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One of the hallmark features of glioblastoma multiforme (GBM), the most com-
mon adult primary brain tumor with a very dismal prognosis, is the accumulation of
CD4*CD25"Foxp3+ regulatory T cells (Tregs). Regulatory T cells (Tregs) segregate into
two primary categories: thymus-derived natural Tregs (nTregs) that develop from the inter
action between immature T cells and thymic epithelial stromal cells, and inducible Tregs
(iTregs) that arise from the conversion of CD4TFoxP3~ T cells into FoxP3 expressing cells.
Normally, these Treg subsets complement one another’s actions by maintaining tolerance
of self-antigens, thereby suppressing autoimmunity, while also enabling effective immune
responses toward non-self-antigens, thus promoting infectious protection. However, Tregs
have also been shown to be associated with the promotion of pathological outcomes,
including cancer. In the setting of GBM, nTregs appear to be primary players that contribute
to immunotherapeutic failure, ultimately leading to tumor progression. Several attempts
have been made to therapeutically target these cells with variable levels of success.
The blood brain barriercrossing chemotherapeutics, temozolomide, and cyclophosphamide
(CTX), vaccination against the Treg transcriptional regulator, FoxP3, as well as mAbs against
Treg-associated cell surface molecules CD25, CTLA-4, and GITR are all different therapeutic
approaches under investigation. Contributing to the poor success of past approaches is the
expression of indoleamine 2,3-dioxygenase 1 (IDO), a tryptophan catabolizing enzyme over-
expressed in GBM, and critically involved in regulating tumorinfiltrating Treg levels. Herein,
we review the current literature on Tregs in brain cancer, providing a detailed phenotype,
causative mechanisms involved in their pathogenesis, and strategies that have been used
to target this population, therapeutically.
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IDO (indoleamine 2,3-dioxygenase)

MALIGNANT GLIOMA

Brain tumors fall into different classifications that depend on cel-
lular origin, histological characteristics (i.e., grade), as well as sub-
type. There are many central nervous system (CNS)-resident cells
including neurons, oligodendrocytes, and astrocytes that when
transformed, become neuroblastoma, oligodendroglioma, and
astrocytoma. Although all of these types of tumors are potentially
hazardous, here we focus on malignant glioma, with an emphasis
of astrocytoma grade IV [also known as glioblastoma multiforme
(GBM)], the most common primary adult brain tumor. GBM is
routinely associated with a poor prognosis. Even with an aggressive
treatment regimen that involves gross total resection when possi-
ble, followed by high dose irradiation and temozolomide (TMZ),
the median survival still remains at only 14.6 months (Stupp et al.,
2005). Although the annual incidence of GBM is only 3—5 cases
per 100,000 individuals, the anatomical localization within the
CNS combined with a selectively impermeable blood brain bar-
rier (BBB), results in a lack of many therapeutic agents from
entering the tumor effectively. However, today we have a consider-
ably more advanced understanding of the underlying pathogenic
mechanisms that lead to gliomagenesis. This rapidly evolving
understanding is informing the development of several different
therapeutic avenues for future treatment. Of these novel therapeu-
tic strategies, immunotherapy is one of the leading candidates for

creating durable and effective outcomes for patients. However, a
considerable challenge to developing effective GBM immunother-
apy is the complexity of the GBM microenvironment. Within the
stroma of the GBM is an intricate but poorly defined meshwork
of astrocytoma cells, microglia, astrocytes, pericytes, endothelial
cells, as well as many subtypes of leukocytes and hypoxia-induced
molecules that collectively contribute to a highly immunosuppres-
sive environment. Converting the glioma microenvironment from
one that is tolerant of GBM cells to one that supports immune-
mediated tumor rejection is considered to be one of the critical bar-
riers to achieving effective immunotherapy. Of the many immuno-
suppressive aspects intrinsic to GBM, CD41TCD25%FoxP3™ reg-
ulatory T cells (Treg) play a dominant role in deactivating pro-
ductive anti-GBM immune responses (El Andaloussi and Lesniak,
2006; El Andaloussi et al., 2006; Fecci et al., 2006a).

REGULATORY T CELLS

Regulatory T cells, which normally account for only 5-10%
of all circulating CD4" T cells, are classically defined as cells
that possess the ability to suppress the proliferation of any
cytokine-secreting effector T cell [by down-regulating IL-2 and/or
interferon-gamma (IFN-y) production]. Regulatory T cells con-
stitutively express the nuclear transcription factor, FoxP3, as
well as cell membrane-resident interleukin-2 receptor alpha
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[IL-2Ra (CD25)], cytotoxic T lymphocyte antigen-4 (CTLA-4),
glucocorticoid-induced tumor necrosis factor (TNF) receptor
(GITR), and TNF receptor superfamily member, OX40 (CD134).
Under normal physiological conditions, Treg function to main-
tain tolerance to both host and foreign antigens, resulting in the
inhibition of autoimmunity and contribution to the resolution of
productive effector T cell responses. In contrast, Treg deregulation,
either in the form of loss or gain of function, as well as the deple-
tion or accumulation of cells, contributes to autoimmune and
carcinogenic outcomes, respectively (Bennett et al., 2001; Curiel
etal., 2004).

The balance between the recruitment and functional state of
CD8™ cytotoxic T cells (Tc), CD4™ conventional T cells (Tconv),
and CD41TCD25%FoxP3™ regulatory T cells (Treg) is responsi-
ble for maintaining tolerance to self, while also responding to
pathogenic challenges arising from foreign bacteria and viruses
or endogenous stimuli in the form of cancer. An imbalance in this
carefully articulated balance can lead, and sometimes promote,
maladaptive reactions to both intrinsic and extrinsic pathogens.
This may take the form of autoimmunity, sepsis, chronic inflam-
mation, allergies/asthma, infection, or tumorigenesis. With regard
to the latter outcome, the collective action of Tc and Tconv is
thought to be overcome by malignancy-induced immunosuppres-
sion. Although there are many cellular players involved in sup-
pressing the effector immune response, the hyperactivation and
expansion of Treg appears to play a dominant role in inhibiting Tc
and Tconv through both cell-contact dependent and -independent
processes.

REGULATORY T CELL DIFFERENTIATION

Regulatory T cells are divided into two subsets based on origin:
natural Treg (nTreg) that develop in the thymus and inducible
Treg (iTreg) that arise by the induction of FoxP3 in CD4* FoxP3~
Tconv that have already gone through positive and negative selec-
tion in the thymus and emigrated into the periphery (Curotto
de Lafaille and Lafaille, 2009; Josefowicz and Rudensky, 2009;
Bilate and Lafaille, 2012). During thymic differentiation, Tc and
Tconv cell fate is regulated by T cell receptor (TCR) signal strength
and duration (Germain, 2002; Singer et al., 2008). Similarly, Treg
selection is mediated by a tightly controlled but poorly defined
range of TCR affinity and avidity, typically somewhere between
the level required for positive selection and the level needed to
delete self-reactive effector T cells. Utilizing transgenic mice that
possess a fixed TCR-B, direct sequence analysis has defined that the
Treg TCR repertoire is very diverse with minimal overlap of TCR
repertoire when compared to FoxP3~ Tconv (Hsieh et al., 2004;
Pacholczyk et al., 2006). Importantly, retroviral transfer of Treg
vs. naive CD4* TCR-a libraries into RAG™~ TCR transgenic T
cells showed that the Treg TCR repertoire exhibits increased self-
reactivity, based on the ability of Treg TCR-expressing RAG™/~ T
cells to expand and induce wasting disease in lymphopenic mice,
when compared to naive CD4" Tconv TCR-expressing RAG™/~ T
cells. T cells retrovirally transduced with Treg TCR also proliferate
in vitro in response to autologous splenic antigen presenting cells
(APC) (as well as in response to invariant chain-deficient APC,
which primarily present endogenous protein-derived peptides that
are ubiquitously synthesized) in contrast to T cells transduced

with non-Treg TCR. Collectively, these data suggest that Treg TCR
recognize ubiquitously presented self-antigens (Hsieh et al., 2004).

Physiologically (i.e., in vivo), there is minimal TCR recognition
overlap between thymic-born and peripherally induced Foxp3™
cells, as well as when comparing peripherally induced FoxP3* and
Foxp3~ cells (Hsich et al., 2006). In support of this suggestion
is data from a mouse model encoding a transgenic TCR-specific
for a pancreatic antigen showing that TCR-a chain utilization
from both thymic and peripheral Tconv was distinct from the
TCR-a chains isolated from Foxp3™ Treg (Wong et al., 2007).
Furthermore, in vitro-generated Treg with TCR stimulation com-
bined with TGF-p and IL-2 exposure, appear to be genetically
distinct from in vivo-isolated Treg from Foxp3-GFP mice, even
though a significant number of genes are shared by both Treg
subsets (Haribhai et al., 2011). Interestingly, this study also found
that both nTreg and iTreg are required for protection from lym-
phoproliferative disease, suggesting distinct but complementary
roles for the two Treg subsets. Collectively, these data indicate
that the majority of Treg are thymic in origin, with specific and
distinct requirements for iTreg generation and non-overlapping
immunosuppressive roles. A detailed comparison elucidating the
differences between nTreg and iTreg is listed in Table 1.

Although TCR signaling is required for Treg development, the
TCR signal, alone, is not sufficient for inducing FoxP3 expression
and downstream Treg lineage commitment. Interesting work has

Table 1 | Characteristics that distinguish nTreg from iTreg.

Characteristic Natural Treg Induced Treg

Anatomical site of Thymus Secondary lymphoid
organs/tissue sites

of inflammation

maturation

Co-stimulation CD28 and CTLA-4 CTLA-4

Cytokine 12, TGFB (?) TGF, I1-2, Retinoic
requirement Acid

Transcription factors ~ FoxP3 FoxP3, Ahr
required for

development

Stability +++ +

TCR-specificity Self-antigens (primarily) Foreign antigens

(primarily)

General shared Foxp3, CD25, GITR, CTLA-4 Foxp3, CD25, GITR,

markers CTLA-4

Cell-specific markers  Helios, Nrp1, PD-1, Swap70 Dapl1, Igfbp4

Mechanism of Cell-contact dependent Cytokine-dependent

suppression (?)

1l-6 can block
suppressor activity

Yes No

Hsieh et al. (2004), Horwitz et al. (2008), Quintana et al. (2008) Rubtsov et al.
(2010), Thornton et al. (2010) Bilate and Lafaille (2012), Verhagen et al. (2013).
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recently shown that expression of the TGF-f enhancer, CNS1, is
critical for the downstream commitment of iTreg, but not nTreg
(Samstein et al., 2012). The lack of iTreg led to increased fetal
resorption and placental leukocyte infiltration in allogeneic, but
not syngeneic hosts, further indicating a physiological comple-
mentarity of the nTreg and iTreg subsets. Moreover, while it has
been known for some time that CD28 plays a critical role in the
negative selection of Tconv and induction of FoxP3 in thymocytes,
recent work has now shown that CTLA-4 also plays a key role in
antigen specificity of both nTregand Tconv (Verhagen etal.,2013).
Whether CTLA-4 plays a similar role in iTreg generation has yet to
be investigated.

Aside from the differences in nTreg and iTreg function and
development, critical differences exist in the regulation of FoxP3
between mice and humans (Ziegler, 2006). Human T cells express
two isoforms of FoxP3; the murine FoxP3 ortholog, as well as
a splice variant lacking exon 2 (Allan et al., 2005). Another dif-
ference in the regulation of Foxp3 expression between mice and
humans was found through analysis of stimulated CD4TCD25~
cells. Stimulation of human CD4"CD25 cells using CD3 and
CD28 mAbDs results in the detectable expression of FoxP3 by
24 h, with a peak in FoxP3 expression at 72 h following the ini-
tial stimulus (Walker et al., 2003). In contrast, the CD4TCD25~
mouse cells do not result in the induction of FoxP3 expression
(Fontenot et al., 2003; Hori et al., 2003), suggesting that the tem-
porary induction of FoxP3 is linked to TCR stimulation, alone,
in human-, but not mouse-Treg. Another important consider-
ation is that the function of the thymus changes dramatically
over a similar period of time between mice and humans. In
mice, the naive T cell pool is sustained throughout the lifetime of
the animal by continued thymic production, whereas in humans,
the naive T cell pool is sustained almost entirely through T cell
division in the periphery due to the eventual involution of the
thymus in adulthood (de Braber, Immunity 2012). Thus, study-
ing the in vivo differences between nTreg and iTreg in mice may
not fully recapitulate the physiological characteristics relevant to
humans.

NATURAL AND INDUCED TREG SUBSETS IN CANCER

A consistent finding between previous studies demonstrates that
tumors recruit FoxP3™ Treg and that this accumulation tends to
be progressive, depending on tumor grade (El Andaloussi and
Lesniak, 2007; Quezada et al., 2011; deLeeuw et al., 2012; Sav-
age et al., 2013). For the majority of cancers, the accumulation of
Treg is associated with an impaired anti-tumor immune response
(Onizuka et al., 1999; Shimizu et al., 1999; Turk et al., 2004). In
these pre-clinical investigations, the elimination of CD25" Treg
results in CD8™ T cell-mediated rejection of tumors from various
models. Whether tumor-infiltrating Treg are thymic or periph-
eral in origin remains a subject of open and active study. There
is ample evidence supporting the hypothesis that tumors con-
vert CD4"FoxP3™ (Tconv) into CD41FoxP3™ (iTreg) by tumor-
derived signals, while others suggest that nTregs are recruited
and/or expanded by the tumor (Nishikawa et al., 2003; Curiel et al.,
2004; Valzasina et al., 2006; Liu et al., 2007b; Hindley et al., 2011).
The roles of the two Treg subsets in cancer are not necessarily
mutually exclusive. In a study using a model of B cell lymphoma

and hemagglutinin, it was found that both nTreg and de novo-
produced iTreg combinatorially contribute to the Treg pool in the
context of a tumor (Zhou and Levitsky, 2007). Ultimately, the
ratio of nTreg to iTreg in a specific cancer may simply depend on
anatomical location, grade of tumor, and cellular origin. However,
determining this type of Treg may result in the ability to develop
more selective Treg-depleting therapies.

TREGS AND GLIOMA

Early work from our laboratory and independent groups iden-
tified a progressive increase in the numbers of CD25"FoxP3+
Treg with WHO grade II, III, and IV (GBM) astrocytoma, respec-
tively, either in the peripheral circulation or within the tumor of
human resected gliomas (Fecci et al., 2006a; El Andaloussi and
Lesniak, 2007; Heimberger et al., 2008a). Subsequent observations
found that thymus-derived nTreg, rather than glioma-induced
iTreg, represent the predominant population of CD4TFoxP3™ T
cells within brain tumors (Wainwright et al., 2011) (Figure 1).
Our group compared normal mice with brain tumors to those

Brain

Glioma

nTreg iTreg

Activated
CD4*

T cell

0/

Cervical
Lymph Node

Thymu

FIGURE 1 | A model depicting the development, maturation and
recruitment of regulatory T cells (Treg) in glioma-bearing hosts.
Thymus-derived (natural) nTreg are the predominant resident in glioma,
when compared to the tumorinduced iTreg. Although both Treg subsets
express FoxP3, these subsets respond to different classes of antigens and
possess different epigenetic stability with regard to FoxP3-regulated
immunosuppressive control and cytokine function. Moreover, nTreg
primarily recognize self-antigens, while iTreg predominantly recognize
tumor-associated antigens that are not normally endogenously expressed.
Upon infiltration and/or expansion in(to) the glioma, Treg promote tumor
formation by suppressing CD8" cytotoxic T cell-mediated tumor rejection.
(Floess et al., 2007; Thornton et al., 2010; Wainwright et al., 2011).

www.frontiersin.org

May 2013 | Volume 4 | Article 116 | 3


http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive

Wainwright et al.

Tregs in malignant glioma

that had been previously thymectomized, with or without admin-
istration of the Treg-depleting CD25 mAb. Thymectomy, alone,
resulted in a significant decrease of tumor-infiltrating Treg, sup-
porting the hypothesis that glioma is predominantly infiltrated
by thymus-derived Treg. Furthermore, combining thymectomy
with CD25 mAD further decreased tumor-infiltrating Treg levels,
although this was not statistically significant from the thymectomy
alone group. In support of these data, we reported the expres-
sion of Helios, an Ikaros-family transcription factor shown to be
expressed exclusively by nTreg and not iTreg (Thornton et al,,
2010), to be expressed by ~90% of all brain tumor-resident Treg.
To confirm that this finding was not specific to mice, we also
showed that Helios™ Tregs predominate in human GBM as well.
Our finding that nTreg are the predominant Treg subtype in brain
tumors has recently been supported in other cancer models using
updated and refined methodology of detection (Hindley et al.,
2011; Malchow et al., 2013). Therapeutically, these results imply
that future Treg-depleting strategies by targeting nTreg based on
their unique antigen-specific TCR repertoire may be more selec-
tive and therefore (potentially) possess fewer side-effects. This
relies on the hypothesis that nTreg depletion is associated with
more effective anti-glioma effector response coincident with a
greater survival advantage, which is now the suggested dogma
(El Andaloussi et al., 2006; Grauer et al., 2008; Banissi et al., 2009;
Maes et al., 2009; Wainwright et al., 2011).

Independent of the importance related to Treg origin is the find-
ing that soluble factors originating from GBM promote the in vitro
expansion of Tregs while simultaneously inducing the expression
of pro-apoptotic genes in Tconv (Crane et al., 2012). The pres-
ence of tumor cell-conditioned medium also causes conventional
CD4™" T cells to transiently upregulate the expression of Foxp3
and TGF-B. Interestingly, 10 days of co-culturing CD4™ T cells in
GBM-conditioned media was long enough to return TGF-f and
FoxP3 levels to a similar level found in Tconv. This temporary
induction of the Treg phenotype in Tconv, in vitro, is in line with
our in vivo finding that brain tumor-infiltrating Tregs are primarily
thymus-derived, rather than converted from a Tconv population.

TREG TRAFFICKING TO GBM

Chemotaxis of leukocytes occurs, in part, through the interac-
tion of chemokines interacting with cognate chemokine receptors.
This interaction represents a highly promiscuous relationship and
reflects the interaction between many different chemokine recep-
tors that possess redundant roles for recognizing multiple cognate
chemokines (Mailloux and Young, 2010; Zlotnik and Yoshie, 2012).
Once such interaction is between the chemokine, CCL22, and its
cognate chemokine receptor, CCR4, which is expressed on Tregs
and has been implicated in Treg recruitment to tumors using mul-
tiple models (Curiel et al., 2004; Miller et al., 2006; Jacobs et al.,
2010). In glioma, ~749% of Treg isolated from the peripheral blood
of GBM patients express CCR4, which is significantly increased
when compared to the ~43% of Treg expressing CCR4 in healthy
(control) patients (Jordan et al., 2008). These data suggest that
some soluble factor(s) originating from the GBM primes Treg to
induce or upregulate CCR4. Coincidently, GBM-resected speci-
mens have previously been shown to produce CCL2 and CCL22,
both of which are chemokines that attract CCR4-expressing Treg

(Sebastiani et al., 2001; Jordan et al., 2008). These findings collec-
tively suggest that one novel strategy for therapeutic intervention
may involve the inhibition of Treg trafficking to the GBM, as
has been shown to be an effective approach in other models of
cancer (Pere et al., 2011). However, to determine the physiolog-
ical significance of inhibiting the CCL22-CCR4 axis in human
GBM, it may be prudent to first test this as a proof-of-concept
in mouse GBM models, which has yet to be performed. Critical
points to address in these pre-clinical studies include the degree of
redundancy between Treg-recruiting chemokines, whether selec-
tive chemokine blockade unintentionally disrupts Tc and Tconv
homing to the glioma, as well as the clinically relevant consider-
ation: how chemokine neutralization affects the Treg population
already within the tumor bed.

TGFgB, TREGS, AND GLIOMA

TGF-B production by glioma represents a complex aspect regu-
lating Tregs in brain tumors. Since glioma expresses high levels
of select TGF-f isoforms, combined with the role of TGF-f in
converting Tregs in vitro, one might expect an increased level
of iTreg in brain tumors (Kaminska et al., 2013). However, one
possible explanation for the finding that most Treg are thymus-
derived (Wainwright et al., 2011), is the contribution of the stroma
in determining whether Treg are recruited rather than converted
from Tconv. Given the microenvironment of the brain, including
the unique contribution of the BBB, unique mode of lymphatic
drainage and highly immunosuppressive environment, even under
normal conditions, the mechanisms regulating Treg accumulation
in brain tumors may be independent of the TGF-f signaling path-
way. However, it is important to note that TGF-8 neutralization
leads to a decrease in the level of brain tumor-infiltrating Tregs
(Ueda et al., 2009) suggesting that this cytokine somehow plays a
role in Treg recruitment and/or expansion.

REGULATORY T CELLS AND ANTIGEN SPECIFICITY

The antigen specificity of tumor-infiltrating Tregs is a complex
issue and is under current investigation by many laboratories,
including our own. Since nTreg primarily recognize self-antigens,
whereas iTreg most frequently recognize foreign antigens, the
question of which antigens are being recognized by tumor-
infiltrating Treg is important, given that nTreg appear to dominate
in many tumor environments; including GBM. Moreover, the
enrichment of nTreg may reflect an insufficient level of TCR stim-
ulation required for peripheral Treg induction in response to “for-
eign” antigens. It is also possible that iTreg promoting cytokines
are not present at the requisite levels in the tumor microenviron-
ment (Savage et al., 2013). Although the identification of a Treg
antigen in the context of malignancy remains to be a challenging
task, a central question regarding tumor-infiltrating nTreg anti-
gen specificity has recently been addressed. In a recent study by
Malchow et al. (2013), a single TCR (designated MJ23) was found
to be over-represented in the tumor-infiltrating Treg population
using a transgenic mouse model of prostate cancer. Interestingly,
the identified TCR was specific to an antigen expressed in nor-
mal prostate tissue. After generating a mouse with the transgenic
M]J23 TCR, the authors demonstrated that it was sufficient to drive
Treg development in the thymus in an Aire-dependent manner.
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These results have important implications for Treg antigen speci-
ficity in glioma. Since a majority of Treg in the GBM are nTreg,
these GBM-infiltrating Treg may recognize self-antigens that are
derived from the CNS. However, whether this paradigm holds
true in experimental GBM models and in patients remains a tan-
talizing consideration for further study. Ultimately, investigating
the antigen specificity of Treg in glioma is a way to increase our
understanding of Treg biology for the design of selective thera-
peutic strategies to counter Treg-induced immunosuppression in
brain tumors.

TRYPTOPHAN CATABOLISM AND BRAIN TUMORS
Indoleamine 2,3-dioxygenase 1 (IDO) is the rate-limiting enzyme
that mediates catabolism of the essential amino acid, tryptophan,
to downstream catabolites leading to end products of picolinic
acid and NAD™, as well as CO, and ATP (Figure 2). Addi-
tional enzymes that have a tryptophan catabolizing capability
include indoleamine 2,3-dioxygenase 2 (IDO2) and tryptophan
2,3-dioxygenase (TDO). Notably, TDO has recently been high-
lighted to have an association between upregulated expression
in patient glioma specimens and an overall decrease in survival
(Opitz et al., 2011). However, here we focus on the function of
IDO, its relevance in cancer and inflammation and how it regulates
Treg in GBM.

IDO AND TRYPTOPHAN CATABOLISM

Indoleamine 2,3-dioxygenase 1 was first identified to be involved
in tryptophan catabolism in 1975 by a group that provided the
first evidence of catalytic activity and biological function (Hayaishi
et al.,, 1975; Hirata et al., 1975). Shortly therein, the group identi-
fied superoxide anions to be a critical component required for IDO
activity (Taniguchi et al., 1977) and that Fe>* was also required
for this complex assembly (Hirata et al., 1977). By 1978, it was
suggested that IDO was associated with inflammatory processes,
since it was induced upon the exposure of mice to E. Coli-derived
lipopolysaccharide in the lungs of mice (Hayaishi and Yoshida,
1978; Yoshida and Hayaishi, 1978). Importantly, this mecha-
nism possessed a quick turnover based on a peak in tryptophan
catabolism at ~24h and decreasing back to baseline by 6 days
post-treatment. Collectively, these data demonstrated IDO to be
induced by inflammation, superoxide anion-dependent, and pos-
sessing both a heme group and catalytic activity for the pyrrole
ring of indoleamine-containing compounds.

INTERACTION BETWEEN IDO, LEUKOCYTES, AND TUMOR
CELLS

Several pro-inflammatory factors have been identified that induce
IDO expression in human peripheral blood cells including IFN-a,
IFN-B, IFN-y, and LPS (Carlin et al., 1987, 1989); although other
individual and combinatorial pro-inflammatory agents are capa-
ble of regulating IDO expression and activity as well. At approx-
imately the same time, it was found that lung cancer patients
bearing malignant tumors had a 20-fold higher level of IDO,
when compared to patients bearing benign lesions (Yasui et al.,
1986). In vitro exposure of lung slices to IFN-y further demon-
strated that this cytokine played a critical role in the induction of
IDO; although IFN-a was also capable of inducing IDO expres-
sion, albeit less potently. Interestingly, early experiments analyzing

Protein synthesis Serotonin

L-Tryptophan
(Rate Limiting)

L-Kynurenine

\

Anthranilic Acid
3-hydroxykynurenine
KYNU

3-hydroxyanthranilic acid

!

2-amino-3-carboxymuconate-

ACMSD semialdehyde

|
Mon-enzymatic\‘

KAT

Kynurenic Acid

Picolinic Acid v Glutaryl CoA
Quinolinic Acid l
NAD* CO, +ATP

FIGURE 2 | Schematic representation of I-Tryptophan consumption in
the body. I-tryptophan is an essential amino acid that is utilized during
protein synthesis. In the presence of tryptophan hydroxylase and the
co-factor, iron (not shown), I-tryptophan is converted to the
neurotransmitter, serotonin. However, in the presence of indoleamine
2,3-dioxygenase 1 (IDO), -tryptophan is converted to I-kynurenine.
I-kynurenine can then be converted to kynurenic acid, 3-hydroxykynurenine,
or anthranilic acid via kynurenine aminotransferase (KAT), kynurenine
3-monooxygenase (KMO), and kynureninase [KYNU (also known as
l-kynurenine hydrolase)l, respectively. 3-hydroxyanthranilic acid is converted
by 3-hydroxyanthranilic acid oxygenase (not shown) to
2-amino-3-carboxymuconate-6-semialdehyde. This downstream catabolite
can further be catabolized to the final metabolic products of picolinic acid
via picolinic carboxylase [also known as
2-amino-3-carboxymuconate-6-semialdehyde-dacarboxylase (ACMSD)],
quinolinic acid through a non-enzymatic process or glutaryl CoA through a
series of oxido-reductive reactions.

the allogeneic anti-tumor immune response found that IDO was
induced in tumor cells when injected into an allogeneic-, but
not syngeneic-hosts (Yoshida et al., 1988). When allogeneic and
syngeneic cells were mixed and then injected, intraperitoneally
(i.p.), the induction of IDO occurred in both cell types, suggest-
ing a global inflammatory promoter (such as IFN-y). However,
it is important to note that only the allogeneic cells were rejected
under these conditions and not syngeneic cells, even though both
cell types were infiltrated by mononuclear cells (Yoshida et al,,
1988). Thus, IDO induction appeared to be regulated by pro-
inflammatory factors and is involved the anti-tumor immune
response.

In 1995, IEN-y-induced IDO activity was demonstrated in
three different types of ovarian xenografts in nude mice that
lack endogenous T cells (Burke et al., 1995). In all three tumor
models, L-tryptophan was significantly depleted, commensurate
with the presence of L-kynurenine, which was also found in the
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surrounding tissues. Interestingly, in situ hybridization demon-
strated IDO expression in all areas of the tumor, not just in
the surrounding peripheral cells. Also notable was that IDO
expression remained elevated in tumor cells, even when tryp-
tophan levels had already returned to normal levels, suggesting
some level of post-transcriptional regulation of the expression.
By the year 2000, a correlation between IDO-expressing den-
dritic cells and T cell function was established (Hwu et al.,
2000). It was found that both CD40L and T cell-expressed IFN-y
could regulate IDO expression by in vitro-cultured DCs. Func-
tionally, the impairment in T cell proliferation induced by DC-
expressed IDO could be reversed when 1-pr-methyltryptophan
(I-MT), a pharmacological inhibitor of IDO, was added to
the DC-T cell co-cultures. Further studies showed that IL-6
played a critical role in reversing the tolerogenic functions of
in vitro-cultured CD8" tolerogenic DCs by decreasing IFN-y
receptor and that this activity was correlated to the decreased
ability for tryptophan degradation (Grohmann et al., 2001).
Shortly thereafter, it was shown that mice pre-immunized with
IDO-transfected cells could significantly inhibit the allogeneic
T cell response in adoptively transferred cells (Mellor et al.,
2002).

INHIBITION OF IDO AS A POTENTIAL TUMOR THERAPY

The first evidence that inhibiting IDO could be utilized as a ther-
apeutic modality against tumors came in 2002, when Friberg
et al. (2002) showed that mice bearing Lewis lung carcinoma and
administered 1-MT demonstrated slower tumor growth, when
compared to mice not administered the IDO inhibitor. Further
evidence showed that many different types of human tumors
express high levels of IDO expression including 100% of prosta-
tic, colorectal, pancreatic, cervical, and endometrial carcinomas,
with 90% of GBM specimens expressing variable levels of IDO
(Uyttenhove et al., 2003). It was also demonstrated that pre-
immunized mice were unable to reject tumors that were IDO™,
suggesting that IDO overrides the anti-tumor immune response.
This effect could be partly reversed when the pre-immunized mice
were co-administered 1-MT.

Independent of tumor-derived IDO, it has been shown in
mouse models that DC residing in tumor-draining lymph nodes
also possess potently immunosuppressive properties (Munn et al.,
2004) which include the activation of mature Treg (Sharma et al.,
2007). Functionally, these plasmacytoid DCs (pDC) are rendered
ineffective when genetically deficient for- or pharmacologically
inhibited for-IDO activity, strongly suggesting that IDO is a crit-
ical requirement for the immunosuppression induced in pDC.
Independent support for this hypothesis was demonstrated when
investigators showed that the CD200 engagement with CD200R
on pDC induces and/or regulates IDO expression (Fallarino
et al., 2004). However, the relationship between CD200 expres-
sion in tumor-draining lymph nodes has yet to be established.
In vitro-based work has also identified a 2-step requirement for
induction and enzymatic activation of IDO in DC (Braun et al.,
2005). The induction step requires exposure to prostaglandin E2
(PGE,), while the activation step requires signaling through either
the tumor necrosis factor receptor or a toll-like receptor ago-
nist. These data may be particularly relevant when considering

DC-based immunotherapy protocols, since limiting IDO expres-
sion would be a desirable characteristic for maximal therapeutic
efficacy.

Although 1-MT haslong been used as a potent inhibitor of IDO
enzymatic activity, the search for other, potentially more effec-
tive and/or combinatorially applied agents continues. Accordingly,
3-(4-morpholinyl)sydnonimine, a peroxynitrite generator, signif-
icantly inhibits IDO activity without affecting expression levels
(Fujigaki et al., 2006). Specifically, nitration of Tyr15 was the most
important factor related to inhibiting IDO activity. In a separate
in vitro study, HO; showed potent inhibitory properties against
IDO activity by oxidation of cysteine residues to sulfinic and sul-
fonic acids (Poljak et al., 2006). Intriguingly, celecoxib, a cyclooxy-
genase 2 inhibitor has been shown to decrease the expression of
IDO ina spontaneous mammary gland tumor model, in vivo (Basu
et al., 2006). With regard to the various IDO inhibitors, tonic reg-
ulation of IDO expression and inhibition is likely to depend on
dosage of the agent. One example of this is the demethylating drug,
Zebularine. At low-doses, Zebularine increases the immunogenic-
ity of tumor cells, while high doses decreases immunogenicity;
the latter of which is dependent on increased IDO expression
(Liu et al., 2007a). From an immunotherapeutic perspective, it
would be desirable to increase the immunogenicity of tumors to
increase the likelihood of antigen-specific Tc-mediated tumor cell
killing. Finally, it is important to note that stereoisomers of differ-
ent compounds may possess greatly different effects in future IDO
inhibitory strategies. For example, 1-MT is found as 2 stereoiso-
mers; levorotary (L) and dextrorotary (D). Importantly, while
L1-MT appears to significantly inhibit IDO1 activity, D1-MT is
a relatively inefficient inhibitor of IDO1 and rather, appears to
effectively inhibit IDO2 (Lob et al., 2009). This highlights how
subtleties in enzymatic modulation can vary widely using virtu-
ally identical compounds, while also raising questions as to why
D1-MT appears to play a stronger immunotherapeutic role, when
compared to the actions of L1-MT (Hou et al., 2007).

IDO, TREGS, AND GLIOMA

Early work in human astrocytes demonstrated that these cells are
very sensitive to the effects of [FN-y by upregulating the enzyme,
IDO and the production of NAD (Grant et al., 2000). Further
studies showed that IFN-y also stimulated IDO expression in
transformed astrocytes in vitro (Grant and Kapoor, 2003; Miyazaki
et al., 2009) and in vivo (Uyttenhove et al., 2003). Although
this potent IFN-induced IDO expression may play a protective
anti-viral role under certain conditions (Adams et al., 2004), it
also appears to play a maladaptive role in the context of brain
cancer.

Recent work from our laboratory has demonstrated that the
upregulation of IDO mRNA in resected glioma specimens is asso-
ciated with a significant decrease of overall survival in patients
with glioma (Wainwright et al., 2012). This correlation between
increased IDO and decreased survival has been confirmed at the
protein level, independently (Mitsuka et al., 2013). Our investi-
gation found that the expression of IDO by brain tumor cells,
rather than peripheral cells (i.e., astrocytes, microglia, pDC, etc.),
mediated tumorigenesis. This was supported by the finding that
IDO-competent tumors accumulate immunosuppressive Tregs
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in both IDO-competent and -deficient mice (Wainwright et al,,
2012). In contrast, IDO-deficient tumors fail to support sig-
nificant Treg expansion in both IDO-competent and -deficient
mice. Importantly, the IDO-regulated Treg expansion was asso-
ciated with a significant decrease in overall survival, when com-
pared to mice bearing IDO-deficient brain tumors. Notably, the
beneficial effect on survival was not solely due to the lack of
Treg recruitment to the glioma since mice lacking any major
T cell subset (i.e., Tc and/or Tconv) failed to support long-
term survival, even in the absence of IDO expression by brain
tumors.

The IDO-mediated Treg accumulation in brain tumors pre-
dominantly reflects an expansion of thymus-derived, rather than
tumor-induced Tregs (Wainwright et al., 2011). This implies that
one of the primary effects of IDO is to induce and/or increase
the chemokines that attract Tregs. Supporting this hypothesis is
the finding that IDO™, but not IDO~ DCs express the Treg-
recruiting chemokine, CCL22 (Onoderaetal.,2009). Coincidently,
GBM cells resected from patients have been shown to express the
chemokine, CCL22 (Jordan et al., 2008). Whether IDO expres-
sion directly mediates the upregulation of CCL22 in GBM cells
has yet to be determined. Since the principal function of IDO
is suggested to be enzymatic in nature, it is possible that IDO
catabolizes tryptophan to kynurenine and that a downstream
kynurenine catabolite acts as a co-factor to increase CCL22. This
may occur through the recently discovered interaction between
kynurenine and aryl hydrocarbon receptor (Ahr) (Mezrich et al.,
2010), based on previous data showing that Ahr cooperates with
RelB to affect chemokine production (Vogel et al., 2007a,b,c).
Although CCL22 was not analyzed in these studies, the potential
effect of Ahr on CCL22 transcription is likely to be contextual
and therefore, dependent on multiple factors from the tumor
microenvironment.

The complexity of IDO signaling may allow it to directly acti-
vate CCL22 transcription through a slightly different mechanism
in addition to the one described above. Recent work has now
shown that aside from the enzymatic function of IDO, there is
a distinct signaling component due to the interaction of IDO
with TGF-B-induced SHP1 and SHP2 (Pallotta et al., 2011). The
interaction leads to the phosphorylation of IKKa and the release
of RelB, nuclear translocation and subsequent downstream tran-
scriptional effects. In the context of a brain tumor, it is therefore
possible that the TGF-B-induced SHP proteins interact with IFN-
y-induced IDO, resulting in the release of RelB, interaction with
Ahr and downstream effects that include the activation of CCL22
transcription (Figure 3). However, this hypothesis remains to be
tested.

THERAPEUTIC TARGETING OF TREGS

Given the pathogenic role that Treg mediate in the context of
malignant brain tumors, an obvious therapeutic direction is their
selective depletion from both the tumor microenvironmentand/or
secondary lymphoid tissues, where Tc and Tconv priming and
effector function is affected. This highly translational research arm
is a very active and dynamic field, with the goal of determining
which monotherapy and/or combinatorial therapy will lead to
the greatest impact on decreasing Treg numbers and/or function.
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FIGURE 3 | A theoretical model depicting the process of regulatory T
cell (Treg) recruitment and expansion in brain tumors. The interaction of
Treg with cervical (draining) lymph node (cLN)-resident dendritic cells (DC)
through the T cell receptor (TCR)-peptide/major histocompatibility complex
(MHC) Il activates and epigenetically stabilizes the expression of
CCR4-expressing Treg. These recently stimulated Treg then emigrate from
the cLN into the circulation where they can respond to the gradient of the
Treg-recruiting chemokine, CCL22, being produced by the glioma. Within
the glioma, innate natural killer (NK) cells that initially respond to the tissue
disruption and inflammatory signals produced by the tumor are later joined
by antigen-specific CD8* cytotoxic T cells (Tc); both of which produce the
pro-inflammatory cytokine, interferon-gamma (IFN-y). This cytokine acts on
the glioma-expressed, IFN-yR, resulting in downstream Janus-kinase/signal
transducer and activator of transcription (JAK/STAT) activity that
subsequently induces indoleamine 2,3-dioxygenase 1 (IDO). IDO mediates
the enzymatic conversion of |-tryptophan to I-kynurenine. The latter
metabolite interacts with the cytoplasmically localized, aryl hydrocarbon
(AHR). This interaction drives the localization of this hormone-like receptor
into the nucleus. Simultaneously, TGFB signaling (via glioma-expressed
TGFBR engagement) drives SMAD-induced IKK-a phosphorylation, leading
to p52 (RelB) nuclear translocation. Nuclear Ahr and p52 interact, leading to
a unique transcriptional response further driving IDO expression (not
shown), as well as CCL22 and TGF-B chemokine and cytokine expression,
respectively. Independently, and due to the permeable nature of the
downstream catabolite, I-kynurenine, Treg proliferation occurs. However,
while many components of this paradigm have been shown to occur in
disparate cell types, the comprehensive scheme proposed has yet to be
shown in glioma, specifically. (Hotfilder et al., 2000; Vogel et al., 2007b,c;
Jordan et al., 2008; Mezrich et al., 2010; Opitz et al., 2011; Pallotta et al.,
2011; Wainwright et al., 2011, 2012).

Below, we highlight some of the most prescient targets leading
to the disruption of Treg function and/or depletion (Figure 4).
However, it should be noted that in addition to those therapeutic
agents and targets described below, far more effective and specific
methods are currently being developed.

TEMOZOLOMIDE

Temozolomide, a second generation DNA alkylating agent, methy-
lates the O° position of guanine causing double stranded DNA
cross-linking. The DNA damage results in calcium-dependent
apoptosis and autophagy, eventually leading to cell death. TMZ
is also reported to activate p53 and p21WAFV/CIPl_mediated G2/M
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FIGURE 4 | Possible modes of therapeutic Treg neutralization for the
treatment of glioblastoma multiforme (GBM). (A) Low-dose
administration of the chemotherapeutic agents, temozolomide (TMZ), and
cyclophosphamide (CTX), have been shown to have a beneficial impact on
Treg levels in both patients and animal models of GBM. (B) Targeting
constitutively expressed receptors on the cell surface of Treg is another way
that has demonstrated variable levels of success. I-:2Ra (CD25) targeting
with monoclonal antibodies neutralizes and/or depletes Treg, in vivo.
Similarly, agonistic GITR mAb leads to inhibition of Treg suppressor
capability and loss of tumor-homing capacity. In contrast, CTLA-4 mAb
appears to inhibit the Treg-mediated induction of indoleamine
2,3-dioxygenase 1 (IDO) in dendritic cells (DC), as well as possesses
independent effects on effector T cells. (C) Neutralizing GBM-expressed
chemokines that attract Treg are an additional mode for potential therapy.
However, it is important to note that since most GBM patients will be
diagnosed after Treg accumulation has begun to occur, chemokine
neutralization may not be a promising approach. Regardless, the
physiological (i.e., in vivo) potential for this therapeutic effect has to be
investigated in glioma. (Fallarino et al., 2003; Dannull et al., 2005; Ko et al.,
2005; El Andaloussi and Lesniak, 2006; El Andaloussi et al., 2006; Fecci
et al., 2006a, 2007; Jordan et al., 2008; Banissi et al., 2009; Davies et al.,
2009; Zhao et al., 2010; Mitchell et al., 2011, 2012; Pere et al., 2011; Fong
et al., 2012; Sampson et al., 2012).

cell cycle arrest with subsequent apoptosis or senescence (Naga-
sawa et al., 2012). Although TMZ is well-tolerated and has an
overall beneficial impact on patient survival, it has also been well-
described to induce immunosuppression, most often described as
various forms of lymphopenia (Lanzetta et al., 2003; Kocher et al.,
2005). The association between TMZ and lymphopenia is the pref-
erential depletion of CD4TCD25" Treg (Su et al., 2004). Both
in human and animal studies of glioma, TMZ has been demon-
strated to alter Treg trafficking toward glioma cells, in vitro, as
well as solid tumors, in vivo. (Jordan et al., 2008; Banissi et al.,
2009; Kim et al., 2010). Clinically, TMZ appears to be beneficial
when combined with a peptide vaccine targeting the epidermal
growth factor receptor variant III (EGFRVIII) (Heimberger et al.,
2008Db). Perhaps the reason this vaccine strategy worked well was
that the TMZ was administered to coincide with times points that

would target maximal Treg depletion. The strategy of combin-
ing TMZ-induced Treg depletion and vaccination is now being
in tested in ongoing phase II and III clinical trials. Since TMZ is
the current standard of care for glioma patients, manipulating the
beneficial TMZ-induced side-effect(s) holds a particular appeal in
this patient cohort.

CYCLOPHOSPHAMIDE
Cyclophosphamide, like TMZ, is also an alkylating agent that at
high doses, results in potent cytotoxicity and lymphoablation. CTX
has been used as an anti-cancer therapy since 1959. However, due
to the high cytotoxicity and side-effects, the routine use of CTX
in glioma is limited with the exception of administering continu-
ous low-doses (also called metronomic dosing). Metronomic CTX
dosing has been shown to have immunostimulatory effects that
include the expansion of antigen-specific tumor-reactive T cells, a
transient depletion of Treg and the restoration of DC homeosta-
sis (Radojcic et al., 2010). This mechanism has been suggested to
occur by the preferential depletion of CD8* lymphoid-resident
DC, increased potency of pDC, increased migratory capacity of
DC, as well as elevated antigen presentation and cytokine secretion
(Nakahara et al., 2010). Ultimately, the metronomic CTX schedule
has been shown to result in an anti-tumor immune responses by
stimulating the effector arm of the immune response, while simul-
taneously inhibiting immunosuppression (Langroudi et al., 2010;
Sharabi et al., 2010; Zhao et al., 2010).

In a murine model of colon cancer, the combination of IL-
12 and CTX eliminates intratumoral Treg and myeloid-derived
suppressor cells, while simultaneously inducing pro-inflammatory
myeloid cells within the tumor microenvironment, an essential
component for facilitating effector T cell infiltration and subse-
quent tumor rejection (Medina-Echeverz et al., 2011). In support
of this approach, PD-1 blockade, low-dose CTX, and combina-
torial peptide administration has been shown to synergistically
induce a strong antigen-specific immune response by increasing
Tc and Tconv infiltration into the malignancy, ultimately lead-
ing to potent tumor rejection (Mkrtichyan et al., 2011). Even in
a canine model, 15 mg/m?/day of CTX leads to a decrease in the
total number and frequency of Treg in the peripheral blood, while
simultaneously increasing serum IFN-o concentrations (Burton
et al., 2011; Mitchell et al., 2012). Moreover, in 12 patients with
treatment-refractory metastatic breast cancer receiving single-
agent CTX, there was a significant initial reduction in circulating
Treg by more than 40% (p =0.002), although this decrease was
transient, since Treg levels returned to pre-CTX treatment levels
due to increased proliferative activity (Ge et al., 2012). Moreover,
while Treg suppressor activity was maintained at normal levels, the
overall Treg depletion led to an increase in breast tumor-reactive
T cells (p=10.03) that remained at high levels throughout treat-
ment; correlating with disease stabilization (p = 0.03) and overall
survival (p=0.027). Depleting Treg has been attempted, clini-
cally, in several human cancers including ovarian cancer (Vermeij
et al., 2012), cervical cancer (Peng et al., 2013), renal cancer (Hui-
jts et al., 2011), melanoma (Berd et al., 1990), and glioma (Plautz
et al., 2000). However, the optimal timing of this strategy still
requires better definition with regard to anatomy and malignant
progression.
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STAT3

Signal transducer and activator of transcription 3 (STAT3) con-
trols the transcription of several genes in response to cytokines and
growth factors. IL-2, a cytokine critical for the maintenance of Treg
in vivo, contributes to Foxp3 expression in human CD4TCD25™"
Tregs via STAT3 and STAT5 (Zorn et al., 2006). However, it should
be noted that while STAT3” progenitors show no sign of Treg
developmental block, STAT5a/B ~/~ lymphoid progenitors possess
a significant inhibition toward developing into thymus-derived
Treg (Yao et al., 2007). Thus, the regulation of STAT3-induced
Treg development appears to require additional co-factors (i.e.,
STAT5) for normal maturation.

STAT3 regulates the expression of TGF-f and IL-10, crucial
cytokines that contribute to the presence of tumor-associated
Treg (Kinjyo et al., 2006). Interestingly, tumor-bearing mice with
STAT3~/~ hematopoietic cells possess a significant reduction in
the number of tumor-infiltrating Treg (Kortylewski et al., 2005).
Thus, developing agents that inhibit STAT3 is a rapidly emerg-
ing goal for eventually designing a new class of compounds that
inhibit Treg development, function and/or tumor-infiltration. In
the context brain metastasis arising from melanoma cells, the
novel STAT3 inhibitor, WP1066, reverses immune suppression
through the inhibition of FoxP3 induction in peripheral T cells
and down-regulation of Foxp3 expression in nTreg (Kong et al.,
2009). Based on this and other promising pre-clinical studies
demonstrating the beneficial effects of STAT3 inhibition (Bill
et al, 2010; Hatiboglu et al., 2012; Liu et al., 2013), STAT3
inhibitors are now being tested in clinical trials for advanced solid
tumors.

CD25

Several strategies have been attempted for depleting Treg based
on the constitutively expressed cell surface marker, CD25. In the
context of hematological malignancy, a phase I study using LMB-
2, a CD25 mAb conjugated to truncated Pseudomonas exotoxin,
was found to elicit a promising clinical response (Kreitman et al.,
2000). However, in the setting of metastatic melanoma, despite
inducing a transient decrease in Treg in vivo, LMB-2 administra-
tion failed to augment the immune response to cancer vaccination
and patients neither experienced an objective beneficial response
nor severe side-effect in the form of autoimmunity (Powell et al.,
2007).

The recombinant IL-2-diphtheria toxin conjugate, DAB(389)IL-
2 (also known as denileukin diftitox and ONTAK) was designed
for use as a Treg-depleting agent. However, there are mixed reports
regarding its ability to successfully deplete Treg and stimulate the
anti-tumor immune response (Attia et al., 2005a; Dannull et al,,
2005; Mahnke et al., 2007). In non-Hodgkins lymphoma patients,
although the combination of denileukin diftitox with rituximab
decreased the number of CD25" T cells, denileukin diftitox sig-
nificantly increased the toxicity of the combination without an
improvement in response rate or time to progression (Ansell et al.,
2012).

In the setting of malignant glioma, CD25 mAb has been used
in several studies as a means to deplete Treg. In an experi-
mental model of glioma, GL261 cell-based brain tumor-bearing
mice pre-treated with CD25 mAD lived significantly longer than

those bearing tumor and receiving control IgG antibody (El
Andaloussi et al., 2006). The mechanism of action was associ-
ated with a decrease in the frequency of brain tumor-infiltrating
CD47CD25™ T cells, while simultaneously eliminating their sup-
pressor activity. The inhibition of Treg function permits enhanced
lymphocyte proliferation and IFN-y production with as much
as 80% lysis of glioma cells in vitro. When combined with DC
immunization, CD25 mAb elicits tumor rejection in 100% of
challenged mice (Fecci et al., 2006b). Furthermore, using GL261
cell-based brain tumor-bearing mice treated with both intraperi-
toneally and intracranially administered CD25 mAb results in
long-term survival and complete tumor rejection, when com-
pared to the systemic administration of CD25 mAb alone.
(Poirier et al., 2009). Accordingly, the depletion of Treg with
CD25 mAb strongly enhances the efficacy of DC vaccination,
although CD25 mAb had an anti-tumor effect independent of
the DC vaccination response as well (Maes et al., 2009). Impor-
tantly, DC vaccination is required to protect animal models from
intracranial tumor re-challenge, since no long-term protection
was observed in animals that had initially received CD25 mAb
alone.

Treg depletion functions differently based on immunocom-
petent and lymphopenic contexts, as well as when it is given in
relation to the overall tumor burden. Accordingly, CD25 mAb in
normal mice decreases intratumoral Treg and contributes to tumor
rejection in small tumors, but is less effective in large established
tumors and also disrupts the effector arm of the immune response
(Curtin et al., 2008). In contrast, in lymphodepleted hosts, CD25
mADb decreases Tregs without impairing effector T cell responses
(Mitchell et al., 2011). In a randomized placebo-controlled pilot
study, combinatorial administration of humanized CD25 mAb,
Daclizumab, with peptide vaccination against the EGFRVIII and
lymphodepleting TMZ safely and selectively depleted Treg in
patients with GBM (Sampson et al., 2012). Moreover, it was
reported that Daclizumab treatment was well-tolerated with no
symptoms of autoimmune toxicity and a significant decrease in
the frequency of circulating Treg when compared to saline-treated
controls.

CTLA-4

CTLA-4 is a constitutively expressed cell surface molecule on Treg.
Like its closely resembling ligand, CD28, CTLA-4 also binds to
the co-stimulatory molecules, CD80 and CD86 on APC, acting
as a powerful negative regulator of T cell activation (McCoy and
Le Gros, 1999) via the induction of indoleamine 2,3-dioxygenase
and/or TGF-B (Fallarino et al., 2003; Rudd, 2008). In both humans
and in mouse models, Treg from malignant gliomas have been
shown to express high levels of CTLA-4 (El Andaloussi and
Lesniak, 2006; El Andaloussi et al., 2006). CTLA-4 is not only
associated with glioma progression and prognosis, the CTLA-4
A49G polymorphism might also be a potential clinically relevant
biomarker for distinguishing individuals with a high risk for devel-
oping glioma (Wu et al., 2011). In a human study of DC vaccines,
it was found that monitoring the changes in Treg frequency and
dynamic expression of the negative co-stimulatory molecules on
peripheral blood T cells, before and after DC vaccination, may
predict survival (Fong et al., 2012). In the GL261 mouse model
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of glioma, combining Treg depletion with CTLA-4 neutralization
boosts glioma-specific Tc and Tconv effector T cell responses,
while also increasing anti-glioma 1gG2, antibody titers; ulti-
mately resulting in complete tumor rejection (Grauer et al., 2007).
Using the same model, vaccination with granulocyte-macrophage
colony-stimulating factor (GM-CSF)-expressing whole glioma cell
vaccination followed by CTLA-4 blockade has been demonstrated
to significantly improve survival (Agarwalla et al., 2012). In the
SMA-560 mouse model of glioma, neutralization of CTLA-4 with
monoclonal antibody, 9H10, confers a long-term survival ben-
efit in 80% of treated mice with re-establishment of normal
CD4 counts concomitant with a decreased Treg fraction. Inter-
estingly, treatment benefits appeared to be primarily mediated
through the CD4*CD25™ T cell population rather than the Treg
population, as CD4TCD25~ T cells from treated mice showed
improved proliferative responses and resistance to Treg-mediated
suppression, whereas Treg from the same mice remained “tolero-
genic” and displayed no defect in suppressor function (Fecci et al.,
2007). Based on these and other promising pre-clinical studies,
humanized CTLA-4 mAb has now been successfully tested in clin-
ical trials for the treatment of metastatic melanoma (Mathew
et al.,, 2013; Wilgenhof et al., 2013). However, results from late
phase clinical trials studying the therapeutic effects of this anti-
body for treating patients with malignant glioma have yet to be
reported (Phan et al., 2003; Attia et al., 2005b; Maker et al., 2005)
and must be considered in the context of the potent neurolog-
ical side-effects that have been previously reported (Bot et al.,
2013).

GITR

Gluococorticoid-induced TNFR-related protein (GITR, also
known as TNFRSF18), a type I transmembrane protein with
homology to other TNF receptor family members such as 0X40,
CD27, and 4-1BB, is normally expressed at very low levels on rest-
ing Tc, low levels on Tconv and at constitutively high levels on
Treg (Cohen et al., 2010). Currently, there are competing theo-
ries regarding the impact of the GITR-GITRL interaction on Treg.
While there is evidence to suggest that this interaction renders
responder T cells more susceptible to suppression by Treg, it has
also been shown that GITR signaling in Treg, directly, inhibits
the ability to mediate suppression of responder T cells (Shevach
and Stephens, 2006). In a mouse model of fibrosarcoma, T cell
stimulation by agonistic GITR mAb attenuated Treg-mediated
suppression and enhanced tumor-killing by Tc and Tconv cells
via increased secretion of IFN-y. This worked synergistically with
co-administration of CTLA-4, but not with CD25 mAb (Ko et al.,
2005) reinforcing the hypothesis that while both GITR and CD25
mAD inhibit Treg-mediated suppressor activity as a primary mech-
anism of promoting tumor immunity, CTLA-4 mAb indepen-
dently contributes to tumor rejection by directly acting on effector
T cells. In the B16 cell-based mouse model of melanoma, the ago-
nist GITR mAb, DTA-1, induces regression of small established
tumors in mice. Although DTA-1 neither altered systemic Treg
frequencies nor their intrinsic suppressor activity, intratumoral
accumulation of Treg was significantly impaired, resulting in a
greater Teff: Treg ratio, thereby enhancing tumor-specific CD8* T
cell activity (Cohen et al., 2010).

Independently, we have shown that IDO-competent brain
tumors promote tumor-infiltrating Treg to significantly upreg-
ulate the expression of GITR, when compared to IDO-deficient
tumors (Wainwright et al., 2012). Interestingly, this effect is locally
regulated since Treg in IDO-competent tumors have upregulated
levels of GITR when compared to those Treg in draining cervi-
cal lymph nodes and/or spleen. Ultimately, the overabundance
of GITR on glioma-infiltrating Treg may provide the necessary
avidity for future therapeutic antibody approaches that selectively
target intratumoral — rather than systemic — Treg inhibition. Cur-
rently, a humanized GITR mAb (TRX518), developed by Toleryx,
Inc., is in a Phase 1 safety and tolerability dose-escalation clinical
trial for late stage (III and IV) melanoma patients with unre-
sectable tumor, although this agent has not yet been investigated
for primary brain tumor patients.

0X40

0OX40 (also known as CD134), another member of the TNF recep-
tor family, is expressed on naive Tregs and transiently upregu-
lated following TCR stimulation. OX40 stimulation in Treg using
agonistic antibodies inhibits the capacity to suppress, thereby
restoring effector T cell proliferation, IL-2 gene transcription
and cytokine production (Valzasina et al., 2005). Using a mouse
tumor model, it has been shown that agonistic OX40 mAb,
but not CD25 mAb, induces tumor rejection in 80% of mice.
OX40-mediated functional inactivation of Treg recruits nearby
DC, promoting the induction of an adaptive immune response
(Piconese et al., 2008). Additionally, combinatorial therapy using
CTX and OX40 mAb provides potent anti-tumor immunity result-
ing in the regression of established melanoma in a B16 cell-based
model. Within the tumor, combinatorial therapy induces a pro-
found depletion of Treg depletion accompanied by an influx of
effector T cells leading to a favorable Teff:Treg ratio (Hirschhorn-
Cymerman et al., 2009). In a brain tumor model, mice bear-
ing GL261 cell-based glioma were susceptible to the treatment
with OX40 mAb and tumor regression was dependent on the
participation of both Tc and Tconv cells (Kjaergaard et al,
2000). Similarly, mice bearing intracranial GL261 cell-based brain
tumors and treated with a combination of OX40 mADb, local cra-
nial radiotherapy, as well as intrasplenic vaccination with DC
demonstrated the complete regression of tumor resulting in long-
term survival (>120 days) with no evidence of tumor recurrence
and resistance to further intracranial tumor challenge (Kjaer-
gaard et al., 2005). Importantly, OX40 mAb-mediated therapy
is currently being tested in a Phase 1/2 trial for patients with
metastatic melanoma (NCT01689870), as well as in a Phase 1
trial for patients with advanced forms of cancer (NCT01644968)
although it has yet to be initiated for primary brain tumors,
specifically.

FOXP3

Targeting the constitutively expressed receptor, CD25, to neutral-
ize Treg is limited by the challenge of the transient expression on
Tc and/or Tconv during activation-induced upregulation, includ-
ing those vaccine-associated effector T cells that carry out anti-
tumor responses. As of today, Foxp3, a nuclear transcription factor
required for generating nTreg, is the only gene product known to
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be (almost) exclusively expressed by Treg in mice. Notable excep-
tions to this rule are Tr1 and Th3 CD4™ regulatory T cells that
professionally express IL-10 and TGF-B, respectively, but do not
express FoxP3.

Vaccination of mice with FoxP3 mRNA-transfected DC elicits
a robust FoxP3-specific Tc response that contributes to vaccine-
associated protective immunity. As might be implied by the more
promiscuous expression of CD25, relative to FoxP3 on or in Treg,
respectively, CD25 mAb and FoxP3 vaccination have slightly dif-
ferent effects in tumor-bearing mice. While CD25 mAb depletes
Treg systemically, FoxP3 vaccination leads to Treg depletion intra-
tumorally, with sparing of Treg in the periphery (outside of the
tumor (Nair et al., 2007). This disparity may reflect the ability
of vaccine-programed effector T cells to differentially sense aber-
rantly programed Treg, as we and others have demonstrated that
intratumoral Treg are phenotypically distinct (Gounaris et al,,
2009; Cohen et al., 2010; Wainwright et al., 2010, 2012; Blat-
ner et al., 2012), vs. the effects of an antibody that lacks such
sophistication.

Another strategy for targeting FoxP3 in Treg utilizes a syn-
thetic peptide, P60, that binds directly to FoxP3. P60 enters Treg
and inhibits FoxP3 nuclear translocation, decreasing the ability
to suppress the transcription of NF-kB and NFAT. When P60
was administered to BALB/c mice and immunized with the Tc
epitope, AH1, from CT26 tumor cells, immune-mediated protec-
tion against tumor implantation occurred (Casares et al., 2010).
Although this approach has shown some promising results, pre-
clinically, this strategy has yet to be tested in the context of patients
with cancer.

CONCLUSION

Regulatory T cells are a highly important lineage of immune
cells that maintain tolerance to self, provide regulatory stabil-
ity during the resolution of inflammation and expand as a
population during pregnancy to suppress the potential sponta-
neous T cell-mediated rejection due to paternally derived fetal
alloantigens. Although beneficial under normal circumstances,
pathological Treg responses can promote autoimmunity or malig-
nant transformation in the absence or overabundance of func-
tion/accumulation, respectively. Thus, understanding factors that
regulate Treg suppressor activity, cytokine production, homing,
expansion, contraction, induction, conversion, TCR reactivity,
and interaction with other cells is a critically relevant area of
investigation.

The level of Treg accumulation in malignant astrocytoma is
progressive; increasing with tumor grade and maximal in GBM (El
Andaloussi and Lesniak, 2006). The depletion of Treg in models of
malignant brain tumors extends survival and ameliorates disease,
depending on timing, tumor size, and dosage of the depleting
agent. Given the constitutively high expression of certain mole-
cules on the Treg cell surface (i.e., CTLA-4, GITR, and CD25),
depleting, and/or neutralizing these cells with CTLA-4-, GITR-,
and CD25-mAbs is an attractive therapeutic modality. However,
these approaches tend to have many side-effects, additional targets
(i.e., Tcand Tconv), as well as a relatively high degree of toxicity to
patients. Thus, additional approaches are needed to address these
concerns.

Recent identification of Treg in brain tumors as predomi-
nantly arising from a thymus-derived origin (Wainwright et al.,
2011) may enlighten future investigation with regard to delin-
eating antigen specificity, clonality of this cellular pool, as well
as epigenetic programing (given the high stability of nTreg rel-
ative to iTreg). If it is found that the tumor-infiltrating nTreg
are primarily clonal in nature and therefore, expand from few
Treg progenitors, antigen-specific therapies may have a higher
chance of becoming highly effective, given the smaller TCR reper-
toire that will be required to target against. However, if it is
determined that Treg in GBM arise from a more heterogenous
population, and therefore originating from a high amount of
TCR-distinct clones, then an antigen-specific therapy for depleting
Treg may be a less attractive approach, given the potentially enor-
mous amount of variation between Treg in tumors, as well as the
additional variation that may arise between individuals. Regard-
less of either outcome, the TCR repertoire in GBM-infiltrating
Treg is currently unknown and therefore an important future
research endeavor to pursue. It is equally important to keep in
mind that nTreg depletion via TCR-specific targeting may lead to
more effective tumor rejection, while simultaneously increasing
bystander damage to CNS-resident astrocytes (and any other cells
co-expressing the TCR-specific peptide/MHC II complex that the
Treg is reactive to). Theoretically, this would be due to the loss
of Treg-mediated tolerance against astrocytes. However, the over-
all risk due to the loss of dominant tolerance to a single antigen
is likely to play a minimal role in causing autoimmune pathol-
ogy, since nTreg are likely to react with many astrocyte-specific
antigens.

The recent finding that nTreg accumulation in brain tumors is
dependent on the expression of IDO represents an exciting new
direction for Treg research in neuro-oncology. IDO is an attractive
target for therapeutic consideration given its minimal expression
in normal CNS-resident neurons and glia, versus its high expres-
sion in GBM. It is important to appreciate that in vitro-cultured
GBM cells express negligible IDO levels normally (Miyazaki et al.,
2009). In contrast, the exposure of pro-inflammatory cytokines,
such as IFN-y, rapidly induces IDO expression and tryptophan
catabolic activity in GBM cells, in vitro. However, whether this sim-
ple induction of IDO, in vitro, fully reflects the pro-tumorigenic
activity, in vivo, is doubtful, given that this enzyme also possesses
the ability to regulate downstream signaling events. Moreover, our
recent observation demonstrating IDO promoting gliomagenesis
by increasing the recruitment of Treg to brain tumors (Wainwright
et al., 2012) must be interpreted carefully. This observation was
based on the orthotopic GL261 cell-based model whereby shRNA
was used to permanently knockdown IDO expression in implanted
tumors. However, by virtue of intracranial implantation, the BBB
was temporarily disrupted at a time that inflammation was ectopi-
cally induced. This inflammation is likely to have co-induced
the upregulation of damage associated molecular pattern recep-
tors (DAMP) and downstream signaling cascades (Topfer et al.,
2011), as well as a presumed release of CNS-resident antigen to
the cervical draining lymph nodes. This collective action may
have contributed to an artificially induced anti-tumor response
that aided brain tumor rejection in the absence of IDO expres-
sion. Although we did verify a decreased level of glioma-resident
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Table 2 | Ongoing clinical trials using 1-MT as an adjuvant immunotherapy.

Title Status Identifier Goal

IDO inhibitory study for relapsed or Terminated NCT00739609 Determine the safety and efficacy of D1-MT in patients

refractory solid tumors (D1-MT) with recurrent or refractory solid tumors. Establish the
toxicities of D1-MT and define any dose-limiting toxicities.

D1-MT in treating patients with Recruiting NCT00567931 Phase | trial to study effects and best dose of D1-MT in

metastatic or refractory solid tumors patients treating patients with metastatic or refractory solid

that cannot be removed by surgery tumors that cannot be removed by surgery.

D1-MT and Docetaxel in treating Recruiting NCTO01191216 Phase | trial to study the effects and best dose for giving

patients with metastatic solid tumors patients D1-MT and Docetaxel together in treating patients with
metastatic solid tumors.

Vaccine therapy in treating patients Recruiting NCT01042535 Randomized Phase I/Il trial to study the side-effects and

with metastatic breast cancer patients best dose of giving vaccine therapy and to assess the
effectiveness in treating patients with metastatic breast
cancer.

Study of chemotherapy in combination Ongoing, not NCT01792050 To compare the effects, good and/or bad, of standard of

with IDO inhibitor in metastatic breast recruiting care therapy (Docetaxel) with or without the

cancer patients co-administration of D1-MT.

Phase Il study of Sipuleucel-T and Recruiting NCT01560923 Randomized Phase I, double blind, multi-institutional

Indoximod for patients with refractory patients study of Indoximod or placebo after the completion of

metastatic prostate cancer

standard of care Sipuleucel-T in men with asymptomatic
or minimally symptomatic metastatic prostate cancer
that is hormone refractory.

Treg in the GFAP:(12)V-Ha-Ras transgenic glioma model (Shan-
non et al,, 2005) that was backcrossed to a globally IDO~/~
background, this did not distinguish the contribution of glioma-
expressed- and peripherally expressed-IDO to CNS-resident Treg.
To better understand the role of IDO in brain tumors under
normal conditions, we have now created a transgenic model of
glioma that is selectively deficient for IDO only in cells capa-
ble of forming astrocytoma by backcrossing a tamoxifen-induced
GFAP-Cre driven high grade astrocytoma mouse model (Chow
et al., 2011) with floxed IDO mice. This new mouse model
will allow us to study the contributions of tumor-derived ver-
sus peripheral sources of IDO with regard to Treg recruitment,
the anti-tumor immune response, as well as overall impact on
survival.

Aside from IDO1, IDO2, and TDO are also tryptophan cata-
bolic molecules co-expressed by glioma. Coincidently, the upreg-
ulation of TDO in glioma is strongly associated with decreased
overall survival in patients (Opitz et al., 2011). However, the roles
of IDO2 and TDO in the regulation of Treg recruitment to glioma
has yet to be investigated. It is interesting that clinical trials cur-
rently investigating IDO inhibitors as an adjuvant immunotherapy
are currently utilizing D1-MT (Table 2), which inhibits IDO2,

rather than IDO1 (Lob et al., 2009). However, this finding is
controversial, since a separate study found that L1-MT, rather than
D1-MT, is a better inhibitor of IDO2 tryptophan catabolic activ-
ity (Qian et al,, 2012). Regardless, it was also shown that even
in the presence of a high concentration of 1-MT, IDO2-induced
T cell proliferative growth arrest could not be inhibited. Collec-
tively, these data suggest that, in addition to IDO1,IDO2 and TDO
may also be high-impact targets for investigating their contribu-
tion to modulating Treg levels, as well as overall future therapeutic
possibilities for glioma patients.

In summary, we highlight Treg as critical cells involved in
suppressing the anti-glioma immune response. This mecha-
nism involves the co-inhibitory ligand CTLA-4, is therapeutically
modulated with Treg-depleting CD25 mAb and Treg function-
modulating GITR agonistic mAb. We also highlight the trypto-
phan catabolizing enzyme, IDOI, as a critical modulator of Treg
recruitment and/or expansion to/within the glioma, as well as raise
the possibility that enzymes with similar catabolic activity, IDO2
and TDO, may be attractive future targets for immunotherapeutic
consideration. With these insights in mind, Treg immunomodu-
lation as a means to increase GBM immunogenicity appears to be
a rapidly developing approach.

REFERENCES and gamma interferon-mediated
Adams, O., Besken, K. Ober- antiviral effects against herpes
dorfer, C., Mackenzie, C. R, simplex virus infections. J. Virol. 78,

Takikawa, O., and Daubener, W.
(2004). Role of
2,3-dioxygenase  in

indoleamine-
alpha/beta

2632-2636.
Agarwalla, P,, Barnard, Z., Fecci, P., Dra-
noff, G., and Curry, W. T. Jr. (2012).

Sequential immunotherapy by vac-
cination with GM-CSF-expressing
glioma cells and CTLA-4 blockade
effectively treats established murine
intracranial tumors. J. Immunother.
35, 385-389.

Allan, S. E., Passerini, L., Bacchetta, R.,
Crellin, N., Dai, M., Orban, P. C,, et
al. (2005). The role of 2 FOXP3 iso-
forms in the generation of human
CD4+ Tregs. J. Clin. Invest. 115,
3276-3284.

Frontiers in Immunology | Immunological Tolerance

May 2013 | Volume 4 | Article 116 | 12


http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive

Wainwright et al.

Tregs in malignant glioma

Ansell, S. M., Tang, H., Kurtin, P.
J., Koenig, P. A., Nowakowski, G.
S., Nikcevich, D. A., et al. (2012).
Denileukin diftitox in combina-
tion with rituximab for previ-
ously untreated follicular B-cell non-
Hodgkin’s lymphoma. Leukemia 26,
1046-1052.

Attia, P, Maker, A. V., Haworth, L.
R., Rogers-Freezer, L., and Rosen-
berg, S. A. (2005a). Inability of a
fusion protein of IL-2 and diph-
theria toxin (Denileukin Diftitox,
DAB389IL-2, ONTAK) to eliminate
regulatory T lymphocytes in patients
with melanoma. J. Immunother. 28,
582-592.

Attia, P, Phan, G. Q., Maker, A. V,
Robinson, M. R., Quezado, M.
M., Yang, J. C., et al. (2005b).
Autoimmunity  correlates  with
tumor regression in patients with
metastatic ~ melanoma  treated
with anti-cytotoxic T-lymphocyte
antigen-4. J. Clin. Oncol. 23,
6043-6053.

Banissi, C., Ghiringhelli, F.,, Chen, L.,
and Carpentier, A. E. (2009). Treg
depletion with a low-dose metro-
nomic temozolomide regimen in a
rat glioma model. Cancer Immunol.
Immunother. 58, 1627-1634.

Basu, G. D,, Tinder, T. L., Bradley, J.
M., Tu, T., Hattrup, C. L., Pockaj, B.
A., et al. (2006). Cyclooxygenase-2
inhibitor enhances the efficacy of a
breast cancer vaccine: role of IDO. J.
Immunol. 177,2391-2402.

Bennett, C. L., Christie, J., Rams-
dell, E, Brunkow, M. E., Ferguson,
P. J., Whitesell, L., et al. (2001).
The immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked
syndrome (IPEX) is caused by muta-
tions of FOXP3. Nat. Genet. 27,
20-21.

Berd, D., Maguire, H. C. Jr., Mccue, P.,
and Mastrangelo, M. J. (1990). Treat-
ment of metastatic melanoma with
an autologous tumor-cell vaccine:
clinical and immunologic results
in 64 patients. J. Clin. Oncol. 8,
1858-1867.

Bilate, A. M., and Lafaille, J. J. (2012).
Induced CD4+Foxp3+ regulatory
T cells in immune tolerance. Annu.
Rev. Immunol. 30, 733-758.

Bill, M. A., Fuchs, J. R, Li, C., Yui,
J., Bakan, C., Benson, D. M. Jr., et
al. (2010). The small molecule cur-
cumin analog FLLL32 induces apop-
tosis in melanoma cells via STAT3
inhibition and retains the cellular
response to cytokines with anti-
tumor activity. Mol. Cancer 9, 165.

Blatner, N. R., Mulcahy, M. E, Den-
nis, K. L., Scholtens, D., Bentrem,
D. J., Phillips, J. D., et al. (2012).

Expression of RORgammat marks a
pathogenic regulatory T cell subset
in human colon cancer. Sci. Transl.
Med. 4, 164ral59.

Bot, I., Blank, C. U., Boogerd, W., and
Brandsma, D. (2013). Neurological
immune-related adverse events of
ipilimumab. Pract. Neurol. PMID:
23487828. [Epub ahead of print].

Braun, D., Longman, R. S., and Albert,
M. L. (2005). A two-step induc-
tion of indoleamine 2,3 dioxygenase
(IDO) activity during dendritic-cell
maturation. Blood 106, 2375-2381.

Burke, F, Knowles, R. G., East, N.,
and Balkwill, E. R. (1995). The role
of indoleamine 2,3-dioxygenase in
the anti-tumour activity of human
interferon-gamma in vivo. Int. J.
Cancer 60, 115-122.

Burton, J. H., Mitchell, L., Thamm,
D. H.,, Dow, S. W.,, and Biller,
B. J. (2011). Low-dose cyclophos-
phamide selectively decreases regu-
latory T cells and inhibits angiogen-
esis in dogs with soft tissue sarcoma.
J. Vet. Intern. Med. 25, 920-926.

Carlin, J. M., Borden, E. C., Son-
del, P. M, and Byrne, G. L
(1987). Biologic-response-
modifier-induced indoleamine

2,3-dioxygenase activity in human

peripheral blood mononuclear
cell cultures. J. Immunol. 139,
2414-2418.

Carlin, J. M., Borden, E. C., Sondel,
P. M., and Byrne, G. I. (1989).
Interferon-induced  indoleamine
2,3-dioxygenase activity in human
mononuclear phagocytes. J. Leukoc.
Biol. 45,29-34.

Casares, N., Rudilla, F, Arribillaga, L.,
Llopiz, D., Riezu-Boj, J. 1., Lozano,
T., et al. (2010). A peptide inhibitor
of FOXP3 impairs regulatory T
cell activity and improves vaccine
efficacy in mice. J. Immunol. 185,
5150-5159.

Chow, L. M., Endersby, R., Zhu, X,
Rankin, S., Qu, C., Zhang, J., et
al. (2011). Cooperativity within and
among Pten, p53, and Rb pathways
induces high-grade astrocytoma in
adultbrain. Cancer Cell 19, 305-316.

Cohen, A. D., Schaer, D. A., Liu, C.,
Li, Y., Hirschhorn-Cymmerman, D.,
Kim, S. C, et al. (2010). Ago-
nist anti-GITR monoclonal anti-
body induces melanoma tumor
immunity in mice by altering regula-
tory T cell stability and intra-tumor
accumulation. PLoS ONE 5:¢10436.
doi:10.1371/journal.pone.0010436

Crane, C. A., Ahn, B. J., Han, S.
J., and Parsa, A. T. (2012). Solu-
ble factors secreted by glioblastoma
cell lines facilitate recruitment, sur-
vival, and expansion of regulatory T

cells: implications for immunother-
apy. Neuro-oncology 14, 584-595.

Curiel, T.J., Coukos, G., Zou, L., Alvarez,
X., Cheng, P, Mottram, P., et al.
(2004). Specific recruitment of reg-
ulatory T cells in ovarian carcinoma
fosters immune privilege and pre-
dicts reduced survival. Nat. Med. 10,
942-949.

Curotto de Lafaille, M. A., and Lafaille,
J. J. (2009). Natural and adaptive
foxp3+ regulatory T cells: more of
the same or a division of labor?
Immunity 30, 626—635.

Curtin, J. F, Candolfi, M., Fakhouri,
T. M,, Liu, C., Alden, A., Edwards,
M., et al. (2008). Treg deple-
tion inhibits efficacy of cancer
immunotherapy: implications for
clinical trials. PLoS ONE 3:e1983.
doi:10.1371/journal.pone.0001983

Dannull, J., Su, Z., Rizzieri, D., Yang,
B. K., Coleman, D., Yancey, D., et
al. (2005). Enhancement of vaccine-
mediated antitumor immunity in
cancer patients after depletion of
regulatory T cells. J. Clin. Invest. 115,
3623-3633.

Davies, M. N., Bayry, J., Tchilian,
E. Z., Vani, J, Shaila, M. S,
Forbes, E. K., et al. (2009). Toward
the discovery of vaccine adju-
vants: coupling in silico screening
and in vitro analysis of antago-
nist binding to human and mouse
CCR4 receptors. PLoS ONE 4:¢8084.
doi:10.1371/journal.pone.0008084

deLeeuw, R. J., Kost, S. E., Kakal, J.

A., and Nelson, B. H. (2012). The

prognostic value of FoxP34 tumor-

infiltrating lymphocytes in cancer: a

critical review of the literature. Clin.

Cancer Res. 18, 3022-3029.

Andaloussi, A., Han, Y., and Les-

niak, M. S. (2006). Prolongation

of survival following depletion of

CD4+4-CD25+ regulatory T cells

in mice with experimental brain

tumors. J. Neurosurg. 105, 430—-437.

Andaloussi, A., and Lesniak,

M. S. (2006). An increase in

CD4+4-CD254FOXP34 regulatory

T cells in tumor-infiltrating lym-

phocytes of human glioblastoma

multiforme.  Neuro-oncology 8,

234-243.

El Andaloussi, A., and Lesniak, M. S.
(2007). CD4+ CD25+ FoxP3+ T-
cellinfiltration and heme oxygenase-
1 expression correlate with tumor
grade in human gliomas. J. Neuroon-
col. 83,145-152.

Fallarino, E, Asselin-Paturel, C., Vacca,
C., Bianchi, R., Gizzi, S., Fioretti,
M. C, et al. (2004). Murine plas-
macytoid dendritic cells initiate
the immunosuppressive pathway of
tryptophan catabolism in response

E

El

=

to CD200 receptor engagement. J.
Immunol. 173, 3748-3754.

Fallarino, F., Grohmann, U., Hwang, K.
W., Orabona, C., Vacca, C., Bianchi,
R.,etal. (2003). Modulation of tryp-
tophan catabolism by regulatory T
cells. Nat. Immunol. 4,1206-1212.

Fecci, P. E., Mitchell, D. A., White-
sides, J. E, Xie, W., Friedman, A.
H., Archer, G. E., et al. (2006a).
Increased regulatory T-cell fraction
amidst a diminished CD4 com-
partment explains cellular immune
defects in patients with malignant
glioma. Cancer Res. 66, 3294-3302.

Fecci, P. E., Sweeney, A. E., Grossi, P.
M., Nair, S. K., Learn, C. A., Mitchell,
D. A, et al. (2006b). Systemic anti-
CD25 monoclonal antibody admin-
istration safely enhances immunity
in murine glioma without eliminat-
ing regulatory T cells. Clin. Cancer
Res. 12, 4294-4305.

Fecci, P. E., Ochiai, H., Mitchell, D.
A., Grossi, P. M., Sweeney, A. E.,,
Archer, G. E., et al. (2007). Sys-
temic CTLA-4 blockade amelio-
rates glioma-induced changes to the
CD4+ T cell compartment without
affecting regulatory T-cell function.
Clin. Cancer Res. 13,2158-2167.

Floess, S., Freyer, J., Siewert, C,
Baron, U., Olek, S., Polansky, J.,
et al. (2007). Epigenetic control
of the foxp3 locus in regula-
tory T cells. PLoS Biol. 5:e38.
doi:10.1371/journal.pbio.0050038

Fong, B., Jin, R., Wang, X., Safaee, M.,
Lisiero, D. N., Yang, L, et al. (2012).
Monitoring of regulatory T cell fre-
quencies and expression of CTLA-
4 on T cells, before and after DC
vaccination, can predict survival in
GBM patients. PLoS ONE 7:€32614.
doi:10.1371/journal.pone.0032614

Fontenot, J. D., Gavin, M. A., and
Rudensky, A. Y. (2003). Foxp3 pro-
grams the development and func-
tion of CD4+CD25+ regulatory T
cells. Nat. Immunol. 4, 330-336.

Friberg, M., Jennings, R., Alsarraj,
M., Dessureault, S., Cantor, A.,
Extermann, M., et al. (2002).
Indoleamine 2,3-dioxygenase con-
tributes to tumor cell evasion of T
cell-mediated rejection. Int. ]. Can-
cer 101, 151-155.

Fujigaki, H., Saito, K., Lin, E, Fujigaki,
S., Takahashi, K., Martin, B. M, et al.
(2006). Nitration and inactivation of
IDO by peroxynitrite. J. Immunol.
176, 372-379.

Ge, Y., Domschke, C., Stoiber, N.,
Schott, S., Heil, J.,, Rom, J., et
al. (2012). Metronomic cyclophos-
phamide treatment in metastasized
breast cancer patients: immunolog-
ical effects and clinical outcome.

www.frontiersin.org

May 2013 | Volume 4 | Article 116 | 13


http://dx.doi.org/10.1371/journal.pone.0010436
http://dx.doi.org/10.1371/journal.pone.0001983
http://dx.doi.org/10.1371/journal.pone.0008084
http://dx.doi.org/10.1371/journal.pbio.0050038
http://dx.doi.org/10.1371/journal.pone.0032614
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive

Wainwright et al.

Tregs in malignant glioma

Cancer Immunol. Immunother. 61,
353-362.

Germain, R. N. (2002). T-cell devel-
opment and the CD4-CD8 lin-
eage decision. Nat. Rev. Immunol. 2,
309-322.

Gounaris, E., Blatner, N. R., Den-
nis, K., Magnusson, E, Gurish, M.
E, Strom, T. B., et al. (2009). T-
regulatory cells shift from a protec-
tive anti-inflammatory to a cancer-
promoting proinflammatory phe-
notype in polyposis. Cancer Res. 69,
5490-5497.

Grant, R.,and Kapoor, V. (2003). Inhibi-
tion of indoleamine 2,3-dioxygenase
activity in IFN-gamma stimulated
astroglioma cells decreases intracel-
lular NAD levels. Biochem. Pharma-
col. 66, 1033-1036.

Grant, R. S., Naif, H., Espinosa, M., and
Kapoor, V. (2000). IDO induction
in IFN-gamma activated astroglia: a
role in improving cell viability dur-
ing oxidative stress. Redox Rep. 5,
101-104.

Grauer, O. M., Nierkens, S., Bennink,
E., Toonen, L. W., Boon, L., Wessel-
ing, P,, et al. (2007). CD4+FoxP3+
regulatory T cells gradually accumu-
late in gliomas during tumor growth
and efficiently suppress antiglioma
immune responses in vivo. Int. J.
Cancer 121, 95-105.

Grauer, O. M., Sutmuller, R. P,, Van
Maren, W., Jacobs, J. E, Ben-
nink, E., Toonen, L. W, et al
(2008). Elimination of regulatory
T cells is essential for an effec-
tive vaccination with tumor lysate-
pulsed dendritic cells in a murine
glioma model. Int. J. Cancer 122,
1794-1802.

Grohmann, U., Fallarino, F, Bianchi,
R., Belladonna, M. L., Vacca, C.,
Orabona, C., et al. (2001). IL-6
inhibits the tolerogenic function of
CD8 alpha+ dendritic cells express-
ing indoleamine 2,3-dioxygenase. J.
Immunol. 167,708-714.

Haribhai, D., Williams, J. B., Jia, S., Nick-
erson, D., Schmitt, E. G., Edwards,
B., et al. (2011). A requisite role
for induced regulatory T cells in
tolerance based on expanding anti-
gen receptor diversity. Immunity 35,
109-122.

Hatiboglu, M. A., Kong, L. Y., Wei, J.,
Wang, Y., Mcenery, K. A., Fuller,
G. N, et al. (2012). The tumor
microenvironment expression of p-
STAT3 influences the efficacy of
cyclophosphamide with WP1066 in
murine melanoma models. Int. J.
Cancer 131, 8-17.

Hayaishi, O., Hirata, E, Fujiwara, M.,
Senoh, S., and Tokuyama, T. (1975).
Indoleamine 2,3-dioxygenase. Note

II. Biological function. Acta Vita-
minol Enzymol 29, 291-293.

Hayaishi, O., and Yoshida, R. (1978).
Specific induction of pulmonary
indoleamine 2,3-dioxygenase by
bacterial lipopolysaccharide. Ciba
Found. Symp. 65,199-203.

Heimberger, A. B., Abou-Ghazal, M.,
Reina-Ortiz, C., Yang, D. S., Sun,
W., Qiao, W, et al. (2008a). Inci-
dence and prognostic impact of
FoxP3+ regulatory T cells in human
gliomas. Clin. Cancer Res. 14,
5166-5172.

Heimberger, A. B., Sun, W., Hussain,
S. E, Dey, M., Crutcher, L., Aldape,
K., et al. (2008b). Immunologi-
cal responses in a patient with
glioblastoma multiforme treated
with sequential courses of temo-
zolomide and immunotherapy: case
study. Neuro-oncology 10, 98-103.

Hindley, J. P, Ferreira, C., Jones, E.,
Lauder, S. N., Ladell, K., Wynn,
K. K, et al. (2011). Analysis of
the T-cell receptor repertoires of
tumor-infiltrating conventional and
regulatory T cells reveals no evi-
dence for conversion in carcinogen-
induced tumors. Cancer Res. 71,
736-746.

Hirata, F, Nomiyama, S., and Hayaishi,

O. (1975). Indoleamine 2,3-
dioxygenase. Note I. Catalytic
and molecular properties. Acta

Vitaminol. Enzymol. 29, 288-290.

Hirata, F, Ohnishi, T., and Hayaishi,
0. (1977). 2,3-
dioxygenase. Characterization and
properties of enzyme. O2-complex.
J. Biol. Chem. 252, 4637-4642.

Hirschhorn-Cymerman, D., Rizzuto, G.
A., Merghoub, T., Cohen, A. D.,
Avogadri, E, Lesokhin, A. M., et
al. (2009). OX40 engagement and
chemotherapy combination pro-
vides potent antitumor immunity
with concomitant regulatory T
cell apoptosis. J. Exp. Med. 206,
1103-1116.

Hori, S., Nomura, T., and Sakaguchi,
S. (2003). Control of regulatory
T cell development by the tran-
scription factor Foxp3. Science 299,
1057-1061.

Horwitz, D. A., Zheng, S. G., and Gray,
J. D. (2008). Natural and TGEF-
beta-induced ~ Foxp3(+)CD4(+)
CD25(+) regulatory T cells are not
mirror images of each other. Trends
Immunol. 29, 429-435.

Hotfilder, M., Knupfer, H.,
Mohlenkamp, G., Pennekamp,
P, Knupfers, M., Van Gool, S,
et al. (2000). Interferon-gamma
increases IL-6 production in human
glioblastoma cell lines. Anticancer
Res. 20, 4445-4450.

Indoleamine

Hou, D. Y., Muller, A. J., Sharma, M.
D.,Duhadaway, J., Banerjee, T., John-
son, M., et al. (2007). Inhibition
of indoleamine 2,3-dioxygenase in
dendritic cells by stereoisomers of 1-
methyl-tryptophan correlates with
antitumor responses. Cancer Res. 67,
792-801.

Hsieh, C. S., Liang, Y., Tyznik, A. J., Self,
S. G., Liggitt, D., and Rudensky, A. Y.
(2004). Recognition of the periph-
eral self by naturally arising CD25+
CD4+4T cell receptors. Immunity 21,
267-277.

Hsieh, C. S., Zheng, Y., Liang, Y.,
Fontenot, J. D., and Rudensky, A. Y.
(2006). An intersection between the
self-reactive regulatory and nonreg-
ulatory T cell receptor repertoires.
Nat. Immunol. 7,401-410.

Huijts, C. M., Santegoets, S. J., Van
Den Eertwegh, A. J., Pijpers, L.
S., Haanen, J. B., De Gruijl, T.
D., et al. (2011). Phase I-II study
of everolimus and low-dose oral
cyclophosphamide in patients with
metastatic renal cell cancer. BMC
Cancer 11:505. doi:10.1186/1471-
2407-11-505

Hwu, P, Du, M. X, Lapointe, R,
Do, M., Taylor, M. W., and Young,
H. A. (2000). Indoleamine 2,3-
dioxygenase production by human
dendritic cells results in the inhi-
bition of T cell proliferation. J.
Immunol. 164, 3596—-3599.

Jacobs, J. E, Idema, A. J., Bol, K. E,
Grotenhuis, J. A., De Vries, . J., Wes-
seling, P, et al. (2010). Prognostic
significance and mechanism of Treg
infiltration in human brain tumors.
J. Neuroimmunol. 225, 195-199.

Jordan, J. T., Sun, W., Hussain, S. E,
Deangulo, G., Prabhu, S. S., and
Heimberger, A. B. (2008). Prefer-
ential migration of regulatory T
cells mediated by glioma-secreted
chemokines can be blocked with
chemotherapy. Cancer Immunol.
Immunother. 57, 123-131.

Josefowicz, S. Z., and Rudensky, A.
(2009). Control of regulatory T cell
lineage commitment and mainte-
nance. Immunity 30, 616-625.

Kaminska, B., Kocyk, M., and Kijewska,
M. (2013). TGF beta signaling and
its role in glioma pathogenesis. Adv.
Exp. Med. Biol. 986, 171-187.

Kim, T. G., Kim, C. H,, Park, J. S,
Park, S. D., Kim, C. K., Chung, D. S,
et al. (2010). Immunological factors
relating to the antitumor effect of
temozolomide chemoimmunother-
apy in a murine glioma model. Clin.
Vaccine Immunol. 17, 143-153.

Kinjyo, I., Inoue, H., Hamano, S,
Fukuyama, S., Yoshimura, T., Koga,
K., et al. (2006). Loss of SOCS3 in

T helper cells resulted in reduced
immune responses and hyperpro-
duction of interleukin 10 and trans-
forming growth factor-beta 1. J. Exp.
Med. 203,1021-1031.

Kjaergaard, J., Tanaka, J., Kim, J. A.,
Rothchild, K., Weinberg, A., and
Shu, S. (2000). Therapeutic effi-
cacy of OX-40 receptor antibody
depends on tumor immunogenicity
and anatomic site of tumor growth.
Cancer Res. 60, 5514-5521.

Kjaergaard, J., Wang, L. X., Kuriyama,
H., Shu, S., and Plautz, G. E. (2005).
Active immunotherapy for advanced
intracranial murine tumors by using
dendritic cell-tumor cell fusion vac-
cines. J. Neurosurg. 103, 156—-164.

Ko, K., Yamazaki, S., Nakamura, K.,
Nishioka, T., Hirota, K. Yam-
aguchi, T., et al. (2005). Treatment
of advanced tumors with ago-
nistic anti-GITR mAb and its
effects  on  tumor-infiltrating
Foxp3+CD25+CD4+ regulatory T
cells. J. Exp. Med. 202, 885-891.

Kocher, M., Kunze, S., Eich, H. T., Sem-
rau, R., and Muller, R. P. (2005).
Efficacy and toxicity of postopera-
tive temozolomide radiochemother-
apy in malignant glioma. Strahlen-
ther. Onkol. 181, 157-163.

Kong, L. Y., Wei, J., Sharma, A. K,
Barr, J., Abou-Ghazal, M. K., Fokt,
I, et al. (2009). A novel phospho-
rylated STAT3 inhibitor enhances T
cell cytotoxicity against melanoma
through inhibition of regulatory T
cells. Cancer Immunol. Immunother.
58,1023-1032.

Kortylewski, M., Kujawski, M., Wang,
T., Wei, S., Zhang, S., Pilon-Thomas,
S., et al. (2005). Inhibiting Stat3 sig-
naling in the hematopoietic system
elicits multicomponent antitumor
immunity. Nat. Med. 11, 1314-1321.

Kreitman, R. J, Wilson, W. H.,
White, J. D., Stetler-Stevenson, M.,
Jaffe, E. S., Giardina, S., et al.
(2000). Phase I trial of recom-
binant immunotoxin anti-Tac(Fv)-
PE38 (LMB-2) in patients with
hematologic malignancies. J. Clin.
Oncol. 18, 1622-1636.

Langroudi, L., Hassan, Z. M., Ebtekar,
M., Mahdavi, M., Pakravan, N., and
Noori, S. (2010). A comparison of
low-dose cyclophosphamide treat-
ment with artemisinin treatment
in reducing the number of regula-
tory T cells in murine breast cancer
model. Int. Immunopharmacol. 10,
1055-1061.

Lanzetta, G., Campanella, C., Rozzi, A.,
Nappa, M., Costa, A., Fedele, E, et
al. (2003). Temozolomide in radio-
chemotherapy combined treatment
for newly-diagnosed glioblastoma

Frontiers in Immunology | Immunological Tolerance

May 2013 | Volume 4 | Article 116 | 14


http://dx.doi.org/10.1186/1471-2407-11-505
http://dx.doi.org/10.1186/1471-2407-11-505
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive

Wainwright et al.

Tregs in malignant glioma

multiforme: phase II clinical trial.
Anticancer Res. 23, 5159-5164.

Liu, E, Cao, J., Wu, J., Sullivan, K.,
Shen, J., Ryu, B., et al. (2013). Stat3-
Targeted Therapies Overcome the
Acquired Resistance to Vemurafenib
in Melanomas. J. Invest. Derma-
tol. doi:10.1038/jid.2013.32. [Epub
ahead of print].

Liu, H., Xue, Z. T, Sjogren, H.
0., Salford, L. G., and Widegren,
B. (2007a). Low dose Zebularine
treatment enhances immunogenic-
ity of tumor cells. Cancer Lett. 257,
107-115.

Liu, V. C., Wong, L. Y,, Jang, T., Shah, A.
H., Park, L, Yang, X., et al. (2007b).
Tumor evasion of the immune sys-
tem by converting CD4+CD25— T
cellsinto CD4+CD25+ T regulatory
cells: role of tumor-derived TGF-
beta. J. Immunol. 178, 2883-2892.

Lob, S., Konigsrainer, A., Zieker, D.,
Brucher, B. L., Rammensee, H. G.,
Opelz, G., et al. (2009). IDO1
and IDO2 are expressed in human
tumors: levo-but not dextro-1-
methyl tryptophan inhibits trypto-
phan catabolism. Cancer Immunol.
Immunother. 58, 153-157.

Maes, W., Rosas, G. G., Verbinnen,
B., Boon, L., De Vleeschouwer, S.,
Ceuppens, J. L., et al. (2009). DC
vaccination with anti-CD25 treat-
ment leads to long-term immunity
against experimental glioma. Neuro-
oncology 11, 529-542.

Mahnke, K., Schonfeld, K., Fondel, S.,
Ring, S., Karakhanova, S., Wiede-
meyer, K., et al. (2007). Depletion
of CD44-CD25+ human regulatory
T cells in vivo: kinetics of Treg
depletion and alterations in immune
functions in vivo and in vitro. Int. J.
Cancer 120, 2723-2733.

Mailloux, A. W,, and Young, M. R.
(2010). Regulatory T-cell trafficking:
from thymic development to tumor-
induced immune suppression. Crit.
Rev. Immunol. 30, 435-447.

Maker, A. V., Phan, G. Q., Attia,
P, Yang, J. C, Sherry, R. M,
Topalian, S. L., et al. (2005).
Tumor regression and autoimmu-
nity in patients treated with cyto-
toxic T lymphocyte-associated anti-
gen 4 blockade and interleukin 2: a
phase I/IT study. Ann. Surg. Oncol. 12,
1005-1016.

Malchow, S., Leventhal, D. S., Nishi, S.,
Fischer, B. 1., Shen, L., Paner, G. P,
etal. (2013). Aire-dependent thymic
development of tumor-associated
regulatory T cells. Science 339,
1219-1224.

Mathew, M., Tam, M., Ott, P. A., Pavlick,
A. C, Rush, S. C, Donahue, B.
R., et al. (2013). Ipilimumab in

melanoma with limited brain metas-
tases treated with stereotactic radio-
surgery. Melanoma Res. 23,191-195.

McCoy, K. D., and Le Gros, G. (1999).
The role of CTLA-4 in the regu-
lation of T cell immune responses.
Immunol. Cell Biol. 77, 1-10.

Medina-Echeverz, J., Fioravanti, J.,
Zabala, M., Ardaiz, N., Prieto, J.,
and Berraondo, P. (2011). Success-
ful colon cancer eradication after
chemoimmunotherapy is associated
with profound phenotypic change
of intratumoral myeloid cells. J.
Immunol. 186, 807-815.

Mellor, A. L., Keskin, D. B., John-
son, T., Chandler, P, and Munn,
D. H. (2002). Cells expressing
indoleamine 2,3-dioxygenase inhibit
T cell responses. J. Immunol. 168,
3771-3776.

Mezrich, J. D., Fechner, J. H., Zhang,
X., Johnson, B. P, Burlingham, W. J.,
and Bradfield, C. A. (2010). An inter-
action between kynurenine and the
aryl hydrocarbon receptor can gen-
erate regulatory T cells. J. Immmunol.
185, 3190-3198.

Miller, A. M., Lundberg, K., Ozenci,
V., Banham, A. H., Hellstrom, M.,
Egevad, L., etal. (2006). CD4+CD25
high T cells are enriched in the
tumor and peripheral blood of
prostate cancer patients. J. Immmunol.
177, 7398-7405.

Mitchell, D. A., Cui, X., Schmittling, R.
J., Sanchez-Perez, L., Snyder, D. J.,
Congdon, K. L., et al. (2011). Mon-
oclonal antibody blockade of IL-2
receptor alpha during lymphopenia
selectively depletes regulatory T cells
in mice and humans. Blood 118,
3003-3012.

Mitchell, L., Thamm, D. H., and Biller, B.
J. (2012). Clinical and immunomod-
ulatory effects of toceranib com-
bined with low-dose cyclophos-
phamide in dogs with cancer. J. Vet.
Intern. Med. 26, 355-362.

Mitsuka, K., Kawataki, T., Satoh, E.,
Asahara, T., Horikoshi, T., and
Kinouchi, H. (2013). Expression
of Indoleamine 2,3-dioxygenase
and Correlation with Pathological
Malignancy in Gliomas. Neuro-
surgery. PMID: 23426156. [Epub
ahead of print].

Miyazaki, T., Moritake, K., Yamada,
K., Hara, N., Osago, H., Shibata,
T., et al. (2009). Indoleamine 2,3-
dioxygenase as a new target for
malignant glioma therapy. Labora-
tory investigation. J. Neurosurg. 111,
230-237.

Mkrtichyan, M., Najjar, Y. G., Raulfs,
E. C, Abdalla, M. Y., Samara,
R, Rotem-Yehudar, R, et al
(2011). Anti-PD-1 synergizes with

cyclophosphamide to induce potent
anti-tumor vaccine effects through
novel mechanisms. Eur. J. Immunol.
41, 2977-2986.

Munn, D. H., Sharma, M. D., Hou,
D., Baban, B., Lee, J. R., Anto-
nia, S. J., et al. (2004). Expres-
sion of indoleamine 2,3-dioxygenase
by plasmacytoid dendritic cells in
tumor-draining lymph nodes. J.
Clin. Invest. 114, 280-290.

Nagasawa, D. T., Chow, E, Yew, A., Kim,
W., Cremer, N., and Yang, 1. (2012).
Temozolomide and other potential
agents for the treatment of glioblas-
toma multiforme. Neurosurg. Clin.
N. Am. 23,307-322.

Nair, S., Boczkowski, D., Fassnacht, M.,
Pisetsky, D., and Gilboa, E. (2007).
Vaccination against the forkhead
family transcription factor Foxp3
enhances tumor immunity. Cancer
Res. 67, 371-380.

Nakahara, T., Uchi, H., Lesokhin,
A. M., Avogadri, E, Rizzuto, G.
A., Hirschhorn-Cymerman, D.,
et al. (2010). Cyclophosphamide
enhances immunity by modulating
the balance of dendritic cell subsets
in lymphoid organs. Blood 115,
4384-4392.

Nishikawa, H., Kato, T., Tanida, K,
Hiasa, A., Tawara, 1., Tkeda, H., et
al. (2003). CD4+ CD25+ T cells
responding to serologically defined
autoantigens suppress
immune responses. Proc. Natl. Acad.
Sci. U.S.A. 100, 10902-10906.

Onizuka, S., Tawara, I., Shimizu, J., Sak-
aguchi, S., Fujita, T., and Nakayama,
E. (1999). Tumor rejection by
in vivo administration of anti-CD25
(interleukin-2 receptor alpha) mon-
oclonal antibody. Cancer Res. 59,
3128-3133.

Onodera, T, Jang, M. H., Guo, Z,
Yamasaki, M., Hirata, T., Bai, Z,
et al. (2009). Constitutive expres-
sion of IDO by dendritic cells
of mesenteric lymph nodes: func-
tional involvement of the CTLA-
4/B7 and CCL22/CCR4 interactions.
J. Immunol. 183, 5608-5614.

Opitz, C. A,, Litzenburger, U. M., Sahm,
E, Ott, M., Tritschler, I, Trump, S., et
al. (2011). An endogenous tumour-
promoting ligand of the human aryl
hydrocarbon receptor. Nature 478,
197-203.

Pacholczyk, R., Ignatowicz, H., Kraj,
P, and Ignatowicz, L. (2006). Ori-
gin and T cell receptor diversity
of Foxp3+CD4+4CD25+ T cells.
Immunity 25, 249-259.

Pallotta, M. T., Orabona, C., Volpi, C.,
Vacca, C., Belladonna, M. L., Bianchi,
R., et al. (2011). Indoleamine 2,3-
dioxygenase is a signaling protein

antitumor

in long-term tolerance by dendritic
cells. Nat. Immunol. 12, 870-878.

Peng, S., Lyford-Pike, S., Akpeng, B.,
Wu, A, Hung, C. E, Hannaman, D.,
et al. (2013). Low-dose cyclophos-
phamide administered as daily or
single dose enhances the antitumor
effects of a therapeutic HPV vac-
cine. Cancer Immunol. Immunother.
62,171-182.

Pere, H., Montier, Y., Bayry, J., Quintin-
Colonna, F., Merillon, N., Dransart,
E., et al. (2011). A CCR4 antago-
nist combined with vaccines induces
antigen-specific CD8+4 T cells and
tumor immunity against self anti-
gens. Blood 118, 4853-4862.

Phan, G. Q,, Yang, J. C,, Sherry, R. M.,
Hwu, P,, Topalian, S. L., Schwartzen-
truber, D. J., et al. (2003). Can-
cer regression and autoimmunity
induced by cytotoxic T lymphocyte-
associated antigen 4 blockade in
patients with metastatic melanoma.
Proc. Natl. Acad. Sci. U.S.A. 100,
8372-8377.

Piconese, S., Valzasina, B.,and Colombo,
M. P. (2008). OX40 triggering blocks
suppression by regulatory T cells and
facilitates tumor rejection. J. Exp.
Med. 205, 825-839.

Plautz, G. E., Miller, D. W., Barnett,
G. H., Stevens, G. H., Maffett, S.,
Kim, J., et al. (2000). T cell adop-
tive immunotherapy of newly diag-
nosed gliomas. Clin. Cancer Res. 6,
2209-2218.

Poirier, M. D., Haban, H., and El
Andaloussi, A. (2009). A combina-
tion of systemic and intracranial
anti-CD25 immunotherapy elicits a
long-time survival in murine model
of glioma. J. Oncol. 2009, 963037.

Poljak, A., Grant, R., Austin, C. J., Jamie,
]. E, Willows, R. D., Takikawa, O., et
al. (2006). Inhibition of indoleamine
2,3 dioxygenase activity by H202.
Arch. Biochem. Biophys. 450, 9-19.

Powell, D. J. Jr, Felipe-Silva, A,
Merino, M. J., Ahmadzadeh, M.,
Allen, T., Levy, C., et al. (2007).
Administration of a CD25-directed
immunotoxin, LMB-2, to patients
with metastatic melanoma induces a
selective partial reduction in regula-
tory T cells in vivo. J. Immunol. 179,
4919-4928.

Qian, F, Liao, J., Villella, J., Edwards,
R., Kalinski, P, Lele, S., et al. (2012).
Effects of 1-methyltryptophan
stereoisomers on IDO2 enzyme
activity and IDO2-mediated arrest
of human T cell proliferation.
Cancer Immunol. Immunother. 61,
2013-2020.

Quezada, S. A., Peggs, K. S., Simp-
son, T. R., and Allison, J. P. (2011).
Shifting the equilibrium in cancer

www.frontiersin.org

May 2013 | Volume 4 | Article 116 | 15


http://dx.doi.org/10.1038/jid.2013.32
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive

Wainwright et al.

Tregs in malignant glioma

immunoediting: from tumor toler-
ance to eradication. Immunol. Rev.
241, 104-118.

Quintana, F. J., Basso, A. S., Iglesias, A.
H., Korn, T., Farez, M. E, Bettelli, E.,
et al. (2008). Control of T(reg) and
T(H)17 cell differentiation by the
aryl hydrocarbon receptor. Nature
453, 65-71.

Radojcic, V., Bezak, K. B., Skarica,
M., Pletneva, M. A., Yoshimura,
K., Schulick, R. D., et al. (2010).
Cyclophosphamide resets dendritic
cell homeostasis and enhances anti-
tumor immunity through effects
that extend beyond regulatory T
cell elimination. Cancer Immunol.
Immunother. 59, 137—148.

Rubtsov, Y. P, Niec, R. E., Josefowicz,
S., Li, L., Darce, J., Mathis, D., et
al. (2010). Stability of the regulatory
T cell lineage in vivo. Science 329,
1667-1671.

Rudd, C. E. (2008). The reverse stop-
signal model for CTLA4 function.
Nat. Rev. Immunol. 8, 153-160.

Sampson, J. H., Schmittling, R. ],
Archer, G. E., Congdon, K. L., Nair,
S. K, Reap, E. A, et al. (2012). A
pilot study of IL-2Ralpha blockade
during lymphopenia depletes reg-
ulatory T-cells and correlates with
enhanced immunity in patients with
glioblastoma. PLoS ONE 7:e31046.
doi:10.1371/journal.pone.0031046

Samstein, R. M., Josefowicz, S. Z., Arvey,
A., Treuting, P. M., and Rudensky,
A. Y. (2012). Extrathymic genera-
tion of regulatory T cells in placental
mammals mitigates maternal-fetal
conflict. Cell 150, 29-38.

Savage, P. A., Malchow, S., and Leven-
thal, D. S. (2013). Basic principles
of tumor-associated regulatory T cell
biology. Trends Immunol. 34, 33-40.

Sebastiani, S., Allavena, P., Albanesi, C.,
Nasorri, E, Bianchi, G., Traidl, C.,
et al. (2001). Chemokine receptor
expression and function in CD4+ T
lymphocytes with regulatory activ-
ity. J. Immunol. 166, 996-1002.

Shannon, P., Sabha, N., Lau, N., Kam-
nasaran, D., Gutmann, D. H., and
Guha, A. (2005). Pathological and
molecular progression of astrocy-
tomas in a GFAP:12 V-Ha-Ras
mouse astrocytoma model. Am. J.
Pathol. 167, 859-867.

Sharabi, A., Laronne-Bar-On, A.,
Meshorer, A., and Haran-Ghera,
N. (2010). Chemoimmunotherapy
reduces the progression of multiple
myeloma in a mouse model. Cancer
Prev. Res. (Phila.) 3,1265-1276.

Sharma, M. D., Baban, B., Chandler, P,
Hou, D.Y,, Singh, N., Yagita, H., et al.
(2007). Plasmacytoid dendritic cells
from mouse tumor-draining lymph

nodes directly activate mature Tregs
via indoleamine 2,3-dioxygenase. J.
Clin. Invest. 117, 2570-2582.

Shevach, E. M., and Stephens, G. L.
(2006). The GITR-GITRL interac-
tion: co-stimulation or contrasup-
pression of regulatory activity? Nat.
Rev. Immunol. 6, 613-618.

Shimizu, J., Yamazaki, S., and Sak-
aguchi, S. (1999). Induction of
tumor immunity by removing
CD254+CD4+ T cells: a common
basis between tumor immunity and
autoimmunity. J. Immunol. 163,
5211-5218.

Singer, A., Adoro, S., and Park, J. H.
(2008). Lineage fate and intense
debate: myths, models and mecha-
nisms of CD4- versus CD8-lineage
choice. Nat. Rev. Immunol. 8,
788-801.

Stupp, R., Mason, W. P., Van Den
Bent, M. J., Weller, M., Fisher, B.,
Taphoorn, M. ], et al. (2005).
Radiotherapy plus concomitant and
adjuvant temozolomide for glioblas-
toma. N. Engl. J. Med. 352, 987-996.

Su, Y. B., Sohn, S., Krown, S. E., Liv-
ingston, P. O., Wolchok, J. D., Quinn,
C., et al. (2004). Selective CD4+
lymphopenia in melanoma patients
treated with temozolomide: a toxic-
ity with therapeutic implications. J.
Clin. Oncol. 22, 610-616.

Taniguchi, T., Hirata, E.,, and Hayaishi,
0. (1977). Intracellular utilization
of superoxide anion by indoleamine
2,3-dioxygenase of rabbit entero-
cytes. J. Biol. Chem. 252,2774-2776.

Thornton, A. M., Korty, P. E., Tran, D.
Q., Wohlfert, E. A., Murray, P. E.,
Belkaid, Y., et al. (2010). Expres-
sion of Helios, an Ikaros transcrip-
tion factor family member, differen-
tiates thymic-derived from periph-
erally induced Foxp3+ T regulatory
cells. J. Immunol. 184, 3433-3441.

Topfer, K., Kempe, S., Muller, N.,
Schmitz, M., Bachmann, M., Cartel-
lieri, M., etal. (2011). Tumor evasion
from T cell surveillance. J. Biomed.
Biotechnol. 2011,918471.

Turk, M. J., Guevara-Patino, J. A., Riz-
zuto, G. A., Engelhorn, M. E., Sak-
aguchi, S., and Houghton, A. N.
(2004). Concomitant tumor immu-
nity to a poorly immunogenic
melanoma is prevented by regu-
latory T cells. J. Exp. Med. 200,
771-782.

Ueda, R., Fujita, M., Zhu, X., Sasaki,
K., Kastenhuber, E. R., Kohanbash,
G., et al. (2009). Systemic inhibition
of transforming growth factor-beta
in glioma-bearing mice improves
the therapeutic efficacy of glioma-
associated antigen peptide vaccines.
Clin. Cancer Res. 15,6551-6559.

Uyttenhove, C., Pilotte, L., Theate,
1., Stroobant, V., Colau, D., Par-
mentier, N, et al. (2003). Evidence
for a tumoral immune resistance
mechanism based on trypto-
phan degradation by indoleamine
2,3-dioxygenase. Nat. Med. 9,
1269-1274.

Valzasina, B., Guiducci, C., Dislich, H.,
Killeen, N., Weinberg, A. D., and
Colombo, M. P. (2005). Triggering of
0X40 (CD134) on CD4(+)CD25+
T cells blocks their inhibitory activ-
ity: a novel regulatory role for OX40
and its comparison with GITR.
Blood 105, 2845-2851.

Valzasina, B., Piconese, S., Guiducci, C.,
and Colombo, M. P. (2006). Tumor-
induced expansion of regulatory T
cells by conversion of CD44-CD25—
lymphocytes is thymus and prolifer-
ation independent. Cancer Res. 66,
4488-4495.

Verhagen, J., Genolet, R., Britton, G.
J., Stevenson, B. J., Sabatos-Peyton,
C. A, Dyson, J, et al. (2013).
CTLA-4 controls the thymic devel-
opment of both conventional and
regulatory T cells through mod-
ulation of the TCR repertoire.
Proc. Natl. Acad. Sci. U.S.A. 110,
E221-230.

Vermeij, R., Leffers, N., Hoogeboom, B.
N., Hamming, L. L., Wolf, R., Reyn-
ers, A. K., et al. (2012). Potentiation
of a p53-SLP vaccine by cyclophos-
phamide in ovarian cancer: a single-
arm phase II study. Int. J. Cancer 131,
E670-680.

Vogel, C. F, Nishimura, N., Sciullo,
E., Wong, P, Li, W, and Mat-
sumura, F (2007a). Modulation
of the chemokines KC and MCP-
1 by 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) in mice. Arch.
Biochem. Biophys. 461, 169-175.

Vogel, C. E, Sciullo, E., Li, W., Wong,
P, Lazennec, G., and Matsumura,
E (2007b). RelB, a new partner of
aryl hydrocarbon receptor-mediated
transcription. Mol. Endocrinol. 21,
2941-2955.

Vogel, C. E, Sciullo, E., and Mat-
sumura, E (2007¢). Involvement of
RelB in aryl hydrocarbon receptor-
mediated induction of chemokines.
Biochem. Biophys. Res. Commun.
363, 722-726.

Wainwright, D. A., Balyasnikova, 1. V.,
Chang, A. L., Ahmed, A. U., Moon,
K.S., Auffinger, B, etal. (2012). IDO
expression in brain tumors increases
the recruitment of regulatory T
cells and negatively impacts survival.
Clin. Cancer Res. 18,6110-6121.

Wainwright, D. A., Sengupta, S., Han, Y.,
and Lesniak, M. S. (2011). Thymus-
derived rather than tumor-induced

regulatory T cells predominate in
brain tumors. Neuro-oncology 13,
1308-1323.

Wainwright, D. A., Sengupta, S., Han,
Y., Ulasov, I. V,, and Lesniak, M.
S. (2010). The presence of IL-17A
and T helper 17 cells in experi-
mental mouse brain tumors and
human glioma. PLoS ONE 5:¢15390.
doi:10.1371/journal.pone.0015390

Walker, M. R., Kasprowicz, D. J., Gersuk,
V. H., Benard, A., Van Landeghen,
M., Buckner, J. H.,, et al. (2003).
Induction of FoxP3 and acquisition
of T regulatory activity by stimulated
human CD4+4-CD25— T cells. J. Clin.
Invest. 112, 1437-1443.

Wilgenhof, S., Four, S. D., Vanden-
broucke, E, Everaert, H., Salmon,
1, Lienard, D., et al. (2013).
Single-center experience with ipili-
mumab in an expanded access pro-
gram for patients with pretreated
advanced melanoma. J. Immunother.
36,215-222.

Wong, J., Mathis, D., and Benoist, C.
(2007). TCR-based lineage tracing:
no evidence for conversion of con-
ventional into regulatory T cells in
response to a natural self-antigen in
pancreatic islets. J. Exp. Med. 204,
2039-2045.

Wu, Q., Zhan, X., Dou, T., Chen, H., Fan,
W., Zhou, K., et al. (2011). CTLA4
A49G polymorphism shows signifi-
cant association with glioma riskina
Chinese population. Biochem. Genet.
49, 190-201.

Yao, Z.,Kanno, Y., Kerenyi, M., Stephens,
G., Durant, L., Watford, W. T,
et al. (2007). Nonredundant roles
for Stat5a/b in directly regulating
Foxp3. Blood 109, 4368-4375.

Yasui, H., Takai, K., Yoshida, R,
and Hayaishi, O. (1986). Interferon
enhances tryptophan metabolism by
inducing pulmonary indoleamine
2,3-dioxygenase: its possible occur-
rence in cancer patients. Proc. Natl.
Acad. Sci. U.S.A. 83, 6622-6626.

Yoshida, R., and Hayaishi, O.
(1978). Induction of pulmonary
indoleamine 2,3-dioxygenase by
intraperitoneal injection of bacterial
lipopolysaccharide. Proc. Natl. Acad.
Sci. U.S.A. 75, 3998-4000.

Yoshida, R., Park, S. W., Yasui, H.,
and Takikawa, O. (1988). Trypto-
phan degradation in transplanted
tumor cells undergoing rejection. J.
Immunol. 141, 2819-2823.

Zhao, J., Cao, Y., Lei, Z., Yang, Z., Zhang,
B., and Huang, B. (2010). Selective
depletion of CD4+CD25+Foxp3+
regulatory T cells by low-dose
cyclophosphamide is explained by
reduced intracellular ATP levels.
Cancer Res. 70, 4850—4858.

Frontiers in Immunology | Immunological Tolerance

May 2013 | Volume 4 | Article 116 | 16


http://dx.doi.org/10.1371/journal.pone.0031046
http://dx.doi.org/10.1371/journal.pone.0015390
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive

Wainwright et al.

Tregs in malignant glioma

Zhou, G., and Levitsky, H. 1. (2007).
Natural regulatory T cells and de
novo-induced regulatory T cells
contribute independently to tumor-
specific tolerance. J. Immunol. 178,
2155-2162.

Ziegler, S. E. (2006). FOXP3: of mice
and men. Annu. Rev. Immunol. 24,
209-226.

Zlotnik, A., and Yoshie, O. (2012).

The chemokine superfam-
ily  revisited.  Immunity 36,
705-716.

Zorn, E., Nelson, E. A., Mohseni, M.,
Porcheray, F, Kim, H., Litsa, D,
et al. (2006). IL-2 regulates FOXP3
expression in human CD4+4-CD25+
regulatory T cells through a STAT-
dependent mechanism and induces
the expansion of these cells in vivo.
Blood 108, 1571-1579.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any

commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 02 April 2013; paper pending
published: 23 April 2013; accepted: 30
April 2013; published online: 15 May
2013.

Citation: Wainwright DA, Dey M, Chang
A and Lesniak MS (2013) Targeting
Tregs in malignant brain cancer: over-
coming IDO. Front. Immunol. 4:116. doi:
10.3389/fimmu.2013.00116

This article was submitted to Frontiers in
Immunological Tolerance, a specialty of
Frontiers in Immunology.

Copyright © 2013 Wainwright, Dey,
Chang and Lesniak. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

www.frontiersin.org

May 2013 | Volume 4 | Article 116 | 17


http://dx.doi.org/10.3389/fimmu.2013.00116
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive

	Targeting Tregs in malignant brain cancer: overcoming IDO
	Malignant glioma
	Regulatory T cells
	Regulatory T cell differentiation
	Natural and induced treg subsets in cancer
	Tregs and glioma
	Treg trafficking to GBM
	TGFβ, Tregs, and glioma
	Regulatory T cells and antigen specificity
	Tryptophan catabolism and brain tumors
	IDO and tryptophan catabolism
	Interaction between IDO, leukocytes, and tumor cells
	Inhibition of IDO as a potential tumor therapy
	IDO, tregs, and glioma
	Therapeutic targeting of tregs
	Temozolomide
	Cyclophosphamide
	STAT3
	CD25
	CTLA-4
	GITR
	OX40
	FoxP3

	Conclusion
	References


