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7.1  Introduction

When established tumors are treated with chemo-
therapy many tumor cells die, and multiple 
tumor-associated antigens are released. It is 
becoming increasingly clear that tumors contain 
many immunogenic antigens [1, 2]; so, ideally, 
tumor cell death after chemotherapy should be 
an opportunity for immune activation [3–5]. 
Unfortunately, under most circumstances, the 
default response to death of nucleated cells tends 
to be immunologic tolerance, rather than immune 
activation. In particular, apoptotic cell death 
often elicits potent immune suppression, by acti-
vating natural tolerogenic mechanisms that nor-
mally maintain tolerance to self. Thus, while 
certain types of chemotherapy, in certain settings, 
may be spontaneously immunogenic [6], in most 

cases the immune response following chemother-
apy is weak and disappointing. In this chapter we 
will discuss the possibility that the indoleamine 
2,3-dioxygenase (IDO) enzyme may be one 
tolerogenic pathway that limits the immune 
response to dying tumor cells.

IDO is one of the regulatory mechanisms that 
contributes to immune suppression and tolerance 
in the tumor microenvironment. Like many sup-
pressive pathways that are co-opted by tumors, 
IDO is a natural mechanism of counter- regulation 
and tolerance in the immune system. In tumors, 
IDO can be aberrantly expressed by the tumor 
cells themselves [7]; or, importantly, IDO can 
also be naturally induced in host antigen- 
presenting cells (APCs) by a variety of pro- 
inflammatory signals. IDO can be induced in 
response to signals from the adaptive immune 
system such as IFNγ [8]; or to signals from the 
innate immune system such as type I interferons 
[9, 10]; and to pattern-recognition receptors such 
as TLR4 and TLR9 [11–13]. These IDO-inducing 
signals may be constitutively present in the 
inflammatory microenvironment of the tumor 
[8]; they may be actively up-regulated by the 
dying cells and release of tumor antigens that 
occurs after chemotherapy; or they may be 
actively induced by exogenous immunotherapy 
(checkpoint blockade, adoptive cellular therapy, 
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vaccines or other modalities). In all of these 
cases, IDO and its related downstream pathways 
may help create an undesirable tolerogenic 
milieu, in which the immune system is prevented 
from responding to antigens released from dying 
tumor cells.

7.1.1  Natural Role of IDO

IDO is an immunoregulatory enzyme that exerts 
its biologic effects by degrading the essential 
amino acid tryptophan [14]. The IDO family 
includes two closely-related genes, IDO1 and 
IDO2 [15, 16], both of which catalyze the degra-
dation of tryptophan along the kynurenine path-
way. The biologic function of IDO2 is less well 
studied [17], and in this review we will use the 
general term “IDO” to include both genes, unless 
otherwise specified. IDO affects the immune sys-
tem in two ways: first, by reducing the local con-
centration of tryptophan; and second, by 
producing biologically active tryptophan metab-
olites. Depletion of local tryptophan activates the 
GCN2 kinase pathway in neighboring cells [18]. 
GCN2 is a stress-response pathway that is sensi-
tive to depletion of amino acids. Activation of 
GCN2 inhibits effector cell proliferation and dif-
ferentiation, and it biases naive CD4+ T cells 
toward Treg differentiation [18, 19]. In addition, 
secreted tryptophan metabolites are produced by 
IDO, comprising kynurenine and its subsequent 
breakdown products. These metabolites bind to 
the aryl hydrocarbon receptor (AhR) [20]. 
Signaling via the AhR can promote Treg differen-
tiation [20], and bias dendtritc cells (DCs) toward 
an immunosuppressive/tolerogenic phenotype 
[21, 22]. Thus, IDO acts by multiple pathways to 
inhibit immune responses.

7.1.1.1  IDO and Acquired Peripheral 
Tolerance

The IDO pathway is both anti-inflammatory (i.e., 
it suppresses inflammation from the innate 
immune system) and tolerogenic (i.e., can create 
antigen-specific unresponsiveness in T cells). 
IDO does not participate in central tolerance in 
the thymus; rather, it acts in the periphery to keep 

inflammation in check, and to create acquired tol-
erance to new antigens. Thus, for example, IDO 
is expressed in the placenta, and pregnant mice 
treated with an IDO-inhibitor drug spontaneously 
reject allogeneic fetuses, driven by paternal allo-
antigens [23–25]. In a variety of experimental 
models of acquired peripheral tolerance, block-
ing IDO prevents the induction of mucosal toler-
ance [26, 27], tolerance created by CTLA-4/B7 
or CD40 blockade [28–31], and other forms of 
acquired peripheral tolerance [32, 33]. Tissue 
allografts engineered to overexpress the IDO 
gene are accepted across fully-mismatched MHC 
barriers without immunosuppression [31, 34, 
35]. Conversely, blocking or ablating IDO makes 
autoimmunity and inflammation markedly worse. 
Ablating IDO in mouse models of graft-versus- 
host disease increases lethality [36, 37], and 
blocking IDO in models of autoimmunity [38–
41] or chronic infection [42, 43] markedly 
increases inflammation and exacerbates disease 
severity. In all of these models, the role of IDO is 
narrow and selective. IDO-deficient mice do not 
have the broad, spontaneous autoimmunity that is 
seen with mice lacking CTLA-4 or Tregs. But in 
the settings where IDO is relevant, this pathway 
can create potent de novo tolerance.

7.1.1.2  Acquired Tolerance 
to Apoptotic Cells

One striking example of the tolerogenic role of 
IDO occurs when mice are exposed to apoptotic 
cells. When apoptotic cells are injected intrave-
nously they are cleared by specialized macro-
phages and dendritic cells in the spleen. This 
process normally produces robust antigen- 
specific tolerance [44, 45]. In this model, apop-
totic cells were found to be potent inducers of 
IDO expression by CD169+ macrophages in the 
spleen [46]. Blocking or genetic ablation of IDO 
prevented the immune system from creating the 
normal tolerance to antigens associated with 
apoptotic cells, leading to progressive develop-
ment of a lethal lupus-like autoimmunity after 
repeated challenge [46]. Importantly, in this 
model the apoptotic cells were normal, syngeneic 
thymocytes, and thus contained no mutational 
neoantigens. Nevertheless, just the normal array 
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of self antigens associated with apoptotic cells 
was sufficient to drive rapid breakdown of self- 
tolerance if the immunosuppressive IDO signal 
was removed. This natural tolerogenic function 
of IDO during apoptosis suggests that the IDO 
pathway might become especially important in 
tumors during the wave of cell death and antigen 
release following chemotherapy.

7.1.2  Downstream Mechanisms: 
IDO-Induced Activation 
of Tregs

The signals generated by IDO are inherently 
local and short-range, based on local tryptophan 
depletion and secretion of bioactive metabolites. 
Therefore, beyond the immediate vicinity of the 
IDO-expressing cell these effects would rapidly 
abate. In tumors and tumor-draining lymph 
nodes, the number of IDO-expressing host cells 
is quite small, comprising at most a few percent 
of total immune cells [47]. Even if the tumor cells 
themselves express IDO, the distribution is 
patchy and local. These same observations are 
also true of IDO expression during infection, 
autoimmunity, or tolerance to apoptotic cells: in 
each case, the actual number of IDO-expressing 
APCs is small. Yet despite this inherently 
restricted and localized distribution, IDO is able 
to create robust effects throughout entire lymph 
nodes, spleen, tumors, and at the systemic 
(whole-animal) level [9, 12, 13, 18, 31, 46–48]. 
These widespread and systemic effects appear to 
rely not upon IDO itself, upon the ability of IDO 
to activate the potent and mobile regulatory T 
cell (Treg) population.

IDO can drive naive CD4+ T cells to differen-
tiate into Foxp3+ “inducible” Tregs in vitro [19]. 
In vivo, IDO expressed by CD103+ DCs in the 
gut was found to be required for de novo genera-
tion of Tregs from naive CD4+ T cells during 
mucosal tolerance [26]. In human cells, plasma-
cytoid DCs from peripheral blood up-regulate 
IDO in vitro in response to CpG oligonucleotides 
[49] or HIV infection [50], and this can induce 
differentiation of CD4+ cells into Foxp3+ Treg- 
like cells. Similar findings have been reported 

using human monocyte-derived DCs [51, 52]. 
Thus, IDO can bias CD4+ T cells to differentiate 
towards a regulatory phenotype.

Tumors are dominated by large numbers of 
Tregs, with a highly activated phenotype [53, 54]. 
The role of “inducible” (peripherally- generated) 
Tregs against unique tumor-specific neo-antigens 
remains somewhat controversial [55, 56]. 
However, it is not necessary that tumors create 
their associated Tregs de novo. Even if most of the 
Tregs in tumors are thymically- derived, and rec-
ognize the same set of self antigens found in nor-
mal tissues [57], these Tregs may still be recruited 
to the tumor in abnormally large numbers. More 
importantly, tumor- associated Tregs may become 
potently activated by the conditions of the tumor 
microenvironment. Consistent with this possibil-
ity, highly activated Tregs appear rapidly in grow-
ing tumors [58], and Tregs in human tumors have 
high levels of CTLA-4, PD-1 and other markers 
of activation [54]. Functionally, Tregs isolated 
from mouse tumor-draining LNs are constitu-
tively pre- activated for in vitro suppression, with-
out requiring any additional signals [12], and 
similar constitutive Treg activation seems to occur 
in human tumors [59].

We have shown that mouse plasmacytoid DCs 
isolated from tumor-draining LNs express IDO, 
and potently activate resting Tregs in vitro, in an 
IDO-dependent fashion [12]. This activation was 
rapid (occurring within hours) and affected pre- 
existing, fully mature Tregs. In vivo, Tregs from 
tumor-draining LNs displayed similar potent, 
IDO-induced suppressor activity. Tregs activated 
by IDO acquired a characteristic form of sup-
pressor activity characterized by strict depen-
dence on the PD-1/PD-ligand pathway [12]. 
While IDO is only one of multiple upstream sig-
nals by which Tregs may become activated [60–
62], it is a mechanism that is frequently found in 
the tumor microenvironment.

Finally, IDO appears to stabilize the suppres-
sive phenotype in Tregs so that they do not 
become destabilized (lose their suppressor 
 activity) during inflammation. It has been some-
what controversial whether mature, thymic-
derived Tregs can ever actually lose their 
suppressive phenotype [63, 64], but a number of 
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studies now suggest that this may indeed occur in 
certain biologically- relevant settings of inflam-
mation [65–67]. It is certainly true that artificial 
genetic ablation of key pathways that maintain 
Treg stability will cause Tregs to convert into 
pro- inflammatory effector cells, leading to pro-
gressive autoimmunity [67–69]. We have shown 
that IDO stabilizes the Treg phenotype in the face 
of inflammation, by maintaining high levels of 
the Foxp3 co-repressor Eos (Ikzf4) and prevent-
ing IL-6-driven conversion into “helper-like” 
pro- inflammatory cells [70–73]. Under normal 
circumstances, this stabilizing effect of IDO on 
Tregs is beneficial for maintaining self-tolerance, 
but in the context of tumors it may instead help 
maintain the suppressive intra-tumoral milieu, 
and prevent desirable immune activation during 
immunotherapy.

In the following sections, we will consider the 
potential role of IDO in the tumor microenviron-
ment following chemotherapy, during the time 
that the immune system faces the fundamental 
decision whether or not to respond to dying 
tumor cells.

7.2  Tolerance Is a Choice: 
The Response to Dying Cells 
Is Dictated by the Local 
Milieu

In a normal organism, cells are constantly dying 
and being replaced. Under homeostatic condi-
tions, most of these cells will die by apoptosis, 
which is classically considered immunologically 
“silent”. But this silence is not because apoptotic 
cells are invisible or inherently non- immunogenic; 
rather, it is because apoptotic cells generate spe-
cific signals that actively suppress the immune 
response and create tolerance [74]. IDO is one of 
these active tolerogenic signals elicited by apop-
totic cells [46, 75]. The IDO pathway in turn is 
closely linked to production of TGFβ, activation 
of Tregs, and other known immunosuppressive 
responses to dying cells [12, 46, 75]. This con-
cept of active immunosuppression by apoptotic 
cells has an important corollary, which is that tol-
erance to apoptotic cells is not inherent and inevi-

table—rather, it is a choice. If the suppressive 
mechanisms that enforce tolerance are blocked, 
then the same dying cells may now become spon-
taneously immunogenic. In the following discus-
sion, we will consider primarily the case of 
chemotherapy, because this modality is widely 
used. However, similar molecular mechanisms 
may apply to the dying tumor cells released by 
immunologic therapy as well; so the discussion 
may be equally relevant to epitope-spreading 
after immunotherapy.

7.2.1  Tolerance to Tumor Cells 
After Chemotherapy Is Not 
Inevitable

Originally, chemotherapy was assumed to kill 
tumor cells solely by apoptosis [76]. This implied 
that cell death after chemotherapy would not be 
immunogenic. And indeed, in clinical practice 
this often appears to be the case: e.g., even large 
chemotherapy-sensitive tumors may melt away 
without evidence of inflammation or antigen- 
specific immune response. More recently, how-
ever, Drs. Zitvogel, Kroemer and colleagues 
have shown that, in at least in certain situations, 
chemotherapy can cause tumor cells to die by 
much more immunogenic forms of cell death, 
characterized by exposure of calreticulin and 
release of HMGB1 or ATP [77–79]. This discov-
ery led to the speculation that the immune system 
might therefore be a fundamental contributor to 
the overall efficacy of chemotherapy [80]. While 
this would be an exciting possibility, the contri-
bution of immunogenic cell death to chemother-
apy has not been a universal finding in all tumor 
models, or with all chemotherapy drugs [81]. 
Immunogenic cell death has been more evident 
with anthracyclines or oxaliplatin than with other 
agents; and it is primarily observed in certain 
transplantable tumors. In the more refractory 
autochthonous tumors, which have “co-evolved” 
throughout their existence with the host immune 
system to create profound immunosuppression 
and tolerance, the immune system does not 
appear to contribute to the effects of chemother-
apy [82]. Thus, in many settings, the immune 
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system does not seem to play the hoped-for role 
in the response to chemotherapy.

However, from a therapeutic perspective, the 
key question is not whether the immune system 
spontaneously contributes to the effect of stan-
dard chemotherapy. Indeed, we know that such 
spontaneous immune activation is probably often 
suppressed by endogenous counter-regulatory 
mechanisms. Rather, the relevant question for 
therapy is whether dying tumor cells would 
potentially immunogenic, if these endogenous 
tolerogenic pathways could be blocked. If the rel-
evant endogenous suppressive pathways can be 
identified and understood, then these pathways 
present a rich therapeutic opportunity to capital-
ize upon the wave of antigens released after che-
motherapy. By extension, this same opportunity 
may arise when tumor cells are killed by adoptive 
transfer of CAR-T cells, or by active immuniza-
tion or other immunotherapy (although this set-
ting has not been as well studied).

7.2.1.1  After Chemotherapy, both 
Tolerogenic and Immunogenic 
Cell Death Can Occur

The classical form of cell death induced by che-
motherapy is apoptosis [83]. This should lead to 
exposure of phosphatidylserine on the outer leaf-
let of the cell membrane, which triggers produc-
tion of immunosuppressive TGFβ by the 
macrophages that phagocytose the debris. The 
result—at least in theory—is immune suppression 
and tolerance. However, not all tumor cells die in 
such a well-behaved fashion. Depending on the 
type of cytotoxic insult and the nature of the 
tumor, dying cells may release pro- inflammatory 
factors such as HMGB1, ATP or free DNA. These 
can be sensed by cognate receptors (e.g., TLRs, 
purinergic receptors or STING) leading to inflam-
mation and immune activation. With certain che-
motherapy drugs, in certain tumor models, this 
immunogenic cell death may be quite robust [77, 
78]. However, in most tumors the picture is prob-
ably mixed, with much immunosuppressive apop-
tosis occurring side-by-side with more 
immunogenic forms of cell death. The question 
therefore becomes which set of signals exerts the 
dominant effect on the local immune system.

Unfortunately, tumor-cell death takes place in 
an environment that is already heavily biased 
toward immune-suppression. Even prior to che-
motherapy, the tumor milieu is usually rich in 
TGFβ and IL-10, and suppressive Tregs dominate 
over effector T cells. Similarly, the local macro-
phage population is biased toward an immunosup-
pressive “M2”-like phenotype, and many of the 
local myeloid cells are inhibitory myeloid-derived 
suppressor cells (MDSCs) rather than pro-inflam-
matory DCs and monocytes. Further, the tumor 
cells or host APCs may constitutively over-express 
IDO, and tumor- draining LNs may be dominated 
by IDO- expressing APCs. Given this extensive 
pre-existing bias toward suppression, it is not sur-
prising that the degree of immune response fol-
lowing chemotherapy often appears sub-optimal.

7.2.1.2  In the Absence of Inducible 
Counter- Regulatory 
Mechanisms, Dying Cells Can 
be Highly Immunogenic

In the absence of elicited suppressive signals, 
however, dying cells themselves can be highly 
inflammatory. Cells that die by either necrosis or 
necroptosis release multiple pro-inflammatory 
mediators and danger signals [84]. Even cells that 
die by apoptosis can be immunogenic if they are 
phagocytosed by the right APC populations [85]. 
Indeed, spontaneous cross-presentation of anti-
gens from necroptotic or apoptotic cells can be 
important in host defense against viral infections 
[86]. Thus, the underlying (intrinsic) nature of 
dying cells may actually be immunogenic, and 
would bias the immune response toward inflam-
mation and immune responses, unless this process 
is actively suppressed by counter-regulation.

Consistent with this possibility, studies using 
in vivo challenge with apoptotic cells have 
revealed a potent regulatory role for IDO in con-
trolling the choice between tolerance and immu-
nity to dying cells [46, 75]. As described above in 
Sect. 1.1.2, when the IDO pathway was active 
then challenge with apoptotic cells led to toler-
ance induction, with high TGFβ and IL-10, and 
activation of Tregs. In contrast, when IDO was 
genetically ablated or blocked with indoximod 
(D-1MT) then apoptotic cells elicited high levels 
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of IL-6, IL-12 and TNFα, and mice developed 
lupus autoimmunity. Likewise, genetic ablation 
of the key IDO-expressing cell type in this sys-
tem—a population of CD169+ macrophages in 
the splenic marginal zone—resulted in failure to 
recruit suppressive Tregs, and inability to create 
acquired systemic tolerance to neo-antigens 
delivered on apoptotic cells [87]. Thus, IDO 
acted as a pivotal regulatory “switch” controlling 
the natural physiologic response to apoptotic 
cells. If they were allowed to induce IDO then 
apoptotic cells were tolerogenic, but if IDO was 
blocked then the same cells were immunogenic.

It is not yet known whether IDO plays a simi-
lar controlling role in the response to dying cells 
after chemotherapy. However, the importance of 
IDO in the normal physiologic response to apop-
totic cells, and the fact that IDO is already either 
expressed or rapidly inducible in many tumors, 
suggest that this could be an important regulatory 
pathway in this setting.

7.2.1.3  Immunologic Contribution 
to the Effectiveness 
of Chemotherapy

Exactly how the immunosuppressive milieu in 
tumors affects responses to dying tumor cells has 
been difficult to study. Experimental systems 
using nominal antigens and TCR-transgenic T 
cells have yielded mixed results, which are some-
times contradictory. Some mouse models suggest 
that T cell responses to nominal tumor antigens 
are robust [88], but others suggest that they are 
poor and difficult to achieve [89]. One confound-
ing factor in many mouse models is that they do 
not seem to recapitulate the profound degree of 
immune-suppression associated with actual 
human tumors. TCR-transgenic T cells often 
activate and proliferate robustly just by encoun-
tering the tumor, even without chemotherapy or 
other manipulation. It is unclear whether this 
occurs because the transplantable mouse tumor 
cells are not suppressive enough, or because the 
TCR-transgenic T cells are high-affinity and not 
readily tolerized. But whatever the cause, this 
does not at all resemble the situation in real 
human tumors [90]. Thus, results from experi-
mental models that do not recapitulate this base-

line level of immune suppression should probably 
be interpreted with caution.

This is not to say, however, that the immune 
system does not influence the response to chemo-
therapy in humans. Patients with large numbers 
of tumor-infiltrating T cells have a more favor-
able response to chemotherapy in breast and 
colon cancer [91, 92]. While this does not neces-
sarily prove a mechanistic link, it is tempting to 
speculate that the immune system in these 
patients responds more robustly after chemother-
apy, and this improves the outcome. Attempts are 
being made to exploit the immunogenicity of 
chemotherapy in the clinic [93]. Nonetheless, 
with or without a pre-existing immune infiltrate, 
the tumor milieu in human patients remains dom-
inated by an array of immunosuppressive 
factors.

7.2.1.4  Breaking Tolerance to Tumor- 
Associated Antigens

Fortunately, therapeutic tools for reducing tumor- 
associated immunosuppression are now becom-
ing available. Blocking antibodies against the 
CTLA-4 pathway and PD-1/PD-L pathway are 
approved or in development, and IDO-inhibitors 
are progressing through Phase I and II trials. 
Other agents are in the pipeline. Thus, the immu-
nosuppressive nature of the tumor microenviron-
ment is no longer an inevitable condition. 
However, the array of suppressive and counter- 
regulatory pathways in the tumor is still daunting, 
and much additional research is needed to under-
stand how these pathways can best be overcome.

One important conceptual breakthrough has 
been the growing evidence that human tumors 
inherently possess immunogenic antigens. As 
genomic sequencing is increasingly used to pre-
dict immunogenic mutations, tumors are found to 
express multiple potential neo-antigens (reviewed 
in [1]). Importantly, in several studies the number 
of these putative neo-antigens appears to corre-
late with the likelihood of response to checkpoint 
blockade of CTLA-4 or PD-1 [94–96]. This last 
point is important, because it implies a paradigm 
shift in how we think about “immunogenic” 
tumors. In the clinical studies cited, the presence 
of mutational neo-antigens was not, in and of 
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itself, associated with an obviously “good-risk” 
subgroup. All of the patients had progressive dis-
ease at study entry; and, left untreated, all would 
have presumably succumbed. Thus, the presence 
of neo-antigens was not, by itself, protective 
against the tumor. The benefit accrued only when 
the patients received a therapeutic checkpoint 
inhibitor to help overcome immune suppression. 
Thus, the potential immunogenicity of the muta-
tions was transformed into actual benefit only 
when the tumor-induced immunosuppression 
was removed. Conceptually, tolerance to these 
neo-antigens was broken by the therapy.

To extend this paradigm-shift further, it is now 
clear that tolerance can also be broken even to 
authentic, unmodified self antigens. This was 
demonstrated experimentally in the studies 
described above in Sect. 1.1.2, in which injection 
of unmodified “self” cells (syngeneic thymo-
cytes) could break tolerance against even ubiqui-
tous self antigens such as histones and DNA, as 
long as two conditions were met: the cells had to 
be induced to die, and the IDO pathway had to be 
blocked at the time of antigen presentation [46]. 
Thus, while self antigens from dying cells may 
be tolerogenic under normal circumstances, this 
apparent tolerance may be only contingent and 
conditional. The same antigens may become 
highly immunogenic if the relevant regulatory 
pathways are blocked.

In the setting of human cancer, it has long 
been observed that patients with immunogenic 
tumors such as melanoma often have circulating 
T cells against self antigens associated with the 
tumor [97]. The relevance (and potential danger) 
of such self antigens as therapeutic targets is sup-
ported by the occurrence of cross-reactive auto-
immunity such as vitiligo and uveitis during 
immunotherapy for melanoma [98]. But the risk 
of autoimmunity, while real, does not mean that 
self antigens are not potentially useful targets in 
cancers. Tumors are very different from normal 
tissues: they are often much more chronically 
inflamed [99]; they may re-express antigens not 
normally found in the adult host (oncofetal anti-
gens); they may process and present even normal 
self antigens in aberrant and immunogenic ways 
[100, 101]; and they have a constant level of cel-

lular stress, autophagy and ongoing apoptosis 
that may render them more immunogenic than 
normal tissues [85, 102, 103]. These unique attri-
butes of the tumor may allow certain self anti-
gens to become important tumor-associated 
targets, with a manageable degree of selectivity 
for tumor over normal tissue. The relative contri-
bution of mutational neo-antigens versus self 
antigens in anti-tumor therapy is currently 
unknown. But the key point for this discussion is 
that both sets of antigens may potentially be 
immunogenic, if the suppressive pathways in 
tumors can be blocked. And, unlike the case with 
a defined vaccine antigen, the optimally immuno-
genic antigens do not need to be known in 
advance. If the tumor milieu can be rendered 
immunogenic rather than immunosuppressive, 
then the patient’s own immune system will iden-
tify the immunogenic antigens.

7.3  IDO as a Clinically 
Relevant Target

The preceding discussion introduces the concept 
of dying tumor cells as a rich source of antigens 
that are potentially immunogenic, but which can-
not become actually immunogenic unless the rel-
evant inhibitory pathways in the tumor are 
blocked. Therefore, it becomes important to iden-
tify which are the relevant pathways that control 
immunity versus tolerance to dying tumor cells. 
At present, this is incompletely understood.

The tumor microenvironment is filled with 
multiple immunosuppressive pathways. 
However, only certain of these mechanisms will 
be relevant to the uptake and cross-presentation 
of antigens from dying tumor cells. The CTLA-4 
and PD-1/PD-L pathways, which are very impor-
tant for the control of T cells, are not major direct 
regulators of antigen-presenting cells, or the 
innate inflammatory milieu. In contrast, IDO has 
a major effect on the biology of APCs, and in 
controlling innate inflammation (see Sect. 1.1.1). 
Thus, IDO and its associated downstream path-
ways may represent important therapeutic targets 
for modulating the key initial immune response 
to tumor-associated antigens.
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7.3.1  The Inflammatory Signals 
Produced by Dying Cells May 
Elicit IDO

One of the defining attributes of the IDO gene is 
that it is highly inducible in response to inflam-
mation. Depending on the context, both IFNγ and 
type I IFNs can be physiologic inducers of IDO, 
as can signals via the TLR/MyD88 pathway [14]. 
The degree to which dying tumor cells drive up- 
regulation of IDO in the tumor and tumor- 
draining LNs has not been well studied. However, 
it is known that tumors can be rich in type I IFNs 
(IFNα and IFNβ), driven in part by “danger” sig-
nals released by dying tumor cells [104]. 
Likewise, following chemotherapy, dying tumor 
cells may release HMGB1, a ligand for TLR4 
[77], or extracellular DNA, which can be sensed 
via the pro-inflammatory STING pathway [105]. 
Like IFNs and TLR ligands, in other settings, 
STING has been shown to be a potent inducer of 
IDO [106–108], with consequent suppression of 
T cell responses. IDO can also be induced by 
prostaglandins such as PGE2 [109], which can be 
produced by stressed cells. Thus, dying tumor 
cells potentially have multiple pathways by 
which they might induce IDO.

Any chemotherapy or immunologic therapy 
will, if successful, kill some fraction of the tumor 
cells, and thus release an array of tumor antigens. 
It would be highly desirable if the immune sys-
tem could generate a productive response against 
this wave of endogenous tumor antigens. One of 
the important unanswered questions for the field 
is the extent to which counter-regulatory IDO 
may suppress immune responses to these endog-
enous antigens following conventional chemo-
therapy or immunotherapy; and how this may be 
targeted for therapy.

7.3.2  IDO and Counter-Regulation

At present, the extent to which IDO is induced and 
up-regulated in tumors following chemotherapy or 
immunotherapy remains unknown. In practice, 
this has been a difficult question to answer in 
humans, because it requires on- treatment biopsies 

of the tumor (or tumor- draining LNs) following 
therapy. To date, however, all studies of IDO have 
been in untreated tumors, prior to therapy. This is 
useful for identifying which tumors constitutively 
express or elicit IDO as part of their underlying 
biology, but it gives no information about how 
much reactive (counter-regulatory) IDO may have 
been elicited in response to cell death and inflam-
mation. This “reactive” IDO may be a critical and 
highly relevant target for therapy, but it can only be 
detected by obtaining on-treatment biopsies. The 
fact that a patient’s tumor cells were initially IDO-
negative at diagnosis does not mean that the immu-
nosuppressive host APCs will not subsequently 
up-regulate IDO in response to therapy.

The role of this reactive or counter-regulatory 
IDO becomes particularly germane in the case of 
clinical immunotherapy, such as T cell adoptive- 
transfer or checkpoint blockade. Indeed, preclini-
cal models suggest that even the spontaneous, 
low-level endogenous T cell response against the 
tumor may generate enough inflammation to 
drive counter-regulatory IDO expression [8]. 
This level of inducible IDO might be greatly 
increased by interventions such as T cell adoptive 
transfer or checkpoint blockade. Not only do 
such treatments cause tumor cell death, but—as a 
consequence of their own success—they also 
create intense inflammation within the tumor. 
Both the cell death and this local inflammation 
may induce counter-regulatory IDO, and thus 
blunt the desired effect of therapy. 
 Counter- regulatory IDO would not abrogate the 
effect entirely (the treatment would still show 
some efficacy), but there might be substantially 
more efficacy potentially available if the counter- 
regulatory IDO were blocked. Emerging evi-
dence from mouse preclinical models suggests 
that this hypothetical concern may indeed be the 
case [110, 111]. In these studies, the efficacy of 
both CTLA-4 blockade and PD-1 blockade were 
enhanced by adding an IDO-inhibitor drug 
(indoximod or INCB23843). How much of this 
effect was due specifically to reactive (counter- 
regulatory) IDO was not determined, but the 
effect was recapitulated by genetic deficiency of 
IDO1 in the host [110], suggesting that the target 
was host IDO rather than tumor. Recently, using 
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a mouse xenograft model, it was shown that 
human CD19 CAR-T cells were strongly inhib-
ited in vivo by IDO expression in the target B cell 
malignancies; and inhibition was reversed by 
administering oral indoximod [112]. Here again, 
the contribution of reactive versus constitutive 
IDO was not ascertained, but the study shows 
that human CAR-T cells are susceptible to the 
effects of IDO.

7.3.3  IDO-Inhibitor Drugs 
in the Clinic

A number of drugs targeting the IDO pathway 
are now in early-phase clinical trials, or in pre-
clinical development. Drugs in trials include 
indoximod (1-methyl-D-tryptophan) and 
NLG919 (both from NewLink Genetics, Inc.) 
and INCB024360 (from Incyte Corp.). Published 
data currently are limited to interim abstracts 
from on-going trials, so efficacy data are not yet 
available. However, toxicity profiles have been 
generally favorable, which has facilitated combi-
nations with additional agents.

Preclinical mouse models show that IDO- 
inhibitor drugs are synergistic with a variety of 
chemotherapeutic agents in a number of different 
tumor models (transplantable and autochtho-
nous) [24, 113, 114]. Based on this, several of the 
ongoing trials of indoximod are structured to 
combine this agent with conventional chemother-
apy (docetaxel in breast cancer; temozolomide in 
brain tumors; or gemcitabine/abraxane in pancre-
atic cancer). Trials are also open combining 
either INCB024360 or indoximod with CTLA-4 
blocking antibody. Combinations with inhibitors 
of the PD-1/L pathway are also in progress, and 
are entering Phase 3 trials.

Open questions in the field of IDO drug- 
development currently include the relative contri-
bution of IDO1 and IDO2 genes to tumor-induced 
immunosuppression, and the potential contribu-
tion of the unrelated enzyme TDO (tryptophan 
dioxygenase). IDO2 has been much less exten-
sively studied than IDO1, and its biologic role 
remains unclear. One study found that tumors 
grown in IDO1-deficient mice had increased lev-

els of IDO2 [115], suggesting that IDO2 may 
compensate for lack of IDO1. Therefore, inhibitor 
drugs with dual specificity for both IDO1 and 
IDO2 may be of benefit. TDO is an unrelated 
enzyme that catalyzes the same conversion of 
tryptophan to N-formyl- kynurenine. TDO is con-
stitutively expressed in liver and brain, and it can 
also be an autocrine growth pathway for brain 
tumors [116]. Although there is no physiologic 
role known for TDO in the immune system (in 
contrast to IDO), there is concern that some 
tumors may be able up- regulate TDO as an immu-
nosuppressive pathway (or as an escape pathway 
when IDO is blocked). Hence, there is interest in 
TDO-inhibitors, and in dual-specificity inhibitors 
that could inhibit both IDO and TDO.

7.4  Conclusions

Inducible counter-regulation by IDO may be an 
important inhibitory pathway during chemother-
apy and immunotherapy. IDO can be elicited as a 
natural tolerogenic pathway in response to sig-
nals from dying tumor cells. As such, IDO may 
bias the immune response toward tolerance rather 
than immune activation following chemotherapy. 
IDO can also be elicited as a counter-regulatory 
response to attempted inflammation and immune 
activation. This is of concern in settings of active 
immunotherapy, where desirable immune 
responses may be inadvertently suppressed 
because the elicit counter-regulatory 
IDO. However, these effects of IDO also repre-
sent a therapeutic opportunity. IDO is emerging 
as a mechanism that influences the fundamental 
choice of whether dying cells will be perceived 
by the immune system as tolerogenic or immuno-
genic. Thus, if the tolerogenic IDO pathway can 
be blocked, then conventional chemotherapy 
may be more spontaneously immunogenic than 
previously appreciated. Likewise, active immu-
notherapy may become able to elicit a more 
robust immune response, with epitope-spreading 
to additional endogenous tumor antigens. These 
areas represent topics for future basic research, 
and therapeutic opportunities for synergistic 
combinatorial regimens in the clinic.
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