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Abstract

Malignant glioma comprises the majority of primary brain tumors. Coincidently, most of those
malignancies express an inducible tryptophan catabolic enzyme, indoleamine 2,3 dioxygenase 1
(IDO1). While IDOL is not normally expressed at appreciable levels in the adult central nervous
system, it's rapidly induced and/or upregulated upon inflammatory stimulus. The primary function
of IDO1 is associated with conversion of the essential amino acid, tryptophan, into downstream
catabolites known as kynure-nines. The depletion of tryptophan and/or accumulation of
kynurenine has been shown to induce T cell deactivation, apoptosis and/or the induction of
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immunosuppressive programming via the expression of FoxP3. This understanding has informed

immunotherapeutic design for the strategic development of targeted molecular therapeutics that

inhibit IDO1 activity. Here, we review the current knowledge of IDOI in brain tumors, pre-

clinical studies targeting this enzymatic pathway, alternative tryptophan catabolic mediators that

compensate for IDO1 loss and/or inhibition, as well as proposed clinical strategies and questions

that are critical to address for increasing future immunotherapeutic effectiveness in patients with

incurable brain cancer.
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Introduction

The term, “brain tumors” refers to a group of heterogeneous neoplasms that differ in
biology, etiology and disease progression between individual subtypes. Glioma, which
accounts for 70 % of malignant adult primary brain tumors are stratified into low grade (II)
and high-grade (grades III-IV), thought to originate from neural stem cells, progenitor cells
or from de-differentiated mature glial cells. Though all glioma patients are treated with
equal seriousness, grade [V astrocytoma, otherwise known as glioblastoma multiforme
(GBM), is the most common and aggressive form with a mean onset age of 55 years.
Resection is the first line of treatment, followed by radio-therapy (RT) and temozolomide
(TMZ) administration. Yet, overall survival for patients with GBM remains at ~14.6 months
post-diagnosis [1].

Brain tumors actively dampen the immune response by expanding and/or recruiting
immunosuppressive regulatory T cells (Treg; CD3*CD4+CD25*FoxP3*). Although the
exact factors required for Treg accumulation in GBM has yet to be described, CCL17 and
CCL22 have been suggested to play a role [2, 3]. In vitro, Treg-produced TGF-f, IL-10,
perforin and Granzyme B, as well as direct cell—cell contact via CTLA-4 and B7-H4 have
been demonstrated to mediate the suppression of effector T cells, antigen presenting cells
(APC) and natural killer (NK) cells. Most likely, it is the collective action of these
mechanisms that convey Treg with the ability to pathologically contribute to brain tumor
progression.

In addition to the professional T cell effectors of immunosuppression, several molecules
have also been demonstrated to contribute in a similar fashion. Cytotoxic T lymphocyte
antigen-4 (CTLA-4) serves as a critical immunoregulatory inhibitor at the level of initial T
cell activation, in secondary lymphoid organs, as well as in tumor-infiltrating tissues.
CTLA-4 competes with CD28 for binding to the co-stimulatory molecules, CD80 and
CD86, on APC. CTLA-4:CD80/CDS6 ligation inhibits T-cell activation by
dephosphorylating the CD3( chain through the recruitment of SHP2 and PP2A
phosphatases. CTLA-4 neutralizing antibodies have shown exciting pre-clinical promise,
both with regard to reactivating the anti-brain tumor immune response, as well as increasing
overall survival in animal models [4].
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An alternative immunosuppressive pathway includes the PD-1 receptor and its ligands, PD-
L1/2, which enforce and maintain T cell anergy. PD-L1 is expressed by GBM [5] and GBM-
associated macrophages [6]. Several pharmaceutical entities are actively developing PD-1
(Merck; Bristol-Myers Squibb; Curetech) and PD-L1 (Medimmune; Roche) neutralizing
antibodies. Two of these antibodies have achieved FDA designations. Among these, the
humanized PD-1 mAbs, nivolumab and lambrolizumab, from Bristol-Myers Squibb and
Merck, respectively, were recently demonstrated to possess safety and clinical efficacy in
patients with end-stage melanoma [7]. Coincidently, a phase I-1I trial evaluating the
effectiveness of PD-1 blockade with CT-011 (pidilizumab) in patients with recurrent high-
grade glioma is ongoing (NCT01952769).

More recently, linkage analysis between brain tumor metabolism and immunoresistance has
highlighted a targetable pathway that promotes immunosuppression. Indoleamine 2,3
dioxygenase 1 (IDO1) is an inducible and rate limiting enzyme of tryptophan catabolism
that, has emerged as one such candidate. Although not normally expressed and/or found at
very low levels in the brain, IDO1 is rapidly increased upon inflammatory stimulus. As
such, IDO1 is expressed in 96 % of malignant glioma of which, mRNA and protein
expression levels correlate with overall patient survival [8, 9]. The selective nature of IDO1
expression in malignant glioma provides a higher potential for targeting specificity, of
which, several pharmaceutical companies have designed high quality inhibitors against,
including INCB24360 (Eli Lilly, Indianapolis, IN) and NLG919 (NewLink Genetics, Ames,
IA).

IDO1 and tumor immunobiology

A relationship between cancer and elevated tryptophan catabolism was recognized in the
early 1950s by analyzing the urine of bladder cancer patients [10]. Elevated urinary
tryptophan catabolites were also found in breast cancer, prostate cancer, Hodgkin's
lymphoma and leukemia [11-14]. Several studies suggested that IDO1 overexpression was
associated with poor prognosis. Accordingly, IDO1 mRNA expression was positively
associated with paclitaxel resistance of surgically-resected serous ovarian tumor specimens
from patients with stage III disease. Additionally, its expression in tumor sections, detected
by immunohistochemical (IHC) staining inversely correlated with patient survival in stage
IIT and IV cancer [15]. Independently, high IDO1 expression in colorectal cancer was
associated with a significant reduction of CD3* infiltrating T cells and an increased
frequency of liver metastases, when compared with tissue samples of low IDO1 expression
[16].

In 1998, Munn et al. demonstrated that female mice pregnant with allogenic pups and
treated with an IDO1-targeted inhibitor resulted in maternal immune-mediated rejection
[17]. Later studies of experimental autoimmune encephalomyelitis (EAE) demonstrated that
IDO1- generated tryptophan catabolites and their derivatives, shifted a primarily Th1-
mediated disease into a Th2 non-pathological condition [18].

The role of IDO1 in tumor immune-mediated evasion was first introduced in 2002 when
Friberg et al. found that Lewis lung carcinoma (LLC) cells stimulated a more robust
allogeneic T cell response when cultured in the presence of an IDO1 inhibitor [19].
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Importantly, the systemic administration of the same inhibitor delayed LLC tumor growth,
in vivo. Shortly after this landmark discovery, Uyttenhove et al. demonstrated that P§15B
cells transfected to express IDOI, resisted immune-mediated rejection post-tumor cell
implantation, while simultaneous administration with an IDO1 inhibitor led to an efficient
rejection of the P§15B tumors [20].

More recently, an association between IDO1 and Treg was elucidated. Nakamura et al. first
studied the correlation of IDO1 and Treg abundance in the development and progression of
uterine cervical cancer. IDO1 expression by tumor cells and infiltrating Treg were in close
juxtaposition in the cervix with hallmarks of intraepithelial neoplasia [21]. Following this
work, studies from two independent groups demonstrated that IDO1-expressing dendritic
cells (DC) regulated the proliferation and activation of Treg [22, 23]. More recently, we
found that IDO1 performed an immunosuppressive function in an immunocompetent model
of malignant glioma. Using the syngeneic GL261 cell-based intracranial model, it was
demonstrated that tumor derived-, rather than peripheral DC derived-IDO1, was required for
Treg recruitment and suppression of the anti-brain tumor immune response. This was
surprising given the data from peripheral tumor models demonstrating the requirement of
DC:s to express IDOI for perpetuating maladaptive antitumor immune-mediated effects.
Accordingly, the genetic silencing of IDO1 in GL261 cell-based brain tumors led to a
substantial decrease in Treg recruitment and long-term survival (Fig. 1). Paradoxically, we
recently found that the monotherapeutic inhibition of IDO1 via 1-1MT failed to elicit a
significant tumor rejection response [24]. Independent work confirmed our observation and
further demonstrated that the combinatorial therapy of o.-1MT with RT and TMZ led to a
synergistic survival benefit greater than the combination of RT and TMZ, alone [25]. These
pre-clinical data highlight the complex nature of targeting IDOI1 in brain tumors, but suggest
that finding the appropriate combinatorial therapeutic strategy leads to an effective survival
benefit.

Clinically, upregulated IDO1 mRNA in patient glioma has been shown to be associated with
decreased overall survival (OS), indicated by 24.9 +£2.76, 34 £2.71 and 44.3 + 6.21 month
survival in patients with upregulated-, intermediate-, and downregulated-IDO1 expression,
respectively [9]. This study's findings were complemented by an independent analysis at the
protein level, correlating upregulated IDO1 expression to an earlier average time of death,
when compared with intermediately (P < 0.05)- and downregulated (P < 0.005)- expressing
glioma [8]. IDO1 was found in a high frequency of glioma (72 of 75 specimens) with
stronger expression more likely to be observed in high-grade- when compared to low-grade-
glioma. Notably, IDO1 expression was also increased in the 6 cases of secondary
glioblastoma, when compared to the initial low-grade counterparts. Most importantly, GBM
patients stratified by strong versus weak IDO1 expression were found to possess
significantly worse overall survival rates (P = 0.04) when IDO1 expression levels were high.
Collectively, these clinical data confirm that upregulated IDO1 expression predicts a poor
prognosis in glioma patients and that this trend predominates in patients with high-grade
glioma.
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Tryptophan catabolism

The first and rate-limiting step required for conversion of tryptophan into kynurenine (Fig.
2) is mediated by oxidation of the 2,3-double bond of tryptophan to form N-
formylkynurenine, which is almost immediately converted to i-kynurenine (non-
enzymatically). IDO1 is a monomeric heme-containing protein encoded by human
chromosome 8p12. Recently, the gene homolog, IDO2, was discovered and characterized on
the same chromosome [26] equipped with a similar tryptophan converting capability [27—
29]. Sequence analysis indicated that, for humans and mice, IDO1 and IDO2 proteins
possess 43 % homology and that the residues required for tryptophan catalytic activity are
highly conserved [29]. It's important to note, however, that IDO1 possesses a higher affinity
for .-tryptophan, when compared to IDO2 [30]. However, the role of the latter enzyme in
brain tumors has yet to be comprehensively addressed, in vivo.

A third tryptophan catabolic enzyme, tryptophan dioxygenase (TDO), is also capable of
cleaving tryptophan into kynurenine and is an interesting enzyme given that it functionally
exists as a homotetrameric protein. In contrast to the, ‘need as required’, inducibility of
IDO1, TDO is constitutively expressed in the liver and thought to serve as the primary
mediator of systemic kynurenine levels [31]. Relevantly, upregulated TDO mRNA
expression, like IDO1, has previously been correlated with overall survival in patients with
glioma [32, 33]. Collectively, these data highlight the multiple enzymes that can lead to the
immunosuppressive catabolite, kynurenine, and raise questions regarding future tryptophan
catabolic inhibitory strategies (Fig. 3).

The capability of tryptophan passing the plasma membrane via the large amino acid
transporter raises the possibility that a ‘tryptophan sink’ can be formed in a
microenvironment concentrated for IDO1 expressing cells [34]. Since the affinity of tRNA
synthetase for tryptophan is higher than that of IDO1 in most cells [35-37], this ‘tryptophan
sink’ has a minimal effect on the proliferation of most cells. Accordingly, in the context of
brain tumors, it's tempting to speculate that the high expression of IDO1 might not convey
an inhibitory effect on tumor cells, but rather, focus the impact on immune cells. This is
based on several lines of evidence suggesting that T cells undergo a rapid and substantial
growth arrest under such conditions due to a tryptophan-sensitive checkpoint which inhibits
the cell cycle in the G1 phase [34]. Assuming that this latter mechanism holds true, in vivo,
it likely contributes to the dominant tolerance of tumors, transplants and the allogeneic fetus
[17, 20, 38]. Additionally, IDO1 activity leads to the induction of GCN2, a kinase activated
by uncharged tRNA at the ribosome that initiates an integrated stress response via
phosphorylation of the a-subunit of eukaryotic translation initiation factor 2 (elF2a);
ultimately resulting in the suppression of effector T cell proliferation [39]. The GCN2
pathway has also been shown to play a critical role in IDO1-mediated Treg activation in
association with other immunosuppressive signals including CTLA-4 [23]. Notably, IDO2
also activates this pathway, but with independent regulatory consequences [28]. Tryptophan
depletion also triggers the mTOR signaling pathway resulting in autophagy, which is
reversed by tryptophan and/or »-1MT, a tryptophan mimetic [40].
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The inaccessibility of tryptophan as a driver of immunosuppression is complemented by a
related pathway that relies on the presence and accumulation of biologically active
tryptophan catabolites in the form of kynurenines. Early mechanistic studies of IDO1
indicated that some tryptophan catabolites possessed the ability to induce apoptosis in CD4*
T cells. Terness et al. [41] demonstrated that .-kynurenine, 3-hydroxykynurenine and 3-
hydroxyanthranilic acid suppressed T cell proliferation commensurate with the induction of
apoptosis. This finding was independently confirmed by Fallarino et al. [42], demonstrating
in vitro that, kynurenines induce the selective apoptosis of murine thymocytes and Th1-, but
not Th2-cells. Furthermore, Mezrich et al. [43] recently showed that the interaction of r-
kynurenine with the aryl hydrocarbon receptor (AHR) leads to an AHR-dependent induction
of Treg. Notably, TGF-8 was a requirement for this effect and highlights its role in
regulating AHR expression in DC [43]. A subsequent study confirmed this relationship,
finding a deficiency in Treg differentiation when mice lacking AHR were cultured in the
presence of kynurenine [44].

IDO1 as a signaling molecule

Though the presence and absence of tryptophan related mediators likely contribute to anti-
brain tumor immunity, recent work has identified an unappreciated aspect of IDO1 that may
reinforce immunosuppression, independent of its enzymatic function. Elegant work from
Ursula Groh-mann's laboratory deciphered the mechanisms of differential programing by T
cells upon stimulation from either immunogenic or tolerant ligands [45], finding that the
suppressor of cytokine signaling 3 (SOCS3), a critical modulator of the immune response, is
selectively induced by CD28-I1g/IL-6 [46], binding to IDO1 and targeting the complex for
ubiquitination and proteasomal degradation. The structural basis for the IDO1/SOCS3
interaction was located in the SOCS3 Src homology 2 (SH2) domain and tyrosine residues
within the putative immunoreceptor tyrosine-based inhibitory motifs (ITIM) intrinsic to
IDOL. In their subsequent work [47], they demonstrated that TGF- activates the
phosphatases, SHP-1 and SHP-2, in plasmacytoid DC (pDC). Importantly, the activated
phosphatases interacted with tyrosine residues of the IDO1 ITIMs. In contrast to the impact
of TGF-B on IDO1 signaling, no such activation and interaction was observed when pDC
were treated with IFN-v, highlighting the contextual nature of this signal transduction-
mediated mechanism. These data delineate a new paradigm highlighting the immuno-
regulatory function of IDO1, independent of tryptophan catabolism and dependent on
cytokine context (Fig. 4). However, the simplicity of these in vitro conditions do not reflect
the complexity of a ‘cytokine storm’ that would reflect the microenvironment of a brain
tumor. To address this, future studies are aimed at understanding the impact of IDO1
signaling, in situ, in the presence of potent enzymatic inhibition.

IDO1 and combinatorial immunotherapy

Chemical therapeutics have been developed to inhibit IDO1 catalysis with a majority
belonging to the tryptophan derivative and j3- carboline classes of molecules. Among these
small chemicals,.-1MT has long been known to be a competitive inhibitor [48], while phase
I clinical trials utilizing o-1MT have been deployed for the treatment of metastatic and/or
refractory solid tumors (NCT00567931). In vitro enzymatic assays have confirmed that
IDO1 has a tenfold higher affinity for the i- rather than o-stereoisomer of 1MT, indicating
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that o-1MT is less efficient in neutralizing the enzymatic activity of IDO1 [49]. Therefore, it
is somewhat unexpected that, when testing the IMT stereo-isomers as an adjuvant to
radiochemotherapy, it was revealed that .-IMT is more effective for abrogating the
inhibition of T cell proliferation in mixed lymphocyte reactions, as well as decreasing the
growth of tumors in mice transplanted melanoma and breast cancer [50]. This unexpected
outcome is complemented by the finding that the treatment effect of o-1MT is IDO1
dependent, while IDO?2 is effectively inhibited by .-1MT [51-53].

The confusion arising from the use of IMT in models of cancer has prompted the search for
more selective IDO inhibitors that distinguish IDO1 versus IDO2. Thus far, two chemical
compounds, INCB024360 and Amg-1, are more selective for IDO1 than IDO2 [54, 55].
However, a search for efficient IDO2 inhibitors are underway. Bakmiwewa et al. [56]
identified several IDO2 specific inhibitors including tenatoprazole, with an ICsg value of 1.8
uM and no inhibition for IDO1 or TDO at a concentration of 100 pM. Specific targeting of
the third tryptophan catabolic enzyme, TDO, has been challenging. However, LM10, a
recently identified candidate has shown to be efficient for TDO inhibition, but not IDO1
[32] in vivo. Ultimately, future searches should be aimed at developing molecules that
maximally inhibit enzymatic inhibition against all three tryptophan catabolic enzymes.

Recently, we tested IDO blockade in combination with neutralization of other
immunosuppressive pathways in the context of brain tumors. This was predicated on the
hypothesis that therapeutic targeting against IDO, alone, would not lead to an effective anti-
tumor immune response required for the rejection of large well-established glioma. Our
criteria for ‘large well-established’ brain tumors was based on the 14 day post-intracranial
time point using the GL261 mouse model. Whereas single agent blockade of IDO via IMT
led to a relatively small increase in overall survival, immunotherapy targeting IDO, CTLA-4
and PD-L1, simultaneously, demonstrated an ~80 % overall durable survival benefit [24]
(Fig. 5a). Interestingly, the dual treatment with CTLA-4 and PD-L1 mAbs resulted in a
similar survival benefit when compared to the same strategy plus IMT, suggesting that IDO
blockade may be both a downstream and redundant pathway built into CTLA-4 and/or PD-
L1 neutralization. Also notably was that, only the triple, but not dual therapy resulted in a
significant decrease in Treg levels suggesting that, although there was no survival
difference, the additional inhibition of IDO was favorable for simultaneously decreasing
immunosuppression. Paradoxically, brain tumor-bearing mice genetically-deficient for IDO1
showed a substantially decreased dual and triple immunotherapeutic effectiveness, when
compared to mice fully competent for IDOI, a finding in direct contrast to what has been
reported in the peripheral tumor literature [57]. This latter observation highlights one
important consideration for developing effective brain tumor immunotherapeutic strategies;
pan-inhibition of immunosuppressive pathways has different effects against tumors that
arise, peripherally, when compared to the brain.

Since peripheral IDO1-deficiency decreased the effectiveness of CTLA-4/PD-L1-mediated
immunotherapy against brain tumors, similar deficiencies may also ablate the
responsiveness to this treatment in GBM patients. To understand ‘where’ IDO1 is required
for therapeutic effectiveness to be maximal, we are in the process of generating and/or
analyzing bone marrow chimeric- and high fidelity transgenic-models of GBM that are
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selectively deficient for IDO1 (Fig. 5b). Ultimately, defining where IDO1 is required, pro-
actively, may allow future clinicians to enroll the patient cohort that will benefit from this
strategy, optimally, while sparing those who will not.

Conclusion

Based on recent clinical trials demonstrating promise for patients with end-stage melanoma
treated with immuno-therapy, we now live in an era of effectively applied cancer
immunology. However, understanding how IDO1 fits into the greater picture has yet to be
fully realized. In GBM, almost all tumors express some degree of IDO1. Here, we have
introduced the concept that the multi-versatility of IDOI1, acting both as an enzyme and
signal transducer, make it a complicated molecule to target. Future therapeutics should take
this pleiotropic action into consideration, while simultaneously assessing the potential for
combination with additional immunotherapeutic modalities. Interrogating these interactions
is a worthy goal to ensure that patients with malignant brain tumors enjoy the same survival
success that those individuals with melanoma now cherish.
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Fig. 1.
Glioma-derived IDOI1 plays a critical role in immune-mediated suppression in an

experimental orthotopic brain tumor model. The in vivo role of IDO1 was investigated using
the intracranially-injected GL261 model of malignant glioma. a The peripheral (i.e. any non-
tumor cell) absence of IDOI neither affected Treg levels in the brain tumor nor overall
survival. b The genetic absence of brain tumor-derived IDO1 significantly decreased Treg
levels in the brain tumor and increased overall survival. When brain tumors were deficient
for IDO1, but competent in the periphery, Treg levels were normal in the draining cervical
lymph nodes (cLLN). In contrast, when mice were co-deficient for IDO1, both in the brain
tumor and periphery, Treg levels were significantly decreased in the cLN, suggesting a level
of communication between the central (tumor) and peripheral (cLN) compartments related
to the expression of IDO1
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Fig. 2.

IDgOI/IDOZ-mediated tryptophan catabolism. The essential amino acid, tryptophan, is
converted to the immunosuppressive catabolite, kynurenine, via IDO1 and IDO2.
Kynurenine is further catabolized to other downstream substrates. KAT Kynurenine amino-
transferase (I, II, IIT), KMO Kynurenine 3-monooxygenase, KYNU Kynureninase, 3-HAO 3-
Hydroxyanthranilate 3,4-dioxygenase, ACMSD 2-Amino-3-carboxymuconate smialdehyde
carboxylase. Red enzymes. Blue crosses the blood brain barrier (BBB). Underlined
immunosuppressive
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Can the various IDO1, IDO2 and TDO
enzymatic inhibitors be combined to
produce synergistic tumor rejection?

How do the three mammalian tryptophan
cataboli g comp te for one
another? How does this relate to glioma-
induced immunosuppression?

Where does IDO1 inhibition have the
greatest impact? Peripherally vs. centrally?
Is IDO1, IDO2 and TDO co-upregulated in
human glioma or is there stratification
between the different tryptophan catabolic
enzymes? If stratification exists, does it
correlate with survival? Does it correlate
with treatment?

Why does the loss of IDO1 lead to increased *
IDO2 in glioma?

How does the adaptive immune system /
regulate TDO in brain tumors?

‘hl/

Fig. 3.
Critical questions addressing compensatory tryptophan catabolic pathways that decrease the

effectiveness of immunotherapy against brain tumors. The complexity of the three
tryptophan catalytic enzymes originates from a common functional redundancy with
independent tissue-driven regulators. Intrinsic to each enzyme are independent questions
that address the induction, maintenance and modification of expression (along the circle),
while queries that encompass dependent pathways are also provided (in the circle). Notably,
how these enzymes compensate for one another when pharmacologically targeted versus
genetically inhibited is a currently unexplored topic that is potentially relevant for
significantly increasing brain tumor immunotherapeutic efficacy. Also, based on our
previous study demonstrating the substantial impact of adaptive immune deficiency on the
expression of tryptophan catabolic enzymes in brain tumors [24], highlights the lack of
insight into molecular mechanisms addressing this regulation
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Fig. 4.
A paradigm for testing the multiple independent mechanisms that reinforce IDO1-mediated

immunosuppression in malignant glioma. 1 The high expression of IDO1 leads to a
commensurately high rate of tryptophan conversion and depletion. This induces cell cycle
arrest and/or anergy in the effector (anti-glioma) T cell compartment via the e[F2a kinase
GCN2-dependent pathway [39]. Simultaneously, the same mechanism activates Treg to
become fully functional/mature in association with CTLA4:CD80/CD86 co-inhibition [23].
Although both microglia and macrophages can express IDO1, their contribution to this
mechanism has yet to be established. 2 A complementary pathway mediated by IDO1
produces kynurenine that interacts with the aryl hydrocarbon receptor (AhR) leading to the
expansion of glioma-resident Treg. Recent work has highlighted multiple interactions
between the Ahr:Kyn. complex that may be required for Treg responsiveness. AhR interacts
with the aryl hydrocarbon receptor nuclear translocator (ARNT) to mediate specific
transcriptional programming [58] that may provide synergistic or independent impact to
another recently identified heterodimeric partner, FOXO1 [59]. 3 The final known pathway
that IDO1 utilizes to reinforce immunosuppression is via the two intrinsic immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) [47]. Phosphorylation of ITIMs in IDO1 triggers a
non-canonical NF-kB pathway, leading to phosphorylation of IKKa and nuclear
translocation of the NF-xB subunits, p52 and RelB; reinforcing immunotolerance and TGF-
B production. While it is still unclear whether all three of these mechanisms are actively

J Neurooncol. Author manuscript; available in PMC 2015 November 11.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhai et al.

involved in glioma, current studies in our laboratory aim to determine the various
contributions
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Fig. 5.
Role of IDO1 in GBM immunotherapy. a Efficacy of immune checkpoint blockade with or

without IMT was evaluated in peripheral IDO1-competent and -deficient mice using the
orthotopic GL261 mouse brain tumor model. Unexpectedly, mice required peripheral IDO1
to maximize immune checkpoint-mediated immunotherapeutic survival benefits. b A
hypothetical series of experiments that address the question, ‘which cells require IDOI1 to
mediate maximally-effective immune checkpoint therapy’? i. A schema that proposes the
creation of bone marrow chimeric mice to address which cells require IDO1, including
CNS-resident microglia- versus peripheral myeloid (i.e. macrophages/dendritic cells) cells,
in the context of immune checkpoint blockade therapy against brain tumors. ii. A separate
schema proposes the creation of testing immune checkpoint blockade therapy in a
tamoxifen-induced mouse model of malignant glioma

[GFAP(ERT2)Cre*~p53 ARV TENT/M] [60] crossed with floxed IDO1 (knocking out
IDOL1 selectively in the astrocytoma)-, as well as global IDO1 knockout (genetically-
deficient for IDO1 in all cells)-mice. The latter models are especially relevant, since tumor
induction occurs in the absence of inflammation (in contrast to the orthotopic GL261 model)
and therefore analogous to the human counterpart
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