Chapter 2

Overcoming Immune Suppression

in the Tumor Microenvironment:
Implications for Multi-modal Therapy

Theodore S. Johnson and David H. Munn

Abstract Effective immunotherapy, whether by checkpoint blockade, vaccines or
adoptive cell therapy, is limited in most patients by a fundamental barrier: the
immunosuppressive tumor microenvironment. This problem is more than just the
suppression of effector T cells, but also includes profound defects in the inflamma-
tory milieu and immunogenic antigen-presenting cells that are required to drive T
cell activation. To date, much of the field of immunotherapy has focused on down-
stream checkpoints that regulate activated T cells, or on vaccination and T cell
adoptive transfer to expand the T cell pool. Relatively less attention has been given
to regulatory pathways that govern cross-presentation and response to endogenous
tumor antigens. But these “upstream” pathways become particularly important in
settings where immunotherapy is combined with standard-of-care chemotherapy
or radiation therapy, both of which release a wave of tumor antigens. The choice
of whether to treat these antigens as tolerizing or immunizing is fundamental to
generating an effective immune response against the tumor. In this chapter we
consider immunosuppressive mechanisms in the tumor microenvironment from
the perspective of factors that that may impact the response to antigens from dying
tumor cells.
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2.1 Introduction

In this chapter, we will focus on two aspects of tumor immunotherapy that are par-
ticularly relevant to pediatrics, but which often receive somewhat less attention in
the field. First, our emphasis will be less on the downstream checkpoints that affect
activated T cells, and more on the fundamental upstream factors that control the
cross-presentation of tumor antigens to T cells in the first place. It is increasingly
being realized that this key endogenous antigen-presentation step needs to elicit
robust T cell immunity in order for immunotherapy to be successful [1].
Unfortunately, however, the default response in the tumor is frequently T cell sup-
pression and tolerance, rather than an aggressive response to tumor antigens. Thus,
one of the important goals of tumor immunotherapy must be to re-configure the
suppressive and tolerogenic tumor microenvironment so that it becomes robustly
immunogenic for tumor antigen [2, 3].

The second, and conceptually related, focus of this chapter will be on ways in
which immunotherapy can be integrated with standard-of-care chemotherapy and
radiation-therapy treatment. In adult oncology, the combination of immunotherapy
with chemo/radiation therapy is increasingly recognized as a potential opportunity
(although currently under-utilized) for achieving valuable synergy [2, 4-6]. In pedi-
atrics, however, it is virtually a requirement that immunotherapy be integrated in
combination with the existing standard-of-care treatments. This is because in pedi-
atrics the standard-of-care therapies are often highly effective, and even in relapsed
or high-risk disease can still offer significant (albeit reduced) benefit. Thus, if
immunotherapy is going to have a major near-term impact on the treatment of chil-
dren, it will need to extend and enhance the efficacy of our existing treatments, not
attempt to replace them. Fortunately, emerging preclinical evidence suggests that
both chemotherapy and radiation are not only feasible for combination with immu-
notherapy, but can be highly synergistic.

2.2 Exploiting Immunotherapy to Create Synergy
with Cytotoxic Therapy

2.2.1 Chemo-Immunotherapy: Beyond Synergy to True
Synthetic Lethality

For a number of years it has been recognized that chemotherapy creates effects that
can be exploited to enhance the immune response to tumors [7]. One obvious effect
is the release of tumor antigens from dying cells; but, in addition, certain chemo-
therapy drugs may deplete regulatory T cells [8], or create lymphopenic conditions
that favor T cell proliferation and expansion [9]. However, these effects are essen-
tially passive: creating a general milieu in which vaccines or other immunotherapy
may work better. A more active role for chemotherapy was revealed with the discov-
ery of so-called “immunogenic cell death” (ICD) [10—12]. When certain preclinical
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mouse tumor models are treated with particular chemotherapy drugs, the tumor
cells die in a fashion that triggers a spontaneous immune response. Not only does
this help prime the immune system against the tumor, but (at least in these particular
model/drug combinations) a substantial component of the efficacy of the chemo-
therapy itself is actually contributed by the immune system [12]. While this was a
ground-breaking discovery, in practical terms there are relatively few drugs that
elicit ICD, and the effect is highly model-dependent [13]. Thus, while the underly-
ing concept is important, the high-impact clinical role for immunogenic cell death
is likely to be in combination with immunomodulatory agents that can enhance and
exploit the effect [14]. As we will discuss, when the underlying inhibitory pathways
are removed by active immunotherapy, then many chemotherapy drugs may prove
to be immunogenic [4].

Ultimately, the goal in combining immunotherapy with chemotherapy is not
merely “synergy” in the pharmacologic sense, but rather to generate authentic syn-
thetic lethality by the combination. Synthetic lethality describes a combination in
which the two agents together recruit an entirely new set of molecular mechanisms,
which would not come into play with either agent alone [15, 16]. Thus, for example,
in pre-clinical models, our own group has shown that combining a normally ineffec-
tive dose of chemotherapy with a specific immune-activating agent (i.e., an agent that
blocks a tolerogenic checkpoint to dying tumor cells), allows the ineffective chemo-
therapy to now cause potent and rapid tumor regression [17]. The mechanism of anti-
tumor effect was almost entirely immunologic (T cell dependent), but these immune
mechanisms were only triggered if the tumor was also treated with chemotherapy.

2.2.2 The Importance of Endogenous Tumor Antigens

One of the surprising findings of the past several years has been the importance of
endogenous tumor antigens in cancer immunotherapy [18]. Prior to the advent of
checkpoint-blockade agents, the focus of immunotherapy was often on supplying
antigens and T cells exogenously—e.g., via defined vaccines, TIL infusions, TCR-
transgenic T cells, or CAR T cells. However, as increasing numbers of patients have
been treated with blockade of the CTLA-4 and PD-1/PD-L1 pathways, it has
become evident that the best responses are seen in those patients who have many
mutational neoantigens in the tumor, and who already have a robust spontaneous
immune response prior to treatment [19, 20].

In part this may simply be an artifact of early trials, which use only single-agent
checkpoint blockade. In this setting, it is perhaps logical that only those patients
who were already spontaneously pre-activated could respond to removing a single
checkpoint. This effect may disappear as more powerful combination regimens are
employed [21]. But the key take-home point is that the tumor’s own endogenous
antigens, cross-presented by the patient’s own APCs to the endogenous T cell
repertoire, were the critical factor that drove the anti-tumor response. This empha-
sizes the importance of endogenous tumor antigens, and the ability to cross-present
them in an immunogenic fashion.
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This has obvious importance for the immune response to chemotherapy or radia-
tion, which release a wave of endogenous tumor antigens. But even in the case of an
exogenous immune intervention, such as an antigen-specific vaccine or T cell
adoptive transfer (CAR T cells, etc.), a successful long-term outcome may still
depend on generating a response to endogenous tumor antigens [1]. Transferred T
cells or defined vaccines are directed against just one or a few antigens. The initial
response may be dramatic, but eventual emergence of escape variants is almost
inevitable. If, however, during the initial period of robust inflammation and tumor
killing, the endogenous host immune system becomes primed to endogenous
tumor antigens, then the danger of escape variants is minimized, and long-term
tumor control becomes a possibility.

2.2.3 Immunogenic Cell Death Versus Tolerogenic Cell Death:
Overcoming Natural Pathways of Tolerance

The preceding general discussion does not tell us how—specifically—to render
chemotherapy immunogenic in the clinic. In part this reflects the fact that much still
needs to be discovered about the molecular mechanisms of combination chemo-
immunotherapy. Also, our current options for immune intervention in the clinic are
still somewhat limited, comprising primarily blocking agents against CTLA-4 or
the PD-1/PD-L1 pathways, and blockade of the indoleamine 2,3-dioxygenase (IDO)
pathway. However, the field is expanding rapidly and the armamentarium is quickly
increasing. Thus, a better understanding of the molecular events that regulate the
immune response following chemotherapy, in order to exploit this for therapy, has
become a subject of some urgency.

In this regard, one fundamental insight emerging recently is the fact that the
immune response to dying cells—even normal, non-malignant self cells—is not
fixed and inherent. Rather, it reflects a combination of signals generated by the man-
ner in which the cells die (ICD, apoptosis, necrosis etc.), combined with signals
from the milieu in which the dying cells are cross-presented by the immune system.
These local environmental signals are a very active—and changeable—process.
Blocking even one of the tolerogenic signals elicited by apoptotic cells may render
dying cells suddenly immunogenic instead. Thus, for example, the tolerogenic IDO
pathway is strongly up-regulated by exposure to apoptotic cells [22]. When chal-
lenged with apoptotic self cells, normal IDO-sufficient mice remained tolerant, but
mice lacking the IDO1 gene rapidly developed lethal lupus-like autoimmunity
against self antigens [22—24]. Thus, it was not the nature of the antigens themselves
that determined immunity versus tolerance, nor the type of cell death; but rather the
ability of the apoptotic cells to elicit the immunosuppressive IDO signal. If this IDO
pathway was blocked, then the same cells, and the same self antigens, now became
immunogenic.

The relevance of this concept for cancer treatment is that chemotherapy and radia-
tion release a wave of tumor antigens, many of which are potentially immunogenic
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[18, 25]. The problem is that these antigens are released into a tumor milieu that is
overwhelmingly dominated by immunosuppressive mechanisms. Thus, even though
dying tumor cells are potentially immunogenic [6] the actual outcome is usually
tolerance and anergy, due to these dominant suppressive mechanisms. If, however,
the tolerogenic pathways used by the tumor (such as IDO, Tregs or others) can be
identified and blocked at the time of chemotherapy, then the antigens thus released
may be treated as immunizing instead of tolerizing. This concept is now well
accepted in principle [1, 2], and relevant preclinical studies are beginning to emerge
[17], but much of the underlying molecular machinery still remains to be discovered.
However, even with our current limited state of knowledge, it is possible to begin to
design clinical trials aimed at exploiting the immunogenicity of chemotherapy.

2.3 Negative Regulation in the Tumor Microenvironment

In this section we will briefly discuss several of the key suppressive pathways oper-
ating in the tumor. Many of these are discussed in detail elsewhere in this volume,
so our focus here is specifically how these inhibitory pathways may affect the cross-
presentation and immune response to tumor antigens.

2.3.1 Regulatory T Cells: Recruitment and Activation

Regulatory T cells (Tregs) in tumors are an important suppressive population [26].
Physically depleting Tregs [27] or inhibiting the signals that they require [28] res-
cues anti-tumor immune surveillance. However, it is still unclear how Tregs exert
their suppressive function. One important mechanism may be their ability to inhibit
tumor-associated antigen-presenting cells [29, 30]. This would be a key leverage
point for control of antigen cross-presentation to T cells.

One important unanswered question in the field is why Treg activity is so excessive
in the tumor. Many of the Tregs in tumors appear to recognize the same self antigens
as in normal tissues [31], but there is a greater degree of constitutive functional activa-
tion of Tregs in tumors [32]. Several upstream pathways are known to activate tumor-
associated Tregs, includes IDO [32] and neuropilin-1 [33]. Recently, it was shown
that when Tregs are activated by IDO they up regulate the PD-1 receptor; PD-1 sig-
naling then maintains the suppressive Treg phenotype long-term, via activation of the
downstream PTEN phosphatase [17]. Neuropilin-1 also activates PTEN in Tregs [33],
and PTEN has been recently implicated in maintaining normal function and stability
of Tregs in the normal immune system [34, 35]. Thus, PTEN may be a centrally-
positioned pathway in tumor-induced activation of Tregs. In tumor-bearing mice,
ablation or inhibition of the PTEN pathway in Tregs prevented tumors from creating
their usual immunosuppressive microenvironment, and this markedly enhanced the
immune response to dying tumor cells following chemotherapy [17].
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2.3.2 CTLA-4 and PD-1 Pathways: The Classic T Cell
Checkpoints

CTLA-4 and PD-1 are inhibitory molecules expressed by activated T cells.
Clinically, antibodies against these molecules may dramatically enhance the ability
of patient’s T cells to attack their own tumors, especially in patients who already
have a pre-existing anti-tumor T cell response at diagnosis. Anti-CTLA-4 was the
first checkpoint-inhibitor to be approved [36]. While responses to single-agent ther-
apy have been limited, combination with PD-1 blockade is encouraging [21].
Clinical benefit was greatest in patients with a high mutational burden in their tumor
genome, and a large number of predicted mutational neoantigens [37, 38]. But the
effect of CTLA-4 is not limited to tumor-specific neoantigens; patients also showed
a significant increase in the frequency of T cells against self antigens associated
with melanoma [39]. Thus, blocking CTLA-4 may enhance the ability of the host
immune system to respond to endogenous tumor antigens, including even breaking
tolerance to shared self/tumor antigens. Therefore, a key take-home message from
these studies is that the T cell response to endogenous tumor antigens is not fixed,
and can be increased if the relevant suppressive mechanisms can be blocked.

The mechanism of action of CTLA-4 blockade is still unclear [40]. It may lower
the activation threshold for effector T cells, and/or it may inhibit or deplete regula-
tory T cells (Tregs) [40, 41]. Since Tregs can suppress the function of antigen-
presenting cells in the tumor [29, 30], blocking CTLA-4 may indirectly enhance
cross-presentation of tumor antigens.

PD-1 is a second inhibitory molecule expressed on activated T cells. Some tumor
cells constitutively express PD-L1, the counter-ligand for PD-1, and other tumor cells
may up-regulate PD-L1 in response to inflammatory signals. In addition, host APCs
(dendritic cells (DCs), Myeloid Derived Suppressor Cells (MDSCs) and macrophages)
can express constitutive or inducible PD-L1 or PD-L2, and this may be a biologically
important source of inhibition [42]. In certain tumors, blocking PD-1 or PD-L1 can
trigger striking clinical responses in a subset of patients. Like CTLA-4 blockade,
response to single-agent therapy is more likely in patients who have many neoantigens
and a strong spontaneous anti-tumor immune response at baseline [20, 42, 43].

Although there is little published literature on attempts to combine CTLA-4 or
PD-1/PD-L1 blockade with chemotherapy, this strategy to date has not met with
much obvious success [44]. In this regard it may be important to note that both
CTLA-4 and PD-1 are expressed by T cells, and become relevant when the T cells
are activated. In the setting of chemotherapy, however, the fundamental immuno-
logic defect may occur much earlier than this, at the level of the tolerogenic milieu
and the initial antigen-presentation step. If antigen-presentation is defective or
tolerogenic, then the CTLA-4 and PD-1 checkpoints may not even come into play.
Thus, CTLA-4 and PD-1 may not be the optimal targets for combination with che-
motherapy, because they are too far downstream. That said, if the antigen-presenting
milieu after chemotherapy can be improved by blocking upstream checkpoints such
as IDO, then the CTLA-4 and PD-1 checkpoints on T cells may now become rele-
vant and useful for combinatorial therapy.
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2.3.3 Targeting the IDO Pathway

Indoleamine 2,3-dioxygenase (IDO) is a tryptophan-degrading enzyme expressed
by cells in the immune system; it can also be expressed by inflamed tissues (epithe-
lial cells and fibroblasts) and by some tumor cells (reviewed in ref. [45]). The
immunologic function of the IDO pathway is both counter-regulatory (suppressing
excessive inflammation) and tolerogenic (creating de novo antigen-specific toler-
ance in T cells). In preclinical models, when the IDO pathway is interrupted mice
experience multiple defects in tolerance, including maternal tolerance to the fetus
during pregnancy [46—48]; mucosal and other forms of acquired peripheral toler-
ance [49-56]; and tolerance to apoptotic cells [22, 24]. Conversely, artificial over-
expression of IDO can create systemic tolerance de novo [24, 56-58]. IDO also
controls inflammation, acting to enhance the tissue-reparative effects of inflamma-
tion while limiting the tissue-destructive effects [S9-66]. In all of these models, the
role of IDO is focused and selective; and IDO-deficient mice do not have the broad,
spontaneous defects in self-tolerance that are seen with mice lacking CTLA-4 or
Treg cells. (This may be an important consideration in understanding the mild toxic-
ity profile of IDO-inhibitor drugs in the clinic.) However, in settings where IDO is
important, it can be a crucial and non-redundant mechanism of immune
regulation.

IDO degrades the essential amino acid tryptophan to kynurenine. The IDO gene
family includes IDO1 (the main subject of this section) and a related gene, IDO2
[67-69] which is much less well studied. In this chapter, we will use the term “IDO”
to refer to IDOI, or to the collective functional IDO enzyme activity. Depletion of
local tryptophan by IDO can activate the amino-acid sensitive stress-kinase GCN2.
Activation of GCN2 in T cells can inhibit effector T cell proliferation and function,
and increase the suppressor function of Tregs [70-72]. In antigen-presenting cells,
GCN2 inhibits inflammatory signals [73], and it can profoundly bias antigen-
presenting cells toward tolerance induction [24]. In addition to activating GCN?2,
IDO produces diffusible soluble factors (kynurenine and downstream metabolites)
that bind to the aryl hydrocarbon receptor (AhR) [74]. The AhR can enhance Treg
function [72, 74], suppress acute inflammatory cytokines such as IL-12 and IL-6
[22, 24, 75] and bias dendritic cells and macrophages toward an immunosuppres-
sive phenotype [24, 75-78]. Taken together, this means that IDO expression can
have a profound effect on the nature of the antigen-presentation process in a local
tissue site: rendering it tolerogenic when IDO is active, or immunogenic when IDO
is blocked [22, 24, 70, 79-81].

2.3.3.1 Activation of Treg Cells by IDO

IDO controls an important activation pathway in Tregs. Resting Tregs are not sup-
pressive, and they must undergo activation in order to become functionally active
[82]. This activation step requires both TCR engagement [83] and modulating signals
from the local microenvironment [84]. When Tregs are activated by an
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IDO-expressing APC, they become highly suppressive [32]. IDO affects Treg activa-
tion by inhibiting mTORC2 and Akt signaling in the Treg [17]. This results in up-
regulation of PD-1 expression by the Tregs, which then activates the PTEN lipid
phosphatase. The PD-1 — PTEN pathway then continues the inhibition of Akt, thus
forming a positive feedback loop that maintains on-going Treg suppressor activity as
long as the milieu contains PD-ligands. IDO is not the only pathway that can activate
PTEN in Tregs: neuropilin-1 (Nrpl) can have a similar activating effect [33]. But
IDO may be particularly important in the tumor following chemotherapy or other
insult, because it appears that IDO may directly link exposure to apoptotic cells with
activation of the potent PTEN-expressing Tregs [17], as discussed in the next
section.

2.3.3.2 IDO and Tolerance to Apoptotic Cells

In the normal immune system, IDO is strongly induced by apoptotic cells [22] and
appears to play an important role in maintaining tolerance to apoptotic cells. When
normal mice are challenged with large numbers of apoptotic thymocytes they
remain tolerant, and will even create de novo tolerance to foreign antigens intro-
duced on the apoptotic cells [22, 24]. However, if IDOI is blocked then mice cannot
create tolerance to apoptotic cells, and rapidly develop lupus-like autoimmunity
against self antigens [22, 24].

In the case of tumors, challenge with apoptotic tumor cells was found to up-
regulate IDO, which in turn elicited PTEN-expressing Tregs. These then inhibited
immune response to antigens from the apoptotic cells [17]. Even in mice without
tumors, targeted deletion of the PTEN gene in Tregs caused loss of self-tolerance
when challenged with apoptotic cells (a phenotype essentially identical to mice
lacking IDO) [17]. It is still speculative whether these same molecular pathways are
operative in human tumors following chemotherapy; but it is clear that tumors are
constantly faced with the need to suppress immune recognition of the highly abnor-
mal dying tumor cells. Thus, tumors may “hijack” the normal IDO and PTEN-Treg
pathways that inhibit responses to dying cells, and exaggerate them to render dying
tumor cells tolerogenic.

2.3.3.3 IDO, prEN-Tregs and Immunogenic Cell Death

The concept that specific regulatory mechanisms such as IDO and PTEN-Tregs are
actively up-regulated by dying cells, and thus prevents the immune system from
responding, has significant implications for tumor immunotherapy. In principle,
tumor cells should be much more immunogenic than normal cells, since they pos-
sess mutational neoantigens, and can also aberrantly over-express self antigens in an
immunogenic fashion [18, 25]. It is well known that certain forms of chemotherapy,
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in the right tumor models, can create sufficient inflammation to elicit T cell immune
responses (immunogenic cell death, as reviewed in ref. [10]). Unfortunately, in most
tumors, most chemotherapy drugs do not appear to elicit a robust immune response—
at least by themselves. However, this may be an artifact of the exaggerated levels of
counter-regulatory suppression, such as IDO and activated Tregs, which are present
in the tumor. If these suppressive pathways can be blocked, then immunogenic cell
death may actually be much more widespread than currently recognized. Figure 2.1
summarizes the possibility that, during tumor cell death, two sets of signals are cre-
ated simultaneously: some death occurs by apoptosis, and thus elicits mechanisms
of tolerance; while some death is disordered and immunogenic. In the suppressive
tumor milieu, however, the inhibitory pathways are exaggerated, and the immuno-
genic component is therefore dominantly suppressed. If these suppressive signals
are blocked, however, then the immune system becomes able to respond to the
underlying immunogenic cell death.

Tolerogenic death
(apoptosis)

Chemotherapy 63

o
T cells Radiation o TGFB
&V 2 / PTEN-Tregs

Tumor cell
Inflammation,
STING I:/@/:} antigen_
HMGB1 PA presentation

Immunogenic cell death

Fig. 2.1 Two possible responses to dying tumor cells. When tumor cells die following exposure to
chemotherapy, radiation or killing by cytotoxic T cells, they may be treated by the immune system
in one of two ways. Either they die in an immunogenic fashion, releasing inflammatory mediators
and triggering cross-presentation of tumor antigens to T cells; or, alternatively, they may die in a
tolerogenic fashion, eliciting suppressive signals such as IDO, TGFf and activated Tregs. In the
model shown, we propose that both forms of cell death usually co-exist in the tumor following
therapy, but that the tolerogenic pathways are dominant unless they can be blocked or circum-
vented by immunotherapy
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2.3.3.4 Clinical Trials of IDO-Inhibitor Drugs

Inhibitors of the IDO pathway do not kill tumor cells directly. Their role is to permit
and enhance immune responses following chemotherapy, radiation or other immu-
notherapy. Table 2.1 gives a partial listing of current clinical trials of inhibitors of
the IDO pathway. Most of the trials are based on either indoximod (1-methyl-D-
tryptophan, NewLink Genetics, Inc.) [85-88] or epacadostat (INCB024360, Incyte
Pharmaceuticals, Inc.) [89-91]. One of these trials (NCT02502708) is in pediatric

Table 2.1 Clinical trials of IDO-inhibitor drugs

Strategy Drug Patients | Trial design Trial number
Combination Indoximod Adult With taxanes in breast NCTO01792050
with (NewLink cancer
chemotherapy Genetics)
Indoximod Adult With temozolomide + NCT02052648
radiation in refractory
glioblastoma brain tumors
Indoximod Pediatric | With temozolomide + NCT02502708
radiation in pediatric
brain tumors
Indoximod Adult With gemcitabine/ NCT02077881
abraxane in pancreatic
cancer
Epacadostat | Adult With Jak1 inhibitor or NCT02559492
(Incyte) PI3KS3 inhibitor
Combination Epacadostat | Adult With anti-CTLA-4 NCTO01604889
with checkpoint (ipilimumab)
inhibitors Indoximod | Adult With anti-CTLA-4 NCT02073123
(ipilimumab)
Epacadostat | Adult With anti-PD-1 NCT02178722
(pembrolizumab)
Epacadostat | Adult With anti-PD-L1 NCT02298153
(atezolizumab)
Epacadostat | Adult With anti-PD-L1 NCT02318277
(MEDI4736)
GDC-0919 Adult With anti-PD-L1 NCT02471846
(Genentech (atezolizumab)
Roche)
Combination Epacadostat | Adult With NY-ESO-1 vaccine | NCT02166905
with vaccines in ovarian cancer
Indoximod Adult With Hyperacute vaccine | NCT02460367
(NewLink
Genetics) + docetaxel in
lung cancer
Epacadostat | Adult With peptide vaccine in NCTO1961115
melanoma
Epacadostat | Adult With Listeria mesothelin | NCT02575807
vaccine in ovarian cancer
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patients. No final results have yet been published, so it is too early to assess the
benefits of these strategies, but anecdotal results and meeting reports have been
encouraging. Additional IDO inhibitors are in the development pipeline, as well as
agents that may target IDO2 [92] or TDO [93, 94], two other tryptophan-catabolizing
enzymes that may affect tumor immunity [95].

2.3.4 Tumor-Associated Macrophages and Myeloid-Derived
Suppressor Cells (MDSCs)

Tumor-associated macrophages (TAMs) are key coordinators of tumor-promoting
angiogenesis, fibrous stroma deposition and metastasis formation [96]. In addition,
TAMs are also actively suppressive for T cell responses [97]. In part, this immuno-
suppressive phenotype may simply recapitulate the “reparative” phenotype of mac-
rophages during tissue remodeling [98]. While it is usual to think of wounds as
inflammatory, a sterile healing wound (i.e., without a superimposed infection) is
actually not a receptive milieu for antigen-specific T cell activation. Sterile wounds
are indeed inflammatory, but this is all chronic innate immunity, and any antigens
present are purely self antigens. Thus, T cell responses are undesirable, and they are
actively suppressed by signals such as TGFf and VEGF, which are high during tis-
sue repair. Tumors resemble “wounds that do not heal” [99], and share many of
these features of chronic inflammation with T cell immunosuppression. In addition,
tumors contain abnormal signals such as acidosis and hypoxia which may further
drive the immunosuppressive phenotype of the associated macrophages [100]. The
molecular mechanisms by which TAMs suppress T cell activation in tumors are not
yet well defined, but likely include production of VEGF and TGFf, as mentioned
above. Whatever the mechanism, destabilization of the intra-tumoral macrophage
pool, e.g., by blocking the CSF-1-receptor, significantly impairs tumor growth and
enhances anti-tumor immune responses [101, 102].

While TAMs may superficially resemble normal macrophages, in reality the
myeloid cells in the tumor are all profoundly disordered [96, 103]. In tumor-bearing
hosts, bone-marrow myelopoiesis is altered by factors secreted from the tumor, such
as GM-CSF and IL-6, which affects both the monocytic and granulocytic lineages
[104, 105]. These abnormal circulating cells become further altered when they are
recruited into the tumor microenvironment, with its chronic low-grade inflamma-
tion, free-radical flux and constant metabolic stress [106]. The presence of IDO and
activated Tregs in the tumor may further enhance the recruitment of these cells, and
render them even more suppressive [86]. Once in place, this heterogeneous popula-
tion of myeloid-derived suppressor cells (MDSCs) creates an immunosuppressive
milieu via elaboration of nitric oxide, arginase and reactive oxygen species [96,
107]. Much of the preclinical work on MDSCs has been performed in mouse mod-
els, but analogous cells exist in human tumors [108]. The suppressive nature of
MDSCs in tumors is completely different from their inflammatory, highly immuno-
genic counterparts that would normally be created at the site of an infection
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(inflammatory monocytes, macrophages and myeloid DCs) [104, 105]. Currently, it
is unclear exactly how this abnormal, suppressive state of the myeloid cells in
tumors can be reversed. Certain forms of chemotherapy may reduce the number of
MDSCs [109]; but, paradoxically, chemotherapy may also elicit a rebound increase
in MDSCs [110]. Reducing suppression by MDSCs is a subject of ongoing investi-
gation. Ultimately, however, the most effective approach may be to create a robust
pro-inflammatory microenvironment within the tumor by means of immunotherapy:
under these conditions the myeloid-lineage cells may now be able to follow their
normal, beneficial pathway of differentiation into immunogenic APCs [104].

2.3.5 Overcoming Therapy-Induced Counter-Regulation

The immune system provides potent protection against infection, but it can also be
lethal if its activation is not controlled. Hence, the normal immune system contains
multiple built-in regulatory feedback loops that control inflammation and limit
excessive activation. Thus, for example, pro-inflammatory IFNy simultaneously up-
regulates anti-inflammatory PD-L1 and IDO [111]; while T cell activation sponta-
neously recruits corresponding suppressive Tregs [84, 112]. In the tumor milieu,
these same counter-regulatory mechanisms are operative, and they are often patho-
logically exaggerated and dominant. As discussed above, this becomes relevant
when the immune system must make the decision between immunity and tolerance
to apoptotic tumor cells. In addition, pathways of inducible counter-regulation may
become important when successful immunotherapy (e.g., a vaccination or CAR T
cells) begins to create beneficial inflammation in the tumor. The presence of this
desirable inflammation may elicit exaggerated and undesirable counter-regulation,
e.g., by up-regulating PD-ligands or IDO [43, 111]. Thus, the efficacy of the initiat-
ing therapy is unwittingly compromised by its own success, unless agents are added
to block this inducible counter-regulation.

2.4 Implications for the Clinic: Using Chemotherapy
as an Immune Adjuvant

2.4.1 Bi-directional Synergy: Chemotherapy as a Vaccine,
and the Immune System as a Cytolytic Agent

Based on the forgoing discussion of mechanisms, the field of immunotherapy has a
growing opportunity to exploit the synergy (synthetic lethality) between chemo-
therapy and immunotherapy. As mentioned above, it is now well accepted that che-
motherapy has the potential to function as an endogenous “vaccine” when it releases
antigens from dying tumor cells [2, 4, 6]. By itself, conventional chemotherapy is
typically not highly immunogenic [13]; but as we begin to better understand—and
thus become able to block—the inhibitory mechanisms that suppress immune
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responses after chemotherapy, our standard chemotherapy agents may become
much more immunogenic as part of a combined regimen.

A second, less appreciated aspect of the synergy between chemotherapy and
immunotherapy is that the immune system can become a potent downstream effector
mechanism for conventional chemotherapy. Historically, when immunogenic cell
death was first discovered, there was some speculation that all chemotherapy—even
without immunotherapy—might rely on the immune system to cause tumor regres-
sion [113]. This turned out to be over-optimistic, and probably applies more to
mouse models of transplantable tumor cell lines [114]. However, the situation
becomes much different when chemotherapy is combined with active immunother-
apy into a dual regimen. Now the immune system is being actively recruited and
empowered to provide additional anti-tumor effector mechanisms, which would not
normally come into play with standard chemotherapy alone. Thus, the immune sys-
tem becomes, in effect, a downstream effector arm for the chemotherapy. This effect
has been modeled in preclinical mouse systems [17, 115], and there are some encour-
aging suggestions that it may be translatable into the clinic as well [116, 117].

2.4.2 Targeted Therapies Can Also Release Antigen

The armamentarium of the oncologist is increasing beyond standard chemotherapy,
and now includes antibodies, antibody-drug conjugates (ADCs) and selective kinase
inhibitors. ADCs target chemotherapy drugs preferentially to tumor cells; they may
be very cytolytic and immune-activating, and prime the tumor milieu for response
to immunotherapy [118]. The immunologic response to targeted kinase inhibitors is
not yet well understood, but when used against a tumor that is heavily dependent on
the specific pathway being targeted, then these drugs can cause dramatic tumor
regression (although subsequent resistance is a problem). It is not yet known if these
targeted agents are as stimulatory for immune responses as conventional chemo-
therapy, but there is mounting evidence that many (perhaps all) of these agents can
be immunogenic [6]. However, because these targeted agents at present play less of
a role in pediatrics, our focus will be primarily on conventional cytotoxic
chemotherapy.

2.4.3 How Immunosuppressive Is Chemotherapy ... Really?

Every oncologist has a healthy respect for the myelosuppressive potential of chemo-
therapy; thus, it seems somewhat counter-intuitive to combine chemotherapy with
immunotherapy. However, myelosuppression does not necessarily imply a corre-
sponding degree of T cell suppression (which is the relevant attribute for response to
immunotherapy). Thus, for example, most chemotherapy regimens for solid tumors—
even dose-intensive pediatric regimens—do not require prophylaxis against
Pneumocystisorinvasive fungalinfections, inthe way thataT cell-immunocompromised
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patient would require. While patients may transiently have a low circulating T cell
after chemotherapy, their lymph nodes and spleen do not go away, nor do the T cells
in the tumor. Indeed, given the chance, the antigen-specific T cells associated with the
tumor may be the first to rebound after chemotherapy, because they are responding to
the wave of tumor antigens that have been released [119].

The timing and dosage of chemotherapy relative to the timing of immunotherapy
must be optimized so as not to suppress the T cell response produced, but appropri-
ate regimens can be designed to accomplish this [120]. Such regimens may be
helped by the fact that antigen-specific T cells in the tumor may be non-proliferating
at the time of chemotherapy (because they are anergic, or suppressed by the tumor
microenvironment), and are thus protected from the effects of chemotherapy.
Tumor-associated T cells may only become activated and proliferating later, after
the chemotherapy is eliminated and gone. Thus, far from being inimical to immuno-
therapy, chemotherapy is in fact a ready-made opportunity to be exploited [2, 4].

2.4.4 The Late-Responder Paradox: Immune-Related
Response Criteria

When patients are treated with conventional chemotherapy, they typically show one
of three patterns: either they respond and are cured; or they fail to respond at all; or
they respond for a period of time and then progress despite therapy (i.e., they
become resistant). In those patients who do respond, the benefit of conventional
chemotherapy is invariably front-loaded: the best response occurs in the initial
cycles, and once the tumor begins to progress on therapy (becomes resistant) there
is no further benefit from that particular agent or regimen.

In contrast, when tumors are treated with immunotherapy, there can be additional,
less familiar patterns of response (Fig. 2.2). The immune system inherently displays
memory and recall. Thus, as we know from childhood immunizations, an immune
response can become progressively stronger the more times it is exposed to antigen
(prime and boost). Therefore, some patients treated with anti-tumor immunotherapy
may experience paradoxical late responses, occurring only after many months of
treatment. Indeed, there can even be a period of early progression, sometimes lasting
several cycles of therapy, before the immune system becomes sufficiently activated to
cause tumor regression. This pattern of apparent resistance followed by late regres-
sion is essentially never seen with chemotherapy alone. (The specialized case of tran-
sient pseudoprogression in brain tumors is actually an effect of successful treatment,
not progression [121]). The exact mechanism of these late immunologic responses is
still a subject of investigation. It may simply represent progressive “boosting” with
repeated treatment; but it also seems likely that late responses reflect a complex shift
in the equilibrium between the suppression and immunity in the tumor milieu [1,
122]. Whatever the mechanism, it is important to bear in mind the possibility of late
responses when designing clinical trials and stopping rules. This means, for example,
the use of appropriate immune-related response criteria [123], which allow for a lim-
ited period of initial progression before removing patients from the study.
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Fig. 2.2 Late responses and stable disease as potential outcomes with immunotherapy.
Traditionally, responses to conventional chemotherapy or radiation tend to occur early, if they
occur at all. With chemotherapy, for example, the traditional response patterns are either progres-
sive remission induction leading to cure, or an early response followed by subsequent relapse (i.e.,
the tumor becomes resistant). However, when the immune system participates in the anti-tumor
response, due to the addition of immunotherapy to the treatment regimen, then additional patterns
of response become possible. Because the immune system can show increasing activation with
repeated antigen exposure (immunologic memory), patients receiving immunotherapy may show
late responses—sometimes even after multiple cycles of apparent non-response, or even transient
progression. Alternatively, the immune system may establish an apparent “equilibrium” state with
the tumor, during which residual disease remains, but is prevented from growing by the on-going
immune attack. This results in a pattern of long-term stable disease, even though residual tumor is
still present. Neither of these latter two patterns would be expected with conventional chemother-
apy or radiation, but they are recognized patterns with immunotherapy

As a variant of the late-response pattern, immunotherapy may sometimes simply
produce a prolonged period of stable disease, without complete regression (or a pattern
of mixed regression of only some lesions). On the occasions when these stable lesions
have been biopsied, they often contain an active, on-going immune response.
Obviously, in pediatric patients the ultimate goal is cure. But it is important to bear in
mind that stable disease in the setting of immunotherapy may actually be a signal of
robust immune activation, and an on-going, almost-successful effort at tumor control.

2.4.5 Using Immunotherapy to Reduce the Dose
of Chemotherapy

Pediatric malignancies tend to be chemotherapy-responsive, and the cure rate in pedi-
atrics is much higher than in adults. However, this success is often purchased at the
price of higher dose-intensity, especially in patients with high-risk or relapsed disease.
Indeed, much of the acute and long-term morbidity and impact on quality of life
relates to the side effects of chemotherapy—and, specifically, to the need for higher
dose-intensity in many settings. But the use of more dose-intense and toxic regimens
has been largely driven by the need to extract more efficacies from chemotherapy
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regimens used by themselves. Now that immunotherapy agents are becoming avail-
able for combination regimens, it may be possible to leverage the immunotherapy to
reduce the dose of the conventional chemotherapy. Whether this approach will be
successful in the clinic remains to be seen, but preclinical models would suggest that
it does not take ultra-high doses of chemotherapy to release immunologically useful
amounts of antigen; and, indeed, higher doses of chemotherapy may actually suppress
the immune response of interest. Clinically, the dose-reduction needed to reduce side-
effects and increase quality of life may not be huge: even a 25-33% dose-reduction
from the MTD may be significantly less toxic. One would not intentionally trade loss
of efficacy for fewer side-effects, but if adding immunotherapy allows greater efficacy
at lower doses, then this would be an important advance for pediatric patients.

2.4.6 Combination Chemo-Immunotherapy Is Particularly
Well-Suited to the Pediatric Population

Because childhood malignancies are typically more responsive to chemotherapy,
there is more opportunity to treat even relapsed or metastatic disease with curative
intent, rather than just for palliation (as often occurs in adults). Thus, second-line or
even third-line regimens in children may have a percentage of patients (albeit per-
haps small) who can legitimately hope for cure. This is almost never the case in
adults. But the consequence of this superior responsiveness to chemotherapy is that
it would be inappropriate in children to attempt to forego standard-of-care chemo-
therapy, and replace it with immunotherapy alone. This may well be appropriate in
adults, where immunotherapy often is used in place of chemotherapy [36], because
of the dismal prognosis with chemotherapy. However, in children chemotherapy
often still holds prospect of benefit. Thus, in order to offer optimal benefit of immu-
notherapy to the pediatric population, it is important to seamlessly integrate immu-
notherapy with standard-of-care chemotherapy. This not only allows immunotherapy
to be used earlier in the course of the disease, when the patient’s immune system is
less compromised by extensive pre-treatment and widespread burden of disease; but
it also holds the prospect of enhancing the efficacy of the standard chemotherapy
itself, and perhaps reducing the dose-intensity and toxicity.

2.5 Rethinking the Possibilities of Radiation: Using Local
Radiation to Create an Endogenous Vaccine

2.5.1 Local Radiation and Systemic Inmune Responses:
The Abscopal Effect

Radiation kills tumor cells by damaging DNA, via a process that depends heavily on
generating oxygen free radicals. The effects of radiation are highly inflammatory,
and the dying tumor cells are potentially immunogenic [124]. Because radiation is
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so pro-inflammatory (whereas most systemic chemotherapy is not); local irradiation
may serve as a valuable adjunct to chemo-immunotherapy. By releasing a wave of
tumor antigens and creating local inflammation, ablative radiation may serve as an
effective “vaccine” against endogenous tumor antigens [125]. However, just as with
cell death after chemotherapy, radiation by itself is rarely able to break tolerance to
tumor antigens. However, the tolerogenic and suppressive checkpoints after radia-
tion appear very similar to the checkpoints that restrict response to chemotherapy
[126]. Thus, when combined with active immunotherapy, the immunologic effects
of radiation may become much more pronounced and exploitable [2].

As an example, in 2012, Wolchok and colleagues reported a serendipitous obser-
vation in a patient with metastatic melanoma being treated with CTLA-4 blockade,
who also happened to receive concurrent palliative local radiation to a single lesion
for relief of spinal-cord compression [127]. Unexpectedly, this patient underwent
widespread involution of metastatic lesions outside the field of radiation (the so-
called “abscopal” effect), with systemic tumor-specific immune activation. Similar
anecdotal abscopal effects have been reported with other immunotherapy, and fol-
low-on clinical trials have been initiated in a variety of indications [128]. In another
approach, local irradiation of isolated tumor lesions has been combined with intra-
lesional injection of an immune adjuvant (TLR-ligand), and this can actively elicit
abscopal responses at distant sites [129].

Thus—at least in principal—local irradiation, with its intense inflammation and
endogenous “vaccine” effect, has the potential to make an important and non-
redundant contribution to multi-modal immunotherapy regimens.

2.5.2 Designing Radiation Strategies for Maximal
Immune Effect

If radiation is intended as an immune-activating component of a combination immu-
notherapy regimen (rather than as a single-agent treatment), then the design consid-
erations become somewhat different. Radiation is highly toxic to normal tissues, yet
radiation alone can only be curative if every tumor cell is included in the field. Thus,
under conventional strategies, radiation fields must deliberately incorporate a mar-
gin of normal tissue so as to include microscopic infiltrating tumor cells. It is this
need to irradiate margins of normal tissue that accounts for almost all of the acute
and long-term toxicities of radiation. Radiating only the middle of the tumor would
have little toxicity, but it would also never be curative, since the residual tumor
would rapidly regrow. However, as a component of immunotherapy, irradiating only
the lesion itself (without margins of normal tissue) is a perfectly usable source of
tumor antigens and the “endogenous vaccine” effect. And, if the immunotherapy
works at all, it will work on microscopic residual disease, so there is no need to
increase the toxicity of radiation in an attempt to secure extensive margins. As a
source of antigens and inflammation, hypofractionated radiation (stereotactic radio-
surgery, or stereotactic body radiotherapy) may be more inflammatory and immuno-
genic than a less toxic hyper-fractionated schedule [125].
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When radiation is used as a single agent, the decision whether to use it at all is
restricted by considerations of toxicity and futility. Thus, re-irradiation must be
undertaken with caution (and often may not be possible); and stereotactic radiation
of a lesion is futile (other than for palliation) if other metastatic lesions are present.
However, when radiation is used as an integral component of active immunother-
apy, then the calculus is changed. Toxicity may be much reduced because margins
are not necessary; and it is no longer necessary to include every lesion in the radia-
tion field (since the whole goal is the abscopal effect) [127]. Finally, irradiating a
key, life-threatening lesion may de-bulk the tumor and buy valuable time to allow
the immune system to generate a subsequent response.

Obviously, all of this new hypothetical calculus depends entirely on the ability of
the immunotherapy or chemo-immunotherapy to deliver the necessary efficacy. (If
not, then the radiation is indeed futile.) However, the experience in multiple adult
immunotherapy trials has been that the immune system is indeed capable of deliver-
ing very potent anti-tumor effects—including regression of widespread metastatic
disease; and it can work in very aggressive and refractory tumors. Thus, the problem
is not the inherent potency of the immune system, but rather inducing that efficacy
become a reality in all patients. This is the rationale for adding immunogenic radia-
tion to multi-modal immunotherapy.

2.6 Possibilities of Surgery: Can Immunotherapy Help
Downstage Tumors for Definitive Resection?

Finally, we consider surgery. Pediatric surgery has reached a superb level of techni-
cal competence, but the role for additional surgical intervention in the face of recur-
rent or metastatic disease remains limited by the problem of futility. However, if
immunotherapy is added to the traditional modalities of chemotherapy and radia-
tion, this may also change the calculus for surgery. First, since the immune system
is better at dealing with microscopic disease than with bulky disease, up-front de-
bulking surgery (even in relapsed disease) may improve the chances of an immune
response. And second, regimens that incorporate immunotherapy may create a situ-
ation of prolonged stable disease—e.g., a lesion that does not shrink, but does not
spontaneously re-grow either (see Fig. 2.2, above). At what point does it become in
the patient’s interest to resect this remaining stable lesion(s)? In our own immuno-
therapy trials, we do not yet have an unambiguous answer to this question. The best
approach will have to be empirically determined through clinical trials, and may be
a judgment call for each patient. But the addition of an immune effector arm, with
its potential for late responses and prolonged stable equilibrium, has raised new
potential roles for surgery in the management of patients who show evidence of
response.

Acknowledgments The authors gratefully acknowledge the generous support of the Alex’s
Lemonade Stand Foundation (to TSJ), and the Beloco Foundation (to DHM).



2 Overcoming Immune Suppression in the Tumor Microenvironment 31

References

10.

11.

12.

13.

14.

15.

16.

17.

19.

. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity.

2013;39:1-10.

. Medler TR, Cotechini T, Coussens LM. Immune response to cancer therapy: mounting an

effective antitumor response and mechanisms of resistance. Trends Cancer. 2015;1:66-75.

. Munn DH, Bronte V. Immune suppressive mechanisms in the tumor microenvironment. Curr

Opin Immunol. 2016;39:1-6.

. Belvin M, Mellman I. Is all cancer therapy immunotherapy? Sci Transl Med. 2015;7:315fs438.
. Lesokhin AM, Callahan MK, Postow MA, Wolchok JD. On being less tolerant: enhanced

cancer immunosurveillance enabled by targeting checkpoints and agonists of T cell activa-
tion. Sci Transl Med. 2015;7:280sr1.

. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunological effects of conven-

tional chemotherapy and targeted anticancer agents. Cancer Cell. 2015;28:690-714.

. Machiels JP, Reilly RT, Emens LA, Ercolini AM, Lei RY, Weintraub D, Okoye FI, Jaffee

EM. Cyclophosphamide, doxorubicin, and paclitaxel enhance the antitumor immune
response of granulocyte/macrophage-colony stimulating factor-secreting whole-cell vaccines
in HER-2/neu tolerized mice. Cancer Res. 2001;61:3689-97.

. Sistigu A, Viaud S, Chaput N, Bracci L, Proietti E, Zitvogel L. Immunomodulatory effects

of cyclophosphamide and implementations for vaccine design. Semin Immunopathol.
2011;33:369-83.

. Klebanoff CA, Khong HT, Antony PA, Palmer DC, Restifo NP. Sinks, suppressors and

antigen presenters: how lymphodepletion enhances T cell-mediated tumor immunotherapy.
Trends Immunol. 2005;26:111-7.

Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell death in cancer therapy. Annu
Rev Immunol. 2013;31:51-72.

Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini JL., Castedo M, Mignot
G, Panaretakis T, Casares N, Metivier D, Larochette N, van Endert P, Ciccosanti F, Piacentini
M, Zitvogel L, Kroemer G. Calreticulin exposure dictates the immunogenicity of cancer cell
death. Nat Med. 2007;13:54-61.

Apetoh L, Ghiringhelli F, Tesniere A, Obeid M, Ortiz C, Criollo A, Mignot G, Maiuri MC,
Ullrich E, Saulnier P, Yang H, Amigorena S, Ryffel B, Barrat FJ, Saftig P, Levi F, Lidereau R,
Nogues C, Mira JP, Chompret A, Joulin V, Clavel-Chapelon F, Bourhis J, Andre F, Delaloge
S, Tursz T, Kroemer G, Zitvogel L. Toll-like receptor 4-dependent contribution of the immune
system to anticancer chemotherapy and radiotherapy. Nat Med. 2007;13:1050-9.

Coffelt SB, de Visser KE. Immune-mediated mechanisms influencing the efficacy of antican-
cer therapies. Trends Immunol. 2015;36:198-216.

Bezu L, Gomes-de-Silva LC, Dewitte H, Breckpot K, Fucikova J, Spisek R, Galluzzi L, Kepp
O, Kroemer G. Combinatorial strategies for the induction of immunogenic cell death. Front
Immunol. 2015;6:187.

McLornan DP, List A, Mufti GJ. Applying synthetic lethality for the selective targeting of
cancer. N Engl J Med. 2014;371:1725-35.

Kaelin WG Jr. The concept of synthetic lethality in the context of anticancer therapy. Nat Rev
Cancer. 2005;5:689-98.

Sharma MD, Shinde R, McGaha T, Huang L, Holmgaard RB, Wolchok JD, Mautino MR,
Celis E, Sharpe A, Francisco LM, Powell DJ Jr, Yagita H, Mellor AL, Blazar BR, Munn
DH. The PTEN pathway in Tregs is a critical driver of the suppressive tumor microenviron-
ment. Sci Adv. 2015;1:¢1500845.

. Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Science.

2015;348:69-74.

McGranahan N, Furness AJS, Rosenthal R, Ramskov S, Lyngaa R, Saini SK, Jamal-Hanjani
M, Wilson GA, Birkbak NJ, Hiley CT, Watkins TBK, Shafi S, Murugaesu N, Mitter R, Akarca
AU, Linares J, Marafioti T, Henry JY, Van Allen EM, Miao D, Schilling B, Schadendorf



32

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

T.S. Johnson and D.H. Munn

D, Garraway LA, Makarov V, Rizvi NA, Snyder A, Hellmann MD, Merghoub T, Wolchok
JD, Shukla SA, Wu CJ, Peggs KS, Chan TA, Hadrup SR, Quezada SA, Swanton C. Clonal
neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade.
Science. 2016;351(6280):1463-9. doi: 10.1126/science.aaf1490.

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, Lee W, Yuan J,
Wong P, Ho TS, Miller ML, Rekhtman N, Moreira AL, Ibrahim F, Bruggeman C, Gasmi B,
Zappasodi R, Maeda Y, Sander C, Garon EB, Merghoub T, Wolchok JD, Schumacher TN,
Chan TA. Mutational landscape determines sensitivity to PD-1 blockade in non-small cell
lung cancer. Science. 2015;348:124-8.

Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, Schadendorf D,
Dummer R, Smylie M, Rutkowski P, Ferrucci PF, Hill A, Wagstaff J, Carlino MS, Haanen
JB, Maio M, Marquez-Rodas I, McArthur GA, Ascierto PA, Long GV, Callahan MK, Postow
MA, Grossmann K, Sznol M, Dreno B, Bastholt L, Yang A, Rollin LM, Horak C, Hodi FS,
Wolchok JD. Combined nivolumab and ipilimumab or monotherapy in untreated melanoma.
N Engl J Med. 2015;373:23-34.

Ravishankar B, Liu H, Shinde R, Chandler P, Baban B, Tanaka M, Munn DH, Mellor
AL, Karlsson MC, McGaha TL. Tolerance to apoptotic cells is regulated by indoleamine
2,3-dioxygenase. Proc Natl Acad Sci U S A. 2012;109:3909-14.

Ravishankar B, Shinde R, Liu H, Chaudhary K, Bradley J, Lemos HP, Chandler P, Tanaka
M, Munn DH, Mellor AL, McGaha TL. Marginal zone CD169+ macrophages coordi-
nate apoptotic cell-driven cellular recruitment and tolerance. Proc Natl Acad Sci U S A.
2014;111:4215-20.

Ravishankar B, Liu H, Shinde R, Chaudhary K, Xiao W, Bradley J, Koritzinsky M, Madaio
MP, McGaha TL. The amino acid sensor GCN2 inhibits inflammatory responses to apoptotic
cells promoting tolerance and suppressing systemic autoimmunity. Proc Natl Acad Sci U S
A.2015;112:10774-9.

Coulie PG, Van den Eynde BJ, van der Bruggen P, Boon T. Tumour antigens recognized by T
lymphocytes: at the core of cancer immunotherapy. Nat Rev Cancer. 2014;14:135-46.
Nishikawa H, Sakaguchi S. Regulatory T cells in cancer immunotherapy. Curr Opin Immunol.
2014;27:1-7.

Bos PD, Plitas G, Rudra D, Lee SY, Rudensky AY. Transient regulatory T cell ablation deters
oncogene-driven breast cancer and enhances radiotherapy. J Exp Med. 2013;210:2435-66.
Ali K, Soond DR, Pineiro R, Hagemann T, Pearce W, Lim EL, Bouabe H, Scudamore CL,
Hancox T, Maecker H, Friedman L, Turner M, Okkenhaug K, Vanhaesebroeck B. Inactivation
of PI(3)K p110delta breaks regulatory T-cell-mediated immune tolerance to cancer. Nature.
2014;510:407-11.

Joshi NS, Akama-Garren EH, Lu Y, Lee DY, Chang GP, Li A, DuPage M, Tammela T, Kerper
NR, Farago AF, Robbins R, Crowley DM, Bronson RT, Jacks T. Regulatory T cells in tumor-
associated tertiary lymphoid structures suppress anti-tumor T cell responses. Immunity.
2015;43:579-90.

Bauer CA, Kim EY, Marangoni F, Carrizosa E, Claudio NM, Mempel TR. Dynamic
Treg interactions with intratumoral APCs promote local CTL dysfunction. J Clin Invest.
2014;124:2425-40.

Malchow S, Leventhal DS, Nishi S, Fischer BI, Shen L, Paner GP, Amit AS, Kang C,
Geddes JE, Allison JP, Socci ND, Savage PA. Aire-dependent thymic development of tumor-
associated regulatory T cells. Science. 2013;339:1219-24.

Sharma MD, Baban B, Chandler P, Hou DY, Singh N, Yagita H, Azuma M, Blazar BR, Mellor
AL, Munn DH. Plasmacytoid dendritic cells from mouse tumor-draining lymph nodes directly
activate mature Tregs via indoleamine 2,3-dioxygenase. J Clin Invest. 2007;117:2570-82.
Delgoffe GM, Woo SR, Turnis ME, Gravano DM, Guy C, Overacre AE, Bettini ML, Vogel P,
Finkelstein D, Bonnevier J, Workman CJ, Vignali DA. Stability and function of regulatory T
cells is maintained by a neuropilin-1-semaphorin-4a axis. Nature. 2013;501:252-6.

Huynh A, DuPage M, Priyadharshini B, Sage PT, Quiros J, Borges CM, Townamchai N,
Gerriets VA, Rathmell JC, Sharpe AH, Bluestone JA, Turka LA. Control of PI(3) kinase in
Treg cells maintains homeostasis and lineage stability. Nat Immunol. 2015;16:188-96.


https://doi.org/10.1126/science.aaf1490

2 Overcoming Immune Suppression in the Tumor Microenvironment 33

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

. Shrestha S, Yang K, Guy C, Vogel P, Neale G, Chi H. Treg cells require the phosphatase
PTEN to restrain Th1 and Tth cell responses. Nat Immunol. 2015;16:178-87.

Postow MA, Callahan MK, Wolchok JD. Immune checkpoint blockade in cancer therapy. J
Clin Oncol. 2015;33:1974-82.

Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, Walsh LA, Postow
MA, Wong P, Ho TS, Hollmann TJ, Bruggeman C, Kannan K, Li Y, Elipenahli C, Liu C,
Harbison CT, Wang L, Ribas A, Wolchok JD, Chan TA. Genetic basis for clinical response to
CTLA-4 blockade in melanoma. N Engl J Med. 2014;371:2189-99.

Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, Sucker A, Hillen
U, Geukes Foppen MH, Goldinger SM, Utikal J, Hassel JC, Weide B, Kaehler KC,
Loquai C, Mohr P, Gutzmer R, Dummer R, Gabriel S, Wu CJ, Schadendorf D, Garraway
LA. Genomic correlates of response to CTLA4 blockade in metastatic melanoma. Science.
2015;350:207-11.

Kvistborg P, Philips D, Kelderman S, Hageman L, Ottensmeier C, Joseph-Pietras D, Welters
MJ, van der Burg S, Kapiteijn E, Michielin O, Romano E, Linnemann C, Speiser D, Blank C,
Haanen JB, Schumacher TN. Anti-CTLA-4 therapy broadens the melanoma-reactive CD8+
T cell response. Sci Transl Med. 2014;6:254ral28.

Walker LS, Sansom DM. Confusing signals: recent progress in CTLA-4 biology. Trends
Immunol. 2015;36:63-70.

Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F, Roddie C, Henry
JY, Yagita H, Wolchok JD, Peggs KS, Ravetch JV, Allison JP, Quezada SA. Fc-dependent
depletion of tumor-infiltrating regulatory T cells co-defines the efficacy of anti-CTLA-4 ther-
apy against melanoma. J Exp Med. 2013;210:1695-710.

Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, Sosman JA, McDermott
DE, Powderly JD, Gettinger SN, Kohrt HE, Horn L, Lawrence DP, Rost S, Leabman M, Xiao
Y, Mokatrin A, Koeppen H, Hegde PS, Mellman I, Chen DS, Hodi FS. Predictive correlates of
response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 2014;515:563-7.
Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, Chmielowski B, Spasic
M, Henry G, Ciobanu V, West AN, Carmona M, Kivork C, Seja E, Cherry G, Gutierrez AJ,
Grogan TR, Mateus C, Tomasic G, Glaspy JA, Emerson RO, Robins H, Pierce RH, Elashoff
DA, Robert C, Ribas A. PD-1 blockade induces responses by inhibiting adaptive immune
resistance. Nature. 2014;515:568-71.

Robert C, Thomas L, Bondarenko I, O’Day S, Weber J, Garbe C, Lebbe C, Baurain JF,
Testori A, Grob JJ, Davidson N, Richards J, Maio M, Hauschild A, Miller WH, Gascon P,
Lotem M, Harmankaya K, Ibrahim R, Francis S, Chen TT, Humphrey R, Hoos A, Wolchok
JD. Ipilimumab plus dacarbazine for previously untreated metastatic melanoma. N Engl J
Med. 2011:364:2517-26.

Munn DH, Mellor AL. IDO in the tumor microenvironment: inflammation, counter-
regulation, and tolerance. Trends Immunol. 2016;37:193-207.

Munn DH, Zhou M, Attwood JT, Bondarev I, Conway SJ, Marshall B, Brown C,
Mellor AL. Prevention of allogeneic fetal rejection by tryptophan catabolism. Science.
1998;281:1191-3.

Muller AJ, Duhadaway JB, Donover PS, Sutanto-Ward E, Prendergast GC. Inhibition of
indoleamine 2,3-dioxygenase, an immunoregulatory target of the cancer suppression gene
Binl, potentiates cancer chemotherapy. Nat Med. 2005;11:312-9.

Mellor AL, Sivakumar J, Chandler P, Smith K, Molina H, Mao D, Munn DH. Prevention
of T cell-driven complement activation and inflammation by tryptophan catabolism during
pregnancy. Nat Immunol. 2001;2:64-8.

Matteoli G, Mazzini E, Iliev ID, Mileti E, Fallarino F, Puccetti P, Chieppa M, Rescigno
M. Gut CD103+ dendritic cells express indoleamine 2,3-dioxygenase which influences T
regulatory/T effector cell balance and oral tolerance induction. Gut. 2010;59:595-604.

van der Marel AP, Samsom JN, Greuter M, van Berkel LA, O’Toole T, Kraal G, Mebius
RE. Blockade of IDO inhibits nasal tolerance induction. J Immunol. 2007;179:894-900.
Sucher R, Fischler K, Oberhuber R, Kronberger I, Margreiter C, Ollinger R, Schneeberger S,
Fuchs D, Werner ER, Watschinger K, Zelger B, Tellides G, Pilat N, Pratschke J, Margreiter



34

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

T.S. Johnson and D.H. Munn

R, Wekerle T, Brandacher G. IDO and regulatory T cell support are critical for cytotoxic T
lymphocyte-associated Ag-4 Ig-mediated long-term solid organ allograft survival. J Immunol.
2012;188:37-46.

Grohmann U, Orabona C, Fallarino F, Vacca C, Calcinaro F, Falorni A, Candeloro P,
Belladonna ML, Bianchi R, Fioretti MC, Puccetti P. CTLA-4-Ig regulates tryptophan catabo-
lism in vivo. Nat Immunol. 2002;3:1097-101.

Mellor AL, Baban B, Chandler P, Marshall B, Jhaver K, Hansen A, Koni PA, Iwashima M,
Munn DH. Cutting edge: induced indoleamine 2,3 dioxygenase expression in dendritic cell
subsets suppresses T cell clonal expansion. J Immunol. 2003;171:1652-5.

Guillonneau C, Hill M, Hubert FX, Chiffoleau E, Herve C, Li XL, Heslan M, Usal C, Tesson
L, Menoret S, Saoudi A, Le Mauff B, Josien R, Cuturi MC, Anegon 1. CD40Ig treatment
results in allograft acceptance mediated by CD8CD45RC T cells, IFN-gamma, and indole-
amine 2,3-dioxygenase. J Clin Invest. 2007;117:1096-106.

Tsai S, Shameli A, Yamanouchi J, Clemente-Casares X, Wang J, Serra P, Yang Y, Medarova
Z, Moore A, Santamaria P. Reversal of autoimmunity by boosting memory-like autoregula-
tory T cells. Immunity. 2010;32:568-80.

Lan Z, Ge W, Arp J, Jiang J, Liu W, Gordon D, Healey D, DeBenedette M, Nicolette C,
Garcia B, Wang H. Induction of kidney allograft tolerance by soluble CD83 associated with
prevalence of tolerogenic dendritic cells and indoleamine 2,3-dioxygenase. Transplantation.
2010;90:1286-93.

Swanson KA, Zheng Y, Heidler KM, Mizobuchi T, Wilkes DS. CDllc+ cells modulate pul-
monary immune responses by production of indoleamine 2,3-dioxygenase. Am J Respir Cell
Mol Biol. 2004;30:311-8.

Matino D, Gargaro M, Santagostino E, Di Minno MN, Castaman G, Morfini M, Rocino A,
Mancuso ME, Di Minno G, Coppola A, Talesa VN, Volpi C, Vacca C, Orabona C, lannitti
R, Mazzucconi MG, Santoro C, Tosti A, Chiappalupi S, Sorci G, Tagariello G, Belvini D,
Radossi P, Landolfi R, Fuchs D, Boon L, Pirro M, Marchesini E, Grohmann U, Puccetti P,
Torio A, Fallarino F. IDO1 suppresses inhibitor development in hemophilia A treated with
factor VIII. J Clin Invest. 2015;125:3766-81.

Jasperson LK, Bucher C, Panoskaltsis-Mortari A, Taylor PA, Mellor AL, Munn DH, Blazar
BR. Indoleamine 2,3-dioxygenase is a critical regulator of acute GVHD lethality. Blood.
2008;111:3257-65.

LuY, Giver CR, Sharma A, Li JM, Darlak KA, Owens LM, Roback JD, Galipeau J, Waller
EK. IFN-gamma and indoleamine 2,3-dioxygenase signaling between donor dendritic
cells and T cells regulates graft versus host and graft versus leukemia activity. Blood.
2012;119:1075-85.

Gurtner GJ, Newberry RD, Schloemann SR, McDonald KG, Stenson WEF. Inhibition
of indoleamine 2,3-dioxygenase augments trinitrobenzene sulfonic acid colitis in mice.
Gastroenterology. 2003;125:1762-73.

Szanto S, Koreny T, Mikecz K, Glant TT, Szekanecz Z, Varga J. Inhibition of indoleamine
2,3-dioxygenase-mediated tryptophan catabolism accelerates collagen-induced arthritis in
mice. Arthritis Res Ther. 2007;9:R50.

Yan Y, Zhang GX, Gran B, Fallarino F, Yu S, Li H, Cullimore ML, Rostami A, Xu H. IDO
upregulates regulatory T cells via tryptophan catabolite and suppresses encephalitogenic T cell
responses in experimental autoimmune encephalomyelitis. J Immunol. 2010;185:5953-61.
Fallarino F, Volpi C, Zelante T, Vacca C, Calvitti M, Fioretti MC, Puccetti P, Romani L,
Grohmann U. IDO mediates TLR9-driven protection from experimental autoimmune diabe-
tes. J Immunol. 2009;183:6303—12.

Romani L, Fallarino F, De Luca A, Montagnoli C, D’ Angelo C, Zelante T, Vacca C, Bistoni F,
Fioretti MC, Grohmann U, Segal BH, Puccetti P. Defective tryptophan catabolism underlies
inflammation in mouse chronic granulomatous disease. Nature. 2008;451:211-5.

Grohmann U, Volpi C, Fallarino F, Bozza S, Bianchi R, Vacca C, Orabona C, Belladonna
ML, Ayroldi E, Nocentini G, Boon L, Bistoni F, Fioretti MC, Romani L, Riccardi C, Puccetti



2 Overcoming Immune Suppression in the Tumor Microenvironment 35

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

P. Reverse signaling through GITR ligand enables dexamethasone to activate IDO in allergy.
Nat Med. 2007;13:579-86.

Metz R, Duhadaway JB, Kamasani U, Laury-Kleintop L, Muller AJ, Prendergast GC. Novel
tryptophan catabolic enzyme IDO?2 is the preferred biochemical target of the antitumor
indoleamine 2,3-dioxygenase inhibitory compound D-1-methyl-tryptophan. Cancer Res.
2007;67:7082-7.

Ball HJ, Yuasa HJ, Austin CJ, Weiser S, Hunt NH. Indoleamine 2,3-dioxygenase-2; a new
enzyme in the kynurenine pathway. Int J Biochem Cell Biol. 2009;41:467-71.

Fatokun AA, Hunt NH, Ball HJ. Indoleamine 2,3-dioxygenase 2 (IDO2) and the kyn-
urenine pathway: characteristics and potential roles in health and disease. Amino Acids.
2013;45:1319-29.

Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, Ron D, Mellor AL. GCN2 kinase
in T cells mediates proliferative arrest and anergy induction in response to indoleamine
2,3-dioxygenase. Immunity. 2005;22:633-42.

Rodriguez PC, Quiceno DG, Ochoa AC. L-arginine availability regulates T-lymphocyte cell-
cycle progression. Blood. 2007;109:1568-73.

Fallarino F, Grohmann U, You S, McGrath BC, Cavener DR, Vacca C, Orabona C, Bianchi
R, Belladonna ML, Volpi C, Santamaria P, Fioretti MC, Puccetti P. The combined effects of
tryptophan starvation and tryptophan catabolites down-regulate T cell receptor zeta-chain
and induce a regulatory phenotype in naive T cells. J Immunol. 2006;176:6752-61.
Ravindran R, Loebbermann J, Nakaya HI, Khan N, Ma H, Gama L, Machiah DK, Lawson B,
Hakimpour P, Wang YC, Li S, Sharma P, Kaufman RJ, Martinez J, Pulendran B. The amino
acid sensor GCN2 controls gut inflammation by inhibiting inflammasome activation. Nature.
2016;531:523-7.

Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, Bradfield CA. An interac-
tion between kynurenine and the aryl hydrocarbon receptor can generate regulatory T cells. J
Immunol. 2010;185:3190-8.

Liu H, Huang L, Bradley J, Liu K, Bardhan K, Ron D, Mellor AL, Munn DH, McGaha
TL. GCN2-dependent metabolic stress is essential for endotoxemic cytokine induction and
pathology. Mol Cell Biol. 2014;34:428-38.

Quintana FJ, Murugaiyan G, Farez MF, Mitsdoerffer M, Tukpah AM, Burns EJ, Weiner HL. An
endogenous aryl hydrocarbon receptor ligand acts on dendritic cells and T cells to suppress
experimental autoimmune encephalomyelitis. Proc Natl Acad Sci U S A. 2010;107:20768-73.
Jaronen M, Quintana FJ. Immunological relevance of the coevolution of IDO1 and
AHR. Front Immunol. 2014;5:521.

Manlapat AK, Kahler DJ, Chandler PR, Munn DH, Mellor AL. Cell-autonomous control of
interferon type I expression by indoleamine 2,3-dioxygenase in regulatory CD19(+) dendritic
cells. Eur J Immunol. 2007;37:1064-71.

Mellor AL, Baban B, Chandler PR, Manlapat A, Kahler DJ, Munn DH. Cutting edge:
CpG oligonucleotides induce splenic CD19+ dendritic cells to acquire potent indoleamine
2,3-dioxygenase-dependent T cell regulatory functions via IFN type 1 signaling. J Immunol.
2005;175:5601-5.

Sharma MD, Huang L, Choi JH, Lee EJ, Wilson JM, Lemos H, Pan F, Blazar BR, Pardoll
DM, Mellor AL, Shi H, Munn DH. An inherently bifunctional subset of Foxp3 T helper cells
is controlled by the transcription factor Eos. Immunity. 2013;38:998-1012.

Huang L, Li L, Lemos H, Chandler PR, Pacholczyk G, Baban B, Barber GN, Hayakawa
Y, McGaha TL, Ravishankar B, Munn DH, Mellor AL. Cutting edge: DNA sensing via the
STING adaptor in myeloid dendritic cells induces potent tolerogenic responses. J Immunol.
2013;191:3509-13.

Thornton AM, Piccirillo CA, Shevach EM. Activation requirements for the induction of
CD4+CD25+ T cell suppressor function. Eur J Immunol. 2004;34:366-76.

Levine AG, Arvey A, Jin W, Rudensky AY. Continuous requirement for the TCR in regulatory
T cell function. Nat Immunol. 2014;15:1070-8.



36

84

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

T.S. Johnson and D.H. Munn

. Chaudhry A, Rudensky AY. Control of inflammation by integration of environmental cues by
regulatory T cells. J Clin Invest. 2013;123:939—44.

Hou DY, Muller AJ, Sharma MD, Duhadaway JB, Banerjee T, Johnson M, Mellor AL,
Prendergast GC, Munn DH. Inhibition of IDO in dendritic cells by stereoisomers of 1-methyl-
tryptophan correlates with anti-tumor responses. Cancer Res. 2007;67:792-801.

Holmgaard RB, Zamarin D, Li Y, Gasmi B, Munn DH, Allison JP, Merghoub T, Wolchok
JD. Tumor-expressed IDO recruits and activates MDSCs in a Treg-dependent manner. Cell
Rep. 2015;13:412-24.

Holmgaard RB, Zamarin D, Munn DH, Wolchok JD, Allison JP. Indoleamine 2,3-dioxygenase
is a critical resistance mechanism in antitumor T cell immunotherapy targeting CTLA-4. J
Exp Med. 2013;210:1389-402.

Wainwright DA, Chang AL, Dey M, Balyasnikova IV, Kim CK, Tobias A, Cheng Y, Kim JW,
Qiao J, Zhang L, Han Y, Lesniak MS. Durable therapeutic efficacy utilizing combinatorial
blockade against IDO, CTLA-4, and PD-L1 in mice with brain tumors. Clin Cancer Res.
2014;20:5290-301.

Spranger S, Koblish HK, Horton B, Scherle PA, Newton R, Gajewski TF. Mechanism of
tumor rejection with doublets of CTLA-4, PD-1/PD-L1, or IDO blockade involves restored
IL-2 production and proliferation of CD8(+) T cells directly within the tumor microenviron-
ment. J] Immunother Cancer. 2014;2:3.

Liu X, Shin N, Koblish HK, Yang G, Wang Q, Wang K, Leffet L, Hansbury MJ, Thomas
B, Rupar M, Waeltz P, Bowman KJ, Polam P, Sparks RB, Yue EW, Li Y, Wynn R, Fridman
JS, Burn TC, Combs AP, Newton RC, Scherle PA. Selective inhibition of indoleamine
2,3-dioxygenase (IDO1) effectively regulates mediators of anti-tumor immunity. Blood.
2010;115:3520-30.

Koblish HK, Hansbury MJ, Bowman KJ, Yang G, Neilan CL, Haley PJ, Burn TC, Waeltz P,
Sparks RB, Yue EW, Combs AP, Scherle PA, Vaddi K, Fridman JS. Hydroxyamidine inhibi-
tors of indoleamine-2,3-dioxygenase potently suppress systemic tryptophan catabolism and
the growth of IDO-expressing tumors. Mol Cancer Ther. 2010;9:489-98.

Bakmiwewa SM, Fatokun AA, Tran A, Payne RJ, Hunt NH, Ball HJ. Identification of selec-
tive inhibitors of indoleamine 2,3-dioxygenase 2. Bioorg Med Chem Lett. 2012;22:7641-6.
Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, Schumacher T, Jestaedt
L, Schrenk D, Weller M, Jugold M, Guillemin GJ, Miller CL, Lutz C, Radlwimmer B,
Lehmann I, von Deimling A, Wick W, Platten M. An endogenous tumour-promoting ligand
of the human aryl hydrocarbon receptor. Nature. 2011;478:197-203.

Pilotte L, Larrieu P, Stroobant V, Colau D, Dolusic E, Frederick R, De Plaen E, Uyttenhove C,
Wouters J, Masereel B, Van den Eynde BJ. Reversal of tumoral immune resistance by inhibi-
tion of tryptophan 2,3-dioxygenase. Proc Natl Acad Sci U S A. 2012;109:2497-502.

Ball HJ, Jusof FF, Bakmiwewa SM, Hunt NH, Yuasa HJ. Tryptophan-catabolizing enzymes—
party of three. Front Immunol. 2014;5:485.

Ugel S, De Sanctis F, Mandruzzato S, Bronte V. Tumor-induced myeloid deviation: when
myeloid-derived suppressor cells meet tumor-associated macrophages. J Clin Invest.
2015;125:3365-76.

Franklin RA, Liao W, Sarkar A, Kim MV, Bivona MR, Liu K, Pamer EG, Li MO. The cellular
and molecular origin of tumor-associated macrophages. Science. 2014;344:921-5.

Rybinski B, Franco-Barraza J, Cukierman E. The wound healing, chronic fibrosis, and cancer
progression triad. Physiol Genomics. 2014;46:223-44.

Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow? Lancet.
2001;357:539-45.

Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, Cyrus N, Brokowski CE,
Eisenbarth SC, Phillips GM, Cline GW, Phillips AJ, Medzhitov R. Functional polarization of
tumour-associated macrophages by tumour-derived lactic acid. Nature. 2014;513:559-63.
Mitchem JB, Brennan DJ, Knolhoff BL, Belt BA, Zhu Y, Sanford DE, Belaygorod L,
Carpenter D, Collins L, Piwnica-Worms D, Hewitt S, Udupi GM, Gallagher WM, Wegner



2 Overcoming Immune Suppression in the Tumor Microenvironment 37

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

C, West BL, Wang-Gillam A, Goedegebuure P, Linehan DC, DeNardo DG. Targeting tumor-
infiltrating macrophages decreases tumor-initiating cells, relieves immunosuppression, and
improves chemotherapeutic responses. Cancer Res. 2013;73:1128-41.

Ries CH, Cannarile MA, Hoves S, Benz J, Wartha K, Runza V, Rey-Giraud F, Pradel LP,
Feuerhake F, Klaman I, Jones T, Jucknischke U, Scheiblich S, Kaluza K, Gorr IH, Walz A,
Abiraj K, Cassier PA, Sica A, Gomez-Roca C, de Visser KE, Italiano A, Le Tourneau C,
Delord JP, Levitsky H, Blay JY, Ruttinger D. Targeting tumor-associated macrophages with
anti-CSF-1R antibody reveals a strategy for cancer therapy. Cancer Cell. 2014;25:846-59.
Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The nature of myeloid-derived suppressor
cells in the tumor microenvironment. Trends Immunol. 2016;37:208-20.

Trinchieri G. Cancer immunity: lessons from infectious diseases. J Infect Dis. 2015;212(Suppl
1):S67-73.

Goldszmid RS, Dzutsev A, Trinchieri G. Host immune response to infection and cancer:
unexpected commonalities. Cell Host Microbe. 2014;15:295-305.

Thevenot PT, Sierra RA, Raber PL, Al-Khami AA, Trillo-Tinoco J, Zarreii P, Ochoa AC, Cui
Y, Del Valle L, Rodriguez PC. The stress-response sensor CHOP regulates the function and
accumulation of myeloid-derived suppressor cells in tumors. Immunity. 2014;41:389-401.
Marvel D, Gabrilovich DI. Myeloid-derived suppressor cells in the tumor microenvironment:
expect the unexpected. J Clin Invest. 2015;125:3356-64.

Solito S, Marigo I, Pinton L, Damuzzo V, Mandruzzato S, Bronte V. Myeloid-derived sup-
pressor cell heterogeneity in human cancers. Ann N'Y Acad Sci. 2014;1319:47-65.
Draghiciu O, Lubbers J, Nijman HW, Daemen T. Myeloid derived suppressor cells-an
overview of combat strategies to increase immunotherapy efficacy. Oncoimmunology.
2015;4:€954829.

Ding ZC, Lu X, Yu M, Lemos H, Huang L, Chandler P, Liu K, Walters M, Krasinski A, Mack
M, Blazar BR, Mellor AL, Munn DH, Zhou G. Immunosuppressive myeloid cells induced
by chemotherapy attenuate antitumor CD4+ T-cell responses through the PD-1-PD-L1 axis.
Cancer Res. 2014;74:3441-53.

Spranger S, Spaapen RM, Zha'Y, Williams J, Meng Y, Ha TT, Gajewski TF. Up-regulation of
PD-L1, IDO, and Tregs in the melanoma tumor microenvironment is driven by CD8+ T cells.
Sci Transl Med. 2013;5:200ral 16.

Liu Z, Gerner MY, Van Panhuys N, Levine AG, Rudensky AY, Germain RN. Immune homeo-
stasis enforced by co-localized effector and regulatory T cells. Nature. 2015;528:225-30.
Zitvogel L, Apetoh L, Ghiringhelli F, Andre F, Tesniere A, Kroemer G. The anticancer
immune response: indispensable for therapeutic success? J Clin Invest. 2008;118:1991-2001.
Ciampricotti M, Hau CS, Doornebal CW, Jonkers J, de Visser KE. Chemotherapy response
of spontaneous mammary tumors is independent of the adaptive immune system. Nat Med.
2012;18:344—6; author reply 6

Li M, Bolduc AR, Hoda MN, Gamble DN, Dolisca SB, Bolduc AK, Hoang K, Ashley C,
McCall D, Rojiani AM, Maria BL, Rixe O, MacDonald TJ, Heeger PS, Mellor AL, Munn
DH, Johnson TS. The indoleamine 2,3-dioxygenase pathway controls complement-dependent
enhancement of chemo-radiation therapy against murine glioblastoma. ] Immunother Cancer.
2014;2:21.

Zakharia 'Y, Colman H, Mott F, Lukas R, Vahanian N, Link C, Kennedy E, Sadek R, Munn D,
Rixe O. Updates on phase 1B/2 combination study of the IDO pathway inhibitor indoximod
with temozolomide for adult patients with temozolomide-refractory primary malignant brain
tumors. Neuro-Oncology. 2015;17:v112.

Bahary N, Garrido-Laguna I, Wang-Gillam A, Nyak-Kapoor A, Kennedy E, Vahanian NN,
Link CJ, editors. Results of the phase Ib portion of a phase I/II trial of the indoleamine
2,3-dioxygenase pathway (IDO) inhibitor indoximod plus gemcitabine/nab-paclitaxel for the
treatment of metastatic pancreatic cancer. ASCO Annual Meeting Proceedings; 2016.
Miiller P, Kreuzaler M, Khan T, Thommen DS, Martin K, Glatz K, Savic S, Harbeck N,
Nitz U, Gluz O, von Bergwelt-Baildon M, Kreipe H, Reddy S, Christgen M, Zippelius



38

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

T.S. Johnson and D.H. Munn

A. Trastuzumab emtansine (T-DM1) renders HER2+ breast cancer highly susceptible to
CTLA-4/PD-1 blockade. Sci Transl Med. 2015;7:315ra188.

Ercolini AM, Ladle BH, Manning EA, Pfannenstiel LW, Armstrong TD, Machiels JP, Bieler
JG, Emens LA, Reilly RT, Jaffee EM. Recruitment of latent pools of high-avidity CD8(+) T
cells to the antitumor immune response. J Exp Med. 2005;201:1591-602.

Emens LA, Asquith JM, Leatherman JM, Kobrin BJ, Petrik S, Laiko M, Levi J, Daphtary
MM, Biedrzycki B, Wolff AC, Stearns V, Disis ML, Ye X, Piantadosi S, Fetting JH, Davidson
NE, Jaffee EM. Timed sequential treatment with cyclophosphamide, doxorubicin, and an
allogeneic granulocyte-macrophage colony-stimulating factor-secreting breast tumor vac-
cine: a chemotherapy dose-ranging factorial study of safety and immune activation. J Clin
Oncol. 2009;27:5911-8.

Brandsma D, Stalpers L, Taal W, Sminia P, van den Bent MJ. Clinical features, mechanisms,
and management of pseudoprogression in malignant gliomas. Lancet Oncol. 2008;9:453-61.
Mittal D, Gubin MM, Schreiber RD, Smyth MJ. New insights into cancer immunoediting
and its three component phases—elimination, equilibrium and escape. Curr Opin Immunol.
2014;27:16-25.

Wolchok JD, Hoos A, O’Day S, Weber JS, Hamid O, Lebbe C, Maio M, Binder M, Bohnsack
O, Nichol G, Humphrey R, Hodi FS. Guidelines for the evaluation of immune therapy activ-
ity in solid tumors: immune-related response criteria. Clin Cancer Res. 2009;15:7412-20.
Golden EB, Apetoh L. Radiotherapy and immunogenic cell death. Semin Radiat Oncol.
2015;25:11-7.

Burnette B, Weichselbaum RR. The immunology of ablative radiation. Semin Radiat Oncol.
2015;25:40-5.

Pilones KA, Vanpouille-Box C, Demaria S. Combination of radiotherapy and immune check-
point inhibitors. Semin Radiat Oncol. 2015;25:28-33.

Postow MA, Callahan MK, Barker CA, Yamada Y, Yuan J, Kitano S, Mu Z, Rasalan T,
Adamow M, Ritter E, Sedrak C, Jungbluth AA, Chua R, Yang AS, Roman RA, Rosner S,
Benson B, Allison JP, Lesokhin AM, Gnjatic S, Wolchok JD. Immunologic correlates of the
abscopal effect in a patient with melanoma. N Engl J Med. 2012;366:925-31.

Bloy N, Pol J, Manic G, Vitale I, Eggermont A, Galon J, Tartour E, Zitvogel L, Kroemer G,
Galluzzi L. Trial watch: radioimmunotherapy for oncological indications. Oncoimmunology.
2014;3:€9549209.

Brody JD, Ai WZ, Czerwinski DK, Torchia JA, Levy M, Advani RH, Kim YH, Hoppe RT,
Knox SJ, Shin LK, Wapnir I, Tibshirani RJ, Levy R. In situ vaccination with a TLR9 agonist
induces systemic lymphoma regression: a phase I/II study. J Clin Oncol. 2010;28:4324-32.



2 Springer
http://www.springer.com/978-3-319-43484-1

Immunotherapy for Pediatric Malignancies
Gray, ).C.; Marabelle, A, (Eds.)

2018, IX, 297 p. 29 illus., 27 illus. in color., Hardcover
ISBN: 978-3-319-43484-]



	Chapter 2: Overcoming Immune Suppression in the Tumor Microenvironment: Implications for Multi-modal Therapy
	2.1 Introduction
	2.2 Exploiting Immunotherapy to Create Synergy with Cytotoxic Therapy
	2.2.1 Chemo-Immunotherapy: Beyond Synergy to True Synthetic Lethality
	2.2.2 The Importance of Endogenous Tumor Antigens
	2.2.3 Immunogenic Cell Death Versus Tolerogenic Cell Death: Overcoming Natural Pathways of Tolerance

	2.3 Negative Regulation in the Tumor Microenvironment
	2.3.1 Regulatory T Cells: Recruitment and Activation
	2.3.2 CTLA-4 and PD-1 Pathways: The Classic T Cell Checkpoints
	2.3.3 Targeting the IDO Pathway
	2.3.3.1 Activation of Treg Cells by IDO
	2.3.3.2 IDO and Tolerance to Apoptotic Cells
	2.3.3.3 IDO, pten-Tregs and Immunogenic Cell Death
	2.3.3.4 Clinical Trials of IDO-Inhibitor Drugs

	2.3.4 Tumor-Associated Macrophages and Myeloid-Derived Suppressor Cells (MDSCs)
	2.3.5 Overcoming Therapy-Induced Counter-Regulation

	2.4 Implications for the Clinic: Using Chemotherapy as an Immune Adjuvant
	2.4.1 Bi-directional Synergy: Chemotherapy as a Vaccine, and the Immune System as a Cytolytic Agent
	2.4.2 Targeted Therapies Can Also Release Antigen
	2.4.3 How Immunosuppressive Is Chemotherapy … Really?
	2.4.4 The Late-Responder Paradox: Immune-Related Response Criteria
	2.4.5 Using Immunotherapy to Reduce the Dose of Chemotherapy
	2.4.6 Combination Chemo-Immunotherapy Is Particularly Well-Suited to the Pediatric Population

	2.5 Rethinking the Possibilities of Radiation: Using Local Radiation to Create an Endogenous Vaccine
	2.5.1 Local Radiation and Systemic Immune Responses: The Abscopal Effect
	2.5.2 Designing Radiation Strategies for Maximal Immune Effect

	2.6 Possibilities of Surgery: Can Immunotherapy Help Downstage Tumors for Definitive Resection?
	References


