis formation [46, 49]. More
recently, it has been reported that murine Treg also express CD39 and CD73 proteins which
are enzymatically active [50, 51]. CD39 ectonucletidase was found by us and others to be
present on the surface of human Treg [52], and we have used CD39 as a marker for the
isolation of human Treg [53]. We have initially demonstrated that Treg in human PBMC
hydrolyzed exogenous ATP and generated adenosine [54]. On the other hand, isolated and
highly purified CD39+ Treg hydrolyze ATP to 5" AMP and not to adenosine (Fig. 1), and
only a small subset of CD39+ Treg were shown to co-express CD73. In human
lymphocytes, expression of CD39 and CD73 is not limited to Treg, as subsets of effector
CD4+ T cells, CD8+ T cells and B cells are positive as well. This probably means that
CD39+ Treg require collaboration from other lymphocytes, e.g., B cells which are rich in
CD73, or tumor-derived exosomes, which have been recently reported to carry membrane
CD73 [55], to produce adenosine. Interestingly, our recent data show that Treg isolated from
the peripheral blood based on CD39 expression contain a subset of
CD4+CD39+CD25+FOXP3+ cells which mediate suppression and a subset of
CD4+CD39+CD25neg FOXP3- cells which do not [53]. These two subsets of CD4+CD39+
T cells cross-talk and influence each other’s functions suggesting plasticity of Treg that may
be shaped by events in their milieu [56]. Adenosine binds to A1, A2A, A2B and A3
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receptors (R) expressed on the surface of various cell types, including lymphocytes and
dendritic cells (DC). In immune cells, suppressive effects of adenosine are largely mediated
through A2AR and A2BR signaling [57] with a concomitant activation of adenylyl cyclase
(Ac) and upregulation of cAMP resulting in a functional paralysis of responding Teff cells.
Human Treg express relatively few A2AR or A2BR as compared to Teff cells [58]. Thus,
exogenous adenosine, in part produced by Treg, binds to A2AR or A2BR liberally expressed
on CD4+ Teff, which results in the inhibition of proliferation and cytokine production. An
elevation of 3'5”-cAMP levels that follows adenosine receptor triggering in these cells leads
to activation of protein kinases which mediate protein phosphorylation. Interestingly, studies
performed with murine spleen-derived Treg and Teff suggested that 3°5’-cAMP levels are
regulated differently in resting vs. IL-2 activated Treg and Teff [59]. Thus, resting Teff have
higher Ac and phosphodiesterase (PDE) activity than Treg. Upon IL-2 activation, Ac
activity in Treg increases and that of PDE decreases, resulting in elevated 3’5" -CAMP,
which these cells apparently need for mediating suppression. In IL-2- activated Teff, on the
other hand, Ac activity is down-regulated and PDE activity up-regulated, leading to lower
3’5’-cAMP and favoring Teff proliferation [59]. These provocative data imply that
interactions between Treg and Teff are strictly controlled at the level of 3’5”-cAMP and are
dependent on cellular activation. There are other differences between Treg and Teff that
impact on their biology. For example, Schenk and colleagues recently reported that
expression of the ATP receptor, P2XR, on the surface of Treg is increased compared to Teff
and that exogeneous ATP inhibits functions of Treg [60]. Therefore, CD39+ Treg have the
tools to protect themselves from ATP by hydrolyzing it to 5" AMP and eventually to
adenosine.

3. HUMAN INDUCIBLE Treg (Tr1) AND ADENOSINE PRODUCTION

While adenosine production by human nTreg might require assistance from CD73-
expressing neighbors, activated inducible Treg (Trl) appear to be able to do so alone. We
utilized an /n vitro assay system to co-culture naive, CD4+CD25neg T cells obtained from
the peripheral blood of normal donors with autologous immature dendritic cells (iDC) and
irradiated tumor cells in the medium containing low doses of cytokines (IL-2, 1L-10 and
IL-15) and cross-linked anti-CD3 antibody for 10 days [61]. The T cells outgrowing in these
co-cultures gradually acquired the Trl phenotype and suppressor activity. By day 10, most
of the proliferating T cells were CD3+CD4+CD25+IL-2RB+IL2Ry+ FOXP3+IL-10+TGF-p
+IL4~-, and they effectively mediated suppression of autologous responder cell proliferation
[61]. These cells also hydrolyzed exogenous ATP to adenosine /n vitro as demonstrated by
ATP consumption assays and by mass spectrometry for adenosine [54]. By flow cytometry
and Western blots, Trl cells also expressed CD39 and CD73 [54]. These data indicated that
Trl cells could generate and release adenosine. Using CFSE-based suppression assays, in
which naive autologous CD4+CD25neg T cells were responding to TcR-mediated signals,
we showed that in the presence of ARL67156, a selective CD39 antagonist, or a -
methylene ADP, an inhibitor of CD73, as well as an agonist of A2AR, ZM241865, Trl-
mediated suppression of proliferation was significantly inhibited [54]. Furthermore, not only
proliferation but also cytokine secretion by T cells responding to TcR-mediated signals was
inhibited by Treg-derived adenosine and was relieved in the presence of the above
mentioned antagonists. These data suggest that Trl producing adenosine can suppress not
only the expansion of responder cells but also their effector functions. Although /n vitro
generated Trl appear to express both CD39 and CD73 as shown by flow cytometry and
Western blots [54], it was unclear whether Tr1, presumably the major subset of Treg present
in cancer patients, also co-expressed these surface enzymes /n vivo. In the peripheral
circulation of normal donors and patients with cancer, we and others consistently show
expression of CD39 on nearly all human Treg and of CD73 on only a small fraction of these
cells. However, we expected that inflammatory cells accumulating in human tumor tissues
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might upregulate expression of ectonucleotidases. We stained tumor tissue sections using
anti-CD39, anti-CD73, anti-CD25 and anti-CD4 Abs and searched for expression of these
markers by confocal microscopy. We reported that CD4+ T cells expressing CD39 or CD73
were present in the tumor (HNSCC) infiltrating T cells [52], and that at least some Treg
(CD4+CD25+) in the infiltrate co-expressed these markers [52]. Regardless of the marker
co-expression in the same cells, enzymatically active CD39+ Treg would be able to use
CD73 on tumor cells or other infiltrating cells for adenosine production in tumor tissues. We
surmise that enzymatically-active CD39 Treg present in the human peripheral blood could
similarly utilize CD73 expressed by other lymphocytes [52], exosomes [55], or vascular
endothelial cells [62] to produce immunosuppressive adenosine.

Because in vitro generated Trl express both ectonucleotidases necessary for adenosine
generation from exogenous ATP, it is not unreasonable to speculate that activated Treg
induced in the presence of tumor antigens, DC and selected cytokines up-regulate CD73
expression and that they could, therefore, utilize the pathway in mediating suppression of
other immune cells.

4. ROLE OF ADENOSINE DEAMINASE (ADA) IN Treg-MEDIATED
SUPPRESSION

If Treg are involved in adenosine production and use it for suppression, the question arises
as to protective mechanisms these cells use to save themselves from adverse effects of
adenosine. Ectonucleotidase, CD39 is present and enzymatically active in human nTreg as
well as Trl, and CD73 either co-expressed or supplied by other cells, catalyzes conversion
of AMP to adenosine (Fig. 1). It could, of course, be that the absence of the CD73 co-
expression on Treg serves as a protection mechanism from self-produced adenosine.
However, more interesting is the observation that another surface marker, CD26, is absent/
low in these cells [52]. CD26 is a 110 kD glycoprotein with intrinsic dipeptidyl peptidase 1V
activity whose extracellular domain is associated with ADA [63]. CD26 is highly expressed
on the surface of all conventional CD4+ T cell subsets (Tconv), where it serves as an anchor
for ADA and, therefore, localizes ADA to the cell surface. Signaling via CD26 on Tconv
cells involves CD45 molecules and links CD26 and ADA to T-cell differentiation into Teff
which mediate helper functions [66]. ADA hydrolyzes adenosine to inosine, decreasing its
pericellular concentration in CD4+CD25neg Tconv. On the other hand, adenosine-producing
Treg, which do not express CD26/ADA, could accumulate adenosine in the pericellular
space and use it to inhibit functions of other T cells. The ability of Teff to deaminate
adenosine might be a protective mechanism, allowing these cells to in part escape from
adenosine-mediated suppression. Activated Teff, which upregulate A2AR expression, are
very sensitive to adenosine-mediated inhibition and require ADA for protection from Treg.
Because Treg have fewer A2AR relative to Teff, they may be less sensitive to inhibitory
activity of adenosine. Due to the increased expression of ectonucleotidases, the absence of
the CD26/ADA complex and low ADA activity, Treg are equipped with a set of tools to
maintain high levels of extracellular adenosine in their microenvironment and utilize it to
induce suppression of Teff activities [52].

5. PGE2 IN THE TUMOR MICROENVIRONMENT

PGE2 is a major product of cyclooxygenase 2 (COX-2) activity [67]. COX-2 is
overexpressed by many human tumors, and its expression has been linked to tumor
progression and poor patient survival [68]. PGE2 mediates its immunoinhibitory activity via
four different G protein-coupled receptors (EP1-EP4) expressed on various cells. PGE2
signaling leads to an intracellular increase and activation of cCAMP, with a concomitant
decrease in cell proliferation and suppression of other functions in immune cells [69, 70].
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PGE?2 also induces Trl cells and modulates their activity thus contributing to creating a
tolerogenic milieu [28]. In a series of /n vitro experiments in which tumor cells were
engineered to express COX-2 or were either COX-2neg or had COX-2 expression inhibited
(the COX-2 gene knock out with siRNA,; Diclofenac, a generic COX inhibitor), we
demonstrated that the outgrowth of Trl cells and their suppressive activity mediated via
released IL-10 and TGF-p were dependent on COX-2 expression in the tumor cells [28].
Using the same type of /n vitro assays with COX-2+ and COX-2neg tumor cells, we showed
that the former induced a significantly greater number of Tr1 cells than the latter. Also, Trl
generated in co-cultures with COX-2+ tumor cells were significantly more suppressive,
hydrolyzed more exogenous ATP, and produced higher levels of adenosine and PGE2
(p<0.05 for all) than Tr1 induced by COX-2neg tumors. Trl cells induced in the presence of
COX-2+ tumors expressed COX-2 themselves and were able to produce PGE2. These
COX-2+ Trl co-expressed CD39 and CD73 and in addition to PGEZ2, they also produced
adenosine [54]. Their suppressor function was inhibited in the presence of ectonucleotidase
antagonists and also in the presence of indomethacin, confirming that both adenosine and
PGE2 contributed to Trl-mediated suppression.

6. ADENOSINERGIC AND PGE2 PATHWAYS IN THE TUMOR MILIEU

Since tumor cells as well as Trl can produce adenosine and PGEZ2, it has been suggested that
these two suppressive factors cooperate in mediating immune suppression in the tumor
microenvironment [70]. Both factors activate respective G protein-coupled receptors which
mediate intracellular signaling via c AMP (Fig. 2). PGE2 mediates its biologic effects
through EP1, EP2, EP3 and EP4 receptors [71], while adenosine binds to A2AR and A2BR
expressed on immune cells. By adding AH6809, an EP2R antagonist, to co-cultures of Trl
and Teff, we determined that PGE2 largely binds to the EP2R on lymphocytes. The addition
of AH23848, an EP4R antagonist, or all other EPR antagonists had no effect on Teff
proliferation in these co-cultures [54]. Also, studies with an A2AR and A2BR antagonist,
ZM241385, showed that Trl-derived adenosine mediates suppression of Teff proliferation
by binding to its receptors on Teff cells. Although it remains to be determined how much
each factor contributes to Trl-mediated suppression, we have determined that the total level
of PGE2 produced in co-cultures of Trl with Teff cells is approximately 100-fold greater
then the level of adenosine. Yet, the use of receptor antagonists in the proliferation
inhibition assays showed an almost equal reversal of suppression for both PGE2 and
adenosine. The distribution and density of A2AR and EP2R on responding Teff cells as well
as receptor affinities for their respective ligands presumably determine the extent of
cooperation between Trl-derived adenosine and PGE2 in mediating suppression of Teff cell
proliferation.

Signals processed by both adenosine and PGE2 receptors down-modulate Teff functions by
controlling intracellular 3’5" -cyclicAMP levels [72]. In immune cells, 3'5'-CAMP is
produced by the adenylate cyclase-7 (Ac-7) isoform, as suggested by our preliminary data.
Consequently, Ac-7 is the point of convergence for A2A receptor and EP2R-mediated
signals that regulate 3’5" cyclic AMP levels (Fig. 2). Downstream from Ac-7, PKA type 1
in Teff cells is involved in inhibitory activities of adenosine and PGE2 [52]. Using Rp-8-Br-
cAMPS, an agent which prevents binding of 3'5"-cAMP to the regulatory subunit of PKA
type I, we showed that Tr1-mediated suppression of Teff proliferation was significantly
inhibited. This suggested that blocking of PKA type | activity in Teff cells protects them
from suppression by PGE2- and adenosine-producing Trl cells [54].

While the above described /7 vitro studies suggest that adenosine and PGE2 play a major
role in suppression mediated by Tr1 cells, the /n vivo involvement of these factors in Treg
activities in cancer-related immune suppression has not been documented. We have
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previously shown that Treg accumulate in the tumor and peripheral blood of patients with
HNSCC [31]. These cells could comprise nTreg and Trl subsets, although we expect that in
cancer patients, Trl would be induced and assume a predominant role. Examining PBMC of
HNSCC patients for the presence of Trl subsets by quantitative multicolor flow cytometry,
we observed that the frequency of CD39+ and COX-2+ Treg was significantly increased
relative to that in normal controls (NC). We have also reported that the percentage of
CD39+ Treg in the patients’ blood was significantly greater in patients with later than early
stage disease, suggesting that the increased frequency of CD39+ Treg in the peripheral
circulation of HNSCC patients is related to disease progression [73]. Further, we compared
the frequency of CD39+ Trl cells in the peripheral blood of HNSCC patients prior to and
after oncologic treatments and consistently observed a significant increase after oncologic
therapy [54]. The frequency of IL-10+ and TGF-B1+ CD4+ T cells was also elevated in the
patients’ blood relative to that in NC, and it was significantly reduced after therapy. Also,
we found that while CD39 and COX-2 were co-expressed in CD4+ T cells, IL-10 and TGF-
1 were expressed by a non-overlapping, distinct CD4+ T cell subset. These preliminary
observations suggest that a Treg subset producing adenosine/PGE?2 is distinct from that of
comprising cells secreting IL-10 or TGF-B1. Only the former Treg subset expands following
radiochemotherapy. Further, we observed co-expression of CD39 and COX-2 in Tr1 cells
within the TIL at the tumor site [52]. At the very least, these data support the conclusion that
Trl cells present in the blood and tumor tissues in cancer patients co-express CD39 and
COX-2 and, therefore, have the capability to produce both these immunosuppressive factors.

7. CLINICAL SIGNIFICANCE OF THE ADENOSINERGIC PATHWAY

Adenosine and PGE2 can be produced by many human tumors and are present in the tumor
microenvironment [9, 37, 43, 48, 49]. However, the contribution of Treg, a small subset of
CDA4+ T cells, to adenosine and PGE2 production is a novel and potentially clinically
important finding, which has to be viewed in the context of local interactions between
immune cells in the tumor microenvironment. If adenosine and PGE2 produced by activated
human Treg (Trl) synergize in mediating suppression of Teff cell functions, the result is a
more potent immunosuppressive effect. /n vitro, tumor cells expressing COX-2 were shown
to drive the development of Trl cells that are producers of both adenosine and PGE2 [41,
54]. In patients with cancer, Trl cells able to produce both factors appear to be increased in
the frequency and may be resistant to conventional oncologic therapies. While these
preliminary data suggest that the tumor/tissue microenvironment determines the frequency,
quality and mechanisms of suppression inducible Treg employ, more solid evidence is
needed to support this hypothesis. As human tumors are often COX-2+ and are rich in
extracellular ATP, because of cell death, opportunities exist for ATP-mediated up-regulation
of ectonucleotidase activity and COX-2 expression in Trl cells generated in or attracted to
the tumor microenvironment. In fact, up-regulation of these molecules is known to occur
during inflammation that is a frequent component of the tumor development [70, 72]. The
adenosine and PGE2 pathways both regulated at the 3°5"-cAMP level represent a powerful
and effective combination for suppression of anti-tumor immune responses and thus for
tumor progression and tumor escape from immune control. Cooperation between the
adenosinergic and PGE2 pathways as exemplified by Treg-Teff interactions also represents
a promising target for therapies aimed at the restoration of anti-tumor immune responses that
are important for eliminating tumor escape as well as tumor resistance to conventional
therapies [73].
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One way to block undesirable immune suppression mediated by adenosine and PGE2 is a
pharmacologic intervention utilizing inhibitors or antagonists of either pathway. This may
be accomplished by directly interfering with production of adenosine and PGE2 or with their
binding to respective receptors on immune cells. A number of clinically applicable
pharmacologic strategies exist today for blocking the adenosinergic pathway [73], and many
of these strategies have already been utilized in diseases other than cancer [74]. Inhibitors of
the PGE2 pathway have been used to treat cancer for many years [75]. Rarely have these
pharmacologic strategies been applied to eliminating immune suppression mediated by Treg
in cancer. A good example of this approach is a phase 11 trial of IRX-2, a biologic containing
several cytokines, administered to patients with advanced HNSCC in the adjuvant setting in
conjunction with daily doses of indomethacin in order to silence suppressor cells [76].
Traditionally, Treg depletion has been used to improve endogenous anti-tumor immunity
and the efficacy of immunotherapies usin strategies such as the administration of low-dose
cyclophosphamide, daclizumab (anti-CD25 Ab), denileukin diftitox (Ontak) or tyrosine
kinase inhibitors (TKIs) such as Sunitinb [77-79]. These anti-Treg regimens transiently
reduce Treg numbers and function in the blood of some patients with cancer [79].

Invariably, however, Treg come back, and blocking of their activity becomes again
necessary [80].

The use of pharmacologic inhibitors to specifically target the 3'5"-cAMP pathway in order
to control excessive Treg function might be a novel therapeutic strategy. As shown here,
adenosine binding to A2AR and PGE2 binding to EP2R expressed on Teff cells suppressed
their anti-tumor functions /n vitro by a common mechanism involving up-regulation of
cytosolic 3'5”-cAMP levels and PKA type | activation. Numerous clinically available
pharmacologic agents such as inhibitors of ectonucleotidase activity, A2AR and EP2R
antagonists or inhibitors of PKA-1 type | can effectively block these pathways and decrease
Trl-mediated suppression of Teff proliferation, as shown in our experiments [52, 54]. Also,
Rolipram, a phosphodiesterase 4 (PDE4) inhibitor, increased 3’5" -cAMP levels in Teff and
consequently increased their susceptibility to Trl-mediated suppression [54]. Similarly,
many drugs blocking COX-2 activity are in clinical use, including indomethacin, diclofenac,
ibuprofen, Colecoxib and others [67, 75]. The inhibitors can be selected to block adenosine
or PGE2 production by Treg or block Treg effects in Teff. Specifically, it may be possible to
consider blocking A2ARs and EP2Rs on Teff in order to silence signals delivered by Treg
while increasing functions of Teff. Alternatively, it can be hypothesized that activating
PDEs with, e.g., propanolol, would decrease functions of Treg while simultaneously
increasing those of Teff. The feasibility of this type of PDE-directed approach is illustrated
by the recently reported studies in mice, where stimulation of CD4+ T cells by allogeneic
DC in the presence of cilostomide, an inhibitor of PDE3 resulted in enrichment in numbers
and function of Treg [81]. These Treg were functional and blocked allograft rejection /n
vivo indicating that pharmacological PDE inhibition is a promising strategy for Treg-based
therapies [81]. The fact that adenosine- and PGE2-mediated signals received by their
respective surface receptors on Teff converge at the level of adenylyl cyclase (Ac), the key
enzyme responsible for 3'5”-cAMP synthesis is of special interest for developing
pharmacologic inhibitors for future clinical use [82, 83]. The intracellular cCAMP
concentration is regulated by enzymatic activity of Ac, which catalyzes the formation of
3’5’-cAMP, and by enzymatic activity of PDEs responsible for its degradation [83]. The
hypothesis that we entertain is that the blockade of adenosine and PGE2 signaling at the
point of their convergence in Teff (i.e., inhibition of Ac activity) will restore anti-tumor
immune responses in patients with cancer. Our preliminary data confirms literature reports

Curr Med Chem. Author manuscript; available in PMC 2013 July 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Whiteside et al.

Page 9

that Ac-7 isoform is expressed largely, if not exclusively, in hematopoietic cells [84]. This
means that the Ac-7 inhibition should selectively downregulate 3°5’-cAMP levels in Teff,
up regulate Teff functions, silence Treg and relieve adenosine or PGE2-mediated
suppression. An enzyme isoform that is present in lymphocytes and integrates signals
generated by both adenosine and PGE2 pathways is potentially a very attractive therapeutic
target. Unfortunately, among the currently available pharmacologic inhibitors of Ac, none is
specific for the Ac-7 isoform. If experimental data demonstrate that the simultaneous
blockade of adenosine and PGE2 signaling at the point of their convergence in Teff can
restore anti-tumor immune response in these cells, the development of Ac-7
isoformselective inhibitors would be fully justified. Thus, blocking of adenosine-PGE?2
cooperation in Teff potentially leading to the restoration of their anti-tumor competence is a
novel application of the “blocking the inhibitor” strategy for therapy of cancer.

9. CONCLUSIONS

Much has been recently said about the role of adenosine and PGE2 in shaping the tumor
microenvironment [85, 86]. In this review, we have summarized recent insights into
adenosine- and PGE2-mediated suppression utilized by human Treg in patients with cancer.
It emerges that this may be the most prominent mechanisms utilized by activated inducible
Treg (Trl) in the microenvironment of solid tumors such as, e.g., HNSCC. In our hands, the
frequency of CD4+CD39+ Treg cells in the periphery was related to cancer progression in
several different human cancers, an indication that suppressor function mediated by the
adenosine or PGE2 pathways may have clinical consequences. The Trl subsets present in
human tumors or PBMC of cancer patients are COX2+/CD39+ or IL-10+/TGF-B+/CD39+,
suggesting that functionally diverse Trl subsets may emerge during tumor progression or as
a result of therapeutic interventions, both of which might alter the tumor microenvironment.
One strategy for overcoming tumor-induced immune suppression and for eliminating tumor
escape, involves a pharmacologically mediated blockade of cooperative interactions
between inhibitory factors present in the tumor milieu that suppress immune responses. A
potentially promising therapeutic target that recently has emerged is Ac-7, an enzyme
regulating 3'5"-cAMP synthesis in immune cells. By selectively blocking activity of this
enzyme, it may be possible to inhibit adenosine/PGE2 collaboration, disarm Treg and
restore anti-tumor immune functions in Teff in cancer patients.
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The pathway of ATP hydrolysis by the ectonucleosidases, CD39 and CD73 to adenosine.
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