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Preface

Tumor microenvironment (TME) and the patterns of local interactions
between malignant cells, tumor stroma, and inflammatory infiltrate have been
extensively demonstrated to be essential for the survival of cancer cells, their
proliferation and invasion into surrounding tissues, and formation of distant
metastasis, as well as their resistance to treatments.

More recent works demonstrate that the immune component of the TME
(iTME) and the interactions between different types of immune cells, tumor-
associated fibroblasts, and cancer cells are critical for the success, and fre-
quent failure, of the spontaneously arising anticancer immunity and for the
effectiveness of different forms of immunotherapy. Most strikingly, recent
reports documented the critical role of the immune system and iTME in the
effectiveness of radio-and chemotherapy, the pillars of cancer treatment that
were traditionally considered as immunosuppressive, rather than
immunostimulatory.

This book Tumor Immune Microenvironment in Cancer Progression and
Cancer Therapy compiles 14 chapters discussing the roles of different iTME
components (cells, proteins, and nonprotein mediators) in tumor progression,
metastatic process, and different forms of cancer treatment, as well as newly
arising opportunities for their modulation to enhance the overall therapeutic
benefit of the comprehensive cancer care.

After decades of controversies regarding the role of immune system in
controlling cancer growth, fueled by frequent dissociation between the levels
of systemic immunity against tumor-related antigens (observed in the blood)
and cancer progression, recent clinical and animal studies have demonstrated
that the immune component of the TME is the key predictor of cancer pro-
gression and treatment outcomes. A striking example is the effectiveness of
checkpoint inhibitors, where the clinical responses and long-lasting therapeu-
tic benefit of individual patients, even patients with advanced cancer, can be
predicted by the levels of infiltration with cytotoxic T cells (CTLs) within the
TME. However, the current methods of evaluation of different iTME compo-
nents, and evaluating their intrinsic plasticity and context-dependent roles at
different stages of antitumor responses are not absolutely reliable. This war-
rants the development of new methods of TME analysis to optimally define
predictive markers and targets for cancer therapy.
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Preface

I wholeheartedly thank all the authors, leaders in their respective fields,
who took time from their labs and other duties to share with you their insights
on different aspects of iTME during the progression of cancer and its
treatment.

I hope that you will find this book interesting, thought provoking, and
helpful in your research.

Buffalo, NY, USA Pawel Kalinski
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Tumor Immuno-Environment
in Cancer Progression and Therapy

Pawel Kalinski and James E. Talmadge

1.1  Introduction

The immune environment of tumor tissues is a
determinant of tumor progression and the over-
all effectiveness of cancer treatments, including
not only immunotherapy but also chemotherapy
and radiotherapy [1-12]. Systematic efforts to
utilize the immune system to treat cancer dates
back to the 1890s and the work of William
Coley who used heat inactivated Streptococcus
erysipelas and Serratia marcescens (Coley’s
toxins) [13, 14] in patients with sarcoma and
other cancers. However, the outcomes were not
consistent and could not be confirmed, resulting
in a century-long controversy on whether the
immune system has any role in cancer rejection.
After decades of inconsistent clinical results
testing different forms of immune therapy [15]
and studies showing frequent dissociation
between the effectiveness of systemic immuni-
zation against tumor-associated antigens (TAAs)
and cancer progression [16, 17], recent preclini-
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cal, correlative and epidemiologic studies have
focused on immune events in the tumor micro-
environment (TME), as the key factor involved
in cancer progression and treatment outcomes.
This modified perspective and the undisputed
success of several forms of immune therapy
have together addressed the century-long dis-
pute on the ability of the immune system to con-
trol cancer progression and allowed key insights
into rational design of immune therapies and
other forms of cancer treatment which depend
on the activity of the immune system. This
observation does not trivialize the therapeutic
activity of BCG for bladder cancer [18] and
IL-2 and IFNa for melanoma and renal cell car-
cinoma [19]. However, the response rates for
IL-2 and IFNa are limited (8—12%) and gener-
ally of limited duration, while BCG has a higher
response rate and can be effective longer, espe-
cially at early stage of the disease. This con-
trasts with checkpoint inhibitors which have
higher response rates and often result in long-
lasting responses, even in patients with advanced
cancer. However, even checkpoint inhibitors are
typically effective only in patients with inflamed
“hot” tumors, which show baseline infiltration
with anti-cancer immune cells, such as cyto-
toxic T cells (CTLs), highlighting the impor-
tance of the TME in the effectiveness of
anti-cancer immunity and overall patient out-
comes [5-8, 20-23].

P. Kalinski (ed.), Tumor Immune Microenvironment in Cancer Progression and Cancer Therapy,
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1.2 Cancer Cells and Non-cancer
Components of the TME: Key

Players

Cancer cells provide the critical initial stimulus
to the establishment of TME and tumor forma-
tion, but they typically constitute only a minor
part of the overall tumor mass and critically
depend on the remaining elements of the TME
(Fig. 1.1) for survival, expansion, and metastatic
process [8]. The percentage of the actual cancer
cells within a tumor can vary significantly,
depending on the histologic type, site within the
tumor architecture (invasive margin or the
hypoxic and often necrotic center of more
advanced lesions), disease stage and prior
treatment(s), but with the exception of transplant-
able mouse tumors, cancer cells represent only a
small proportion of the total number of tumor

\xII,

@

Fig. 1.1 Non-cancer component of tumor tissues: key
players and their functions. CTL cytotoxic T cells, DCs
dendritic cells, @s fibroblasts, MDSC myeloid-derived
suppressor cells, M¢ macrophages, NK natural killer
cells, N neutrophils, Thl Type-1 T helper cells, Th2
Type-2 T helper cells, Th17 Type-17 T helper cells, Treg
regulatory T cells. Predominant pro- or anti-tumor-
functions of the cells are depicted using the following
color code: Brown: Critical for tumor cell survival;
Magenta: Tumor-promoting; Blue: Uniformly anti-tumor;
Transitional: Predominantly pro-tumor, but with anti-
tumor potential. Please note that, in addition to directly
interacting with cancer cells and being affected by them,
all of the above non-mutated tumor-associated cancer
cells affect each-others’ function. All of them are also
modulated by different forms of cancer treatments and
can be ch of them can also be targets for immune therapy

cells and an even smaller portion of the overall
tumor mass.

The non-cancer elements of the TME involve
tumor-infiltrating inflammatory cells and tumor-
associated stromal fibroblasts, which are the key
source of the non-cellular matrix, which together
with cancer-cell produced mucins constitute the
main non-cellular tumor component and the main
component of overall tumor mass [8, 24].

Inflammatory (or immune) cells belong to
myeloid and lymphoid lineages. Myeloid cells
include tumor-associated macrophages (TAMs),
monocytic and granulocytic myeloid-derived
suppressor cells (MDSCs), granulocytes and
dendritic cells (DCs).

TAMs include type-1 macrophages (M1 cells)
which secrete TNFa and express additional TNF/
TNF-R family members on their membrane,
resulting in antitumor effector functions, and
type-2 (M2) macrophages, which, similar to
myeloid-derived suppressor cells (MDSCs)
express multiple immunosuppressive and tumor
promoting factors, such as prostaglandin E2,
VEGEF and IL-10, which can suppress antitumor
immunity and promote tumor growth via non-
immune mechanisms, which include enhance
induction of tumor blood vessels and anti-
apoptotic activity, which enhance cancer cell
proliferation and promote resistance to killing by
immune mechanisms, as well as hypoxia, chemo-
and radiotherapy [1-4, 8, 25, 26].

Another myeloid subset, DCs are the key
inducers of immune responses. DCs specialize
in local uptake of antigen from dying or dis-
tressed cancer cells, and their presentation both
locally (enhancing effector functions of CTLs
and Thl cells) and in draining lymph nodes
(where DCs actively migrate following activa-
tion), and initiate central (lymphoid) antigen-
specific immunity by activating naive and
memory CD8+ and CD4+ T cells and inducing
their differentiation into typer-1 effector cells
(CTLs and Th1 cells).

The above subsets of myeloid cells show a
significant degree of intrinsic plasticity and can
also cross-regulate each other’s functions. For
example, suppressive TMEs can redirect the dif-
ferentiation of circulating early myeloid
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progenitors and monocytes from DCs to MDSCs
and differentiate M1 macrophages to become M2
macrophages. Reciprocally, activation of type-1
immunity (see below) by DCs a can reduce the
frequency of M2 macrophages, by NK or CTL
cytotoxicity or re-differentiation toward a M1
phenotype, as well as their replacement by new
MI-like cells, due to a change in the chemokine
production pattern in TME.

Lymphoid component of the TME, often
referred to as tumor infiltrating lymphocytes
(TILs), involves T and B lymphocytes as well as
natural killer (NK) cells. Tumor-infiltrating T
cells include varying numbers and ratios of CD8*
T cells (which involve CTLs, believed to be key
anti-tumor effector cells) and CD4* T cells,
whose subset composition and role is more com-
plex. Type-1 CD4* T cells (T helper-1 or Thl
cells), secrete high levels of effector cell-
activating cytokines, including IL-2, TNFa and
IFNy, that contribute to effective antitumor
immunity, by supporting CTL functions and
inducing antitumor effector functions by TAMs
(type-1 or M1 macrophages). An opposing func-
tional type of CD4* T cells, regulatory (Treg)
cells produce such factors as TGFp and IL-10
that can suppress CTL functions directly (by the
above soluble factors, by depleting CTL-
supporting growth factor, such as IL-2, or in a
contact-dependent manner), or by inducing and
activating suppressive functions of type-2 (M2)
macrophages and MDSCs. Additional subsets of
CD4+* T cells, Th2 and Th17 cells, are believed to
play mostly tumor-promoting functions, although
they can also suppress tumor growth in some sit-
uations. Similar, activated B cells play mainly
tumor-promoting factors, partially mediated by
IL-10 [27, 28], although their presence in tumor-
associated lymphoid structures may also have a
positive prognostic value [29].

Similar to myeloid cells, CD4* T cell display
significant level of plasticity, such that Thl cells
can be differentiated into Th17, Th2, and Treg
cells upon repetitive, particularly chronic (re)
stimulation in suppressive TMEs. The concept
of chronic activation is critical to CD4*+ T-cell
mediated immune suppressions, as chronically

activated CD4* T cells frequently express check-
point inhibitor molecules which contribute to
T-cell suppression [30, 31].

NK cells show a unique ability to kill cancer
cells upon initial interaction, without need for
prior “education”. Specific NK cell activating
stimuli can enhances their ability to kill tumor
cells [32-34], although are not strictly required.
Although NK cells are very effective in control-
ling cancer cell survival in the circulation (liquid
cancers; such as lymphomas and leukemia’s and
circulating solid tumor cell), but they are rela-
tively ineffective in controlling established solid
tumors, where there are inactivated themselves
by a hostile TME:s.

Lymphoid cells are present in TME as both
disseminated cells, and as lymphoid foci formed
by precursor cell proliferation and formation of
organized lymph-node-like structures [35—40].
Their relative prevalence and localization within
TME is regulated by their distinct patterns of
migration (see Figs. 1.2 and 1.3), as well as sur-
vival and functional plasticity.

1.3 Establishment of the Tumor
Microenvironment

During Cancer Progression

The process of tumor initiation and progression
is regulated in part by the TME. Malignant
tumors once initiated and following slow pro-
gression to a malignant status became invasive,
and can have disparate morphologies from their
tissue of origin. Further, they can metastasize,
i.e., “the transfer of disease from one organ or
part to another not directly connected to it” a
term originally coined by Recamier in 1829 [41].
Metastasis provides a critical clinical challenge
as its onset is unpredictable, is often hard to
detect and significantly reduces the chances of
patients’ survival.

The TME and the associated inflammatory
processes have a key role in the process of tumor
progression. The TME has been identified as a
critical part of the soil in the “seed and soil”
hypothesis such that the “seed” is the tumor pro-
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Fig. 1.2 Dendritic cells as orchestrators of immune cell
communication within TME and lymphoid tissues:
Signals and mediators. DCs dendritic cells, MDSC

“Cold” Tumor
(Baseline)

Fig. 1.3 Reprogramming of the immune component of
TME for enhanced effectiveness of cancer therapies.
Differential expression of chemokine receptors on anti-
tumor effector cells and tumor-promoting suppressor cells

genitor cell, tumor initiating cell, “cancer stem
cell”, or metastatic cell, while the “soil” includes
host factors, such as tumor infiltrating inflamma-
tory cells, and the tissue/organ microenviron-
ment. Tumor progression depends on multiple
interactions between tumor and host cells such
that it is a process that is both sequential and
selective with multiple stochastic elements [42].

myeloid-derived suppressor cells, NK natural killer cells,
Thl Type-1 T helper cells, Th2 Type-2 T helper cells,
Thi7 Type-17 T helper cells, Treg regulatory T cells

CXCL10

CXCL11

Inflamed Tumor

allows for their therapeutic targeting to enhance the
effects of cancer immunotherapy and other forms of can-
cer treatment

Role of the TME in the pathogenesis of tumor
initiation, progression, and metastasis. Cancer
progression incorporates a series of interrelated
steps such that a failure at any step may interrupt/
delay/block the process of cancer progression to
metastasis. The general steps involved in tumor
initiation, progression, and metastasis are similar
for all tumors; requiring the development of a
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vascular network, evasion of host immunity, and
other interactions with the TME. However, there
is an inherent redundancy to the process such that
if one factor is blocked, an alternative mechanism
may be utilized.

Clinical observations suggest that metastasis
tends to occur in association with specific host
cells and within tumor specific organs. During
tumor growth, tumor cells invade into the organ
parenchyma, a process that maybe facilitated by
infiltrating myeloid cells and hypoxia [43]. This
provides cellular and enzymatic interactions that
disrupt cell:cell junctions and facilitate tumor
cell invasion. Due to the inherent plasticity of
tumor infiltrating myeloid cells, their response to
the soluble factors and chemokines released dur-
ing tumor growth by both tumor cells and infil-
trating cells within the TME varies. Invading
tumor cells move along pre-existing tissue planes
in association with proteolytic degradation. As
one form of metastasis, invading tumor cells can
grow within pleural and peritoneal cavities form-
ing an effusion.

The invasive properties of malignant cells are
associated with upregulation of metalloproteases,
which can degrade collagen, serine protease that
can activate coagulation mediators and chemo-
kines as well as enzymes that degrade other stro-
mal components including basal laminar
molecules. This was initially identified by Liotta
and co-workers [44] who recognized the impor-
tance of basement membrane type IV collagen
degradation (by matrix metallopeptidase 9
(MMP-9)) during tumor invasion and its associa-
tion with metastatic potential. Since this initial
observation, numerous enzymatic activities by
myeloid cells have been associated with tumor
invasion [45]. Unfortunately, to date, most clini-
cal studies with collagenase inhibitors have pro-
vided minimal therapeutic benefit [46], perhaps
due to redundant enzymatic mechanisms associ-
ated with invasion and/or challenges in achieving
effective local concentrations [47].

Metastasis can occur early in tumor progres-
sion, but is rarely diagnosed until after a pro-
longed latency period. Metastatic process can
show a delayed onset following “curative” sur-
gical resection. This reflects prolonged latency

period when cancer cell survives in a quiescent
state prior to the acquisition of competency for
growth. As part of the metastatic process, dif-
ferent organs impose varying selective pres-
sures, both positive and negative, such that the
establishment of metastatic colonies is fre-
quently tumor specific. Further, tumor cells
may survive in selected organs following sur-
vival in the circulation and subsequent organ
arrest. Once tumor cells have extravasated,
their growth may be regulated by the local
milieu where they are retained. This has been
identified as the metastatic “niche”. These
niches are controlled, in part, by the target
organ environment; including the site-specific
secretion of chemokines and growth factors,
which attract and activate both cancer cells and
different classes of immune cells, which either
support or limit cancer growth. Further,
increased numbers of myeloid and vascular
precursor cells in tumor bearing (TB) hosts
exist in an organ specific manner, including the,
lung, bone marrow (BM), brain and liver, and,
as such, support metastasis to these sites in
association with extramedullary hematopoiesis
(EMH). The mechanism(s) that support metas-
tasis may also be regulated by lifestyle media-
tors, including, but not limited to, hormonal
therapy, diet; especially dietary fat and simple
sugars intake, as well as psychologic stress
reaction. Primary tumors secrete factors that
can control EMH at distant environments [48],
thereby facilitating the growth of metastatic
cells. Survival of circulating tumor cells, fol-
lowing arrest, requires a supportive microenvi-
ronment that can include reprogrammed
fibroblasts and immune cells (Fig. 1.1).

Roles of Distinct TME-
Associated Immune Cells
and Their Modulation
During Tumor Progression

14

Tumor-Associated Macrophages (TAMs). TAM can
have direct tumoricidal activity and can also support
antitumor T-cells, but in most situations they have
been found to suppress type-1 immunity mediated
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by CTLs, Th1- and NK cells, thus promoting tumor
growth. Numerous studies have demonstrated that
activated macrophages can kill tumor cells in vitro,
especially if they have been activated by immune
adjuvants, such as interferons or TNFa. Such type-1
TAMs show M1 cytokine- and chemokine profiles,
produce cytotoxic factors, including NO, reactive
oxygen intermediates (ROIs), and other type-1
mediators, which makes them potent effectors capa-
ble of killing tumor cells, as well as attracting addi-
tional anti-cancer effector cells to TME.

However, most of macrophages present in
tumors have a pro-tumorigenic/immunosuppres-
sive M2 phenotype [49]. M2 cells are induced
and expand in response to macrophage-colony
stimulating factor (M-CSF), IL-4, IL-10, IL-13,
IL-21, and Activin A, as well as corticosteroids,
prostaglandins (PGs), and vitamin D3 [50, 51],
and counteract M1 macrophage function [52—
57]. M2 TAMs contribute to tumor escape from
host immunity by producing immune-suppressive
cytokines, such as PGE, [58], interleukin (IL)-10
and transforming growth factor beta (TGFp) [59—
61]. They can also suppress DC differentiation
and inhibit DC functions through IL-10 produc-
tion [62].

In addition to their immunosuppressive func-
tions, TAMs are also involved in facilitating
tumor invasion into surrounding tissues [63],
being a primary source of proteolytic enzymes
that facilitate tumor cell invasion [59, 64]. They
also directly stimulate the proliferation and sur-
vival of cancer cells [65, 66] and promote neoan-
giogenesis through secretion of VEGF [59,
64-68].

Although the general prognostic value of TAM
remains controversial [69-71], most of the cur-
rent studies indicate that high TAM infiltration
can predict distant metastasis formation [72] and
is associated with accelerated cancer progression
and overall poor prognosis [59, 73-80].

Myeloid-derived suppressor cells (MDSCs).
The numbers of MDSCs are enhanced both in the
circulation of tumor-bearing hosts and within
their tumor tissues [52-54, 57, 81]. Murine
MDSCs are CD11b*Gr-1* [82], while human
MDSCs, originally described in the peripheral
blood (PB) of head and neck cancer patients [83]

are a heterogeneous cellular population, showing
an lineage-negative (CD3-, CD56-, CDI9,
CD13~Pu) immature myeloid phenotype (HLA-
DR-CDI11b*). Some subsets express CD33",
CD14+, CD15*, CD34*and CD31%, depending on
commitment pathway and extent of differentia-
tion. The immunosuppressive activity of MDSCs
(both murine and human) occurs through multi-
ple mechanisms including the upregulation of
PGE,, IDO, reactive oxygen species (ROS),
nitric oxide (NO) production and arginase levels,
as well as the secretion of immunosuppressive
cytokines [84-88].

Granulocyte macrophage-colony stimulating
factor (GM-CSF) and granulocyte-colony stimu-
lating factor (G-CSF), in a tumor-dependent
manner, are directly associated with MDSC num-
bers and tumor burden [89, 90]. Vascular endo-
thelial growth factor (VEGF) has also been
directly linked with MDSC expansion, tumor
progression, and immune suppression [91]
through its inhibitory effect on dendritic cell
(DC) differentiation [92]. A correlation has been
reported between plasma VEGF levels in cancer
patients, poor prognosis [93], and abnormal DC
differentiation [94], including an inverse correla-
tion with circulating DC frequency [95]. Further,
the injection of neutralizing VEGF antibodies
can reverse the VEGF-induced abnormalities in
DC differentiation, but has not reduced the circu-
lating MDSC frequency, perhaps due to compen-
satory GF secretions [96].

Another factor shown to be associated with
the numbers of monocytic MDSCs in cancer
patients and controlling their suppressive func-
tion (including the production of IDO, NOS2,
arginase, IL-10 and CXCL12 (SDF-1), is PGE,
[84-87].

High frequencies of MDSCs (predominantly
CD34+*CD33*CD11b*CD14*CD15~) have been
found responsible for suppression of tumor-
specific CTL responses and associated with the
resistance to treatments and overall poor out-
comes in cancer patients [97-103].

Dendritic  Cells (DCs):  Facilitators  of
Intercellular communication within TME and lym-
phoid tissues. In contrast to other types of myeloid
cells, intratumoral densities of DCs, particularly
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mature DCs, represent some of the strongest pre-
dictors of improved survival in multiple groups of
cancer patients [37, 104—113]. These observations
and the frequently observed dysfunction of the DC
system in cancer-bearing hosts, prompted a wide-
spread use of ex vivo generated DCs in cancer
immunotherapy [5, 114-120].

DCs orchestrate the induction- and effector
phases of tumor-specific immunity delivering at
least four types of signals to T cells [84]. The first
signal (Signal 1) is the presentation of processed
antigen in the context of major histocompatibility
complex (MHC) molecules by DCs to naive T
cells via the T cell receptor (TCR) [121]. DCs
show unique ability to take up different forms of
antigens, process, and then cross-present the anti-
gens to both CD4* and CD8* T cells. Signal 2 are
the costimulatory signals that complement the
TCR signal to ensure effective T cell activation.
This amplification signal is provided by B7 fam-
ily molecules, such as CD80 and CD86, by bind-
ing to CD28 on the T cell [114, 122]. The
molecules involved in costimulation are upregu-
lated upon DC maturation, the process which also
enhances the ability of DC to migrate to lymphoid
tissues and interact with naive and memory T
cells [123, 124]. Signal 3 is mediated by the
DC-produced cytokines which provide differenti-
ation signals to the T cells affected the character
of the resulting immune response generated (Thl1,
Th2, Th17, induction of killer function in CD8* T
cells). A prototypical example of a Signal 3 cyto-
kine that promotes cell-mediated immunity is
IL-12p70 [125]. An additional signal (Signal 4)
delivered to T cells by DCs is the induction of dif-
ferent sets of chemokine receptors and integrins,
which affect the pattern of their homing to differ-
ent tissues [114]. In vitro and ex vivo studies have
demonstrated that DCs isolated from various tis-
sues can differentially modulate the T cell expres-
sion of integrins and chemokine receptors, thereby
directing activated T cells back to the tissues of
the DCs origin [126, 127].

Numerous reports have demonstrated that ani-
mals with established tumors and patients with
advanced cancer show significant levels of local
(intratumoral) and systemic dysfunction of the
DC system [128-130], which includes DC arrest

at immature stage of development, reduced abil-
ity to migrate to draining lymph nodes, and
impaired delivery Signal 2 and Signal 3
(Reviewed in [84, 131, 132]). Among multiple
tumor-produces factors which negatively affect
DC functions, IL-10, PGE,, TGFp, IL-6, and
VEGF have been studied most extensively and
shown to be implicated in the immunopathology
of multiple cancers [84, 129, 131-135].

Tumor infiltrating T-cells (TILs): Key role of
the balance between CTLs and Tregs. The type,
location, and density of tumor-infiltrating lym-
phocytes (TILs), especially CD8* CTLs in many
groups of cancer patients are strong predictors of
survival, independent of tumor histopathologic
and metastatic status and the stage of disease [11,
37, 136-140]. In particular, the presence of effec-
tor and effector/memory CD8" T cells within
tumor nests predict improved progression-free
survival (PFS) and overall survival (OS) in
patients with multiple cancer types [136, 138,
139, 141-145].

In contrast, high numbers of intratumoral
CD4* Tregs in tumor tissues [139] and tumor-
associated ascites [146], are associated with poor
tumor response to therapy, and accelerated pro-
gression [29, 108, 146—-155]. Tregs include both
natural and adaptive Tregs [156]. The natural
Treg population found within the thymus is
involved in Ag-specific regulatory responses and
may protect the host against potentially harmful
immune responses. Adaptive Tregs develop from
mature, circulating CD4* T-cells in response to
Ag-specific responses and regulate host immu-
nity via production of suppressive cytokines
[156]. The presence or absence of Foxp3 has
been used to characterize Tregs and is critical to
their suppressive function [157].

In accordance with the complexity of the CD4*
T cell population, which includes the desirable
Th1 cells with distinct anti-cancer role, but also
Th2, Th17, and Tregs, which show different levels
of tumor-promoting activity, the overall infiltra-
tion of cancer tissues with CD4* T cells does not
clearly correlate with patients’ prognosis. The
overall numbers of CD4* TILs in head and neck
(SCCHN) and renal cell cancer (RCC) tumors,
has been found correlated with improved patients’
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overall survival (OS) [158, 159]. In contrast,
another study in resectable RCC patients found
that the frequency of CD4* T-cells infiltrating the
tumor was associated with poor survival, indepen-
dent of tumor grade [159].

Some of the above controversies may reflect
the functional heterogeneity of T cells and differ-
ent immune context of different tumors. An inter-
esting recent study in gastric cancer indicated a
better predictive value of infiltration of Tbet-
positive T cells (effector CTLs and Thl cells),
rather than total CD8* T cells, with an unexpected
additional benefit of B cell infiltration [160].

Natural-killer (NK) cells. Presence of func-
tional NK cells has been shown to predict improved
treatment outcomes and longer OS in some groups
of cancer patients, while the paucity of functional
NK cells is associated with poor prognosis [161—
171]. In addition to their ability to kill cancer cells,
NK cells can also play a helper role during the
DC-driven induction of type-1 immunity, by acti-
vating DCs [172—-174] and promoting their differ-
entiation into mature, high IL-12p70 producing
type-1 polarized (non-exhausted) DCs with
enhanced capacity to induce Thl and CTL
responses [175], desirable against cancer. These
observations explain the documented role of NK
cells during the induction of anti-cancer Th1 and
CTL-mediated responses in vivo [176-179]. In
addition to their helper role in the development of
type-1 immunity, NK cells can also perform sup-
pressive functions. While the mechanism of sup-
pressive activity of NK cells is most likely
multifactorial, and can involve such factors as
IL-13, IL-10, or TGFp, the Pfn-dependent elimi-
nation of antigen (Ag)-carrying dendritic cells
(DCs) by activated NK cells can act as a suppres-
sive mechanism, providing negative feedback con-
trolling the scope of immune responses [180].

1.5  Key Role of Inmune TME
in the Outcomes of Cancer

Treatments

Clinical efficacy of immune therapies requires
tumor-infiltrating CTLs. Immune checkpoint
blockade therapies (such as PD-1/PDL-1 or

CTLA-4 blockade), which are highly effective
in multiple forms of advanced cancer, show
only marginal effectiveness in most forms of
CRC and OvCa [12, 181-185]. The respon-
siveness to PD-1/PD-L1 blockers has been
shown to critically depend on the presence of
intratumoral accumulation of CTLs (and asso-
ciated local PD-L1 expression in the TME,
which is induced by CTL-produced IFNy) [6,
7, 10, 12, 20, 21, 23, 186]. Notably, despite its
overall aggressive character, the subset of CRC
with mismatch repair deficiency and high mic-
rosatellite instability (MSIMeh tumors) shows
surprisingly high responsiveness to PD-1/
PD-L1 blockade, compared to MSI®* CRC
[10, 12,20, 22, 23, 187], which reflects its very
high CTL infiltration of MSI"&" tumors at base-
line [184, 188]. Likewise, enhanced infiltration
of CD8* T cells following intratumoral injec-
tion of a STING activator (c(GAMP) improves
spontaneous control of tumor growth and the
effectiveness of PD-1 and CTLA-4 blockade in
mouse models of CRC and other cancers [189].
Similar to their importance for the effective-
ness of checkpoint blockade, the levels of
intratumoral CTL infiltration can predict
patients’ clinical response to cancer vaccines
[190, 191].

Clinical efficacy of radio- and chemotherapy
depends on immune infiltration following treat-
ment. Recent studies demonstrated the key role
of immune system in antitumor effectiveness of
radio- and chemo-therapy, two main pillars of
comprehensive cancer care, which have been tra-
ditionally considered as immunosuppressive and
relying solely on direct cytotoxic effect against
cancer cells [2, 3, 192, 193]. The earliest indica-
tion that radiation therapy may have an immuno-
genic component resulted from sporadic
observations (about 5% of patients) of the regres-
sion of distant, non-irradiated, tumors in patients
receiving localized radiation therapy (abscopal
effect [194]), but only recently it became clear
that immunosuppressed individuals (or immuno-
deficient mice) show impaired responses to
radio- and chemotherapies [11, 12, 169, 170].
Some of the most striking observations come
from HIV positive patients, where radiation has
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over 3x higher failure rate in elimination of cer-
vical cancer than in HIV-negative population
[195]. The importance of local events in the irra-
diated (or chemotherapy-exposed) TME is under-
scored by the observations that the levels of
enhanced infiltration with CD4* and CD8* T cells
post-therapy predicted prolonged PFS, with
CDS8* T cell infiltration also predicting prolonged
OS, in patients with resectable cancer [196-199],
while preferential intratumoral infiltration with
Tregs in the course of radio-chemotherapy pre-
dicts enhanced risk of relapse [1, 200, 201]. In
accordance with the impaired ability of radiation
to eliminate residual cervical cancer cells in
immunocompromised individuals [195], the pre-
dictive role of chemo-radiotherapy-induced TILs
appears particularly strong in patients with HPV-
associated malignancies, where it can predict
long-term recurrence free survival and overall
therapeutic activity of the combination therapy
[9, 202].

Over the past 10 years, a wide range of
immune events occurring in irradiated- or
chemotherapy-exposed cancer tissues were iden-
tified which include type-1 inflammation, attrac-
tion of both lymphocytes and antigen-presenting
cells (APCs), such as DCs and macrophages,
leading to uptake and cross-presentation of anti-
gens released from cancer cells and systemic
immunization [203, 204]. The resulting intratu-
moral accumulation of CTLs, Th1, and NK cells
promotes elimination of persisting cancer cells,
preventing their survival, even in suboptimally-
irradiated tissues [1, 3, 205]. In line with these
observations, immunotherapy can sensitize
patients to radiotherapy [192], jointly providing
strong rationale for in-depth evaluation of the
patient-specific immune events in the course of
traditional non-immune therapies, and for the
combined application of immunotherapy with
other modalities of cancer treatment.

Importantly, the same considerations also
implicate the intrinsic limitations of the evalua-
tion of antitumor efficacy of any type of cancer
treatments in preclinical models which do not
involve the immune system, such as cancer cell
lines or xenotransplant mouse models, which
involve immunodeficient mice.

1.6  Feasibility of Reprograming
Tumor Microenvironments

for Therapeutic Purposes

Different chemokine receptor usage between
type-1 effector cells (CTL, Thl, and NK cells),
which typically home to sites of acute inflamma-
tion (such as acute viral infections), versus Tregs
and MDSCs, which accumulate at late and
chronic stages of inflammation to promote tissue
healing and regeneration, make the chemokine
system an interesting target for the TME repro-
graming for enhanced therapy outcomes
(Fig. 1.3).

Reports from multiple groups, including ours,
indicate that functionally different classes of
immune cells share commonalities in their
expression of chemokine receptors, and preferen-
tially respond to specific classes of chemokines.
The key chemokines attracting CCRS5- and
CXCR3-espressing CTLs, Th1- and NK cells are
CCLS5 (ligand for CCRS5) and CXCL9, CXCL10
and CXCL11 (ligands for CXCR3). In contrast,
intratumoral production of CCL2, CCL22, and
CXCL12, promotes attraction of CXCR4*, and
CCR2"* MDSCs and tumor-promoting/type-2
macrophages, as well as CCR4*/CXCR4* human
Tregs.

High tumor production of CCL5/RANTES
(ligand for CCRS5) and CXCL9/MIG, CXCL10/
IP10, and CXCL1I/ITAC (three known ligands
for CXCR3) is associated with high CTL infiltra-
tion in CRC [206] and other cancers [126, 207].
Our own studies [208] showed tight correlation
between intratumoral production of CCLS,
CXCL9 and CXCLI10, and local infiltration with
CD8*GrB* CTLs, with over 95% of CRC-
infiltrating CTLs expressing at least one of these
chemokine receptors.

Both the spontaneously-occurring  and
vaccination-induced tumor-specific CTLs express
high levels of CCRS5 and CXCR3 [209], and
migrate in response to the chemokine ligands pro-
duced by inflamed tissues and subsets of tumors
[208-210]. For this reason, the therapeutic benefit
of checkpoint blockers, cancer vaccines (or adop-
tive T cell transfer therapies [ACT]) is likely to be
enhanced by therapies that selectively enhance
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CXCLI10 (and other CXCR3 ligands), as well as
CCRS ligands (such as CCL5/RANTES), thus
promoting migration of CTLs and other effector
cells  (spontaneously-arising,  vaccination-
induced or adoptively-transferred) to tumor tis-
sues. In this regard, our prior mouse studies
confirmed the antitumor role of CXCL10 in the
effectiveness of therapeutic cancer vaccines,
and the synergy between vaccines and the
CXCL10-inducing factor poly-I:C (ligand for
toll like receptor (TLR)-3) [211-213]. In our
phase I/I study in patients with high-grade
malignant glioma [214], in which peptide
antigen-loaded DC-vaccines were combined
with poly-IC:LC (stabilized poly-I:C variant), 9
of 19 patients experienced prolonged time to
progression (TTP; historically 2-4 months in
this group of patients) to at least 12 months,
with 4 patients manifesting long-term objective
clinical responses (two complete and two par-
tial). However, poly-1:C, alone, although supe-
rior to many alternative TLR ligands, is an
ineffective inducer of CTL-attracting chemo-
kines, and can amplify the intratumoral expres-
sion of COX2 and production of
COX2-dependent Treg/MDSC-attracting che-
mokines [208, 210, 215, 216]. Two options to
enhance its effectiveness are either to combine
poly-I:C with a COX2 blocker and IFN«, which
uniformly reprogram the patterns of poly-I:C-
induced chemokine production in several types
of cancer [187, 189, 194, 195] or to apply modi-
fied TLR ligands which avoid activation of
COX2 and COX2-dependent suppressive events
(Theodoraki, Kalinski et al., manuscript in

preparation).
Additional clinically-applicable factors
with  previously demonstrated ~ TME-

reprogramming activities include ligands for
other TLRs, such as TLR4-binding monophos-
phoryl lipid A (MPLA); the TLR7 agonist,
imiquimod; TLRY agonists, CpGs, as well as
cytokines (e.g., interferon-a, interleukin-2, or
granulocyte macrophage colony-stimulating
factor (GM-CSF)), and whole microorganism-
based adjuvants, such as Bacille Calmette-
Guérin (BCG) [215].

1.7  Conclusions

Comprehensive cancer care has traditionally
focused on reducing the bulk of disease through
surgery, chemotherapy and radiation. Despite the
increasing effectiveness of these modalities and
increasingly high cure rates of multiple cancer
forms, cancer still remains a leading cause of
death [217]. Recent entry of cancer immunother-
apy as a standard element of comprehensive can-
cer care and our increasing understanding of the
immune effects (and immune dependence) of
chemo- and radiotherapy provide promising new
tools to further enhance the overall success rate
of oncologic treatments.

Recent clinical and laboratory evidence
underscores the importance of local events
within tumor microenvironments in regulating
cancer progression, metastatic process and
response to different forms of immunotherapy.
Altering the tumor microenvironment to selec-
tively enhance CTL infiltration and reduce T,
and MDSC migration, together with limiting
secondary suppressive mechanisms induced in
the TME by activated CTLs [218] is likely to
enhance the current response rate of immune
checkpoint- and other immune therapies, as well
as other elements of comprehensive cancer care.
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Cancer Immunotherapy Targets
Based on Understanding the

T Cell-Inflamed Versus Non-T Cell-
Inflamed Tumor Microenvironment
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Jason Williams, Brendan Horton, Ayelet Sivan,

and Stefani Spranger

2.1 T Cell-Inflamed Versus Non-T
Cell-Inflamed Tumor

Microenvironment

Interrogation of the tumor microenvironment in
metastatic melanoma was initially pursued to test
the hypothesis that resistance mechanisms down-
stream from T cell priming in response to mela-
noma vaccines might dominate and enable tumor
escape [1, 2]. Baseline biopsies of melanoma
metastases were obtained and evaluated by gene
expression profiling, to correlate with clinical
outcome from vaccination. Two major subsets of
tumor microenvironment could be identified that
were largely characterized by the presence or
absence of a transcriptional profile indicative of a
pre-existing T cell infiltrate (Fig. 2.1). The T cell-
inflamed subset of tumors was dominated by T
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cell markers and chemokines that likely mediate
effector T cell recruitment [3-5]. Expression of
the chemokines CCL2, -3, -4, -5 and CXCL9, -10
was observed to correlate with T cell presence,
and each of these chemokines was sufficient to
recruit CD8"* effector T cells in vitro [3]. Recently,
CXCR3-binding chemokines (such as CXCL9
and CXCL10) were found to be critical and nec-
essary for trafficking of activated CD8* T cells
into tumor sites [6]. Immunohistochemistry con-
firmed the presence of CD8" T cells, macro-
phages, as well as some B cells and plasma cells
in the T cell-inflamed lesions [3]. This subset of
tumors was remarkably distinct from the non-T
cell inflamed subset, and the biology suggests
that spontaneous T cell priming and recruitment
into the tumor microenvironment had occurred in
those patients, even prior to any therapy.
Interestingly, reflecting back onto the original
goal of this analysis, the clinical responders to
vaccination were seen among patients with the T
cell-inflamed phenotype [4]. Thus, it appears as
though tumors capable of supporting recruitment
of activated CD8" T cells are those that stand to
benefit from interventions that increase the fre-
quency of tumor antigen-specific T cells in the
circulation, such as vaccination.

The T cell-inflamed subset of melanoma
metastases is remarkably similar to the pheno-
type described in early stage colon cancer and
other tumors in which activated T cells have been
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Fig.2.1 Immunologic
composition of the T
cell-inflamed versus
non-T cell-inflamed
tumor
microenvironments. The
T cell-inflamed tumors
contain variable
numbers of CD8* T cells
and CD8a/CD103-
lineage DCs, but also
possess the highest
density of FoxP3* Tregs.
In addition, many of the
conventional T cells
have a dysfunctional
anergic phenotype. In
contrast, the non-T
cell-inflamed tumors
lack these elements but
still contain blood
vessels, fibroblasts, and
macrophages that help
support tumor growth.
Recruitment of CD8*
effector cells is largely
dependent on the
chemokines CXCL9 and
CXCL10, which engage
the receptor CXCR3.
Treg recruitment is
primarily driven by
CCL22, which is in part
produced by activated
CD8* T cells

associated with favorable prognosis [7-9]. In
several small studies of HLA-A2* patients, CD8*
T cells specific for melanoma differentiation
antigens such as Melan-A were identified from
tumor sites using peptide-HLA-A2 tetramer anal-
ysis [10-12]. Therefore, at least a subset of T
cells specific for tumor antigens is present among
these infiltrates. The fact that the starting point

T cell-inflamed tumor

Non-T cell-inflamed tumor

. Effector T cell % CD8u/CD103* DC ‘ Macrophage

@ Anergic T cell # eDC
. Regulatory T cell

Tumor asociated
macrophage

. Tumor cell

for adoptive T cell approaches utilizing tumor-
infiltrating lymphocytes (TIL), which have dem-
onstrated approximately a 50% response rate in
metastatic melanoma [13], is T cells harvested
from the tumor, also supports the notion that
tumor-specific T cells are present. However, the
function of these T cells in situ is impaired.
Various degrees of dysfunction of tumor
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antigen-specific T cells have been described upon
analysis directly ex vivo [10-12]. Together, these
results suggest that the reason for tumor progres-
sion despite the presence of specific adaptive
immunity in this subset of patients is likely sec-
ondary to immune suppressive mechanisms act-
ing at the level of the tumor microenvironment.
Interestingly, in some cases the presence of
memory virus-specific CD8* T cells also has
been observed in T cell-inflamed melanomas.
However, their function seems to be intact [10,
14], and these probably represent non-specifically
recruited activated T cells migrating along che-
mokine gradients but not participating in tumor
recognition. These observations suggest that a
component of T cell dysfunction in the tumor
microenvironment is antigen-specific and
restricted to tumor-reactive T cells.

In contrast to the rich set of immune genes
expressed in the T cell-inflamed tumor microen-
vironment phenotype, the non-T cell-inflamed
tumors lacked this broad signature. In particular,
there was a lack of T cell markers and of chemo-
kines that can mediate T cell recruitment [3].
These tumors still contain macrophages and vas-
cular endothelial cells, and work from others has
indicated the presence of fibroblasts and extracel-
lular matrix, and in some cases immature den-
dritic cells [15-19]. It is not yet certain whether
tumors that lack spontaneous T cell infiltration
are defective only at the level of initial T cell
priming against tumor antigens or whether there
are additional mechanisms that exclude activated
T cells from migrating into the tumor microenvi-
ronment, but is seems plausible that both pro-
cesses may be operational. The idea that both the
priming and the effector phases of the anti-tumor
immune response are defective in non-T cell-
inflamed tumors is supported by recent data in
genetically engineered mouse models. Tumors
with poor T cell infiltration appear to have higher
expression of several angiogenic factors [3, 19].
Vascular endothelial cells from T cell-infiltrated
versus T cell-non-infiltrated tumors have been
reported to have distinct gene expression profiles,
and the endothelin B receptor has been identified
as a vascular target in an ovarian cancer context
[19]. Thus, effector T cell trafficking into the

tumor microenvironment is complex, and
depends on adhesion molecules and homing
receptors expressed on vascular endothelial cells
in concert with chemokines produced by tumor
cells and/or stromal cells within the tumor micro-
environment. This process is likely necessary for
clinical response to immunotherapies in most
instances.

It has been argued that non-T cell-inflamed
tumors might lack neoantigens for T cell recogni-
tion and therefore might not be immunogenic
because they are not antigenic. A recent report
has suggested that patients who failed to derive
clinical benefit from the anti-CTLA-4 mAb ipili-
mumab might have fewer mutations and lack the
antigens present in the tumors of responding
patients [20]. However, we have recently ana-
lyzed exome sequencing versus germline data
from the metastatic melanoma samples that are
among The Cancer Genome Atlas data set.
RNAseq data were used to categorize patients as
having a T cell-inflamed versus a non-T cell-
inflamed tumor microenvironment. The fre-
quency of  non-synonymous  mutations,
expression of cancer-testis antigen genes, and the
expression of melanoma differentiation antigens
were enumerated between these groups. No dif-
ferences were observed with any of these param-
eters between the two cohorts of patients [21].
These data indicate that lack of antigen expres-
sion is unlikely to explain the non-T cell-inflamed
tumor microenvironment phenotype in mela-
noma. These data are encouraging, as they sug-
gest that strategies to overcome the barrier of T
cell migration into tumor sites might ultimately
enable immunotherapy efficacy in non-T cell-
inflamed tumors.

2.2  Negative Regulatory
Pathways Impeding Immune
Efficacy in T Cell-Inflamed

Tumors

Because of the presence of dysfunctional T cells
in the same microenvironment as antigen-
expressing tumors cells, the T cell-inflamed sub-
set of tumors was probed for candidate
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immune-inhibitory mechanisms that might con-
tribute to T cell dysfunction in situ. Gene expres-
sion profiling data revealed the presence of
transcripts encoding indoleamine-2,3-
dioxygenase (IDO) in these tumors, a molecule
that had previously been demonstrated to con-
tribute to peripheral tolerance [22]. Interrogation
for additional candidates revealed that these
tumors also expressed PD-L1 and Foxp3 tran-
scripts [23, 24]. Quantitative analysis of individ-
ual tumors revealed that the expression level of
each of these three transcripts was significantly
correlated, and that the degree of expression was
also associated with T cell markers.
Immunohistochemistry confirmed that PD-L1
and IDO protein expression, and also nuclear
Foxp3*CD4* cells, were found within T cell-
inflamed tumors in the same region as CD8* T
cells (Fig. 2.2). However, non-T cell-inflamed
melanomas generally lacked these factors. These
observations suggested that these immune sup-
pressive mechanisms might not be a property of
the tumor cells themselves but rather immune-
intrinsic negative feedback processes that follow
the recruitment of activated CD8* T cells. Indeed,
mouse mechanistic studies confirmed that CD8*
T cells were required for the upregulation of all
of these three factors within the tumor microen-
vironment. For PD-L1 and IDO induction, the
requisite factor produced by the CD8* T cells was
IFN-y. For FoxP3* Tregs, production of the che-
mokine CCL22 was identified, which mediated
Treg recruitment into tumor sites [24]. Using
laser capture microdissection, a correlation
between IFN-y production by TILs and local
PD-L1 expression also was observed by Taube
and colleagues in human tumors [25], supporting
the notion that infiltrating T cells become acti-
vated by specific antigen and consequently pro-
duce IFN-y and upregulate PD-L1 expression.
The fact that these immune evasion mechanisms
are part of the host response implies that target-
ing these pathways therapeutically should have
an increased likelihood of efficacy because they
are less dependent on tumor cell properties and
the associated mutability that can frequently lead
to therapeutic resistance.

Preclinical studies targeting CTLA-4, PD-L1,
and IDO have indicated that the therapeutic effect

is associated with re-activation of CD8* T cells
directly within the tumor microenvironment [26].
The major biologic correlate that is restored with
blockade of these pathways is the ability of
tumor-infiltrating CD8" T cells to produce IL-2
and to proliferate when analyzed ex vivo. In
order to test whether the therapeutic effect
required influx of new T cells at all, the drug
FTY720 was utilized, which prevents new T cell
egress from lymph nodes. In fact, both restora-
tion of IL-2 production and proliferation of TIL
as well as tumor regression were preserved
despite FTY720 administration [26], arguing that
the immediate functional effects of checkpoint
blockade can all be explained by re-activation of
T cells already present within the tumor microen-
vironment. Consistent with these data, clinical
response with anti-PD-1 mAb in metastatic mela-
noma was found to occur predominantly in
patients with pre-existing T cell infiltrates in the
region of PD-L1 upregulation [25, 27, 28].
Following anti-PD-1 administration, these CD8*
T cells seemed to proliferate and expand, as indi-
cated by Ki67 expression, and to penetrate deeply
throughout the tumor [28]. Thus, the preponder-
ance of clinical response with active immuno-
therapies also is likely mediated through restored
function of pre-existing TIL.

In addition to the presence of PD-L1, IDO,
and Tregs that likely mediate extrinsic suppres-
sion, a T cell-intrinsic mechanism is also likely
contributing to tumor escape in the T cell-
inflamed cancers. This phenomenon is similar to
T cell anergy that has been characterized exten-
sively using in vitro model systems, an observa-
tion which has provided a tool for identifying
additional immune regulatory targets on dysfunc-
tional T cells within the tumor microenviron-
ment. In vitro experiments using CD4* Thl
clones as a model system have identified the tran-
scription factor EGR2 as a critical mediator of T
cell dysfunction [29]. EGR2 is induced following
TCR ligation alone, and leads to upregulation of
the lipid phosphatase diacylglycerol kinase,
which in turn inhibits TCR-mediated Ras path-
way activation [30]. Conditional EGR2-knockout
T cells have shown improved anti-tumor activity
in vivo [29], arguing for a functional relevance of
this pathway in anti-tumor immunity. With this
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CD80/CD86

Fig. 2.2 Immunotherapeutic targets that are preferen-
tially relevant for the T cell-inflamed tumor microenvi-
ronment subset. T cell-inflamed tumors contain activated
CD8* T cells but also express IDO and PD-L1, which
inhibit T cell function. The dysfunctional/anergic T cells
in the tumor microenvironment also can express an array
of additional inhibitory receptors, including LAG-3, Tigit,

functional importance in mind, experiments were
conducted to identify the full spectrum of EGR2
target genes in anergic T cells. Gene expression
profiling of wild-type versus EGR2-deleted T

Tim3, and 2B4. But in addition, these T cells also para-
doxically express costimulatory receptors, including
4-1BB, 0x40, ICOS, GITR, and CD27. Both blockade of
inhibitory receptors and ligation of costimulatory recep-
tors are being developed as cancer therapeutics. Additional
candidate immune suppressive factors not shown here that
have yet to be effectively targeted clinically include TGF-
B, IL-10, iNOS, and PGE,

cells was performed, to identify EGR2-dependent
genes. In parallel, a genome-wide ChIPseq study
was performed, to identify genes directly bound
by EGR2. Merging these two datasets revealed



24

T.F. Gajewski et al.

50 genes that characterized the EGR2 transcrip-
tome [31]. Interestingly, several of these target
genes encode surface receptors that allow pheno-
typing using flow cytometry, including LAG-3
and 4-1BB. LAG-3 is an inhibitory receptor with
homology to CD4 that recognizes at least class 11
MHC as a ligand [32]. 4-1BB is a costimulatory
receptor of the TNFR superfamily that engages
the NF-kB pathway [33]. Returning to the tumor
microenvironment, flow cytometric analysis
revealed that a major population of CD8* TIL co-
expressed LAG-3 and 4-1BB. All of these cells
were also PD-I-positive. By cell sorting and
stimulation in vivo, it was found that the LAG-
3*4-1BB* subset was the most dysfunctional as
reflected by IL-2 production and proliferation.
The majority of tumor-specific T cells were
found to fall into this subset. Thus, these likely
represent important markers for identifying the
dysfunctional tumor antigen-specific T cell sub-
set within the tumor microenvironment (Williams
and Gajewski, manuscript in preparation).
Administration of a blocking mAb against
LAG-3 along with an agonistic Ab against 4-1BB
showed profound anti-tumor activity in vivo.
Anti-4-1BB also synergized therapeutically with
either anti-CTLA-4 or anti-PD-L1 mAbs (Horton
and Gajewski, unpublished data). Interestingly,
all of these combination therapies also depend
upon re-activation of T cells already present
within the tumor microenvironment. These data
suggest that thorough phenotypic analysis of dys-
functional TIL should reveal the total array of
immune regulatory receptors amenable to in vivo
therapeutic targeting.

Because of the presence of multiple immune
regulatory factors in the same T cell-inflamed
tumor microenvironment, and based on preclini-
cal evidence for synergistic efficacy, multiple
phase I/II trials are underway to evaluate key
combinations. These include an IDO inhibitor
combined with either anti-CTLA-4 or anti-PD-1
mAbs, anti-LAG-3 + anti-PD-1, and anti-4-1BB
mADb in various combinations. The potential for
combination immunotherapy to have superior
efficacy is supported by recent data using anti-
CTLA-4 + anti-PD-1, which revealed a higher
response rate than either agent alone in metastatic
melanoma, albeit with a higher rate of adverse

events [34]. Over time, additional combinations
that have comparable efficacy and perhaps
decreased toxicity will hopefully be identified,
both for melanoma and for other cancer types
showing a fraction of patients characterized by
the T cell-inflamed tumor microenvironment.

Innate Immune Mechanisms
Bridging to Spontaneous
Anti-Tumor T Cell Responses

2.3

Expanding the efficacy of immunotherapies will
require a better understanding of the mechanisms
mediating the non-T cell-inflamed tumor micro-
environment. As a first approach, possible innate
immune pathways involved in generating the T
cell-inflamed tumor microenvironment when it
does occur have been pursued. In general, in
order for adaptive T cell responses to be induced
against an antigen, dendritic cells (DCs) or other
involved antigen-presenting cells (APCs) need to
be activated themselves for productive adaptive
immunity. In the context of infectious agents,
this is typically through stimulation of Toll-like
receptors (TLRs) by pathogen-associated molec-
ular patterns (PAMPs), such as endotoxin that is
recognized by TLR4 [35]. However, it had not
been clear what factors might provide innate
immune signaling in the context of sterile tumors
in which infectious agents are not implicated.
Melanoma gene expression profile data were
interrogated for evidence of innate immune path-
way activation. A major clue came from the
observation that tumors that contained a T cell
infiltrate also showed evidence for a transcrip-
tional signature known to be induced by type I
IFNs [3, 36]. Armed with that information,
mouse mechanistic experiments were carried out
to determine whether type I IFN signaling on
host cells was necessary for spontaneous priming
of CD8" T cells against tumor-associated anti-
gens. In fact, type I IFNR™~ mice, or mice defi-
cient in the downstream transcription factor
Statl, showed markedly reduced T cell responses
against tumor-associated antigens in multiple
transplantable tumor models [36]. The require-
ment for type I IFN signaling was mapped to the
level of APCs, and indeed specific deletion of the



2 Cancer Immunotherapy Targets Based on Understanding the T Cell-Inflamed Versus... 25

type I IFNR in DCs was sufficient to reproduce
this defect. Mixed bone marrow chimera experi-
ments demonstrated that the specific subset of
DCs involved in this effect was the Batf3-driven
lineage that expresses CD8x or CD103 [36-38].
In addition, IFN-p production was found to be
induced in DCs upon implantation of a tumor
in vivo. These data suggest that early innate
immune recognition of cancer cells in vivo
involved activation of a pathway that results in
IFN-B production, which in turn was necessary
for complete DC activation and CD8* T cell
priming to give rise to the T cell-infiltrated tumor
microenvironment phenotype [39].

These observations led to the next level ques-
tion of identifying the receptor system and puta-
tive ligands that induce IFN-f production by host
DCs in the context of a growing tumor in vivo.
By using a series of knockout mice specifically
lacking TLRs, the adaptors MyD88 or Trif, the
intracellular RNA sensing pathway involving
MAVS, or the extracellular ATP sensing receptor
P2X7R, most of the innate immune pathways
that have been implicated in various infectious
disease models to promote type I IFN production
were ruled out as being essential. By process of
elimination, this pointed to the STING pathway
as an important candidate. STING is an adapter
that is activated by cyclic dinucleotides gener-
ated by cGAS, which in turn is directly activated
by cytosolic DNA [40—42]. This pathway has
been implicated in the sensing of DNA viruses,
but also in selected autoimmune models [43, 44].
Moreover, activating mutations of STING have
been identified in human patients with a vasculi-
tis/pulmonary inflammation syndrome character-
ized by increased type I IFN production [45].
Indeed, the use of STING™~ mice revealed that
spontaneous T cell priming against tumor anti-
gens was markedly reduced in vivo, and rejection
of immunogenic tumors was ablated [46].
Moreover, tumor-derived DNA was detected
within the cytosol of a major population of
tumor-infiltrating DCs, which was associated
with STING pathway activation and IFN-§ pro-
duction. Therefore, the host STING pathway
appears to be a major innate immune sensing
pathway that is activated in the tumor context to
drive DC activation and subsequent T cell prim-

ing against tumor-associated antigens in vivo.
Several additional tumor model systems have
confirmed a role for the STING pathway in anti-
tumor immunity in vivo [47—-49].

The realization of the importance of this
particular innate immune pathway in the can-
cer context is generating new therapeutic strat-
egies that might be utilized to activate or
mimic the cGAS/STING axis for promoting
immune-mediated tumor control, particularly
in the non-inflamed tumor subset. Recent
studies have pursued intratumoral injection of
STING agonists. 5,6-Dimethylxanthenone-4-
acetic acid (DMXAA) is a flavonoid com-
pound that was previously shown to have
anti-tumor activity in mouse models [50]. This
drug ultimately failed in humans when com-
bined with chemotherapy in a Phase 3 trial in
non-small cell lung cancer [51]. Structure-
function studies demonstrated that DMXAA is
a direct ligand for mouse STING [52, 53].
However, sequence differences in human
STING rendered it unable to bind DMXAA,
therefore abrogating its activity in human cells
and explaining the lack of clinical activity of
this compound. Recent evidence has con-
firmed that DMXAA is a strong agonist of the
mouse STING pathway in vitro and in vivo.
Intratumoral injection of DMXAA markedly
augmented endogenous priming of tumor
antigen-specific CD8* T cells and caused com-
plete tumor elimination. Rejection was com-
pletely dependent on host STING, and most of
the effect depended on T cells and type I IFNs.
New STING agonists that stimulate all known
human STING polymorphic variants have
been developed that also bind mouse STING
and showed similarly potent efficacy in pre-
clinical tumor models [54]. These agents will
be attractive for clinical translation as a poten-
tial strategy to initiate de novo inflammation,
DC activation, and T cell priming especially in
non-T cell-inflamed tumors.

An alternative approach for promoting appro-
priate innate immune activation in the tumor
microenvironment is through targeted radiation.
Directed radiation to the tumor site also appears
to induce type I IFN production, augment spe-
cific T cell priming, and support T cell-mediated
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tumor control in vivo [55]. Based on the observa-
tion that the STING pathway was critical for
spontaneous innate immune sensing of tumors
in vivo, it was of interest to determine whether
the STING pathway was also important for the
therapeutic effect of radiation. Indeed, recent
data have revealed that the therapeutic efficacy of
radiation was largely ablated in STING™ hosts.
This defect was associated with blunted type I
IFN induction and markedly reduced T cell prim-
ing. In contrast, no defect in the therapeutic effect
of radiation was observed using mice lacking
specific TLR signaling pathways [56]. Thus,
radiation may facilitate the proper acquisition of
tumor-derived DNA by host DCs in the tumor
microenvironment, thereby leading to improved
T cell priming as well as coordination of the
effector phase of the anti-tumor immune
response.

Reverse-Translational
Research to Identify New
Therapeutic Angles

for Non-T Cell-Inflamed
Tumors

24

An additional major strategy for identifying
molecular mechanisms that control the presence or
absence of a T cell-inflamed tumor microenviron-
ment is to interrogate categories of genomic het-
erogeneity directly from patients. By clustering
patients has having a T cell-inflamed versus non-T
cell-inflamed tumor microenvironment using gene
expression profiling as a defined phenotype, repro-
ducible genetic or genomic patterns can be identi-
fied as a correlation. Because the T cell-inflamed
tumor microenvironment is also a good predictive
biomarker for response to immunotherapies such
as anti-PD-1, this question can also be viewed as a
pharmacogenomic analysis for mechanisms of pri-
mary resistance to these agents. Based on these
notions, three potential sources of inter-patient
heterogeneity could be envisioned that have the
potential to influence whether a tumor in a given
subject might contain or lack spontaneous T cell
infiltration. These categories are differences in
accessory oncogene pathways within the tumor

cells based on somatic mutational events, germline
polymorphisms in immunoregulatory genes that
could set thresholds for immune cell activation, or
environmental differences that could have global
effects on immune functionality. Regarding the
latter category, the major phenomenon that has
recently garnered interest is the impact of the
intestinal microbiome on systemic immune
responses in the host. Importantly, each of these
parameters is measurable in individual patients.
Somatic heterogeneity in tumors can be assessed
through exome sequencing and pathway analysis,
germline heterogeneity in the host can be evalu-
ated using SNP arrays on peripheral blood cells,
and patterns of differences in the intestinal micro-
biome can be identified through 16S ribosomal
RNA sequencing on stool samples. Associations
between individual sequences and either the T
cell-inflamed tumor microenvironment or clinical
outcome to immunotherapy can then be investi-
gated. These analyses require prospective tissue
collection from patients embarking on immuno-
therapy treatments—fresh tumor biopsies, periph-
eral blood specimens, and stool samples.
Broad-based tissue banking from cancer patients
participating in immunotherapy clinical trials
should be supported and represents a rich discov-
ery opportunity to identify mechanisms of immu-
notherapy success versus resistance.

Such an analysis has been initiated in meta-
static melanoma patients, focusing first on somatic
differences at the level of the tumor itself. Using a
series of 266 melanoma metastases, tumors were
categorized based on the presence or absence of
the gene signature indicative of the T cell-inflamed
tumor microenvironment [3]. These same tumors
were also subjected to exome sequencing, as well
as pathway analysis using the Ingenuity platform
based on gene expression patterns in the non-T
cell-inflamed subset. Strikingly, these data indi-
cated that nearly one-half of the non-T cell-
inflamed tumors showed evidence of activation of
the Wnt/p-catenin pathway. Some tumors had
activating mutations in f-catenin itself, some had
inactivating mutations in negative regulators of
B-catenin, and some showed over-expression of
Wnt7B or Frizzled 3. Using a genetically engi-
neered mouse model in which melanomas were
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induced that either did or did not include condi-
tionally expressed active P-catenin, mechanistic
experiments confirmed that tumor cell-intrinsic
B-catenin activation was sufficient to exclude T
cell infiltrates in vivo. The molecular mechanism
was narrowed down to a loss of chemokines that
mediate recruitment of Batf3-lineage DCs into
the tumor microenvironment, leading to defective
T cell priming. The therapeutic activity of anti-
CTLA-4 + anti-PD-L1 mAb normally seen was
lost when tumors additionally expressed active
fB-catenin [57]. Thus, the Wnt/B-catenin pathway
is the first identified tumor-intrinsic oncogene
pathway to result in immune exclusion and resis-
tance to immunotherapy. These data suggest that
pharmacologic strategies to block p-catenin activ-
ity might not only be directly therapeutic against
tumor cells, but additionally might support a posi-
tive interaction with host immunity.

Ongoing work also investigates germline
polymorphisms as they relate to the presence
or absence of the T cell-inflamed tumor micro-
environment. There is precedent for germline
genetic differences influencing response to
immunotherapy. A SNP in the gene encoding
the chemokine receptor CCRS was identified
that was associated with clinical response to
high-dose IL-2 [58]. More recently, a polymor-
phism in the IRF5 gene was identified that was
associated with clinical benefit in a cohort of
patients treated with T cell-adoptive transfer
[59]. Numerous polymorphisms have been
identified in immune regulatory genes that are
associated with various types of autoimmunity,
including lupus [60], and many patients who
are treated with immune-potentiating drugs do
develop autoimmune-like adverse events.
Thus, it is attractive to consider that specific
germline SNPs might be associated either with
clinical response or with side effects upon
treatment with anti-CTLA-4 or anti-PD-1
mAbs.

The third category of biomarkers is the com-
position of the intestinal microbiota. The group
of Trinchieri and colleagues has found in a mouse
model that treatment with anti-bacterial antibiot-
ics, which altered intestinal microbial composi-
tion, reduced the therapeutic efficacy of

immunotherapy with the TLR9 agonist CpG
combined with anti-IL-10R antibody in a trans-
plantable tumor model [61]. In addition, Zitvogel
and colleagues reported that the immune-
potentiating effect of cyclophosphamide is asso-
ciated with translocation of commensal bacteria
[62]. These early data have prompted a compre-
hensive analysis of the intestinal microbiota
using 16S rRNA sequencing from patients under-
going treatment with immunotherapeutics.
Restoring the presence of specific commensal
that maximize anti-tumor immunity, such as
through the use of a probiotic, represents an addi-
tional future immunotherapeutic strategy.

Conclusions and Future
Directions

2.5

The paradigm of the T cell-inflamed and non-T
cell inflamed tumor microenvironment has pro-
vided a useful working model for identifying
therapeutic targets for immunotherapy, under-
standing mechanisms of response versus resis-
tance, and pursuing new strategies for overcoming
resistance to expand the range of immunotherapy
efficacy. Inasmuch as many of these concepts
have been explored predominantly in melanoma,
there is a rich opportunity to investigate these
principles similarly in other tumor types. A sum-
mary of candidate interventions to improve
immunotherapy efficacy to include the non-T
cell-inflamed tumor microenvironment based on
these principles is illustrated in Fig. 2.3. One
could envision intratumoral administration of
innate immune activators such as STING ago-
nists, to trigger de novo DC activation and T cell
priming and recruitment. Tumor-focused radia-
tion also may have these effects. If specific onco-
gene pathways are activated such as p-catenin,
then targeted inhibitors could be administered to
block such pathways and restore immune cell
entry. If unfavorable germline genetics are iden-
tified, specific gene products might be amenable
to pharmacologic manipulation as well. Finally,
if commensal bacteria are identified that might
amplify host anti-tumor immunity, then probiot-
ics could be developed to improve T cell infiltra-



28

T.F. Gajewski et al.

Fig.2.3 Summary of
four types of strategies
that could be considered
to overcome the barrier
of the non-T cell-
inflamed tumor
microenvironment. It is
envisioned that
intratumoral
administration of innate
immune activators or
local tumor radiation,
modulators of host
polymorphic gene
products, blockade of
immune-exclusionary
oncogene pathways, and
delivery of probiotics
that amplify anti-tumor
immunity all could be
considered for ultimate
clinical translation

f-catenin
inhibitors

tion and clinical efficacy of immunotherapies
such as anti-PD-1. Ultimately, combination ther-
apies will likely provide the broadest and deepest
clinical benefit.
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Regulation of CTL Infiltration
Within the Tumor
Microenvironment

Sarah E. Church and Jérome Galon

3.1  ThePredictive Capability
of Tumor Infiltrating
Lymphocytes

3.1.1 T-Lymphocyte Infiltration

in the Tumor
and Immunoscore

Classical methods for determining malignant
disease prognosis are based upon the morphol-
ogy and location of tumor cells at the primary
sites and in lymph node tissues, and the exis-
tence of distant metastases. While this analysis
provides important information about a patient’s
disease it fails to capture the biological com-
plexity of the tumor microenvironment and the
contribution of the anti-tumor immune response.
Immunohistochemical and gene analyses of
immune cells, particularly CD3* T lymphocytes
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in the primary tumor, provides a prognostic bio-
marker that is highly statistically accurate for
predicting clinical outcome in the vast majority
of cancer types including colorectal, lung, mela-
noma, ovarian, head and neck, breast, urothelial,
hepatocellular, gallbladder, and esophageal
(reviewed in [1-3]). Furthermore, basic histo-
logical quantification of T lymphocyte density,
cytotoxicity, and memory by CD3, CD8, and
CD45RO, respectively, has demonstrated that
increased infiltration of T lymphocytes is asso-
ciated with statistically significant improvement
in patients’ disease-free survival (DFS) and
overall survival (OS) [2, 4, 5]. In colorectal car-
cinoma (CRC), further delineating the location
of cytotoxic T lymphocytes (CTL--CD3*, CD8")
into two areas within the primary tumor, the
center (CT) and the invading margin (IM), pro-
vides a statistically accurate prediction of clini-
cal outcome [4]. Quantification of the density,
phenotype, and location (CT or IM) of T lym-
phocytes has been termed Immunoscore [6-8].
In fact, for the first time it was shown that analy-
sis of a marker, CD3, surpassed the gold stan-
dard of diagnostics via tumor-stage, lymph
node, and metastatic invasion. Immunoscore
defines patients into five categories (I0-14)
based on the distinct location (CT and IM) of
CD3" and CD8* T lymphocytes within the
primary tumor, where 10 has no CD3* or
CD8" cells and 14 has high densities of both
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Fig. 3.1 Overview of Immunoscore. Immunoscore clas-
sifies tumors by density and location of CD3- and CD8-
positive T lymphocytes. Paraffin-embedded tumor tissue
is stained for CD3 or CDS8. Stained tissue samples are
analyzed for tumor and normal epithelium. The tumor
center (CT) and invasive margin (IM) are then defined

CD3* and CD8" cells in the CT and IM (Fig. 3.1)
[9, 10]. Immunoscore utilizes simple analysis of
two markers to accurately predict a patient’s
clinical outcome. By combining Immunoscore
with quantification of additional immune com-
ponents associated with the tumor microenvi-
ronment, as a part of the immune contexture, we
continue to enrich our understanding of why
tumors become resistant, avoid elimination, or
fail to generate a tumor-specific cytotoxic
response. In particular, identifying characteris-
tics of the tumor microenvironment that lead to
low densities of immune infiltrates and conse-
quently low Immunoscore (I0 and I1) could dra-
matically improve the selection of personalized
treatments for cancer. In the cases with high
Immunoscore, patients might be more likely to
respond to immunotherapies that stimulate an
existing immune response, such as checkpoint
blockades, while patients with low Immunoscore

survival

Longer
disease-free

Increased Immunoscore

using digital software. The software then enumerates
infiltrating lymphocytes in each region. Immunoscore is
calculated based on the density of each marker in both
regions. Patients with high Immunoscore (I4) have sig-
nificantly longer disease-free survival compared to
patients with low Immunoscore (10)

would need therapy that primes a de novo anti-
tumor response or facilitates trafficking of CTL
to the tumor site.

3.1.2 Memory and Cytotoxic
Lymphocytes Indicate
Improved Prognosis

The importance of memory and CTL in the tumor
microenvironment is well established. The pres-
ence of effector memory T cells in primary
colorectal tumors is negatively correlated with
signs of early metastatic invasion, as defined by
presence of vascular emboli, lymphatic invasion,
and perineural invasion [5]. This observation is
supported by phenotypic analysis by flow cytom-
etry of effector memory T lymphocytes, where
patients with signs of early metastatic invasion
have significantly fewer CD3*CD8*CD45RO*
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umor Core

CD3, CD8, Th, CD45R0O, PDPN

Fig. 3.2 The tumor microenvironment by progressive
tumor stage. Depiction of the microenvironment of tumors
from stage T1 to T4. Early stage tumors are smaller with
many CD3, CD8, CD4, CD45R0O, and TLO at the inva-
sive margin and in the tumor center. T2 and T3 tumors are
larger and progressively have less T lymphocytes, less

and CD3*CD8*CCR7- cells in the tumor, as well
as by immunohistochemistry = measuring
CD45RO, where patients with metastatic pro-
gression have significantly fewer CD45RO-
positive cells in the primary tumor compared to
non-invasive disease [5]. Furthermore, a high
density of CD45RO*" cells in the primary tumor
significantly predicts better overall and disease-
free survival compared to patients with low den-
sity of CD45RO* expression within their tumors
[5]. High expressers had median OS of
36.5 months and DFS of 53.2 months, compared
to 11.1 and 20.6 months, respectively, for low
density CD45RO. This indicates that not only are
CTL an excellent biomarker for determining
patient disease-related survival, but also further
delineates the importance of the transition of
CTL into memory phenotype, which can help
refining the predictive capability of intratumoral
CTL on patients’ clinical outcome, as illustrated
in Fig. 3.2. Two important mechanisms of mem-
ory T lymphocyte development and maintenance
are determined by cytokine stimulation and help
by CD4* T lymphocytes [11-14]. The role of

lymphatic vessels (PDPN) and more angiogenesis. T4
tumors have very few T lymphocytes, increased macro-
phages and increased angiogenesis. The presence of CTL,
memory and helper lymphocytes at the invasive margin,
tumor center and in TLO predicts better clinical
outcomes

these two mechanisms in maintaining anti-tumor
memory and cytotoxic lymphocytes are dis-
cussed in the following sections.

3.1.3 Th1and Th17 Have Opposing
Effects on Disease-Specific
Survival

It has been previously shown that incorporating
the subtype and location of T helper (Th) lym-
phocytes, in addition to CTL, improves the accu-
racy of disease-specific survival prediction [15].
Primary CRC tumors from 125 patients for the
expression of 45 immune genes representing four
T helper populations, Th1, Th2, Th17 and regula-
tory T lymphocytes (Treg) were analyzed.
Hierarchical clustering revealed eight categories
of Th genes as follows: Thl cytotoxic (IRFI,
GZMB, IL27, GNLY, PRF1, CCLS5, CDS8a,
STAT1), Thl (IL12RB1, CD28, CCRS, HLA-
DMB, IL12RB2, CD38, CXCR6, TBX21), Th17
(RORC, IL-17A), Th2 (IL4, ILS, IL13) or
(CCR7, CD3E, CD40LG, CCL19, CCR4,
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GATA3) or (IFNGR1/2, STAT3, IL10RB, IL4R,
STAT6), Th2/Treg (FOXP3, CTLA-4, CCL17,
CCL22) or Tregs (IL-10, TGFB). Interestingly,
when disease-free survival (DFS) was assessed
based on expression of Thl cytotoxic genes,
patients with high expression had significantly
increased time to relapse versus patients with low
expression (78 versus 18 months, p = 0.01).
Conversely, patients with low expression of Th17
genes had prolonged disease-free survival with
80% of patients not experiencing relapse after
9 years. Since the Thl cytotoxic and Th17 gene
profiles exhibited this extreme contrast in predic-
tion of DFS, the two gene profiles were assessed
for complementarity. The patients were separated
into 4 groups based on high or low Th1 cytotoxic
or Th17 gene expression, Thl-Hi Thl7-Hi,
Thl1-Hi Th17-Lo, and Thl-Lo Thl7-Lo.
Remarkably, the few patients with Th1-Hi and
Th17-Lo had no tumor recurrence at 5 years,
while patients with Th1-Hi and Th17-Hi had a
DFS of 65% at 5 years and patients with Th1-Lo
and Th17-Hi tumors had the worst outcome with
DEFS of 40% at 5 years. These findings were con-
firmed at the protein level by immunohistochem-
istry (IHC) analysis of IL-17 and CDS. Density
and location (CT or IM) of IL17- and CDS-
positive cells were analyzed where “high” is pos-
itive in both the CT and IM, “heterologous” has
high density in either the CT or IM, and “low”
has low densities of cells in both regions. DFS
analysis showed the vigorously augmenting
effect of IL17 expression on incidence of relapse,
whereas IL17-low CD8-heterologous, IL17-
heterologous CDS8-heterologous and IL17-high
and CDS8-heterologous had 8, 40, and 80%
observed relapse, respectively (p < 0.001). These
data demonstrate the benefit of complementary
analysis of Thl, Th17, and CTL in the tumor
microenvironment.

The finding that high density of IL-17 express-
ing cells in the primary CRCs is a negative prog-
nostic biomarker is not unprecedented because
IL-17 production by T lymphocytes (Th, NK, Tc,
v9), NK, neutrophil, and innate lymphoid cells
has been associated with colon tumorigenesis
[16]. One mechanism for this is via commensal
bacteria that skew Thl7-directed inflammation,

leading to hyperplasia of normal colon cells and
eventually colon cancer [17]. IL-17 also induces
colorectal cell lines and primary cells to secrete
pro-angiogenic factors, including vascular endo-
thelial growth factor (VEGF) and can cause
resistance to anti-angiogenic therapies [18, 19].
This pro-angiogenic stimulation likely also pre-
vents trafficking of tumor-specific CTL to the
tumor site, discussed in further detail below.
Additional support for Th17 cells as a negative
prognostic factor is that IL-17 expression defines
patients with decreased disease-specific survival
for pancreatic, breast, and gastric cancer [19-21],
as well as increased tumor growth for intraocular
lymphoma [22].

Contrary to Th17, Th1 cells are slowly becom-
ing recognized for their important role in anti-
tumor immunity for multiple types of cancer.
Expression of CD4* cells within the primary
tumor correlates with improved prognosis in
esophageal squamous carcinoma and non-small
cell lung cancer, with statistically significant
additive predictability when combined with enu-
meration of CTL [23, 24]. Helper CD4* T lym-
phocytes, particularly tumor antigen-specific Th,
guide CTL trafficking and maintain their cyto-
lytic function within the tumor [25-27]. Tumor
antigen-specific Th1 lymphocytes produce IFN-y
in the tumor microenvironment leading to the
expression of CTL chemoattractants including
CXCL9, CXCL10, CCL2, CCL3 and CCLS5 [25].
Tumor-specific Th cells also produce IL-2, which
is critical for CTL survival and can inhibit PD-1
mediated exhaustion of tumor-specific CTL lead-
ing to better efficacy of adoptive immunotherapy
[27]. Additionally, mesenchymal stromal cells in
the tumor microenvironment can directly activate
CD4 T lymphocytes to become Thl cells via
IL-12 and consequently make tumor cells more
vulnerable to CTL mediated destruction [28].

Regulatory T cells (Tregs) have an important
role in the immune system to prevent uncon-
trolled immune responses to self-antigens. In
cancer, this can lead to immunosuppression of
the anti-tumor immune response due to self-
antigens present on tumor cells. It has been
shown that Treg gene signatures were not corre-
lated to patient outcome; however, high densities
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of FoxP3 protein expression was associated with
increased disease-free survival of patients with
colorectal cancer [15]. This is supported by other
studies suggesting that in colorectal cancer, Tregs
are not correlated with immunosuppression of
the anti-tumor immune response and are
significantly associated with high densities of
CTL and Th1 T cell infiltration in the tumor [15,
29]. The effectiveness of Tregs as a prognostic
maker has been variable between cancer types
[30-32]. The comparisons of effector to Treg
ratios, in hepatocellular and ovarian cancer
showed that increased ratio of effector T cells to
Tregs has positive prognostic value [33, 34].
Altogether this suggests that Tregs are a compli-
cated biomarker for predicting patient outcome.

Finally, follicular T helper (Tfh) lympho-
cytes should be mentioned. Tth cells are special-
ized to provide help to T and B lymphocytes,
maintain memory B lymphocytes and produce
IL-21 [35]. It has been previously reported that
expression of the Tfh cells markers, CXCL13,
CXCRS5, and IL21 in the tumor were significantly
correlated with prolonged disease-free survival
[36]. Furthermore patients with aberration in the
CXCL13 gene leading to gene deletion and dys-
function had significantly shorter disease-free
survival compared to CRC patients with no aber-
ration. High density of Tth infiltration in the pri-
mary tumor has also been associated with
prolonged disease-free survival in breast cancer
[37]. The role of CXCL13 and IL-21 on CTL
function will be further discussed in the follow-
ing sections.

3.2  Factors Regulating Tumor
Infiltration of Lymphocytes
3.2.1 T-Cell Homing Molecules

Mediate Migration of CTL
to Tumors

Chemokines have an important role in orchestrat-
ing both innate and adaptive immune cells che-
motaxis and localization within the tumor.
Chemokines can direct development and mainte-
nance of tertiary lymphoid organs (TLO) that

prime tumor-specific CTL at the tumor site,
which has been described in multiple cancer
types including non-small cell lung cancer, mela-
noma, and colorectal carcinoma [36, 38—40].

We examined the predictive capability of che-
mokines using data integration of gene expres-
sion in primary tumors from CRC patients [41].
We discovered a significant prolongation of DFS
in patients with high expression of the chemo-
kines CX3CL1,CXCL10, and CXCL9. CX3CL1,
also known as fractalkine, mediates T lympho-
cyte and monocytes migration and promotes
strong adhesion to endothelial cells [42].
CXCL10, also named IFN-y protein 10, and
CXCL9 are closely related cytokines in the
monokine-induced by IFN-y family. CXCL10
and CXCL9 facilitate migration of CTL, mono-
cytes, NK and dendritic cells, inhibit angiogene-
sis, and have anti-tumor properties [43, 44]. CRC
patients with elevated gene expression of one of
these three chemokines had increased percentage
and density of CD3*CD8* T lymphocytes in the
tumor as assessed by flow cytometry and immu-
nohistochemistry [41]. Analysis by location, CT
or IM, within the tumor microenvironment
showed that: (I) patients with high intra-tumoral
CXC3CL1 expression also had significantly
increased density of effector-activated CTL
(GZMBY*) and Thl (T-Bet*) cells; (II) tumors of
patients with high CXCL9 and CXLCL10 expres-
sion levels contained a significantly increased
number of memory T lymphocytes (CD45RO")
and macrophage (CD68"). TCR repertoire analy-
sis of ten patients randomly selected from the
same cohort showed that the TCR repertoire of
patients with a high CX3CL1 level was clearly
distinguishable from the repertoire of patients
with low CX3CL1 expression level. One cluster
with CX3CL1, CXCL9, or CXCL10 gene expres-
sion levels correlated with a specific CTL reper-
toire  (Vb5.2L08, Vb2L03, Vb2L07), thus
suggesting that these chemokines attract clonal
CTL with distinct tumor-specificity. Strikingly,
when CRC tumors had high expression of any of
these three TCRs the patients overall 3-year sur-
vival was 100%, as opposed to 28% with low
expression of these TCRs. This suggests that
CX3CL1, CXCL9, and CXCL10 in the tumor
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Fig. 3.3 Modulators of T lymphocytes in the tumor
microenvironment. Overview of lymphatics, blood ves-
sels, nerves, tertiary lymphoid organs (TLO), immune and
tumor cells that produce cytokines, chemokines, hor-

microenvironment recruit tumor-specific CTL to
eliminate malignant cells, and tumors become
resistant to CTL-mediated death when these che-
mokines are not present. High expression density
of CXCL9 and CXCL10 also accurately predicts
prolonged disease-specific survival in melanoma
patients [39, 45]. Pre-clinical studies with mela-
noma show that blocking CXCL9 or CXCL10
substantially reduces the ability of CTL to traffic
to the primary tumor and distant metastatic
legions [45], which may be due to their role in
directing CTL homing to the tumor by CD4 T
lymphocyte help.

Another chemokine, CXCL13, was recently
found to be associated with follicular helper T
(Tfh) lymphocytes and also predicts patients’
clinical outcome. CXCL13 is produced by and
has been associated with generation of tertiary
lymphoid organs (TLO) within the invasive mar-
gin of primary tumors [38, 46]. The presence of
TLO in primary tumors is positively correlated to
prolonged disease-free survival in multiple can-
cers [38, 39]. It is hypothesized that priming and

Primary Tumor

(i)
IL-15 @ @

Androgenic
Receptor

CCR5/CCR1/CCR3

Norepinephrine

mones, and immunosuppressive factors that regulate
function and trafficking of lymphocytes in tumors.
Expression of many of these factors can predict prognosis
of patients with cancer, described in Table 3.1

activation of tumor-specific CTL is orchestrated
by dendritic cells presenting tumor-antigens
within these TLO. In conjunction with this obser-
vation, CXCL13 as a single biomarker can accu-
rately predict patients’ clinical outcome [36].
Earlier it was discussed that low protein expres-
sion density or chromosomal aberration of
CXCLI13 is associated with worse clinical prog-
nosis in CRC [36]. Similarly, in specific subtypes
of breast cancer, elevated expression of
CXCL13 in the tumor is associated with increased
disease-free survival compared to tumors with
low expression of CXCL13 [37]. Additionally,
there is evidence supporting that high or low den-
sity CXCL13 expression can accurately predict
patients’ response to chemotherapy [47, 48]. It
seems that the CXCL13-CXCRS5 axis has the
highest predictive score in HER2-positive breast
cancers as opposed to other breast cancer sub-
types [49]. This may be due to potential immuno-
genicity of HER2 for generating HER2-specific T
helper and CTL immune response against the
tumor. Figure 3.3 shows an overview of many
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Table 3.1 Factors

regulating lymphocyte infiltration into tumors

Tumor immune factor

Prognosis ‘ Ref

Chemokines

CX3CL1 Mediates T-lymphocyte and monocyte migration to tumors and Good [35, 36]
adhesion to endothelial cells
CXCL9/10 Induced on tumor cells and M® by IFN-y to promote CTL, Good [25, 35, 37, 38]
CCL5 monocyte, NK, and dendritic cell migration to the tumor and
anti-angiogenic properties
CXCLI13 Produced by dendritic cells in the TLO and signals through the Good [30, 32, 40]
CXCRS receptor on B cells and Tfh cells controlling the
organization of TLO
Cytokines
1L-17 Associated with tumorigenesis. Induces tumor and primary cells to | Poor [15, 18, 19]
secrete pro-angiogenic factors
IL-15 Regulates memory T lymphocyte maintenance and homing Good [11,48, 50-52]
capabilities. Shown to rescue tolerant T cells and augment
tumor-reactive CTL function and survival
IL-21 Produced by NKT and Th cells. Activates and prevents exhaustion | Good [30, 48, 55]
of tumor-specific CTL
Angiogensis/Lymphatics
VEGFA Generates leaky vasculature that prevents trafficking of leukocytes | Poor [71-74]
to the tumor. Stimulates suppressive Tregs and MDSC and induces
immune checkpoints on endothelium (PD-L1, B7-H3, and TIM3)
VEGFC/D Generates lymphatic vessels that are dysfunctional in fluid Poor [75,77]
mechanics. Associated with chronic inflammation and induces
secretion of immunosuppressive factors
TLO/HEV Facilitates priming, maintenance, and migration of lymphocytes in | Good [32, 78]
tumors. Presence in stroma correlates with high density of T and
B cells
Neural
Glucocorticoids | Induce expression of chemokine, cytokine, complement family Both [82-84, 86]
members, innate immune-related genes, and TLR and repress
adaptive immune-related genes. Reduce adaptive immune gene
expression and skew Th1 cells to a Th2 phenotype. Upregulate
IL-7Ra, enhance IL-7-mediated signaling and function, and inhibit
apoptosis
Norepinephrine | Downregulates MHC-I, co-stimulatory molecules and increases Poor [87-92]
AR production of IDO by tumor cells via beta-AR. AR signaling
enhances Treg-mediated suppression, polarizes M® to a M2
phenotype and increases infiltration of MDSC

M® macrophage, Th T helper lymphocytes, CTL cytotoxic T lymphocytes, TLO tertiary lymphoid organ, MDSC

myeloid-derived su

ppressor cells, MHCI MHC Class I, AR androgenic receptors

prognostic chemokines involved in T lymphocyte
recruitment to the tumor. It is becoming increas-
ing clear that chemokines have an essential role in
trafficking CTL to the tumor site. Furthermore,
the addition of chemokine expression to
Immunoscore has potential to predict patient
response to chemotherapy [48].

3.2.2 Cytokines Contribute
to the Distribution of CTL
within the Tumor

An immense number of studies have been per-
formed to investigate the components of the
cytokine milieu that regulate lymphocytes in the
tumor microenvironment. Interferon-gamma
(IFN-y) is well appreciated for its capacity to
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prevent tumor growth during cancer immunoed-
iting [50]. Detection of an IFN-y signature
within the tumor has been associated with pro-
longed disease-specific survival in melanoma,
colorectal, gastrointestinal, and ovarian cancer
[51, 53]. To dissect the role of cytokines in tumor
progression, a large cohort of CRC primary
tumors has been analyzed for copy number vari-
ations in cytokines and cytokine receptors [54].
Fifty-nine soluble and membrane-bound pro-
teins and their corresponding receptors from the
IFN, IL, transforming growth factor (TGF), and
tumor necrosis factor (TNF) families were ana-
lyzed. The majority (75%) of CRC patients dis-
played no difference in genomic alterations in
the cytokine gene and receptor families studied.
Of the remaining patients, the highest level of
gain was in JL29 and loss was in [ILI5.
Furthermore, clinically advanced patients with
distant metastases displayed a higher frequency
of deletions in the interleukin family members
112, ILS, IL15, and IL2]. Interestingly, three of
these deletions are in cytokines from the com-
mon y-chain family, which has essential func-
tions for maintenance, proliferation, and
migration of memory, CTL, and Th lymphocytes
[55]. Most strikingly, only patients with dele-
tions in IL2, IL15, and IL2] had significantly
higher risk of tumor relapse [54]. On the other
hand, gains or deletions of suppressive cytokines
genes, /L8, IL10, and TGFf did not correlate to
tumor recurrence.

Considering the previously discussed impor-
tance of localization and density of memory CD8*
T lymphocytes in the CRC tumor microenviron-
ment, and the predominant role of IL-15 in the
regulation of memory T lymphocyte homing and
maintenance [56, 57], the cellular source of IL-15
within the CRC tumor microenvironment was
investigated, both in silico and in vitro, by ClueGo
and CluePedia, and THC, respectively. It was dis-
covered that tumor and myeloid cells were the
source of IL-15, and increased IL-15 expression
could significantly predict prolonged DFS [54].
IL-15 has been shown to rescue tolerant T lym-
phocytes [58] and augment the therapeutic effi-
cacy of tumor-reactive CTL [11]. Moreover,
patients with high expression of IL-15 in the
tumor microenvironment have increased immune

cell density, immune gene expression, and DFS
compared to medium or low expressing CRC
tumors [54]. These data show that deletion of the
IL15 gene and reduced production of IL-15 by
tumor cells is a substantial mechanism in prevent-
ing CTL infiltration and elimination of tumor
cells. Furthermore, IL-15 signaling is highly
effective in augmenting the anti-tumor CTL
response, both as a mechanism to enhance CD4 T
cell help and to maintain adoptively-transferred
CTL survival [11, 58-60].

Expression of another common receptor
A-chain cytokine family member, IL-21, also pre-
dicts clinical outcome in CRC patients. CRC
patients with chromosomal aberration of the /L21
gene leading to deletion had higher risk of relapse
than those without a deletion [54].
Overrepresentation of IL2, IL15, and IL2] dele-
tions was seen in patients with metastases, sug-
gesting that these cytokines may be involved in
putative anti-tumor immune mechanisms. 1L-21
has a broad range of therapeutic anti-cancer prop-
erties, including activating and preventing exhaus-
tion of tumor-specific CTL [61]. IL-21 is produced
by NKT cells, Thl, Th17, and Tth cells, again
suggesting a role of Tfh as a substantial player in
orchestrating the CTL response in the tumor.

3.3 Global Factors that
Contribute to the Immune
Contexture of Tumors

3.3.1 Mutagenesis and CTL
Specificity

In melanoma, historically one of the most
immune responsive cancers, it is known that the
most potent tumor-specific T lymphocytes are
directed toward neoantigens expressed by mela-
noma cells [62, 63]. Similarly, in other cancer
types it has been documented that CTL specific
for tumor neoantigens are extremely effective at
immunosurveillance, elimination of tumor cells,
and predicting clinical outcome [64, 65].
Recently, Alexandrov and colleagues reported
extensive somatic mutational analysis describing
30 types of human cancer, where highly immu-
nogenic cancers including melanoma, lung and
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colorectal carcinoma had the highest prevalence
of somatic mutations in their genome [66], thus
integrating the paradigm that increased frequency
of tumorogenic mutations provides better tumor-
specific CTL targets. From this, it might be
hypothesized that somatic mutations could be
used as predictive biomarkers of cancer patient
survival and response to therapy; however, the
data up to this point has been inconsistent.
Enumeration of total numbers of somatic muta-
tions does not always predict prolonged disease-
free survival, however presence of selected
immunogenic mutations can distinguish patients
with better clinical outcome [65, 67—-69]. On the
other hand, low numbers of genomic mutations
can predict the presence of immunosuppressive
mechanisms within the tumor [70]; furthermore,
immunogenic mutational gene signatures have
been shown to accurately predict benefit from
CTLA-4 and PD-1 blocking immunotherapies
[68, 69].

A few studies have reported that cancer-
driver mutations are associated with immune
gene signatures in the microenvironment, most
notably in the RAS and EGFR genes.
Interestingly, both of these genes have been
linked to immune regulatory pathways. The
presence of RAS mutations in colorectal carci-
noma has been associated with decreased immu-
nogenicity of tumors [71, 72]. Evidence also
suggests that mutations in KRAS correlate with
downregulation of MHC Class I molecules on
tumor cells [71]. Additionally, it has been found
that 20 immune genes encompassing checkpoint
(CTLA-4, PD-1/L1/L2, TIM3 and LAG3),
MHC class II, and Th1 genes were significantly
under expressed in patients with KRAS muta-
tions, independently of microsatellite stable or
unstable disease [72]. EGFR mutations in
NSCLC have been linked with upregulation of
PD-L1 on tumor cells leading to inhibition of T
lymphocyte response [73, 74].

This suggests that mutations in cancer driver
genes themselves are not the most accurate mea-
surement of patient prognosis, but the enumeration
of immune-related gene mutations, particularly
those involved in MHC-processing [70]. The pre-
dictive capability of expression of genes regulat-

ing immune cells and MHC-processing has been
reported in colorectal, lung, ovary, breast, brain,
and renal cancers [67, 75, 76].

3.3.2 Intratumoral Blood
and Lymphatic Vessels

Modulate CTL Trafficking

Tumor-stimulated angiogenesis is a well-
established target for anti-cancer therapies
because of the necessity for tumors to obtain a
sufficient supply of nutrients. However, because
blood vessels generated by tumor-induced angio-
genesis lack structure causing blood flow to be
leaky, leukocytes are unable to traffic properly
[77]. Furthermore, many of the angiogenic
tumor-derived factors have promiscuous func-
tions in stimulating suppressive immune mecha-
nisms, such as chemotaxis of Tregs and
myeloid-derived suppressor cells to the tumor
[78]. Angiogenic promoters also reduce endothe-
lial adhesion molecules, preventing CTL from
attaching to the vascular walls and migrating into
the tumor [79]. The early inflammatory response
driven by TNF-a induces adhesion molecules
such as VCAM-1 in normal endothelium, how-
ever, when pro-angiogenic factors such as basic
fibroblast growth factor are present, TNF-« loses
the ability to invoke adhesion molecules [79].
Lastly, pro-angiogenic factors can also induce
expression of immune checkpoints, including
PD-L1/L2, B7-H3, galectin-1, and TIM3, on the
endothelium putting the brakes on CTL activa-
tion [79, 80]. A few studies have demonstrated
that combination therapy using angiogenesis
inhibitors with anti-tumor immune stimulation
can restore the migratory potential of CTL [81].
Tumors not only stimulate angiogenesis, but
also the generation of new lymphatic vasculature
by lymphangiogenesis via production of vascular
endothelial growth factor C (VEGFC) and
VEGFD [82]. VEGFC and VEGFD are often
associated with poor clinical prognosis and
increased cancer progression. Tumor-induced
lymphatic vessels are important factor for dis-
semination of tumor cells into the lymph node
and distant metastases. These tumor-induced
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vessels have dysfunctional fluid mechanics that
augment chronic inflammation and secrete
immunosuppressive factors, such as TGF-f [83].

On the other hand, the presence of well-
ordered lymphatic structures, including TLO and
high endothelial venules (HEV) have been dem-
onstrated to facilitate priming, maintenance, and
migration of lymphocytes into solid tumors in
melanoma, breast, ovarian, colon, and lung can-
cer [38, 84]. The presence of HEVs in the tumor
stroma strongly correlates with increased infiltra-
tion of T and B lymphocytes. In breast cancer,
high density of tumor HEVs is associated with
the extravasation of Thl, CTL, and effector
memory T lymphocytes into the tumor [84].
Furthermore patients with high density of tumor
HEVs have longer metastasis-free survival, DFS,
and OS. These observations were independent of
the density of blood vessels within the tumor. In
conjunction with these reports, the Authors have
observed that patients with high density of lym-
phatic vessels, as measured by podoplanin
(PDPN), in the IM of colorectal tumors are less
likely to have metastatic invasion [85]. It is pos-
sible that high ordered lymphatic vessels facili-
tate CTL infiltration into the tumor at the edge of
the invading tumor where activated CTL func-
tion to prevent metastatic dissemination.

3.3.3 Neuromodulators in Tumor
Microenvironment

Chronic exposure to hormones, such as norepi-
nephrine, progesterone, glucocorticoids, and
androgenic receptor signaling have been linked to
tumorgenesis and metastatic invasion of multiple
cancer types (reviewed in [86, 87]).
Glucocorticoids potential for immunosuppression
is harnessed as an anti-inflammatory treatment for
uncontrolled immune cells in patients with auto-
immune disease [88]. Glucocorticoids are the
major immunomodulatory agents used in clinical
medicine. However, their actions as anti-
inflammatory and immunosuppressive drugs are
both beneficial and deleterious. Glucocorticoids
induce the expression of chemokine, cytokine,
complement family members, and innate immune-

related genes, including scavenger and Toll-like
receptors [89]. In contrast, glucocorticoids repress
the expression of adaptive immune-related genes
[90]. Glucocorticoids modulate T helper lympho-
cyte differentiation by blocking IL-12-induced
Stat4 phosphorylation without altering IL-4-
induced Stat6 phosphorylation, therefore leading
to suppressive action on the Th1 cellular immune
response and a shift toward the Th2 humoral
immune response [91]. However, glucocorticoids,
in addition to their immunosuppressive function,
enhance  T-lymphocyte  responses [92].
Glucocorticoids up-regulate IL-7RA and enhance
IL-7-mediated signaling and function. Moreover,
IL-7-mediated inhibition of apoptosis is increased
in the presence of glucocorticoids, in a
concentration-dependent manner, suggesting
enhanced cell sensitivity to IL-7 following gluco-
corticoid exposure. These observations provide a
mechanism by which glucocorticoids may also
have a positive influence on T lymphocyte sur-
vival and function. Norepinephrine has been
shown to downregulate expression of MHC class
I molecules and co-stimulatory receptors, as well
as increase production of IDO by tumor cells via
beta-androgenic receptors [93]. Beta-androgenic
receptor signaling has also been implicated in
enhanced Treg suppression, polarization of mac-
rophages to the M2 phenotype, and increased
infiltration of myeloid-derived suppressor cells
[94-98]. These hormones can be produced by
cells in the tumor microenvironment or enter
through the tumor vasculature. Altogether this
suggests tumors that develop in conditions of
chronic stress leading to hormone release may be
preconditioned to an immunosuppressive immune
contexture, which might lead to decreased infil-
tration of CTL.

3.4 Predicting Patients’

Response to Treatment

The ultimate goal of predicting patient survival
by immune gene signature and by the presence of
immune cells in the tumor microenvironment is
to accurately determine which personalized treat-
ment will result in optimal tumor regression.
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More and more clinical trials are incorporating
immune cell quantification by immunohisto-
chemistry, exome sequencing, gene expression,
and flow cytometry to delineate why patients
respond to therapy.

In the previous section we describe the use of
immunogenic mutational analysis of tumors to
predict response to CTLA-4 and PD-1 blocking
immunotherapy. Recently there have been a
number of reports using immunohistochemical
analysis to study immune cells, particularly CTL
before and after therapy. A study in patients with
melanoma investigated the expression of CD8
and PD-1/PD-L1 in the tumor center and inva-
sive margin of tumor biopsies prior to and fol-
lowing treatment with a humanized blocking
antibody to PD-1 [99]. Patients exhibiting benefi-
cial response had significantly higher expression
of CD8, PD-1, and PD-L1 in their invasive mar-
gin before treatment than patients whose tumors
progressed following treatment. This data sug-
gests that therapy blocking the PD-1/PD-L1
pathway would be most beneficial to patients that
have pre-existing CTL in the tumor microenvi-
ronment. Even though one might assume that
patients with high density of immune cells would
respond better to immunotherapies targeting the
immune system, the presence of immune genes
and TILs also predicts patients’ response to tradi-
tional chemotherapies [48, 100-102]. Analysis of
colorectal cancer tumors from 1156 stage III
patients treated with 5-fluorouracil based chemo-
therapy found that patients with TILs at the time
of treatment had a better survival advantage after
treatment than patients lacking TILs [102].
Additionally, two studies in breast cancer com-
pare the predictive value of TILs for three types
of therapy, docetaxel, doxorubicin, and trastuxu-
mab [100, 101]. In the first study, patients with
HER2-positive breast cancer were compared for
high and low density of TILs. Patients with
tumors containing high densities of TILs had sig-
nificantly longer disease-free (5-year 78.6 vs.
47%) and overall (5-year 92.9 vs. 70.7%) sur-
vival after treatment with doxorubicin than
patients with low densities of TILs. Interestingly,
this was not the case when doxorubicin and
docetaxel were administered in conjunction. In

another study it was shown that patients with
HER?2 positive breast cancer and high density
TILs had better response to treatment with the
anti-HER?2 antibody, trastuzumab. These studies
portray the importance of characterizing the
immune microenvironment of tumors to deter-
mine optimal personalized beneficial treatments.

3.5 Conclusions

We ascertain that the evaluation of the CTL den-
sities in primary tumors is a superior method of
predicting patient survival for the majority can-
cer types. Moreover, patients that lack CTL in
their primary tumor have the worst clinical prog-
nosis and have tumors that are resistant to CTL
killing because CTL are not able to traffic to the
tumor site. We propose this is due to the lack of
T helper lymphocytes, memory promoting cyto-
kines, and chemoattractants, as well as dysfunc-
tional blood and lymphatic flow preventing CTL
from getting into the tumor microenvironment.
We also hypothesize that potential immunosup-
pressive factors from stress-related hormones
deters CTL from the tumor. These mechanisms
are illustrated in Fig. 3.3. Plainly, if CTL are not
present at the tumor site they are not able to elim-
inate tumor cells.

The difficult question remains, how do we
induce CTL trafficking to the tumor for patients
with low Immunoscore (I0-11)? Currently sys-
temic treatment of both recombinant human
IL-15 and IL-21 are being tested in clinical trials
with favorable results [57, 103]. In addition,
IL-15 and IL-21 are being used in combination
with adoptive immunotherapy to stimulate CTL
ex vivo or as supplemental systemic administra-
tion. Initial studies using intratumoral injection
of membrane-anchored chemokine fusion pro-
teins, including CXCLI10, are being used as a
method to induce CTL trafficking to the tumor
site [104, 105]. Another potential target to
improve CTL migration to the tumor is by com-
bination immunotherapy with angiogenesis-
inhibitors. Inhibition of angiogenesis improves
the organization of the vasculature allowing for
better extravasation and migration of CTL into
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the tumor [78, 79, 81, 106]. Angiogenesis inhibi-
tion has improved the therapeutic efficacy of
both adoptive immunotherapy and
vaccine-induced anti-tumor immunity. Finally, it
will be essential that clinical studies incorporate
tumor immune microenvironment analysis, such
as Immunoscore, to fully understand the factors
managing tumor-specific CTL trafficking to the
tumor and quality of response to cancer therapy.
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4.1  Introduction

In the past decade, immunotherapy has under-
gone a metamorphosis, transforming from com-
plex experimental protocols to ‘“off-the-shelf”
first line therapy for many previously untreatable
malignancies. Unlike traditional chemotherapeu-
tics which target biologic processes of cancer
cells, immunotherapy seeks to boost the bodies
natural immunologic defense against cancer [1,
2]. This is accomplished by either training resi-
dent immune cells to recognize and eliminate
cells bearing tumor specific antigens, providing
external stimuli to enhance immune mediated
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tumor cell lysis or abrogating signals directed by
tumor cells to dampen immune responsiveness.
Both cellular and molecular components of the
tumor microenvironment (TME) can serve to
impair the efficacy of immunotherapy and strate-
gies to abrogate this are the source of on-going
research [3].

The principle components of immune based
tumor ablation are T-lymphocytes (T-cells) and
natural killer cells (NK cells), which target cells
by antigen specific and non-specific means,
respectively. The process of antigen specific
immune recognition is a complex one that
involves orchestrated steps from both the cell
presenting the antigen and the lymphocyte which
recognizes it. Self and foreign proteins are
digested by proteasomes in the cytoplasm to form
8 to 9 amino acid peptides which are transported
to the endoplasmic reticulum. They are loaded by
chaperones onto major histocompatibility com-
plex (MHC) class I proteins and the pair is trans-
ported to the cell surface for display. Once on the
surface, a T-cell bearing a receptor specific for a
given MHC class I-peptide complex can bind and
with the help of co-stimulatory molecules, trigger
activation of the immune cell. This physiologic
process is often dysfunctional within the TME as
cells lose key components of antigen breakdown
and processing rendering cancers effectively hid-
den to immune cells [4]. An example of this is the
defect in MHC surface expression and antigen
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display on dendritic cells in the TME of head and
neck cancers and other malignancies [5, 6].

In addition to impaired processing and dis-
play, production of antigen themselves can be
down-regulated by epigenetic silencing in the
TME [7]. Alterations in DNA promoter methyla-
tion and histone modifications have been impli-
cated in repression of expression of key tumor
specific antigens including cancer-testes antigens
[8, 9]. Efforts to enhance immunotherapy by
altering epigenetic pathways with the goal of
enhancing antigen expression have been met with
variable success [10-12].

The theory of immune surveillance posits
that the body is composed of near countless
numbers of T-cells with a vast array of recep-
tors capable of recognizing a wide variety of
infectious and cancerous antigens and initiating
immune activation [13, 14]. When activated by
either a primary transformed cell or via an
intermediary cell such as an antigen-presenting
cell (APC) within the TME, T-cells begin a cas-
cade of signaling events that results in recruit-
ment of cellular and non-cellular immune
components, clonal expansion of antigen spe-
cific T-cells and release of stimulatory cyto-
kines. The end result is a local accumulation of
pro-inflammatory cells and destruction of the
cancerous or infected cell. We now know, how-
ever, that despite this complex network of cel-
lular signaling, tumor cells often evade immune
detection leading to growth and eventual spread
[15-22].

Failure of immune-editing can be attributed
to one of five phenomena: (1) lack of recogni-
tion by T-cell receptors (TCR) [23, 24], (2)
lack of sufficient activation in response to
T-cell recognition, (3) failure of clonal expan-
sion of antigen specific T-cells [25], (4) sup-
pression of immune activation by tumor
bearing inhibitors of co-stimulation [26], and
(5) repression of activation by inhibitory
immune cells within the TME [27, 28]. In this
chapter we will discuss strategies developed to
overcome these failures with the aim of sub-
verting immunosuppression and enhancing the
immunologic destruction of cancer cells
[29-32].

4.2  History

The birth of modern day immunotherapy traces
back to renowned New York surgeon William
B. Coley in the early 1890s [33, 34]. He inocu-
lated the unresectable sarcoma of a young man
with cultures of erysipelas and noted a dramatic
reduction in tumor size [35]. Subsequent to this,
he created a mixture of filtered bacteria and
lysates composed primarily of Streptococcus
pyogenes and Bacillus prodigiosus which he
termed “Coley’s Toxins.” In 1893, he published
a report of 10 patients treated with his concoc-
tion, many of whom experienced tumor reduction
[36]. An interesting observation was that, anec-
dotally, the severity of infectious symptoms
seemed to correlate with degree of response.
Over the next four decades, Dr. Coley treated
close to 1000 patients with his toxin and reported
a 10% complete response rate [37]. While his
results were unprecedented, they were met with
significant skepticism. Many in the scientific and
medical communities derided his lack of support-
ing mechanistic data and noted his therapy was
associated with significant toxicity and results
difficult to reproduce. These same criticisms
would plague immunotherapy research over the
next century. Despite this, Dr. Coley is consid-
ered by most to be the father of modern immuno-
therapy [38].

The field of tumor immunology stalled over
the next three decades as scientists failed to con-
sistently demonstrate immune specific rejection
of transplantable tumors. This led to the state-
ment of Dr. William Woglom in 1929 that “it
would be as difficult to reject the right ear and
leave the left ear intact as it is to immunize
against cancer.” [39] This concept was fortified
by the work of Frank Burnet who in 1948 pub-
lished his theory of self-tolerance and thymic
deletion. In it, he described how lymphocytes
that were capable of recognizing self antigens
were deleted in prenatal life during immunologic
development [40].

The field of cancer immunotherapy, which
seemed defeated at this point, underwent a resur-
rection in the 1950s with the discovery that car-
cinogen induced tumors could effectively
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immunize mice against re-challenge with the
same syngeneic tumor [41, 42]. In a classic
experiment, Prehn and colleagues induced for-
mation of sarcoma in mice by treatment with the
carcinogen methyl-cholanthrene (MCA). Tumors
were then removed and after recovery, the same
tumor cells transplanted back to the mice. Tumors
failed to establish in those mice that had previ-
ously harbored malignancy. Researchers sug-
gested that there must be antigens present on
tumor cells that are not expressed by the host
[42]. This ushered in the concept of tumor spe-
cific or associated antigens (TAA) that could be
recognized by the host immune system.

In the late 1950s, theories emerged that the
immune system is not only involved in tumor
rejection, but that one of the principle roles of
lymphocytes is to troll through the microenviron-
ment deleting transformed cells [43]. This theory
of “immune-surveillance” was met by harsh criti-
cism and essentially dismissed, as many pointed
to obvious flaws such as the observation that
immunodeficient mice were no more prone to
develop tumors than their immunocompetent
counterparts [44, 45] and emerging data that pre-
viously reported tumor immunity may have been
virally mediated [46]. It wasn’t until the 1980s
that that the field experienced a re-birth with the
discovery of auto-reactive T-cells in the periph-
ery which had evaded thymic deletion and tech-
nologic advancements allowed for the discovery
of scores of tumor specific antigens [47, 48].
Thus the modern era of immunotherapy was born
with a focus on identifying ways to heighten the
capabilities of dormant immune cells to eradicate
tumors.

4.3  Active Immunotherapy

Active immunity is defined as immunologic rec-
ognition and protection using the body’s resident
antibodies or lymphocytes. It comes following
exposure to antigen and typically takes days to
weeks to develop, but lasts a lifetime. Natural
active immunity is achieved during exposure
over the course of ones life to antigens such as
viral proteins and confers protection against

future infection. For example, once infected with
the hepatitis B virus, the active immune response
to surface and core antigens allows for clearance
of the virus and lifelong immunity to re-infection
[49, 50]. Contrary to this, acquired active immu-
nity is accomplished by forced exposure to typi-
cally non-infective or minimally infective
antigens such as the hepatitis B vaccine. After
repeated exposure to portions of the hepatitis B
surface antigens, active immunity is achieved
without the need for systemic infection [50].

There are many factors present in the TME
which serve to counteract active immunity [51].
Both natural and acquired immunity can be
derailed if “primed” immune cells fail to reach
their target or are suppressed by tolerizing cells
or molecules. While certain immunogenic tumors
such as melanoma and renal cell carcinoma
express high levels of lymphocytic homing che-
mokines such as CCL2 [52] others release sig-
nals into the TME which actively suppress
immune cell infiltration rendering active immu-
notherapy futile [53].

If educated antigen specific cytotoxic lympho-
cytes are able to infiltrate tumors, they face yet
another hurdle in the form of immunosuppressive
cells within the TME. Whereas some tumors
secrete molecules to block lymphocytic infiltration,
others attract a specific subset, T regulatory cells,
which function to suppress cytotoxicity [20, 54].
Disproportionally high quantities of T-regs with the
TME have been identified in multiple tumor types
including breast [55], melanoma [56], and ovarian
cancer [20]. Regulatory T-cells are directly impli-
cated in suppressing the effects of active immuno-
therapy [57, 58] and efforts to remove them from
the local microenvironment have shown promise in
improving the efficacy of treatment [59].

4.3.1 Cancer Vaccines

The principle forms of acquired active immuno-
therapy for cancer treatment that are currently
used or under development are vaccine-based.
The premise behind vaccination is that T-cells
specific for any one tumor antigen are present in
such low numbers within the body that they are
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unlikely to encounter tumor cells and trigger an
immune response [60, 61]. By providing an anti-
gen in high quantity or more importantly with
high affinity for receptor binding, immune acti-
vation and expansion can be artificially triggered
[62]. Vaccines come in various platforms and can
be categorized as peptides, DNA-based or den-
dritic cell/APC derived. Although they use dif-
ferent mechanisms for T-cell activation, their
central premise is display of a TAA which can
vary from tumor specific overexpressed self-
antigens, mutated antigens or cancer-testis anti-
gens [62].

Peptide vaccines are perhaps the simplest
form of active immunization and have been stud-
ied extensively since the mid-1990s [63-65].
MHC class 1 restricted peptides are delivered
with the hope that they will be displayed on cell
surfaces and encountered by cognate TCRs trig-
gering activation. Peptide vaccines are often
administered with immune stimulatory com-
pounds such as Freund’s adjuvant or cytokines to
heighten the immune response [66]. The benefit
of this approach is that they are relatively inex-
pensive to produce in large scale, pose little bio-
logic risk to patients and can be administered
with other peptide vaccines increasing likelihood
of immune activation. While animal studies
showed this strategy to be efficacious, multiple
human trials have failed to reveal significant
treatment effect [67, 68]. Despite documented
ability to expand antigen specific T-cells, peptide
vaccination alone leads to only a 2-4% objective
response in patients with metastatic melanoma
[69, 70]. This phenomenon highlights the com-
plexity of tumor-immune cell interaction and was
the impetus for strategies to enhance activation
after antigen recognition.

An obvious shortcoming of peptide based vac-
cine therapy is the assumption that the chosen
amino acid sequence is the optimal one for
immune activation. DNA vaccines correct this by
introducing a plasmid encoding the entire TAA
into APCs [71]. The plasmids consist of the gene
for the antigen of interest as well as a mammalian
promoter that drives its expression. After the
plasmid is injected subcutaneously or intramus-
cularly, it is taken up by resident APCs and the

gene is transcribed in the nucleus [72]. The stan-
dard cellular machinery then processes the resul-
tant protein and all relevant peptides are displayed
on the cell surface for recognition by passing
immune surveyors. Despite its ability to process
and display multiple epitopes from a single anti-
gen, DNA vaccines suffer from low transduction
efficiency and a relative lack of immunogenicity
in large mammals such as humans [73].

Use of APCs, particularly dendritic cells (DC),
as a vehicle to present antigen has many theoreti-
cal advantages. As “professional” antigen pre-
senting cells, they possess the machinery and
more importantly the co-stimulatory molecules
to produce profound activation of the immune
system. DCs can be generated ex vivo from bone
marrow stem cells or monocytes using a cocktail
of cytokines, pulsed with tumor specific antigens
and then re-infused [74]. They can also be trans-
fected with TAA expressing plasmids or tumor
genomic DNA to allow for expression of a wider
variety of epitopes and antigens. A trial in meta-
static prostate cancer demonstrated that pulsation
of DCs with a prostatic acid phosphatase-GM-
CSF fusion protein followed by re-infusion
resulted in a significantly improved 3 year sur-
vival, leading to its approval by the FDA in 2010
[75]. Despite its theoretical advantage, most tri-
als of DC based vaccination have been met with
disappointing results with few reporting better
than 15% overall response rates [76, 77].

Despite countless trials and preparations,
there has been only marginal success with active
immunotherapy with only three vaccines cur-
rently approved by the FDA [78]. Two of these
are prophylactic treatments of viruses linked to
cancer formation. Vaccination against the hepa-
titis B virus prevents chronic infection which
subsequently reduces the risk of hepatocellular
carcinoma [79]. A polyvalent vaccine against
the human papilloma virus, has been shown to
prevent infection with the most carcinogenic
forms of the virus thereby reducing long-term
development of cervical cancer [80]. The third,
Sipuleucel-T for the treatment of prostate can-
cer as mentioned above, is the sole vaccine
approved for the treatment, not prevention, of
cancer [75].
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4.3.2 Interleukin-2
The ability of vaccines to produce tumor specific
T-cells without significant tumor reduction led
many to believe that it was not the lack of recog-
nition, but insufficient activation that was at the
heart of failed immuno-editing. Discovered in
1976, interleukin-2 (IL-2) is capable of inducing
growth and activation of bone marrow derived
T-cells [81]. In the early 1980s, IL-2 was found
to be capable of promoting cytotoxic T-cell
expansion in vivo and enhancing their tumor
lytic abilities transforming dormant cells into
lymphokine activated killer cells (LAK) [82, 83].
In a sentinel paper, Rosenberg et al. demonstrated
that delivery of high dose IL-2 to mice with met-
astatic sarcoma to the lungs resulted in profound
tumor regression [84]. Immunohistochemical
analysis of lung sections 6 days after treatment
revealed a massive infiltration of cytotoxic
T-cells in the pulmonary interstitium. These
promising in vivo findings led to the first clinical
trial of IL-2 for the treatment of metastatic can-
cer. Published in 1986, Lotze and colleagues at
the National Cancer Institute treated 10 patients
with metastases from various tumor types with
increasing doses of IL-2 [85]. Of the ten partici-
pants, only those with metastatic melanoma
(n = 6) showed tumor response with 50% of
patients demonstrating clinically significant
tumor reduction. The toxicity of the therapy was
dramatic with many patients experiencing renal
and respiratory failure, infection and mental sta-
tus changes harking back to times of Coley’s
toxin [85]. Like the murine models, biopsies of
tumors revealed a profound infiltration with cyto-
toxic lymphocytes and active tumor necrosis. In
follow-up studies of patients with metastatic mel-
anoma and renal cell carcinoma, overall and
complete response rates were 17% and 7% and
20% and 7%, respectively. These studies resulted
in approval by the FDA of IL-2 for the treatment
of renal cell carcinoma in 1992 and melanoma in
1998 introducing the era of non-specific stimula-
tion based immunotherapy [86].

While it remains impossible to predict which
patients will respond to IL-2 therapy, important
differences observed within the TME after treat-

ment shed light on the potential mechanisms of
action of IL-2. Tumors with high prevalence of
infiltrating immune cells within the tumor tend to
respond better to therapy than those without [87].
It has also been suggested that the presence of
T-reg cells within the TME may predict failure of
IL-2 therapy [88], but this requires more dedi-
cated research.

4.4 Passive Immunotherapy

While active immunity entails training the body’s
natural defenses to better recognize pathogens
and transformed cells, passive immunity simply
delivers the end effectors in the form of antibod-
ies (humoral passive immunity) or cytotoxic cells
(adoptive cell transfer). The theoretical advan-
tage of passive immunity is that it avoids poten-
tial shortcomings innately present in antigen
processing and immune cell recognition to
achieve the desired effect. In the case of adoptive
cell transfer (ACT) is also allows for ex vivo cel-
lular manipulation and stimulation, decreasing
the systemic toxicities such as those experienced
following IL-2 administration. The disadvantage
of passive immunotherapy is that the effectors
are often short-lived limiting their ability to pro-
vide long-term remission.

4.4.1 Humoral Immunotherapy

The passive transfer of antibodies for the treat-
ment of disease has existed for over a century
with the discovery that “anti-toxins” to diphthe-
ria and tetanus could considerably ameliorate
symptoms of the infection. The serum of immu-
nized horses was injected into patients with
tetanus, neutralizing the toxin and preventing
disease dissemination [89]. Antibody based treat-
ment for cancer can be divided into unconjugated
and conjugated groups.

Unconjugated or “naked” antibodies function
by binding to cancer cells and either alerting the
immune system or interfering with cell signaling.
An example of the former is alemtuzumab, a
monoclonal antibody used to treat chronic lym-


http://www.cancer.org/ssLINK/alemtuzumab

56

T. Frankel et al.

phocytic leukemia (CLL) by binding to CD52
present on lymphocytes targeting them for
immune clearance [90]. Trastuzumab is a mono-
clonal antibody which binds the overactive
HER2/neu receptor decreasing its signaling and
subsequently cell growth. Use of this antibody in
overexpressing HER2/neu breast and gastric can-
cers improves both overall and disease specific
survival [91, 92].

Conjugated antibodies utilize the specificity
of the variable region to deliver toxic cargo to
cancer cells. Ibritumomab-tiuxetan, used to treat
non-Hodgkin’s lymphoma, is a radio-labeled
antibody which binds to the B-lymphocyte spe-
cific marker CD20 delivering its radioactive pay-
load, inducing cell death [93]. Other
antibody-based strategies involve fusing chemo-
therapeutics to antibodies, better directing their
delivery and increasing efficacy while limiting
off-target side effects. Ado-trastuzumab emtan-
sine fuses the same anti HER2/neu monoclonal
antibody mentioned previously to the cytotoxic
chemotherapy DM 1 which, upon binding, enters
the cell disrupting tubulin and promoting cell
death [94].

4.4.2 Adoptive Cell Transfer (ACT)

The fundamental principle of ACT is removal of
cytotoxic lymphocytes from the body to allow
for ex vivo expansion and activation followed by
re-infusion [95]. It accomplishes the goals of
T-cell immunization without relying on unpre-
dictable factors such as antigen processing and
presentation and T-cell recognition and activa-
tion. Cells can be manipulated with either cyto-
kines or genetic modification without the need
for systemic administration and exposure,
thereby limiting off target effects [96].

First proposed in the mid 1950s, Mitchison
and colleagues demonstrated in mouse models
that “adoptive immunity” could be transferred
from one animal to another by transplant of
tumor draining lymph node fragments [97]. Until
the mid-1970s it was difficult to culture or expand
T-cells in vitro, limiting the potential of this find-
ing clinically. The discovery of IL-2 allowed not

only for the activation and expansion of lympho-
cytes ex vivo, but also conferred T-cells with
greater cytotoxicity [81, 83]. Murine models in
the early 1980s harvested splenocytes from non-
tumor bearing mice and activated them by co-
culture with IL-2. Reinfusion of these LAK cells
in mice with established pulmonary metastases
resulted in a dramatic decrease in disease burden
and improved overall survival [98]. Unfortunately,
these results were not as impressive when trans-
lated into human trials. A prospective random-
ized trial of high-dose IL-2 alone or in conjunction
with LAK cells demonstrated only a non-
statistically significant trend towards improved
survival in patients receiving ACT [85].
Impressively, however, there was a 12% com-
plete response rate in patients receiving LAK
therapy, a result that was unprecedented up to
that point and sparked considerable interest.

An obvious shortcoming of ACT with LAK
cells is that the reactivity is non-specific relying
on expansion and activation of lymphocytes
indiscriminate of antigen specificity. Over the
next decade, strategies to improve ACT were
sought by harvesting lymphocytes from resected
tumors [95]. This was based in part on the recog-
nition that patients bearing tumors with higher
infiltration of cytotoxic cells have improved
overall outcomes [99-101]. In theory, tumor-
infiltrating lymphocytes (TILs) should inherently
possess the chemokine receptors and antigen spe-
cific TCRs necessary to hone to and destroy
tumors. Animal data reveals that TILs are 50-100
times more potent then LAK cells when adop-
tively transferred [102]. The cloning and devel-
opment of techniques to produce therapeutic
grade IL-2 allowed lymphocytes to be grown
from resected tumors making clinical use of TIL
possible.

The procedure for TIL harvest begins with
surgical resection of tumors followed by frag-
mentation and culture in lymphocyte sustaining
media supplemented with high dose IL-2 [103].
Over the subsequent days to weeks, non-IL-2
dependent tumor and stromal cells die off leaving
only a culture of purified lymphocytes.
Classically, these various fragment cultures are
assayed for reactivity against autologous tumor
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and/or established tumor cell lines. Reactive cul-
ture wells are then separated and rapidly
expanded using radiated autologous antigen pre-
senting cells as feeders. After one to two rapid
expansions, sufficient quantities of cells are pres-
ent for re-infusion [103].

It was identified through in vivo experiments,
that administration of TIL alone was not suffi-
cient for tumor reduction and that preparative
chemotherapy with cyclophosphamide was
required [104]. This created a state of relative
immuno-depletion allowing transferred cells less
competition for resources such as nutrients and
pro-inflammatory cytokines. Because of these
findings, patients receive some form of non-
myeloablative therapy prior to adoptive cell
transfer. In 1988, Rosenberg and colleagues pub-
lished a report on 20 patients with metastatic
melanoma treated with ACT of TIL followed by
high-dose IL-2 and noted a 50% objective
response rate and lower toxicity then prior trials
of IL-2 alone [105]. An important finding of early
trials was that persistence of transferred cells was
associated with improved magnitude and dura-
tion of treatment response. Fueled by animal data
linking persistence to increased levels of lym-
phodepletion, increasing degrees of preparative
immune ablation were studied including the
addition of fludarabine and whole body irradia-
tion. Over the next decade, clinical trials revealed
that increased intensity of radiation resulted in
improved lymphodepletion and cellular persis-
tence leading to improved treatment response,
with an objective response rate of 72% in patients
with refractory melanoma [106]. This increased
intensity was not, however, without consequence
as patients occasionally suffered from long-term
renal insufficiency secondary to radiation induced
thrombotic microangiopathy [107].

There were many translational correlates that
emerged from early clinical trials of ACT, which
were later studied to improve efficacy of therapy.
One such finding was the association of telomere
length of the infused TIL with cancer regression
signifying that “younger” lymphocytes may be
more potent inducers of treatment response
[108]. Based on these findings as well as animal
data suggesting that naive lymphocytes may be

better effectors, a trial was undertaken using min-
imally cultured TIL [109]. Unlike prior studies,
harvested lymphocytes were not tested for reac-
tivity prior to infusion and cells underwent a
shorter rapid expansion. Theoretical benefits of
this approach include administration of less
exhausted lymphocytes as well as simplifying the
pre-ACT protocol allowing for more rapid deliv-
ery of TIL and wider acceptance into clinical
practice. Two trials utilizing young TIL showed
similar efficacy to prior approaches with signifi-
cantly improved ease in cell preparation [110,
111].

There are several important shortcomings to
TIL therapy that have limited its widespread
acceptance into clinical practice. First, the ther-
apy requires surgical resection of a metastatic
lesion, which can often mean a major operation
in patients already debilitated by widespread dis-
ease. Second, ACT requires ex vivo expansion of
lymphocytes which is labor intensive and unpre-
dictable. Finally, and most importantly, until
recently, ACT with TIL has been limited to the
treatment of melanoma as multiple attempts at
harvesting and expanding reactive lymphocytes
from other malignancies have failed. The one
exception to this is the recent report by Tran et al.
of successful treatment of a patient with cholan-
giocarcinoma using TIL reactive to a mutated
cancer specific protein [112].

A recent strategy to overcome these shortcom-
ings has been genetic modification of peripheral
lymphocytes to confer tumor reactivity [113]. To
accomplish this, TCR genes from lymphocyte
clones isolated from TIL which are reactive to
shared TAAs are cloned. These genes are then
inserted into pheresed non-reactive peripheral
lymphocytes via retroviral or lentiviral transduc-
tion allowing for expression of the transplanted
TCR [114]. Culture of these genetically modified
lymphocytes with cell lines expressing the shared
tumor antigen confirm transferred reactivity
[115]. This technique avoids the need for surgical
intervention, produces reliably reactive lympho-
cytes for infusion and creates an “off-the-self”
reagent that could improve accessibility to this
therapy. ACT with genetically modified PBL
occurs in a similar manner to traditional TIL with



58

T. Frankel et al.

plasma pheresis, viral mediated gene transfer to
PBL, preparative chemotherapy and then cellular
infusion. The first trial using ACT with geneti-
cally modified PBL by Morgan et al. treated meta-
static melanoma patients with lymphocytes
engineered to express a TCR specific for the
melanoma-associated antigen (MAA) MART-1
[114]. They noted significant tumor reduction in
two patients but unfortunately no response in a
vast majority. Believing the poor efficacy was due
to the relative low-affinity of the MART-1 recep-
tor, a second trial was undertaken using PBL
transduced to express a much higher affinity
receptor to MART-1 or a receptor to the MAA
gp-100 [116, 117]. These higher-affinity receptors
proved more efficacious, but created significant
off target effects attacking melanin-expressing
cells in the skin, eyes, and ears [117].

Use of genetically modified lymphocytes has
allowed expansion of ACT outside of the realm
of melanoma. TCRs specific for multiple cancer
testes antigens (CTA) have been cloned confer-
ring lymphocyte specificity for antigens
expressed on a wide variety of tumor types. A
trial utilizing PBL transduced with a TCR spe-
cific for the CTA NY-ESO-1 demonstrated the
ability of this therapy to treat sarcomas which
have proven refractory to standard treatment
[118]. A second trial using a TCR specific for the
CTA MAGE-A3 enrolled patients with mela-
noma, sarcoma as well as esophageal cancer
[119].

While genetically engineered PBL show
promise, the restriction of TCRs to specific
MHC subtypes limit their widespread utility.
For example, most TCRs in development are
specific for the HLA-A2 haplotype which is
expressed by only 50% of Caucasians and 35%
of African-Americans [120]. To expand the
potential treatment population, chimeric antigen
receptors (CAR) have been developed which
utilize the antibody binding region joined by a
linker to the TCR intracellular signaling domain
[121]. Benefits of this strategy are a vast expan-
sion of potential targets and the lack of MHC
restriction. Antibodies, however, lack the speci-
ficity of TCRs making off target toxicity a
concern.

One of the first CARs developed targeted
CD19, which is widely expressed in B-cell lym-
phoma and lymphoblastic leukemia [122].
Patients with medically refractory disease under-
went lymphocyte harvest followed by transduc-
tion of cells with a CAR composed of an antibody
to CD19 and the CD28/CD3( intracellular sig-
naling domains. Treatment induced rapid remis-
sion in 50% of patients with B-cell lymphomas
and up to 100% of patients with acute lympho-
blastic leukemia resulting in its approval by the
FDA [123-125].

While CAR directed therapy is promising, it is
not without its drawbacks. As previously stated,
antibodies lack the specificity of TCRs and off
target toxicity can be common. A dramatic exam-
ple of this is the case report by Morgan et al. of a
patient receiving a CAR directed to the TAA
ERBB?2 [126]. Within hours of ACT, the patient
suffered multi-organ failure and eventually death
due to cytokine storm and pulmonary congestion.
Analysis of the CAR transduced lymphocytes
showed activity to primary lung tissue lines lead-
ing authors to conclude that activation of the cells
during first-pass in the lungs led to the subse-
quent outcome. While results from ACT continue
to improve, the complexity of therapy and poten-
tial toxicity still limit its use to highly specialized
centers.

Despite the numerous advancements in ACT
over the past decades, it remains effective in only
a small subset of patients. To better determine
why the therapy is often ineffective researchers
have turned their attention to other components
of the TME. There are three principle factors that
appear to impair function of transferred cytotoxic
T-cells: (1) immunosuppressive  cellular
elements, (2) local secreted factors, and (3)
immune checkpoints.

Tumor infiltrating lymphocyte function can be
blocked by various immune cells including
T-regs (as discussed in the active immunotherapy
section), myeloid derived suppressor cells
(MDSC) and type-2 macrophages [127-129].
While difficult to remove from the TME, strate-
gies aimed at suppressing their function are cur-
rently being investigated with the goal of
enhancing ACT efficacy. Delivery of a cyclooxy-



4 The Role of Tumor Microenvironment in Cancer Immunotherapy 59

genase inhibitor can prevent differentiation of
MDSCs and enhance immunotherapy in meso-
thelioma [130]. Type-2 macrophages, which
function primarily by releasing arginase have
been targeted by attempts to reprogram them to
the more tumor destroying type-1 macrophage
[131] and inhibition of arginase activity [132].

The cytokine milieu of the TME can tip the
balance towards immune mediated destruction or
protection. High levels of IL-10 and TFG-B sup-
press cytotoxic T-cell function and promote
expansion of suppressive cellular elements [129].
Contrary to this, cytokines such as IL-12 lead to
accumulation of T-cells and enhance efficacy of
ACT. Attempts to utilize these pro-inflammatory
cytokines clinically has been met with some dif-
ficulty as their potency can often lead to undesir-
able off target effects [133].

The final suppressor of ACT efficacy within
the microenvironment is up-regulation of
immune regulatory receptors and ligands. As
immune excitation occurs, a proportional increase
in immunosuppressive signals occurs to prevent
the reaction from spiraling out of control. Cells
that are expanded for ACT often express high
levels of inhibitory receptors and attempts to
block these have resulted in increased effector
activity [134, 135]. More details regarding the
function of checkpoint blockade will be dis-
cussed in the following section.

4.5 Checkpoint Blockade

Arguably the greatest advancement in immuno-
therapy over the past decades has been discovery
[31] and clinical introduction of checkpoint
inhibitors [26]. As previously stated, lymphocyte
mediated immune destruction requires recogni-
tion via the TCR and co-stimulation via a variety
of cell surface molecules. While these co-
stimulatory proteins serve the heighten lympho-
cyte response to antigen, an assortment of
inhibitory cell surface proteins within the TME
serve to quell the reaction. This balance ensures
adequate immune response without
activation. Two notable inhibitory proteins cyto-
toxic T-lymphocyte protein 4 (CTLA-4) [136]

over-

and programmed cell-death protein 1 (PD-1)
[137] have come to the forefront as pharmaco-
logic strategies to block their activity has yielded
impressive anti-tumor response.

4.5.1 CTLA-4

Originally described in the late 1980s and early
1990s, CTLA-4 is a member of the immunoglob-
ulin superfamily and binds to B7-1 and B7-2 on
antigen presenting cells. It is similar in structure
to the co-stimulatory protein CD28 and functions
to suppress T-cell activation [136]. Leach et al.
determined that antibody blockade of CTLA-4
resulted in enhanced tumor immunity [138]. In
2010, Hodi et al. published a clinical trial of anti-
CTLA-4 in the treatment of refractory metastatic
melanoma [139]. Authors demonstrated a
response rate of 25% and a long-term disease
control rate of 15%. The drug was well tolerated
with the principle side effects consisting of auto-
immune colitis and hypophysitis. Results led to
FDA approval of anti-CTLA-4 (ipilimumab) for
the treatment of melanoma in 2011. Follow-up
studies using ipilimumab in patients with less
heavily treated disease and in combination with
other immune modifying agents have led to
improved results [140].

4.,5.2 PD-1andPD-L1

Like CTLA-4, PD-1 is present on lymphocytes
and serves to inhibit antigen-mediated reactivity
preventing autoimmunity. The principle ligand of
PD-1, PD-L1 (B7H1), is often over expressed by
tumor cells and APCs [19, 31], and used as a
mechanism to evade immune destruction [137].
Blockade of the PD-1 -PD-L1 axis leads to
improved tumor recognition and destruction.
Unlike ipilimumab, the efficacy of PD-1 and
PD-L1 inhibitors extends beyond melanoma and
has been successfully used to treat non-small cell
lung cancer (NSCLC), renal cell carcinoma and
ovarian cancer [141]. These promising studies
have led to the approval of the PD-1 blockers
pembrolizumab and nivolumab by the FDA [142].
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As the expression of PD-L1 and PD-1 is largely in
the tumor microenvironment [19, 31], the side
effects are less severe and highly manageable.

Tumor immunology and immunotherapy has
undergone a renaissance of late. After suffering
countless successes and setbacks in the twentieth
century, it has now come to the forefront of can-
cer research and is recognized as an important
tool in the anti-tumor armamentarium. Most
exciting, is the potential for immunotherapy to
not just result in tumor response, but complete
and long-term remission. As our understanding
of the intricate interactions between T-cells and
the tumor microenvironment improves, so to will
strategies aimed at derailing tumor mediate
immune suppression. While the current focus is
on T-cell mediated immunotherapy, emerging
literature is suggesting an important role for
myeloid derived cells such as macrophages and
myeloid derived suppressor cells [143, 144]
within the TME. It may be that someday a cock-
tail of different immune modulators is required to
destroy established tumors and achieve cure.
Achievements in the last decade have made this
dream closer to a reality with more advancements
soon to come.
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Immunogenic and Non-
immunogenic Cell Death
in the Tumor Microenvironment

Jonathan M. Pitt, Guido Kroemer,
and Laurence Zitvogel

5.1 Introduction

Cell death is essential to the turnover of healthy
tissues in the steady state, and in an organism’s
defense against pathogen infection and malignant
cells. In adult humans, approximately 50-70 bil-
lion cells die each day during the normal turnover
of body tissues [1]. An intricate cross-talk has
evolved between cell death circuitries and the
vertebrate immune system to allow distinction of
potential threats from physiological cell death in
healthy tissues. Physiological cell death (better
known as apoptosis) is a fundamentally tolero-
genic process that prevents autoreactivity to nor-
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mal host tissues. Cells undergoing physiological
apoptosis are cleared by phagocytic cells in a
“silent” manner, thus concealing cellular compo-
nents that might otherwise induce inflammation
[2]. In contrast, pathological cell death (often
termed necrosis) is an inherently immunogenic
and inflammatory process, which alerts the
immune system of an abnormality or potential
threat. However, this apparent cell death dichot-
omy may not be as clear-cut as once thought. For
example, alternative subtypes of apoptosis that
are immunogenic can be initiated under certain
circumstances [3, 4].
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The characteristics of an immune response to
cell death (e.g., immunogenic vs. tolerogenic
responses) are determined by the precise molecu-
lar signaling between dying cells and local
immune cells. Immune cells recognize
pathogen-infected cells through pathogen-associ-
ated molecular patterns (PAMPs). PAMPs
exposed by infected cells target them for immune
cell-mediated killing or for phagocytosis and
subsequent antigen presentation by antigen-pre-
senting cells (APCs), which is required to induce
antigen-specific immune responses [5-7].
Examples of PAMPs include components of
viruses or bacteria, and certain sequences of the
nucleic acids that form their genomes [6, 7].
Appropriate immune responses are also required
in cases where there is no pathogen involved in
the abnormal dying or stressing of a cell, for
example in malignant pre-cancerous cells. In
1994, Polly Matzinger proposed the “danger the-
ory,” stating that the immune system has evolved
an inherent capacity to distinguish between dan-
gerous and innocuous endogenous signals [8].
The theory is supported by evidence that malig-
nant dying cells expose damage-associated
molecular patterns (DAMPs), which function as
danger signals for the host immune system [9].
PAMPs and DAMPs are recognized by germline-
encoded pattern recognition receptors (PRRs)
present on immune cells. Toll-like receptors
(TLRs) and nucleotide oligodimerization domain
(NOD)-like receptors (NLRs) are examples of
two important PRR families in immune signaling
[5, 10]. PRR recognition of cognate ligand can
activate downstream effects such as immune cell
differentiation and pro-inflammatory cytokine
production, which initiate or propagate immune
responses localized around abnormal tissues.

Defining cell death by biomolecular patterns
has highlighted many different cell death subrou-
tines, which have extended the original apoptosis
and necrosis dichotomy [11]. This greater level
of contrast has revealed new opportunities for
therapeutic intervention, notably in cancer treat-
ment. In this chapter, we discuss how different
cell death modalities impact host immunosurveil-
lance in the tumor microenvironment. We pay
particular attention to cell death modalities that

occur following administration of certain cancer
therapies.

5.2  Tolerogenic Cell Death
in the Tumor

Microenvironment

Various elements work in unison to determine
whether cell death is immunogenic or not. These
parameters include the inherent antigenicity of
the dying cell, activation or stress encountered by
the cell before dying, the properties of the cell
death-inducing entity, the specific cell death
pathway engaged, and the availability of immune
cells [3].

“Physiological” apoptosis evolved to be an
immunologically silent event characterized by
absence of “don’t eat me” signals (e.g., CD31
and CD47), exposure of “eat me” signals (such as
phosphatidylserine [PS] upon the outer mem-
brane leaf), and release of “find me” signals and
chemokines (e.g., ATP) into the local environ-
ment [2] (see Table 5.1). Cancer cells can follow
the same physiological pathway to die, or may
even begin to mimic aspects of apoptosis (e.g.,
PS exposure [24]), which would result in con-
cealment of immunostimulatory DAMPs and
immune evasion [24]. Indeed (and often forgot-
ten in tumor biology), tumor cell loss plays a sig-
nificant component in tumor development, with
higher levels of apoptosis linked to poorer prog-
noses [2]. Apoptosis may also actively recruit
precursor myeloid cells into the tumor bed
through “find me” signals (see Fig. 5.1).
Following the uptake of apoptotic tumor mate-
rial, recruited myeloid cells can differentiate and
become polarized toward a tolerogenic (M2)
phenotype. These cells are subsequently well
positioned to inhibit immunosurveillance [25].

Tumor cell apoptosis may similarly modulate
dendritic cell (DCs) function in the tumor micro-
environment. DCs are the sentinel APCs of the
immune system and act as initiators of antigen-
specific T cell responses. When positioned in the
proximity of dying cancer cell, DCs can take up
tumor-associated antigens (TAAs) and present
these to generate T cell-mediated anti-tumor
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Table 5.1 “Find me” and “eat me” cell signaling

Signal Examples Response to signal References
“Find me” ATP Binds to P2Y2 receptors on myeloid [12]
cells to stimulate their chemotactic
recruitment
UTP As ATP above [12]
Lysophosphatidylcholine Attracts myeloid cells by binding G2A [13]
receptors on their surface
CX;CLI1 (fractalkine) Attracts myeloid cells by binding [14]
CXC;CR1 receptors on their surface
“Eat me” Phosphatidylserine Mediates removal of apoptotic corpses [15]
by myeloid cells without activating
inflammatory response
Calreticulin Binds CD91 on APCs to stimulate [16, 17]
cytokine production
Annexin 1 Facilitates apoptotic cell engulfment [18]
elF3a Externalised on apoptotic cells and [19]
binds macrophages to facilitate
engulfment
“Don’teat me” | CD31 Inhibits engulfment by transmitting [20]
detachment signals to phagocytes; loses
this function during normal apoptosis
CD47 Interacts with SIRP-alpha on [16, 21]
macrophages to initiate inhibitory
signaling and prevent phagocytosis
PTX3 Binds late apoptotic cells, inhibits DC [22, 23]
uptake to reduce risk of autoimmunity

ICD immunogenic cell death, e/F3a eukaryotic translation initiation factor 3, DC dendritic cell

responses. Besides presenting TAAs to T cells,
DCs must also receive stimuli such as DAMPs or
PAMPs to stimulate their maturation. This in turn
allows DCs to upregulate their surface expression
of co-stimulatory molecules, required to prime
efficient cytotoxic tumor-targeted T cells.
However, engulfment of cells undergoing apop-
tosis may actively prevent this DC maturation
[26], leaving DCs in a tolerogenic, immature
state [27]. Furthermore, insufficiently activated
DCs may cross-present antigens derived from
apoptotic material to CD8" T cells, which can
result in immune suppression [28, 29]. This can
occur in cases where there is an absence of CD4*
T cell help.

CD4+ T cells program DCs to correctly prime
CDS8* cytotoxic T lymphocytes (CTLs) that are
resistant to activation-induced cell death on anti-
gen reencounter. This checkpoint against poten-
tial CTL-driven autoimmunity is mediated by
CD40-CD40 ligand interaction between DCs and

CD4+* T cells [3]. Activation-induced cell death is
initiated by the death ligand TRAIL (TNF-related
apoptosis-inducing ligand), which instigates
apoptosis in sub-optimally primed CTLs and
other activated T cells. Unlike DCs that engulf
necrotic cells, DCs that engulf apoptotic cells
have been shown to present antigen to CD8* T
cells, but not to CD4* T cells [30]. These CD8" T
cells were seen to produce TRAIL on reencoun-
ter with the antigen, which blocked cell-mediated
immune responses from occurring. Accordingly,
TRAIL-deficient mice are resistant to tolerance
following injection of apoptotic cells [30].
Apoptosis can also promote tolerance by
modifying DAMPs. During apoptosis, naturally
produced reactive oxygen species oxidize a key
cysteine residue in high-mobility group box 1
(HMGBI1), an immunogenic DAMP. This event
renders HMGBI1 ineffective in promoting
immune responses [31]. It is likely that other
immunostimulatory molecules are “silenced” by



68

J.M. Pitt et al.

Tolerogenic/M2
Macrophage

. ¥

Monocyte/
Macrophage

Uptake of

TRAIL-mediated
activation-induced

Fig.5.1 Tolerogenic cell death in the microenvironment
of tumors. Apoptosis of cancer cells can induce a local
state of tolerance that enables tumors to escape immuno-
surveillance. Antigen presenting cells (APCs) such as
dendritic cells (DCs) are drawn to apoptotic cells in tumor
beds via sensing their surface exposure of phosphatidyl-
serine (PTS) or following their release of “find me” sig-
nals such as ATP. “Find me” signals cause mobile
phagocytic cells to migrate as a whole (chemotaxis) or
extend parts of the cell (chemotropism) toward the dying
cell. APCs subsequently take up apoptotic debris and

©
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TRAIL
expression

ROS, or by other means, as a safeguard against
autoimmunity. However, these safety mecha-
nisms could be potentially hijacked by tumor
cells.

The release of immunosuppressive mediators
by cells undergoing apoptosis, or by cells that
have uptaken apoptotic material, is an additional
mechanism to ensure a tolerogenic microenvi-
ronment. Intravenous infusion of apoptotic cells
in vivo induces an expansion of Tregs that
appears to be TGF-f-dependent [32, 33].
Lymphocytes dying by apoptosis can produce
immunosuppressive cytokines such as IL-10 and
TGF- [34-36], although whether this is true for
apoptotic tumor cells is less clear. Nonetheless,

- apoptotic cell debris

Antigen presentationto T
lymphocytes in absence of
co-stimulatory signals or
CD4* T cell help

Migration to dLN

“Find me” signals
(e.g. ATP)

Migration of suboptimally-stimulated
‘helpless’ CTLs from dLNs to tumor

associated tumor antigens. Following migration to drain-
ing lymph nodes (dLN) DCs can present these antigens to
CD8* T lymphocytes, but in the absence of costimulation.
This causes priming of “helpless” cytotoxic lymphocytes
that are unable to successfully attack tumors, and which
are highly susceptible to TRAIL-mediated activation-
induced cell death. Apoptotic debris can also induce the
differentiation of myeloid cells into tolerogenic M2 mac-
rophages, which in turn can drive regulatory CD4* T cell
(Treg)-mediated immunosuppression through their pro-
duction of the cytokines TGF-f and IL-10

immunosuppressive cytokine production follow-
ing apoptosis is observed from macrophages or
DCs that have phagocytozed apoptotic cells.
Macrophages have been shown to produce TGFf,
IL-10, and several lipid mediators when they
come into contact with apoptotic cells [3, 37-39],
whereas proinflammatory cytokine gene expres-
sion is inhibited [40]. Moreover, because produc-
tion of immunosuppressive mediators can induce
Foxp3* regulatory T cells (Treg), positive rein-
forcement of intratumoral immunosuppression
can occur [41-43]. Besides prominent immuno-
suppressive cytokines, ecto-ATPases exposed or
secreted by tumor cells (such as CD39 or CD73)
can similarly expand Treg populations. These
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enzymes consume immunogenic extracellular
ATP, and can increase immunosuppressive ade-
nosine levels in the microenvironment [44—46].

5.3 Immunogenic Death

of Cancer Cells

Although apoptosis is considered an immunologi-
cally “silent” event, certain stimuli can induce non-
classical subtypes of apoptosis that cause immune
responses against components of the dying cell.
Chemotherapeutic agents and radiotherapy are
well-studied inducers of these cell death modalities
(Table 5.2). Several studies have revealed responses

to chemotherapy are often more efficient in immu-
nocompetent than immunodeficient hosts, this
being valid in both mouse [44, 47] and clinical [55]
studies. Additionally, in vivo injection of murine
cancer cells previously treated with anthracyclines,
oxaliplatin, or UVC irradiation, confers long-term
immune-mediated protection against challenge
with live cancer cells of the same type [17, 48].
These findings suggested chemotherapy-induced
tumor cell death engages immune cells to propa-
gate anti-tumor immunity.

Studies of the events following the immuno-
genic cell death (ICD) have identified subtle
molecular and metabolic signals (e.g., DAMPs)
that stimulate APCs to promote immune

Table 5.2 Inducers of immunogenic and non-immunogenic cell death

Group Inducer

Mechanism of action

References

ICD induction Anthracyclines

Exposure causes dying cancer
cells to induce protective immune
responses in vivo, in absence of
adjuvants. Induces exposure of
CRT, ATP, HMGBI, type 1 IEN

[4, 17, 44, 47-49]

Oxaliplatin

Similar to anthracyclines above,
induces bona fide ICD

[4, 47, 50]

Cardiac glycosides

Induce CRT, ATP, HMGBI1
exposure following ER stress and
autophagy induction

[51]

Cyclophosphamide

Cyclophosphamide derivative
mafosfamide can promote CRT
exposure and HMGB/1 release.

[52]

Irradiation

Tonizing irradiation with UVC
light or gamma-rays causes CRT
exposure and HMBG1 and ATP
release

[4,17, 47]

Non-ICD inducers Cisplatin

Unlike oxaliplatin, fails to induce
CRT exposure on killing cancer
cells, and hence does not induce
anticancer immunity. Can be
combined with other agents, such
as cardiac glycosides or
thapsigargin, to induce ICD

[50, 51, 53]

Mitomycin C

A DNA-damaging anticancer
agent that fails to induce

ICD. Absorption of recombinant
CRT to cells dying by mitomycin
C can restore ICD

[4, 17, 54]

Etoposide

Fails to induce ICD on its own.
Similarly to the case with
mitomycin C, absorption of
recombinant CRT to dying cells
can restore ICD

[17]

ICD immunogenic cell death, CRT calreticulin, /FN interferon, HMGB1 high-mobility group box 1
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responses. DCs act as the central immune cell
able to sense and transform cell death signals into
anti-tumor T cell responses. A population of
CDI11c¢*CD11b*Ly6C" myeloid precursor cells
(characteristic of inflammatory monocytes) have
been shown to be the precursors to intratumoral
DCs following ICD-inducing chemotherapy.
This precursor population accumulates in tumor
beds following anthracycline treatment, and
appears particularly efficient at engulfing dying
tumor cells and presenting TAAs to CD8* T cells
[56]. Intratumoral accumulation of this myeloid
population appears dependent upon the release of
ATP from cells dying by ICD, as this process
fails to occur in murine tumors engineered to
overexpress the ecto-ATPase CD39. Subsequent
studies have revealed that intratumoral accumu-
lation of CD11¢*CD11b*Ly6C*MHCII* myeloid
cells post anthracycline chemotherapy also
requires Ccl2 chemokine signaling, since neo-
plasms growing in mice deficient for Ccl2 fail to
recruit this population post treatment [57].
Interestingly, the same study identified that drain-
ing lymph nodes are dispensable for the priming
and proliferation of antigen-specific immunity
post  anthracycline  chemotherapy  [57].
Intratumoral accumulation of myeloid precursor
cells has been corroborated in a taxane-based
chemotherapy setting [58].

Antineoplastic chemotherapeutic agents can
alter the immune infiltrate of tumors, the charac-
teristics of which often determine therapeutic
outcome. A good example is how certain anti-
cancer agents increase the ratio of CTLs to
Foxp3* Tregs, which often correlates with favor-
able therapeutic responses [59]. Of the various T
cell populations, CTLs and CD4+ T helper (Th)1
cells, prominent producers of the cytokine inter-
feron (IFN)-vy, are key mediators of tumor eradi-
cation. The role that interleukin (IL)-17
producing T cells (e.g., Th17) play post chemo-
therapy is less well understood. IL-17A produc-
tion by yd T cells appears to be a key component
for optimal anticancer responses following ICD-
inducing chemotherapy or radiotherapy [60, 61].
Tumor infiltration by this innate lymphocyte
population was demonstrated as a prerequisite
for subsequent accumulation of tumor-killing

CD8* aff T cells. Before triggering this immune
response, the yd T cells first required activation
by the pro-inflammatory cytokine IL-1f [49,
60]. The indispensable role of the cytokines
mediating this cascade of events following ICD
has been confirmed in experimental settings
using either neutralizing antibodies, or through
knockout of the genes encoding the cytokines
(Il1b, 1l17a, Ifng) and their receptors (/l1r, Il17r,
Ifngr) [17, 44, 49, 56, 60]. TNF-a signaling does
not appear to contribute to the antineoplastic
effects of anthracycline chemotherapies in
murine tumor models [62].

Several subtle biochemical changes in the
plasma membrane and microenvironment of
dying cells drive anti-tumor immunity through
PRRs of innate immune cells. These prominent
hallmarks of ICD include ER stress and calretic-
ulin (CRT) exposure, the release of HMGBI, the
autophagy-dependent release of ATP, and viral
mimicry that induces type I IFN signaling.

5.3.1 ER Stress and Calreticulin

Exposure

An early event required for immune stimulation
following ICD is the exposure of CRT on dying
cells [17]. CRT is present in high concentrations
in the endoplasmic reticulum (ER) lumen, as well
as other subcellular compartments. Following
exposure to certain ICD-inducing chemothera-
pies (e.g., anthracyclines), malignant cells
undergo a rapid phase of intense ER stress. ER
stress may be defined as a disturbance in the
homeostatic protein processing function of the
ER, caused by an imbalance between protein
folding load and capacity [9]. To fully activate
danger signaling, the overproduction of ROS
likely synergizes with the cellular response to ER
stress since optimal immunogenicity of ICD
requires the combination of these two factors
(indeed, ICD is reduced in the presence of anti-
oxidants [54]) [9]. Downstream of these events
occurs an increase in the cytoplasmic Ca** con-
centration and activation of the protein kinase
PERK (protein kinase RNA-like ER kinase).
Activated PERK phosphorylates the eukaryotic
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translation initiation factor 2« (eIF2«), which in
turn results in a halt in protein translation. These
processes are necessary for the successful propa-
gation of ICD, since siRNA-mediated downregu-
lation of PERK, knock-in of a
non-phosphorylatable variant of eIF2a, or the use
of intracellular Ca* chelators, each prevent the
anthracycline-induced exposure of CRT and thus
immunogenicity [63]. Subsequent to these events,
downstream activation of caspase-8 along with
the pro-apoptotic proteins BAX and BAK occurs,
these latter two proteins playing a central role in
mitochondrial outer membrane permeabilization.
Finally, anterograde transport of CRT from the
ER to the Golgi apparatus takes place, which
allows exocytosis of CRT-containing vesicles to
the cell surface membrane [4, 54]. External cell
membrane exposure of CRT appears only to
occur with ICD-inducing anticancer therapies,
although the exact intracellular molecules and
signaling pathways required for CRT transloca-
tion appear to be heterogeneous and dependent
on the particular ICD trigger [4]. Additionally,
any inhibition of CRT exposure through blocking
antibodies or CRT transcript knockdown abro-
gates anthracycline immunogenicity, highlight-
ing the key requirement of this process to ICD
[17].

Recent studies have shown that the chemokine
CXCLS8 (better known as IL-8), and its mouse
ortholog CXCL2, are also involved in the translo-
cation of CRT to the outer leaflet of the plasma
membrane [64]. Treatment with the ICD-inducing
agent mitoxantrone stimulates human cancer
cells to produce CXCLS8 in vitro, and murine
tumors to produce CXCL2 in vivo. In addition,
mitoxantrone-induced CRT exposure is dimin-
ished if the receptors of CXCL8 (CXCRI) or
CXCL2 (CXCR1 and CXCR2) are knocked
down in human or murine cancer cells, respec-
tively. Knockdown of the receptors for CXCL2
was also observed to reduce the immunogenicity
of mitoxantrone-treated dying tumor cells
in vivo, which could be restored if exogenous
CXCL2 was provided [64].

The exposure of CRT on the cell surface of
dying tumor cells couples to induction of anti-
tumor immune responses by acting as an “eat

me” signal to APCs such as DCs (Fig. 5.2).
Recognition of CRT and engulfment of CRT-
exposing cells can occur through the transmem-
brane receptor CD91. On binding to CD91, CRT
stimulates APCs to produce proinflammatory
cytokines, such as TNF-a and IL-6, which facili-
tate antigen presentation and T cell responses.
ICD-induced CRT exposure precedes PS expo-
sure at the cell surface. Although both act as “eat
me” signals, whereas CRT is required for immu-
nogenicity of this death process, PS mediates the
removal of apoptotic corpses without activating
inflammatory or immune responses [17]. Also
worth mentioning here is that in addition to CRT
exposure, a co-translocation of the ER-sessile
disulphide isomerase ERp57 occurs to the cell
surface. Unlike CRT, ERp57 is however, per se,
unable to exert pro-immunogenic effects [63].

Opposing the “eat me” signals that occur on
ICD, other membrane molecules externally co-
expressed on cancer cells can inhibit phagocytosis
by APCs. An example here is CD47 that acts as a
“don’t eat me” signal. Indeed, antibody blockade
of CD47 increases phagocytosis of tumor cells by
APCs, and helps initiate anti-tumor CTL
responses [65]. CRT exposure (and the balance
between surface expression of CRT and CD47)
appears also to correlate favorably with the con-
trol of various human cancers, including acute
myeloid leukemia [66], non-Hodgkin lymphoma
[67], and colorectal cancer [68].

5.3.2 HMGB1 and TLR4

A second hallmark contributor to ICD is the
release of HMGB1 from dying cells, and its sens-
ing by TLR4 on APCs (Fig. 5.2). TLR4 is best
characterized as a member of the TLR family of
PRRs evolutionarily conserved for the detection
of lipopolysaccharide (LPS) constructs present in
Gram-negative bacteria [5, 10]. TLR4 pathway
activation results in a potent immune cell produc-
tion of proinflammatory cytokines. Three lines of
evidence have demonstrated the important role of
TLR4 in ICD: (a) expression of TLR4 (and its
adaptor MyD88) is required by DCs for immune
responses against dying cells in vivo following
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ICD-inducers: y-ray irradiation,
anthracyclins, oxaliplatin
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Fig. 5.2 Induced immunogenic cell death in the tumor
microenvironment. Exposure of tumor cells to certain
forms of chemotherapy or y-ray irradiation induces a pat-
tern of cell death that stimulates anti-tumor host immune
responses. This immunogenic cell death (ICD) is charac-
terized by an ER stress response that results in the expo-
sure of calreticulin (CRT) on the cell surface membrane
of the dying cell, the release from dying cells of HMGB1
and ATP. These molecules interact with CD91, TLR4,
and P2RX7 receptors, respectively, on antigen-presenting

treatment with certain chemotherapies or radio-
therapy; (b) the nonhistone chromatin protein
HMGBI released by dying tumor cells prompts
DC processing and cross-presentation of TAAs
through its ligating and triggering of TLR4; (c)
node-positive breast cancer patients carrying a
TLR4 loss-of-function allele relapse faster post
radiotherapy or chemotherapy compared to
patients carrying the normal 7LR4 allele [47].

In support of these findings, a high-potency
and exclusive TLR4 agonist has been shown to
improve the immunogenicity and efficacy of
chemotherapy against tumors with low expres-
sion of HMGBI, or in tumors where HMGB1
is depleted by RNA interference [69].
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cells such as dendritic cells (DC), which can derive from
myeloid precursors recruited by CCL2 and ATP signaling
post treatment. This results in maturation of DCs and their
secretion of pro-inflammatory cytokines such as IL-6 and
TNF-a. This inflammatory environment, alongside the
uptake by mature DCs of tumor antigens, helps to drive
anti-tumor T cell responses. The resulting T cells can be
attracted into tumor beds via tumor cell secretion of the
chemokine CXCL10, which results from autocrine and
paracrine type I IFN signaling among tumor cells post
chemotherapy

Furthermore, the natural TLR4 ligands deriv-
ing from gut commensals can determine the
efficacy of chemotherapy, since eliminating
this source of bacterial TLR4 ligands through
treating mice with antibiotics (or in germ-free
settings) inhibits the anti-tumoral efficacy of
oxaliplatin as well as the activation and
responses of tumor-infiltrating myeloid-
derived cells [70]. Finally, some immunothera-
pies may rely on HMGB1/TLR4 signaling for
their efficacy; an example being the therapeu-
tic effect of anti-HER2/neu antibodies, which
have been described to occur through host
Myd88 and tumor-derived HMGBI1 in vivo
[71].
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5.3.3 Release of ATP by Dying Cells
and Autophagy

Besides TLR4 signaling, another PRR family, the
inflammasomes, also contribute to ICD.
Inflammasomes are an intracellular assembly of
activated proteins, enzymes, and adaptor mole-
cules that form a danger-sensing apparatus that
may be actuated by PAMPs, or DAMPs such as
uric acid and changes in K* ion concentration [6,
72]. The outcome of inflammasome assembly and
triggering following such stimuli is the down-
stream activation of caspase-1, which in turn pro-
teolytically matures pro-IL-1p to active IL-1p.
Release of IL-1p following its generation enables
it to act its role as a potent pro-inflammatory cyto-
kine, and a critical mediator of ICD.

NLRP3 inflammasome activation has been
shown to be a key factor in ICD, since mice defi-
cient for the inflammasome component genes
Nlirp3 and Casp] fail to generate ICD post oxali-
platin chemotherapy [49]. The mechanism behind
this component of ICD was identified to be the
release of ATP from dying or stressed cells,
which activates the inflammasome within DCs
indirectly through P2RX7 receptors present on
DC surface membranes. This enabled DC release
of IL-1pB, necessary for the priming of IFN-y-
producing tumor-specific CD8* T cells. Notably,
it appears probable that activation of other PRRs
(e.g., TLR4 activation by HMGBI1) is a co-
requirement to establish this immune response.

ATP release in response to ICD-inducing che-
motherapy was later found to be under the con-
trol of autophagy during the dying process [44].
Unlike autophagy-competent cancer cells, those
made autophagy-deficient were seen to have
reduced release of ATP when undergoing cell
death and, when implanted into mice, the result-
ing tumors failed to attract T lymphocytes and
APCs into the tumor bed [44]. These deficiencies
could however be reversed by pharmacological
inhibition of extracellular ~ATP-degrading
enzymes, which helped to boost ATP concentra-
tions in the tumor microenvironment.

ATP is a potent chemoattractant for DCs and
scavenging macrophages, stimulating these
myeloid immune cells via their membrane-
expressed P2RY2 and P2RX7 purinergic receptors.

Indeed, the early tumor infiltration of myeloid pre-
cursor cells observed following anthracycline che-
motherapy is abolished in the presence of a
broad-spectrum purinergic receptor inhibitor or if
local extracellular concentrations of ATP are
decreased by overexpression of the ecto-ATPase
CD39 [56]. Such events following ICD may deter-
mine the ensuing microenvironment of tumors,
since ATP concentration (and presumably puriner-
gic receptor signaling) might dictate whether
myeloid precursors preferentially differentiate
towards DCs as opposed to granulocytes (which
are hypothesized under some situations to be detri-
mental to tumor control) [56]. These studies also
suggest a potential immunosurveillance-escape
strategy for cancer cells, where they may be able to
negatively regulate intrinsic autophagic processes
(and thus potentially ATP production if this pre-
cedes cell death). In accord with this, autophagy is
often disabled during early oncogenesis [73], and
the expression of ecto-ATPases by triple negative
breast cancers promotes poor prognosis [74].

5.3.4 Viral Mimicry and the Release
of Type |l IFN

The ICD activity of anthracycline and oxaliplatin
chemotherapies may also rely on type I IFN signal-
ing. It has been identified that type I IFN signaling
takes place in neoplastic cells rather than host cells
following ICD-inducing chemotherapy [75].
Anthracycline and oxaliplatin were each seen to
stimulate a rapid production of type I IFNs from
malignant cells, an effect that was dependent on
stimulation of the endosomal PRR TLR3. The pre-
cise anthracycline-elicited ligand(s) responsible for
TLR3 stimulation in this scenario remains to be
determined, though one could postulate that this is
a dysregulated structure of self RNA released from
stressed or dying cancer cells. Indeed, other DNA-
damaging agents have been shown to generate
double-stranded RNA molecules that trigger
TLR3-dependent  cytokine  secretion  [76].
Subsequent autocrine and paracrine signaling of
type I IFNs appears to induce the production of the
chemokine CXCL10, a potent chemoattractant that
recruits T lymphocytes into the tumor bed. This
cascade of events post anthracycline chemotherapy
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is supported by findings that tumors deficient for
the genes encoding TLR3 or the type I IFN recep-
tor are not controlled unless the subsequent steps in
the cascade, type I IFN and CXCL10 respectively,
are artificially provided [75]. In line with this
experimental setting, the expression of MX/ by
tumor cells (a prominent signature gene down-
stream of type I IFN signaling) predicts metastasis-
free survival in neoadjuvant chemotherapy in
breast carcinoma patients with poor prognosis [75].

It has similarly been shown that ionizing
radiation-mediated tumor regression depends
upon type I IFN signaling [77], this setting requir-
ing the adaptor protein STING, but not MyD88
[78]. STING signaling was required for type I
IFN production by DCs following their sensing of
irradiated-tumor cells, which occurred through
the cytosolic DNA sensor cyclic GMP-AMP syn-
thase (cGAS). Addition of exogenous type I IFN
was able to rescue DC cross-presentation of TAAs
in settings where cGAS- or STING-deficient DCs
were used. This signaling cascade in DCs was
essential for radiation-induced adaptive immune
responses, which could be further enhanced by
activating STING with a second messenger cyclic
GMP-AMP during radiotherapy [78].
Programmed death ligand-1 (PD-L1) blockade
may synergize with radiotherapy in this context to
control both local and distant tumors, an effect
mediated by CD8* T cells and a reduced myeloid-
derived suppressor cell (MDSC) numbers within
the tumor microenvironment [79, 80].

Induced expression of IFN-stimulated genes,
and sensing through TLR3, are characteristic of the
cellular response to viral infection [81]. Such “viral
mimicry” appears to constitute an important attri-
bute of successful chemotherapy and radiotherapy.
Indeed, viruses also trigger ER stress and autoph-
agy [73], which, as we have already mentioned, are
important for chemotherapy-induced ICD.

5.4  Manipulating Cell Death
for Therapeutic Control

of Cancer

ICD can be visualized as initiating a cascade of
defined biochemical changes and immune/inflam-
matory signaling pathways (as summarized in

Fig. 5.2). However, not many chemotherapeutic
treatments are able to induce ICD, instead promot-
ing other cell death modalities such as apoptosis.
Screening of 24 distinct cytotoxic chemotherapies
revealed that only 4 of these induce protective anti-
cancer immune responses in vivo, whereas all
agents resulted in equivalent apoptosis of target
cells [17]. These immunogenic agents included
the three anthracyclines doxorubicin, idarubicin,
and mitoxantrone, and the platinum compound
oxaliplatin (of note, the structurally-related plati-
num compound cisplatin does not induce CRT
exposure; Table 5.2). Each of these four anti-neo-
plastic agents induces the key hallmarks of ICD
following exposure to tumor cells (i.e., CRT expo-
sure, and release of ATP and HMGB1 during the
dying process). Interestingly, by running numer-
ous FDA-approved drugs through a screening plat-
form able to detect ICD-induced biochemical
changes, novel compounds have been identified
that may prove to be promising adjunctive thera-
pies in cases where standard cancer treatments are
inadequately immunogenic [51]. Notably, cardiac
glycosides (e.g. digoxin, digitoxin) were found to
be a drug class particularly efficient at inducing
ICD. Cardiac glycosides may induce ICD by
inhibiting surface membrane Na*,K*-ATPase
pumps, which results in a Ca®> influx into cancer
cells that can have proapoptotic and proimmuno-
genic effects [51].

Theoretically then, it would seem possible, in
cases where ICD is absent, to design strategies
that make therapeutic tumor cell death immuno-
genic—for example through administration of
adjunctive treatments. Conceivable compensa-
tory strategies might include the intratumoral
administration of agents that induce ER stress.
Treatment with thapsigargin (an inhibitor of the
sarco/ER Ca”>* -ATPase), or enforced reduction
of ER Ca* levels through overexpression of the
Ca’* channel reticulon 1C, can each restore CRT
translocation in cases where CRT is absent fol-
lowing chemotherapy [53, 82]. In addition, inhib-
itors of the GADD34/PP1 complex (which forms
a phosphatase of elF2a) increase the rate of
PERK-dependent elF2a phosphorylation, thus
promoting CRT surface exposure [83]. The pro-
teasome inhibitor bortezomib can also facilitate
immunogenic death of human tumors.
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Bortezomib induces premortem stress in cancer
cells and surface exposure of CRT and Hsp90,
which enables phagocytosis via CD91 and poten-
tial propagation of anti-tumor immune responses
by DCs [84, 85].

Similarly, administration of TLR4 agonists
may prove to be a useful adjunctive compensa-
tion therapy. Tumors exhibiting weak expression
of nuclear HMGB1 respond to chemotherapy
more effectively if combined with a local or sys-
temic administration of highly purified TLR4
agonists [69]. Strategies to increase local concen-
trations of ATP (e.g., through use of ectonucleo-
tidase inhibitors), or replacing this signal through
purinergic receptor agonists, might also promote
immunogenicity of a non-ICD-inducing agents
[44]. Intratumoral therapies of recombinant cyto-
kines, for example IL-1p or IL-17, may be effec-
tive if their production by immune cells within
the tumor is low or absent. Similarly, patients
with molecular defects in any of the molecules
involved or downstream of TLR3-induced type I
IFN-dependent signaling may benefit from tar-
geted delivery of type I IFN or CXCL10 along-
side anthracycline treatment [75, 86]. Finally,
with the aforementioned discovery that cardiac
glycosides induce ICD, adjunctive administra-
tion of cardiac glycosides could prove to be the
most reachable future strategy [51].

Blocking the immunosuppressive tumor
microenvironment could provide an alternative
strategy. Targeting potent immunosuppressive
cytokines is likely to be the most effective and
tangible approach here, perhaps with intratumoral
injection of IL-10- or TGF-f-neutralizing anti-
bodies should these become clinically available.
Since the rebooting of anti-cancer T cell responses
following ICD induction, combination of ICD
inducers with immune checkpoint inhibitors (e.g.,
blockade of CTLA-4 and the PD-1/PD-L1 axis)
may provide another promising intervention.

5.5 Conclusions

The evolution of the immune system to discrimi-
nate between physiological and pathological
instances of cell death, and to perceive cellular

demise as immunogenic or tolerogenic, is pivotal
to homeostasis and host defense. In this chapter, we
have described how cancer cells can manipulate
apoptosis to induce tolerance and evade immuno-
surveillance. On the other hand, we have discussed
how ICD can be used therapeutically to induce
durable immune responses that target and eradicate
tumors. ICD is defined by set spatiotemporal com-
binations of DAMPs that are decoded by PRRs on
immune cells to (re)activate an antitumor immune
response, and to avoid further induction of toler-
ance. For this process to operate efficiently, certain
prerequisites must be met. These include: (i) that
cancer cells emit all the signals required for cell
death to be interpreted as immunogenic, (ii) that
immune cells have or maintain the capacity to
properly recognize and decode such signals, and
(iii) that the host immune system is able to translate
these signals into a robust cell-mediated immune
response. The identification and clinical develop-
ment of agents and strategies that fulfill these crite-
ria could revolutionize how we treat cancer.
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Exosomes in Cancer: Another
Mechanism of Tumor-Induced
Immune Suppression

Theresa L. Whiteside

6.1  Introduction

Tumor-induced immune suppression has been
extensively investigated in the last decade.
Indeed, escape of tumors from the host immune
system has been considered a major barrier for
successful immunotherapy of cancer [1]. Recent
unprecedented tumor control that can be
achieved by targeting immune checkpoint inhib-
itors (IClIs) clearly emphasizes the importance of
the restoration of anti-tumor immune activity in
patients with cancer by the use of antagonistic
antibodies to CTLA-4, PD-1, PD-L1 or other
ICIs [2]. Used alone or in combination with each
other and with conventional therapies, check
point inhibition can unleash the power of the
immune system in many cancer patients whose
anti-tumor responses are compromised. While
highly promising, ICIs efficiency in restoring
anti-tumor responses varies broadly among
patients with cancer [3]. It is not clear why some
patients respond to ICIs and others do not, but
limitations in responses could be explained by
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the acknowledged existence of multiple ICI
pathways in cancer, only some of which are
responsive to ICIs being used for therapy. Based
on what is known about various immunosup-
pressive mechanisms operating in the tumor-
microenvironment, some general rules can be
formulated as follows: (a) these mechanisms are
tumor-induced; (b) they involve one or more cel-
lular and molecular pathways that may differ in
primary vs. metastatic tumors, are selectively
utilized by different tumor types and vary among
patients, even those with the same malignancy;
and (c) they are not restricted to the tumor micro-
environment (TME) but mediate systemic effects
leading to the partial or complete inhibition of
anti-tumor immune responses in the entire body.

Among many tumor-derived factors or signals
that modulate anti-tumor immunity, exosomes,
specifically tumor-derived exosomes or TEX, are
emerging as a new and so far not widely appreci-
ated mechanism of immune suppression. This
chapter will describe how and why exosomes,
which are ubiquitously present in all body fluids
of patients with cancer, are currently viewed as
conveyors of tumor-derived suppression to the
immune cells responsible for surveillance and
cancer control.
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6.2  What Are Exosomes?

Exosomes are membrane-bound vesicles which
are virus size, are produced by all cells and are
released by cells under physiological and patho-
logical conditions. They are the smallest of extra-
cellular vesicles (EVs) released by cells, varying
in size from 30 to 150 nm, found in supernatants
of cultured cells as well as in all body fluids [4].
Although the nomenclature of EVs is still unclear
[5], exosomes are a distinct type of vesicles
which differ from larger EVs, such microvesicles
(MVs, 200-1000 nm) or apoptotic bodies (1000—
5000 nm) not only by their size but also by cel-
lular mechanisms used for their secretion, the
molecular content and functional properties [6].
MVs are formed by “blebbing” or “pinching off”
from the cellular membrane of the parent cell and
contain parts of the cytosol more or less ran-
domly enclosed in vesicular “blebs.” Apoptotic
bodies are remnants of dead parental cells. The
biogenesis of exosomes is unique: they originate
from the endocytic compartment and their molec-
ular content reflects, at least in part, that of the
parental cell. As tumor cells produce and release
masses of exosomes, tumor-derived exosomes
(TEX) are ubiquitously present in body fluids of
patients with cancer. The ratios of TEX/normal
cell-derived exosomes in the plasma of cancer
patients varies, but generally TEX represent a
substantial proportion of total exosomes recov-
ered from plasma, especially in patients with
advanced malignancies [7].

The TEX molecular signature distinguishes
them from exosomes derived from normal cells.
Further, TEX released by different types of tumor
cells have distinct molecular signatures [8].
Exosomes serve as information transfer vehicles,
and TEX carry messages from the parent tumor
cell to other normal or malignant cells [9]. Upon
contacting targeted recipient cells, TEX carrying
a cargo consisting of multiple molecular species,
including mRNA, miRNA, and DNA, deliver
their content to recipient cells and modify func-
tions of these cells [10]. The mechanisms respon-
sible for TEX delivery and processing of their
cargo in recipient cells are not entirely under-
stood, but may include the initial ligand-receptor

type of binding on the cell surface followed by
endocytosis or phagocytosis [11]. Because the
TEX cargo is enriched in immunoinhibitory mol-
ecules, similar to those present in parental tumor
cells, TEX targeting immune cells tend to induce
down-stream activation of the inhibitory molecu-
lar pathways [12]. It has been shown that TEX
isolated from supernatants of cultured tumor
cells, which contain only TEX and no other exo-
somes, effectively mediate suppression of
immune cells in ex vivo assays and in vivo in
experimental animals. Thus, immunosuppressive
TEX are considered to be able to promote tumor
growth and to facilitate tumor escape from the
host immune system.

6.3 The lmmunosuppressive

Cargo of TEX

TEX, which originate from the late endosomal
compartment of parent tumor cells, acquire their
molecular components through the well-defined
series of coordinated inward membrane invagi-
nations taking place in late exosomes and multi-
vesicular bodies (MVBs) [13, 14]. Upon fusion
of MVBs with the parent cell surface membrane,
TEX are released into the extracellular space.
TEX formed by this biogenesis process contain
elements derived from endosomes (e.g., TSG101,
ALIX) as well as from the cell surface membrane
and cytosol of a parent cell [6, 15]. Sorting and
packaging of TEX for release from the parent cell
is executed by the exosomal sorting complex
responsible for transport (ESCRT), which might
be parent-cell-specific, directing TEX to a pre-
defined cellular address.

Upon their release from parental cells, TEX
carry a broad variety of molecular species,
including membrane-associated proteins, glyco-
proteins, lipids, and glycolipids as well as a rich
vesicular content (reviewed in [10]). The surface
membrane of TEX is a lipid-protein bilayer that
contains cholesterol, ceramides, sphingomyelins,
and phospholipids as well as numerous biologi-
cally active proteins such as the major histocom-
patibility complex (MHC) molecules; TAAs;
inhibitory ligands such as FasL, TRAIL, PD-L1,
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TGF-B/LAP; adhesion molecules, notably
ICAM, EPCAM, CD44, integrins; proteases such
as MMPS and CD26; ectonucleotidases engaged
in adenosine production, CD39/CD73; trans-
membrane receptors such as CXCR4 and c-Met;
heat shock proteins (HSPs); and numerous tet-
raspanins frequently used as “‘exosome markers.”
In the TEX lumen are nucleic acids, including
DNA, mRNA, and miRNA; cytosolic proteins
including various enzymes; soluble factors, such
as PGE,; cytokines; histones; transport proteins
such as ALIX, Rabs, dynamin, LAMPs; cyto-
skeletal proteins, including actin, tubulin, vimen-
tin, and others; oncoproteins; and a variety of
signaling molecules, including MAPK, ERK1/2,
Rho, catenin, Wnt, and many others. The TEX
molecular and genetic content recapitulates that
of the parent cell. However, it is unclear how
much of the parent cell content is passed on to
exosomes, and the estimates vary widely from 5
to 50%. Nevertheless, It has been convincingly
shown that TEX are enriched in some of the key
molecules characteristic of the parent cell and
thus can serve, at least in part, as surrogates of the
parent tumor cells [16].

One intriguing aspect of the cargo TEX carry
is that, in addition to a plethora of immunoinhibi-
tory molecules, they also carry tumor-associated
antigens (TAA), costimulatory molecules, MHC
class I and class II molecules, and intraluminal
growth-promoting cytokines [10, 17]. This sug-
gests that TEX are capable of stimulating immune
cell responses and that TEX have the dual func-
tional potential. This has led to a controversy
regarding TEX and their biological role in can-
cer, with many investigators viewing TEX as
vaccination-promoting  vehicles capable of
inducing effective anti-tumor immunity [18, 19].
It appears, however, that in the TME, where
tumor cells are actively engaged in suppression
of anti-tumor immunity and activities of immune
cells are blocked, TEX are primarily utilized as
an effective mechanism designed to promote
tumor progression. It is reasonable to expect that
the vesicle-based communication system driven
by the tumor is operating to benefit tumor pro-
gression and to impair anti-tumor immune
responses.

Communication of TEX
with Their Cell Targets

6.4

TEX produced by parent cells and released in the
extracellular space can interact with local and
distant cellular targets. It is unknown whether
TEX “carry an address.” But their ubiquitous
presence in all body fluids suggests that TEX are
freely distributed throughout the body and can
interact with any recipient cell ready to commit
itself and accept the vesicles. In fact, exosomes
are admirably equipped to serve as communica-
tion vehicles. Their surface is decorated by the
parent cell-derived signaling molecules. Their
intra-vesicular content of genetic materials,
enzymes, and soluble factors, all biologically
active and capable of executing functional
responses in target cells, is protected by a mem-
brane from potential degradation by extracellular
enzymes during transport. Thus, exosome con-
tent can be safely delivered to recipient cells and
upon exosome up-take can lead to the cell re-
programing [14]. Exosomes can interact with tar-
get cells utilizing one or more of the following
mechanisms: (a) direct signaling via surface mol-
ecules to activate intracellular signaling path-
ways; (b) fusion with the target cell membrane
followed by transfer of proteins or genes the cell
lumen; (c) phagocytosis of opsonized exosomes
and their internalization; (d) receptor-mediated
endocytosis [11]. The cargo delivered by exo-
somes to recipient cells and taken up by phagocy-
tosis or endocytosis may be either directed to the
lysosomes for degradation and clearance or
directly incorporated into the cellular machinery
to initiate functional re-programming of the
recipient cells.

The mechanisms through which TEX alter
functions of recipient cells are only partly under-
stood and are being intensively investigated. It
appears that some of these mechanisms involve
the receptor/ligand type signaling and others
require up-take and internalization of TEX [11,
20]. In some cases, TEX fusion with the mem-
brane of a recipient cell may be sufficient to gen-
erate signals that induce cellular re-programming
[11, 20]. It may be that the recipient cell deter-
mines the mode of TEX up-take, which in turn
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activates downstream molecular/genetic events,
culminating in the change of functions. Immune
cells differ in their ability to internalize and pro-
cess TEX. T cells interact with TEX via the
receptor/ligand signaling, while other lympho-
cytes (B cells, NK cells) and monocytes internal-
ize TEX [21]. TEX deliver receptor-mediated
signals to T cells that initiate sustained Ca?* flux
[20] resulting in subsequent activation of the rel-
evant downstream pathways, alterations in the
recipient cell transcriptome and ultimately trans-
late into modified functional responses [21].
Interestingly, TEX deliver negative signals to
effector T cells and activating signals to regula-
tory T cell (Treg) and MDSC, as discussed
below.

6.5 Mechanisms Used by TEX
to Alter Function

of Recipient Cells

All types of immune cells are sensitive to TEX-
mediated interference. However, T lymphocytes
seem to be especially vulnerable to negative mes-
sages delivered by TEX. The two key receptors
on T cells are the T-cell receptor (TcR) and inter-
leukin 2 receptor (IL-2R). We and others have
reported that TEX negatively regulate functions
of these receptors [22, 23]. Specifically, TEX-
mediated down-regulation of the TcR zeta chain
is consistently seen in T cells co-incubated with
TEX [24]. TEX also reduced JAK expression and
phosphorylation in activated T cells [22], and
since the integrity of the JAK pathway is essen-
tial for functions of IL-2, IL-7 and IL-15, the
cytokines sharing the y chain of the IL-2R, down-
regulation of JAK activity by TEX is detrimental
to T-cell proliferation [25]. TEX were shown to
inhibit proliferation of CD8+ T cells but promote
expansion of CD4+ T cells, specifically of Treg,
while exosomes released by normal cells pro-
moted proliferation of all T cells [22]. Consistent
with these data, TEX were found to increase
STATS phosphorylation in activated CD4+ T
cells and to inhibit STATS phosphorylation in
activated CD8+ T cells [25]. These data suggest
that TEX modulate functions of transcription fac-

tors such as STATs in recipient T cells. In addi-
tion, TEX preferentially inhibited proliferation of
human melanoma-specific CD8+ T cells gener-
ated in cultures of T cells with melanoma peptide-
pulsed DC [22] suggesting that TEX can inhibit
antigen-specific T-cell responses. There is solid
evidence in support of the ability of TEX carry-
ing a membrane form of FasL or PD-L1 to alter
functions of immune cells [22, 26]. TEX-
mediated signals leading to apoptosis of activated
CDS8+ T cells were associated with early mem-
brane changes (i.e., Annexin V binding) in recip-
ient cells, caspase3 cleavage, cytochrome C
release from mitochondria, loss of mitochondrial
membrane potential (MMP) and DNA fragmen-
tation [27]. These data suggest that TEX induce
apoptosis in activated CD8+ T cells by engaging
extrinsic as well as intrinsic apoptotic cascades.
Further, the PI3K/AKT pathway is the key target
for TEX in activated CD8+ T cells: dramatic,
time-dependent AKT dephosphorylation and
concomitant decreases in expression levels of
BCL-2, BCL-xL and MCL-1 accompanied by an
increase in levels of pro-apoptotic BAX were
observed in these cells during co-incubation with
TEX [27].

In a recent study, we co-incubated TEX with
subsets of human CD4+, CD8+ and CD4+ CD39+
Treg cells isolated from peripheral blood of nor-
mal donors [21]. The objective was to study
mechanisms used by recipient T cells to translate
TEX-delivered signals into transcriptional activ-
ity and functional changes. The qRTPCR was
used to monitor expression levels of 24 immuno-
regulatory genes [21]. Interestingly, massive
changes in expression levels of multiple immu-
noinhibitory and immunostimulatory genes in T
cells were observed following co-incubation with
TEX. We found that the only factors that signifi-
cantly regulated TEX-induced transcriptional
activity in T cells, including changes in expres-
sion levels of genes mediating immune suppres-
sion or immune activation, were: (a) the presence
or absence of exosomes; (b) recipient cell type
(CD4+, CD8+ or Treg); and (c) the activation
status of the recipient cells. The observed mas-
sive changes in mRNA expression levels were
equally induced by co-incubation with TEX or
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DEX (exosomes produced by human monocyte-
derived cultured DC and used as control for
TEX). However, TEX and DEX modulated dif-
ferent immunoregulatory genes, and some of the
genes were modulated differently in Treg than in
CD4+ or CD8+ cells. To show that TEX-
mediated signals translated into relevant func-
tions, we concomitantly measured CD69 (an
activation marker) expression levels in CD4+ T
effector cells by flow cytometry. TEX signifi-
cantly decreased expression levels of CD69 on
the surface of CD4+ T cells, which was consis-
tent with TEX immunosuppressive functions
[21]. Also, Treg co-incubated with TEX, which
carry both CD39 and CD73 ectonucleotidases
[28], significantly up-regulated production of
immunosuppressive adenosine in a concentra-
tion- and time-dependent manner [21]. This set
of data, together with the demonstration that T
cells do not readily internalize TEX [20], pro-
vided evidence for the hypothesis that TEX sig-
nal by engaging surface receptors on recipient T
cells and that this signaling negatively modulates
T-cell responses.

Our studies of TEX-immune cell interactions
have indicated that TEX may exert direct or indi-
rect effects on human immune cells. Directly,
TEX induce apoptosis of activated anti-tumor
effector T cells [22, 29]; TEX inhibit functions
necessary for sustaining anti-tumor responses
such as activation, proliferation, and cytotoxicity
[22]; TEX interfere with normal differentiation
of immune cells [30, 31]; TEX polarize immune
cells to tumor-promoting phenotypes and regu-
late mobilization of immune cells to the tumor
[23, 32]. Indirectly, TEX expand proliferation of
Treg and myeloid-derived suppressor cells
(MDSC) and up-regulate suppressor activity of
these cells thus contributing to tumor-induced
immune suppression and the tumor immune
escape [33, 34]. In addition, TEX can interfere
with immune therapies. Antibody-based cancer
therapies could be made less effective by TEX
carrying TAAs which are targeted by therapeutic
antibodies: TEX, ubiquitous in all body fluids,
can “soak” therapeutic antibodies diminishing
their anti-tumor effects [35]. Adoptively trans-
ferred activated T or NK cells may be especially

vulnerable to TEX carrying multiple inhibitory
ligands [30]. Further, following the delivery of
anti-tumor vaccines, newly minted, activated T
cells may be highly sensitive to apoptosis by
TEX carrying, e.g., FasL among other inhibitory
ligands [29]. Emerging evidence clearly points to
TEX as a major barrier to successful immuno-
therapy with antibodies, vaccines or adoptively
transferred immune cells in patients with cancer.

6.6 TEX Interactions with Other

Immune Cells

T lymphocytes are not the only immune cells tar-
geted by TEX. Activities of human NK cells, B
cells, and monocytes are impaired by co-
incubation in the presence of TEX. In NK cells,
down-regulation in expression of the activating
receptors, especially NKG2D, is induced by TEX
carrying MICA and MICB ligands [36]. NK-cell
activation and cytotoxicity is inhibited by TGF-p,
which is prominently displayed on TEX as trans-
forming growth factor-latency associated protein
(TGF-LAP), the form necessary for TGF-f acti-
vation upon binding to integrins, e.g., a6V, on
the surface of recipient cells [36, 37]. TEX,
which are able to make adenosine from ATP by
virtue of carrying CD39 and CD73 [28] are
implicated in inducing suppressive activity in
activated B cells, because adenosine can convert
activated B cells into regulatory B cells [38].
TEX have been reported to inhibit normal differ-
entiation of monocytes and to convert monocytes
into TGF-p-expressing DCs, which secreted
prostaglandin E, (PGE,) and interfered with the
generation of cytolytic T cells [34, 39]. In addi-
tion, TEX skewed differentiation of myeloid pre-
cursor cells toward developing into highly
suppressive MDSCs. This function of TEX was
dependent on MyD88 signaling in monocytes
and the presence of TGF-p and PGE, in the TEX
cargo [40]. In aggregate, TEX emerge as biologi-
cally active vesicles capable of negatively influ-
encing functions of different types of immune
cells by mechanisms engaging one or more than
one molecular pathway responsible for func-
tional changes in recipient cells.
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Genetic Information Transfer
by TEX

6.7

Nucleic acids present in the TEX lumen, includ-
ing DNA, mRNA, and miRNA, play a major role
in TEX-mediated delivery of genetic information
to recipient cells. To date, relatively little infor-
mation is available about DNA transfer by TEX
[41]. On the other hand, exosomes are known to
contain more than 10,000 distinct mRNA spe-
cies, many of which are known to modulate
immune regulation [42]. By far the greatest atten-
tion has been directed at miRNA carried by exo-
somes. MicroRNAs (miRNAs) are small (19-25
nucleotides) non-coding RNAs that suppress the
translation of target mRNAs by binding to their
3" untranslated region. MicroRNAs act as critical
regulators of cellular processes such as prolifera-
tion, differentiation, apoptosis, and development
[43]. MicroRNAs are a prominent component of
the TEX cargo [44]. Upon TEX internalization
by recipient cells, tumor-derived miRNAs alter
gene expression by either repressing protein
translation or degradation of multiple targeted
mRNA species [45]. TEX are often called
“oncomirs,” and miRNAs derived from the tumor
and transported to recipient cells have been
extensively studied because of their potential role
as cancer biomarkers and as a mechanism respon-
sible for transcriptional regulation [46].
Numerous studies have shown that expression of
individual miRNAs or specific miRNA signa-
tures can be linked to the diagnosis and prognosis
of many cancer types [47]. Many tumor-
associated miRNAs, such as miR-21, miR-155,
miR-146a, or miR-568, which are frequently rec-
ognized as components of the TEX cargos, are
known to negatively regulate functions of
immune cells or induce apoptosis [45, 48].
Current literature is replete with reports of exo-
somal transfer of miRNA from tumor to recipient
immune cells leading to altered expression levels
of complementary mRNA and subsequently to
alterations in the transcriptional profile of recipi-
ent cells.

6.8 Plasma-Derived Exosomes

Vs.TEX

While supernatants of cultured tumor cell lines
have been widely used as a source of pure TEX,
plasma of patients with cancer contains mixtures
of exosomes derived from tumor and normal
cells. Thus, plasma-derived exosomes are a het-
erogeneous mix of vesicles. Immune cells are
also a rich source of exosomes and, therefore,
miRNA or protein signatures of exosomes iso-
lated from plasma of cancer patients probably
reflect those of immune cells as well as the tumor
and other tissue cells. It follows that to be able to
truly understand how TEX modulate functions of
immune cells and to define miRNA or protein
signatures of TEX, it will be essential to develop
methodologies for separation of TEX from
immune cell- and other cell-derived exosomes
present in patients’ plasma. To this end, we and
others are experimenting with methods for cap-
ture of TEX from patients’ plasma and their sepa-
ration from total plasma exosomes [49].
Meanwhile, total plasma exosome fractions are
being used to link the total protein content and
molecular as well as genetic exosome profiles to
immune dysregulation in patents’ with cancer.
Remarkably, these studies appear to confirm the
enrichment of exosomes bearing the immunosup-
pressive cargo in plasma of patients with cancer
relative to normal donors [26]. Further, these
studies confirm the correlations between the exo-
some immunosuppressive cargo and disease
stage, activity and outcome [50].

6.9  Conclusions

Tumor-derived exosomes (TEX) carrying and
delivering various inhibitory ligands to recipient
immune cells in the TME are emerging as yet
another category of CPIs. The available data sup-
port the critical role of exosomes in mediating
tumor escape. Further, TEX appear to be impli-
cated in down-regulation of effects of immune
therapies in cancer. Rapid progress is being made
in finding strategies for silencing of their sup-
pressive cargo to protect immune cells from
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inhibitory signals TEX deliver and to restore
anti-tumor responses. The potential role of TEX
as non-invasive biomarkers of cancer diagnosis,
progression and outcome is being explored. The
future development of TEX as “liquid biopsies”
together with measures of TEX impact on func-
tions of immune cells in patients with cancer
promises to significantly improve diagnosis and
prognosis of human malignancies.

Acknowledgments Supported in part by NIH grants
RO-1 CA 168628 and R-21 CA205644 to TLW.

References

1. Whiteside TL, Demaria S, Rodriguez-Ruiz ME,
Zarour HM, Melero 1. Emerging opportunities and
challenges in cancer immunotherapy. Clin Cancer Res.
2016;22(8):1845-55.  https://doi.org/10.1158/1078-
0432.CCR-16-0049.

2. Smyth MJ, Ngiow SF  Ribas A, Teng
MW. Combination cancer immunotherapies tai-
lored to the tumour microenvironment. Nat Rev Clin
Oncol. 2016;13(3):143-58. https://doi.org/10.1038/
nrclinonc.2015.209.

3. Beatty GL, Gladney WL. Immune escape mecha-
nisms as a guide for cancer immunotherapy.
Clin Cancer Res. 2015;21(4):687-92. https://doi.
org/10.1158/1078-0432.CCR-14-1860.

4. Abels ER, Breakefield XO. Introduction to extra-
cellular vesicles: biogenesis, RNA cargo selection,
content, release, and uptake. Cell Mol Neurobiol.
2016;36(3):301-12. https://doi.org/10.1007/
$10571-016-0366-z.

5. Gould SJ, Raposo G. As we wait: coping with an
imperfect nomenclature for extracellular vesicles.
J Extracell Vesicles. 2013;2. https://doi.org/10.3402/
jev.v2i0.20389.

6. Raposo G, Stoorvogel W. Extracellular vesicles:
exosomes, microvesicles, and friends. J Cell Biol.
2013;200(4):373-83. https://doi.org/10.1083/
jcb.201211138.

7. Keller S, Ridinger J, Rupp AK, Janssen JW, Altevogt
P. Body fluid derived exosomes as a novel template
for clinical diagnostics. J Transl Med. 2011;9:86.
https://doi.org/10.1186/1479-5876-9-86.

8. van der Pol E, Boing AN, Harrison P, Sturk A,
Nieuwland R. Classification, functions, and clini-
cal relevance of extracellular vesicles. Pharmacol
Rev. 2012;64(3):676-705. https://doi.org/10.1124/
pr.112.005983.

9. Boyiadzis M, Whiteside TL. Information transfer
by exosomes: a new frontier in hematologic malig-
nancies. Blood Rev. 2015;29(5):281-90. https://doi.
org/10.1016/j.blre.2015.01.004.

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21

22.

23.

Whiteside TL. Exosomes and tumor-mediated immune
suppression. J Clin Invest. 2016;126(4):1216-23.
https://doi.org/10.1172/JCI81136.

Mulcahy LA, Pink RC, Carter DR. Routes and mech-
anisms of extracellular vesicle uptake. J Extracell
Vesicles. 2014;3:24641. https://doi.org/10.3402/jev.
v3.24641.

Whiteside TL. Tumor-derived exosomes and their
role in tumor-induced immune suppression. Vaccine.
2016;4(4):35.

Colombo M, Moita C, van Niel G, Kowal J, Vigneron
J, Benaroch P, et al. Analysis of ESCRT functions
in exosome biogenesis, composition and secretion
highlights the heterogeneity of extracellular vesicles.
J Cell Sci. 2013;126(Pt 24):5553-65. https://doi.
org/10.1242/jcs.128868.

Lo Cicero A, Stahl PD, Raposo G. Extracellular ves-
icles shuffling intercellular messages: for good or for
bad. Curr Opin Cell Biol. 2015;35:69-77. https://doi.
org/10.1016/j.ceb.2015.04.013.

Cocucci E, Meldolesi J. Ectosomes and exosomes:
shedding the confusion between extracellular vesi-
cles. Trends Cell Biol. 2015;25(6):364—72. https://
doi.org/10.1016/j.tcb.2015.01.004.

Atay S, Godwin AK. Tumor-derived exosomes: A
message delivery system for tumor progression.
Commun Integr Biol. 2014;7(1):e28231. https://doi.
org/10.4161/cib.28231.

. Whiteside TL. Tumor-derived exosomes and their role

in cancer progression. Adv Clin Chem. 2016;74:103—
41. https://doi.org/10.1016/bs.acc.2015.12.005.
Kunigelis KE, Graner MW. The dichotomy of tumor
exosomes (TEX) in cancer immunity: is it all in the
ConTEXt? Vaccines (Basel). 2015;3(4):1019-51.
https://doi.org/10.3390/vaccines3041019.

Robbins PD, Morelli AE. Regulation of immune
responses by extracellular vesicles. Nat Rev Immunol.
2014;14(3):195-208. https://doi.org/10.1038/nri3622.
Muller L, Simms P, Hong CS, Nishimura MI, Jackson
EK, Watkins SC, et al. Human tumor-derived exo-
somes (TEX) regulate Treg functions via cell sur-
face signaling rather than uptake mechanisms.
Oncolmmunology. 2016. https://doi.org/10.1080/216
2402X.2016.1261243.

. Muller L, Mitsuhashi M, Simms P, Gooding WE,

Whiteside TL. Tumor-derived exosomes regulate
expression of immune function-related genes in
human T cell subsets. Sci Rep. 2016;6:20254. https://
doi.org/10.1038/srep20254.

Wieckowski EU, Visus C, Szajnik M, Szczepanski MJ,
Storkus WJ, Whiteside TL. Tumor-derived microvesi-
cles promote regulatory T cell expansion and induce
apoptosis in tumor-reactive activated CD8+ T lym-
phocytes. J Immunol. 2009;183(6):3720-30. https://
doi.org/10.4049/jimmunol.0900970.

Clayton A, Mitchell JP, Court J, Mason MD, Tabi
Z. Human tumor-derived exosomes selectively impair
lymphocyte responses to interleukin-2. Cancer Res.
2007;67(15):7458-66. https://doi.org/10.1158/0008-
5472.CAN-06-3456.


https://doi.org/10.1158/1078-0432.CCR-16-0049
https://doi.org/10.1158/1078-0432.CCR-16-0049
https://doi.org/10.1038/nrclinonc.2015.209
https://doi.org/10.1038/nrclinonc.2015.209
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1007/s10571-016-0366-z
https://doi.org/10.1007/s10571-016-0366-z
https://doi.org/10.3402/jev.v2i0.20389
https://doi.org/10.3402/jev.v2i0.20389
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1186/1479-5876-9-86
https://doi.org/10.1124/pr.112.005983
https://doi.org/10.1124/pr.112.005983
https://doi.org/10.1016/j.blre.2015.01.004
https://doi.org/10.1016/j.blre.2015.01.004
https://doi.org/10.1172/JCI81136
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1242/jcs.128868
https://doi.org/10.1242/jcs.128868
https://doi.org/10.1016/j.ceb.2015.04.013
https://doi.org/10.1016/j.ceb.2015.04.013
https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.4161/cib.28231
https://doi.org/10.4161/cib.28231
https://doi.org/10.1016/bs.acc.2015.12.005
https://doi.org/10.3390/vaccines3041019
https://doi.org/10.1038/nri3622
https://doi.org/10.1080/2162402X.2016.1261243
https://doi.org/10.1080/2162402X.2016.1261243
https://doi.org/10.1038/srep20254
https://doi.org/10.1038/srep20254
https://doi.org/10.4049/jimmunol.0900970
https://doi.org/10.4049/jimmunol.0900970
https://doi.org/10.1158/0008-5472.CAN-06-3456
https://doi.org/10.1158/0008-5472.CAN-06-3456

88

T.L. Whiteside

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Taylor DD, Gercel-Taylor C, Lyons KS, Stanson J,
Whiteside TL. T-cell apoptosis and suppression of
T-cell receptor/CD3-zeta by Fas ligand-containing
membrane vesicles shed from ovarian tumors. Clin
Cancer Res. 2003;9(14):5113-9.

Whiteside TL. Immune modulation of T-cell and NK
(natural killer) cell activities by TEXs (tumour-derived
exosomes). Biochem Soc Trans. 2013;41(1):245-51.
https://doi.org/10.1042/BST20120265.

Hong CS, Funk S, Muller L, Boyiadzis M, Whiteside
TL. Isolation of biologically active and morphologi-
cally intact exosomes from plasma of patients with
cancer. J Extracell Vesicles. 2016;5:29289. https://
doi.org/10.3402/jev.v5.29289.

Czystowska M, Han J, Szczepanski MJ, Szajnik
M, Quadrini K, Brandwein H, et al. IRX-2, a
novel immunotherapeutic, protects human T cells
from tumor-induced cell death. Cell Death Differ.
2009;16(5):708-18. https://doi.org/10.1038/
¢dd.2008.197.

Schuler PJ, Saze Z, Hong CS, Muller L, Gillespie
DG, Cheng D, et al. Human CD4(+) CD39(+) regula-
tory T cells produce adenosine upon co-expression of
surface CD73 or contact with CD73(+) exosomes or
CD73(+) cells. Clin Exp Immunol. 2014;177(2):531-
43. https://doi.org/10.1111/cei.12354.

Kim JW, Wieckowski E, Taylor DD, Reichert TE,
Watkins S, Whiteside TL. Fas ligand-positive mem-
branous vesicles isolated from sera of patients with
oral cancer induce apoptosis of activated T lympho-
cytes. Clin Cancer Res. 2005;11(3):1010-20.

Valenti R, Huber V, lero M, Filipazzi P, Parmiani
G, Rivoltini L. Tumor-released microvesicles
as vehicles of immunosuppression. Cancer Res.
2007;67(7):2912-5.  https://doi.org/10.1158/0008-
5472.CAN-07-0520.

YuS,LiuC, SuK, WangJ, Liu Y, Zhang L, et al. Tumor
exosomes inhibit differentiation of bone marrow den-
dritic cells. J Immunol. 2007;178(11):6867-75.

Luga V, Zhang L, Viloria-Petit AM, Ogunjimi AA,
Inanlou MR, Chiu E, et al. Exosomes mediate stro-
mal mobilization of autocrine Wnt-PCP signaling in
breast cancer cell migration. Cell. 2012;151(7):1542—
56. https://doi.org/10.1016/j.cell.2012.11.024.
Szajnik M, Czystowska M, Szczepanski MJ,
Mandapathil M, Whiteside TL. Tumor-derived
microvesicles induce, expand and up-regulate biologi-
cal activities of human regulatory T cells (Treg). PLoS
One. 2010;5(7):e11469. https://doi.org/10.1371/jour-
nal.pone.0011469.

Xiang X, Poliakov A, Liu C, Liu Y, Deng ZB, Wang J,
et al. Induction of myeloid-derived suppressor cells by
tumor exosomes. Int J Cancer. 2009;124(11):2621-
33. https://doi.org/10.1002/ijc.24249.

Battke C, Ruiss R, Welsch U, Wimberger P, Lang S,
Jochum S, et al. Tumour exosomes inhibit binding of
tumour-reactive antibodies to tumour cells and reduce
ADCC. Cancer Immunol Immunother. 2011;60(5):639—
48. https://doi.org/10.1007/s00262-011-0979-5.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Szczepanski MJ, Szajnik M, Welsh A, Whiteside
TL, Boyiadzis M. Blast-derived microvesicles in sera
from patients with acute myeloid leukemia suppress
natural killer cell function via membrane-associated
transforming growth factor-betal. Haematologica.
2011;96(9):1302-9. https://doi.org/10.3324/
haematol.2010.039743.

Hong CS, Muller L, Whiteside TL, Boyiadzis
M. Plasma exosomes as markers of therapeutic
response in patients with acute myeloid leukemia.
Front Immunol. 2014;5:160. https://doi.org/10.3389/
fimmu.2014.00160.

Figueiro F, Muller L, Funk S, Jackson EK, Battastini
AM, Whiteside TL. Phenotypic and functional char-
acteristics of CD3%high human regulatory B cells
(Breg). Oncoimmunology. 2016;5(2):e1082703.
https://doi.org/10.1080/2162402X.2015.1082703.
Bretz NP, Ridinger J, Rupp AK, Rimbach K, Keller
S, Rupp C, et al. Body fluid exosomes promote
secretion of inflammatory cytokines in monocytic
cells via toll-like receptor signaling. J Biol Chem.
2013;288(51):36691-702.  https://doi.org/10.1074/
jbc.M113.512806.

Liu Y, Xiang X, Zhuang X, Zhang S, Liu C, Cheng Z,
et al. Contribution of MyD88 to the tumor exosome-
mediated induction of myeloid derived suppressor
cells. Am J Pathol. 2010;176(5):2490-9. https://doi.
org/10.2353/ajpath.2010.090777.

Cai J, Wu G, Jose PA, Zeng C. Functional trans-
ferred DNA within extracellular vesicles. Exp Cell
Res. 2016;349(1):179-83. https://doi.org/10.1016/].
yexcr.2016.10.012.

Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche
L, Sena-Esteves M, et al. Glioblastoma microvesicles
transport RNA and proteins that promote tumour
growth and provide diagnostic biomarkers. Nat Cell
Biol. 2008;10(12):1470-6. https://doi.org/10.1038/
ncb1800.

Ruan K, Fang X, Ouyang G. MicroRNAs: novel
regulators in the hallmarks of human cancer. Cancer
Lett. 2009;285(2):116-26. https://doi.org/10.1016/j.
canlet.2009.04.031.

Esquela-Kerscher A, Slack FJ.  Oncomirs—
microRNAs with a role in cancer. Nat Rev Cancer.
2006;6(4):259-69. https://doi.org/10.1038/nrc1840.
Ye SB, Li ZL, Luo DH, Huang BJ, Chen YS,
Zhang XS, et al. Tumor-derived exosomes promote
tumor progression and T-cell dysfunction through
the regulation of enriched exosomal microRNAs
in human nasopharyngeal carcinoma. Oncotarget.
2014:5(14):5439-52.

Whiteside TL. The potential of tumor-derived exo-
somes for noninvasive cancer monitoring. Expert Rev
Mol Diagn. 2015;15(10):1293-310.

Sato-Kuwabara Y, Melo SA, Soares FA, Calin
GA. The fusion of two worlds: non-coding RNAs and
extracellular vesicles—diagnostic and therapeutic
implications (review). Int J Oncol. 2015;46(1):17-27.
https://doi.org/10.3892/ij0.2014.2712.


https://doi.org/10.1042/BST20120265
https://doi.org/10.3402/jev.v5.29289
https://doi.org/10.3402/jev.v5.29289
https://doi.org/10.1038/cdd.2008.197
https://doi.org/10.1038/cdd.2008.197
https://doi.org/10.1111/cei.12354
https://doi.org/10.1158/0008-5472.CAN-07-0520
https://doi.org/10.1158/0008-5472.CAN-07-0520
https://doi.org/10.1016/j.cell.2012.11.024
https://doi.org/10.1371/journal.pone.0011469
https://doi.org/10.1371/journal.pone.0011469
https://doi.org/10.1002/ijc.24249
https://doi.org/10.1007/s00262-011-0979-5
https://doi.org/10.3324/haematol.2010.039743
https://doi.org/10.3324/haematol.2010.039743
https://doi.org/10.3389/fimmu.2014.00160
https://doi.org/10.3389/fimmu.2014.00160
https://doi.org/10.1080/2162402X.2015.1082703
https://doi.org/10.1074/jbc.M113.512806
https://doi.org/10.1074/jbc.M113.512806
https://doi.org/10.2353/ajpath.2010.090777
https://doi.org/10.2353/ajpath.2010.090777
https://doi.org/10.1016/j.yexcr.2016.10.012
https://doi.org/10.1016/j.yexcr.2016.10.012
https://doi.org/10.1038/ncb1800
https://doi.org/10.1038/ncb1800
https://doi.org/10.1016/j.canlet.2009.04.031
https://doi.org/10.1016/j.canlet.2009.04.031
https://doi.org/10.1038/nrc1840
https://doi.org/10.3892/ijo.2014.2712

6 Exosomes in Cancer: Another Mechanism of Tumor-Induced Immune Suppression 89

48.

49.

Carissimi C, Carucci N, Colombo T, Piconese S,
Azzalin G, Cipolletta E, et al. miR-21 is a nega-
tive modulator of T-cell activation. Biochimie.
2014;107 Pt B:319-26. https://doi.org/10.1016/].
biochi.2014.09.021.

Hong CS, Muller L, Boyiadzis M, Whiteside
TL. Isolation and characterization of CD34+ blast-
derived exosomes in acute myeloid leukemia. PLoS

One. 2014;9(8):e103310. https://doi.org/10.1371/
journal.pone.0103310.

50. Funk S, Floros T, Hong CS, Jackson EK, Lang S,
Whiteside TL. Suppression of lymphocyte functions
by plasma exosomes correlates with disease activity
in patients with head and neck cancer. Clin Cancer
Res. 2017;23(16):4843-54.


https://doi.org/10.1016/j.biochi.2014.09.021
https://doi.org/10.1016/j.biochi.2014.09.021
https://doi.org/10.1371/journal.pone.0103310
https://doi.org/10.1371/journal.pone.0103310

Chemo-Immunotherapy: Role

of Indoleamine 2,3-Dioxygenase
in Defining Immunogenic Versus
Tolerogenic Cell Death

in the Tumor Microenvironment

Theodore S. Johnson, Tracy Mcgaha,

and David H. Munn

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
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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 IFNy [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 TLRO [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,

91

P. Kalinski (ed.), Tumor Immune Microenvironment in Cancer Progression and Cancer Therapy,

Advances in Experimental Medicine and Biology 1036,
https://doi.org/10.1007/978-3-319-67577-0_7


mailto:thjohnson@augusta.edu
mailto:dmunn@augusta.edu
mailto:dmunn@augusta.edu

92

T.S. Johnson et al.

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
GCN?2 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 (Zkzf4) 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 s 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
cellsareinvisible 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 TGF, 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 TGFB 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
TGFp 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 TGFp 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 TNFa, 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 IFNy 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
(IFNa and IFNB), driven in part by “danger” sig-
nals released by dying tumor cells [104].
Likewise, following chemotherapy, dying tumor
cells may release HMGBI, 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 PGE, [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
IDOL1 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 IDOI, 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 IDOI 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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8.1 Introduction

The bone marrow is comprised of two types of
progenitor cells: myeloid stem cells and lym-
phoid stem cells. Myeloid cells are the most
numerous and functionally diverse types of cells
that the bone marrow produces [1]. A subset of
myeloid cells called immature myeloid cells
(IMCs) or myeloid derived suppressor cells
(MDSCs) have gained interest, because they play
a key role in tumor development, growth, pro-
gression, and resistance to therapy [2, 3]. MDSCs
affect the local tumor microenvironment by sup-
pressing host immune responses; many studies
have identified a correlation between the number
of MDSCs in the peripheral blood of cancer
patients with the clinical stage and metastatic
tumor burden [4-6]. To improve the outcomes
and efficacy of current treatment regimens, thera-
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peutic strategies targeting MDSCs are being
explored. This chapter will briefly introduce
MDSCs to provide context about the current and
potential treatment modalities targeting MDSCs
in the tumor environment.

8.2 Development of MDSCs
Normally, hematopoietic stem cells mature into
lymphoid or myeloid precursor cells depending
on the local environment and cytokine/growth
factor balance. As a stem cell becomes a mature
myeloid cell, the local factors continue to shape
the final cell type (e.g., monocyte and granulo-
cyte) [7-9]. IMCs or MDSCs are a less common
product of myeloid precursor cells and account
for approximately 0.5% of peripheral blood
mononuclear cells [5, 10-12]. Traveling from the
bone marrow to the peripheral tissue, they quickly
differentiate into mature granulocytes, macro-
phages, and dendritic cells (DCs) based on their
environment. However, inflammatory conditions
such as cancer, sepsis, and trauma can promote
factors that block the differentiation of MDSCs
into more mature forms. As much as a 10-fold
accumulation can be observed through suppres-
sive feed-back loops including a host of factors:
IL-6, IL-1, granulocyte colony stimulating factor,
fms-related tyrosine kinase 3 ligand, and trans-
forming growth factor-beta (TGF-) [5, 10-13].
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8.3  Phenotypes 8.4  Mechanisms of MDSC-

Induced
Although MDSCs were described two decades Immunosuppression

ago, defining their phenotypic profile has been
difficult [14]. The heterogeneous population of
cells is characterized by only some of the granu-
locytic and monocytic surface markers of fully
differentiated monocytes, macrophages, and den-
dritic cells [15]. Additionally, murine MDSC
phenotypes studied in cancer models differs from
those found in humans, complicating their
characterization.

Tumor suppressing cells in mice with cancer
were first described as cluster designation (CD)
11b+ and lymphocyte antigen 6 complex (Ly6)
locus C positive and were later elucidated as
mostly two cell types: monocyte and granulocyte
[7]. Monocytic MDSCs (M-MDSCs) express
CD11b and Ly6C, whereas granulocytic MDSCs
(G-MDSCs) express CD11b and Ly6 locus G
[16-19]. Although the two populations can
express additional markers, CD11b and Ly6 are
the minimum defining criteria for murine MDSCs
[19]. The specific roles of each subtype are still
being investigated, but the overall goal of MDSCs
remains to decrease the immune response to a
stimulus [20-22].

In humans, MDSCs are only defined by con-
sensus because identification of specific bio-
markers is not as straightforward due to their
large heterogeneity. MDSCs often express
CD11b+, CD33+, and HLA-DR weak positive/
negative and are also subdivided into two popu-
lations [23]. Typically, M-MDSCs are CD14+
and G-MDSCs are CD66b+ [11, 12, 24]. The
diverse phenotypes arise from the tumor environ-
ment milieu favoring the development of unique
MDSC subtypes [6]. For example, renal cell car-
cinoma patients express CDI14-, CDI15+,
CDI11b+, and CD66b+ G-MDSCs, while mela-
noma patients display CD14+ and weakly posi-
tive HLA-DR2 M-MDSCs [25, 26].

MDSCs modulate the host environment through
a number of mechanisms: depletion of amino
acids, oxidative stress, decreased trafficking of
antitumor effector cells, and increased regulatory
T (Treg) and regulatory DC (regDCs) cell
responses [1]. MDSC subgroups exert distinct
immunosuppressive functions that favor the
proliferation of tumors depending on the local
environment. While G-MDSCs account for
70-80% of the MDSC population, they are less
immunosuppressive than M-MDSCs [7].

8.4.1 Depletion of Amino Acids

and Oxidative Stress

MDSCs can modulate local concentrations of
L-arginine that is required for T cell regulation
and maturation, suppressing antitumor CD4+ and
CD8+ T cells, and promoting tumor formation
[7]. Each MDSC subtype disrupts L-arginine,
which affects T cell function, through different
mechanism(s): arginase-1, inducible nitric oxide
synthase (iNOS), or reactive oxygen and nitrogen
species (ROS and RNS). M-MDSCs decrease
L-arginine directly via arginase-1 to produce
L-ornithine, blocking the T cell cycle via
decreased expression of T cell receptors [27].
They also halt the T cell cycle by combining
iNOS and L-arginine to form nitric oxide (NO)
and urea, preventing the upregulation of cyclin
D3 and cyclin-dependent kinase 4 [4, 28]. Finally,
T cell apoptosis can be induced by a Fas-
dependent pathway with M-MDSC nitric oxide
formation further reducing T cell numbers [29].
G-MDSCs mainly target antitumor effector
CD8+ T cells through ROS that can form per-
oxynitrite, a powerful nitrating agent. T cell
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receptors lose the ability to recognize MHC pep-
tides when nitrated, and subsequently, their anti-
tumor activity [30].

Methionine is another essential amino acid
needed for normal T cells function and is sup-
plied by antigen presenting cells [31]. DCs and
macrophages import cysteine to create methio-
nine for secretion and also release thioredoxin
catalyzing cysteine to methionine. In the tumor
microenvironment, MDSCs transport cysteine
intracellularly depriving T cells of methionine
[32].

8.4.2 Decreased Trafficking
of Antitumor T Cells

MDSCs promote uninhibited tumor growth of
many cell types by altering the cytokine milieu
via the production of CC-chemokine ligand
(CCL) 2, CCL3, and CCL4 in G-MDSCs, and
CCL2,CCL3,CCLA4,IL-6,and IL-8 in M-MDSCs
[33]. In the tumor environment, MDSC levels are
inversely correlated with L-selectin concentra-
tions, which decrease the T cell migration to
lymph nodes [34]. Additionally, MDSCs can
indirectly affect the antitumor T cell responses
through the production of IL-10 and TGF-$ to
recruit immunosuppressive regulatory T (Treg)
cells [35]. By inhibiting CD8+ T cells, the host
cannot mount an antitumor response leading to
unrestrained tumor growth.

8.5 Therapeutic Targeting

of MDSCs

A number of methods are being devised to favor
an immune response that destroys tumors, rang-
ing from experimental studies in murine models
to Food and Drug Administration-approved ther-
apies. Specifically, MDSC targeting is an attrac-
tive option, because the large network of
interactions that MDSCs’ influence can cause
many downstream effects promoting multifac-
eted tumor destruction. Early observations in
cancer patients demonstrated that the concentra-
tion of peripheral blood MDSCs were positively

correlated with tumor burden and clinical stage;
surgical removal of tumors decreased the con-
centration of MDSCs in blood [5, 6, 12]. Many of
the current studies demonstrating the effective-
ness of MDSC therapies are in murine models or
early clinical trials. Treatment strategies can be
categorized as: inhibiting MDSC development
and expansion, inhibiting MDSC function, dif-
ferentiating MDSCs into more mature cells, and
destroying MDSCs (Figs. 8.1 and 8.2).

8.5.1 Inhibiting MDSC
Development and Expansion

(Fig. 8.3)

8.5.1.1 Stem Cell Factor Blockade

Stem cell factor is highly expressed by tumor
cells and can enhance the development and
migration of MDSCs to tumors [8]. Decreasing
stem cell factor in mice with small interfering
RNA and tyrosine kinase inhibitors such as suni-
tinib, pazopanib, and sorafenib reduced the
development of MDSCs in the bone marrow [36,
37]. Murine colon carcinoma and lung cancer
treated with stem cell factor blocking agents
showed increased anti-tumor responses, tumor
shrinkage, and increased survival. Mice with
renal cell carcinoma also showed decreased num-
bers of MDSCs; similar effects were observed in
renal cell carcinoma patients [37—40]. Clinical
trials evaluating stem cell factor levels with tyro-
sine kinase therapy are ongoing. Kinase inhibi-
tors will be discussed further in a subsequent
section.

8.5.1.2 Modulators of Cell Signaling

JAK2-STAT3 Inhibition

The Janus kinase (JAK) and STAT pathway is
one method of intracellular regulation of the
immune response via cytokines [41]. When JAK
is phosphorylated and subsequently activated,
STATs are translocated into the nucleus where
they regulate gene transcription. Constitutive
activation of the JAK-STAT pathway immortal-
izes cells and causes uncontrolled cell prolifera-
tion. Unregulated JAK-STAT has been implicated
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ucts, ROS reactive oxygen species, STAT signal transducer
and activator of transcription, 7LR4 toll like receptor 4,
TDE tumor-derived exosome, VEGF vascular endothelial
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in the proliferation of MDSCs via anti-apoptotic
and pro-proliferative genes [42]. The arginase-1
and iNOS immunosuppressive activities by
M-MDSC:s are controlled via STAT1, and prolif-
eration and ROS formation by G-MDSCs are
regulated via STAT3 [20, 43].

Inhibition of the JAK-STAT pathway has been
accomplished with various inhibitors in ongoing
and completed clinical trials [44]. One particular
STAT3 inhibitor derived from the herb Curcuma
longa Linn, a component of the spice turmeric,
was tested for an effect on the MDSC population
[45, 46]. The herb derivative curcumin prevented
STAT3 activation, and as a result, decreased
tumor intracellular growth factors [47]. Mice
with colon and gastric cancer treated with oral or
intraperitoneal curcumin had fewer MDSCs at
the tumor site and in their blood [48]. As expected,
G-MDSCs decreased in number due to STAT3
inhibition, but unexpectedly, ~M-MDSCs
expressed markers associated with a phenotype
that promoted tumor destruction [49].

Clinical trials with Curcuma longa Linn deriv-
atives have grappled with poor oral absorption,
but oral administration of curcumin down-
regulated STAT3 activation by 69% in multiple

myeloma patients. A phase Ila clinical trial of
curcumin decreased pre-malignant colorectal
growths including aberrant crypt foci and adeno-
mas by 40% when treated with 4 g instead of 2 g
of curcumin [50]. Histologic improvements in
patients with precancerous lesions were also seen
in: 50% of those with resected bladder cancer,
29% with oral leukoplakia, 17% with intestinal
metaplasia of the stomach, 25% with cervical
intraepithelial neoplasia, and 33% with Bowen’s
disease [51]. Administration of another deriva-
tive, curcurbitacin B, demonstrated differentia-
tion of MDSCs to DCs in lung cancer patients in
vitro [52].

Vascular Endothelial Growth Factor (VEGF)
Inhibition

Neovascularization in tumors is fueled in part by
high levels of VEGF, but directed targeting of the
growth factor has demonstrated limited benefit
on MDSCs. Renal cell carcinoma patients with
elevated VEGF concentrations were treated with
anti-VEGF and had increased numbers of mature
circulating DCs [25]. However, the total immune
response and the number of MDSCs were
unchanged. A phase I clinical trial of a VEGF
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trap—a fusion protein attached to the Fc region
of a human IgG antibody that can bind all VEGF
isomers—also failed to decrease MDSC levels
[53, 54]. These studies suggest that a broad treat-
ment approach rather than directed VEGF inhibi-
tion may be needed to affect MDSCs.

Multi-Kinase Inhibition

Multi-kinase inhibitors like sunitinib disrupt cell
functions by stopping multiple tyrosine kinase
signaling pathways including VEGF and stem
cell factor receptors [55]. The wide-spread inter-
ference causes apoptosis of tumor cells and quan-
titatively decreases immunosuppressive cells [56,
57]. Mice treated with sunitinib had decreased
pro-tumor cytokines, decreased MDSCs, and
Treg cells as well as improved survival when
combined with a dendritic cell vaccine.

The murine model studies of sunitinib trans-
lated into sustained changes in clinical trials.
Currently, the Food and Drug Administration has
approved sunitinib as a first-line treatment of met-
astatic renal cell carcinoma and for gastrointesti-
nal stromal tumors that do not respond to imatinib.
Renal cell carcinoma patients demonstrated fewer
circulating MDSCs and Treg cells; however,
tumor explants showed minimal changes in
MDSCs and pro-tumor factors like metallopro-
teinases [38, 40, 58, 59]. Further investigation
revealed sunitinib resistance can occur when high
levels of granulocyte macrophage-CSF in renal
cell carcinoma patients circumvented the inhibi-
tion of STAT3 by sunitinib [38, 58, 60].
Combination therapy with cancer vaccines may
aid the efficacy of multi-kinase inhibitors.

8.5.1.3 MDSC Migration
and Recruitment

Anti-glycan

In the tumor microenvironment, the receptor for
advanced glycation end products (RAGE) is
modified with glycans and acts on the comple-
mentary MDSCs ligand S100A8/9 in mice [61,
62]. This interaction causes MDSCs to migrate
and accumulate at the tumor site. Anti-glycans
prevent ST00A8/9 from binding with RAGE and
can inhibit MDSC buildup and tumor growth by

decreasing favorable tumor conditions. Murine
colon carcinoma treated with chemotherapy and
anti-glycan mAbGB3.1 had a reduced colon
carcinoma formation and circulating pro-tumor
cytokines [63]. Currently, there are no human
studies exploring anti-glycan on tumor formation
and growth.

Colony Stimulating Factor Receptor-1
Inhibition

Tumors produce a favorable environment for
growth through many mechanisms including
cytokines such as colony stimulating factor-1
(CSF-1) [64]. Myeloid cells express CSF-1
receptor resulting in MDSC proliferation and
myeloid cell differentiation into MDSCs [65,
66]. Murine cancer models show increased secre-
tions of cytokines that can be blocked with CSF-1
receptor inhibitors [67, 68]. Altering the cytokine
milieu decreased the MDSC-mediated tumor
burden, tumor angiogenesis, and activation of
immunosuppressive genes. CSF-1 antibodies
also prevented tumor-induced MDSC accumula-
tion as tumor destruction increases CSF-1 release.
In irradiated mice with prostate cancer, blocking
the cytokine effects decreased tumor growth
compared with only irradiated mice [69]. A clini-
cal trial utilizing PLX3397, a colony stimulating
factor-1 receptor inhibitor, with adoptive cell
therapy of T cells enhanced tumor infiltrating T
cells and decreased tumor MDSCs compared
with monotherapy alone [64].

Anti-interleukin-17

CD4+ and CD8+ T cells secrete inflammatory
cytokine IL-17 attracting leukocytes to areas of
inflammation; however in tumors, IL-17 prevents
CD8+ T cells infiltrating tumors and boosts
MDSC in tumor sites [70]. Mice deficient in
IL-17 receptors had greater T cell migration into
tumors and lower MDSC levels. The same result
was observed when anti-IL-17 was used to treat
tumor-bearing mice. There are no clinical trials
evaluating IL-17 antibodies at this time.

Metalloproteinase-9 Inhibition
Metalloproteinase-9 initiates osteoclast-mediated
bone resorption and post-translational modifica-
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tions to proteins via farnesyl-diphosphate syn-
thase [71]. Metalloproteinase-9 also mobilizes
MDSCs from the bone marrow and distal sites by
cleaving c-kit and increasing VEGF [72].
N-bisphosphonate is a metalloproteinase-9 inhib-
itor that can decrease the movement of MDSCs
to tumors. Mice treated with the inhibitor had
reduced levels of metalloproteinase-9 and VEGF
as well as a lower tumor burden compared with
control mice [73]. The addition of a plasmid vac-
cine improved the host antitumor response and
decreased tumor-induced bone marrow hemato-
poiesis. Mice with pancreatic cancer treated with
zoledronic acid, a N-bisphosphonate, were asso-
ciated with slower tumor growth, increased sur-
vival, and more antitumor T cells at the tumor
site [74].

The benefits metalloproteinase-9 inhibition on
MDSCs in mice has not been easily translated in
the treatment of human malignancies.
Premenopausal women with estrogen receptor
positive breast cancer treated with endocrine
therapy (anastrozole and tamoxifen) had equiva-
lent rates of disease-free survival compared with
zoledronic acid alone [75]. The combination of
the two therapies increased the disease-free sur-
vival rate from 90.8% to 94% at 47.8 months.
Another study observed that women with a high
risk of breast cancer metastasis treated with a clo-
dronate (another N-bisphosphonate) for 2 years,
surgery, and adjuvant therapy had reduced bony
and organ metastasis [76]. After 36 months,
women treated with clodronate had half as many
metastatic bone lesions as the control group.

Although these findings suggest a beneficial
effect of N-bisphosphonates, the mechanism of
action may be independent of MDSC:s. In a phase
1 clinical trial of non-metastatic, resectable pan-
creatic ductal adenocarcinoma patients treated
with zoledronic acid, G-MDSC levels were mea-
sured before and after treatment [76]. In addition
to no benefit in the overall and progression free
survival, blood and bone marrow concentrations
of G-MDSCs did not change. Further research is
needed to resolve the conflicting reports of
N-bisphosphonate therapy in cancer treatment in
relation to MDSCs.

Vemurafenib

Melanomas often have constitutive VOOOE BRAF
mutations in the mitogen-activated protein kinase
pathway and can be targeted with vemurafenib
[77, 78]. This agent causes tumor apoptosis and
modulates the tumor microenvironment by
affecting MDSC recruitment. Vemurafenib
treated melanoma had decreased circulating
M-MDSC and G-MDSC numbers and in vitro
studies suggested that MDSC migration was
inhibited because melanoma cells were no longer
secreting factors that attracted MDSCs. A phase I
clinical trial exploring vemurafenib and ipilim-
umab treatment was discontinued due to severe
liver toxicity [79].

Anti-prokinecticin

Prokinecticin facilitates tumor angiogenesis and
mobilization of cells from the bone marrow such
as MDSCs [80]. Anti-prokinecticin inhibited the
growth of tumors and suppressed angiogenesis
[80, 81]. When combined with weekly, low-dose
continuous (metronomic chemotherapy) gem-
citabine, there was a reduction in tumor growth,
angiogenesis, and metastasis of murine pancre-
atic adenocarcinoma [82]. Currently, there are no
clinical trials of anti-prokinecticin agents.

Anti-CCL2

Tumor cells and stroma secrete CCL2 promoting
angiogenesis, macrophage infiltration, tumor
extension, and tumor metastasis [83]. Animals
treated with anti-CCL2 and docetaxel inhibited
the growth of prostate cancer in bone with lasting
effects even after discontinuation of treatment
[84]. A phase II clinical trial of patients with met-
astatic castrate-resistant prostate cancer previ-
ously treated with docetaxel were additionally
given carlumab, an anti-CCL2 [83]. Although the
drug was well tolerated, no antitumor activity
was observed.

IL-6 Receptor Inhibition

IL-6 is a cytokine that is associated with suppres-
sion of CD8+ T cells and enhancement of
MDSCs. Blocking IL-6 receptors with a mono-
clonal antibody in mice with squamous cell car-
cinoma reduced tumor growth, decreased MDSC
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subtypes, and improved T cell function [85]. The
addition of gemcitabine enhanced the suppres-
sion of MDSCs and T cell response via IFN-y
production. There are multiple ongoing clinical
trials including ovarian cancer patients treated
with chemotherapy and tocilizumab, an IL-6
receptor inhibitor.

Inhibition of MDSC Function
(Fig. 8.4)

8.5.2

8.5.2.1 Nitric Oxide Inhibition

Nitroaspirin

Nitroaspirin consists of a nitric oxide group cova-
lently linked to aspirin that suppresses the pro-
duction of ROS and iNOS from restoring
L-arginine levels in T cells [86]. A study of AT38,
or [3-(aminocarbonyl)furoxan-4-ylJmethyl salic-
ylate, found decreased MDSC-induced nitration
of T cell receptors, improving CCL2 binding and
T cell tumor infiltration in mice [87]. Other

Therapies Inhibiting MDSC Function

W. Anani and M.R. Shurin

nitroaspirins tested in mice with colon carcinoma
identified improved T cell proliferation and activ-
ity, decreased MDSC tumor infiltration, and
slower tumor growth [67]. However, no tumor
shrinkage or increased survival was noted until
the addition of a DNA vaccine. Mice with colon
cancer and mammary cancer cell lines treated for
18 days with a nitroaspirin drug and a DNA vac-
cine outlived matched mono-therapy mice and
had fewer tumors develop at 120 days. A phase |
clinical trial (NCT00331786 at clinicaltrials.gov)
evaluating the effectiveness of nitroaspirin pre-
venting colorectal carcinoma in high risk patients
is currently in progress.

Phosphodiesterase-5 Inhibition

Phosphodiesterase-5 (PDE-5) inhibitors, such as
tadalafil and sildenafil, prevent the breakdown of
cyclic guanosine monophosphate decreasing
arginase-1 and iNOS expression [88]. Although
unclear, the mechanism of action may result from
high cyclic guanosine monophosphate levels
decreasing signal transducer and activator of
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Fig. 8.4 A summary of treatments aimed at inhibiting
MDSC function. COX-2 cyclooxygenase-2, G-MDSC
granulocyte-myeloid derived suppressor cell, iNOS induc-
ible nitric oxide synthase, M-MDSC monocyte-myeloid
derived suppressor cell, NADPH dihydronicotinamide-

adenine dinucleotide phosphate, NO nitric oxide, PDE-5
phosphodiesterase-5, PGE prostaglandin E, RNS reactive
nitrogen species, ROS reactive oxygen species, STAT sig-
nal transducer and activator of transcription, TCR T cell
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transcription (STAT) 6 activity and concentra-
tions of iINOS and argininase-1 in MDSCs.
Amino acids essential to T cell function such as
cysteine and tryptophan may also be increased
with PDE-5 inhibitors. Other proposed mecha-
nisms include destabilizing iNOS mRNA and
decreasing cytosolic calcium concentrations to
reduce MDSC calcium-dependent protein kinase
C signal transduction.

Murine models with colon cancer, mammary
adenocarcinoma, fibrosarcoma, and melanoma
have demonstrated delayed tumor growth treated
with PDE-5 inhibitors [88, 89]. Sildenafil
decreased iNOS in MDSCs, increased infiltration
of CD4+ and CD8+ T cells, and improved the
potency of adoptive T cell transfer therapy—an
autologous transfer of T cells following in vitro
treatment. Mice with colon cancer had improved
CD8+ T cell activity conferring a stronger antitu-
mor response. PDE-5 inhibitors were also noted
to change the local tumor milieu to favor of tumor
destruction by decreasing concentrations of
IL-18, VEGF, CSF, IL-6, S100A9, CCL2,
CCL3 in mice with metastatic melanoma [89].
Although tumor growth was decreased, murine
models failed to demonstrate shrinkage or eradi-
cation of tumors.

PDE-5 studies in cancer patients have shown
promise as a monotherapy and combined with
other treatments. /n vitro sildenafil administra-
tion of head and neck carcinoma and multiple
myeloma blood samples demonstrated antitumor
T cell expansion. Several ongoing clinical trials
are expanding on this work and should provide
evidence for the use of PDE-5 inhibitors [88].
Current phase II studies identifying improvement
in treatment response include multiple myeloma
patients receiving lenalidomide and dexametha-
sone with and without tadalafil (NCT01374217
at clinicaltrials.gov) and tadalafil following sur-
gical removal of oropharyngeal and oral squa-
mous cell carcinoma (NCT00843635 at
clinicaltrials.gov). The efficacy of cytotoxic ther-
apies with PDE-5 inhibitors in untreated non-
small cell lung carcinoma patients is also being
evaluated in a randomized control trial of silde-
nafil with and without carboplatin and taxol
(NCTO00752115 at clinicaltrials.gov). Finally, a

clinical trial of pancreatic carcinoma patients
receiving tadalafil and a telomerase vaccine as
immunotherapy in addition to chemotherapy and
radiation will monitor for improved outcomes.

8.5.2.2 Reactive Oxygen and Nitrogen
Species Inhibition

Reactive Nitrogen Species

MDSCs and tumor cells produce RNS such as
peroxynitrite that are toxic to myeloid and lym-
phoid cells. They can prevent T cell migration
and proper functioning by: inducing apoptosis,
decreased protein tyrosine phosphorylation via
nitration of tyrosine residues, nitrating voltage-
gated anion channels, and nullifying CCL2 [8,
90-92]. Without CCL2 directing T cells to the
tumor site, they surround the malignancy without
being able to invade. Prostate, colon, liver, and
breast cancer in mice and humans produce high
concentrations of RNS [90]. Mice with prostate
cancer, colon cancer, and thymomas treated with
AT38 ([3-(aminocarbonyl) furoxan-4-yl]methyl
salicylate) had decreased arginase-1, iNOS, and
peroxynitrite leading to a massive influx of CD8+
T cells into the tumors [87]. When combined
with adoptive cell therapy, the primed cancer-
killing cells could be driven into tumors and lead
to tumor eradication [93].

Triterpenoids
Synthetically produced triterpenoids activate
multiple antioxidant genes through the transcrip-
tion factor nuclear factor (erythroid-derived
2)-like 2 [94]. Up-regulation of genes controlling
NAPH, thioredoxin, catalase, superoxide dis-
mutase, and heme-oxygenase reduce ROS intra-
cellularly to counteract the effects of MDSCs
[95]. Bardoxolone methyl or CDDO-ME is a
synthetic triterpenoid based on the scaffold of
oleanolic acid that is actively being studied [96].
Mice with colon carcinoma, lung carcinoma,
and thymomas treated with bardoxolone methyl
had increased activation of NQO1, an antioxi-
dant enzyme. Treatment led to decreased levels
of reactive oxygen and nitrogen species, led to
decreased tumor growth and improved T cell
function [95]. Tumors treated in combination
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with a vaccine composed of genetically modi-
fied dendritic cells had a synergistic effect.
However, MDSC numbers, viability, and levels
of NO and arginase-1 were not influenced by
triterpenoids.

Many of the triterpenoids clinical trials
focused on treatment of chronic kidney disease
and pulmonary hypertension but few studies
have investigated triterpenoids in cancer patients.
In humans, small doses of bardoxolone methyl in
renal cell carcinoma were found to nullify
MDSC-inhibited T cells in vivo [97]. However, a
phase I trial of patients with solid tumors and
lymphoid malignancies showed biopsy-proven
decreases in iNOS, cyclooxygenase-2 (COX-2),
and arginase-1 with disease stabilization in some
patients [98]. A phase II trial of bardoxolone
methyl in patients with unresectable pancreatic
cancer will be forthcoming.

Prostaglandin and Arginase Inhibition

Cyclooxygenase-2 Inhibition

MDSCs create an immunosuppressive environ-
ment by producing (PGE,), which is regulated
through the enzyme COX-2 [99]. PGE, activates
prostaglandin E (PGE) receptors on MDSCs and
alters the differentiation of MDSCs and macro-
phages. In the bone marrow, PGE, receptors
hamper the maturation of MDSCs into antigen
presenting cells, while increased PGE, changes
monocytes into MDSCs via increased expression
of indoleamine 2,3- dioxygenase (IDO), IL-4Ra,
iNOS, and IL-10 [100, 101].

Blocking the production of PGE, with COX-2
inhibitors showed reduced levels in renal cell
carcinoma, colon carcinoma, and head and neck
tumors [99]. Mice models treated with COX-2
inhibitors led to a 50% reduction in tumor growth
rate and decreased levels of MDSCs [102]. PGE--
producing murine lung carcinoma receiving
COX-2 inhibitors had decreased MDSC argi-
nase-1 and slower tumor growth [103]. COX-2
inhibitors may also provide other antitumor
effects. Aspirin and celecoxib, COX-2 inhibitors,
decreased MDSC recruitment and increased
CDS8+ T cell tumor infiltration in gliomas and
colon carcinoma by decreasing CCL2 and

increasing CXC motif chemokine 10 concentra-
tions, respectively [43, 104]. Currently, there are
no clinical trials exploring COX-2 inhibition on
MDSCs.

N-hydroxy-L-arginine and N¢-nitro-L-arginine
Methyl Ester Inhibition
N-hydroxy-L-arginine is an intermediate in the
conversion of arginine to citruline and NO by
iNOS [4]. They are potent physiologic inhibitors
of arginase-1, the major immunosuppressive
mechanism of MDSCs. Animals exposed to the
intermediates demonstrated inhibition of MDSC
function, and mice with B cell lymphoma treated
with N-hydroxy-L-arginine had decreased num-
bers of Treg cells and improved immune
responses to the cancer [105].
NC-nitro-L-arginine methyl ester (L-NAME)
is another intermediate that inhibits iNOS and
arginase-1 [106, 107]. Mice with colon carci-
noma and lymphoma had slower tumor growth
and improved anti-tumor responses when
exposed to L-NAME [108]. Treatment also
improved survival in mice with transplanted
prostate cancer, but in vitro studies demonstrated
the continued dysfunction of CD8+ T cells.
Further work on the above intermediates in clini-
cal trials may provide information their efficacy
in human malignancies.

8.5.3 Inducing MDSC
Differentiation/Depletion

of MDSCs (Fig. 8.5)

8.5.3.1 Vitamins Aand D

Early work showed that Vitamins A and D may aid
in differentiation of MDSCs to more mature cells
through an unknown mechanism. Mice that were
vitamin A deficient had larger numbers of MDSCs
in their bone marrow than Vitamin A replete mice
[109]. Similar results were observed in mice with
lung cancer and patients with non-small cell lung
cancer 3 weeks before surgery [110, 111]. After
treatment with la, 25-hydroxyvitamin D3, MDSC
levels increased and tumors showed a greater
number of mature dendritic cells than immature
myeloid and dendritic cells. Patients with squa-
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Fig.8.5 A summary of
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mous cell carcinoma of the head and neck treated
with high dose Vitamin D also showed fewer
immature myeloid cells as well as increased IL-12
and interferon-gamma, which defend against
tumor development [112].

Clinical trials (NCTO01409681 and
NCT00794547 at clinicaltrials.gov) investigating
Vitamin D treatments include studies on non-
small cell lung cancer [113, 114]. Patients with a
new diagnosis of non-small cell lung cancer and
treated with la, 25-hydroxyvitamin D3 before
surgical treatment showed increased intratumoral
lymphocytes. Tumor recurrence after surgery
was extended from 181 to 620 days compared to
the untreated patients.

8.5.3.2 All-Trans Retinoic Acid

Vitamin A metabolism produces all-trans retinoic
acid, among other metabolites, to act on retinoid—
activated transcriptional regulators in DNA mod-
ulating transcription [115]. In myeloid cells,
all-trans retinoic acid targets genes responsible
for cell maturation that are less likely to favor
tumor growth; maturing MDSCs into DCs, gran-
ulocytes, and monocytes [116, 117]. Mice with
fibrosarcomas and mammary adenocarcinomas
receiving all-trans retinoic acid showed MDSC

1
cruitment I——Vemurafenib

maturation [117]. In combination with a DC vac-
cine, tumors decreased in size and CD4+ T cells
regained functionality. Mice treated with a vac-
cine targeting the human papilloma virus 16 pro-
tein E7 and all-trans retinoic acid displayed a
three-fold decrease in tumor growth and IFN-y
production, a tumor promoting cytokine.
Additionally, antitumor T cell responses could be
elicited 4 weeks after tumor inoculation in mice
with sarcomas.

Based on the initial findings, clinical trials
were started evaluating all-trans retinoic acid in
various malignancies. Renal cell carcinoma
patients with high serum concentrations of all-
trans retinoic acid had less peripheral blood
MDSCs, improved T cell responses after 7 days
of treatment, and expressed more mature surface
markers on MDSCs such as HLA-DR [10, 118].
The addition of a vaccine-based immunotherapy
bolstered the effect for a more prolonged response.
However, most clinical trials that employed all-
trans retinoic acid to modulate MDSCs showed
little promise [119, 120]. For instance, a phase II
trial of lung adenocarcinoma treated with chemo-
therapy, tumor vaccine, and all-trans retinoic acid
failed to show changes in MDSC levels or radio-
graphic evidence of tumor regression.
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8.5.3.3 IL-12

The cytokine environment in tumors can actively
improve the immune system and decrease tumor
progression and metastasis. In malignancy,
MDSCs act on macrophage toll like receptor 4
(TLR4) preventing IL-12 accumulation in the
tumor microenvironment [121]. Mice with
metastasizing mammary carcinoma cells had
suppressed Thl cells owing to MDSC-mediated
IL-12 reduction. The change in tumor cytokine
milieu favored Th2 cells allowing tumor growth
to go unchecked. However, when mice were
treated with IL-12, they showed increased
survival, decreased lung metastasis, and
decreased NO [122]. Another study using T cells
engineered to target VEGF receptor (highly
expressed marker in vasculature of tumors) and
IL-12 found decreased tumor growth and lower
MDSC activity levels [123]. The IL-12 acted on
DCs, macrophages, and MDSCs in the bone mar-
row to improve the efficacy of the transplanted T
cells [124].

Many clinical trials of IL-12 therapy have
been completed, some showing a benefit to
patients. In a phase I study of IL-12 and ritux-
imab in B cell non-Hodgkin lymphoma, patients
had a 20-fold increase in IFN-y [125]. Another
phase I study of trastuzumab and IL-12 in meta-
static breast cancer patients demonstrated
increased in vitro destruction of HER2-expresing
tumor cells via the expansion of NK cells [126].
As a monotherapy for epithelial, ovarian, fallo-
pian tube, and primary peritoneal cancers, the
efficacy was limited, suggesting that the most
beneficial outcomes will be achieved when IL-12
is combined with other treatment modalities
[127].

8.5.3.4 Toll-like Receptor 9 Acitivation

DNA contains regions of unmethylated
deoxycytosine-deoxyguanine dinucleotides that
can be inactivated through methylation, and
when the immune system is exposed to DNA
containing these regions, (e.g., bacteria and
viruses) they can stimulate an immune response
via TLR 9 [128]. Downstream effects on DCs,
monocytes, and NK cells lead to increased IL.-12
and interferons [71]. Mice treated synthetic

unmethylated deoxycytosine-deoxyguanine
dinucleotides decreased the abundance of
MDSCs and increased IFN-a causing maturation
of MDSCs [129]. Although preclinical models
were promising, randomized clinical trials using
the synthetic dinucleotides have not shown any
benefit. For instance, results from a phase II trial
in non-small cell lung cancer led to two phase II1
trials observing the effect of the synthetic reagent
plus chemotherapy. Both were terminated early
during an interim analysis due to lacking sub-
stantial improvements in treatment [130].

8.5.3.5 Taxanes
Taxanes, such as docetaxel and paclitaxel, are a
class of chemotherapeutic drugs that stabilize
microtubules during cell division causing cell
arrest and death. They also differentiate MDSCs
in mice and humans with cancer [131, 132].
Intraperitoneal administration of taxanes to mice
with mammary carcinoma showed a decreased
number of MDSCs, decreased MDSC activity,
and increased CD8+ T cell activity [133]. The
maturation of MDSCs was demonstrated by the
increased expression of chemokine receptor type
7. MDSCs treated with low-dose paclitaxel and a
peptide vaccine in healthy mice also noted
MDSC maturation into DCs assessed by the
expression of surface markers like CD11c, CD86,
and CD40 [134]. When combined with T cell
adoptive therapy and irradiation, mice with mela-
noma had significantly lower MDSCs and
increased antitumor T cell activity [135].
Clinical trials utilizing taxanes are abundant,
but their influence on MDSCs in human malig-
nancy is still evolving. Women with HER-2 neu
negative, stage II-Ila breast cancer treated with
doxorubicin and cyclophosphamide followed
with docetaxel who had a complete response
showed lower circulating MDSCs [136]. A pilot
trial in Germany (GCRC, Heidelberg) based on
the promising results of low-dose paclitaxel in
mice will evaluate the effects on metastatic mela-
noma patients with unresectable tumors.

8.5.3.6 Beta-Glucan Particles
Yeast, fungi, and bacteria cell walls are com-
prised of beta-glucans, which are composed of
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polymers with a glucose backbone and side
chains of varying sizes [137]. These particles are
recognized by the immune system without prior
exposure and can stimulate tumor destruction
[20]. Beta-glucan treatment causes M-MDSCs to
maturate in vitro and decrease the activity of
M-MDSCs on the immune system [137].
Additionally, an influx of intratumor DCs and
macrophages led to delayed tumor progression in
mice. There are multiple ongoing and completed
clinical trials evaluating beta-glucans [138]. The
post-operative prognosis of stage Ic, II, or III
ovarian cancer patients improved after treatment
with chemotherapy and a beta-glucan [139].
Non-small cell lung cancer patients also saw an
improvement in five-year survival rates with the
addition of a beta-glucan after radiation therapy
[140]. Finally, patients with unresectable gastric
cancer receiving chemotherapy and a beta-glucan
had a higher one-year survival rate than the con-
trol group [141]. Of note, some studies failed to
show any improvement with beta-glucan therapy,
and may be due to the impurity of the source
material used to generate the extract [142, 143].

8.5.3.7 Tumor-Derived Exosome
Inhibition

Tumor cells release 30-100 nm endosome-
derived, small membrane vesicles or exosomes
that are enriched in proteins and nucleic acids
[144]. Exosomes can contain tumor antigens that
can suppress immune responses allowing for
tumor growth, metastasis, and drug resistance.
They also affect mature and developing myeloid
cells in the bone marrow to favor the formation
of MDSCs. Tumor-derived exosomes prevent
immature myeloid cells and monocytes in the
bone marrow from becoming mature DCs. As a
result, an overall favorable tumor microenviron-
ment is created as exosomes increase MDSC lev-
els and inflammatory markers such as IL-6,
VEGEF, and PGE, [145].

Tumors in mice produce exosomes with mem-
brane associated heat shock protein 72 that acti-
vate MDSCs via the IL-6 receptor and
intracellular ~ phosphorylation  of  STAT3.
Dimethyl amiloride, a potassium sparing diuretic,
was found to inhibit exosome formation in mice

when used with cyclophosphamide, but tumor
growth was not changed when dimethyl amiloride
was used alone [146]. The work was extended to
MDSCs collected from cancer patients ex vivo
demonstrating dimethyl amiloride suppressed
MDSC function. Currently, there are no clinical
trials exploring exome suppression in tumors.

8.5.3.8 Very Small Size
Proteoliposomes

Very small size proteoliposomes are nanosized
particles formed from the outer membrane vesi-
cles of Neisseria meningitidis and GM3 ganglio-
side [147]. They induce DC maturation and an
antitumor response from CD8+ T cells [148, 149].
In mice, very small size proteoliposomes increased
MDSC numbers but also decreased their immuno-
suppressive ability [150]. The adjuvant therapy
also matures MDSCs into antigen presenting cells
that can prime the immune system against tumors.
Four clinical trials of cancer vaccines using very
small size proteoliposomes are ongoing [151].
Two include phase I trials based on recombinant
proteins of epidermal growth factor receptor and
VEGEF vaccines in murine models [152, 153]. A
phase Il trial based on promising evidence of grade
II/III cervical intraepithelial neoplasia and human
papillomavirus regression treated with a human
papillomavirus peptide vaccine and very small
size proteoliposomes [154]. Finally, a phase II trial
will evaluate a gonadotropin releasing hormone
peptide vaccine with very small size proteolipo-
somes in prostate cancer patients based on positive
results in rats [155].

8.5.4 MDSC Destruction (Fig. 8.6)

8.5.4.1 Cytotoxic Agents

Chemotherapeutic agents employ a variety of
mechanisms to destroy rapidly dividing cells,
including MDSCs. Gemcitabine, 5-fluorouracil,
and cisplatin have been identified to induce
MDSC cell death in addition to tumor cell apop-
tosis. Pyrimidine analogues such as gemcitabine
and 5-fluorouracil abolished G-MDSCs in the
spleens and tumors of mice without changes in T
cells, B cells, NK cells, or macrophages [156—
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159]. The removal of G-MDSCs also enhanced
IFN-y production by CD8+ T cells increasing
antitumor activity. Combined with other chemo-
therapy modalities such as cyclophosphamide,
rosiglitazone, interferon-gamma, and adenovirus
vaccine immunotherapies, the host antitumor
response can be enhanced [156, 160-162].
Cisplatin is another chemotherapeutic agent that
alkylates DNA and was found to decrease
MDSCs and Treg cells in mice with lung cancer
[163]. However, murine models have also shown
the reverse effect can occur when treated with
cytotoxic agents, suggesting drug dose and
schedule play an important role [164].

Clinical trials evaluating MDSC levels after
cytotoxic chemotherapy are numerous but are
usually measured as secondary outcomes. MDSC
levels in peripheral blood of breast cancer patients
were correlated with the stage of disease; patients
with metastatic tumors had the largest discrep-
ancy in MDSC numbers compared with T cell
activity [5]. Doxorubicin and cyclophosphamide
treatment increased MDSCs in these patients but
fell with the addition of paclitaxel. This high-
lights the complexity of MDSCs in tumor micro-
environment and the need for a multi-prong
approach in targeting MDSCs.

8.5.4.2 Ephrin A2 Degradation

Heat shock protein 90 stabilizes tyrosine kinase
ephrin A2 intracellularly, and overexpression of
ephrin A2 in cancer patients is associated with
increased metastatic potential [165].
17-Dimethylaminoethylamino-17-demethoxy-
geldanamycin is a heat shock protein 90 inhibitor
that targets ephrin A2 for proteome degradation
and can be combined with ephrin A2 antibodies
to cause MDSC destruction. Combination treat-
ment in mice with sarcomas had no residual
tumor and reduced MDSCs by FAS-mediated
apoptosis, in vitro [165, 166]. There are no clini-
cal trials exploring heat shock protein 90 or eph-
rin A2 inhibition.

8.5.4.3 Anti-IL-13

During inflammation, MDSCs, and mast cells
increase arginase-1 via IL-13 secretion that result
in greater immunosuppression [167, 168].
Sarcoma-bearing mice treated with an IL-13
Pseudomonas exotoxin drug conjugate and a
DNA vaccine against the IL-13 receptor had a
five-fold decrease in tumor growth compared
with vaccination alone [169]. The drug conjugate
decreased MDSCs while the DNA vaccine bol-
stered the effect to cause increased CD8+ T cells.
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Clinical trials targeting pediatric glioblastomas
expressing IL-13 receptors with drug conjugates
have shown some promise, but MDSC levels
have not been studied in these patients [170].

8.5.4.4 Histamine Blockers

Histamine type 2 receptor antagonists, usually
prescribed for gastrointestinal conditions, can
promote an antitumor environment [171, 172].
Although the exact mechanism of action is
unknown, histamine blockade may induce Fas-
dependent MDSC apoptosis inhibiting tumor
growth. In mice with lung cancer, cimetidine (his-
tamine type 2 receptor antagonist) decreased
MDSC tumor promotion but failed to impact the
proliferation, survival, and invasion of the cancer
[171]. Although not currently approved for use in
the United States, treatment of acute myelogenous
leukemia and solid tumors in Europe includes the
antihistamine dihydrochloride [173]. A clinical
trial showed better outcomes when histamine
blockade was combined with immunotherapy in
patients with metastatic melanoma. However,
solid tumors and acute myelogenous leukemia
lacked the same marked improvements.

8.6  Conclusions

MDSCs play an important role in tumor forma-
tion and progression. They influence a number of
pathways that can be targeted for improved can-
cer treatments. The current treatment strategies
include: inhibiting MDSC development and
expansion, inhibiting MDSC function, differenti-
ating MDSCs into more mature cells, and
destroying MDSCs. Although MDSC-directed
treatments are in their infancy, these agents may
prove vital to future cancer therapies. Further
work will unravel the intricacies of MDSC
pathways and will aid in the creation of new ther-
apies. Challenges of MDSC-targeted therapy
include classifying MDSC heterogeneity for bet-
ter treatment options, a lack of unique MDSC
markers, and overcoming the complexity of the
tumor environment. It is clear, however, that
MDSC-targeting therapies will play a role in
multi-drug treatment strategies.
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Tryptophan Catabolism
and Cancer Immunotherapy
Targeting IDO Mediated Immune

Suppression

Adaobi Amobi, Feng Qian, Amit A. Lugade,

and Kunle Odunsi

9.1 Introduction

Over the last decade, tryptophan catabolism has
been firmly established as a powerful mechanism
of innate and adaptive immune tolerance. The
catabolism of tryptophan is a central pathway
maintaining homeostasis by preventing autoim-
munity or immunopathology that would result
from uncontrolled and overreacting immune
responses. This is driven by the key and rate-
limiting enzymes indoleamine-2,3-dioxygenase
1 (IDO1) and tryptophan-2,3-dioxygenase 2
(TDO), resulting in local depletion of tryptophan,
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while tryptophan catabolites accumulate, includ-
ing kynurenine and its derivatives, depending on
the presence of downstream enzymes in the kyn-
urenine pathway. These metabolic modifications
result in a local microenvironment that is pro-
foundly immunosuppressive, as a result of vari-
ous mechanisms whose respective role remains
incompletely characterized. Drugs targeting this
pathway, specifically IDOI1, are already in clini-
cal trials with the aim at reverting cancer-induced
immunosuppression. Recent studies have dem-
onstrated favorable pharmacokinetics profiles for
first-generation (Indoximod NLG8189) and
second-generation IDO1 inhibitors (INCB024360
and NLG919). Targeting tryptophan catabolism
in combination with additional methods of ther-
apy may improve efficacy of cancer immunother-
apy. These methods include, but are not limited to
vaccination, adoptive cellular therapy, check-
point inhibitor blockade, and cyclooxygenase-2
(COX2) inhibition. Over the last decade, there
has been a considerable increase in our under-
standing of the regulation and downstream medi-
ators of tryptophan metabolism. This detailed
understanding will expand opportunities to inter-
fere with the pathway therapeutically on multiple
levels. The object of this chapter is to highlight
current and past key findings that implicate tryp-
tophan catabolism as an important mediator of
cancer immunity and discuss the development of
multiple therapeutic targets.
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9.2 Tryptophan Catabolism

and the Role of IDO

Indoleamine 2,3 dioxygenase has be identified as
a major source of immune regulation. The enzy-
matic activity of IDO is mediated by catabolism
of the essential amino L-tryptophan (Trp) into
L-kynurenine (Kyn) via the kynurenine pathway
metabolic cascade [1, 2] (Fig. 9.1). The amino
acid tryptophan is required by all forms of life for
protein synthesis and additional significant meta-
bolic functions [2]. The first and rate-limiting step
of kynurenine catabolism is facilitated by three
distinct enzymes: indoleamine 2,3-dioxygenase
(IDOT1), indoleamine 2,3-dioxygenase 2 (IDO2),
and tryptophan 2,3-dioxygenase 2 (TDO) [1-8].
Of this family of genes, IDO1 is a potent immu-
noregulatory enzyme. Gene expression of the
non-reductant IDO2 is not induced by interferons
that regulate IDO1 gene expression [4, 9, 10].
Moreover, the structurally distinct enzyme, TDO

Dendritic
Cells

Cells

e |
|

Tcell cycle| [T cell cycle| Treg Treg

arrest arrest |generation | activation

Fig.9.1 Metabolic modulation result in a local microen-
vironment becoming profoundly immunosuppressive.
Indoleamine 2,3-dioxygenase (IDOI1) is an enzyme that
catalyzes the essential amino acid, tryptophan, in the ini-
tial rate-limiting step along the kynurenine pathway. IDO
is expressed by tumor cells, tolerogenic dendritic cells
(DCs) and myeloid derived suppresser cells (MDSCs)
mediate tryptophan deprivation leading to T cell cycle
arrest; and the immunosuppressive catabolite, kynurenine
mediates differentiation of CD4* T cells into regulatory T
cells, as well as T cell cycle arrest

is a hepatic enzyme that catabolizes tryptophan
selectively expressed in the liver [6, 11]. Stress-
related glucocorticoids, as opposed to inflamma-
tory signals induce the TDO gene [12]. These data
suggest that unlike IDO1, IDO2 and TDO may
have distinct functional roles [13]. Therefore,
IDO1 is the major focus of this editorial, and will
be referred to as “IDO”, unless otherwise speci-
fied in this review.

IDO is encoded by the INDO gene and has a
molecular weight of 45 kDa. Additionally, the
gene contains 10 exons and is located on chromo-
some 8 in human and mice [14, 15]. The IDO
gene is tightly regulated by inflammatory media-
tors such as type I and type II interferons, lipo-
polysaccharide (LPS), and tumor necrosis
factor-alpha (TNF-o). Likewise, the IDO gene
promoter region is comprised of the interferon
stimulated response element (ISRE) and
interferon-gamma activated sequence (GAS) ele-
ment. Upregulation of the IDO gene is expressed
in a wide range of tissues and cellular subsets,
such as in the placenta during pregnancy, in a
variety of tissues during an infection, transplanta-
tion [16], autoimmunity, and cancer [16—19]. In
regulatory dendritic cells, IDO expression is
upregulated by negative signaling from cytotoxic
T lymphocyte protein 4 (CTLA-4) and the gluco-
corticoid induced tumor necrosis factor receptor
(GITR) ligand [20, 21]. This reverse negative sig-
naling was described for the CTLA-4 receptor
present on T regulatory cells that binds to its
ligands, CD80 and CD86 on dendritic cells and
mediated induction of IDO in an interferon-
gamma (IFN-y) dependent manner [20, 22].
Likewise, the toll-like receptor 9 (TLR9) ligand,
CpG oligodeoxynucleotides (ODNs) mediate the
induction of IDO expression in dendritic cell sub-
sets via type I interferon signaling pathway [23].
Moreover, T regulatory cells are generated by
human plasmacytoid dendritic cells via IDO
catabolism of tryptophan [24, 25]. These signal-
ing pathways are critical for establishing toler-
ance to tumor antigens. Additionally, inflammatory
stimuli from the signal transducer and activator of
transcription 3 (STAT3) stimulated IDO upregula-
tion in myeloid-derived suppressor cells [26]. The
initial indication of a role for IDO in immune tol-
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erance was demonstrated when it was ascertained
that IDO enzyme activity mediated immune privi-
lege and was required to prevent T cell-driven
rejection of allogeneic fetuses during pregnancy
in mice [27]. Inhibition of the enzymatic activity
of IDO by 1-methyl-tryptophan resulted in the
rejection of allogeneic, as opposed to syngeneic
fetuses. These findings proposed that IDO-
medicated depletion of local tryptophan prevented
T cell responses to the fetus by limiting the amino
acid to proliferating T cells [28]. Likewise, stud-
ies performed in the context of IDO genetic
knockout mouse models or IDO pharmacological
inhibitors have confirmed that the enzyme plays a
crucial role in immune tolerance and inflamma-
tory tumorigenesis [27, 29, 30].

IDO modulates of immune responses by two
distinct mechanisms. These mechanisms include
immune cells deprivation of tryptophan which
leads to activation of stress response pathways
[19, 28, 31], and through the generation of kyn-
urenine pathway suppressive metabolites [32]. T
cells are highly sensitive to tryptophan depletion
[33]. A decreased in local tryptophan availability
leads to the accumulation of uncharged trypto-
phan transfer ribonucleic acids (tRNAs).
Subsequently, an increase in uncharged tRNAs
results in the induction of an integrated stress
response kinase general control non-derepressible
2 (GCN2) in T cells. GCN2 kinase acts as a
molecular sensor in T cells, and upon activation
triggers a stress response program that can result
in cell cycle arrest, T cell differentiation, or apop-
tosis [34]. Amino acid withdrawal modifies the
phenotype of dendritic cells and macrophages in
GCN2 kinase-dependent manner [35-37]. IDO
expressing macrophages acquire the capacity to
suppress natural killer (NK) cells and CD8 T
cells proliferation. Moreover, GCN2 activation
in CD8 effector T cells has been proved to inhibit
cell proliferation and induce anergy following T
cell receptor stimulation by down regulating the
TCR zeta-chain [38, 39]. Likewise, naive CD4+
T cells GCN2 appears to be important for the dif-
ferentiation and activation of regulatory T cells
(Tregs) [40]. We show that these IDO* pDCs
directly activate resting CD4*CD25*Foxp3*
Tregs for potent suppressor activity. Additionally,

data from in vitro studies suggest that tryptophan-
derived catabolites also inhibit the ability of T
cell and natural killer cell proliferation [41].

A second mechanism of IDO-mediated
immune suppression is dependent on the accumu-
lation of the tryptophan catabolites, kynurenine.
The kynurenine pathway generates several metab-
olites, including L-kynurenine, kynurenic acid,
anthranilic acid, 3 hydroxykynurenine, 3-hydroxy-
anthranilic acid, quinolinic acid, picolinic acid
and nicotinamide adenine dinucleotide [42]. IDO
expressing cells release L-kynurenine, 3-hydroxy-
anthranilic acid (3-HAA) and other tryptophan
metabolites into circulation. As a result, innate
and adaptive immune responses are modulated in
the cells that sense these amino acid catabolites.
Moreover, kynurenine is an endogenous ligand of
the aryl hydrocarbon receptor (AHR) [43]. The
AHR is a ligand-activated member of the basic
helix-loop-helix (bHLH) family of transcription
factors, originally identified as a receptor for envi-
ronmental xenobiotic toxin 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin (TCDD). Upon ligation, the
inactive form of AHR dissociates from cytoplas-
mic chaperone molecules, associates with the
AHR nuclear translocator and binds to the target
gene in the nucleus to modulate gene transcription
[43, 44]. Tumors select for IDO-mediated trypto-
phan catabolism that produces kynurenine that
binds to AHR and assist the tumor to evade
immune surveillance. Moreover, an elevated level
of AHR present in tumors is a poor prognostic
factor in patients [43, 45]. The role of AHR in
immune regulation, inflammation and tumorigen-
esis genetic studies was defined in genetic mice
studies. These experiments confirmed that regula-
tory T cells (Tregs) generation differentiation
from naive CD4*CD25~ T cells is dependent on
kynurenine activation of the AHR in the present
of transforming growth factor beta (TGF-f) [46].
Activation of AHR mediated immune suppres-
sion, by promoting FoxP3 differentiation, sup-
pression effector T cell anti-tumor immunity, and
decreasing immunogenicity of dendritic cells [11,
43, 47]. However, effect is not seen in AHR null T
cells. Specifically, Mezrich et al. demonstrated
that naive T cells exposed to KYN leads to mRNA
transcription of the downstream targets of AHR
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activation, cytochrome P450 family 1 subfamily
A polypeptide 1 (CYP1lal), and cytochrome P450
family 1 subfamily B polypeptide 1 (CYPIbl)
[46]. AHR plays a role in the generation of Th17
cells in vitro and in vivo [48, 49]. Kynurenine
metabolites, via the IDO pathway, also tip the bal-
ance of Th17 cell to Treg cells, in favor of Treg
cells by suppression of pro-inflammatory Th17
pathway and promoting Treg differentiation [50].
In addition, activation by endogenous AHR
ligands, exogenous ligand, 6-formlindolo [3,2-b]
carbazole (FICZ), mediates Th17 cell formation
upon AHR activation [51]. Further work is needed
to understand the mechanisms by which AHR
ligation by K'YN regulation transcriptional regu-
lation of immune suppressive factors (Fig. 9.2).

Ad

Release and
translocation

Fig.9.2 Ligation and activation of the aryl hydrocarbon
receptor regulate gene transcription. IDO catabolism of
tryptophan leads to the generation of kynurenine (Kyn),
an endogenous ligand of the aryl hydrocarbon receptor
(AhR). The aryl hydrocarbon receptor (AhR) is a ligand-
activated transcription factor that modulates gene tran-
scription. The AhR is present in its inactive form

binding

IDO is a potent immunoregulatory enzyme
[17, 33, 39], and a major source of immune sup-
pression within the tumor microenvironment of
ovarian cancer and other tumor types [19, 52]
(Fig. 9.3). Constitutive IDO expression in human
tumors creates a suppressive microenvironment
due to the depletion of typtophan and the synthe-
sis of immune suppressive kynurenine metabo-
lites [53, 54]. Elevated levels of IDO enzyme
activity correlates with reduced frequency of
tumor infiltrating T lymphocytes in murine can-
cer models [19]. Studies investigating the role of
TILs in ovarian cancer, demonstrated that the
presence of intra-epithelial CD8* infiltrating
lymphocytes favor overall survival in epithelial
ovarian cancer (EOC) patients [52]. A meta-
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accompanied by Heat Shock Protein 90 chaperones in the
cytoplasm of the cell. Following ligation, the cytosolic
Kyn-AhR complex undergoes transformation and translo-
cates to the nucleus. In the nucleus the AhR forms a het-
erodimer with the AhR nuclear translocator (ARNT)
which interacts with the core-binding motif of the respon-
sive elements located in regulatory regions of AhR target
genes and gene transcription occurs
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Fig. 9.3 Indoleamine 2,3-dioxyenase is a potent immu-
noregulatory enzyme within the tumor microenviron-
ment. Immune suppression within the tumor
microenvironment is orchestrated by the functions of the
cells present that promote tumor growth. Tumors have
diverted an immune suppressive role of IDOI to their own
benefit in order to continue to evade immune attack.
IDO1 expression by the tumor and tolerogenic dendritic
cells (DCs) is associated with a reduced effector T cell

analysis study confirmed a significant survival
advantage associated with tumor-infiltrating
lymphocytes (TILs) in several tumor types [55—
59]. Additionally, these studies indicate that: (1)
the beneficial prognostic effect of CD8* tumor
infiltrating lymphocytes in human EOC is nega-
tively affected by CD4'CD25'FOXP3* Treg
cells; (2) IDO expression in human ovarian can-
cer correlates with poor prognosis and decreases
overall survival; (3) IDO mediated depletion of
tryptophan results in suppression of T cell
responses in ovarian cancer patients; and (4)
tumor-derived antigen specific CD8* T lympho-

4@5%9

&

function, and an increased frequency of regulatory T cells
(Tregs) at the tumor site. Additional immunosuppressive
mechanisms within the tumor microenvironment are
mediated by: myeloid derived suppressor cells (MDSC),
macrophages with an ‘M2’ phenotype, arginase (Argl),
inducible nitric oxide synthase (iNOS), nitric oxide (NO),
prostaglandin E2 (PGE,), interleukin-10 (IL-10), trans-
forming growth factor feta (TGF-f), and programmed
cell death ligand 1 (PD-L1)

cytes from human ovarian cancer demonstrate
impaired effector function and enriched expres-
sion of the inhibitory molecule, programmed
cell death—1 (PD-1), a marker of T cell exhaus-
tion [60]. These results suggest that the regula-
tory influences of IDO via arrest of T cell
proliferation, expansion of CD4* Tregs, or pro-
motion of T cell exhaustion may dampen the
efficacy of tumor reactive effector CD8" T lym-
phocytes. Collectively, these findings provide
impetus to characterize the molecular and cellu-
lar basis of how IDO induced tryptophan catabo-
lism leads to T cell exhaustion; and test novel
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strategies for overcoming IDO mediated immune
tolerance.

9.3  Cancer Immunotherapy
Targeting Tryptophan

Catabolism

Several tumor types express IDO, providing them
the ability to evade anti-tumor immune surveil-
lance and facilitate immune escape. Consequently,
this has motivated the development of IDO inhib-
itors. Preclinical data demonstrated that a com-
petitive inhibitor of IDO, I-methyl-tryptophan
[61] prevented anergic T cells and suppressed
tumor growth in murine carcinoma models. There
are multiple approaches targeting tryptophan
catabolism in cancer across different levels: (1)
blocking IDO expression utilizing strategies
which interfere with upstream pathways that reg-
ulation IDO transcription and/or translation; (2)
enzymatic inhibition by suppressing IDO and/or
TDO enzyme activity; (3) and combinatory ther-
apies which target inhibition of tryptophan catab-
olism with other therapies.

9.4 Inhibitors of IDO Expression

A recent study has linked the therapeutic effects
of imatinib, a tyrosine-kinase inhibitor drug, in
gastrointestinal stromal tumors (GIST) to
inhibition of IDO1 expression, which is driven by
the oncogenic KIT signaling. Treatment of exper-
imental tumors with imatinib suppressed IDO
expression, resulting in the reversal of IDOI1-
mediated immunosuppression and thus activation
of T effector cells and suppression of Tregs [62].
This finding is striking, because it lends credence
to the notion that IDOI targeting may already be
providing a benefit in the context of imatinib
treatment of GIST and advocate for conduction
preclinical studies in tumor models involving
immunocompetent hosts. Based on the associa-
tion between CTLA-4 and IDO, a rational thera-
peutic consequence of this observation is to
combine KIT blockade with an anti-CTLA-4

approach in GIST, which is currently tested in a
clinical trial NCT01643278 (source http://clini-
caltrials.gov). Based on COX2-IDO regulatory
connection, antitumor implications have been
analyzed in a preclinical model of breast cancer
treatment with cyclooxygenase-2 (COX2) inhibi-
tors [63], illustrating its therapeutic relevance in
principle. T regulatory cell functions disrupted
by COX2 inhibition have also been found to be
mediated by IDO1 inhibition, possibly contribut-
ing to the anticancer properties of COX2 inhibi-
tors [64]. One interesting aspect of IDO is that its
enzyme appears to be spontaneously recognized
by specific CD8* T cells that are present in
humans [65]. Along this line are preclinical and
clinical studies targeting IDO-expressing cells by
a peptide vaccine, where early evidence was
obtained of long-lasting disease stabilization and
a partial response against liver metastasis in met-
astatic lung cancer patients vaccinated with an
IDO-derived peptide, in the absence of notable
toxicity [66].

9.5 IDO1 Enzyme Inhibitors

The IDO1 blocking agent 1-methyl-tryptophan
(1-MT) has been shown to have significant abil-
ity to inhibit IDOI activity, and co-operate with
chemotherapy in mediating regression of estab-
lished tumors in murine models [30]. In the
murine models, the effect of 1-MT was lost in
immunodeficient Ragl-knockout (Ragl-KO)
hosts, indicating that the antitumor effect of
1-MT was immune mediated. The overall effects
of 1-MT include enhanced T cell responses
against tumor antigen, allograft antigen, and
autoantigens in vivo [67, 68]. Additionally, by
blocking IDO, 1-MT inhibits the production of
tryptophan catabolites such as kynurenine that
have been shown to directly reduce T cell and
NK cell proliferation [31, 69-71]. 1-MT is a mix-
ture of the two racemic isoforms 1-methyl-D-
tryptophan (D-1-MT) and 1-methyl-L-tryptophan
(L-1-MT). In previous studies, while the L ste-
reoisomer of 1-MT was a more potent inhibitor
of IDO, the D stereoisomer was shown to be less
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active in inhibiting IDOI, but to have superior
antitumor activity and to be more effective in
inhibiting IDO-expressing tolerogenic DCs in
pre-clinical models [72]. In addition, IDO2 was
reported to be preferentially targeted by D-1-MT
[73]. These findings have been challenged by
other groups [7, 74-76]. Nevertheless, D-1-MT
is being developed clinically as an IDO-inhibitor
(indoximod, NLG8189) for the treatment of sev-
eral cancers with the aim at reversing cancer-
associated immunosuppression.

It is reported that in addition or alternatively to
direct IDO1 inhibition, D-1-MT may interfere
with transcellular tryptophan transport [77].
Tryptophan transport system L is commonly
overexpressed in tumor cells and seems to be the
main route for transcellular tryptophan transport
in T cells [78]. Myeloid antigen presenting cells
have been shown to express an additional high-
affinity tryptophan transport mechanism [78]
thus being able to take up tryptophan efficiently
in a low tryptophan containing microenviron-
ment. Hence, under tryptophan depleting condi-
tions, such as cancer, it seems likely that T cells
are more affected by tryptophan starvation and
tryptophan is efficiently being shifted toward
tryptophan consuming cells. D-1-MT may act as
a tryptophan mimetic, provide via mammalian
target of rapamycin (mTOR), an intracellular
tryptophan sufficiency signal to the cell, maintain
mTOR activity also in T cells, thus restore their
activity [79]. These findings identify mTOR sup-
pression as an IDOI effector mechanism and
D-1-MT acts as a high-potency tryptophan
mimetic in reversing mTOR inhibition and
autophagic induction by IDOI through trypto-
phan transport interfering. Since L-1-MT is prin-
cipally capable of exerting the same effects, it is
not yet entirely clear why D-1-MT is more effec-
tive in restoring T cell activity under physiologi-
cal conditions [79].

In addition to directly inhibiting IDO enzy-
matic activity, second-generation IDO1 inhibi-
tors such as INCB024360 and NLG919 have
entered clinical trials. These new inhibitors may
have a more favorable pharmacokinetic profile.
Phase I clinical trials with these orally available
compounds have demonstrated safety and indi-

cated biological efficacy based on serum param-
eters demonstrating reversal of tryptophan
depletion and kynurenine accumulation, comple-
menting in vitro experiments data [80].

In order to improve the efficacy of cancer
immunotherapy, it has become clear that clinical
studies targeting tryptophan catabolism should
combine with other anti-cancer therapies, based
on preclinical animal works. For instance, in
spontaneously arising aggressive mammary
tumors in the MMTV-new/HER2 transgenic
mouse model of breast cancer, 1-MT had little
effect on tumor outgrowth but it could dramati-
cally empower the efficacy of a variety of chemo-
therapeutic agents, triggering stable regressions
of otherwise mainly recalcitrant tumors [30]. As
a result, clinical phase I trials have combined
indoximod with chemotherapy agents, including
the first-in-man phase I trial of indoximod and
docetaxel therapy for solid metastaic tumors
(NCT02835729; NCT01792050; NCT02077881;
NCTO01191216; NCTO01042535) [81, 82]. A
recent preclinical study suggested that IDO1 is a
critical resistance mechanism attenuating the
efficacy of immunotherapies by antibodies dis-
rupting CTLA-4, PD-1 or GITR, and that I-MT
can safely leverage the antitumor properties of
these antibodies [22]. Trials combining indoxi-
mod  (NCT02073123) or INCB024360
(NCT01604889) with the anti-CTLA-4 antibody
ipilimumab in patients with melanoma are under-
way. Conceptually, and supported by preclinical
studies, IDO1 inhibition may enhance the effi-
cacy of active cancer vaccines as it may break
cancer-induced tolerance. Two phase II studies
are currently evaluating this combination
approach (NCT01560923; NCT01042535 and
NCTO01302821) [83].

Additionally, in an on-going trial by the
Cancer  Immunotherapy  Trials  Network
(NCT02042430), to determine the magnitude by
which INCB024360 alters the frequency of
tumor-infiltrating CD8* T cells once IDO block-
ade is administered prior to surgery in patients
whom are newly diagnosed Stage III-IV with epi-
thelial ovarian, fallopian tube, or primary perito-
neal cancer (Fig. 9.4). In this study, ovarian
cancer patients receive INCB024360 orally for
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Inclusion criteria
newly diagnosed stage Ill or IV
women of all races and ethnicities

-------- { Assessed for eligibility j--------» .

Exclusion criteria
prior systemic therapy
active brain disease

age = 18 yrs old

ECOG performance status 0 — 1

any HLA type

wiling to undergo ascites and biopsy
collection pre- and post-treatment
normal organ and marrow function
life expectancy > 6 mo

negative pregnancy test

able and willing to consent

Enrollment *
(n=12) .

» uncontrolled intercurrent ilnesses
+ pregnant or unwilling to take birth
L 4 control

known HIV+ or immunodeficiency
disorder

history of cardiovascular,
pulmonary, autcimmune, or liver

v disease,

Pre-treatment samples
blood, ascites, biopsy

+ concurrent immunosuppressive
) therapy or steroidal therapy

Immunophenotype
T cell response
Immune gene expression profile

I
INCB024360 400 mg PO BID

2 wks

¥

Tumor gene expression profile
Tumor infiltrating immune
composition

al

Post-treatment samples

unable & unwilling to participate

blood

Ascites cytokine profile
Kyn/Trp levels

v

Post-surgery samples
blood, ascites, biopsy

)

Fig.9.4 Clinical Trial, NCT02042430, study scheme uti-
lizing an IDOV1 inhibitor. This is a pilot clinical trial which
studies indoleamine 2,3-dioxygenase (IDOI1) inhibitor,
INCB024360, before surgery in newly diagnosed stage
III-1V epithelial ovarian, fallopian tube, or primary perito-
neal cancer patients. Presented here is the clinical trial

up to 3 weeks and undergo surgery at the comple-
tion of treatment with the IDO1 inhibitor. In
another approach, IDO inhibitors are combined
with other immunotherapeutic strategies. In one
example, the Roswell Park Cancer Institute-
University of Pittsburgh Cancer Institute Ovarian
Cancer SPORE investigators testing whether
concomitant inhibition of IDO-mediated immune
tolerance and vaccination against NY-ESO-1 will
enhance the generation of durable anti-tumor
CD8* T cells in patients (Fig. 9.5). The success-
ful completion of these studies will result in the
generation of critical data that will bring about
further evaluation of IDO blockade to relieve

scheme which includes the patient eligibility criteria,
number of enrollment, IDOI inhibitor treatment dosage
and schedule, and tissue samples that are collected pre-
and post IDOI1 inhibitor treatment, as well as after
surgery

Treg cell-mediated immune tolerance, promote
conditions that favor durable host immunity, and
prolong disease free survival in ovarian cancer
patients  (http://trp.cancer.gov/spores/abstracts/
roswell_ovarian.htm). An overview of IDOI1

inhibitors in clinical trial is described in
(Table 9.1).
9.6 Conclusions

The tryptophan catabolism is a central driver of
malignant development and progression. It acts
in tumor, stromal and immune cells to support
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Inclusion criteria
+ patients in remission
+ tumor expression of NY-ESO-1

Exclusion criteria
metastatic disease to CNS
uncontrolled intercurrent ilinesses

+ age =18 yrs old + chemotherapy, radiotherapy, or
+ ECOG performance status 2 immunotherapy within 4 weeks
+ npormal organ and marrow A 4 + pregnant or nursing patients
f_unction Enrollment . kpown HIV+, HC\H, or HBV+
+ life expectancy > 6 mo (n=98) + history of cardiovascular,
+ agree to use contraception pulmonary, autoimmune, or liver
+ able and wiling to consent disease
AR + concurrent immunosuppressive
therapy or steroidal therapy
Pre-treatment samp|es + unable & unwilling to partICIpate

blood, tumor

randomization

2a

Cycles 1-7 |

1. DEC-205mAb-NY-ESO-1 1mg i.c. Day 1 +
2. INCB024360 300 mg PO BID +

y

I
2b

+

Immunophenotype

NY-ESO-1 specific T cell immunity
NY-ESO-1 specific B cell immunity
Immune gene expression profile
Tumor gene expression profile
Tumor infiltrating immune
composition

. s s s s e

y .

Post-treatment samples
blood, recurrent tumor

Kyn/Trp levels, INCB024360
PK/PD

Fig.9.5 NCT02166905 study scheme. This clinical trial
is designed to test whether inhibition of IDO will augment
vaccine induced immune responses in patients with ovar-
ian cancer in remission. Presented here is the clinical trial

pathogenic inflammatory processes that engen-
der immune tolerance to tumor antigens.
Mechanistic investigations have defined the aryl
hydrocarbon receptor, the master metabolic reg-
ulator mTOR1 and the stress kinase GCN2 as
key effector signaling elements for tryptophan
metabolism. The opportunity to interfere with
tryptophan metabolism have expanded well
beyond inhibiting IDO1 due to the advances in
understanding the regulation, as well as the cel-
lular and molecular targets of this pathway.
There is an interest in pharmacological targeting

scheme which includes the patient eligibility criteria, the
study size, the treatment cycles schedule, and the tissue
samples that are collected pre- and post treatment

of TDO for cancer immunotherapy. Downstream
effectors such as AHR and tryptophan transport
mechanisms will have to be taken into consider-
ation for future therapeutic strategies. Since it is
questionable whether these IDO1/TDO inhibi-
tors will be effective by themselves, rational
combinations with already available and/or yet
to be identified immunomodulators, such as
cancer vaccines or checkpoint inhibitors,
deserve thorough basic research and preclinical
studies.
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and James E.Talmadge

10.1 Introduction

Leukocyte infiltration of tumors can have either a
pro-tumorigenic or tumor-inhibitory functions.
As an example tumor-associated macrophages
(TAMs) have tumoricidal activity and can induce
antitumor T-cells; but, can also suppress cyto-
toxic T-cell responses capable of inhibiting
tumor growth (Fig. 10.1). Myeloid cell infiltra-
tion of tumors is associated, in part, with tumor-
derived cytokines, GFs, chemokines, and
expression of immune checkpoint molecules that
regulate the expansion of myeloid progenitors
within the marrow and at extramedullary sites
and to an extent within the tumor (Fig. 10.2).
Numerous studies have demonstrated that acti-
vated macrophages can kill tumor cells in vitro.
However, macrophage infiltration of tumors is
predominately, a pro-tumorigenic/tumor-
progressive phenotype [1]; although, some
human studies have been equivocal [2]. Indeed,
most studies have found no relationship between
immunogenicity, metastatic propensity and infil-
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trating TAM frequency [3-5]. Despite this lack of
an immune correlation, TAM infiltration is asso-
ciated with a poor prognosis [6] and rapid tumor
progression [7, 8]. Myeloid-derived suppressor
cells (MDSCs) have also been identified in the
circulation of tumor bearing (TB) hosts and to
infiltrate tumors [9-13]. The immunosuppressive
activity of MDSCs (both murine and human)
occurs through multiple mechanisms including
the upregulation of reactive oxygen species
(ROS), nitric oxide (NO) production and arginase
levels, as well as the secretion of immunosup-
pressive cytokines [14]. Preclinical studies have
shown that MDSCs can control tumor growth [3,
15], while immune augmenting type-1 macro-
phages (M1) and/or dendritic cells (DC1) cells
contribute to the induction of an antitumor T-cell
response, although their presence is not sufficient
for tumor rejection [16]. M1 macrophage deple-
tion or an increase in infiltrating M2 macro-
phages, DC2s, and MDSCs are associated with a
poor prognosis and increased tumor relapse post
resection.

Lymphocytes also infiltrate tumors (Fig. 10.1)
and the associated adaptive immune response has
a positive prognosis. However, the infiltrating
lymphocytes can also be T-cell suppressive.
Thus, while T-cells have the potential to kill
tumor cells, frequently they are of low frequency
and avidity [17], and cannot control tumor growth
[18]. Nonetheless, increased T-cell infiltration of
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Fig. 10.1 The leukocytes infiltrating tumors regulates
their growth and progression. Tumor regression is associ-
ated with infiltration by mature dendritic cells (DCs),
cytotoxic T cells (CTL) and type 1T-helper cells (Thl).
Contrasting with this, tumor growth is facilitated by
immune mediated immunosuppression and neoangiogen-
esis by immature DCs, myeloid-derived suppressor cells,

Myelosuppression and
exogenous and endogenous
growth factors & chemokines

Fig.10.2 Tumors secrete growth factors that expand and
mobilize committed myeloid progenitors (CMP) and
hematopoietic progenitor cells (HPC) from the marrow to
extramedullary sites of myelopoiesis including the spleen,
liver, lungs and primary and metastatic tumor lesions.
Diets with increased levels of w6 polyunsaturated fatty
acids (PUFA) can increase myeloplasia largely as an
extramedullary process. These CMPs can mature into
dendritic cells (DCs), myeloid derived suppressor cells

Peripheral G-CSF.
Blood

Immature DC

(MDSCs) plasmacytoid DCs, (pDCs) M2 macrophages,
as well as T regulatory (T-reg) cells and a low frequency
of CD4 and CDS effector T cells. The expansion of
myeloid cell proliferation, including immunosuppressive
populations, is regulated by colony stimulating factors
(CSFs), chemokines and dietary w-6 PUFA
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(MDSCs); both monocytic (M) and granulocytic (G),
monocytes, endothelial progenitor cells and macrophages
including tumor-associated macrophages (TAMs), as well
as become activated, or “paralyzed”, within the tumor
environment. DC1 and DC2 are dendritic cell subsets that
are immune augmenting and suppressive respectively.
Dependent upon the infiltrating subset and extent of matu-
ration and activation, these cells are critical components
and regulators of immune suppression, angiogenesis, vas-
culogenesis, and tumor regression or growth
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tumors is associated with an improved outcome
[19-26], and an increased understanding of infil-
trating T-cell phenotypes and their functions has
resulted in an improved understanding of their
prognostic potential. However, some tumor cells
express checkpoint molecules that downregulate
immune responses. Myeloid cells, including
macrophages, PMNs and MDSCs, can also
express immunosuppressive checkpoint media-
tors, such as PD-L1 [27], providing another
mechanism to down regulate T-cell proliferation
and function. Consequently, although anti-tumor
T cells are present in the tumor microenviron-
ment their anti-tumor activity may be limited.
However, antibodies that inhibit immune check-
points are demonstrating efficacy in reactivating
anti-tumor T cell responses [28].

Immune Cell Infiltration
of Tumors

10.2

The hypothesis that hematological markers of
systemic inflammation, in particular the neutro-
phil-lymphocyte ratio (NLR), can predict sur-
vival in tumor bearing patients has recently
received much interest. Many groups have inves-
tigated the prognostic value of the NLR in a vari-
ety of tumors and at different disease stages. To
date, over 60 studies (>37,000 patients) have
examined the clinical utility of the NLR to pre-
dict outcomes [29]. There is also an emerging
relationship between proinflammatory cytokines
in the plasma of patients with elevated NLR (>5)
and the tumor microenvironment. A number of
studies have measured circulating cytokines
together with the NLR [30, 31] providing insight
into the mechanisms underlying the NLR, includ-
ing one study that documented an elevated NLR
associated with an increased peritumoral infiltra-
tion of macrophages [30]. Together, these obser-
vations suggest that the NLR reflects, at least in
part, the up-regulation of innate immunity pro-
viding easily measurable biomarkers that can
predict OS and PFS in cancer patients.

The interactions between tumor infiltrating
immune effector cells takes place primarily
around the tumor. Thus, while the NLR may have
prognostic significance, specific subsets of infil-
trating cells, as discussed above, may prove more
informative. Specifically, cytotoxic CD8* lym-
phocytes, as a component of tumor-specific adap-
tive immunity, may constitute a critical mediator.
Further, the T-cell suppressive nature of myeloid
cells, including MDSCs, M2 macrophages, and
DC2s suggests the potential sensitivity and criti-
cality of the myeloid cell-to-CD8* lymphocyte
ratio in tumor tissue. A few studies have
undertaken such analyses observing, for example,
that CD66* myeloid cells provide an independent
prognostic factor for poor disease free survival
(DES) and overall survival (OS) [32]. This obser-
vation has been extended by the analysis of infil-
trating NLR (iNLR) as a CD66b:CDS cell ratio
with the observation of a relationship with a
cumulative incidence of relapse, OS and tumor
stage [33]. As discussed below, a patient’s life-
style, both preceding and following diagnosis, can
contribute to not only cancer initiation and pro-
gressions but also outcome. Thus, hosts eating a
high-fat diet, or one with a high level of saturated
fat or -6 PUFAs generally have an inflammatory
phenotype with neutrophilia, which may contrib-
ute to cancer development and poor outcomes.
Conversely, and with little data to date, diets with
a high ®-3 PUFA content have been associated
with decreased inflammation and extramedullary
myelopoiesis, and potentially improved clinical
outcomes. We posit, herein, that dietary 3 PUFA
may also increase infiltrating T-cells thereby con-
tributing to improved clinical outcomes.

10.3 PUFA Regulation
of Inflammatory Cells
in Rodents

Several lines of evidence suggest that the dietary
PUFA composite can influence inflammatory or
anti-inflammatory cellular responses. Fatty acids
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Fig. 10.3 Outline of the eicosanoid and resolvin related
mediator synthesis pathways from arachidonic acid (AA)
and alpha linolenic acid and their inflammatory and anti-
inflammatory activities. COX cyclooxygenase, CYT p450
cytochrome p450, CXC CXC chemokines, HETE
hydroxyeicosatetraenoic acid, HDHA hydroxyldocosa-
hexaenoic acid, HPETE hydroperoxyeicosatetraenoic

from animal sources, mainly contain saturated
fatty acids (SFAs) or o6 PUFA. In contrast, fatty
acids derived from some plant-based oils, and
certain types of fatty fish consist mainly of ®3
PUFA. Recent studies have suggested that diets
rich in @6 PUFAs increase the risk of inflamma-
tory diseases, including rheumatoid arthritis,
inflammatory bowel disease, and asthma [34].
In contrast, diets rich in ®3 PUFAs have anti-
inflammatory effects as supported by a decreased
risk and control of these diseases [34]. PUFAs
can be oxidized to generate either pro-inflam-
matory or pro-resolving lipid mediators
(Fig. 10.3). These mediators have potent
immune modulatory capacities and are gener-
ated rapidly during an inflammatory response
[35]. Pro-inflammatory mediators, including
prostaglandin (PG)s and leukotrienes (LTs), are

Anti-inflammatory & resolving

acid, HPDHA, hydroperoxydocosahexaenoic acid,
HPEPE hydroperoxyeicosapentaenoic acid, /L interleu-
kin, /FN interferon, LOX lipoxygenase, LT leukotriene,
LX lipoxin, PG prostaglandin, PMN polymorphonuclear
leukocytes, ROS reactive oxygen synthetase, TNF tumor
necrosis factor, 7X thromboxane

induced in response to “foreign” materials and
when they are cleared, pro-resolving lipid medi-
ators restore normal tissue homeostasis [36].
Diets rich in ®3-PUFAs such as « linolenic acid
(ALA, 18:3n-3), cicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA) are associated
with a decreased incidence and severity of
inflammatory diseases [37]. The beneficial
effects of these dietary FAs include anti-inflam-
matory metabolites such as a subset of PGs,
LTs, thromboxanes, resolvins and lowered lev-
els of inflammatory cytokines. However, the
activities of ®3-PUFA contrast with other FAs
that differ mainly in the position of their double
bonds in the acyl chain, such as linoleic acid
(LA) and arachidonic acid (AA) found with
®6-PUFA containing diets and their correspond-
ing metabolites (Fig. 10.3).
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Omega-3 PUFAs are anti-inflammatory in part
by modulating the metabolism of inflammatory
eicosanoids, cytokines, ROS and the expression
of adhesion molecules [38]. EPA and DHA
dietary supplementation has proven effective in
decreasing intestinal damage and improving gut
histology in inflammatory bowel disease [39], as
well as, decreased joint pain, number of tender
and swollen joints, and duration of morning stiff-
ness in patients with arthritis [40]. Due to these
responses, the effects on the immune response in
various organs has been the subject of recent
review articles [41].

10.4 PUFA and Immune Function

Studies using both w6 and 3 PUFA in rodent
dietary studies, have documented different effects
depending on the type of study (in vitro or in
vivo), and the response measured. In vitro studies
with ALA have shown an enhanced secretion of
superoxides from neutrophils and macrophages
[42], resulting in neutrophil adhesion to endothe-
lial cells [43] promoting pro-inflammatory
effects. However, ALA has also been shown to
inhibit the proliferation of rodent and human
lymphocytes following mitogen stimulation [44]
suggesting that ALA may also be immunosup-
pressive. Studies where rodents were fed a high-
fat diet, rich in ALA resulted in decreased
mitogen-stimulated lymphocyte proliferation and
NK cell activity [45].

In vitro studies using the ®6 PUFA; AA, have
documented inflammatory properties including
enhanced superoxide release [42], neutrophil
adhesion to endothelial cells [43], and IL-1 pro-
duction by macrophages [46]. Feeding mice a
diet with high levels of m-6 PUFA has been
shown, in a dose dependant manner, to result in
increased levels of LTE, and PGE, following
in vivo stimulation with zymosan [47]. In a
recent study, diets high in AA were shown to
increase angiotensinogen, IL6 and MCP-1 levels
in response to the proinflammatory transcription
factor; nuclear factor kf (NFkP) stimulation
[48].

A number of studies have shown that the ®3
PUFA, ALA inhibits the proliferation of rodent and
human lymphocytes in vitro [44, 49, 50]. Studies
where rats were fed an oil with a high ALA compo-
sition (linseed oil, 100 g/kg diet) for 8 weeks, a
decrease in superoxide production by peritoneal
macrophages in response to phorbol esters, was
observed [51]. However, rodents fed linseed oil
also had an increase in TNF secretion by resident
macrophages, but no effect on TNF production by
inflammatory macrophages [52]. Thus, the precise
effect of the w-3 PUFA, ALA on lymphocyte func-
tions appears to depend on the levels of ALA and
the total PUFA content of the diet [53].

Because dietary fish oil leads to decreased
PGE, production, it has been suggested that ®3
PUFAs should have anti-inflammatory activities,
enhance the production of Thl-type cytokines,
increase MHC 1I expression, lymphocyte prolif-
eration and NK cell activity, as well as, decrease
IgE production. Culture of human neutrophils
with EPA or DHA has been shown to inhibit
superoxide production and phagocytosis [54].
Similarly, the incubation of murine peritoneal
macrophages with EPA or DHA inhibits expres-
sion of MHC II [55]. In a study, in which human
monocytes were incubated with either EPA or
DHA, both were shown to decrease the propor-
tion of HLA-DR or -DP positive monocytes in
response to IFN-y [56] resulting in a reduced
ability to present antigen [57]. The addition of
fish oil to rodent diets can also decrease superox-
ide and hydrogen peroxide production by macro-
phages [58]. As compared to safflower oil, the
addition of fish oil to murine diets results in lower
peak plasma levels of TNF-a, IL-1f, and IL-6
following endotoxin injection [59]. Furthermore,
parenteral nutrition that includes fish oil can
decrease serum TNF-«, IL-6, and IL-8 levels in
rats with burns compared with animal given w6
PUFA-rich parenteral nutrition [54]. However,
the majority of rodent studies with dietary fish oil
use a diet in which EPA plus DHA comprise up
to 30% of dietary fatty acids and up to 12% of
dietary energy. The conclusions from these stud-
ies have been refined by studies in rats and mice
that have indicated that relatively low levels of
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EPA or DHA at a level of 4.4% of total fatty acids
or 1.7% of dietary energy are sufficient to pro-
vide anti-inflammatory activities [60].

LA, as the precursor of AA, is causally linked to
allergic diseases and suggests a potential treat-
ment focus for w3 fatty acids [66].

10.5 Clinical Anti-Inflammatory
Activity of ®3 PUFA

There have been a number of clinical trials
assessing the benefits of dietary supplementation
with fish oil for the treatment of inflammatory
diseases in humans, including rheumatoid arthri-
tis, Crohn’s disease, ulcerative colitis, psoriasis,
lupus, and multiple sclerosis [61]. Many of the
placebo-controlled, double-blind trials of fish oil
in chronic inflammatory diseases have shown
significant benefits, including decreased disease
activity and a lowered use of anti-inflammatory
drugs. The evidence for a beneficial effect of fish
oil is strongest in rheumatoid arthritis, where ®3
PUFA has been found to cause a concentration-
dependent decrease in enzymes that degrade car-
tilage, expression of COX-2, but not COX-1, and
TNF-a and IL-1p expression in cultured articular
cartilage chondrocytes [62]. The mechanisms by
which ®3 PUFAs have a beneficial effect in
patients with arthritis has been postulated to be a
competition with the canonical w6 substrate AA
resulting in eicosanoids that are less potent at
inducing inflammation [63]. Recent observations
have shown that ®3 PUFAs can be enzymatically
converted to novel bioactive lipid mediators,
termed resolvins, protectins and maresins, which
promote the resolution of inflammation and that
are log- orders more potent than their lipid pre-
cursors [64]. These observations have generated
a paradigm shift documenting that the resolving
phase of inflammation is not a passive process,
but is actively ‘switched-off’ via endogenous
anti-inflammatory mediators [65]. This contrasts
with @-6 PUFA associated metabolites, PGD,,
LTC,, LTD,, and LTE,, which mediate pulmo-
nary inflammation in asthma and are major medi-
ators of asthmatic bronchoconstriction. AA is a
precursor to LTs, which promote allergic inflam-
mation, PGE, also regulates macrophage and
lymphocyte function. Thus, it has been suggested
that increased dietary intake of the w-6 PUFA

10.6 PUFA Modulated
Inflammation and Neoplasia
in Rodent Tumor Models

As discussed above, clinically there have been
varying associations between PUFA consump-
tion/composition and inflammation; but there are
many confounding factors including genetic sus-
ceptibility, tissue microenvironments, stress,
obesity, age and duration. Murine models have
identified a number of mechanisms in the asso-
ciation of dietary PUFA and tumor initiation and
progression focused on systemic and tissue
inflammation. Inflammation at tumor initiation
can be regulated by risk factors, including hor-
mones, obesity and age. However, following
tumor initiation, inflammation is modulated by
tumor growth in addition to existing risk factors.
Thus, inflammatory microenvironments are cre-
ated by cross talk between tumor-secreted GFs
and host immunity.

Using mammary tumors as an example, the
cellular microenvironment of mammary glands
incorporate hormonal responsive epithelial cells,
stromal cells, as well as, immune cells, in asso-
ciation with adipose tissue, that can result in an
endocrine as well as an inflammatory organ [67].
The role of inflammation in tumorigenesis is sup-
ported by the evidence of a progressive increase
in infiltrating inflammatory cells, which include
activated macrophages and granulocytes, during
the progression from normal tissue to dysplastic
cells, which are believed to support tumor initia-
tion [68].

The effect of dietary PUFA in tumor progres-
sion and metastasis has been studied in animal,
and xenograft models of mammary cancer. In a
xenograft model using MDA-MB-435 injected
athymic nude mice given diets of either LA, EPA
or DHA, significant retardation of tumor growth
and metastasis was observed in the mice given
EPA or DHA including a reduction in AA levels in
tumor membrane phospholipids [69]. Further
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when EPA and DHA were given as a neoadjuvant
therapy, prior to tumor excision, pulmonary metas-
tases were significantly suppressed compared to
mice maintained on a LA diet [70]. Similar
immune-augmenting and therapeutic activities
were observed in R3230RC and MCF-7 mammary
adenocarcinoma models [71, 72]. These anti-
inflammatory activities may also include the regu-
lation of MDSCs that can inhibit both non-antigen
specific and antigen-specific CD4* and CD8*
T-cell responses. The mechanisms of MDSC
immunosuppression are diverse, including up-reg-
ulation of ROS, NO, and L-arginine metabolism,
as well as immunosuppressive cytokines. In one
tumor survival study, mice were switched from an
8% corn oil (1% ALA) diet to an 8% canola oil
(10% ALA) diet, when the mice had an average
primary tumor volume of 60 mm?. In these studies
tumor growth was significantly lower in mice fed
the w-3 based canola oil diet compared to the -6
based, corn oil cohort [73].

Interventions using ®-3 PUFA in chemically
induced mammary tumor models support the
results from xenograft tumor models. In a 7,
12-dimethylbenz (o) anthracene (DMBA)
induced mammary tumor model, a fish oil diet
significantly reduced tumor incidence, growth
and metastasis [74, 75]. The effect of an ®-3 diet
on tumor induction and growth correlated with
reduced AA serum levels, protection against
DNA single strand breaks, suppressed tumor cell
proliferation; c-Myc and HER-2/neu expression
and an increase in the apoptosis markers Bcl-2
and Bax [75-77]. Similarly, in a model of
N-methyl-N-nitrosourea (MNU)-induced rat
mammary tumors, the activity of dietary fat com-
positions including, saturated fatty acid (SFA),
monounsaturated fat (MUFA), ®—6 PUFA alone
or different ratios of ®—6:w—3 PUFA were stud-
ied. It was found that a 1:1 ratio of w—6:0-3
PUFA was more effective in the prevention of
mammary tumor development as compared to the
other dietary cohorts, by decreasing mRNA
expressions of fatty acid synthase, cyclooxygen-
ase-2 (COX-2), and 5-lipoxygenase (5-LOX) in

mammary tissues and decreasing peroxisome
proliferator-activated receptor gamma (PPAR-y)
levels [78]. Together, these studies directly sup-
port arole for -3 PUFA in modulating an inflam-
matory tumor microenvironment by the up
regulation of PPAR-y [77, 78]. When the ®-3
PUFA content was significantly increased to a
®—6:03 ratio of 1:14.6 compared to 1:0.7, a 60%
reduction in tumor growth was observed. This
was associated with decreased cyclin-D1 and
phospho-retinoblastoma protein expression and
increased levels of cyclin-dependent kinase
inhibitors, CIP1 (p21) and KIP1 (p27), an
increased apoptotic index, reduced inflammation
and mammalian target of rapamycin (mTOR)
activity [79]. In an orthotopic 4 T1 mammary
tumor model, 5% fish oil was used as therapy
beginning when hosts had primary tumors that
were 8—10 mm?® and documented a significant
reduced tumor growth and metastasis, which was
correlated with inhibition of cancer cell prolifera-
tion [80].

The ability of w3 PUFA to downregulate
inflammatory mediators and increase apoptotic
proteins emphasizes the importance of exoge-
nous regulation of the tumor microenvironment.
However the mechanism of regulation is not
clear. In-vitro studies, have focused on cellular
phenotypes and the effect of ®3 PUFA on inflam-
matory cells in both LPS and tumor induced
inflammation. The majority of these studies have
focused on inflammatory pathway factors.
Although w3 PUFA has anti-inflammatory effects
in inflammatory diseases including cancer, its
regulation of MDSCs, which is a critical regula-
tor of the tumor microenvironments is understud-
ied. Further, the majority of murine models,
involve diets that are isocaloric but fully equiva-
lent, raising the question of obesity verses dietary
constituents. Since obesity itself is an inflamma-
tory disorder, ruling out the effects of obesity
associated inflammation as a confounding factor,
is crucial to determine the actual effects of dietary
components such as fatty acids in tumor initia-
tion, progression and metastasis.
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10.7 PUFA Regulation of Immune
Cells: Consequences
for Clinical Outcomes
in Cancer

Epidemiological studies of the incidence and
progression of breast cancer in populations of
women of Japanese descent in the USA com-
pared to women in Japan, have indicated a sig-
nificantly higher incidence in the USA compared
to Japan [81]. This observation was supported by
the finding that offspring of Japanese immigrants
to the United States, but not the immigrants
themselves, had breast cancer rates similar to the
general American population [82]. In the 1990s,
dietary components that were implicated in these
different incidences were identified [83]. These
relatively weak and sometimes contradictory cor-
relative epidemiologic data were considered
plausible, given experiments demonstrating ®3
PUFAs had the potential to reduce pro-
inflammatory cytokines, inflammation and devel-
opment of cancer [84]. Similarly, there are
indications that high fat diets increase breast can-
cer risk and are associated with an increased inci-
dence of aggressive prostate cancer [85].

In an epidemiological study of 56,007 French
women over § years, it was noted that breast can-
cer risk was not related to dietary PUFA overall,
but a significant risk was associated with @6 vs.
®3 PUFAs that was inversely related to ®3
PUFAs in women with the highest intake of w6
PUFAs indicating interactions between PUFA
consumption [86]. The decreased risk of breast
cancer with 3 PUFA intake (from fish) was con-
firmed in a case controlled study [87]. A popula-
tion based study showed all-cause mortality was
reduced 16-34% in women with a high intake of
®3 PUFAs [88]. Overall, during the past 20 years,
data has accumulated to indicate that a high w6
PUFA intake is pro-inflammatory, likely involv-
ing COX-2 and NFxp activation leading to
increased breast cancer incidence and all-cause
mortality whereas high 3 PUFA intake is pro-
tective, against high ®6 PUFA consumption
downregulating NFxf and decreasing breast can-
cer incidence and all-cause mortality.

Recent studies have shed additional light on
the mechanisms involved in these clinical effects,
as well as their relationship to the previously dis-
cussed innate and adaptive immune cells in the
tumor microenvironment. The regulation by ®3
PUFA of macrophage function, has been docu-
mented with the use of antagonists to GPR120
(free fatty acid receptor 4 (FFA4R)) which is
expressed by some myeloid cell populations [89].
It is noted that ®3 PUFAs mediate anti-
inflammatory effects via this receptor. However,
the nuclear receptor PPAR-y is also a receptor for
PUFAs and the regulatory mechanisms of o3 and
®6 PUFA on obesity [90], postmenopausal breast
mammary cancer [91] and microenvironmental
inflammation [41] require additional study.
Changes in the lipid content of cell membranes
associated with 3 and w6 PUFA intake have
effects on oncogenic signalling through modula-
tion of lipid raft profiles and a reduction in cyto-
kine production [92]. In addition, PUFAs
contribute to the regulation of hematopoiesis in
the BM, at extramedullary sites such as the spleen
[93, 94] and have been suggested to induce the
expansion of myeloid derived suppressor cells
[95].

In summary, dietary intake of PUFAs have
shown significant effects on clinical outcomes in
cancer patients. In general ®6 PUFAs are associ-
ated with increased risk due to both direct effects
on the mammary gland and promotion of a pro-
inflammatory tumor microenvironment. In con-
trast, ®3 PUFAs have protective effects and
counter tumor and w6 PUFA associated inflam-
mation. A general recommendation can be made
that individuals should decrease dietary w—6
PUFA intake and increase their ®3 PUFA con-
sumption such that a dietary ratio of no more than
1-3 to 1 is consumed to support cancer preven-
tion. PPAR-y and GPR120 agonists also have
potential use as neoplastic chemopreventive
drugs; although both these drugs and dietary
PUFA regulation have yet to definitively docu-
ment anti-cancer activity. In contrast, long-term
use of anti-inflammatory drugs has a clearly doc-
umented cancer preventive activity associated
with inflammatory cell infiltration of tumors [96].
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However, these benefits need to be weighed
against the risks associated with the long-term
use of anti-inflammatory drugs, which high-
lights the potential for dietary PUFA regulation
of inflammation.
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11.1  Introduction

An oncolytic virus is one that specifically infects
and/or replicates in cancer cells, while leaving
healthy cells relatively unharmed. This viral
infection and viral mediated cytotoxicity leads to
profound effects on the tumor microenvironment.
Perhaps the most obvious is its effect on the
immune microenvironment, as all viruses lead to
an inflammatory response in the tumor. In addi-
tion, oncolytic viruses can affect tumor vascula-
ture, tumor associated fibroblasts, extracellular
matrix, and more. These effects can be enhanced
or manipulated using targeted deletions within
the virus or expression of specific transgenes [1].
Commonly used virus vectors include poxvirus
(vaccinia), adenovirus, and herpes simplex virus
[2]. The field has evolved from using wild type
viruses, to viruses which selectively replicate in
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cancer cells via targeted deletions, to selective
viruses which express therapeutic transgenes. A
variety of transgenes have been shown to be
effective at inhibiting tumor progression via its
effect on the tumor microenvironment, including
suicide genes, factors capable of modulating or
enhancing the immune system, agents that have
anti-angiogenic effects, and products that disrupt
the extracellular matrix [3]. The multiple effects
oncolytic viruses have on the tumor microenvi-
ronment are discussed here.

11.2 Mechanisms of Viral-Induced
Cancer Cell Death

It is increasingly apparent that the mechanism of
tumor cell death can define the inflammatory
response in the tumor microenvironment.
Apoptotic cell death can be non-immunogenic if
cell membrane integrity is maintained and no
damage-associated molecular pattern molecules
(DAMP’s) are released. Cancer cells dying by
necrosis/necroptosis or pyroptosis are immuno-
genic. Cells dying by these mechanisms secrete
pro-inflammatory cytokines and release their
cytoplasmic content, including DAMPs (ATP,
HMGBI, uric acid, etc.), into the extracellular
space. Some DAMPs (such as HMGB1) can also
be secreted through non-classical pathways [4].
Oncolytic viruses in general kill with an
immunogenic form of cell death (Table 11.1)
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Table 11.1 Oncolytic viruses lead to specific mode of immunogenic cell death and exposure/release of DAMPs/

PAMPs [4]
ov DAMP/PAMP | Receptor Type of cell death | Immunological functions Refs.
Ad5/3-D24- ATP P2Y?2 and Necrosis, Function as a “find-me” signal, and | [5,
GM-CSF; P2X7 autophagic cell cause NLRP3-inflammasome- 8,
CVB3; vwDD death, and based IL-1f production 11]
immunogenic
apoptosis
Ad5/3-D24- | Ecto-CRT CD91 Immunogenic Function as an “eat-me” signal and | [5,
GM-CSF; (calreticulin) apoptosis (either it is a potent mediator of tumor 11]
CVB3 pre-apoptotic, early | immunogenicity crucial for
or mid apoptotic elicidation of antitumor immunity
surface exposure)
or secondary
necrosis
Parvovirus HSPs: CD91, TLR2, | Immunogenic Surfaced-exposed HSP90 can [13—
H-1 (H-1PV) | (HSP9O, TLR4, apoptosis (surface mediate adaptive antitumor 15]
HSP70, SRECI, and exposure) or immunity, while secreted HSP90
Hsp72) FEELL1 necrosis (passively | can inhibit TGF-p1 activation;
released) Leads to TAA-specific antitumor
immunity
? (Not Histones TLR9 Apoptosis (cell Released histones can cause [16]
identified) surface exposure) initiation of TLR9-MyD88-
or accidental mediated inflammation
necrosis (passively
released)
Many OVs: HMGBI TLR2, TLR4, | Immunogenic Activate macrophages and DCs; [6—
Ad; HSV; RAGE, and apoptosis; necrosis; | recruit neutrophils; promote in vivo | 11]
MV;VV; TIM3 autophagic cell the production of IFN-y, TNF-a,
H-1PV death IL-6, IL-12, and antigen-specific
activation of CD8* T cells
MV-eGFP IL-6 IL-6R and Necroptosis Stimulate the production of [6]
GP130 inflammatory cytokines such as
IL-1, TNF-«, and IL-6 and
chemotactic factors for neutrophils
such as IL-8/CXCL8 and S100A8/
A9
Telomelysin | Uric acid P2Y6 Autophagic cell A cell type-specific endokine [12—
(Ad) death DAMP with potent pro- 17]
inflammatory activity
Newcastle dsRNA and TLR3; and by | Immunogenic (1) Upregulation of HLA antigens | [18—
disease virus | other PAMPs | the Apoptosis; and ICAM-1; (2) induction of type | 22]
(NDV) cytoplasmic autophagy I IFNs and chemokines (CCL5 and
receptors CXCLI10); (3) activate DCs and T
MDA-5 and effector cells but also to block Treg
RIG-1 cells; (4) local therapy with
oncolytic NDV induces
inflammatory immune infiltrates in
distant tumors, making them
susceptible to systemic therapy
Reovirus The virus Dendritic cells | (Cancer cell Induce DC maturation and [23]
itself (PAMP) | (DCs) independent stimulate the production of the
mechanism) pro-inflammatory cytokines IFN-a,

TNF-a, IL-12p70, and IL-6.
Reovirus directly activates human
DC and that reovirus-activated
DCs stimulate innate killing by not
only NK cells, but also T cells
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[4]. They can kill cells via either immunogenic
apoptosis or necrotic cell death, and can be
manipulated to alter the mode of cell death.
Different viruses have different ways of induc-
ing cell death. For example, most oncolytic ade-
noviruses induce autophagic cell death in cancer
cells. Coxsackievirus B3 (CVB3) has been
reported to induce immunogenic apoptosis in
human non-small cell lung cancer cells [5].
Measles virus (MV) infection leads to the
release of inflammatory cytokines and HMGBI,
and activation of DCs [6]. HMGB release often
happens in late stage of apoptosis, during
autophagy and in necrotic cells infected with
OVs [4]. We first reported in 2005 that human
cancer cells infected by an oncolytic poxvirus,
led to necrotic/apoptotic death pathways and
release of HMGBI1 [7]. Later studies have con-
firmed and extended the findings of HMGB1
release in cancer cells infected with Adenovirus
(Ads) [24], CVB3 [25], an MV [6], vaccinia
viruses (VVs) [8, 9], HSV [25, 26], and parvovi-
rus H-1 (H-1PV) [10].

Genetic engineering and combination strate-
gies (virus plus chemotherapy or radiation ther-
apy) can skew the cancer cell death into modes
of immunogenic cell death and autophagy,
leading to potent and sustained antitumor
immunity, thus enhancing the efficacy of onco-
lytic immunotherapy. Workenhe et al. demon-
strated that the combination of HSV-1 ICPO
null oncolytic virus with mitoxantrone, which
induces ICD, was able to break immune toler-
ance and provide significant survival benefit to
Balb/C mice bearing Her2/neu TUBO-derived
mammary tumors. Increased infiltration of neu-
trophils and tumor antigen-specific CD8" T
cells into tumor tissues provide the protection,
and depletion studies verified that CDS8-, CD4-,
and Ly6G-expressing cells are essential for the
enhanced efficacy [27]. Which mode of cell
death in the context of oncolytic viruses is the
most potent way to elicit antitumor immunity
needs further investigation.

Viral Modulation
of the Immune
Microenvironment

11.3

11.3.1 Natural Immune Activation

Selective infection of tumor cells following treat-
ment with an oncolytic virus induces an inflam-
matory response that promotes tumor destruction
[28]. Viral mediated cell lysis and death occurs as
a result of infection, which leads to the release of
cytokines, danger signals, and virus- and tumor-
associated antigens [3, 29]. This in turn causes
activation of the innate immune response, includ-
ing dendritic cells, natural killer cells, macro-
phages, and neutrophils. These cells then lead to
either direct killing of the virally infected cells or
to the recruitment of adaptive immune cells, par-
ticularly CD4 and CD8 lymphocytes [3, 28]. Not
only does the activation of the adaptive immune
response result in additional tumor cell death, but
it also creates an in situ vaccination effect with
cross-presentation of tumor associated antigens
(Fig. 11.1) [30]. For example, in pre-clinical
models, animals previously treated with an onco-
lytic virus have the capacity to reject the tumor
when they are re-challenged with the same can-
cer cell line [1].

It is well recognized that the tumor microenvi-
ronment is composed of immune cells. However,
it is one which predominantly fosters tumor
growth and suppresses those processes that
would result in tumor cell elimination [28].
Nevertheless, uncontrolled oncolytic viral repli-
cation does not occur after treatment with onco-
lytic viral therapies. This indicates that the virus
is ultimately cleared by the immune response,
implying that it is capable of transiently over-
coming the local immunosuppressive environ-
ment within the tumor. While virally infected
cells are eliminated in the tumor microenviron-
ment, the surrounding non-infected cells may not
be attacked [1]. The development of an immuno-
logic “bystander” effect for non-infected cells
can be enhanced with manipulations of the virus
for additional therapeutic benefit.
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Fig. 11.1 Once an oncolytic virus (OV) reaches the
tumor microenvironment, it selectively replicates within
tumor and/or stromal cells, which induces death in the
infected cells. This leads to the presentation of cell surface
signals and the release of danger signals from the necrotic
cells. Antigen presenting cells (APCs) engulf apoptotic
bodies, from which tumor associated antigens (TAAs) are
processed. TAAs are then presented with the MHC com-

11.3.2 Viral Cytokine Expression

One approach to improve the impact of the onco-
lytic viruses on the tumor microenvironment is
via expression of single cytokines from the viral
backbone.  Viral-mediated production  of
cytokines locally within the tumor enhances the
immune response, while also reducing the sys-
temic toxicity when compared to treatment with
recombinant cytokines. The two most effective
cytokines tested are granulocyte-monocyte col-
ony stimulation factor (GM-CSF) [31] and type |

response

plex, as well as the costimulatory molecules, to the naive
T cells. In addition, the DAMPS (and PAMPS) that were
released activate and mature dendritic cells. This results in
a cytotoxic immune response, involving CD4+ and CD8*
T cells, against the tumor and associated stromal cells,
which assists in eradicating the tumor mass. Additional
immunotherapies targeting DCs, T cells, and the immuno-
suppressive tumor microenvironment can further enhance
this antitumor immune response [30]

interferon (IFN) [33, 64]. GM-CSF is a potent
inducer of hematopoietic cell proliferation,
including tumor specific cytotoxic T lymphocytes
(CTL), while having minimal anti-viral effects.
This leads to destruction of tumor cells both by
the CTLs directly and secondary by the oncolytic
viral infection [31, 32]. There are currently two
oncolytic viruses expressing GM-CSF that have
reached a primary survival endpoint in random-
ized clinical testing—a HSV strain (T-Vec,
Amgen) and a vaccinia strain (Pexa-vec, Jennerex,
part of Sillajen) [1]. However, there is concern
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that GM-CSF may also stimulate the production
of immune suppressor cells, which have a known
tumor promoting effect [32]. Therefore, caution
may be needed when using this cytokine. IFN-f
has known anti-viral and anti-tumor effects. Its
anticancer properties include direct antiprolifera-
tive effects and induction of tumor specific CTLs.
While in healthy cells, IFN-f3 normally inhibits
viral replication, however, tumor cells are often
resistant to IFN-f’s antiviral effects. Therefore, in
preclinical studies, oncolytic virus replication still
occurs within tumor cells and the anti-cancer
effects of IFN are still produced [3, 33].
Unfortunately, there is limited data to support the
therapeutic effects of IFN-expressing vectors
from clinical trials [1].

In addition, interleukin (IL)-2 and tumor
necrosis factor (TNF)-a expressing vaccinia vec-
tors have been tested in pre-clinical models.
However, despite their anti-tumor properties,
these cytokines significantly reduced the amount
of viral replication within the tumor cells.
Different approaches to express these cytokines
are being investigated, which regulate the level
or the timing of the transgene expression. This
may be done via the choice of the promotor. For
example, using a late promoter that is not
expressed until after replication of the virus has
started. Alternatively, transgene expression can
be regulated exogenously using inducible pro-
moters [32]. For example, Grigg et al. created an
oncolytic vaccinia virus with inducible expres-
sion of IFN-y under control of a tetracycline reg-
ulated promoter [34].

Another approach is to exogenously control
protein stability. Chen et al. demonstrated that
incorporation of exogenous regulation of cyto-
kine or chemokine transgene function through
fusion of a small and externally controllable
destabilizing domain to immunogenic proteins
allowed for an initial phase of viral replication
without cytokine function, permitting enhanced
delivery and oncolytic activity before activation
of cytokine function and a subsequent phase of
enhanced and tumor-targeted immunotherapeutic
activity. As a result of this exogenous regulation
of cytokine function, both oncolytic and immune-
mediated mechanisms of action were optimized,

greatly enhancing therapeutic activity, while tox-
icity was significantly reduced. This creates a
period of unhindered oncolytic and replicative
viral activity prior to cytokine action [35]. Then
as the patient’s immune response begins to limit
the oncolytic viral activity, an additional phase of
activity can be initiated through exogenously
controlled immunogenic proteins in the tumor
microenvironment.

Chemokines are known to attract a variety of
cells that mediate an inflammatory response.
CCLS5, in particular, enhances tumor targeting of
effector T-cells. A vaccina virus expressing CCLS5
has been found to increase infiltration of CD4
lymphocytes and dendritic cells into the tumor.
Also, a prominent Th2 immune response and
increased viral persistence are noted within the
tumor after infection with a CCL5 expressing
virus. However, if combined with dendritic cell
therapy a Thl response occurs with synergistic
anti-tumor effects (Fig. 11.2) [36].

11.3.3 Deletion of Viral Virulence
Genes

Many DNA viruses express multiple virulence
genes, including those capable of inhibiting cer-
tain steps in the immune response. These genes
represent attractive targets for deletion or muta-
tion, causing the virus to lose its ability to control
that specific step in the immune response. Often
these genes interfere with signaling pathways or
cytokines involved with activating the innate
immune response. The IFN pathway is a com-
mon viral target. Indeed, deleting the viral genes
that disrupt the IFN pathway have demonstrated
a greater therapeutic effects than an IFN-
expressing oncolytic virus [37].

11.3.4 Viral Expression of Other
Immune Stimulation
Molecules

As oncolytic viruses undergo replication within a
tumor, they begin to produce molecules which
can induce an inflammatory response in the tumor.
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Fig.11.2 Combining vvCCL5 and dendritic cell (DC) 1
therapies. (a) Mice bearing MC38 tumors were treated
with either DC1 vaccine loaded with MC38 lysate or
phosphate buffered saline (PBS). They were then treated
with either with vvCCLS5 or PBS 48 h later. 7 days after
the different treatments, in vivo cytotoxic T lymphocyte
(CTL) assays were performed to assess the levels of anti-
tumor CTL response produced (n = 3 mice/group). (b)

Particular adjuvants are being used to enhance
cancer vaccines, such as those that bind to toll-
like receptors (TLR). Modification of oncolytic
vectors have included creating CpG rich DNA
which binds specifically to TLR9. Activation of
TLRY is associated with a favorable immune
response. In pre-clinical models, this CpG rich
adenovirus activates TLR9 and improves antitu-
mor responses and tumor clearance [38].
Alternatively, expression of tumor associated
antigens from the oncolytic virus may also
enhance therapeutic effects. The therapeutic ben-
efit occurs by stimulating an adaptive immune
response against tumor antigens that may not be
induced by the virus alone. Similarly, an onco-

Tumor volumes of each treatment group, determined by
caliper measurements. Tumor responses of vvCCLS5 and
DC1 vaccine combination were superior relative to either
therapy alone (P < 0.05, days 13-20) (n = 10/group). (c)
Flow cytometry of tumor for each experiment group.
Tumors were stained with anti-CD4 antibody, anti-NK1.1
antibody, or anti-CD8 antibody. (n = 3 or 4). DC dendritic
cell, NK natural killer, 7/L tumor infiltrating lymphocyte
(36]

lytic virus can express bispecific T-cell engagers,
which lock the T-cells and tumor cells in close
proximity to each other, inducing immune-
mediated tumor cell destruction [39].

11.3.5 Targeting
of Inmunosuppression
Within the Tumor

Infection of the tumor with the virus activates the
immune response. In addition, these vectors can
momentarily overcome immune suppression
within the tumor. This is likely only transient as
the vectors are removed by the host’s immune
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response. Some viral vectors have been specifi-
cally designed and created to enhance and main-
tain the virus’s capability to overcome the
localized immunosuppressive environment [32].
For example, there is a vector that produces a sol-
ubilized chemokine receptor (CXCR4) binding
domain. Normally, the chemokine CXCL12,
which is commonly expressed within tumors,
binds to CXCR4. CXCLI12 is associated with
neovascularization, induction of metastasis, main-
tenance of cancer stem cells, and the attraction of
monocyte derived suppressor cells (MDSC’s) into
the tumor. The expression of the binding domain
CXCR4 by the vector acts as a decoy receptor.
This sequesters the chemokine locally and pre-
vents the attraction of MDSC’s [40].

In addition, viral vectors expressing antibod-
ies that prevent activation of immune checkpoint
inhibitors, including anti-PD-1, anti-PD-L1, and
anti-CTLA-4 have been created. This allows for
local production of high concentrations of the
therapeutic antibody, which can help prevent sys-
temic toxicities [1, 41]. However, some recent
data indicates that addition of antibodies to block
immune checkpoint inhibition may be more ben-
eficial at later times, such as after initial viral-
mediated immune activation [42]. Also, because
multiple suppressive immune cells (MDSC, M2
macrophages, and T-reg cells) exist within the
tumor, it may be necessary to target multiple cell
types in order to ensure a robust adaptive immune
response [32].

11.3.6 Combining Oncolytic Viruses
with Systemic Therapies

Treatment regimens that combine the capability
of the oncolytic virus to transiently modify the
tumor microenvironment with a systemic therapy
that is able to produce a long lasting anti-tumor
response are currently being developed. Many
approaches are being explored. Synergistic anti-
tumor effects are seen when vaccinia virus is
given with chemotherapies such as paclitaxel or
irinotecan. Vaccinia virus induces arrest of cell
division in the S-phase in order to promote virus
replication [43]. This makes the cell more suscep-

tible to the drug therapy. Interesting, after the che-
motherapy is given, apoptosis in both virally
infected and uninfected cells increases, compared
to treatment with either the virus or chemother-
apy. The rise in uninfected cell apoptosis is likely
because vaccinia virus sensitizes these cells to the
effects of either paclitaxel or irinotecan [44, 45].
Cell sensitization to paclitaxel occurs early after
viral infection from the release of IFN and later by
HMGBI after viral-mediated cell death [45].

Other combination therapies include the use of
the oncolytic virus together with alternative adju-
vants or anti-immune checkpoint inhibitors. In
addition, oncolytic viruses expressing chemokines
known to attract T-cells are being used in combi-
nation with dendritic cell vaccination to enhance
therapeutic potential. Using CAR T-cells together
with oncolytic virus strains that express both che-
mokines and cytokines, which attract these cells
into the tumor and then help to maintain their phe-
notype, is another possible example [46].

In summary, the immune microenvironment is
complex, but we understand much about the
mechanisms of immune suppression within that
environment that allow tumor progression.
Oncolytic viruses are ideally suited to provide a
multi-arm attack of immune suppression, and
stimulate innate and adaptive immunity against the
tumor. Numerous examples of this have been pub-
lished (Table 11.2) [47]. Many therapeutic options
may be available in the future (Fig. 11.3) [78].

11.4 Viral-Mediated Destruction
of Tumor Vasculature

11.4.1 Vascular Collapse Within the
Tumor

Initial oncolytic viral replication is often
restricted to the periphery of the tumor and loca-
tions adjacent to the vasculature. However, the
virus is still capable of causing cell death in unin-
fected centrally located cells secondary to viral-
mediated tumor-specific vascular collapse. This
may occur because of the secretion of pro-
inflammatory cytokines by the virus-infected
tumor cells and then subsequent recruitment of
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Table 11.2 Antitumor immune responses elicited by OVs [47]

oV Mediator Mechanism of action References
HSV-1 (ICPO Cytotoxic T Antiviral and antitumor responses contribute to efficacy in [48]
null) Lymphocyte murine breast cancer model
(CTL)
HSV-1 (ICP34.5 |CTL Enhanced DC maturation, increased tumor infiltration of [49]
null) INF-y* CTL in murine ovarian cancer model
HSV-1 (ICP34.5 | Natural Killer IT injection results in IFN, MIG, IP-10 production and [50]
null) (NK) cells/CTL subsequent infiltration of NK and CD8* cells
HSV-1 (a47 CTL Enhanced MHCI expression in human cells, enhanced [51]
null) stimulation of matched T cells
HSV-2 T lymphocytes Strong T cell responses against primary or metastatic tumors; [52-56]
variety of immune competent murine models
HSV-GMCSF Unspecified OncoVEX undergoing phase 3 clinical trials for melanoma and | [57, 58]
squamous cell carcinoma of the head and neck; induction of
adaptive antitumor immune responses
Reovirus CTL Generation of antitumor CTL against B16 tumors independent | [59]
of oncolysis enhanced priming of human CTL against Mel888
cells
Reovirus T lymphocyte/NK | Expansion of CD3*/ CD4* and CD8*/perforin*/granzyme* T [60]
cells cells, and enhanced circulating CD3~/ CD56* NK cells in
patients on phase 1 trial with IV reovirus (T3D)
Reovirus NK cells DCs loaded with reovirus infected melanoma cells results in [61]
NK activation and INF-y secretion
Reovirus NK cells/CTL DCs activated upon reovirus infection; antigen non-restricted [23]
tumor cell killing by NK and T cells
Measles CTL Measles virus infected mesothelioma cells activated DCs and [62]
primed autologous CTL
MV-IFN-$ CD68* cells Infiltration of CD68* cells innate immune cells in murine [63]
mesothelioma improved survival
Measles T lymphocytes Phase 1 trial of cutaneous T cell lymphoma: increased INF-y* | [64]
and CD4*/CD8* T cells infiltration; overall expansion of CD8*
T cells
Adenovirus CTL Induction of a therapeutically effective tumor-directed CTL [65]
(Ad-p53T) response
Adenovirus Neutrophils Oncolytic adenovirus-GMCSF induced neutrophil infiltration [66]
(Ad-GMCSF) and inflammation
Adenovirus CTL Phase 1 trial: IT treatment with Ad-GMCSF led to post- [67]
(Ad-GMCSF) treatment enhancement in circulating antitumor INF-y
secreting CTL
Vaccinia Multiple Melanoma lesions treated IT with JX-594 showed immune [68]
(JX-594) infiltration and regression of untreated lesions (phase 1 trial)
Vaccinia T lymphocytes Priming with OVA DNA vaccine and IT treatment with [69]
(VV-ova) VV-ova enhanced CTL infiltration and killing of OVA-
expressing tumors
Vaccinia T lymphocytes Heterologous prime-boost with VV and Semliki forest virus [70]
vectors elicits antitumor immunity against murine ovarian
surface epithelial carcinomas
Vaccinia (BISR | INF-B Complete tumor response associated with protection from [31]
null) tumor rechallenge in CMT93 murine tumor model
VSv CTL CTL arose against viral and tumor epitopes; antitumor CTL [71]
are critical for efficacy of IT VSV
VSV NK cells/IL-28 IL-28 induced by VSV sensitized tumors to NK recognition [72]

and activation

(continued)
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Table 11.2 (continued)

oV Mediator Mechanism of action References

VSV CTL/NK cells Strong correlation between viral gene expression, [73]
proinflammatory reaction and therapeutic outcome in B16 ova
model

VSV-IFN-$ CD8* cells IFN-B potentiated CD8* T cells generalized reaction in AB12 [74]
murine mesothelioma model

VSV CTL Priming with Ad-tumor Ag prior to treatment with VSV-tumor | [75]

Ag improved survival via antitumor CTL

VSV T lymphocytes Anti-B16 immunity contributes to purging metastases from [76]
spleen and lymph nodes and protected from long term
metastatic disease

NDV T lymphocytes NDV expressing tumor antigen (+/— /L-2) enhanced tumor [77]

infiltration by T cells; therapeutic potential was T cell
dependent

1. Pre-treatment tumor

@ Treg .M1-macrophage
0 Th2 . cTL

t& Suppressive cytokines
0 Thi
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* Mature dendritic
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Fig. 11.3 Six steps to induce antitumor T-cell immunity these viruses depend on successful immune response
via armed oncolytic viruses. The antitumor efficacy of  within the tumor microenvironment and the production of
durable antitumor T-cell immunity [78]
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inflammatory cells to the tumor. The infiltration
of neutrophils leads to thrombosis, acute isch-
emia, and uninfected tumor cell death [79].
Additionally, there is evidence that vaccinia virus
strains are able to infect and replicate within
tumor-associated endothelial cells leading
directly to their destruction and vascular col-
lapse. Hypoxia and massive necrosis are again
seen within the tumor [80]. The hypoxia or isch-
emia seen, in both of these complimentary and
likely simultaneously occurring situations, is
likely secondary to the loss of microvascular per-
fusion following manipulation of the tumor
microenvironment by the virus (Fig. 11.4), [79].
It may be as a result of obstruction of small capil-
laries by neutrophils or the upregulation of tissue
factor leading to thrombosis formation within the
tumor vasculature [79, 80].

Similar results were seen in clinical studies. In
a phase II clinical trial, JX-594 (Pexa-Vec) was

CT-2% CT26
24 h post UV mactvated VSV 24 hpost VSV

120 hpost wiDD

given to patients with hepatocellular carcinoma,
a hypervascular tumor. JX-594 caused acute
tumor vascular disruption and decreased tumor
perfusion in these patients, which was maintained
for at least 8 weeks. There were no toxicities to
normal blood vessels or wound healing noted, but
immunohistochemistry demonstrated viral infec-
tion of neovasculature within the tumor microen-
vironment (Fig. 11.5) [80].

11.4.2 Antiangiogenic Effects
of the Virus

In addition to promoting vascular collapse within
a tumor, oncolytic vaccinia viruses have recently
been found to have antiangiogenic properties.
Levels of vascular endothelial growth factor
(VEGF), a classic mediator of angiogenesis,
within the infected tumor were significantly
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Fig. 11.4 The use of vaccinia virus results in killing of
uninfected tumor cells in a xenograft model of human
cancer. BALB/c mice with CT-26 tumors were first treated
with ultraviolet (UV)-inactivated vesicular stomatitis
virus (VSV) particles, then perfused with fluorescent
microspheres 24 h after injection, and sacrificed 5 min
later. Fluorescence (black dots) are was seen uniformly
throughout the tumor. VSV expressing green fluorescent
protein (GFP) was injected intravenously into BALB/c
mice with CT-26 tumors. 24 h later, the tumors were ana-

lyzed for perfusion. Another group of BALB/c mice with
CT-26 tumors were treated intra-peritoneally with vac-
cinia virus (vvDD). This time the mice were perfused with
fluorescent microspheres 120 h after infection. Similar
experiments were conducted using CD1 nude mice with
subcutaneous SW620 human colon carcinoma tumors.
Both untreated SW620 tumors and SW620 tumors from
mice treated intravenously with VSV expressing GFP and
perfused with microspheres 24 h are shown. vvDD,
double-deleted vaccinia virus [79]
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Fig. 11.5 Dose-dependent JX-594 infection of tumor-
associated endothelial cells found in patient tumor biop-
sies after intravenous infusion. Patients received i.v.
JX-594 and 7 days lat, tumor biopsies were conducted.
The biopsies were evaluated for tumor-associated endo-
thelial cell infection by immunohistochemical (IHC)
staining. (a) JX-594 infection of tumor-associated endo-
thelial cells (black arrows) shown by IHC staining with
polyclonal antivaccinia antibody in metastatic ovarian
cancer biopsy (lymph node) (scale bar, 50 mm). (b)
Negative control: corresponding tissue to (a). Sample
stained with secondary antibody only (scale bar, 50 mm).
(¢) Negative control: tumor biopsies from the patient in
(a, b, d, e) collected prior to treatment with JX-594.
Samples stained with polyclonal anti-vaccinia antibody
(scale bar, 50 mm). (d) Lower power magnification of the
biopsy in (a). Black arrows indicate infected vessels
(scale bar, 100 mm). (e) JX-594 infection of another
tumor-associated vasculature in an ovarian tumor shown
at a higher magnification. Black arrows indicate infected

(;oholn -3 Corlwn 4' Cohort 5 and expersion‘

vessels (scale bar, 50 mm). (f) Tumor biopsy of a patient
with metastatic leiomyosarcoma, which shows JX-594
infection of tumor-associated vessels (scale bar, 50 mm).
(g) Negative control: corresponding serial section to (f).
Sample stained with secondary antibody only (scale bar,
50 mm). Linear adjustments to brightness and contrast
made in (f, g). (h) p-gal in a vessel, detected by IHC, from
the patient with ovarian cancer in (a). Black arrow indi-
cates vessel (scale bars, 100 mm). (i) Serial section shows
colocalized vaccinia staining (polyclonal antivaccinia
antibody) in vessel positive for $-gal (scale bars, 100 mm).
Linear adjustments to brightness and contrast made in
(h—j), Patients cohorts received escalating doses of IV
JX-594. Tumor biopsies were collected 7 days later and
evaluated for tumor-associated endothelial cell infection
in visible vessels. Vessels positive (percentage) for vac-
cinia [HC in tumor by patient and dose cohort. Number of
vessels counted per patient biopsy shown (all vessels in
specimen or vessels in five random fields at x20 magnifi-
cation). Patients who have received prior antiangiogenic
therapy indicated by an asterisk [80]
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reduced after viral treatment. In fact, the levels
remained suppressed during the entirety of the
viral infection, even after the induction of hypoxic
conditions when levels would be expected to rise.
Furthermore, VEGF production was also reduced
in neighboring uninfected cells, likely as a result
of factors secreted by the infected cells. Therefore,
combining oncolytic viruses with additional anti-
angiogenic treatments may result in enhanced
therapeutic benefit, particularly if the antiangio-
genic drug is given after viral clearance when
VEGEF levels begin to increase again [81].

Antiangiogenic proteins can be expressed by
oncolytic viruses for additional anti-angiogenic
effects. The soluble VEGF decoy receptor (FP3),
due to its high affinity to VEGEF, is a highly effec-
tive and promising strategy to disrupt VEGF sig-
naling pathway. A novel oncolytic adenovirus
(Ad) expressing FP3 (RdB/FP3) was shown to
greatly decrease VEGF expression level and ves-
sel density and increase apoptosis in both tumor
endothelial and tumor cells, verifying potent sup-
pressive effects of RAB/FP3 on VEGF-mediated
tumor angiogenesis in vivo. As a result RAB/FP3
treatment led to a dramatic reduction in tumor
growth compared to controls [82].

11.5 Viral Disruption
of the Extracellular Matrix

One of the limitations of oncolytic viruses is the
inability to efficiently propagate and infect cells
distant from the injection site. It appears that the
distribution, especially of large viruses, is hin-
dered by the collagen-rich tumor environment.
Injecting an oncolytic virus simultaneously with
collagenase increases the distribution of the virus
by disrupting the collagen network [83].
Additionally, overexpressing matrix metallopro-
teinase (MMP)-1 and MMP-8 within tumors
results in depletion of sulfated glycosaminogly-
cans, an extracellular matrix component. Possibly
as a result of degradation of chondroitin sulfate
proteoglycans. When an oncolytic virus is given
in conjunction with a MMP-expressing tumor,
viral distribution is again noted to be more evenly

distributed throughout the entire tumor and not
just within the periphery [84]. Both injecting the
virus concurrently with collagenase and enhanc-
ing the tumor to produce MMP-1 or MMP-8
improves the efficacy of the oncolytic viral ther-
apy [83, 84].

In addition, the concentration of hyaluronan,
another extracellular matrix protein, is elevated
in several types of cancer and may be correlated
with the invasive and metastatic behavior of the
tumor. Recent evidence in pre-clinical models
reveals that hyaluronidase, the enzyme responsi-
ble for hyaluronan degradation, coadministration
and hyaluronidase expression by an oncolytic
adenovirus enhances viral distribution within the
tumor. This results in widespread replication of
the virus and overall improved therapeutic out-
come [85].

Relaxin-expressing oncolytic viruses were
also found to increase viral spread and tumor
tissue penetration. Again, this is secondary to
degradation of the extracellular matrix within the
tumor, likely because relaxin increases the
expression of MMPs and pro-collagenase.
Furthermore, better distribution of the virus leads
to improved antitumor viral activity, including
inhibiting tumor growth and metastasis [86].
There are concerns that MMPs may actually
increase the metastatic potential of tumors.
However, there is emerging evidence that specifi-
cally MMP-8 is actually antimetastatic [87].

11.6 Crosstalk Promotes
Oncolytic Virus Activity

Another factor that affects the therapeutic poten-
tial of oncolytic viruses is the cross talk between
different cell types within the tumor microenvi-
ronment. The tumor secretes transforming growth
factor-f (TGF-B), which coverts normal fibro-
blasts into cancer-associated fibroblasts. These
transformed fibroblasts then produce fibroblast
growth factor 2 (FGF-2) that inhibits expression
of retinoic acid-inducible gene I in tumor cells.
As a result, the ability of the tumor cells to detect
and respond to the virus is dampened, increasing
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the susceptibility of the tumor cells to viral infec-
tion. In a pre-clinical model, a FGF-2 expressing
oncolytic virus has been shown to have improved
therapeutic efficacy compared to the parental
virus [88].

In addition, viral mutations that increase the
production of different viral forms, such as the
extracellular enveloped form (EEV) of vaccinia,
result in oncolytic vectors that are better adapted
to spread within a host and can also be incorpo-
rated to enhance spread within the tumor, lead-
ing to more beneficial therapeutics [89]. This can
be taken further through the combination of
EEV-enhanced strains with cell based delivery.
For example, cytokine-induced killer (CIK) cells
pre-infected with an EEV-expressing virus lead
to improved CIK cell “homing” to the tumor.
This is likely because the EEV is released into
the blood stream and seeds the tumor with virus
prior to CIK cell infiltration. The virus then
modifies the tumor microenvironment to enhance
tumor trafficking of the CIK cells towards the
virus-infected tumor. In addition, expression of
chemokine, CCL5, from the virus could further
improve this “homing” effect. This synergistic
crosstalk between therapeutic components sig-
nificantly improves antitumor effects of the
oncolytic virus [90].

11.7 Conclusions

As we learn more about the tumor microenviron-
ment and how it promotes tumor growth, we find
new targets for treating cancer. Oncolytic viral
therapy is a promising new option in cancer treat-
ment, and because they infect and replicate in
cancer cells, they are ideally suited to manipulate
the tumor microenvironment. Taking advantage
of their innate abilities, as well as expressing fac-
tors capable of modulating or enhancing the
immune system, factors that have anti-angiogenic
effects, and that disrupt the extracellular matrix
can lead to potent anticancer responses. The
viruses have been explored primarily in the pre-
clinical models with good results. Hopefully
these newer methods described above will be
soon translated into clinical therapeutics.
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Temperature-Induced Chronic
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Stress on Preclinical Mouse Tumor
Models and Therapeutic
Responses: An Important Role

for the Nervous System

Bonnie L. Hylander, Jason W.-L. Eng,
and Elizabeth A. Repasky

12.1 Introduction

The TME regulates tumor growth and response
to therapy in many ways. Recently, it has been
shown that tumors recruit both sympathetic and
parasympathetic nerves which produce norepi-
nephrine and acetylcholine in the TME, promot-
ing tumorigeneses, invasion and metastasis [2,
3]. In addition to acting directly on tumor cells,
norepinephrine (NE) can regulate the activity of
immune cells. The regulation of immune cells is
complex; in addition to the cytokines/chemo-
kines released from other cells, they are also
responsive to signals from the nervous system. In
fact, both primary and secondary immune organs
are densely innervated by fibers of the sympa-
thetic nervous system [4] so that the major path-
way by which the nervous system controls the
immune system is by local release of the neu-
rotransmitter NE from post-ganglionic sympa-
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thetic neurons in various immune organs [4, 5].
This pathway is activated during the sympathetic
stress response and although in response to an
acute stress, sympathetic activation of immune
cells is beneficial, when this stress is chronic,
there is much evidence that the sympathetic ner-
vous system suppresses immune responses. How
is this relevant to pre-clinical mouse models used
for research? Lately, concern has been raised that
experimental mice in standard housing condi-
tions are “metabolically morbid” [6] and under
constant cold stress [7-16]. Our group has
observed different biological outcomes in pre-
clinical mouse models of cancer and tumor
immunity between mice that are cold-stressed
and those in which cold stress is reduced, even
though the core body temperature in both groups
is the same. An incomplete recognition of these
potential differences in experimental outcome
could significantly limit the full potential of pre-
clinical models of cancer and other diseases.
Here, we will present an overview of this prob-
lem with specialfocus on how housing conditions
subject laboratory mice to chronic cold stress,
resulting in elevated norepinephrine levels, and
the suppressive effects of this increased adrener-
gic signaling on the anti-tumor immune response
and tumor response to therapy.
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12.2 Metabolic Effects of “Shoe-
Box” Caging
on Experimental Mice

Mice have become the most widely used models
for studying human/patient biological processes
including development, metabolism, normal
physiology and disease. “The Guide for the Care
and Use of Laboratory Animals” [1] provides
detailed guidelines for all aspects of laboratory
mouse housing and is followed by research insti-
tutions internationally. Comprehensive parame-
ters are provided for all environmental factors
including temperature, humidity, ventilation,
food, lighting, noise and cage size/ housing den-
sity as well as recommendations for enrichment
strategies that can reduce stress. It is stated sev-
eral times in different places that variations in
these microenvironmental factors could affect
behavior, physiology (reproduction), phenotype
and, possibly, experimental outcomes. These rec-
ommendations are based on data from publica-
tions and experts, being a synthesis of all
empirical aspects of operating the animal facili-
ties and are revised periodically (the last edition
was in 2011). In practice, animal care personnel
handle implementation of these regulations and
therefore, the majority of scientists do not take
these environmental variables into consideration
when designing experiments and analyzing
experimental outcomes. They assume the mice
are healthy and the outcomes of experiments rou-
tinely conducted under these mandated condi-
tions will provide accurate and reproducible
baseline data. However, recently, a growing
number of investigators have raised significant
concerns that this may not be the case.

The first contemporary warning was published
by Martin et al., a group at the National Institute
of Aging [6]. These investigators raised the alarm
by pointing out that, contrary to these presump-
tions of health, “mice under standard conditions
are sedentary, overfed, obese, glucose intolerant”
and hypertensive. More importantly, they warned
that the biological status of these mice likely
“confounds data interpretation on outcomes of
human studies”. These standard control animals
are also at higher risk for developing cancer, dia-

betes, renal failure and premature death than mice
which have reduced food intake, exercise more
and have a stimulating environment. In fact,
reducing caloric intake can increase life span up
to 40% and this is largely due to reduction in these
diseases. In a genomic study, this group found
significant differences in gene expression when
rats on different diets were compared with stan-
dard vs lean controls, again emphasizing that the
metabolic condition of the control animals has the
capability of skewing the results of experiments.
Furthermore, they discuss studies suggesting that
the efficacy of drugs for treating metabolic, neu-
rological and malignant disease may be more effi-
cacious in mice housed under standard conditions
than in more healthy mice, thus contributing to
the failure of several drugs to recapitulate the suc-
cess seen in preclinical models when these drugs
are used with patients. They conclude that “The
beneficial effects of some drugs in animal models
might result from their effects on processes asso-
ciated with an unhealthy lifestyle (increased oxi-
dative stress, inflammation, insulin resistance,
etc.) rather than a specific effect of the drug on the
disease process” and propose that experiments
should be designed to include both sets of condi-
tions rather than just the one standard one. Other
biological concerns about laboratory mice are
also being raised. For instance, the immune sys-
tem which develops in laboratory mice housed
under extremely clean conditions is significantly
different than that of feral mice which more
closely resembles the immune system of humans
and this can be altered by exposure to feral mice
indicating another environmental variable that
can significantly affect experimental outcomes
[17].

12.3 Effects of Housing
Temperature on Mice:
Differences Between Mice
atSTandTT

Whereas, Martin et al. [6] were concerned about
the metabolic effects of a sedentary, obesogenic
lifestyle, a housing parameter which we and
others have recently become particularly con-
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cerned about is the ambient temperature at which
mice are housed. Biologists have studied thermo-
regulation in mice for years, and are well aware
of the unique aspects of their physiology with
regard to body temperature control, but it is now
becoming clear that the variable of housing tem-
perature has a significant impact on many aspects
of mouse physiology which directly affect exper-
imental outcomes [7, 12-14, 18-39]. This is
because mice have a large surface to volume ratio
and therefore lose heat more quickly in cool tem-
peratures [12, 18]. Of particular concern is the
fact that the temperature range recommended by
the Guide [1], between 22 and 26 °C, is below the
resting metabolic thermoneutral zone of the
mouse [18]. This thermoneutral zone is defined
as the ambient temperature range at which a sta-
ble core temperature is achieved by “adjustments
in insulation, posture, and skin blood flow” and is
30-32 °C for mice [18, 40]. In other words, the
animal is able to maintain core temperature by
basal metabolism alone without activating physi-
ological, thermoregulatory processes for heat
production or heat loss which require large
amounts of energy. It has been shown that mice,
when given a choice, will choose an ambient
temperature of 30.9 °C from a range of 18 to
34 °C [41]. Gordon states that the Lower Critical
Temperature (LCT) has been extensively studied,
is approximately 30 °C and is the point at which
mice become susceptible to cold stress. Although
mice will select a temperature a few degrees
lower during their active, nocturnal period, their
core temperature is maintained by heat produced
through increased activity. “The Guide” acknowl-
edges that the recommended temperature is lower
than thermoneutrality, but it specifically recom-
mends that housing temperatures be kept below
the animal’s lower critical temperature to avoid
heat stress. To compensate, mice often huddle
together and although “The Guide” suggests that
mice can be given nesting materials and shelters,
see also [42, 43], this is often not done and, there-
fore there is great potential for laboratory mice to
be subjected to chronic cold stress. The reason
this situation has overall not worried investiga-
tors, though, is because mice are able to effec-
tively thermoregulate and the core temperatures

at standard temperatures and thermoneutral tem-
peratures are not significantly different [41].
How does this chronic cold stress affect labo-
ratory mice and the outcomes of experiments?
There are clear differences in the metabolism of
mice housed at standard temperature (ST—22—
26 °C) and those housed at thermoneutral tem-
peratures (TT - 30-32 °C) as reviewed by
Overton [12]. Although the core body tempera-
tures of mice may vary by 2° during the course of
a day, in concert with circadian rhythm and activ-
ity level, the core temperature is similar between
mice housed at ST and TT [18, 24, 41]. Therefore,
the physiological differences are related to
increased metabolism and thermogenesis at ST
which are required to defend core body tempera-
ture. Uchida et al. [34] conducted a study com-
paring glucose homeostasis in C57BL/6 mice
housed at 25 °C vs. 20 °C (instead of the 4 °C
which is commonly used to study cold stress).
Interestingly, there was no difference in blood
glucose or plasma insulin levels in mice, how-
ever fasting levels differed significantly with
lower insulin and higher glucose levels at the
lower temperature. This correlated with an
impaired response in a glucose tolerance test.
These authors found a significant impairment of
glucose-induced insulin secretion (comparable to
that seen at 4 °C), which resulted in elevated glu-
cose levels (unlike the response at 4 °C).
Additionally, when 20 °C mice were moved back
to 25 °C, they reverted to the normal phenotype.
They also found that the 20 °C mice had elevated
plasma NE but not Epi. NE is known to inhibit
insulin secretion from the pancreatic islets [44]
and is the stress hormone which drives thermo-
genesis to maintain body temperature. In measur-
ing NE turnover in various organs, Teramura and
colleagues found that the rate of NE turnover and
upregulation of UCP-1 in BAT was similar
whether the mice were at 4 °C or at 23 °C [45]
confirming that physiologically, the degree of
cold stress experienced at ST is comparable to
that experienced in classic “cold stress” experi-
ments. Comparison of skin temperatures at ST
and TT found lower skin temperature in the 20 °C
mice while confirming there was no difference
between the core temperatures in the two groups.
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Lastly, these authors found that changes in the
cool mice related to lipid metabolism and fat
storage. Clearly, differences in energy metabo-
lism occur at these two sub-thermoneutral tem-
peratures and it would be interesting to compare
these results with those from mice housed at
TT. These metabolic differences are mirrored by
differences in heart rate and blood pressure.
Swoap and colleagues have shown that as the
ambient housing temperature decreases, heart
rate and blood pressure significantly increase [30,
31]. The resting heart rate at 22 °C is 550—
600 bpm while at 30 °C, it is reduced to 350-
400 bpm [12, 30]. In fact, although it was thought
that the autonomic control of heart rate differed
between mice and men, these authors concluded
that when the autonomic control of heart rate is
studied in animals at TT, it is controlled by para-
sympathetic vagal input in a manner similar to
humans, rather than by sympathetic inputs that
prevail at ST. These discrepancies call attention
to the need to consider ambient temperature
when conducting cardiovascular experiments in
mice and relating results to humans.

The validity of these warnings about consider-
ation of ambient housing temperature in assess-
ing results from mouse models is clearly
demonstrated in experiments with the UCP-1
knock out mouse. UCP-1 is the “uncoupling pro-
tein-1" of the mitochondrial inner membrane in
brown adipose tissue (BAT) which mediates a
thermogenic proton leak, uncoupling oxidative
phosphorylation from ATP production and
thereby dissipating energy and generating heat
by non-shivering thermogenesis in BAT. In one
experiment a UCP-1 knock-out mouse developed
the expected deficits in non-shivering thermo-
genesis, but it did not become obese as was
expected [46, 47]. This cast doubt on the involve-
ment of UCP-1 in bioenergetics and the useful-
ness of targeting it to combat obesity. However,
these mice were housed at ST and more recently,
several groups have shown that these mice do
become obese if they are housed at TT [7, 47—49]
suggesting that in UCP-17~ mice, alternative
pathways must exist for thermogenesis which
burns calories to generate body heat and prevents
obesity at ST. A commentary accompanying the

Feldman paper reinforced the fact that ambient
temperature is a critical variable to consider
when assessing the effects of different genotypes
in metabolic research [9]. Interestingly, a recent
study of the anti-obesity efficacy of
2,4-dinitrophenol (DNP, a chemical uncoupler)
concluded that in experiments conducted at TT,
DNP treatment decreased body fat by 26% and
improved glucose tolerance, but no beneficial
effects were observed at ST [50]. This group also
tested the P3-adrenergic agonist, CL316243, to
determine whether pharmacological activation of
brown adipose tissue (which is the major tissue
expressing f3-AR) could result in weight loss;
again they observed beneficial effects at TT, but
not at ST [14]. Ravussin, commenting on the
Feldman paper, takes the position that “ambient
temperature clearly affects phenotypes related to
energy homeostasis in rodents” [51]. Related to
the increased metabolism seen in mice at ST vs
TT, Jun et al. found that mice at ST had increased
lipid uptake in BAT, heart, and lungs and that
hypoxia, by suppressing metabolism, caused
increased levels of triglycerides in the plasma;
however, when mice were exposed to hypoxic
conditions at TT, no differences in plasma tryg-
lycerides were detected [52]. One study found
differences in the effects of energy restriction on
the disease progression of lymphoma over the
course of the lives of C57BL/6 mice fed an
energy restricted diet at either ST or TT. At ST
these mice lived significantly longer than either
control mice at ST or mice on an energy restricted
diet at TT [53].

12.4 Effects of Housing
Temperature on Mouse
Models of Infection

There are many studies reporting the deleterious
effects of stressors such as restraint and social
isolation on the immune response in infection
models at standard room temperatures [54, 55].
However, the immune response is also pro-
foundly affected by housing temperature. One
hallmark of an effective immune response is the
“fever” response in which the set-point of the
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core temperature is elevated and the organism
recruits thermogenic mechanisms to raise the
body temperature. It was thought that mice do
not generate fevers as humans do, but it was
recently shown that although mice fail to develop
a fever following injection of LPS at ST, fevers
are generated when they are challenged at ther-
moneutrality [27]. Are other aspects of the
immune response affected by housing tempera-
ture? It is known that immune organs are heavily
innervated by sympathetic nerve fibers [4] while
immune cells express adrenergic receptors, pri-
marily B2-ARs, in a cell type/subset specific pat-
tern [56]. In terms of the overall effect of stress
on the immune response, the effect depends on
whether the stress is acute (of short duration) or
chronic. During the “fight or flight” acute stress
response, the immune response is mobilized by
sympathetic signaling. This has been hypothe-
sized to be a key evolutionary mechanism by
which animals survive stressful challenges which
likely would involve injury or exposure to patho-
gens [57]. Generally speaking, acute stress is
“beneficial”, mobilizing immune cells to the site
and promoting their protective function, while, in
contrast, chronic stress is “detrimental” and leads
to systemic immunosuppression [54, 57]. As dis-
cussed above, laboratory mice housed at ST are
chronically cold stressed and thus have elevated
NE levels associated with thermogenesis. A rela-
tionship between room temperature and the
course of pathogenic infections was reported
70 years ago when Moragues noticed that dra-
matic differences in disease progression, severity
and survival following infection with murine
typhus rickettsiae correlated with seasonal differ-
ences in room temperature, in that all the mice
died of disease when the room temperature was
approximately 18-23 °C while few deaths
occurred when the room was 29-37 °C [58].
Similarly, mice infected with Coe virus had
markedly better survival when held at 36 °C vs.
25 °C [59]. A more recent study emphasizes the
fact that normal mice housed at 22, 26 or 30 °C
all are able to maintain a normal core tempera-
ture, which as expected, cycles between 35.5 and
37.5 °C with circadian rhythm [23]. In this study,
mice were infected with influenza virus and

housed at the three temperatures; the mice at
30 °C showed less “sick behavior” (sleep distur-
bances, reduced locomotion, inflammatory cyto-
kines) than the mice at the lower temperatures
[23]. These studies serve to illustrate the detri-
mental effects of ST on immune responses to
pathogens. Interestingly, there are reports that
B-adrenergic blockade (i.e., with propranolol) is
able to improve outcomes in viral [60] and para-
sitic [61, 62] infections in mice housed at ST. This
suggests that blocking NE p-adrenergic signaling
in these models is the underlying mechanism of
the beneficial effect. A study by Grebe et al. [63]
in C57/BL6 mice infected with influenza A virus
showed that administration of a p2-AR antago-
nist enhanced the anti-viral responses of CD8+
T-cells (IFNy expression). Again, it would be
interesting to compare the benefit of p2-AR
blockade in experiments such as these done at ST
with experiments done at TT to determine
whether there would be any benefit when NE lev-
els are ameliorated by thermoneutral housing.

12.5 Thermoneutrality Vs.
Hyperthermia Treatment
(Thermal Therapy)

In another early study, the effect of ambient tem-
peratures of 20-22 °C vs. 35 °C on rabies infected
mice was investigated and it was found that the
survival rate of mice housed at 35 °C was signifi-
cantly higher [64]. However, the core tempera-
tures of mice housed at 35 °C were higher than
normal (39.5 °C) so that these mice were actually
experiencing hyperthermia resulting from the
very warm ambient temperatures in which they
were housed. Our lab, and many others, has
shown that the stress of a short mild hyperther-
mia treatment can boost immune responses,
including anti-tumor activity [65]. The distinc-
tion between the thermal/physiological effects of
housing mice at thermoneutrality (30-32 °C) vrs.
exposing mice to temperatures high enough to
raise the core temperature is an important one. At
TT, mice are able to maintain a normal body tem-
perature of ~37 °C [23, 41] via basal metabolism
and do not need to expend energy to warm or
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cool themselves. On the other hand, the goal of
many preclinical studies of*‘thermal therapy” or
“hyperthermia” is to expose mice to a tempera-
ture high enough to raise the tumor temperature,
or core body temperature several degrees, which
has been observed to alter the tumor microenvi-
ronment, reduce interstitial fluid pressure [66],
improve efficacy of radiation and chemotherapy
[67], and may trigger various molecular thermo-
stats that are similar to those activated by a fever,
helping to boost the immune system [65, 68].

In this active field of hyperthermia research,
investigators are well aware of the beneficial
effect that short exposures to a warm environ-
mental temperature can have on immune cell
activity. However, even in this research field, no
studies have examined whether these differences
result from the fact that control mice are cold
stressed compared to mice in which core tem-
peratures are elevated. It is clear that even
research designed to determine the impact of
temperature shifts locally or systemically in
terms of improving cancer treatment may be
(unbeknownst to the investigators) influenced by
cold stress in control groups. In this regard, it will
be interesting to see the degree of beneficial
effects of hyperthermia treatments in mice
housed mice at TT.

12.6 Adrenergic Signaling
and Tumor Growth at ST

How does the fact that mice at ST are chronically
cold-stressed and have elevated NE levels com-
pared to mice at TT impact tumor growth?
p-adrenergic receptors (B-ARs) are found on
immune cells and are on many tumor cells [69].
Emerging evidence from experiments conducted
at ST links catecholamines to tumor progression
and this topic has been recently reviewed [70—
72]. Evidence for the pro-tumorigenic role of
adrenergic signaling comes from both epidemio-
logical studies and experiments with preclinical
mouse models. Retrospective analyses by several
groups in different tumor types support the idea
that patients who were taking -adrenergic antag-
onists (p-blockers) for non-cancer indications

had reduced disease progression and/or better
survival in breast [73-75], ovarian [76, 77], mela-
noma [78], lung [79], prostate [80], pancreatic
[81], cancers. However a few studies have not
found benefit [82-85] Interestingly, Lutgendorf
et al. found, in ovarian cancer patients, that higher
NE levels in the tumors correlated with more
advanced disease and the degree of social stress
experienced by the patients [86]. Experimental
evidence showed that adrenergic signaling
induced migratory behavior in tumor cells in vitro
(e.g., SW480 human colon carcinoma cells)
which could be inhibited by p2-AR blockade
[87] and that while treatment of mice with NE
increased the development of lymph node metas-
tases (PC-3 prostate cancer cells), this could also
be prevented by f2-AR blockade with proprano-
lol [88]. Le et al. [89] have more recently investi-
gated this phenomenon and found that adrenergic
signaling recruited inflammatory macrophages to
the TME and these induced VEGFC expression
by tumors, which leads to remodeling of lym-
phatics and metastatic spread of breast cancer in
a mouse model. In a retrospective patient study,
this group found evidence that 3-blockers signifi-
cantly reduced lymph node metastases in patients
[89]. In a model of social stress, Hasegawa
showed that stress enhanced fibrosarcoma growth
promotion could be inhibited with propranolol
[90]. B-adrenergic signaling induces tumor cell
proliferation [91, 92], invasion [93, 94], protec-
tion from anoikis [95], metastasis [94, 96, 97]
and changes in the tumor microenvironment such
as angiogenesis [98—100]. Thaker et al. used
restraint stress or social isolation to show that
chronic stress increases catecholamine (NE and
epinephrine) levels, increases VEGF and vascu-
larization and increases tumor growth [101].
These effects could be mimicked by treatments
with specific f2-AR agonists and reversed by
B-AR blockers. Epinephrine also protects pros-
tate cancer cells from apoptosis [102] through
phosphorylation of BAD. A role for this anti-
apoptotic pathway was demonstrated in prostate
cancer models in which restraint stress protected
xenografts from apoptosis induced by a PI3K
inhibitor by induction of BAD phosphorylation
and again, this effect could be blocked by a
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2-AR specific antagonist [103]. There are many
other examples of stress induced tumor growth
(e.g., [104]). The anatomical basis for adrenergic
signaling in the tumor microenvironment was
clarified by the work of Magnon and Frenette
who were able to visualize both sympathetic and
parasympathetic fibers in prostate tumors in mice
and show that sympathectomy (preventing the
release of NE in the TME) prevented early
aspects of cancer development while parasympa-
thetic signaling promoted invasion and metasta-
sis [2]. These authors thus demonstrated that
tumors actively recruit autonomic innervation by
neurogenesis to support growth in a process akin
to angiogenesis (see also [105]). A recent study
investigated the possible benefits of combining
propranolol and chemotherapy. In a mouse breast
cancer model (MDA-MB-231 human cell line in
nude mice), Pasquier et al. found that at the very
effective doses of chemotherapy used, proprano-
lol did not significantly improve the anti-tumor
efficacy, however the median survival was sig-
nificantly enhanced [106]. These authors also
demonstrated that propranolol did, however,
enhance the anti-angiogenic effects of chemo-
therapy in vitro. Together, the epidemiological
studies suggesting clinical benefit of p-blockers
to cancer patients and the compelling pre-clinical
data defining the tumor promoting effects of
adrenergic signaling provide enthusiasm and a
strong rationale for testing the anti-cancer effi-
cacy of p-blockers in clinical trials in combina-
tion with other therapies.

12.7 The Anti-Tumor Immune
Response and Response
to Therapeutics Are
Significantly Improved
by Housing
at Thermoneutrality or
p-Adrenergic Receptor
Blockade at Standard
Housing Temperatures

In investigating the effects of cold-stress,
researchers have taken mice acclimated to stan-
dard housing temperatures and subjected them to

much lower temperatures (4 °C). However, it is
clear from the studies discussed above, that mice
at ST are already living with chronic cold stress
and the turnover of NE in mice at 4 °C and 22 °C
is not significantly different [45]. Therefore,
compared to TT, all studies of tumor growth have
been conducted under some degree of cold stress
and studies of the effect of any stress on tumor
growth are actually studies of exacerbated stress.

How is tumor growth affected if adrenergic
cold stress in mice is alleviated by housing mice
at thermoneutrality? We have previously reported
that tumor growth in several syngeneic murine
tumor models is significantly reduced when
tumor bearing mice are housed at 30 °C instead
of 22 °C [24]. In these experiments, mice were
acclimated to ST or TT for 1-3 weeks prior to
tumor implantation; we also used moderate num-
bers of tumor cells to allow for development of
an effective anti-tumor immune response rather
than the higher numbers that are often used to
insure rapid tumor growth. These models
included 4T1 mammary tumors and CT26 colon
adenocarcinomas in BALB/c mice and B16.F10
melanoma and Pan02 in C57BL/6 mice, as well
as MCA carcinogen induced tumors in BALB/c
mice. Additionally, we observed that spontane-
ous lung metastases of 4T1 to the lungs were also
significantly reduced at TT. When these same
tumor models were grown in immunodeficient
SCID or nude mice, no difference in growth
occurred. This points to a critical role for the
adaptive immune response in this improved
tumor control at TT and this is confirmed by
experiments in which depletion of CD8+ T-cells
resulted in loss of the improved tumor control at
TT. Additional analysis of several immune cell
populations involved in the anti-tumor immune
response revealed dramatic differences in mice at
ST and TT. At TT, significantly greater numbers
of CD8+ T-cells were present in 4T1 and Ct26
tumors (as assessed by both IHC and flow
cytometry) and staining with pentamers recog-
nizing the H-2LYgp70 peptide antigen of ct26
tumors, showed that increased numbers of anti-
gen specific T-cells were found in both the tumor
and tumor draining lymph node of mice housed
at TT compared to ST. Correlating with their
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increased presence, T-cell activation was signifi-
cantly higher at TT as judged by CD69, IFNy and
Glut-1 expression. Conversely, there were fewer
immunosuppressive cells at TT; the numbers of
Tregs (FoxP3+ cells) and myeloid derived sup-
pressor cells (MDSC: CD11b+GR-1+) were sig-
nificantly decreased in the tumor (T-regs) and
spleen (MDSC) at TT. It is interesting that others
have reported a trend to higher numbers of T-regs
in tumors of mice (at ST) subjected to restraint/
noise stress [104] . These differences in the anti-
tumor immune response at TT vs ST are not the
result of differences in body temperature since
the core temperatures of these tumor-bearing
mice maintained at 22 °C or 30 °C were normo-
thermic for several weeks (~28 days). Only as
tumor burden became significantly higher at ST
than at TT did the core temperature fall in mice at
ST, while mice at TT continued to maintain a nor-
mal temperature, reflecting the smaller tumor
burden. In addition to CD8*T-cells and immune
suppressor cells, in a separate study we also
examined how housing temperature might impact
antigen presenting cells; we investigated the
function of dendritic cells (DCs), which are
involved in T-cell activation. Results of these
experiments suggest that DC’s from mice at TT
(with 4T1 tumors) are better able to induce T-cell
proliferation than are DC’s from mice at ST [107]
suggesting another aspect of the anti-tumor
immune response which is at least partially sup-
pressed by housing mice at ST. Altogether, these
findings point out that at ST, DC’s are less able to
stimulate T-cells, and that the balance of anti-
tumor (CD8*T-cells) and pro-tumor cells (T-regs,
MDSC) is shifted to significantly suppress the
anti-tumor immune response. Therefore, these
data demonstrate that results from experiments
conducted at ST are giving us a biased view of
the activity and capabilities of the anti-tumor
immune response. Thus, we strongly believe that
temperature should always be considered and
reported in experiments with an immune compo-
nent and that investigators could gain important
information by repeating selected experiments at
TT rather than relying solely on the data from
experiments conducted at ST only.

With regard to the direct tumor growth-
promoting effects of adrenergic signaling on
tumor cells, we have found that at ST (compared
to TT) the level of NE is significantly higher in
the plasma of non-tumor-bearing and in the
plasma and tumors of pancreatic tumor-bearing
mice [21]. It has previously been reported that
the catecholamine levels are higher in the tissues
of tumor-bearing mice subjected to restraint
stress in experiments conducted at ST [101].
Interestingly, given the roles of epinephrine and
corticosterone in certain types of stress, we found
that the levels of these stress hormones are not
significantly different at ST and TT. Because it
has been reported that adrenergic signaling
increases levels of anti-apoptotic molecules
(phosphorylated BAD, [102]) and protects tumor
cells from apoptosis [95, 102], we investigated
the effect of ST vs TT on apoptotic signaling and
response to therapy [21]. We found that treatment
of murine and human pancreatic adenocarcinoma
cell lines in vitro with a f-AR agonist (isoproter-
enol) increased expression of anti-apoptotic mol-
ecules including Bcl-X1, Bxl-2, Mcl-1 and
phosphorylated BAD. The same differences in
these anti-apoptotic molecules were seen in vivo
in tumors when these cell lines were grown in
SCID mice housed at ST vs TT. In SCID mice, as
expected in the absence of the adaptive immune
response, tumor growth at ST and TT was not
significantly different. However, as suggested by
the differences in expression of anti-apoptotic
molecules, we found that tumors in mice housed
at TT were significantly more sensitive to Apo2L/
TRAIL, cisplatin and nab-paclitaxel (Abraxane)
than tumors in mice at ST. Furthermore, tumors
in mice at ST could be sensitized to these thera-
pies by treating the mice with a p-adrenergic
receptor  antagonist  (propranolol)  which
decreased the expression of these anti-apoptotic
molecules [21]. These results show, for the first
time, that the degree of stress experienced by
mice housed at ST is sufficient to directly impact
the outcome of experiments testing the efficacy
of therapeutics and, for that reason, it is critical to
also conduct these experiments at TT so that the
results can be compared.



12 The Impact of Housing Temperature-Induced Chronic Stress on Preclinical Mouse Tumor Models... 181

As these therapeutic studies indicated that giv-
ing B-blockers to mice housed at ST can over-
come resistance to cytotoxic therapies and
achieve responses comparable to those achieved
at TT, we wondered whether propranolol could
reverse immunosuppression at ST and similarly
improve responses to immunotherapy. We
recently have found that this is true [38]. Given to
mice at ST, propranolol reverses immunosup-
pression increasing the frequency of CD8*T cells
with an effector phenotype and increasing the
CD8* effector/ CD4* T-reg ratio in the TME. The
ability of propranolol to reduce suppressive cells
in the TME and increase numbers of cytotoxic
T-cells was also recently reported to occur in a
spontaneous mouse melanoma model [108]. We
have found that these changes in the immune
contexture in the tumor (with either housing at
TT or propranolol administration at ST) lead to
significantly improved response to anti-PD-1
checkpoint inhibition [38]. These results support
the development of clinical trials to explore using
this combination strategy to benefit those patients
who are not currently responding to checkpoint
inhibitor therapies.

12.8 Mechanisms by Which
Chronic Adrenergic
Signaling Suppresses
the Cellular Immune
Response at ST

Immune cells express adrenergic receptors- pri-
marily f2-AR, although they may express other
receptors and the pattern is cell specific [56].
Anti-tumor immunity is primarily dependent on
tumor cell killing by cytotoxic CD8+ lympho-
cytes (CTL), therefore boosting the efficacy of
these cells against cancer is the focus of a spec-
trum of immunotherapies, for example, Chimeric
Antigen Receptor T-cells are CD8+ T-cells taken
from a cancer patient, engineered to express spe-
cific T-cell receptors (CAR-T-cells) which are
chimeric in that they have intracellular domains
that initiate T-cell activation. These cells are then
expanded in vitro, and given back to the patient
as adoptive T-cell therapy. Another exciting

approach designed to improve T-cell anti-tumor
activity is checkpoint inhibition. Checkpoint
inhibitors work by modulating the activity of
ligands/receptors (e.g., CTLA-4, PD-1/PD-L1)
whose natural function is to keep the activity of
these cells in check. Given the central, critical
role of CTL (cytotoxic T lymphocytes, CD8*T
cells) in the anti-tumor response and the growing
efforts to maximize their efficacy, how does
chronic adrenergic stress contribute to the sup-
pression of these cells? As mentioned above,
lymphoid organs are profusely innervated by
sympathetic neurons, especially in T-cell areas
[5], and Elenkov et al. reported that stress hor-
mones act on antigen presenting cells to promote
a'Th2 response (favoring B cells/plasma cell mat-
uration and antibody production) to protect
against extracellular pathogens [109, 110]. At the
same time, in response to 2-AR stimulation, DC
production of IL-12 is inhibited and this sup-
presses Thl development which would support
CTL development [111] while production of anti-
inflammatory cytokines I1-10 and I1-6 is upregu-
lated [110]. Another aspect of this skewing to a
Th2 response is the fact that 2-AR receptors are
expressed on Thl CD4+ helper cells, but not on
Th2 cells. Therefore, adrenergic signaling
directly impacts cytokine production by Thl
cells (i.e., IL-12) but not by Th2 cells [112]. In
experiments using a novel procedure for induc-
ing stress in mice (exposure to stressful sound)
bearing Ct26 tumors, there was a Th1 to Th2 shift
as evidenced by decreased levels of IFNy and
increased I1-4 and this correlated with increased
tumor growth [113]. In addition to NE production
and release by sympathetic post-ganglionic neu-
rons, immune cells also can produce catechol-
amines; T-cells, macrophage and neutrophils can
synthesize and secrete catecholamines that act in
an autocrine and paracrine way to modulate an
immune response [56]. Nguyen et al. compared
the production of catecholamines by adipose tis-
sue associated macrophages at 4 °C, 22 °C and
30 °C and found that macrophage underwent
alternative activation at the sub-thermoneutral
temperatures. This was IL-4 (a Th2 cytokine)
dependent and resulted in the increased produc-
tion of both Epi and NE [114]. More recently, this
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idea has been challenged by Fischer et al. who
reported that alternatively activated macrophages
do not produce NE [115]. It will be interesting
however to determine whether tumor associated
macrophages can produce NE and whether this
contributes to higher intratumoral levels of NE at
ST than at TT as this could be a second source of
local NE production suppressing CTL in the
tumor microenvironment. As discussed above,
our group found that tumor-bearing mice had
higher numbers of suppressor cells (Tregs and
MDSC) at ST than at TT [24]. CD4+ T-regs
express functional f2-ARs and adrenergic signal-
ing increases cAMP and PKA dependent phos-
phorylation of the transcription factor CREB
(cAMP response element binding protein) lead-
ing to increased suppressive function, including
increased CTLA expression [116]. Jinetal. [117]
looked at the effects of restraint stress on MDSC
accumulation in bone marrow and found that
chronic stress significantly increased the number
of MDSC (CD11B+Gr1+; predominantly Ly6C-
Ly6G+) and that these were immature neutro-
phils. This skewing of myelopoiesis by chronic
restraint stress could be reversed with proprano-
lol (but not by inhibition of glucocorticoids).
Altogether, these data underscore the detrimental
effects of chronic adrenergic stress which overall
suppresses effector T-cell responses while pro-
moting the development and activities of immune
suppressor cells. This potential for mild, housing
induced cold stress to inhibit immune responses
has been recently reviewed by our group [11].

12.9 How Does Adrenergic
Signaling Affect Patient
Outcomes?

Going forward, it is important to understand how
these observations on the effect(s) of adrenergic
stress induced in pre-clinical mouse models can
be related to the clinic in terms of treating patients
and improving therapeutic outcomes. Patients
can be highly stressed by a wide range of stress-
ors (e.g., physical such as pain and psychological
such as fear and isolation). One highly relevant
study found that ovarian cancer patients who

lacked social support had higher levels of NE and
epinephrine than patients and that overall this
was associated with advanced stage and higher
grade tumors [86]. How does this stress affect
patient outcome? There are now a number of ret-
rospective, epidemiological reports strongly sup-
porting the idea that patients who are taking
B-blockers for hypertension or another indication
have better outcomes overall (see Sect. 12.6
above). There are also retrospective reports that
B-blockers can reduce the incidence of HCV-
associated hepatocellular carcinoma [118] and
improve responses to chemotherapy [119]). Thus
the potential for these commonly prescribed and
comparatively safe B-blockers to be repurposed
to treat cancer patients is exciting, but the ratio-
nale must be validated in prospective, well-
planned clinical trials.

Another way in which the pre-clinical data on
cold-stress may have an impact relates to pre-
clinical testing of therapies. It is possible, that
under a range of conditions, some agents that
appear ineffective in models may become effec-
tive (or show greater efficacy) when stress is
reduced or blocked. These results could pave the
way for combination therapies in clinical trials
and/or allow lower doses to achieve efficacy thus
reducing toxicity. It is also possible that toxicities
that did not occur in pre-clinical studies and were
therefore not predicted (e.g., autoimmunity with
immunotherapies such as checkpoint inhibitors
[120], could become apparent if experimental
designs included stress reduction which reversed
immunosuppression.

12.10 Other Forms of Stress
Impacting Mice in Research
Facilities

In light of the examples described above, it is a
clear that we need to take the effect of stress into
account when designing experiments in pre-
clinical mouse models and interpreting the
results. Our lab has focused on how housing tem-
perature induced cold-stress skews experimental
outcomes, but there are many other environmen-
tal variables that could also act as stress rheostats,



12 The Impact of Housing Temperature-Induced Chronic Stress on Preclinical Mouse Tumor Models...

183

Environmental
(housing) stressors

Acclimate mice to housing
temperature for 1-3 weeks

Physiological
Temperature
Space
Light/Dark cycle
Food
Humidity
Cleanliness

22°C

©

el —>

COMPARE
OUTCOMES

Metabolism (Obesity) ?
Inflammation o
Immune Response
Tumor Models
Other disease models

Carry out \
experiments

The effects of pre-existing
housing induced cold-

Psychosocial

Therapeutic Efficacy
Stress Models

stress on experimental
outcomes are largely

Density (isolation)
Noise
Enrichment strategies

Fig.12.1 Housing guidelines for experimental mice reg-
ulate many environmental factors which affect the physi-
ology of mice used in pre-clinical experiments; variations
in these parameters can create differing degrees of stress.
In the case of temperature, mice housed at standard sub-
thermoneutral housing temperatures (22 °C) are subjected
to chronic cold-stress compared to mice housed at ther-

increasing or decreasing the degree of adrenergic
stress experienced by mouse disease models (see
Fig. 12.1). Because the outcomes of pre-clinical
mouse studies form the basis for understanding
tumor biology, host responses and determining
which therapies to take into clinical trials [121—
124], it is critical that researchers are aware of
these factors. One major problem that results
from variability is irreproducibility [33, 121]. In
two major studies by drug companies, Bayer
[122] and Amgen [125] investigated the repro-
ducibility of preclinical experiments and found
that less than 25% and 11%, respectively, of the
studies were able to be duplicated. Furthermore,
a landmark study by Landis and colleagues was
extremely critical of this lack of reproducibility
and pointed to the general dearth of information
on the “design, conduct and analysis of the exper-
iments” [126]. These authors asserted that “‘a
core set of research parameters must be defined
and should be addressed when reporting the
results of animal experiments” and stated that a
“concerted effort by all stakeholders, including
funding agencies and journals, will be necessary
to disseminate and implement best reporting
practices throughout the research community.”
For decades, institutions have adhered to The
Guide for the Care and Use of Laboratory
Animals (The Guide; [1]) which provides guide-

>

moneutral temperatures (30 °C) and, although the body
temperatures in both cases are normal, cold-stressed mice
have elevated levels of norepinephrine. Thus these mice
have a pre-existing level stress which is biologically sig-
nificant and the effects of this stress on different experi-
mental models is largely unknown

j unknown

lines regulating all aspects of the research mouse
environment (see Sect. 12.2 above). However, we
are beginning to recognize the impact of these
variables on the biology of mice and, recently,
studies by others on non-tumor bearing mice
(e.g., [6, 7, 127]) as well as our own research on
cancer models [21, 24, 107], have convinced us
that these housing choices have great potential to
skew the outcome of experiments (see also Toth
review [33]). This viewpoint is echoed in a recent
editorial by the editors of Nature Neurobiology
who wrote: “Factors such as animal housing,
handling, food, lighting and noise conditions, all
of which effect behavior and brain chemistry, can
be varied. The key to reproducibility is accurate
reporting of these seemingly mundane details,
which potentially have large effects” [128].
Demas and Carlton [129] have reviewed the
potential for environmental factors to act on the
nervous, immune and endocrine systems, affect-
ing the biology of the mouse. Additionally,
experimentally imposed psychosocial stresses
such as repeated restraint [101, 104, 130], scream
[113], variation in housing density [90] and social
isolation [86, 131] have been shown to directly
promote tumor cell proliferation, growth, sur-
vival and metastasis by increased adrenergic sig-
naling (see recent review by [71]). Two recent
studies have demonstrated the striking potential
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of environmentally induced stress to affect tumor
growth. Li et al. [132] and Garofalo et al. [133]
found that when mice were housed in an enriched
environment which reduced stress/anxiety, the
growth of pancreatic tumors and gliomas was
significantly inhibited. These studies are also
indicative of how stressful conditions of ST
housing are since they show that reducing the
stress experienced at ST improves tumor control.
Garofalo et al. [133] found that the improved
tumor control can involve immune (innate) and
non-immune mechanisms, however the role of
B-adrenergic signaling was not addressed in these
studies and this will be important to compare in
the future. Clearly, housing factor induced psy-
chosocial stress is a source of variability between
experiments and labs. However, the degree to
which environmental stress caused by housing
choices alters the levels of stress hormones and
how this potentially impacts preclinical studies of
cancer has received very little attention.

12.11 Conclusions

The tumor-promoting effects of chronic stress are
currently the focus of research which provides a
rationale for Clinical Trials to test whether
B-blockers can be used in combination with che-
motherapy and other therapies to improve patient
outcome. In analyzing these pre-clinical data,
what has not been appreciated is that housing con-
ditions, particularly the sub-thermoneutral ambi-
ent temperatures, are subjecting these laboratory
mice to a degree of chronic cold stress which is
sufficient to raise NE levels, suppress the anti-
tumor immune response and induce resistance to
therapies tested using these models. Thus
increased tumor growth arises from both an
increase in the expression of anti-apoptotic mole-
cules in the tumor cells themselves and suppres-
sion of the naturally occurring anti-tumor immune
response. The implications of these observations
are important in assessing how to design preclini-
cal experiments that will maximize our under-
standing of diseases processes and how the
immune response can be regulated to treat dis-
eases, as well as obtaining a broad view of thera-

peutic responses. We predict that any therapy
whose immediate or long-term outcome is even
partially dependent on the anti-tumor immune
response will be compromised in experiments
conducted at ST. In fact, there are now several
reports describing experiments whose outcomes
are different when they are conducted at ST vs TT
[7, 12-14, 19-37]. We believe these studies serve
as a caution against accepting the results from
experiments conducted under one set of condi-
tions as the “baseline” when in fact, the results
may be significanlty different if parameters such
as temperature are changed, as in our tumor
growth experiments conducted as ST and TT. How
can this housing cold-stress be overcome in tradi-
tional animal facilities? We have used incubators
maintained at 22 °C or 30 °C [21, 24, 25, 107]
while others suggest using nesting materials in
cages at ST [42, 43]. In any case, going forward,
we believe that the housing temperatures and
other environmental variables which can impact
results, and are a likely source of experimental
variability, should be reported in publications.
Lastly, we encourage investigators conducting
metabolic experiments, immunological investiga-
tions and therapeutic efficacy testing to consider
comparing outcomes at both ST and TT.
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13.1 The Abnormal Tumor

Vasculature

Pathological angiogenesis is a hallmark of cancer
[1]. Solid tumors, like normal tissues, require
nutrients and oxygen as well as a mechanism to
expel waste and carbon dioxide. These require-
ments necessitate the formation of neovascular
networks for tumor growth and maintenance. In
adult normal tissues, angiogenesis is quiescent,
occurring only in specific physiological events
such as wound healing. Notably, in such physio-
logical events, new vessels mature and stabilize
rapidly because of the tightly regulated balance
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of pro- and anti-angiogenic factors. On the other
hand, in tumors, the production of pro-angiogenic
factors is favored over anti-angiogenic factors,
turning on the “angiogenic switch.” Tumorigenic
conditions such as hypoxia [2], oncogene activa-
tion and tumor-suppressor mutation [3] contrib-
ute to the skewing of the balance towards the
expression of pro-angiogenic factors. This imbal-
ance leads to the sustained growth of tumor blood
vessels that are very distinct from their normal
counterparts.

Tumors employ several methods to grow
blood vessels, the most common and most stud-
ied of which is sprouting angiogenesis, in which
new capillaries grow from pre-existing ones.
During sprouting angiogenesis, vascular endo-
thelial growth factor (VEGF) induces pre-existing
capillaries or post-capillary venules to dilate and
become leaky [4], allowing plasma proteins to
extravasate and form a provisional matrix for
activated vascular endothelial cells (VECs).
Angiotensin-2 (Ang-2) loosens the association
between VECs and abluminal pericytes and,
along with proteinases, dissolves the extracellu-
lar matrix [5]. Various factors, including VEGF
and fibroblast growth factor (FGF), promote the
proliferation, migration, and assembly of VECs
[6, 7] into tubular structures, followed by the
recruitment of perivascular cells and then the
production of basement membrane around the
new blood vessel [8, 9]. During tumor
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angiogenesis, pericytes atypically remain only
loosely-associated with the blood vessels [10]
and the basement membrane is abnormally thick
or thin [11]. Aside from sprouting angiogenesis,
other mechanisms of tumor vessel growth
include: [12] vasculogenesis, in which endothe-
lial progenitor cells are recruited from bone mar-
row or peripheral blood into the TME to form
blood vessels, [13] intussusception, in which
VECs re-organize causing blood vessels to split
and give rise to daughter vessels, [14] vessel co-
option, in which tumor cells grow along existing
blood vessels and [15] vasculogenic mimicry, in
which tumor cells may de-differentiate into
endothelial-like cells and form tubes [16].

When compared to blood vessels in normal
somatic tissues, the tumor vasculature is architec-
turally and functionally abnormal. The tumor
vascular network is highly tortuous, disorganized
and lacks the normal hierarchical arrangement of
arterioles, capillaries and venules [17, 18]. The
tumor vessels are also morphologically dilated
and leaky with chaotic and variable blood flow,
resulting in regions of tumor that are hypoxic and
acidic [17]. In conjunction, the cellular compo-
nents of the tumor blood vessels are also abnor-
mal in their phenotype/function. VECs and
pericytes exhibit altered gene expression profiles
and elicit a defective basement membrane [11,
13, 19]. These alterations in angiogenesis and
vascular components in progressor tumors may
be targeted therapeutically in order to treat
patients with cancer.

13.2 Vascular Endothelial Growth
Factor (VEGF)

The VEGF gene family is comprised of VEGF-A,
VEGF-B, VEGF-C, VEGF-D, VEGF-E, and pla-
cental growth factor (PIGF). VEGF-A, usually
referred to as VEGF, is the main member of the
VEGF family and is a major driver of angiogen-
esis. The importance of VEGF in the develop-
ment and differentiation of the vascular system
has been demonstrated in a study wherein the
inactivation of a single VEGF allele led to embry-
onic lethality [20]. Alternative splicing of VEGF

mRNA leads to the generation of soluble iso-
forms and ECM- or cell membrane-bound iso-
forms of the protein [21]. Various
metalloproteinases (MMPs) cleave bound VEGF
to its diffusible form [22]. The angiogenic func-
tions of VEGF are primarily mediated via VEGF
receptor 2 (VEGFR2)-dependent signaling in
endothelial cells. In this regard, mice deficient in
VEGFR?2 fail to develop blood islands and orga-
nized blood vessels [23].

VEGF is intrinsically overexpressed in a num-
ber of tumors [24]. Transcription of VEGF
mRNA is driven by hypoxia but may also be
induced by transforming events [21]. Mutations
in K-ras are associated with the upregulation of
VEGE, with disruption of the mutant K-ras allele
shown to decrease VEGF activity [25]. Mutations
in the Wnt signaling pathway in colonic adeno-
mas also lead to an increase in VEGF expression
[26]. In tumors, VEGF induces neoangiogenesis,
increases vascular permeability, induces VEC
migration and division, maintains the endothe-
lium and reprograms VEC gene expression pro-
files [24].

13.3 Components of the Tumor
Vasculature

13.3.1 Vascular Endothelial Cells
(VECs)

VECs arise from hemangioblast precursors that
are derived from the ventral floor of the dorsal
aorta in the aorta-gonad-mesonephros region [27,
28]. During de novo organization of VECs into
vessels (also known as vasculogenesis or angio-
genesis), newly formed VECs express growth
factor receptors like VEGFR1 and VEGFR2 that
allow VECs to proliferate, migrate and form
tubal structures in response VEGF and FGF. Once
the formed vessels mature, VECs down-regulate
their expression of these growth factor receptors.
In developing tumor blood vessels, however,
VEGFR-1, VEGFR-2 and even VEGFR-3
(which is usually restricted to lymphatic vessels
in adults) are re-activated and elevated in the
VECs, allowing for the unrestricted proliferation
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and formation of blood vessels in the VEGF-rich
TME [29-31]. Aside from growth factor recep-
tors, tumor VECs also upregulate other genes
that are typically not expressed on normal VECs
[32, 33]. Most of these genes play a role in the
angiogenic process but some are induced by
hypoxia or under conditions of abnormal blood
flow [32, 34].

VECs are held together by cell-to-cell junc-
tions to form a continuous monolayer of cells that
lines the blood vessel. The normal endothelium
acts as a selective barrier that tightly controls the
exchange of substances between the blood and
the surrounding tissue [28, 35]. Different mem-
brane bound receptors present in the endothelium
allow the active transport of large molecules such
as proteins, metabolites and hormones from
blood to tissue [36]. The endothelial cells have
junctional sections that are very similar to adher-
ens and tight junctions in epithelial cells. The
tight junctions are localized in the apical regions
to seal the clefts between cells in the luminal sur-
face, therefore, functionally restricting paracel-
lular permeability. On the other hand, adherens
junctions occupy the basal position and function
to limit paracellular permeability, as well as, to
control vessel morphogenesis and stability [37—
39]. The adherens and tight junctions also trans-
fer intracellular signals that mediate contact
inhibition of cell growth, cell polarity and VEC-
pericyte interaction and, hence, allow VECs to
adapt quickly to evolving changes in their micro-
environment, such as release of growth factors,
angiogenic cues and inflammatory conditions
[39, 40]. Gap junctions are also present in the
endothelial cells [38].

The endothelium in tumors is structurally
defective, composed of irregularly-shaped endo-
thelial cells that have long, fragile cytoplasmic
projections that sometimes extend across the ves-
sel lumen [41] and is characterized by intercel-
lular gaps between endothelial cells,
transendothelial holes and endothelial fenestrae
(pores) [42—44]. Increased production of VEGF
in the TME dissolves the VE-cadherins and other
adherens junction complexes, disrupting VEC
cell-to-cell interactions [45]. These abnormalities
make the tumor vessels unusually leaky and

highly-permeable to plasma proteins, and even
erythrocytes. The leakiness and uncontrolled
extravasation of blood and plasma results in
increased interstitial (fluid) pressure within the
tumor lesion [46]. Structural abnormalities and
high interstitial pressure contribute to irregular
blood flow resulting in the uneven and impeded
distribution of nutrients, oxygen, and (systemi-
cally administered) chemotherapeutic drugs
within tumors. This also leads to areas in the
tumor that are highly-acidic and hypoxic. The
leaky tumor vessel can also promote the traffic of
tumor cells into the blood stream and the even-
tual formation of distal metastases [43].

13.3.2 Pericytes

Pericytes and vascular smooth muscle cells
(vSMCs), collectively called the mural cells,
cover and support the endothelial tubules to
maintain vascular integrity. Pericytes are usually
found as single cells or a discontinuous single-
cell layer around arterioles, capillaries, and post-
capillary venules [47]. On the other hand, vSMCs
are generally found around arteries and veins as
multiple concentric layers of cells to mediate
vascular tone and contraction [14, 47]. However,
classification between pericytes and vSMCs are
not always clear-cut and it has been suggested
that there is a continuum of phenotypes ranging
from the canonical vSMCs and classical peri-
cytes instead of just two distinct populations of
mural cells [14].

Pericytes have a number of different develop-
mental origins such that with a single region of a
given blood vessel may identify pericytes that
have arisen from a range of precursors [48].
Furthermore, no single universal pericyte marker
has been identified to date. As such, pericytes are
typically identified using a combination of differ-
ent characteristics including location (i.e. cells
embedded in a basement membrane that is shared
with the endothelium [49]), in addition to mor-
phology and gene expression profile.

During physiological angiogenesis, pericytes
are recruited to the developing vessel via signals
such as platelet-derived growth factor f (PDGFp),
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sphingosine 1-phospate (S1P), Ang-1 and trans-
forming growth factor-p1 (TGFf1). The recruited
pericytes form tight connections with the under-
lying endothelial cells with one pericyte usually
in contact with multiple endothelial cells. Such
pericyte interaction is very important in main-
taining the integrity of the endothelium, playing a
central role in regulating endothelial prolifera-
tion, differentiation, contractility, tone, stability,
and permeability [14, 15, 50-53]. However, the
pericyte-endothelial cell interaction is perturbed
in the TME, with poor pericyte investment usu-
ally observed in a large proportion of tumor-
associated blood vessels. Tumor pericytes have
cytoplasmic processes that extend into the tumor
tissue [10] and are loosely associated with the
endothelium [8, 10]. This abnormal pericyte-
endothelial cell association contributes to
increased vascular permeability [43], which
results in poor perfusion and hypoxia, and modi-
fied basement membrane [54]. Vessels are prone
to be more hemorrhagic, with a disrupted base-
ment membrane [54]. The pericyte coverage of
the endothelium is also very variable, depending
on the type of tumor. For example, islet carcino-
mas have dense pericyte coverage while glioblas-
tomas have reduced numbers of pericytes per
unit venule area [8]. Variable coverage can also
occur within the same tumor [54]. The pericyte
cover is thought to help maintain and stabilize the
tumor vessels [55], with “naked” endothelium
seemingly more dependent on VEGF for VEC
survival [56]. Moreover, the tumor-associated
pericytes exhibit an altered marker and protein
expression profile, making them attractive targets
for therapeutic intervention. Indeed, in tumors
that overexpress PDGFRp and thus have high
pericyte density, blocking the PDGFR} signaling
results in detachment of pericytes from the endo-
thelium and results in restricted tumor growth
[57-59].

13.3.3 Fibroblasts

Cancer-associated fibroblasts (CAFs) are spindle-
shaped cells embedded within the extracellular
matrix (ECM) that originate from resident fibro-

blasts and bone marrow-derived mesenchymal
precursors [60, 61]. They are phenotypically and
functionally distinct from normal fibroblasts and
comprise a significant component of the tumor
stroma [62].

Although technically not part of the blood
vessels, cancer-associated fibroblasts still play a
major role in angiogenesis and in the promotion
of the tumor blood vessel formation, mostly by
producing pro-angiogenic factors. Although can-
cer cells themselves can release VEGF, the prin-
cipal source of VEGF in the tumor
microenvironment is the CAFs [63]. In cancers
such as pancreatic cancer and breast cancer,
CAFs produce stromal-derived factor 1 (SDF-1)
or CXCL12, which contribute to tumor vascular-
ization by recruiting endothelial precursor cells
from the bone marrow [64—-66]. CAFs could also
indirectly promote tumor angiogenesis by secret-
ing chemokines like CXCLI and CXCL2 to
recruit pro-angiogenic macrophages and neutro-
phils into the tumor microenvironment [67].
Furthermore, CAFs release matrix metallopro-
teinases that degrade the ECM, thus spatially
accommodating the growing blood vessel and, at
the same time, releasing VEGF previously
sequestered in the ECM [68].

13.3.4 Basement Membrane

The basement membrane (BM) is a complex of
proteins, glycoproteins and proteoglycans. The
BM is similar to the ECM but has a different den-
sity and is always in contact with cells [11, 69].
The general role of the BM is to serve as bound-
ary between tissues compartments, provide struc-
tural support, and regulate cell behavior [70].
The vascular basement membrane envelops
the VECs and pericytes and is primarily com-
posed of Type IV collagen, laminin, fibronectin
and heparin sulfate proteoglycan [69]. The BM is
integral in the initiation and resolution of angio-
genesis, as it possesses both pro- and anti-
angiogenic activities. Quiescent endothelial cells
are bound to BM, indicating that the primary sig-
nals from BM inhibit VEC proliferation [71].
During active angiogenesis, the BM is degraded
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leading to the detachment of VECs and pericytes
and the release of sequestered growth factors.
Pro-angiogenic factors induce VEC to produce
and embed in a provisional matrix composed of
vitronectin, fibronectin, type I collagen and
thrombin. Cryptic domains of Type IV collagen
in partially degraded BM and the provisional
matrix provides proliferative cues to the VECs
[69, 72].

Deposition of basement membrane is depen-
dent on VEC-pericyte interaction and disrupting
this interaction by blocking pericyte recruitment,
for example, results in perturbed or reduced base-
ment membrane deposition [73-75]. Therefore,
the abnormalities in tumor basement membrane
can be partially explained by the disrupted VEC-
pericyte interaction in the tumor. It was previ-
ously believed that BM was absent in tumor
vasculature. However, more recent studies show
that BM is present and can even fully cover tumor
vessels albeit in an abnormal manner. Tumor
vascular BM has variable thickness and multiple
layers, suggesting that the BM has undergone
several rounds of remodeling. In addition, it has
loose association with VECs and pericytes,
which is characteristic of degenerating or form-
ing blood vessels [11].

13.4 Tumor Vasculature in Cancer
Progression

Several classical studies have shown that tumor
blood vessels and the process of angiogenesis are
necessary for tumor progression. When tumor
cells were implanted in avascular tissues, tumor
growth was inhibited and limited until sprouting
vessels were able to access an existing blood sup-
ply [76, 77]. Since the importance of the tumor
blood vasculature was demonstrated, numerous
studies have shown that it not only supports the
tumor by delivering nutrients, it also promotes
tumor cell survival, confers drug resistance, helps
to limit immune system surveillance, aids in
metastasis and promotes stemness (Fig. 13.1).

13.4.1 Tumor Vasculature Supports
Tumor Growth and Survival

The tumor vasculature actively supports tumor
growth by secreting factors that promote tumor
survival. For example, the CAFs in the tumor
microenvironment produce epidermal growth
factor (EGF), hepatocyte growth factor (HGF)
and heregulin that promote tumor proliferation
and vitality [78]. VECs in head and neck squa-
mous cell carcinomas (HNSCC) overexpress the
anti-apoptotic molecule Bcl-2, which induces the
production of VEGF, IL-6, CXCLS/IL-8, and
EGF [79, 80]. VEC-derived VEGF binds the
VEGFRI1 expressed by tumor cells, triggering the
production of Bcl-2 in the HNSCC cells and
enhancing their survival. IL-6, CXCLS, and epi-
dermal growth factor (EGF) derived from VECs
also activate STAT3, Akt, and extracellular
signal-regulated kinase (ERK) in the tumor cells,
enhancing migration and preventing apoptosis.
Interruption of these signaling cascades by
silencing Bcl-2 or the factors secreted by the
VECs inhibits tumor growth [80].

13.4.2 Aberrant Tumor-Associated
Vasculature Confers Drug
Resistance

The tumor vasculature intrinsically confers ther-
apy resistance by impeding drug delivery into the
tumor lesion. The structural aberrations of the
vessels cause excessive leakiness that leads to
abnormal plasma accumulation and retention.
This results in heterogeneous blood flow and
high-interstitial fluid pressure in tumor tissue,
preventing uniform distribution of systemically-
administered anti-cancer drugs. Indeed, the
erratic blood flow in the tumor promotes the con-
centrated delivery of drugs to the perfused outer
(cortical) regions of the tumor while delivery to
the poorly-perfused medullary tumor regions
requires efficient perfusion/diffusion [81].
Furthermore, extravasation of therapeutic drugs
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Fig. 13.1 The aberrant tumor vascular system promotes
cancer progression. Tumor vasculogenesis is driven by
the release of pro-angiogenic factors within the tumor
microenvironment (TME) that fosters a state of locore-
gional hypoxia, acidosis and high interstitial pressure that
is contraindicated for the delivery of protective T cells,

is dependent on fluid movement across the vessel
wall, which is influenced by proper pressure gra-
dient between the vessels and the interstitial
space. The high interstitial fluid pressure in the
tumor disrupts the development of an optimal
gradient, thus hindering drug delivery to the
tumor core [82]. The tumor-associated vascula-
ture may also actively prevent drug delivery by
overexpressing efflux pumps that promote drug
removal/detoxification [83, 84].

13.4.3 Tumor-Associated Vasculature
Contributes to Immune
Escape

The abnormal tumor vasculature not only
impedes drug delivery, it also obstructs anti-
cancer immune response by limiting entry of
effector cells while simultaneously contributing
to an immunosuppressive TME. The adaptive T
cell response is critical to protective anti-tumor
immunity and the endothelium plays an impor-
tant role in regulating the trafficking of T cells
and other leukocytes into peripheral (inflamed)

Promote cancer stemness

but which fosters recruitment and immunosuppression
mediated by regulatory cell populations including Treg
and MDSCs. Cancer stem cells may also be stabilized in
the perivascular niche, with metastatic tumor seeding into
the blood as a consequence of “leaky” tumor blood
vessels

tissues. In normal tissues, resting VECs express
little to no adhesion molecules on their luminal
surface interfacing with the blood supply.
However, during infection or under conditions of
tissue injury, pro-inflammatory signals such as
lipopolysaccharide (LPS), tumor necrosis factor
(TNF)-a and interleukin (IL)-1p induce the
expression of adhesion molecules to allow the
extravasation of leukocytes in the blood stream
[85, 86]. E-selectin and P-selectin on the endo-
thelial cells bind with their ligands Sialyl Lewis*
and P-selectin glycoprotein ligand 1 on the acti-
vated T cells and other leukocytes [87, 88]. This
binding event is a weak affinity interaction that
induces the tethering and rolling of the T cells on
the inflamed endothelium. The inflamed endothe-
lium also expresses chemokines that induce sur-
face  integrins, such  as  lymphocyte
function-associated antigen-1 (LFA-1) and very
late antigen-4 (VLA-4), on rolling T cells to
spread and cluster. The LFA-1 and VLA-4 bind
strongly to intercellular adhesion molecule-1
(ICAM-1) and vascular adhesion molecule-1
(VCAM-1) on activated VECs and, hence, medi-
ate the arrest of interactive T cells on the inflamed
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endothelium, thus facilitating the extravasation
of T cells into tissue. Expression of ICAM-1 and
VCAM-1  are down-regulated by an
overabundance of angiogenic factors and other
VEC-produced proteins (i.e. Egfl7) in the TME
[89], resulting in the reduced flux of rolling leu-
kocytes and density of adhering leukocytes in
tumor-associated blood vessels [90].

Most studies on leukocyte trafficking into tis-
sues focus on VECs, however, a growing litera-
ture suggests that pericytes also play significant
roles in the extravasation and activation of effec-
tor immune cells. During inflammation, pericytes
upregulate adhesion molecules, chemokines and
cytokines [91-94] and may also display charac-
teristics that are usually associated with antigen-
presenting cells [95, 96]. Innate immune cells,
specifically neutrophils, have been observed to
crawl on pericytes [97]. It was later demonstrated
that the pericyte-expressed molecule NG2 (aka
chondroitin-sulfate  glycoprotein-4; CSGP4)
interacts with neutrophils and macrophages,
instructing them to migrate into inflammatory tis-
sue sites [93]. It is currently unknown whether
pericytes provide the same homing signals to
transmigrating adaptive immune cells in the
TME. Moreover, a recent study indicates that
pericytes have a direct role in tumor immune
escape by inhibiting CD4 T cell activation and by
promoting T cell anergy through Regulator of
G-protein  Signaling-5 (RGS-5)- and IL-6-
dependent pathways [98].

13.4.4 Tumor-Associated Vasculature
Promotes the evelopment
of Immunosuppressive TMEs

Poor blood perfusion in the tumor leads to
hypoxia, which has been shown to promote an
immunosuppressive tumor microenvironment.
Hypoxia promotes the differentiation of tumor-
infiltrating myeloid cells to M2-like tumor-
associated macrophages (TAMs). These M2-like
TAMs adapt to the hypoxic environment by
expressing hypoxia inducible factor (HIF)-1.
HIFs are transcription factors that are stabilized
under hypoxic conditions and are responsible for

the expression of factors that allow cells to sur-
vive in a low oxygen environment. M2-like
TAMs express high levels of IL-10, arginase I
(Argl) and TGF, which are factors that suppress
protective type-1 T cell-mediated immunity, and
VEGF, which exerts pro-angiogenic effects [99,
100]. Furthermore, M2-like TAMs preferentially
localize within hypoxic regions and TAMs that
are situated near functional blood vessels express
lower levels of the aforementioned M2-associated
immunosuppressive gene products [100].

Hypoxic conditions also promote tumor cells
to produce immunosuppressive molecules that
inhibit effector T cell and NK cell survival/func-
tion, while coordinately supporting the T regula-
tory cells (Tregs) and myeloid-derived suppressor
cells (MDSCs) [101, 102]. Hypoxia decreases
the survival and activity of T cells in the TME,
partly through inhibition of IL-2 in a HIF-1-
dependent manner [103, 104]. HIF-1 also drives
expression of FoxP3 associated with Treg differ-
entiation [105].

13.4.5 Tumor-Associated Vasculature
Contributes to Metastasis

Metastasis is a multistep process that involves
dissociation of tumor cells from the primary
tumor mass, invasion of surrounding stroma,
intravasation to the vasculature, survival in circu-
lation, extravasation to a distal site and subse-
quent colonization of new organs [106]. The
tumor vasculature is primarily involved in intrav-
asation of tumor cells but can also contribute to
other metastatic steps [107, 108].

Hypoxia, due to poor blood perfusion brought
about by the structural abnormalities in the
tumor-associated vasculature, is a contributing
factor to the acquisition of malignant phenotype
[109]. During hypoxic stress, HIF-1a together
with TGFp triggers epithelial-to-mesenchymal
transition (EMT) in tumor cells. EMT is the pro-
cess wherein epithelial markers are down-
regulated and mesenchymal markers are
up-regulated, leading to the dissociation of epi-
thelial cell-to-cell interactions and the facilitation
of cell motility and invasiveness [110].
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Invasion of surrounding stroma by tumor cells
requires a remodeling of the ECM and the migra-
tion of cancer cells through it. CAFs “lead” the
metastatic tumor cells and utilize protease- and
force-mediated activities to remodel the ECM
[111]. Specifically, fibroblasts implement RhoA
and Rho-associated protein kinase 1 to remodel
the ECM in an MMP14-dependent manner [112,
113]. Cancer cells then follow these CAF-
instructed microtracks in a CDC42-dependent
manner [112].

The lack of an intact basement membrane and
the disorganized VEC and pericyte interactions
make the tumor blood vessels more accessible to
motile tumor cells, easing the intravasation pro-
cess [114]. Studies have shown that a high preva-
lence of abluminal pericytes limits tumor
metastasis [115, 116]. In some tumor models,
deficient pericyte coverage of blood vessels, due
to a deficiency in pericyte recruitment, can be
associated with increased metastatic potential
[117]. Conversely, tumor cell intravasation is
decreased when pericyte coverage of blood ves-
sels is high within the TME [118].

Cancer cells actively disrupt tumor blood ves-
sel cell interactions in order to facilitate the intrav-
asation process. For example, breast cancer cells
express MMP17 that disturbs blood vessel integ-
rity, leading to enhanced tumor cell migration and
intravasation [119, 120]. Malignant cells also
secrete TGFp1, which causes endothelial junction
retraction [121]. Some cancer cells also express
Notch receptors that bind to Notch ligands dis-
played on VECs, assisting their transmigration
through the endothelial junctions [122].

In a complementary manner VECs in the TME
also express factors that assist cancer cell intrava-
sation. Breast cancer-associated VECs express
the enzyme A Disintegrin And Metalloproteinase
12 (ADAMI12) that cleaves vascular endothelial
cadherin (VE-cadherin) and TIE2, both of which
are also expressed on VECs [123, 124].
VE-cadherin is a component of cell-to-cell adher-
ens junctions that maintains the integrity of the
endothelium, hence the ADAM12-induced shed-
ding of this molecule promotes enhanced vascular
instability/permeability [124]. TIE2 is the recep-
tor for Angl and Angl/TIE2 ligation is important

for pericyte recruitment to nascent blood vessels.
ADAM12-mediated disruption of this interaction
contributes to vessel destabilization, which is a
prerequisite for intravasation [123].

13.4.6 Tumor-Associated Vasculature
Promotes Cancer Stemness

Although the existence of cancer stem cells
(CSC) remains a subject of active debate, some
research suggests that within a tumor mass, a
minority of cells retain the ability to give rise to
all cell types found in the heterogeneous tumor
lesion, much like a normal stem cell has the
potential to differentiate into many different
types of cells. CSCs usually localize in certain
specialized areas in the TME. These niches, com-
posed of cells and matrix components, promote
the maintenance of CSCs via direct cell contacts
and secreted factors [125]. In HNSCC and glio-
blastoma, such CSC niches are commonly
located in close proximity to tumor blood ves-
sels, defining a perivascular niche [126, 127]. In
these cancers, tumor-associated VECs appear
directly involved in the maintenance of the CSC
population through the release of soluble factors
that support CSC self-renewal [128-130].

13.5 Therapies Targeting
the Tumor Vasculature

Targeting the tumor vasculature rather than tumor
cells themselves has several conceptual advan-
tages. First, vascular cells are more readily acces-
sible to circulating effector cells, antibodies and
other therapeutic molecules than tumor cells. Also,
each vessel supplies hundreds of tumor cells, thus
amplifying the tumoricidal efficiency of vascular
targeting strategies. When compared to tumor
cells, tumor-associated vascular cells are geneti-
cally (antigenically) more stable and they exhibit
more consistent expression of major histocompat-
ibility complex (MHC) class I (and class II) mol-
ecules required for specific T cell recognition.
Lastly, anti-angiogenic treatment is not restricted
to a specific tumor type, making the general
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approach applicable to all solid (vascularized)
forms for cancer. Since Folkman first proposed
anti-angiogenesis as a potential therapeutic strat-
egy in a landmark paper in 1971, numerous antian-
giogenic drugs have since been developed and
applied clinically (Fig. 13.2; [131, 132]).

13.5.1 Anti-VEGF

Given the major role of VEGF in angiogenesis,
an array of anti-angiogenic therapies have been
developed to antagonize VEGF/VEGFR-
mediated signaling. Bevacizumab (Avastin,
Genetech), a humanized anti-VEGF-A monoclo-
nal antibody [133], was the first anti-angiogenic
drug approved by the US Food and Drug
Administration (FDA). It binds all VEGF iso-
forms within the TME, therefore blocking
VEGF-VEGFR interaction [134-136]. In pre-
clinical studies of bevacizumab, it was shown
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that tumor blood vessels that survived this anti-
angiogenic treatment exhibited a more mature
phenotype, resulting in a more functional vascu-
lature that improved blood perfusion and reduced
hypoxia in the TME. However, bevacizumab-
induced vascular ‘“normalization” was deter-
mined to be transient in nature, hence,
necessitating the co-administration of conven-
tional chemotherapy agents to provide enhanced
therapeutic efficacy [137, 138]. Bevacizumab has
been approved as first- or second-line therapy in
the setting of metastatic colorectal cancer, non-
small cell lung cancer (NSCLC), recurrent glio-
blastoma and metastatic renal cell carcinoma,
usually in combination with chemotherapeutic
drugs [139].

Aflibercept (Zaltrap, Regeneron and Sanofi
Aventis) is a recombinant fusion protein consist-
ing of the extracellular domains of VEGFR1 and
VEGFR2 and the Fc portion of human
IgG. Aflibercept, also known also VEGF-trap, is
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Fig. 13.2 Therapeutic intervention strategies to target
tumor-associated blood vessels. The development of
tumor-associated blood vessels is heavily VEGF-
dependent, supporting the evolution and then clinical
application of VEGFR-signaling antagonists, including
(a) neutralizing anti-VEGF antibodies (such as bevaci-
zumab) and (b) small molecule tyrosine kinase inhibitors
(TKI) that block VEGFR-mediated signals (such as suni-
tinib and pazopanib, among others). TKI have also been
developed that block signaling pathways important for

pericyte survival/function, such as PDGFR-signaling
antagonists (such as dasatinib, among others). It has also
recently been appreciated that the TME alters the epigen-
etic programming of host stromal cell populations, includ-
ing tumor-associated vascular endothelial cells and
pericytes, leading to changes in protein expression that
allow for specific T cell targeting (vs. blood vessel cells
found in normal tissues). Such anti-tumor blood vessel T
cells can be elicited by active vaccination or be adoptively
transferred as a therapeutic modality after ex vivo expan-
sion (i.e. as an adoptive cellular therapy; ACT)
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a decoy receptor that binds VEGF-A, VEGF-B
and PIGF. It has been approved for second-line
treatment for metastatic colorectal carcinoma in
combination with chemotherapy [140]. Both
bevacizumab and aflibercept inhibit the pro-
angiogenic effects of VEGF, resulting in reduced
VEC proliferation, vessel permeability, and
blood vessel density, and inhibited tumor growth
[135, 141-143].

13.5.2 Tyrosine Kinase Inhibitors

Most angiogenic factors (VEGF, PDGF and
FGF) contribute pro-tumor signals through spe-
cific receptor-type tyrosine kinase (RTKs). In
mammals, there are three VEGFR genes
VEGFRI, VEGFR2, and VEGFR3 that produce
four proteins VEGFR1, VEGFR2, VEGFR3 and
sFlt-1 (sVEGFR) [144]. PDGFR has two sub-
types (x and P) that bind the four PDGF types (A,
B, C, and D) [145]. The FGFR family consists of
FGFR1b, FGFR1c, FGFR2b, FGFR2c, FGFR3c,
and FGFR4 [146]. RTKs generally consist of
extracellular ligand-binding region, a transmem-
brane helix, and a cytoplasmic tyrosine kinase
(TK) domain. Ligand binding activates RTK by
inducing receptor dimerization/oligomerization.
One receptor in the complex then phosphorylates
one or more tyrosines in adjacent RTK then the
phosphorylated receptor serves as a site for
assembly and activation of intracellular signaling
proteins [147]. Tyrosine kinase inhibitors (TKI)
are small molecules that interrupt ATP binding to
the tyrosine kinase catalytic domain through
competition, thereby, inhibiting the downstream
receptor signaling [148].

Sunitinib (SU11248, Sutent, Pfizer) targets
VEGFR-1, VEGFR-2, VEGFR-3, PDGFR-a,
PDGFR-B, FLT3, stem cell factor receptor
(c-Kit), RET and CSF-1R [149, 150]. In vitro,
sunitinib inhibits VEGF-dependent migration
and capillary-tube formation by cultured human
umbilical vein endothelial cells (HUVECS),
while simultaneously promoting VEC apoptosis
[151, 152]. In vivo efficacy studies performed in
mouse xenograft models demonstrated that
administration of sunitinib inhibits tumor growth,

suppresses angiogenesis and decreases microves-
sel density [153-155]. Sunitinib has been
approved by the FDA as a first-line therapy in the
setting of renal cell carcinoma (RCC) and unre-
sectable pancreatic neuroendocrine tumors
(PNET), and as a second-line therapy for patients
with gastrointestinal stromal tumors (GIST) as a
single agent or in combination with chemother-
apy or radiation [149, 156]. Although RCC
patient outcome has been reported to be improved
after treatment with sunitinib, the best observed
clinical responses have tended to be temporary
disease stabilization. Furthermore, a treatment
refractory RCC usually develops, that may be
overcome in some instances by increasing the
dosage of sunitinib being administered to patients
[12, 157]. Objective clinical response to sunitinib
has also been reported for other types of cancer,
such as small cell lung carcinoma (SCLC), breast
cancer, thyroid cancer, and chondrosarcoma.
However, sunitinib has reportedly failed as a
therapy in the setting of NSCLC, metastatic
breast cancer, and advanced-stage esophageal
cancer [149].

Sorafenib (BAY439006, Nexavar, Bayer, Inc.)
inhibits Raf-1, wild type BRAF, V599E mutant
BRAF, VEGFR-2, VEGFR-3, PDGFR-f, FLT3,
and c-Kit [150, 158]. In several murine tumor
models, sorafenib treatment resulted in decreased
microvessel density, decreased vessel arborization
and increased pericyte coverage of blood vessels
in the TME. Treatment also blocked neovascular-
ization and ERK activation in VECs [159].
Sorafenib may also target tumor cells directly via
disruption of the ERK pathway, since ERK phos-
phorylation and the proliferation of some tumor
cell lines could be effectively inhibited by this
TKI. Tumor growth inhibition was observed in
some but not all colon, breast, ovarian, thyroid,
melanoma, RCC, hepatocellular carcinoma (HCC)
and NSCLC xenograft models. These results sug-
gest that the anti-proliferative action of sorafenib
is dependent on blocking oncogenic signaling
pathways driving tumor proliferation [158, 160,
161]. Sorafenib has been approved for the treat-
ment of patients with advanced RCC, unresectable
HCC, and recurrent or metastatic differentiated
thyroid carcinoma [162, 163].
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Pazopanib (GW786034, Votrient,
GlaxoSmithKline) is a second-generation TKI
that inhibits VEGFR-1, VEGFR-2, VEGFR-3,
PDGFR-a, PDGFR-P and c-Kit. Pazopanib also
moderately binds FGFRI1, FGFR3 and c-fms
receptor tyrosine kinases [164]. In vitro, pazo-
panib blocked the VEGF-induced phosphoryla-
tion of VEGFR2, and thus prevented the
proliferation of HUVECs [165]. FGF-induced
proliferation of HUVECs was also blocked by
pazopanib [164]. Pazopanib was shown to have
anti-tumor efficacy in a range of Hu-SCID tumor
xenograft models including those using RCC,
NSCLC, colorectal cancer, and multiple myeloma
cell lines. However, it is reportedly less effective
in inhibiting the progression of melanoma, breast
cancer, and prostate cancer growth in xenograft
models [166]. Pazopanib has been approved by
the FDA as a therapeutic agent for patients with
RCC or soft tissue sarcoma after standard-of-care
chemotherapy [167, 168].

Axitinib (Inlyta, AG-013736, Pfizer) is a sec-
ond generation TKI that targets VEGFRI,
VEGFR2 and VEGFR3 [169]. Cell assays
showed that axitinib inhibited VEGF-mediated
survival, tube formation and ERK, NOS and Akt
signaling in HUVECs. Axitinib also inhibited
tumor growth in orthotopic and xenograft tumor
models when applied as a single agent or in com-
bination with chemotherapy [170]. Preclinical
data in RCC models strongly support the anti-
angiogenic action of axitinib, which however,
has proven to be reversible upon withdrawal of
this drug [171]. Axitinib has been FDA-approved
as a second-line treatment option for patients
with RCC [169].

Drug dosage and schedule are two critical
variables when administering anti-angiogenic
small molecule inhibitors and antibodies as ther-
apeutic agents. High doses of such agents may
promote excessive pruning of the blood vessels
in the TME, leading to tumor necrosis and
delayed tumor growth, however, they may also
promote a local state of hypoxia, that could in
turn lead to a compensatory activation of alterna-
tive pro-angiogenic signaling pathways that pro-
mote tumorigenicity and metastasis. Conversely,
lower doses of anti-angiogenic agents could

prune some abnormal vessels while remodeling
others, leading to a more normalized vasculature
that reduces hypoxia and IFP within the TME,
resulting in an improvement in the delivery and
efficacy of co-therapies [100, 172, 173].

13.5.3 Immunotherapeutic Targeting
of Tumor-Associated Vascular
Cells

As previously mentioned, tumor vascular cells
are considered genetically stable and highly-
accessible to circulating immune cell popula-
tions, making them highly-visible for immune
surveillance. Based on altered epigenetic pro-
gramming instigated by cellular stressors (i.e.
hypoxia, acidosis, high-IFP), tumor-associated
vascular cells exhibit molecular phenotypes that
distinguish them from their counterparts in nor-
mal tissues [174, 175]. Such molecular differ-
ences may be targeted immunologically via
active vaccination to develop specific T cells
capable of selectively reacting against and nor-
malizing the vasculature in the TME.

Peptide-based and recombinant vaccines
based on the VEGFR1 and VEGFR2 gene prod-
ucts have been shown to limit tumor-associated
angiogenesis and disease progression, via elicita-
tion of antigen-specific CD8* T cell responses in
pre-clinical animal models [176-179]. Phase 1
clinical trials of vaccines that included peptides
derived from the VEGFR1 and VEGFR2 pro-
teins demonstrated safety and some degree of
efficacy (i.e. they were capable of inducing
immune responses that restrict tumor angiogene-
sis [180-183]. However, VEGFR2 peptide-based
vaccines, when applied in combination with the
chemotherapeutic drug gemcitabine, did not
improve overall patient survival when compared
to a placebo control in a phase II/III trial in the
setting of advanced-stage pancreatic cancer
[184].

Although early tumor vascular vaccines tar-
geted VEGFRs, a range of additional tumor
blood vessel-associated antigens (TBVA) are
important to vascular formation and maintenance
in the TME, and hence, represent cogent vaccine
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targets. In this regard, Regulator of G-protein
signaling-5 (RGS-5) is overexpressed by tumor-
associated (immature) pericytes in the RIPI-
Tag5 model of pancreatic islet cell cancer ([185,
186]. Genetic deletion of RGS-5 resulted in peri-
cyte maturation, vasculature normalization and
enhancement of adoptive T cell therapy benefits
[186]. Expression of the Notch antagonist, Delta-
like homolog-1 (DLK-1), is upregulated in peri-
cytes isolated from murine melanoma, colorectal
carcinoma and renal cell carcinomas (unpub-
lished). Notably, peptide- and gene-based vac-
cines targeting DLK1 resulted in delayed tumor
progression and the enhancement of CD8+ T cell
infiltration in the TME of murine renal carcino-
mas. Tumors in DLKI-vaccinated mice dis-
played decreased vascular permeability and
hypoxia, reduced expression of hypoxia-
inducible proteins in the stroma, and enhanced
levels of tumor cell apoptosis in vivo [187].
Tumor endothelial marker 1 (TEM-1; aka
CD248) is a TBVA upregulated in VECs, peri-
cytes and other stromal cell populations isolated
from a range of tumor histotypes. A DNA vac-
cine composed of the TEM1 gene fused with the
C fragment of tetanus toxoid was shown to
increase CD3* T cell infiltrates in the tumors of
treated animals in association with slowed tumor
growth [188]. Furthermore, dendritic cell (DC)-
based vaccines integrating HLA-A2 class
I-presented peptides derived from TBVA includ-
ing DLK1, EphA2, hemoglobin-f (HBB), NG2,
neuropilin (NRP)-1, PDGFR, RGS5 and TEM1
were shown to be effective in providing protec-
tive or therapeutic immunity against HLA-A2"¢
melanoma and colon carcinomas in HLA-A2
transgenic mice. Specific vaccination induced the
generation of HLA-A2-restricted CD8" T effec-
tor cells that recognized relevant antigen-
expressing pericytes and/or VECs isolated from
tumors, but not normal tissue [189].

Vaccination against TBVAs may also poten-
tially promote the broadening of a therapeutic
immune response via a progressive process
termed “epitope spreading”. In such a paradigm,
anti-TBVA T cells would promote vascular nor-
malization and tumor apoptosis, leading to tumor
antigen uptake by recruited dendritic cells that

could subsequently activate (i.e. crossprime) sec-
ondary waves of tumor-reactive T cells yielding
added therapeutic benefit based on combined
immune targeting of both TBVA* vascular cells
and tumor cells [188].

13.5.4 Combination (Immune)
therapies Targeting Tumor-
Associated Blood Vessels

Anti-angiogenic antibodies and small molecules
have been shown to be efficacious in pre-clinical
tumor models and a growing number of human
cancers. However, the therapeutic benefits of
these agents are commonly transient in nature,
with the subsequent progression of (same)
treatment-refractory disease. Developed drug-
resistance may be attributed to tumor adaptation
events and the adoption of alternative pro-
angiogenic/pro-survival pathways [Reviewed in
[190]]. As a consequence, extensive research is
being directed at developing novel second-line or
co-first-line (combination) therapeutic regimens
that will complement angiogenesis inhibition,
leading to improved treatment outcomes.

Notably, many anti-angiogenic agents/treat-
ments create a transient state of vascular normal-
ization in the TME, during which tumor are more
receptive to delivery of chemotherapeutic drugs
and immune cell populations [191]. This has
prompted logical second-set clinical protocols
integrating anti-angiogenic drugs such as bevaci-
zumab, along with chemotherapeutic drugs, such
as paclitaxel, cisplatin, and carboplatin, amongst
others [139]. In an ovarian carcinoma xenograft
model, combined treatment with pazopanib and
low doses of topotecan exhibited superior anti-
tumor efficacy when compared with either single
modality [192]. In another example, the combi-
nation of sunitinib and gemcitabine inhibited the
growth and metastasis of murine pancreatic car-
cinoma in an orthotopic model to a greater degree
than individual treatment with either sunitinib or
gemcitabine [193].

However, there are some reports that under
some conditions, anti-angiogenic drugs might
actually impede the delivery of chemotherapeutic
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drugs into the TME. Drug uptake and retention of
docetaxel was evaluated in patients with
advanced NSCLC treated with bevacizumab and
it was shown that VEGF inhibition decreased the
penetration of water and the chemotherapeutic
agent into tumor sites [194]. This strongly sug-
gests that temporal interval wherein a given
angiogenesis inhibitor normalizes the tumor vas-
culature must first be determined in order to opti-
mize the delivery benefit to the co-therapeutic
agent. Unfortunately, there appears to be a high-
degree of variation in the temporal window of
vascular normalization for various anti-
angiogenic modalities likely necessitating the
need to develop non-invasive imaging techniques
to monitor tumor blood perfusion in patients to
define an optimal combination treatment sched-
ule [195, 196].

Tumor hypoxia is known to limit the efficacy
of radiation therapy in the cancer setting, hence,
the application of angiogenesis inhibitors with
radiation has the potential to improve treatment
outcomes. Indeed, the combination of VEGF
inhibitors with irradiation has consistently dem-
onstrated superior therapeutic benefits (i.e. pro-
longed delay in tumor growth) despite differences
in the combinations of radiation schedules and
drugs and doses used [197].

Anti-angiogenic agents may also improve the
efficacy of cancer vaccines, that have typically
proven to be immunogenic but of limited clinical
benefit in the vast majority of trials thus far eval-
uated [198, 199]. A major limitation in vaccine
efficacy likely involves the inefficient delivery of
vaccine-induced T cells into the TME [200].
Since angiogenesis inhibitors can normalize
blood vessels in the TME and promote preferred
changes in T cell recruiting chemokine gradients
and vascular adhesion molecules, in addition to
reducing hypoxia and immunosuppressive
MDSC and Treg content populations [200, 201],
anti-angiogenic agents should serve as an effec-
tive adjuvant for cancer vaccines. Indeed,
DC-based vaccines against the OVA,s; 564 pep-
tide epitope in combination with the TKIs
axitinib, sunitinib or dasatinib (a BCR-ABL,
SRC, ¢-KIT, PDGFR, and ephrin tyrosine kinases
inhibitor), each demonstrated superior therapeu-

tic benefit in the murine M05 (B16.OVA) mela-
noma model when compared to treatment with
vaccine alone or TKI alone. In vaccine + TKI
treated mice, the expression of VCAM-1 and
CXCR3 ligand chemokines in the tumor endo-
thelium were augmented in association with
robust type-1 T cell infiltration and extended
overall survival [201-203].

13.6 Conclusions and Future
Directions

The tumor vasculature is an excellent target for
developing improved cancer therapeutics. The
cells of the tumor vasculature are more geneti-
cally stable than tumor cells, express antigens
that are not found in their normal cell counter-
parts, and are more accessible to therapeutic mol-
ecules and immune cells. Indeed, anti-angiogenic
agents that target tumor blood vessels have
proven capable of pruning immature vessels and
normalizing the vasculature, resulting in reduced
hypoxia and IFP, and increased tumor cell apop-
tosis. Furthermore, these approaches facilitate
the delivery of drugs and immune effector cells
into the therapeutic TME. However, since anti-
angiogenic agent-induced vascular remodeling is
only transient and subject to the development of
drug-refractory progressive disease, it fully
expected that these modalities will prove most
clinically effective only when provided in combi-
nation (chemo-, radio-, immuno-therapy)
approaches that will require careful optimization
of each modality’s dose and schedule. In this
regard, it will also likely be very important to
identify biomarkers that could be used to predict
clinical outcome of patients treated with anti-
angiogenic drugs as monotherapies and in com-
bination protocols [173].

Therapeutic vaccines promoting immune tar-
geting of tumor vascular cells are an emerging
anti-cancer strategy. Ideally, these vaccines
should target antigens that are exclusively
expressed (or grossly overexpressed) by cells in
tumor blood vessels to minimize concerns for
negative consequences in normal tissues (includ-
ing the eye, blood-brain barrier) or upon normal
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angiogenic processes (i.e. wound-healing, preg-
nancy). A number of studies have shown that
vaccination based on TBVAs is effective in nor-
malizing the vasculature, inducing a T-cell effec-
tor response, and inhibiting tumor growth in
murine models, without affecting the wound
healing process or aspects of animal husbandry
[177]. The continued search for novel TBVAs
that are broadly shared across solid cancers is
clearly of great interest for prospective clinical
targeting. As with any vaccine involving the tar-
geting of non-mutated “self” antigens, adjuvants
might have to be administered with TBVA-based
vaccines in order to effectively break operational
immune tolerance in patients. Furthermore, the
ability of vaccine-induced anti-TBVA T cells to
be recruited into the TME will require implemen-
tation of conditioning regimens that may be
accommodated via the use of TKIs that both
improve T effector cell delivery into tumor sites
and coordinately mitigate the immunosuppres-
sive influence of MDSC and Treg regulatory cell
populations. Such potentiation of anti-TBVA T
cell vasculocidal/tumoricidal action might also
be evidenced in combination regimens integrat-
ing immune checkpoint inhibitors, such as anti-
CTLA-4 and/or anti-PD-1/PD-L1, which mediate
profound anti-tumor clinical activity in the set-
ting of multiple forms of human cancer [204].
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14.1 Introduction

Adoptive transfer of tumor-specific T cells or T
cells engineered to express tumor-specific recep-
tors (TCRs, CARs) has provided proof that T
cells mediate tumor destruction in humans [1-4].
Pre-clinical studies [5-7], as well as the adoptive
transfer of enriched CD8+ T cells into patients
[8] firmly establish that CD8+ T cells can provide
robust anti-tumor immunity. CD4+ T cells have
been shown to support CD8+ T cell responses [9,
10], possess cytotoxic function [11], and can pro-
mote tumor destruction through multiple mecha-
nisms, including cytokine production and
recruitment/activation of innate immune cells
[12-15].

These data confirming the anti-tumor proper-
ties of T cells notwithstanding, tumors emerge
when they acquire the capacity to evade T cell
attack. The immunoediting hypothesis argues
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that tumors must develop mechanisms to evade
host immunity. Indeed, there is considerable evi-
dence from pre-clinical models and clinical
observations that tumors emerge more readily in
the absence of an immune response [16]. Further,
tumors that emerge in immune competent hosts
often display a wide range of mechanisms to
bypass the host immune response. The local
immunosuppression within tumors is typically
considered in static terms. However, emerging
data argue that the immunosuppressive tumor
environment is actually a direct response to ongo-
ing immune attack and, thus, reflects a dynamic
response that adapts to the nature and magnitude
of the T cell attack. This ability of the tumor
microenvironment to adapt to immune attack rep-
resents a significant barrier to the development of
effective and durable immunotherapies. The fol-
lowing review will discuss the current knowledge
in this emerging area and potential implications
for the design of future immunotherapeutic
strategies.

Immune Surveillance
and the Immunoediting
Hypothesis

14.2

The idea that the immune system can effectively
control the growth of cancer dates back to the
early 1900s, when Paul Ehrlich proposed the idea
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of host immune protection from cancer [17, 18].
The ‘immune surveillance’ hypothesis, however
was not officially proposed until 1957 by
Macfarlane Burnet [19] who proposed that an
accumulation of tumor cells possessing novel tar-
get antigens could elicit an effective immune
response, leading to tumor clearance in the
absence of clinical detection [19]. Studies
designed to investigate whether immunocompro-
mised mice displayed greater tumor incidence
were largely inconclusive. The immune surveil-
lance hypothesis was eventually abandoned when
it was observed that immune deficient athymic
nude mice developed similar frequencies of
chemically induced tumors as wild type mice
[20]. However, subsequent investigation revealed
that the nude mice used for that research, although
immune compromised, were not completely
immune deficient and did have detectable popu-
lations of functional T cells [21].

The concept of immune surveillance returned
in the early 1990s, when more sophisticated
mouse models allowed for the direct assessment
of immune-mediated cancer control. Indeed, the
increased frequency of chemically induced
tumors observed in the absence of IFN-y signal-
ing [22-24], perforin [25], or RAG-2, which is
required for T and B cell maturation [24], strongly
supported a role for the immune system in pre-
venting tumor growth. Pivotal studies revealed
that the immune system cannot only act to elimi-
nate tumors but can also shape their immunoge-
nicity [24], leading to the evolution of the tumor
immune surveillance hypothesis towards the con-
cept of cancer immunoediting.

The cancer immunoediting theory comprises
three distinct phases: Elimination, Equilibrium,
and Escape [18]. In the elimination phase, devel-
oping tumors are destroyed by combined innate
and adaptive immune responses. Given the
genomic instability of tumor cells, daughter cells
may emerge that acquire resistance to the anti-
tumor immune attack. When such resistant sub-
clones arise, the tumor enters a state of
equilibrium where the overall size may stabilize
as the immunogenic tumor cells are eradicated
while the resistant subclones continue to prolifer-
ate. As such, the tumor is “edited” by the immune

system to be comprised of cells with resistance to
immune attack. Ultimately, immunoediting will
select for tumor cells that are resistant to eradica-
tion by host immune cells, allowing the tumor to
escapes immune control and grow out uncontrol-
lably [26, 27].

While many of the observations regarding can-
cer immunoediting have come from studies using
laboratory mice, increasing evidence suggests
that the same principles apply to human cancers.
The elimination phase is exemplified by the
increased risk of developing both virally and non-
virally induced malignancies among those with
immune deficiencies [16, 26], as in the case of
individuals with AIDS or those receiving immu-
nosuppressants following organ transplant [16,
28]. Tumor equilibrium may help to explain the
improved prognosis for patients exhibiting strong
T cell infiltrate and local production of cytokines,
such as IFN-y and TNF-a [16, 26]. Tumor equi-
librium is also consistent with reports of cancer
patients entering phases of progression free sur-
vival or stable disease following treatment with
cancer vaccines, [29-32], checkpoint blockade
antibodies [33-36], or adoptive T cell transfer-
based therapies [4]. Additionally, the report of
two kidney transplant recipients developing
malignant melanoma after both receiving organ
transplants from a woman who had been success-
fully treated for melanoma 16 years previously
[37], suggests that the melanoma metastases had
been held in equilibrium within the kidneys for a
prolonged period prior to transplant and only
emerged in the transplant recipients because they
received immunosuppressive drugs. Lastly, clini-
cally detectable tumors are poorly immunogenic
and possess intrinsic mechanisms of circumvent-
ing or suppressing host immune responses (as
will be discussed), suggesting these tumors have
effectively escaped immune control.

14.3 Mechanisms of Immune
Escape by Tumors

In accordance with the immune editing theory,
growing tumors develop an immune refractory
microenvironment that limits attack by infiltrat-
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ing immune cells, presenting a major hurdle to
successful cancer immunotherapy. This section
will focus on underlying mechanisms of immune
evasion and immune suppression within the local
tumor environment, which contribute to limited
anti-tumor immunity against growing tumors.

14.3.1 Defects in Tumor Antigen
Presentation

Abnormalities in MHC I antigen presentation
have been documented in a diverse set of solid
and hematological tumors [38], representing an
important mechanism through which tumors can
escape recognition by CD8+ T cells. Loss of
MHC Class I expression has been reported in
both murine and human tumors [39, 40], ranging
from down regulation to complete absence of
protein expression [41-43] and has been associ-
ated with poor survival prognosis and disease
progression [43, 44]. Indeed, MHC class I
expression has been observed to correlate with
tumor regression or progression within individ-
ual metastatic lesions [45], suggesting that
restoring antigen presentation is likely an impor-
tant determinant in the success of immunother-
apy. Defective antigen presentation by tumor
cells often results from impaired expression of
proteins associated with antigen processing. In
some cases, the defect in antigen presentation is
irreversible due to genetic alterations. As exam-
ples, reports have described mutations in
B2-microglobulin [46] or components of the
antigen processing machinery [42], as well as
loss of heterozygosity at MHC I loci [42, 47—
49]. In other cases, the impairment in antigen
presentation is reversible as epigenetic altera-
tions have been shown to result in diminished
gene transcription and MHC Class I presenta-
tion. Such reversible impairments may be thera-
peutic targets as MHC expression and
immunogenicity may be restored in tumor cells
through the use of DNA de-methylating agents
[50], HDAC inhibitors [51], or through treat-
ment with immunostimulatory cytokines, such
as IFN-y [40, 50, 52].

14.3.2 Immunosuppression
Within the Tumor
Environment

Growing tumors secrete chemokines that promote
tumor infiltration by cell populations that sup-
press T cell immunity, including regulatory T
cells (Tregs; recruited by CCL22) and tumor asso-
ciated macrophages (recruited by CCL2, CCLS5,
CCL7, CCL8, CXCL12) [53, 54]. Both of these
immune cell subsets play important roles in pro-
moting tumor growth and suppressing anti-tumor
immune responses in situ. In this regard, both
tumor cells and tumor infiltrating immune cells
can secrete a range of factors that suppress the
anti-tumor activity of infiltrating immune effector
cells including T cells [55]. Specifically, IL-10
and TGF-f are often found within the tumor envi-
ronment [56] and act to suppress T cell immunity
by preventing T cell proliferation, cytotoxicity,
and cytokine release, promoting T, function,
and inhibiting the pro-inflammatory function of
APCs [57-59]. PGE, is also often present at high
levels in tumor tissue [60] and acts to inhibit DC
maturation, limit T cell proliferation and function,
increase immunosupression by myeloid cells, and
enhance the suppressive effects of T, [56, 61].
VEGEF, an important angiogenic factor required
for tumor growth, has been reported to promote
recruitment of myeloid derived suppressor cells
(MDSCs) and M2 (healer) macrophages to the
tumor [56] and prevents immunostimulatory
function of APCs [62]. Adenosine, a purine
nucleoside derived through the catabolism of ade-
nine nucleotides by the enzymatic activity of
CD39 and CD73, is often present at high levels
within the tumor [63]. Produced through the
activity of both the tumor [64] and T, [65], ade-
nosine has both pro-angiogenic as well as immu-
nosuppressive functions and limits the function of
T cells [63, 65]. Lastly, local production of reac-
tive oxygen species (ROS) and reactive nitrogen
species (RNS) within the tumor can contribute to
T cell suppression and tolerance by preventing
TCR/MHC interactions, impairing T cell respon-
siveness [66—68], and limiting tumor infiltration
by T cells [69].
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The availability of essential amino acids are
often reduced by local catabolism within the
tumor, consequently reducing the proliferative
and functional capacity of the infiltrating immune
cells. L-arginine is catabolized by arginase and
NOS, enzymes often implicated in tumor-induced
immune suppression and expressed at high levels
within the tumor [56, 67]. Lack of L-arginine
results in downregulation of the TCR  chain and
inhibits the activity of T cells [70, 71]. Similarly,
the enzyme IDO, which is also expressed at high
levels by tumor cells, stromal cells, and infiltrat-
ing immune cells [56], acts to degrade the essen-
tial amino acid tryptophan, thereby limiting local
immune activity. Additionally, kynurenine and
other metabolites resulting from tryptophan
breakdown have been shown to have suppres-
sive/toxic effects on T cells, as well as additional
immune cell populations including B cells and
NK cells [72].

Together, the localized activity mediated by
these factors acts to impair local anti-tumor
immune responses. While effective inhibitors for
many of these factors have been identified and
observed to correlate with improved treatment
outcome in pre-clinical cancer studies [56], the
breadth of immunosuppressive processes within
the tumor represents a major hurdle to the pro-
duction of effective and prolonged anti-tumor
immunity.

14.3.3 Immunosuppressive Ligands
and Receptors in the Tumor
Environment

In addition to locally produced immunosuppres-
sive factors within the tumor, numerous receptor/
ligand interactions can also act to promote
immune evasion and tumor progression. The find-
ing that apoptosis-inducing FasLL and TRAIL are
expressed in tumors [73-75] suggests a mecha-
nism by which the tumor can eliminate infiltrating
immune cells expressing cognate receptors and
underscores active measures by the tumor to
evade host immune attack. Similarly, while
ICOS-L is expressed on tumor cells [76] and
could provide a source of co-stimulation for acti-

vated tumor-specific T cells, stimulation of ICOS-
expressing regulatory T cells results in increased
expansion of IL-10-producing T, [76], which
may suppress local immune activity within the
tumor. While CD80 and CD86 are often consid-
ered to promote T cell function, binding of CD80
or CD86 to CTLA-4, a'T cell suppressive receptor
(commonly known as a checkpoint receptor) that
is upregulated following T cell activation [77],
leads to suppression of T cell function. CTLA-4
has a higher affinity for CD80 and CD86 than
CD28. As a result, the negative signal from the
CTLA-4 receptor on activated T cells will super-
cede any positive signals from CD28 [78].
Moreover, ligation of CTLA-4 by T, can pro-
mote upregulation of IDO by APCs [79, 80],
which produces indirect T cell inhibition by Tregs
[81]. PD-1, another member of the CD28 receptor
family, is upregulated following T cell activation.
Similar to CTLA-4, ligation of the PD-1 check-
point receptor via the ligands PD-L1 and PD-L2,
impairs TCR signaling, cytokine production, and
cell survival [82]. Unlike the ligands for CTLA-4,
PD-L1 and PD-L2 are often expressed on tumor
cells providing a direct mechanism by which
tumors can suppress T cell function [83-86].
PD-1 expression has been shown to correlate with
reduced functionality of TIL [87]. Additional
inhibitory or checkpoint receptors, have been
identified that contribute to immune evasion
within the tumor. TIM3, a receptor expressed on
CD4+ and CD8+ T cells, as well as DCs, mono-
cytes, and other lymphocyte populations [88], has
been shown to negatively impact T cell responses
through interaction with its ligand galectin-9 [89].
LAG-3 interacts with MHC II [90, 91] and nega-
tively regulates TCR signaling, leading to func-
tional impairment [92]. Recent evidence suggests
that LAG-3 can also initiate reverse signaling via
MHC 1II that can protect MHC II-positive tumor
cells from apoptosis [93], while LAG-3 expressed
on T, can also interact with MHC II and sup-
press DC function [94]. Inhibition of TIM3 activ-
ity has been shown to improve T cell proliferation
and cytokine production [95] and antibody-
mediated TIM-3 blockade can enhance T cell-
dependent anti-tumor immunity [96-98].
Similarly, LAG-3 blockade enhances cytokine
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production by T cells and shows a synergistic
improvement in anti-tumor immunity when com-
bined with PD-1 blockade [99], suggesting that
blocking multiple checkpoint pathways simulta-
neously may further improve anti-tumor
immunity.

14.4 Immune Suppression

in the Tumor
Microenvironment Occurs
in Response to Immune

Attack

As stated previously, the immunosuppressive
tumor microenvironment is a critical barrier to
successful cancer immunotherapy. While the
suppressive mechanisms employed by individual
tumors can be varied, these processes are often
thought to be intrinsic properties of the tumor.
However, emerging evidence suggests that the
immunosuppressive microenvironment of the
tumor may actually reflect an adaptive response
by the tumor to immune attack that has been
termed adaptive resistance [100].

A study by Taube et al. [83] reported that
B7-HI1 (PD-L1) expression in human melanoma
lesions was strongly associated with T cell infil-
tration and the expression of IFN-y, indicating
that the PD-L1 expression was elevated in direct
response to immune attack. A follow up study by
the same group further emphasized the intrica-
cies of the inflammatory tumor microenviron-
ment in PD-L1+ tumors of human melanoma
patients compared to PD-L1- tumors [101]. In
this study, the authors identified a number of
markers consistent with T cell activation (CDSA,
PRF1, IL-18, IL-21), as well as increased expres-
sion of IFN-y, PD-1, LAG-3, IL-10, and IL-32-y
in PD-L1+ tumors, further emphasizing the con-
cept that PD-L1 is elevated as a consequence of T
cell attack. Using in vitro studies, the authors fur-
ther identified IL-10 and IL-32-y as factors that
could enhance expression of PD-1 ligands on
monocytes but not tumor cells, suggesting a com-
plex mechanism by which both tumor cells and
infiltrating immune cells may act to regulate
inflammatory attack within the tumor. An inde-

pendent study by Kluger et al. [102] adds further
support to these findings, where the authors
reported strong association between PD-L1
expression and the presence of TILs in biopsies
collected from different anatomical sites from
patients with advanced metastatic melanoma.
High expression of PD-L1 was associated with
increased TIL density (Total CD3+ and CD8+)
and improved patient survival, presenting an
apparent paradox where the levels of PD-L1, an
immunosuppressive ligand, actually correlate
with improved outcome. In truth, there is no par-
adox as PD-L1 expression is simply a direct mea-
sure of local immune activity in melanoma.

Similarly, analysis of tumors from HPV-
associated head and neck cancer patients revealed
that TILs co-localized with PD-L1-expressing
tumor cells [103]. Expression of both CD8 and
IFN-y was higher in PD-L1-positive tumors than
PD-L1-negative tumors, reinforcing the concept
that TIL activity directly contributes to induction
of PD-LI1, and, in turn, immune suppression,
within the tumor microenvironment. In line with
this, the authors noted that PD-1+ CD8+ TILs
were functionally impaired compared to PD-1+
peripheral CD8+ T cells. Furthermore, the pres-
ence of PD-L1+CD68+ macrophages within the
analyzed tumors suggests that infiltrating hema-
topoietic cells can also contribute to the adaptive
resistance within the tumor.

Using an in vitro co-culture system to model T
cell/tumor cell interactions, Dolen and Esendagli
[104] observed that myeloid leukemia cells could
provide effective co-stimulation to CD4+ T cells,
enhancing T cell activation and proliferation. In
turn, the activated CD4+ T cells triggered up
regulation of PD-L1 and B7-DC (PD-L2) on the
leukemia cells. When these “T cell-conditioned”
leukemia cells were used in subsequent co-
culture assays with naive CD4+ T cells, the T
cells displayed poor proliferative capacity,
diminished expression of activation markers
(CD25, CD154), and reduced capacity for cyto-
kine production, providing direct evidence that
the tumor cells adapt to T cell attack and augment
their immunosuppressive properties. Importantly,
the blockade of PD-1 in this co-culture system
led to reversal of the immunosuppressed CD4+ T
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cell phenotype, restoring T cell proliferative and
functional capacities confirming a key role for
PD-1 ligands in adaptive resistance.

Additional support for adaptive resistance was
reported by Spranger et al. [105], who observed a
strong correlation between CD8+ T cell infiltra-
tion in human melanoma and the expression of
PD-L1 and IDO, and the infiltration of FoxP3+
Trees Using mouse models, the authors observed
that the induction of IDO and PD-L1 was medi-
ated by CD8+ T cells and IFN-y. Further, CD8+
T cells reacting to the tumor triggered both in situ
proliferation and increased tumor infiltration of
Treys through a CCL22/CCR4 dependent chemo-
kine axis. Similarly, Hosoi et al. [106] observed
that tumor infiltration of suppressive myeloid
populations, in particular CD11b*Gr-1"Ly6C*
monocytic MDSCs, was driven by tumor-specific
CDS8+ T cells and the production of IFN-y. The
tumor infiltrating MDSCs were observed to sup-
press T cells through a variety of mechanisms
including iNOS and Arginase I activity, as well
as the production of reactive oxygen species
(ROS) [106]. In line with this, by analyzing
immune cell populations isolated from the ascites
of ovarian cancer patients, Wong et al. reported
that activated type-1 immune cells (NK cells and
CD8+ T cells), via secretion of IFN-y and TNF-
a, could promote the production of suppressive
factors by MDSC’s including IDO1, NOS2,
IL-10, and COX2 [107]. Importantly, this
“counter-regulatory” immune suppression could
be largely reversed through treatment with the
COX2 inhibitor celecoxib and resulted in reduced
production of these immunosuppressive factors
by MDSC'’s, leading to increased production of
IFN-y and TNF-a by NK cells and restored pro-
liferation of Granzyme B+ CD8+ T cells follow-
ing MDSC co-culture, suggesting that the COX2/
PGE, axis functions in multiple ways to promote
MDSC-mediated immune suppression in
response to local inflammatory events. These
results demonstrate that adaptive resistance is
more complex than simple up regulation of PD-1
ligands and the adaptation includes both tumor
cell intrinsic effects (ex. up regulation of PD-L1)
and tumor extrinsic effects (ex. infiltration of
Tregs and MDSCs) [105, 106, 108].

We observed that the adaptive response is a
key hurdle that limits the therapeutic effect of
cancer vaccines. Using the B16F10 murine mela-
noma model, we noted that as soon as the
vaccine-induced T cells infiltrated the tumor, a
broad adaptation occurred with up regulation of a
multitude of suppressive pathways, including
checkpoint receptors/ligands (PD-1, LAG-3,
TIM-3 and their corresponding ligands), Arginase
and iNOS [7] [and unpublished data]. Expression
of these suppressive factors was driven by CD8+
T cells and, to a large extent, the production of
IFN-y. Strikingly, these pathways were upregu-
lated as soon as the vaccine-induced T cells infil-
trated the tumor demonstrating the rapidity of the
adaptive resistance. Unlike previous reports, we
noted a temporal relationship between the adap-
tive response and T cell immunity within the
tumor. Whereas the vaccine-induced T cells were
initially highly functional within the tumor, over
time the functionality of the intratumoral,
vaccine-induced T cells waned while the adap-
tive response gained in magnitude, resulting in a
very transient growth suppression. These find-
ings are of particular clinical interest, as immu-
notherapies, including vaccines, often require
long treatment intervals or multiple immuniza-
tions to generate high numbers anti-tumor T
cells. In turn, such therapies may instigate sup-
pressive events in the tumor early in the course of
treatment and long before maximal immune reac-
tivity against the tumor is achieved.

Using the same model, we determined that
tumor regression could be achieved by combin-
ing vaccination with either administration
of immunomodulatory antibodies (anti-CD137
+ anti-PD-1) [109] or adoptive transfer of tumor-
specific CD8+ T cells [7]. Tumor regression did
not result from the absence of an adaptive
response following those therapeutic strategies.
In contrast, we observed that the effective
therapies produced a heightened anti-tumor T
cell response, which actually resulted in an ele-
vated magnitude of the adaptive immunosuppres-
sive response. In fact, throughout our studies, we
observed that the magnitude of the adaptive
response was directly related to the magnitude of
the therapy-induced immune attack. Thus, adap-
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tive resistance may be a barrier, but it is not abso-
lute and can be overcome when sufficient
numbers of T cells are present in the tumor,
despite impairments in T cell function that arise
from the adaptive immune suppression.

Since adaptive immune suppression is evi-
dence of immune attack within the tumor, mea-
sures of the adaptation may provide prognostic
value. Tumeh et al. [108] and Taube et al. [83]
observed co-localization of tumor infiltrating
CD8+ T cells with expression of immune-
inhibitory PD-1/PD-L1 markers, consistent with
the theory that immune attack is responsible for
adaptive immune resistance within the tumor
microenvironment. Taube et al. observed that
metastatic melanoma patients with elevated
PD-L1 expression survived longer than those
with low PD-L1 expression. Tumeh et al. went
further and determined that patients with a high
density of TILs and markers of adaptive resis-
tance (PD-1/PD-L1) at both the invasive margin
and in the tumor were more likely to respond to
PD-1 blocking therapy (pembrolizumab) when
compared to patients with poor TIL infiltration or
PD-1/PD-L1 expression. The authors employed
this information to develop a model that pre-
dicted which patients would respond or progress
on PD-1 blocking therapy. Furthermore,
Gajewski has emphasized that patients showing
favorable clinical outcome often had pre-
treatment tumor transcriptional profiles consis-
tent with T cell infiltration and an inflamed tumor
microenvironment, but that these same tumors
also had the highest expression of genes associ-
ated with inhibitory mechanisms, including IDO,
PD-L1, and a profile consistent with FoxP3+ T,
infiltration [110-115].

Conceptually, the existing experimental data
support induction of multiple adaptive resistance
mechanisms in tumors in response to immune
attack and it is likely that additional pathways/
mechanisms will be identified. Currently, two
possible scenarios have emerged whereby the
adaptive response has the potential to be over-
come therapeutically to promote anti-tumor
immunity with curative potential. As depicted in
Fig. 14.1a, inflamed tumors, which can arise
either spontaneously or in response to immuno-

therapy, induce only low level immune attack on
the tumor, resulting in adaptive resistance, local-
ized immune suppression, and tumor growth. In
this case, adaptive resistance mechanisms can be
partially overcome through interventions aimed
at disrupting these immunosuppressive pathways
(including co-stimulatory agents, checkpoint
blockade, as well as chemical inhibitors) to pro-
mote re-invigoration of local immune attack and
tumor regressions, whether complete or transient.
In contrast, delivery of more robust immunother-
apies, such as ACT, can initiate rapid immune
attack and result in tumor regressions despite the
presence of the same adaptive resistance mecha-
nisms [7], suggesting that increasing the magni-
tude and/or rate of immune attack on the tumor
may also improve the likelihood of overcoming
adaptive immunosuppressive mechanisms and
achieving therapeutic benefit (Fig. 14.1b).

14.5 Adaptive Inmune
Suppression in the Tumor:
Does the Tumor Benefit
from Conventional
Homeostatic Mechanisms
of Immune Tolerance?

Chronic inflammation had been implicated in
driving immunosuppressive mechanisms within
the tumor, thereby limiting anti-tumor immune
responses [116-120]. However, as described
above, the emerging concept of an adaptive
immune resistance argues that the broad network
of suppressive factors within the tumor microen-
vironment may actually be instigated as a conse-
quence of immune attack on the tumor. Adaptive
immune resistance does not appear to be unique
to tumor tissue, as many of the same suppressive
mechanisms have also been implicated in the
maintenance of immune tolerance under normal
homeostatic conditions and in the control of
autoimmune pathology under chronic inflamma-
tory conditions.

PD-L1 expression has been observed to
increase with pancreatic inflammation in a mouse
model of diabetes [121]. In the womb, PD-L1 is
expressed in the placenta [122] and by T, [123]
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Spontaneous Immune Infiltration

Co-stimulation,
Checkpoint Blockade,
or Agents Targeting
Suppressive Pathways

or Immunotherapy

Tumor Regression

Inflamed
Tumor

Adaptive
Resistance

Adoptive T cell Transfer
(Tumor Specific T cells)

Immune Suppression &
Tumor Growth

0 26 \/

Robust Attack Despite
Adaptive Resistance

Fig.14.1 Adaptive resistance occurs in direct response to
immune attack on tumors but can be overcome therapeuti-
cally. (a) Spontaneous immune infiltration or delivery of
immunotherapy results in an inflamed tumor microenvi-
ronment but only low level immune attack, resulting in
adaptive resistance, immune suppression, and continued
tumor growth. Intervention(s) with agents that act to
enhance or restore local immune attack (co-stimulatory

to prevent immune attack on the semi-allogeneic
fetus. PD-L2 has been implicated in the mainte-
nance of oral tolerance to ingested antigens [124]
and has been shown to aid in controlling airway
asthmatic responses [125]. Not surprisingly, the
checkpoint receptors PD-1, LAG-3, and TIM-3
play a role in the suppression of inflammatory
processes to control autoimmune pathologies or
tissue homeostasis [126—128], as do arginase
[71], iNOS [129], TGF-p1 [130, 131], IDO [132,
133], and Galectin-9 [89]. These observations
argue that tumor tissue is not unique in its ability

molecules, checkpoint inhibitors, or agents targeting
immunosuppressive pathways) can partially overcome
adaptive resistance mechanisms, leading to tumor regres-
sion. (b) Delivery of more robust immunotherapies (such
as ACT) results in vigorous immune attack on tumors
despite induction of adaptive resistance mechanisms and
leads to tumor regression

to evade inflammatory attack, but instead exploits
natural homeostatic mechanisms that limit
unwanted auto-immune destruction of healthy
tissues. IFN-y is particularly interesting in this
regard as it has been implicated as critical effec-
tor molecule promoting anti-tumor immunity,
while also playing a key role in the induction of
the many immune suppressive pathways within
the tumor. The contribution of IFN-y to tissue
homeostasis is underscored by the emergence of
severe autoimmune pathology in mice deficient
in IFN-y or the IFN-y receptor [134-138]. IFN-y,
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therefore, acts as a double-edged sword, regulat-
ing both inflammation and immune destruction
[139]. Developing strategies to mitigate the regu-
latory properties of IFN-y while maximizing
tumor destruction will greatly enhance the effec-
tiveness of cancer immunotherapy.

14.6 Adaptive Resistance:
Knowledge to Practice

Blockade of checkpoint receptors (i.e. CTLA-4,
PD-1) and their ligands (i.e. PD-L1) has con-
firmed therapeutic benefit in multiple clinical tri-
als across a broad range of tumors [34-36,
140-149]. These important successes notwith-
standing, single-agent checkpoint blockade only
achieved therapeutic effects in a fraction of
patients and data emerging from both mouse and
human studies has demonstrated additional thera-
peutic benefit through blockade of multiple
immunosuppressive pathways simultaneously [7,
34, 99, 149-152]. As expected, given the com-
plexity of adaptive resistance, the combination of
anti-CTLA-4 and anti-PD-1 produced more
objective responses in melanoma than either
agent alone [153]. The requirement to overcome
multiple resistance mechanisms is further sup-
ported by analysis of tumor-specific T cells iso-
lated from tumor-positive lymph nodes of
patients, which revealed that these T cells upreg-
ulate a host of suppressive receptors including
LAG-3, TIM-3, PD-1, BTLA, 2B4, and CTLA-4
[154], further demonstrating that multiple path-
ways contribute to T cell impairment. Indeed, the
effects of these pathways are additive as T cells
receiving multiple suppressive signals possess
greater functional impairments [96, 155-157].
Based on these observations, it is clear that a
combinatorial approach will be required to effec-
tively block local immunosuppressive processes
and achieve more consistent objective responses
in a larger number of patients. Given the high
cost associated with each of the checkpoint
blockade antibodies, however, it is unlikely that
payers will accept using all blockade strategies
with all patients. In this regard, it is imperative
that we develop effective predictive tools that can

determine which checkpoint blockade strategies
will be most effective with individual patients.
Adding further complexity to this challenge, a
recent report investigating combination radio-
therapy and CTLA-4 therapy revealed that PD-L1
was upregulated in therapy-resistant tumors
[158], suggesting that re-invigoration of tumor
attack by overcoming a single immunosuppres-
sive pathway may, in fact, lead to induction of
additional non-redundant mechanisms of adap-
tive resistance. Interestingly, adoptive T cell ther-
apy can produce tumor regression despite clear
evidence of adaptive resistance by the tumor [7].
Thus, it is possible to overcome the adaptive
immune resistance when the level of immune
attack is high enough. Of course, adoptive T cell
therapy is imperfect and will likely require some
aspect of checkpoint blockade to maximize clini-
cal activity. Nevertheless, the impressive clinical
outcomes with checkpoint blockade and adoptive
T cell therapy support further research to identify
not only mechanisms leading to the induction of
adaptive resistance in tumors, but also to under-
stand potential cross talk, interplay, as well as
differences in the expression kinetics/upregula-
tion of well-characterized and emerging immu-
noregulatory mechanisms that function to limit
immune attack on tumors.

Collectively, these studies demonstrate that
immune attack on the tumor triggers a complex and
dynamic feedback mechanism through which cells
present within the tumor actively respond to the
attack by upregulating immunosuppressive path-
ways that limit the durability of the therapeutic
anti-tumor effects. Understanding the triggers of
these responses will be key in the development of
strategies to suppress the adaptive resistance and
enhance clinical outcomes with immunotherapy.
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Imaging the Tumor
Microenvironment

15

Marie-Caline Z. Abadjian, W.Barry Edwards,
and Carolyn J. Anderson

15.1 Introduction

The microenvironment of solid tumors is hetero-
geneous and complex, and consists of cancer,
stromal and immune cells [1], as well as areas of
necrosis [2] (Fig. 15.1). The process of cancer
metastasis is highly dependent on the microenvi-
ronment of both the primary tumor, as well as the
connective tissue stroma at the site of future
metastasis, as tumor cells interact with the endo-
thelium of this organ [3]. Inflammation plays a
major role in cancer development, which has
been viewed as a dysregulated form of protective
tissue repair and growth response [4]. Leukocyte
infiltration in tumors, including macrophages and
neutrophils, is now well known to be one of the
“hallmarks of cancer” [1], and can exert both
tumor-suppressive and tumor-promoting effects
[4]. There is broad diversity of imaging biomark-
ers for many aspects of the tumor microenviron-
ment. Specific imaging of the cell types and/or
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physiological factors in the microenvironment
can provide critical information regarding cancer
aggressiveness and response to treatment. This
chapter will discuss several approaches utilizing
a multitude of modalities that have been investi-
gated for imaging the tumor microenvironment in
mouse models and in humans.

15.2 Imaging Tumor-Associated

Inflammation

It has long been known that some tumors are
densely infiltrated by cells of both the innate (e.g.
macrophages, neutrophils) and adaptive (e.g.
T-cells) arms of the immune system [5]. It is now
accepted that virtually every tumor contains
immune cells at some level, ranging from barely
detectable by immunohistochemistry to gross
inflammation that can be imaged by standard his-
tology [1, 6] and in vivo imaging [7]. It has also
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Fig. 15.1 Physiological and stromal factors are targeted
to image the tumor microenvironment by various modali-
ties. Unique components of the tumor microenvironment
include: hypoxia, internal and external pH ratios, enzymes

been shown that neutrophils, activated macro-
phages and dendritic cells (DCs) are present at
the tumor margins [8]. Inflammation brings bio-
active molecules to the tumor microenvironment,
including growth and survival factors that pro-
mote tumor cell growth, and matrix-modifying
enzymes that contribute to angiogenesis, inva-
sion and metastasis [9-11]. Inflammation may
also be causative in promoting the transformation
of early neoplasias to fully developed cancer
[11]. In vivo imaging of various aspects of
inflammation in cancer is vitally important, and
can aid in the early diagnosis of tumor growth
and progression. In this section we will discuss
imaging of tumor-associated macrophages
(TAMs) and T-cells that have roles in both can-
cer progression and regression.

Macrophages in cancer. Monocytes, which
originate in bone marrow and spleen, are recruited
to tumors by tumor-derived chemokines and
growth factors where they differentiate in macro-
phages [12]. M1 polarized macrophages benefit
the host by mediating a classical inflammatory

Inflammation

Cancerous cell Healthy cell

Stromal

Integrins @ *

T-cell

@ 2 0

TAMs

B-cell

such as matrix metaloproteinases and cysteine cathepsins,
as well as integrins, tumor-associated macrophages which
induce angiogenesis and inflammation, respectively

response against such pathogens as bacteria and
viruses and can act as antigen presenting cells for
antibody production against foreign proteins
[13]. They also have a protective role in tumors
and suppress the activities of tumor promoting
cells [14]. However, recent evidence has emerged
that in cancer, M2 polarized macrophages pro-
mote tumor growth. For example, TAMs have an
M2 phenotype and secret enzymes that remodel
the extracellular matrix and promote metastasis.
They also suppress the adaptive immune
response. Moreover, high numbers of TAMs in
tumors have been linked to low survival rates
[15]. Therefore, non-invasive diagnostic imaging
of TAMs could have prognostic power to stratify
patients for therapy. Because a characteristic of
macrophages is there ability phagocytose large
particles, a particularly attractive approach is to
use both non-targeted and targeted nanoparticles
[16].

Non-targeted nanoparticles. To take advan-
tage of the phagocytotic activity of M2-polarized
macrophages, non-targeted nanoparticles have
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been investigated (Fig. 15.2). In one approach,
radiolabeled high-density lipoprotein based
nanoparticles (rHDL) incorporating the long-
lived positron-emitting nuclide *Zr and a NIR
dye (DiO) were developed [17]. These nanopar-
ticles were composed of phospholipids and apoli-
poprotein. When injected into tumor-bearing
mice, histologic analysis of tumor tissues was
consistent with particle accumulation in TAM
dense tumor regions. By changing the conjuga-
tion site of the %Zr chelator, DFO, to either a
phospholipid or to apoA-I, different biodistribu-
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Fig. 15.2 %Zr-labeled high-density lipoprotein based
nanoparticles incorporate in M2-polarized macrophages
by phagocytosis in orthotopic 4T1 mouse mammary
tumor-bearing mice. Top Accumulation of %Zr-HDL
nanotracers in tumor tissues can be visualized by in vivo
PET imaging. CT (left) and PET/CT fusion (right) images
of ¥Zr-AI-HDL (a) and *Zr-PL-HDL (b) obtained at 24 h
after injection in mice bearing orthotopic 4T1 tumors
(indicated by arrows). Bottom Both DiO@Zr-PL-HDL
and DiO@Zr-AI-HDL preferentially target tumor-
associated macrophages. 4T1 cell-induced orthotopic
breast tumors were used to isolate single cells. (c)
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tions were observed. Moreover, disaggregated
tumors showed the greatest uptake of the parti-
cles in TAMs with lower accumulation in den-
dritic cells and in the tumor cells, although
macrophage targeting was not exclusive. That
lack of exclusivity was attributed to unanticipated
particle interaction with the different cell types.
Targeted nanoparticles. To enhance effi-
ciency of nanoparticle uptake in TAMs, they can
be conjugated with ligands that are targeted to
cell surface receptors on macrophages. In an
example of this approach, **Cu- and DiO-labeled
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Representative DiO levels in five immune cells, namely
TAMs, monocyte-derived cells (Mo-derived cells),
monocytes, dendritic cells (DCs), and T cells. (d)
Representative DiO levels in ECs and tumor cells (4T1).
Cells from a phosphate-buffered saline-injected mouse
served as controls (gray histograms to left). (e)
Quantification of DiO levels presented as mean fluores-
cence intensity (MFI). Importantly, no statistical signifi-
cance was found when comparing DiO levels of same cell
type from two HDL formulations. Statistics were calcu-
lated with 2-tailed Student t test with unequal variance by
comparing with TAM from same group. **P < 0.01.
*##%P < (0.001. Adapted from reference [17]
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mannose coated liposomes were used to target
mannose receptors (CD206) overexpressed on
TAMs in lung tumors induced through chemical
treatment [18]. Evidence for mannose-mediated
uptake was that targeted accumulation in both
tumor and spleen exceeded non-target accumula-
tion and that confocal microscopy of lung tissue
sections demonstrated co-localization of DiO-
labeled liposomes and a pan macrophage marker
F4/80.

Molecular imaging agents for macrophages.
CD206 has also been targeted with non-
nanoparticle molecular imaging agents [19]. A
nanobody (Nb cll) against CD206 radiolabeled
with ®"Tc was investigated for visualizing mac-
rophages in tumor bearing mice, both wild type
and CD206 knock out mice, and a non-binding
control (BCII10) was included. The in vivo
results in mice bearing 3LL tumors showed there
was no uptake of the CD206 targeted *™Tc-Nb
cll in the CD206 knockout mice, demonstrating
that the tumor itself does not express significant
levels of CD206. However, in WT mice, the tar-
geted antibody localized to the tumor as well as
tissue resident macrophages in the liver. The
non-binding control did not accumulate signifi-
cantly in CD206 enriched tissues, which demon-
strates CD206 mediated accumulation. Numerous
ex vivo experiments supported CD206 mediated
accumulation of Nb cll including localization of
AF647-Nb cll in tumor tissue that co-stained
with F4/80, a pan macrophage marker.

CD11b is a marker for macrophages as well as
dendritic cells but may not exclusively mark
M2-polarized macrophages. An ®F-labeled vari-
able heavy chain (VHH) raised against CD11b,
readily visualized tumor associated inflammation
in a syngeneic mouse model of melanoma
(B16F10) by small animal PET, whereas 'SF-
FDG failed to generate a clear delineation of the
tumor [7]. Ex vivo two-photon microscopy dem-
onstrated that the dye-conjugated anti-CD11b
VHH had high uptake in CD11b enriched lym-
phoid organs and virtually no uptake in the cor-
responding knock-out mice thus supporting the
specific high uptake observed in vivo. Flow
cytometry of the disaggregated tissues stained

with the dye-labeled anti-CD11b VHH were con-
sistent with the findings of the microscopy.

Molecular imaging agents for T-cells.
Imaging CD8-expressing cells will be important
to track T-cells for non-invasive monitoring of
these populations during immunotherapy [20].
Utilizing known sequences for murine CD8
monoclonal antibodies, minibodies (Mbs) were
constructed. The Mbs retained high affinity for
CDS8 and readily stained disaggregated CD8 pos-
itive cells from thymus, spleen, and lymph nodes.
Unlike the parental antibodies, the Mbs did not
deplete T-cells from the host mice. After Cu-64
labeling, uptake in CDS8+ tissues was readily
visualized by preclinical PET. Uptake was clearly
visualized in lymph nodes and spleen (Fig. 15.3)
4 h post injection.

15.3 Imaging Hypoxia
in the Tumor

Microenvironment

Hypoxia (low oxygenation) occurs in the tumor
microenvironment where cells are rapidly grow-
ing and taxing the oxygen availability from its
surrounding blood supply [21-23]. Chronic and
acute/cycling hypoxia are two categories found
in the tumor microenvironment [24-26]. Chronic
hypoxia arises from diffusion limited oxygen
availability, and acute hypoxia occurs from tran-
sient perfusion disruptions. In both cases, the
oxygen supply is reduced compared to normal
supply (normoxia). There are several reviews on
different modes of imaging probes targeting
hypoxia to study the tumor microenvironment,
which include polarographic O, microelectrodes,
various positron emission tomography (PET) and
single photon emission computed tomography
(SPECT) tracers, magnetic resonance imaging
(MRI) methods and fluorescence probes [27-31].
PET tracers for imaging hypoxia have had much
success in the clinic and have been compared
amongst each other [32-38]. Recently investi-
gated imaging probes targeting hypoxia in the
tumor microenvironment will be discussed.
PET/SPECT tracers for hypoxia imaging:
Huangetal. compared '®F-labeled 2-deoxyglucose
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Fig.15.3 Immuno-PET imaging of CD8 positive T-cells
with *Cu-NOTA-2.43 Mb was observed in thymus,
spleen and lymph nodes 4 h after i.v. injection in B/6
mice. The white arrows (2-mm transverse MIPs) are used
to highlight uptake in various lymph nodes (right) and the

(FDG), 3’-deoxy-3’-['®F]fluorothymidine (FLT)
and 1-(2-nitroimidazolyl)-3-[*®F]fluoro-2-
propanol (FMISO) distribution in subcutane-
ously implanted and disseminated peritoneal
NSCLC A549 and HTB177 tumors in mice by
digital autoradiography and compared this to
immunohistochemistry images of tumor hypoxia,
proliferation, stroma and necrosis [2]. The accu-
mulation of FDG and FLT were broadly similar
for both cell lines and for subcutaneous and dis-
seminated tumors. FDG was found to have higher
uptake in regions of high pimonidazole binding
(hypoxia), although there were some mismatched
regions. Areas of higher FDG activity tended
towards low proliferation and perfusion, while
stroma and necrotic areas showed lower FDG
uptake. FLT accumulation in the tumor corre-
lated with high uptake of bromodeoxyuridine and
negative staining for pimonidazole, and showed
low uptake in stroma and necrosis. As expected,
FMISO activity correlated with pimonidazole
binding in A549 s.c. tumors, corresponding to
low proliferation and perfusion. Stroma and
necrotic areas of the tumor had low FMISO accu-
mulation. Generally speaking, FDG and FMISO
are similar in areas of hypoxia, stroma and necro-

spleen seen in the whole-body 20-mm coronal MIPs (left).
A.LN axillary lymph nodes; B bone, C.LN cervical lymph
nodes, /.LN inguinal lymph nodes, Li liver, MIPs maxi-
mum intensity projections, P.LN popliteal lymph nodes,
Sp Spleen. Adapted from reference [20]

sis, whereas FLT better images non-hypoxic
regions of the tumor.

A limitation to be considered when imaging
with PET tracers is the uptake time, as it influ-
ences the lesion-to-background ratio as well as
the signal-to-noise ratio. The most widely used
hypoxia imaging PET tracer is FMISO [39, 40].
In humans, FMISO was found to give better
quality images of hypoxic tumors at 4 h com-
pared to 2 h [41]. Additional studies have shown
an accurate reflection of hypoxia detected by
FMISO and expression of hypoxia-inducible fac-
tor la (HIF-1a) and vascular endothelial growth
factor (VEGF) in 32 patients with gliomas [42].
FMISO also images hypoxia in micrometastases
growing in mice xenograft models of human
non-small cell lung cancer (NSCLC) A549 and
HTB177 cells [43]. Other F-18 labeled PET trac-
ers like 3-"®F-fluoro-2-(4-((2-nitro-1-himidazol-
1-yl)methyl)-1H-1,2,3,-triazol-1-yl)-propan-1-ol
(8F-HX4) and '®F-fluoroazomycin arabinoside
(18F-FAZA) also were found to image hypoxia in
NSCLC patients [44, 45] and mice bearing
human SiHa cervix tumor xenografts [46].
Comparisons have been done of FMISO, 8F-
HX4 and 'BF-FAZA in rhabdomyosarcoma
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R1-bearing WAG/Rij rats evaluating optimal
time to image, tumor-to-blood ratios, spatial
reproducibility, and sensitivity to oxygen changes
[47]. The comparisons found each F-18 PET
tracer had advantages, which could be capitalized
upon depending on the imaging requirements.
FMISO has also been compared with FDG in
patients with pancreatic = adenocarcinoma,
although there was no significant correlation
between SUV,,,, for the two tracers [48]. FMISO
was also compared to '*F-HX4 in hypoxia imag-
ing in heat and neck cancer patients, and tumor-
to-muscle ratios were similar for both imaging
probes [49].

Another F-18 PET hypoxia imaging probe is
8FE-fluoroerythronitroimidazole ("*F-FETNIM),
which has been studied in patients with
NSCLC. Tumor-to-mediastinum (T/Me) ratios
were quantified on PET/CT and correlated with
expression of HIF-la, glucose transporter 1
(GLUT-1) and VEGF [50]. F-FETNIM hypoxia
imaging was used to determine a hypoxia thresh-
old, quantifying variability in untreated esopha-
geal squamous cell carcinoma (SCC) in patients,
and evaluating clinical response after concurrent
chemoradiotherapy [51]. Overall '*F-FETNIM
PET/CT showed similar uptake in esophageal
SCC and baseline SUV,,,, might have predictive
value. Preliminary results for a modified version
of this ®F hypoxia imaging probes were investi-
gated; a sulfoxide derivative, (8F-F1) was
imaged in vitro (S9 liver homogenate fractions)
and in vivo (SK-RC-52 tumor model BALB/c
nude mice) and found to have good retention in
tumors [52].

18F-labeled PET hypoxia imaging probes have
also been examined for detecting changes before
and during treatment. 'SF-FAZA was used to suc-
cessfully identify and quantify tumor hypoxia
before and during concurrent chemoradiotherapy
in patients with advanced head and neck SCC
[53]. In a handful of studies, FMISO PET imag-
ing was shown to have prognostic value used to
evaluate hypoxia tumors’ microenvironment
after treatment [54-56].

Other radionuclides have been used to image
hypoxia in the tumor microenvironment such as
9mTe, ©2Cu, *Cu, Ga, and ®Ga. Current find-

ings will be briefly presented. A *"Tc-
pyrimidine-4,5-diamine ~ (*"Tc-PyDA)  was
developed and studied in vitro stability and
in vivo hypoxia targeting [57]. In vivo studies
with *"Tc-PyDA in mice with injected with
Ehrlich ascites carcinomas showed selective
uptake in hypoxia tumor tissues. Derivatives of
metronidazole  (4-isocyano-N-[2-(2-methyl-5-
nitro-1H-imidazol-1-yl)ethyl]butanamide (M1)
and  1-(4-isocyanobutanoyl)-4-[2-(2-methyl-5-
nitro-1H-imidazol-1-yl)ethyl]piperazine = (M2))
have also been investigated as **Tc tracers
(*™Tc-NS3M1 and *"Tc-NS3M2) for imaging
hypoxia in mice bearing induced 3LL Lewis
murine lung carcinoma [58]. Tracer *™Tc-
NS3M1 was found to have favorable tumor-to-
muscle ratio in vivo. Another SPECT tracer,
PmTc-meropenem was demonstrated to have
higher selectivity in tumor hypoxia tissue com-
pared to ¥F -FDG-PET and *™Tc-nitroimidazole,
and was also shown to differentiate from inflamed
and infected tissues in mouse models [59]. A bio-
reductive *™Tc hypoxia imaging probe (*"Tc-
SD32) was found to be retained in FM3A murine
breast tumor cells under hypoxic compared to
normoxic conditions [60].

Copper-64, Cu-60 and Cu-62 have been used
to make PET hypoxia imaging probes. Patients
with glioma were imaged with ®’Cu-diacetyl-bis
(N4-methylthiosemicarbazone) (*Cu-ATSM) to
distinguish tumor grades and tissue hypoxia cor-
related well to MR imaging and HIF-1a expres-
sion [61]. #*Cu-ATSM autoradiography and PET
were compared with FDG PET in spontaneous
canine sarcomas and carcinomas [62, 63].
Correlations between *Cu-ATSM and "*F-FDG
PET were found at later time points (3 hours post
injection), and similar distribution in heteroge-
neous tumor regions were found for #Cu-ATSM
autoradiography and pimonidazole immunohis-
tochemistry. The well-known *Cu-ATSM and
BE-FMISO have been compared under several
conditions and hypoxia tumor types, findings
have noted advantages in both [64]. Derivatives
of %Cu-ATSM have been investigated in EMT6
carcinoma cells; revealing an imagine probe
(®*Cu-ATSM/en) with higher hypoxia selectivity
and lower non-target organ uptake than
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%Cu-ATSM in EMT6 tumor-bearing mice [65].
%0Cu-ATSM has also been investigated in women
with cervical cancer, and was found to be a pre-
dictor of recurrence [66].

Gallium-68 and Ga-67 nitroimidazole and
metronidazole derivatives have also been used
as PET/SPECT imaging probes for hypoxia.
One nitroimidazole derivative, ®*Ga-HP-DO3A-
nitroimidazole (*Ga-HP-DO3A-NI), was stud-
ied in vitro in A549 lung cancer cells and in vivo
in SCID mice with A549 tumor xenografts [67].
%Ga-HP-DO3A-NI showed favorable pharma-
cokinetics with little accumulation in liver, heart
or lung, and selectivity for hypoxic tissue com-
pared to controls. Two metronidazole deriva-
tives (?Ga-DOTA-MNI1 and “Ga-DOTA-MN2)
were investigated [68]. %’Ga-DOTA-MN2
showed higher accumulation and selectivity
in vivo (NFSa mouse fibrosarcoma or FM3A
cells inoculated s. c. in female C3H/He mice)
compared to controls and “’Ga-DOTA-MN1);
%8Ga-DOTA-MN2 was successfully imaged at
1 h by small-animal PET. In another study,
%Ga-DOTA  conjugated to nitroimidazole
(amide bond, ®Ga-4; thiourea bond, *Ga-5)
were explored and %®Ga-5 was found to have
higher uptake in vitro cancer cell lines (HeLa,
CHO, and CT-26) than ®®Ga-4 [69]. Interestingly,
in mice xenografted with CT-26 mouse colon

Fig.15.4 T2-weighted MRI imaging of hypoxia was per-
formed in Dunning prostate R3327-AT1 tumor-bearing
rats. Grayscale magnetic resonance T2-weighted (a, d)
and color T1-weighted (b, c, e, f) images of Copenhagen
rat thighs bearing syngeneic Dunning prostate R3327-AT'1

cancer cells, ®Ga-4 had higher standard uptake
values (SUV) in tumors than %*Ga-4.

MR contrast agents for imaging hypoxia.
Although not as prevalent as for PET, MRI con-
trast agents have been developed to image
hypoxia in vivo (Fig. 15.4) [70, 71]. MRI for
hypoxia imaging has mainly utilized dynamic
contrast-enhanced magnetic resonance imaging
(DCE-MRI). DCE-MRI has been shown to ana-
lyze areas of hypoxia in tumors in vitro or in vivo
[72-74].

Optical probes for imaging hypoxia. Optical
imaging of hypoxia in the tumor microenviron-
ment has been investigated with various probes
[75, 76]. Nanoparticles (NPs), including polysty-
rene NPs and boron NPs have been explored [77,
78]. Fluorescent, phosphorescent, and Forster
energy transfer (FRET) off-on probes have also
been developed to explore imaging hypoxic
microenvironments [79, 80]. Ruthenium (Ru)
and iridium (Ir) complexes are intriguing phos-
phorescent hypoxia imaging probes that offer
real-time imaging. Ruthenium complexes con-
taining nitroimidazole (Ru-NI1) can monitor
oxygen fluctuations in vitro (A549 human lung
adenocarcinoma epithelial cells) and in vivo
(A549 cells injected s.c. in female BALB/c nu/nu
mice) [81]. Other ruthenium complexes like
[Ru(dpp);]**Cl, NPs have successfully imaged

145minpost

GdDO3NI

GdDO3ABA

tumors following injection of 0.1 mmol GdDO3NI per
kilogram body weight (a—c) or 0.1 mmol GADO3ABA per
kilogram body weight (d—f) before injection (b, e) and
145 min after injection (c, f). The tumor and thigh muscle
are labeled T and M, respectively [70]
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hypoxia in U87MG cells and zebrafish embryos
[82]. Ruthenium complexes comprised of hydro-
phobic components like pyrene (Ru-Py) also
exhibited hypoxia selective imaging in AS549
cells and in female BALB/cSlc nu/nu mice [83].
Although not as common, iridium complexes
(Ir(btp),acacBTP) were found to image hypoxia
in vitro (HeLa, CHO, SCC-7, U251) and in vivo
tumor-bearing (SCC-7, U87, RAMOS, HT-29,
LL-2) female athymic nude mice [84].

15.4 Imaging pH Changes
in Tumor Cells

and the Microenvironment

The acidic pH found in the tumor microenviron-
ment has been attributed to the fast cell growth
and division, which consumes oxygen and nutri-
ents. Tumor cells adapt to the resulting anaerobic
conditions producing lactic acid that ultimately
affects the intracellular and extracellular pH. The
elevated intracellular pH (pH;) from glycolysis
triggers efflux of lactate and protons via mono-
carboxylate transporters and Na-driven proton
extrusion resulting in decreased extracellular pH
(pH.) [85, 86]. Diseased tissue has been shown to
have lower local pH, ranges (5.66-7.78) than
normal tissues (7.4) [87, 88]. In normal cells, pH;
is lower than pH,, but in cancer cells the pH gra-
dient is reversed and stimulates cancer progres-
sion and cellular function [89]. Targeting low pH
is another characteristic utilized to image the
tumor microenvironment.

In the early 1980s, tumor pH measurements
were done with pH electrodes, but tissue and cap-
illary damage from probe insertion as well as loss
of sensitivity in finer probes led to the development
of other non-invasive probes [90-92]. The char-
acteristics of an ideal pH probe are (1) the probe
should exist in ionized and unionized forms,
where the ratio of the two forms are proportional
at the pH of interest; (2) the probe should not
change tissue pH; (3) tissue compartmentaliza-
tion of the probe should be known; (4) the probe
should be nontoxic; (5) the measurements of pH
should be independent of probe concentration;
and (6) pH measurements should be rapid such
that temporal changes in pH can be measured

[93]. Currently, various pH probes generally use
the physical properties of acidic protons for MRS
and MRI, acid-cleavability (pH-activatable) for
fluorescent probes and pH (low) insertion peptide
(pHLIP®) for SPECT/PET tracers.

MRI probes for imaging pH changes.
Hyperpolarized nuclei increase sensitivity of
NMR and MRI experiments, and hyperpolarized
13C and ¥Y have been used for in vitro and in vivo
mapping of pH in normal and inflammation
mouse models [86, 94, 95]. Chemical exchange
saturation transfer (CEST) is a common MRI
technique that selectively saturates exchangeable
protons that are transferred to bulk water signal
[96]. Biosensor imaging of redundant deviations
in shifts (BIRDS) which measures exchangeable
protons like —OH and —NH,, where 2 >y > 1,
was compared with CEST for pH imaging [97].
BIRDS showed good sensitivities, eliminating
the need to use water resonance as a reference
thereby offering a new method to calibrate
CEST. AcidoCEST is a known MRI technique to
measure acidosis within tumors. Several groups
have measured tumor pH, using acidoCEST MRI
in conjunction with the repurposed CT contrast
agents, iopromide and/or iopamidol. In vivo stud-
ies in xenograft tumor models of Raji lymphoma
and MCF-7 breast cancer showed iopromide to
measure a greater tumor region compared to
iopamidol [98]. Processing methods were evalu-
ated in acidoCEST MRI with iopromide, finding
MCF-7 to be more acidic than MDA-MB-231
tumor models in mice [99]. A CEST-fast imaging
with steady-state free precession (FISP) method
was successfully used to detect iopromide in the
MDA-MB-231 mouse model, and tumor pH.
monitored after bicarbonate treatment [100].
Topamidol has also been used in CEST MRI to
generate pH maps in vivo (mouse model of acute
kidney injury) over 21 days; the study was able to
differentiate among functional regions of dam-
aged kidneys [101]. A ratiometric CEST imaging
method using iobitridol, an X-ray contrast agent,
has been developed under different radiofre-
quency (RF) irradiation power levels in vitro and
in vivo (xenografted adenocarcinoma TSA
tumors s.i. in mouse model) [102]. The RF
power-based ratiometric pH MRI method
improves in vivo pH sensitivity in pH imaging.
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Paramagnetic chemical exchange saturation
transfer (PARACEST) is another MRI technique
using paramagnetic lanthanides designed with
chelator groups that are CEST selective such that
the ratio of the two CEST effects can be used to
remove the influence of concentration in the pH
measurements [103]. PARACEST and CEST-
FISP MRI were successfully used in combination
to detect pH. in tumor tissue (MDA-MB-231
mammary carcinoma and MCF-7) in vivo using
Yb-DO3A-0AA [104, 105]. A glycol chitosan
(GC) with pH-titratable primary amines coupled
to Gd-DOTA (GC-NH,-GdDOTA) has shown
in vitro and in vivo (T6-17 cells injected into nu/
nu nude mice) provided diagnostic information
about the tumor environment while giving high
spatiotemporal resolution [106]. A variety of pH
probes have been developed using MRI to image
the tumor microenvironment. Representative pH,
probes also include mixed micelles that are desta-
bilized at different pH, which can generate pH
maps of solid tumors in vivo [107], manganese
oxide-based hybrid mesoporous composite nano-
capsules for pH-responsive imaging as well as
ultrasonography in vitro and in vivo [104], and
glycol chitosan coupled to superparamagnetic
iron oxide nanoparticles (SPIO) that associates
with tumor tissues in vivo [108]. Dual imaging
pH probes have also been advanced to image the
tumor microenvironment. One example is lantha-
nide complexes (DO3A) conjugated to rhoda-
mine that gives higher fluorescence at lower pH
due to ring opening of the spirolactam while pro-
viding MR images [109]. In vitro studies in
HEK293 cells and primary mouse islet cells
demonstrated the dual MR/fluorescent probe to
distinguish between tumor and healthy cells as
well as in vivo images from BALB/c nude mice
bearing M21 melanoma xenografts.

Fluorescent probes for imaging pH changes.
Fluorescence imaging of pH in the tumor micro-
environment has seen a boon in the last decade.
Several exciting pH probes have been explored.
A near-infrared (NIR) fluorescent probe contain-
ing a hemicyanine (NIR-Ratio-BTZ) can be pro-
tonated/deprotonated on the hydroxyl group to
give two photostable, sensitive, ratiometric and
reversible states for imaging pH; in real-time

in vitro (HeLa cells) and in vivo (nude mice with
LPS-mediated inflammatory response) [110]
(Fig. 15.5). Water soluble naphthalene diimides
(NDIs), which do not emit as a free base but
strongly emit once protonated, were tested
in vitro (PC-3 cells) and showed successful imag-
ing of pH; in tumor microenvironments [111]. A
pH probe that has two NIR fluorophores coupled
by an acid cleavable linker (DilRB-S) was inves-
tigated for visualizing tumors by imaging pH,
[112]. A high target-to-background ratio was
obtained for DilRB-S in vivo (HCCLM3-GFP
and HepG2 cells inoculated in male nude mice)
and gave insight in evaluating metastatic poten-
tial of tumors studied. Another NIR ratiometric
pH; probe takes advantage of intramolecular
charge transfer (ICT) with a coumarin-indole
(r-bonded donor-acceptor) conjugate showing
dual-emission changes with pH changes while
imaging KB and HeLa cells [113].
Nanoparticles have been explored as a scaf-
fold for pH probes. Gold nanoclusters protected
by BSA (reference fluorophore) conjugated to
fluorescein-isothiocyanate (response to pH) and
folic acid (targeting folate acceptors on folic rich
cancer cells) were studied to develop ratiometric
pH; probes for in vitro imaging (HeLa cells and
lung cell carcinoma cells A549) [114].
Multifunctional nanoparticles (MNPs) made of
silica coated iron oxide with benzo[a]phenoxa-
zine (NIR dye) on the surface that fluorescence at
pH lower than 6.0 were developed and tested
in vitro (4T1 and 293T tumor cells) and in vivo to
visualize the acidic tumor microenvironment
with minimal toxicity [115]. An ultra pH-
sensitive probe (UPS) was developed by conju-
gating a near-IR dye (Cy5.5) to a copolymer with
cRGD targeting that self assembles into micelles
[116]. These fluorescent pH probes have shown
exponential nonlinear fluorescence activation at
low pH indicative of the tumor microenviron-
ment in vivo (nu/nu mice) in s.c. A549 lung car-
cinoma, MDA-MB-231 breast cancer, HN5 and
HCC4034 head-neck cancer, SF-188 glioma,
LN-229 glioma, 3LL lung carcinoma, Mia Paca-2
pancreatic cancer and PC-3 prostate tumors.
Another micelle platform made from block copo-
lymers (MPEG-PAE) with encapsulated fluores-
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Channel 1

Channel 2

Fig.15.5 A near-infrared fluorescence probe with a
hemicyanine dye that can be protonated or deprotonated
on the hydroxyl group provides a ratiometric approach for
imaging pH. Representative fluorescence images (pseu-
docolor) of mice injected with NIR-Ratio-BTZ during
LPS-mediated inflammatory response in vivo. (a) Only
LPS was injected for control. (b) Saline was injected in

cent dye (TRITC) and black hole quencher
(BHQ) have shown to break micelles at acidic pH
with high tumor (MDA-MB-231 cells) specific-
ity and sensitivity [117]. Biodegradable NIR flu-
orescence nanoprobes (InNP1 and Rd.-InNP1)
for imaging acidic tumor microenvironments
were shown to have high tumor-to-normal (T/N)
ratio in vitro (human glioblastoma U§7MG) and
in vivo (s.c. US7MG tumor xenografts in female
SCID mice) [118].

Another interesting platform for NIR fluores-
cent pH probes are quantum dots (QDs) deco-
rated with fluorescent dyes. A quantum dot
(CulnS,/ZnS) surrounded by lauric acid and
2,3-dimethylmaleic anhydride modified
e-polylysine (QD@¢g-PL-g-LA/DMA) exhibited
a positive charge in acidic conditions and reverses
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the peritoneal cavity of mouse, followed by injection of
NIR-Ratio-BTZ (50 pM). (¢) LPS was injected into the
peritoneal cavity of the mouse, followed by injection with
NIR-Ratio-BTZ (50 pM). The mice were imaged with an
excitation filter 580 nm and two emission channels of
Channel 1 (650 nm) and Channel 2 (720 nm) [110]

to negatively charged at pH 7.4, showed proof of
concept in HeLa cells [119]. Stable luminescent
ZnSe/ZnS quantum dots conjugated with
SNARF-5F fluorophore and porphyrins were
explored with FRET demonstrating proof-of-
concept for imaging pH in tumor microenviron-
ment [120]. QD-mOrange-Arg9 and
QD-mCherry-Arg9 dyes exhibited improved sen-
sitivity and photostability to image pH; in vitro
(HeLa cells) compared to BCECF (commonly
used fluorescent dye for pH imaging) [121]. In
another study, nanogels with CdSe QDs in the
interior of a polymer (hydroxypropylcellulose-
poly(acrylic acid)) underwent pH dependent vol-
ume phase transition providing a low pH response
for imaging [122]. Cellular imaging on mouse
melanoma B16F10 cells with drug (temozolo-
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mide) loaded nanogels gave a method to track
release of drug with the low pH of the tumor
microenvironment.

Ratiometric pH; imaging was successfully
performed by in HeLa Kyoto cells expressing
SypHer2 (fluorescent indicator) in vitro and
in vivo to compare to pathomorphology and
hypoxia staining of tumors [123]. Another genet-
ically encoded pH; probe was a red fluorescent
protein mKeima-A213S mutant (pHRed) notably
imaged in vitro in Neuro2A cells expressing
pHRed [124]. Photoacoutic nanoprobes have
also been used to image the low pH of the tumor
microenvironment. Mouse breast tumor model
(EMT-6 cells) could be identified from normal
tissue using a dextran based pH-sensitive near-IR
nanoprobe [125]. In low pH environments, the
nanoprobe’s hydrazone bonds cleave causing the
resonance absorption peaks in the near-IR region
to change creating a different photoacoustic
output.

PET imaging of acidic pH. A novel approach
to imaging acidic pH in the tumor microenviron-
ment was recently reported, where a pro-drug
strategy was employed [126]. A caged derivative
of FDG was developed, which is selectively
degraded to the parent FDG upon exposure to
acidic pH, allowing it to be taken up by adjacent
cells. The acid labile pro-drug was based on the
glycosylamine linkage, where cleavage is tunable
based on the pK, of the parent amine. In compar-
ing PET imaging of a FDG-glyosylamine (FDG-
amine 4; Fig. 15.6) with the parent FDG, only the
tumor having an acidic microenvironment was
imaged with FDG-amine 4, whereas with FDG
other tissues that readily take up glucose were
imaged (brain, heart, brown fat).

PHLIP probes. One type of acidic pH probe
that has gained increased application in imaging
the tumor microenvironment are pH (low) inser-
tion peptides (pHLIPs) [127, 128]. Three fluores-
cently labeled  pHLIPs  (Alexa546-WT,
Alexa546-Var3, Alexa546-Var7) have success-
fully accumulated in tumors of metastatic 4T1
mammary tumors and spontaneous breast tumors
in FBV/N-Tg (MMTV-PyMT) 634Mul trans-
genic mice [129]. Fluorescently labeled pHLIPs

FDG-amine 4

HoHO—;;g/ﬁ O O

B) FDG amine 4

Fig. 15.6 Another approach to imaging pH with PET
involves a caged derivative of FDG that selectively
degrades to the parent FDG upon exposure to acidic
pH. Structure of FDG-amine 4, which at low pH decom-
poses to FDG (rop). (a) PET imaging with FDG in PC3
prostate tumor-bearing mice (7" tumor, B brain, M muscle
and brown fat, H heart, U urinary bladder). The tumor is
imaged, as well as typical organs that take up FDG, such
as the brain, heart and brown fat. (b) PET imaging with
the pH sensitive FDG-amine 4 shows primarily tumor
uptake, where the acidic microenvironment cleaves at the
glycosylamine site, leaving FDG to be taken up by the
tumor (from [126])

have also been shown to localize and detect pan-
creatic ductal adenocarcinoma (PDAC), PDAC
and PanIN lesions in human xenografts in mouse
models [130]. Topical application of Alexa647
labeled pHLIPs in intact fresh human tissue spec-
imens with head and neck squamous cell carci-
noma have reported differences in clinically
abnormal and normal tissues which concurred
with pathologic evaluations [131]. pHLIPs have
also been coupled to radiotracers for in vivo pH
imaging with single-photon emission computed
tomography (SPECT). Lewis lung carcinoma
(LLC), lymph node carcinoma of the prostate
(LNCaP) and prostate adenocarcinoma (PC-3)
tumor xenografts in mice were studied using
PmTe-pHLIP (*"Tc-AH114567) and showed
adequate imageability and correlation with tumor
extracellular acidity [132].
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15.5 Imaging Enzymes
in the Tumor

Microenvironment

Matrix Metalloproteinases. Matrix metallopro-
teinases (MMPs) along with other proteases are
involved in cellular proteolysis known to be ele-
vated in disease states leading to tumor invasion
and metastasis [133, 134]. MMPs are an attrac-
tive target for imaging the tumor microenviron-
ment either with activatable probes or MMP
inhibitors (MMPIs). There are several good
reviews that discuss MMPs as a target for imag-
ing [135, 136]. Another MMP biomarker, mem-
brane  type-1  matrix = metalloproteinase
(MT1-MMP) is a protease that activates MMP-2,
which mediates cleavage of extracellular matrix
components indicated in tumor progression and
metastasis [137-140].

PET/SPECT Agents for imaging MMPs.
MMPIs consist of natural and synthetic inhibitors
that bind zinc via moieties that include hydroxa-
mate, phosphonate, thiol, carboxylate or barbitu-
rate [135]. A recent paper reported a '®F-labeled
hydroxamate-based inhibitor (ML5) for imaging
of both MMPs, and disintegrin and metallopro-
teinase (ADAM) levels in vivo to visualize and
quantify overexpression of MMPs and ADAMs
[141]. MLS that was acylated directly with
N-succinimidyl-4-[**F]fluorobenzoate ~ showed
nanomolar affinity for MMPs and ADAMs, and
was brought for PET imaging of HT1080 tumor-
bearing mice. The tumor showed modest, but
potentially specific, uptake in the tumor.
Co-administration of a blocking dose blocked
many tissues, including tumor. A cyclic decapep-
tide (CLP: Cys-Leu-Pro-Gly-His-Trp-Gly-Phe-
Pro-Ser-Cys) was studied for its inhibitory
selectivity toward MMP-2/9 [142]. The CLP was
labeled with #"Tc with high yield, stable in
serum, and accumulated in the uterus, lung, liver
and spleen related to MMPs of normal rats, which
could contribute to future imaging of metastatic
tumors that overexpress MMPs. Another inter-
esting dual imaging probe combined an RGD
motif (o,f; integrin binding), *Cu-DOTA,
PLGVR (MMP-2 cleavage substrate), and 'ZI-Y
for imaging a,f3; integrin positive (M21) and neg-

ative (M21L) human melanoma cell localization
and pathophysiology [143]. The PET/SPECT
imaging  probe  (c(RGDfE)K(**Cu-DOTA)
PLGVR'ZL-Y) was successfully shown to target
o,B; integrin and detect MMP-2 activity with ICs,
value in the nanomolar range (83.4 + 13.2 nM).

There are a few non-inhibitory type imaging
probes for MMPs. Specific human MMP-9
(Ky = 20 nM) cleavable RNA aptamers were
developed and imaged with *™Tc for ex vivo
imaging of human brain tumors [144]. A trun-
cated aptamer was shown to retain binding affin-
ity and discriminate MMP-9 vs. other human
MMPs. MT1-MMP imaging probes consisting of
single chain antibody fragments (MT1-scFv) and
a dimer (MT1-diabody) were labeled with ''In
and imaged in vitro and in vivo [145]. Both
probes showed similar tumor accumulation
(1-1.5%1D/g) and corresponding MT1-MMP
positive areas in ex vivo autoradiography; how-
ever, there was extensive uptake in the kidneys
(~100%ID/g for the diabody and ~200%ID/g for
the scFv), and high liver uptake as well (20—
40%ID/g). A study to determine the tumor speci-
ficity of "Lu/'"®I radiolabeled MMP-2/9
activatable cell-penetrating peptides (ACPPs)
was performed on BT-20 (low expression of
MMP-9) and s.c. HT1080 (high expression of
MMP-9) tumor-bearing mice [146]. The work
showed similar uptake in both tumor-bearing
mouse model and suggested that probe activation
(cleavage) occurs in the vasculature instead of by
tumor-specific MMP-9.

Advancement of PET and SPECT imaging
probes for the tumor microenvironment are cur-
rently being developed, and progress has been
made on some innovative probes (discussed
above). The results from these studies have pro-
vided options and inspiration for future imaging
probes and currently utilized radiotracers.
Although the nuclear approach in designing
imaging probes has advantages of sensitivity and
depth, there has been minimal success in the dis-
covery of an MMP-2/9 specific tracer to compete
with other imaging modalities (specifically,
fluorescence).

Fluorescence Imaging of MMPs. MMP
ACPPs are emerging tissue-specific proteases
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without nonspecific activation imaging probes
for MMP overexpression in tumor microenviron-
ments [147, 148]. Using MMP as a biomarker
has been shown to be sensitive enough for optical
tomography to determine tumor angiogenesis
and invasiveness [149]. Skin squamous cell
xenografts were studied and imaged in vivo at
different angiogenic and invasive stages using an
activatable fluorescence probe [149] (Fig. 15.7).
In another study, a nanoprobe system that is acti-
vated by MMP-2 was detected by FRET with
high efficiency and low toxicity in MMP-2 over-
expressed tumors [150].

Protein nanocages have also been used to
selectively image MMP-2 activity in metastatic
tumors [151] (Fig. 15.8). The nanocages were
conjugated to metastatic cancer cell-targeted pro-
tein (CTT: CTTHWGFTLC) and imaged in near-

IR fluorescence in vitro and in vivo. Gold
nanoparticles functionalized with a MMP-2
cleavable peptide (CPLGLAGG) and doxorubi-
cin has been tested in tumor-bearing mice [152].
Tumor growth was inhibited and imaged simulta-
neous by fluorescence upon MMP cleavage.
Imaging of MMP-2/9 was investigated using
near-infrared triple-helical peptide conjugated to
cypate dyes [153]. In mice bearing human fibro-
sarcoma xenografted tumors, fluorescence imag-
ing at the tumor site was indicated by cleavage of
cypate;-THP. Anti-MT1-MMP monoclonal anti-
body (MT1-hIC7L) conjugated to micelles with
encapsulated NIR dyes were used to image C6
glioma tumor-bearing mice [154]. The probes
were specific in detecting MT1-MMP expressing
tumors.
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Fig. 15.7 Matrix metalloproteinases can be imaged by
activatable fluorescence probes. MMP activity differs sig-
nificantly between the HaCaT-A-5RT3 tumors at differ-
ential angiogenic and invasive stages. (a) Assessment of
MMP activity in vivo by FMT-pCT imaging reveals sig-
nificant differences in intratumoral concentrations of acti-
vated MMPSense 750 FAST between s.c. advanced
(n =5), i.d. intermediate (n = 5), and s.c. early (n = 7)
tumors. Highest concentrations are recorded for s.c.
advanced tumors at the highly angiogenic and invasive

s.c. advanced
L

stage, whereas lowest concentrations are found in s.c.
early tumors at the onset of angiogenesis and invasion. (b)
Quantification of in situ zymography of MMP activity on
tumor sections confirms the in vivo data. (¢) Representative
FMT/pCT fusion images of tumor-bearing mice (trans-
verse plane) show the fluorescent signals of activated
MMPSense 750 FAST in s.c. early, i.d., and s.c. advanced
tumors (tumors indicated by a white arrow). The addi-
tional fluorescent signals found in the intestine region can
occur from hepatobiliary excretion of the probe through
the intestine [149]
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Fig. 15.8 Protein nanocages can selectively image
MMP-2 activity in metastatic tumors in vivo. (a) In vivo
real-time NIR fluorescence imaging of intravenously
injected Alexa Fluor 750-labeled HspG41C-CTT in
HT1080 and HT29 tumor-bearing mice. Time-dependent,
tumor-targeting specificities of the nanocages were moni-
tored by the IVIS system. Square regions indicate solid

Silicon-rhodamine-based  near-IR ~ dark
quenchers (SiNQs) were shown to quench fluo-
rescence over 780 nm region and detected MMP
activity in vitro and in vivo [155]. Improvements
on fluorophore pairs used as ACPPs was explored
using Ir(ppy); and Cy5 for tumor-related MMP-
2/9 imaging [156]. In an in vitro evaluation,
quenching of the luminophores and shortening of
luminescence was reversed upon MMP cleavage.
Using a MMP-activatable photoacoustic probe
(Alexa750-CXeeee XPLGLAGrrrrXK-BHQ3)
FCT133 thyroid tumors implanted s. c¢. in nude
mice were imaged [157]. Alexa750 fluorescence
and photoacoustic imaging showed active forms
of MMP-2 and MMP-9 in FTCI33 tumor
homogenates.

Due to the specificity and efficacy of the fluo-
rescent activatable probes, only a small number
of inhibitory type fluorescent probes for MMPs.
A Cy5.5-1abeled MMP inhibitor (Cy5.5-AF489)
was compared to commercially available ACPPs
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tumor growths of subcutaneously injected cancer cells;
(b) Fluorescence signal intensity ratio of the tumor/back-
ground obtained from in vivo images. *p < 0.05;
**p < 0.01; (¢) Organ sections of tumor-bearing mice
injected intravenously with Alexa Fluor 488-labeled
HspG41C-CTT at 3 h post-injection [151]

(MMPSenseTM 680 and MMPSenseTM 750
FAST) in xenografted mice [158]. The MMP
inhibitor Cy5.5-AF489 showed faster imaging
and signal in MMP-active tumors compared to
ACPPs.

MRI probes for imaging MMPs. MRI can be
used to image MMP biomarkers as well. Iron
oxide nanoparticles (IONPs) were designed to
undergo cleavage by MMPs resulting in a nano-
cluster with enhanced T, properties [159]. In
vitro studies on cells expressing MMP-2/9 and
CXCR4 showed T, signal enhancements. ACPPs
have demonstrated dual targeting for integrin
avp3 and MMP-2 for imaging and chemotherapy
(MMAE: monomethylauristatin) in vivo [160].
Mice treated with cyclic-RGD-PLGC(Me)
AG-MMAE-ACPP had improved probe penetra-
tion into MDA-MB-231 tumors. Another group
has imaged IONPs (ferumoxytol) with a MMP-
14 ACPP azademethylcolchicine (ICT) in
MMTV-PyMT breast cancer cells in vitro [161].
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Theranostic nanoparticles (TNPs) showed proof
of concept in tumor specificity, drug delivery and
imaging. An interesting activatable '’F-probe
was designed to be “off” until cleavage by MMP
or nitroreductase (NTR) [162]. Upon cleavage
the probe aggregates disassemble turning “on’ an
imaging signal. Imaging of MMP secreted from
tumor cells was shown in vitro, although thus far
no in vivo imaging has been reported.

Imaging Cysteine Cathepsins. Cathepsin
family of proteases have important roles in nor-
mal and diseased cellular physiology [163]. In
certain cancers, cysteine cathepsins are upregu-
lated and have been used as cancer biomarkers
[164, 165]. The majority of imaging probes using
cathepsin activation/cleavage involve near-
infrared (NIR) fluorescence agents. There are a
handful of PET tracer probes that target cysteine
cathepsin as discussed below.

A unique PET tracer probe that inhibits
cathepsins was achieved by synthesizing a
fluorine-containing azadipeptide nitrile (['*F]3)
[166]. The azadipeptide nitrile was alkylated
with 2-[*8F]fluoroethynosylate. In vitro, in vivo,
and ex vivo studies were done as well as biodis-
trubtion and biokinetics in rats, NMRI mice and
NMRI nude mice bearing NCI-H292 tumor
xenografts. The tracer ['*F]3 showed slow blood
clearance, reversible tumor accumulation of the
tracer in tumor-bearing mice, confirmed the pres-
ence of cathepsins (L, S, K and B) and visualized
tumor-associated cathepsins in vivo with
tumor:muscle ratios of 10-15, and tumor:blood
ratios <1. Another group used a cathepsin inhibi-
tor, acyloxymethyl ketones (AOMKs), with
%Cu-Z-FK(DOTA)-AOMK (**Cu-GB170) as a
PET tracer for in vitro and in vivo studies [167].
Small animal PET imaging on MDA-435 and
C2CI2/Ras tumor-bearing mice with *Cu-
GB170 confirmed in vivo tumor uptake, and
selectivity for cysteine cathepsins. SPECT imag-
ing was also employed to optimize cathepsin-
targeting polymers to reduce non-target
accumulation  [168].  N-(2-hydroxypropyl)-
methacrylamide (HPMA) copolymers were made
with cathepsin S linkers and radiolabeled with
7Lu-DOTA. Normal CF-1 and HPAC tumor-
bearing SCID mice were imaged to study

structure-activity relationship with the length of
the linker group, which was found to be tissue
specific in vivo. Poly-L-glutamate (PLG) as a
tumor protease activated MRI probe visualized
cathepsins in tumors in vivo [169]. Using the
CEST effect from amine protons of glutamate
moieties generated from cathepsin cleavage of
PLG, cathepsins were successfully imaged in rat
brain gliosarcoma model in a high resolution
(9.4T) MRI.

Cathepsin-activatable fluorescence probes can
be divided into peptide and nonpeptide probes,
although peptide based probes have been more
widely studied. For example, hydroxymethylrho-
damine (HMRG)-based fluorescence probes
(Z-Phe-Arg-HMRG and Z-Arg-Arg-HMRG) are
colorless until they are hydrolyzed by cathepsins
resulting in strong fluorescence signal [170]. The
probes were visualized in human ovarian cancer
cells lines (SHIN-3, SKOV-3, and OVCAR-3) in
mouse models in vivo. Another group made an
activatable peptide probe on glycol chitosan
nanoparticles (280 nm in diam.) specific for
cathepsin B cleavage [171]. They were able to
discriminate in vivo among three metastatic
mouse models (4T1-luc2 liver metastases, RFP-
B16F10 lung metastases, HT1080 peritoneal
metastases). Other peptide probes based on
FRET have also shown selectivity upon cleavage
with cathepsin B [172, 173]. Cathepsin-
activatable fluorescent probe sensitivity has also
been studied comparing tumor and normal mus-
cle in mice models for soft tissue sarcoma before
and after radiation therapy [174], and in human
cathepsin E positive cells (MPanc96-E) implanted
in nude mice [175]. Both studies found signifi-
cant sensitivity in vivo and in vitro. Certain mod-
ifications to probes, such as conjugation of
palmitoic acid (lipidation), have resulted in
favorable properties to increase the retention of a
cathepsin S-specific agent in tumor cells in vivo
and in vitro [176]. An interesting non-peptidic,
cathepsin, S-directed quenched activity based
probe (BMV083) was made and imaged in vivo
in a breast cancer model [177]. The agent showed
high tumor-specific fluorescence and targeting to
M2 phenotypic macrophages.
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15.6 Imaging Integrins
in the Tumor

Microenvironment

Integrins have become effective targets for imag-
ing the tumor microenvironment since the dis-
covery of their role in cell adhesion. There are 24
different types of integrins composed of o and 8
heterodimeric subunits. Integrin receptors can be
classified into four categories based on their
ligand binding ability; RGD receptors, collagen
receptors, laminin receptors, and leukocyte-
specific receptors [178, 179]. Certain integrins
such as a,fs are upregulated in tumors yet are
almost undetectable in normal tissue. An over-
whelming majority of integrins used in targeting
the tumor microenvironment focus on the RGD
receptors [180], but other integrin receptors are
also being investigated. Using integrins to image
the tumor microenvironment has been successful
in PET, SPECT, fluorescence and MR imaging.
A brief compilation of integrin probes related to
imaging the tumor microenvironment are
discussed.

PET tracers for imaging integrins. PET trac-
ers coupled to integrin ligands have provided a
feasible means of imaging integrins that are
upregulated in angiogenesis. Progress has been
made using "®F, ®*Cu and ®*Ga radionuclides. For
example, a study evaluating the formulation of an
integrin o,f3; imaging probes in U§7MG tumor-
bearing mice found that *F-AIF-NOTA-E[PEG,-
cRGDfk)], had highest tumor uptake and lowest
liver accumulation compared to '*F-AIF-NOTA-
E[c(RGDfK)], and  "F-AIF-NOTA-PEG,-
E[c(RGDfK)], [181]. Integrins o,f; and o,ps
were targeted using ['®F]fluciclatide, an RGD
peptide developed by industry, in 18 patients
(melanoma and renal cell carcinoma (RCC)) to
compare PET imaging of angiogenesis with inte-
grin expression in tumors [182] (Fig. 15.9). All
tumors showed significant ['8F]fluciclatide
uptake as well as correlation with o,f; and a,fs
integrins expression in melanoma and RCC
tumor tissue (Fig. 15.9). An asP; integrin recep-
tor was targeted with ['®F]FProp-Cys(*)-Arg-
Arg-Glu-Thr-Ala-Trp-Ala-Cys(¥)-OH in human
melanoma M21 (a,f3-positive and as3;-negative),

human melanoma M21-L («,p;-negative and
asPi-negative), and human prostate carcinoma
DU145 (a,p;-negative and osf,-positive) cells to
study receptor-specific binding [183]. Blocking
studies with mice bearing osfp;-negative M21
tumors gave conflicting results compared to the
in vitro studies, which showed high affinity for
osP; integrin, warranting further investigations.
Integrin a,fB; receptor was also targeted using
BE-E[c(RGDfK),] in healthy KM mice and
US87MG tumor-bearing mice to study the biodis-
tribution of the PET tracer [184]. It was found to
target tumors with high uptake (5.2 + 0.56%I1D/g)
1 h post injection. Other peptide ligands like cys-
teine knot peptides, R,1 and S.2, which have
3-6 nM affinity for integrin o,fs, have been
radiolabeled with '8F-fluorobenzoate for PET
imaging of BxPC3 pancreatic adenocarcinoma
xenografts on mice [185]. The radiolabeled pep-
tides, '®F-fluorobenzoate-R,1 and '®F-benzoate-
S,2, showed 2.3 + 0.6 and 1.3 = 0.4%ID/g,
respectively in BxPC3 xenografted tumors at
0.5 h post injection. Another well-known a,f3;
integrin PET probe is ["*F]Galacto-RGD, which
has been shown to image high-grade human
carotid plaques in patients correlating well with
ex vivo autoradiography of surgical specimens
[186]. An agf3; integrin PET probe was developed
using a peptide-porphyrin azide-alkyne conjuga-
tion [187]. The probe was radiolabeled with %Ga
and found have higher activity in HeLa cells with
higher a4f; integrin expression compared to the
US87 cells which display minimal integrin
expression.

Several synthetic strategies have emerged to
incorporate radionuclides more efficiently to
integrin ligands for imaging upregulated integ-
rins in the tumor microenvironment. One meth-
ods involves coordinating aluminum ['®*F]fluoride
into NOTA chelators [188, 189]. An o, integrin
targeted peptide (A20FMDV?2) was evaluated as
a radiotracer (AI["®F]-NOTA-PEG-
A20FMDV?2) in vitro and in vivo in o,fe(+) and
o,Ps(—) cells and xenograft mice, respectively
[190]. The AI[*®F]-NOTA radiolabeling was
found to be efficient, and the tracer showed o[}
selectivity in vitro and in vivo, although kidney
uptake was significant even after 4 h post
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Fig.15.9 Integrins o, f; and o,f5 were imaged with ['*F]
fluciclatide, an RGD peptide, in 18 patients (melanoma
and renal cell carcinoma (RCC)) to compare PET imaging
of angiogenesis with tumor integrin expression. ['*F]

injection. Another integrin probe, 2-['®F]fluoro-
ethyl triazolyl conjugated c(RGDyK) peptide,
was designed using Cu(I)-catalyzed conjugation
showing good stability in vivo (US§7MG tumors)
and tumor-to-background ratio of 1.6 + 0.3%ID/g
1.5 h post injection [191].

Copper-64 is an attractive radioisotope for
PET integrin probes to image the tumor microen-
vironment. Integrin o,fs has been targeted by
several groups with various *Cu PET probes as a
biomarker for several cancers such as non-small
cell lung cancer (NSCLC). One groups devel-
oped a divalent probe, CuAcD10, with low kid-
ney accumulation and good tumor uptake in mice
with either H2009 or H460 xenografts (Ajay N
[192].). Another study evaluated chelators
(CB-TE1AI1P, DOTA, NOTA and BaBaSar) for
%Cu by radiolabeling an o,f integrin targeting
peptide, A20FMDV?2, respectively [193]. The
findings suggest that the best chelator depended
on the stability, selectivity or pharmacokinetics
desired out of the PET probe (Fig. 15.10). Other
%Cu chelates have been used to image known
upregulated integrins in the tumor microenviron-
ment such as oyf; and o,f;. *Cu-(CB-TE2A)-
LLP2A was investigated for imaging bone
marrow derived cells involved in bone metastasis
in nude mice injected with MDA-MB-231/firefly
luciferase human breast tumor cells (VL4—4-

245

Fluciclatide PET/CT axial (a) sagittal (b) and coronal (c)
images in patient four (malignant melanoma) show focal
radiotracer uptake within a left supraclavicular mass, with
SUV80% max 6.5, as well as in other soft tissue nodules
[182]

negative) [194]. Higher uptake in bone corre-
sponded with mice that eventually had bone
metastases, and this was confirmed by flow
cytometry for the presence of hematopoietic pro-
genitor cells. Dually radiolabeled peptides for
imaging and targeting o,f; integrin have been
developed containing an RGD sequence for bind-
ing o,P; integrin, DOTA for radiolabeling with
%Cu, PLGVRY for MMP2 cleavage, and termi-
nal tyrosine labeled with '5I (c(RGDfE)
K(DOTA)PLGVRY) [143]. The dually radiola-
beled probe showed high affinity of o,3; integrin
in substrate competition and cell binding assays.

SPECT agents for imaging integrins. Several
SPECT probes have been explored to target inte-
grins for imaging the tumor microenvironment
using *"Tc, %1, and "'In. An o,p; and o,fs inte-
grin SPECT imaging probe was developed to
evaluate its dosimetry in seven healthy and three
breast cancer patients and in mice with MCF7
tumors [195]. The RGD peptide was coupled to
ethylenediamine-N,N’-diacetic (EDDA) which
favors renal excretion with *™Tc-labeled hydra-
zinonicotinamide (HYNIC). The probe, *™Tc-
EDDA/HYNIC-E-[c¢(RGDfK)], showed high
tumor uptake in patients with malignant lesions
and rapid bowel clearance. A *™Tc-labeled
cRGD was used to monitor hepatic stellate cells
(HSC) which express a,f; integrins in fibrotic rat
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Fig. 15.10 PET imaging of o.f integrin with a
%Cu-labeled peptide (A20FMDV2) conjugated with
CB-TE1A1P, DOTA, NOTA and BaBaSar chelators was
performed to determine the best chelator for optimal
tumor uptake and normal tissue biodistribution. (a)
Reconstructed 3D PET/CT images showing (+) (green
arrow) and (—) (red arrow) tumors. Mice were anesthe-
tized using 2-3 % isoflurane and received 150-250 pCi of

livers [196]. The study found the tracer to distin-
guish the different stages of liver fibrosis in rats.
Other SPECT probes for imaging the tumor
microenvironment also target a,f¢ integrins. One
such probe (*"Tc-HHK) was studied in BxPC-3
(integrin o, Ps-positive) and HEK293 (integrin
o, Pe-negative) in vitro and in vivo [197]. The
study found *™Tc-HHK showed high specificity
for integrin a6, with highest uptake at 0.5 h post
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formulated radiotracer via tail vein. All images were
acquired 4 h p.i. using 20 min static scans. (b)
Autoradiography slices (20 pm) of (+) and (=) tumors,
sectioned at 4 h p.i. and exposed overnight. Each slice
read at a 50-pm resolution. (c¢) Histology slices (5 pm)
from (+) and (=) tumors after immunohistochemistry
staining for avp6 viewed at x4 magnification. Scale
bar =400 pm [193]

injection. An o, integrin targeting cysteine knot
peptide, S,2, coupled to a single amino acid che-
late (SAAC) to give *™Tc-SAAC-S,2 and evalu-
ated in vitro and in vivo studies [198]. In vitro
studies compared HCC4009 and BxPC-3 cell
lines (integrin o, Ps-positive) and H838 and 293 T
cell lines (integrin o, f¢-negative) to find signifi-
cant uptake in integrin o, f-positive cells. In vivo
studies in nude mice bearing HCC4009 and H838
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tumor xenografts showed uptake in antigen
positive tumors and high tumor-to-background
ratios (6.81 £ 2.32%ID/g) at 6 h post injection.
Probes for o, integrin targeting were
designed to image pancreatic ductal adenocarci-
noma (PDAC) were examined in a biodistribu-
tion assay, in vivo blocking study and SPECT
imaging of tumor-bearing mice [199]. The study
found one of four probes (*I-HFMDV2) showed
the highest affinity for a,fs integrin in AsPC-1
cells and 3-5 times greater uptake in AsPC-1
xenografts compared to MIA PaCA-cells and
xenografts. Another study developed an indium-
111-labeled tetra|[DTPA]-A20FMDV2 to inves-
tigate the development of fibrosis in a murine
model (bleomycin-induced lung injury) by moni-
toring lung hydroxyproline, a,fs integrin, and
itgh6 messenger RNA [200]. The SPECT probe
enabled quantifiable detection in lungs 1 h post
injection compared to several controls.
Fluorescent probes for imaging integrins.
Optical imaging with various near-infrared (NIR)
fluorescence probes has been successful in imag-
ing the tumor microenvironment. One study tar-
geted a,f integrin binding peptide (HK) with a
NIR phthalocyanine dye (Dye-SA-B-HK) to
image subcutaneous and orthotopic BxPC-3 can-
cer xenografts in mice for optical image-guided
surgery and phototherapy [201] (Fig. 15.11) and
found impressive antitumor effects both in vitro
and in vivo. Other targeting agents have included
activatable cell-penetrating peptides (ACPP) in
combination with integrin targeting coupled to
CyS5 dye to achieve improved specificity and sen-
sitivity in imaging MDA-MB-231 tumor-bearing
mice [160]. This study also showed the dual tar-
geting probe combined with a chemotherapeutic
(monomethylauristatin, MMAE), finding
improved efficacy in MDA-MB-231 orthotopic
human and syngeneic Py230 murine breast
tumors. Gold nanostars (Au NS) were explored
as a platform for targeting integrin with cyclic
RGD and fluorescent probe (MPA) or anti-cancer
drug (DOX) [152]. The study demonstrated the
photo-thermal therapy and chemotherapy in
MDA-MB-231 cell lines and in S180 tumor-
bearing mice. Imaging intracranial medulloblas-
toma has also been investigated using osf},

integrin-binding cysteine knot peptide (EETI
2.5F and EETI 2.5F-Fc) conjugated to a fluores-
cent dye (AF680) in tumor-bearing mice [202].
The optical imaging probes were found to be to
cross the blood-brain-barrier to the tumor show-
ing impressive brain tumor imaging compared to
other cysteine knot peptides conjugated to
c¢(RGDfK). A fluorescent imaging probe (tetrap-
henylsilole, TPS) coupled to two integrin-
targeting peptide (cRGD) uses aggregation
induced emission (AIE) to image the tumor
microenvironment in vitro [203]. Quantitative
detection was achieved using the imaging probe
(TPS-2cRGD) in MCF-7 and HT29 cancer cells,
targeting o,p;-integrin. Another study tested a
small peptidomimetic «,f; integrin antagonist
coupled to NIR dye (IntegriSense) for binding
specificity in vitro and in vivo [204]. The integrin
NIR fluorescent agent exhibited selectivity
toward o,p; and o,fs integrin in vitro and pro-
vided real-time quantification in tumors in vivo.
In addition to fluorescence imaging, Cerenkov
luminescence imaging (CLI) has also been shown
in male athymic mice with DX3purof6 (o,fs-
positive) and DX3puro (a,fs-negative) tumors
[205]. CLI agents, OY-DOTA-PEG -
A20FMDV2 and *°Y-DOTA-Ahx-A20FMDV2
were investigated showing good correlation
between CLI quantification and biodistribution,
but also having low uptake in o,f¢-positive
tumors.

MR agents for imaging integrins. MR imag-
ing has more recently been employed to image
integrins in the tumor microenvironment.
Superparamagnetic iron oxide (SPIO)-loaded
cRGD PEGylated polyion complex vesicles
(PICsomes) targeting o,f; and o,fs integrins
have recently been investigated to image the neo-
vasculature in an orthotopic glioblastoma model
[206]. The 40% PEG on distal end of the
PICsomes to cRGD moieties was found to accu-
mulate in tumor neovasculature after 24 h, and
were able to identify tumor lesions using T,-
weighted MRI. Other forms of nanoparticles like
magnetoliposomes have been studied to also tar-
get integrins [207]. The study evaluated tumor
angiogenesis targeting of anti- o,f; antibody
guided 3-step pretargeting approach using modi-
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Fig. 15.11 Optical imaging in combination with photo-
dynamic therapy has been performed in a mouse model of
pancreatic cancer with near-infrared phthalocyanine dye
(Dye-SA-B) conjugated to an o,fs integrin targeted pep-
tide (HK). (a) Representative near-infrared fluorescence
sagittal images of Dye-SA-B-HK in BxPC-3 tumor-
bearing nude mice at 1, 2, 4, 8, and 24 h postinjection.
(BeC) Quantified in vivo tumor uptake (b) and tumor-to-
muscle ratios (c¢) of Dye-SA-B-HK in BxPC-3 tumor-

fied SPIO in liposomes. The magnetoliposomes
showed greater signal enhancement in tumor area
(7.0%) by T,-weighted MR images compared to
the control (2.0%).

15.7 Conclusions

There are many aspects of the tumor microenvi-
ronment and having a way to non-invasively
monitor changes of both cell types and physio-
logical parameters of the extracellular milieu is

bearing nude mice. Results are expressed as mean + SD (n
Y% 5). (DeE) In vivo nearinfrared fluorescence sagittal
imaging (d) and quantified tumor uptake (E) of BxPC-3
tumor-bearing nude mice at 2 h after intravenous injection
of Dye-SA-B-HK (with or without the blocking of an
excess dose of the HK peptide) or Dye-SA-B. Results are
expressed as mean + SD (n 1/4 5 per group). **P < 0.01,
*#**P < 0.001. Arrows indicate the tumors in all cases
[201]

of great importance, both in humans and in small
animal models of cancer. The literature reviewed
highlights numerous pathways and strategies for
imaging not just the growth of tumors, but the
changes in the microenvironment over time and
after treatment. Some of these are already being
investigated in humans. Additionally, there is a
wealth of research on investigating novel
approaches in small animal models of cancer,
both for gathering mechanistic information non-
invasively over time, as well as for translation of
imaging strategies to humans.
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