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Abstract. The advent of immunotherapy for cancer has
contributed to the era of personalized medicine for cancer.
The various immunotherapy-based treatments that have
been explored thus far include monoclonal antibody therapy,
tumor vaccines, immune checkpoint blockade and adoptive
T cell transfer, among others. The groundwork for all these
immunotherapeutic modalities rests within the tumor micro-
environment, specifically the immune factors that influence
the tumor-drug interface. Prior to therapeutic design, the tumor
microenvironmental interactions and the current barriers to
successful treatment must first be understood. In the present
review, it is proposed that cancer cell eradication within the
tumor niche may be achieved by reprogramming of the immune
microenvironment in favor of a pro-inflammatory antitumor
profile at an early stage. This pro-inflammatory profile may, in
turn, be influenced by tumor recall antigens, which function to
stimulate the cell-mediated or humoral responses involved in
antitumor immunity. These measures serve to counteract the
immunotolerant state of the tumor microenvironment. Such
measures are critical to therapeutic successes.
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1. Introduction

For the past few decades, cytotoxic chemotherapy involving
anti-metabolites has been the mainstay of the treatment of
cancer (1). This type of therapy has improved overall survival
and progression-free survival for thousands of patients with
various types of cancer (1). However, in the majority of cases,
it has also created a selective pressure that favored the accumu-
lation of mutant cells with a survival advantage (2). Therefore,
subsequent cytotoxic chemotherapy has become somewhat
ineffective due to resistance (2). One of the most effective
modalities of cancer treatment in recent years has been immu-
notherapy, principally monoclonal antibodies, vaccine-based
therapies, immune checkpoint blockade and ex vivo therapy
involving T cell priming with tumor antigens (3). Monoclonal
antibody therapy has been used to deplete populations of
cancer cells with specific phenotypes via antibody-depen-
dent cell-mediated cytotoxicity or direct cytotoxicity (3).
Vaccine-based therapy aims to prevent cancer development
(prophylactic vaccination) or to eliminate cancer cells (thera-
peutic vaccination) (4). The advent of immune checkpoint
blockade, specifically programmed cell death protein 1 (PD-1)
/PD-ligand 1 (L1) and cytotoxic T-lymphocyte (CTL)-asso-
ciated protein 4 (CTLA-4) inhibition, is a prime example of
how tumor immunotherapy has been translated into practice
with significant success (5,6). Current therapeutic strategies in
clinical oncology are taking advantage of the natural killer cell
(NK)-mediated and CTL-mediated anticancer responses (3,7).
The mechanisms underlying the aforementioned therapies are
founded upon immunological crosstalk in the tumor microen-
vironment at an early time point, prior to the development of
advanced-stage cancer (3,7). The current review discusses the
requirement for strategies to reprogram the immune micro-
environment of cancer cells in favor of a pro-inflammatory
anticancer response at an early stage. This is particularly
important given the variety of cell types in the microenviron-
ment that influence tumor behavior (8). The specified goals
may be achieved by the use of tumor recall antigens.
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2. The immune microenvironment in the tumor niche

In order to appreciate the significance of immunotherapy, the
tumor microenvironment must be understood. Paget et al (9)
first proposed the concept of the tumor microenvironment
over 120 years ago (9,10). Paget et al (9) detailed the 'seed
and soil' hypothesis for cancer, suggesting that a cancer cell
(‘'seed’) requires a conductive niche ('soil') in order to survive.
The tumor microenvironment is composed of a variety of
cells, including epithelial cells, stromal cells, fibroblasts and
immune cells (8). Non-cellular components of the microen-
vironment include cytokines, chemokines, growth factors
and other soluble mediators (8). Paget's framework gained
significant support (9,10). Recently, novel targeted therapies
have been developed in a manner that allows for elimination
of cancer cells by altering neighboring cellular components
of the microenvironment (10). A prime example of this is
the inhibition of angiogenesis by monoclonal antibodies:
Microenvironmental targeting agents, including anti-vascular
endothelial growth factor (VEGF) therapies, result in the
halting of angiogenic processes that normally provide nourish-
ment for tumor cells (10).

Perhaps the most important amongst the cells of the tumor
microenvironment are the immune cells (8). Immune cells in
the tumor niche include CTLs, helper T (Th) lymphocytes,
T,ees» MDSCs and tumor-associated macrophages (TAMs),
among others (8) (Table I). The products of these various cells
include pro-inflammatory cytokines, specifically interleukin
(IL)-6, IL-17, IL-22 and tumor necrosis factor (TNF)-a (8).
Although cytokines are able to function in antitumor immu-
nity, they may also serve to promote cellular proliferation (8).
For example, IL-6 is a pro-inflammatory cytokine that has
pleotropic effects, and a large body of evidence has revealed
that it sustains the pro-tumor milieu (11). However, it is also
involved in the inhibition of T, function and allows effector
T cells to avoid suppression by T, which favors tumor cell
elimination (11). Conversely, transforming growth factor
(TGF)-p production by the immune microenvironment may
polarize naive T cells towards the T, lineage, favoring the
immune escape of tumor cells (7). The effects of various
immune cells are, therefore, bimodal. Immune subsets,
including T, and MDSCs, co-exist with tumor cells to create
an immunotolerant state (7). These key cellular factors of the
immune microenvironment and their relevance to cancer are
discussed in the present review.

3. Regulatory T cells (T,,,) in the microenvironment

T, comprise a small population of lymphocytes initially
detailed in the 1970s; they were identified to be thymocytes
able induce tolerance in murine models (12). T, function in
the prevention of autoimmunity, the maintenance of immune
homeostasis and the maintenance of self-tolerance (13). By
the 1980s, it was noted that a suppressor T cell population
was involved in the immune escape of cancer cells (13).
From that time, the role of T, in cancer has been further
elucidated and, phenotypically, T, are characterized
as CD4*CD25" forkhead box protein 3 (FOXP3)* (13).
Functionally, T, secrete IL-10, TGF- and various other
cytokines that exert downstream pan-immunosuppressive
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effects (13). T, within the microenvironment have a central
role in tumor maintenance via the suppression of antitumor
immune responses (7). Anti-inflammatory cytokines from
T, may serve to prevent pro-inflammatory responses
that normally destroy cancer cells (7). In breast cancer,
for example, it has previously been demonstrated that T,
inhibit T cell proliferation and migration, as well as NK cell
and CTL function, ultimately contributing to breast cancer
cell survival (7). These actions are mediated by TGF-f§ from
bone marrow-derived mesenchymal stem cells, which induce
T,ees (7). Subsequently, TGF-f3 has been revealed to have a
role in other types of cancer; TGF-p is associated with the
increased aggressiveness of prostate cancer (14). Infiltration
of T, within tumor tissues carries an overall worse prog-
nosis (15).

Strategies for optimization of the inflammatory response
within the tumor microenvironment include the modula-
tion of T, this may occur via T, depletion or through the
modulation of T, trafficking (16). Depletion may be achieved
with anti-cluster of differentiation (CD) 25 antibodies, and
T, trafficking may be manipulated by targeting chemo-
kine/receptor pairs that govern the migration of T, into the
tumor microenvironment (16). The eventual therapeutic goal
is to minimize T, frequency and/or to hinder T, function
within the tumor niche, as this will prevent the development
of an immune tolerance state and, therefore, prevent cancer
cell protection.

4. Myeloid-derived suppressor cells (MDSCs) in the micro-
environment

MDSCs comprise a heterogeneous population of immune cells
of myeloid origin (17). Similarly to T,., MDSCs represent
only a small fraction of all immune cells from peripheral
blood (17). These cells are phenotypically characterized as
CDI11b*CD33"* (human leukocyte antigen) HLA-DR™ (17).
They are functionally characterized by their potent immu-
nosuppressive ability, which, as with T, is able to inhibit
antitumor immune responses (17). Mechanisms underlying
immunosuppression effected by MDSCs comprise, but are
not limited to, the consumption of essential amino acids,
including arginine, which is used as a substrate for inducible
nitric oxide synthase, resulting in the generation of nitric
oxide (18). Nitric oxide is a reactive oxygen species that
impairs antigen-presenting cell (APC) function and causes the
apoptosis of tumor-specific CTLs (18).

Thus far, the role of MDSCs has extended to multiple
types of cancer. Previous studies have demonstrated that
MDSCs are able to inhibit T cell proliferation in extranodal
lymphoma (19). There is an increased number of MDSCs in
patients with lymphoma compared with healthy patients, and a
high MDSC fraction is associated with a worse prognosis (17).
These clinical correlations are similar to those observed for
T...; immunosuppressive subsets within the tumor stroma
are associated with worse patient treatment outcomes (17).
The presence of MDSCs in the tumor microenvironment may
induce a state of immunotolerance, whereby tumor cells are
resistant to immune-mediated destruction (17). The migration
of MDSC:s in cancer has also been explored. A recent study in
gastric cancer has indicated that MDSC trafficking involves
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Table I. Key cellular factors in the tumor microenvironment.

Cell Type Phenotype Function Reference

Epithelial cells Tissue-specific General cellular support ®)

Stromal cells CD44*CD90* Structural support, cytokine provision for tumor growth )

Endothelial cells CD31*VCAM-1* Vascular support (8)

MDSCs CD11b*CD33*HLA-DR"  Inhibition of antitumor immune responses; (17-18)
triggering apoptosis of CTLs

Tegs CD4*CD25*FoxP3* Maintenance of immune homeostasis, inhibition of (13)
anti-tumor immune responses

M1 TAMs CD68*CD86*TNF-a* Activation of the antitumor effect; immune stimulation (8)

M2 TAMs CD68*CD206"CD163*  Suppression of the antitumor effect; enhancement of tumor growth )

MDSCs, myeloid-derived suppressor cells; T,.,,, regulatory T cells; TAMs, tumor-associated macrophages; M1, classically activated macro-
phages; M2, alternatively activated macrophages; CD, cluster of differentiation; VCAM-1, vascular cell adhesion protein 1; HLA, human

leukocyte antigen; TNF, tumor necrosis factor.

the C-X-C motif chemokine receptor (CXCR) 5/C-X-C motif
ligand 13 signaling pathway within the tumor microenviron-
ment (20). The CXCR5-dependent migration of MDSCs
towards tumor cells is, therefore, a potentially targetable inter-
action in the tumor microenvironment.

5. Temporal effect of inflammation in cancer

It has previously been recognized that inflammation serves
a dual role in neoplasia: A pro-inflammatory response may
hinder and also promote cancer cell growth and metas-
tasis (21). In the presence of inflammation induced by stress,
injury or systemic disease, inflammatory mediators act
directly on cancer cells, or indirectly on other factors of the
tumor microenvironment, in order to promote cancer progres-
sion (21). A recent study demonstrated that the activation of
C-C motif chemokine ligand-2/C-C chemokine receptor
type-2 signal transduction in macrophages may alter their
phenotype such that the macrophages promote breast cancer
cell metastasis (21). These types of studies emphasize the
increasingly important role of chemokine antagonists in
cancer therapy.

The temporal effect of inflammation may also be
bimodal; the early and acute inflammatory response may
result in antitumor immunity, but a delayed and chronic
inflammatory response may contribute to tumor maintenance
or progression (4,22). There is currently no established data
supporting the time-dependent bimodal effects of inflamma-
tion, but it is proposed in the present review that such a model
may be representative of the microenvironment (4,22). The
early inflammatory response involving Thl cells results in
the production of various antitumor cytokines, which assist
in the elimination of malignant cells (7). Tumor-infiltrating
lymphocytes have previously been associated with improved
pathological responses to cancer treatment. Thl17-mediated
CTL activation and production of interferon (IFN)-y assist
in the antitumor immune response. Harnessing the immune
system at this early stage is critical for eliminating cancer
cells. However, once this acute inflammation settles, a more

chronic inflammatory process characterized by Th2 cells
and associated cytokines, in addition to TGF-f, is estab-
lished (7). Chronic inflammation has been demonstrated
to facilitate cancer progression via the generation of an
immunosuppressive microenvironment (23). This often
results in the activation of immune checkpoint pathways
in lymphocytes (8). This chronic inflammatory response
establishes a state of immune tolerance, allowing for the
persistence or even the propagation of cancer cells within the
microenvironment (8). Th17-mediated production of IL-17 in
the tumor microenvironment facilitates the local expansion
of the cancer cell population (4). The latter response serves
to hinder antitumor immune responses in the microenviron-
ment. Notably, a number of the same immune cell types,
including Th17 cells, are involved in the acute and chronic
inflammatory responses, but their secretomes and functions
differ (4).

In addition to the Thl7 polarization effect, macro-
phage polarization serves an important role in the tumor
microenvironment. Classically activated macrophages (M1
macrophages) are induced by Thl-type cytokines, favoring
antitumor immunity (4). Alternatively activated macrophages
(M2 macrophages) are induced by Th2-cytokines, favoring
immune protection and tumor growth (4).

If chronic inflammation does promote cancer progres-
sion, the question that arises is: Can the immune response
within the tumor microenvironment be reprogrammed such
that antitumor effects supersede the pro-tumor effects?
Delineation of the temporal effect in the inflammatory niche
requires additional investigation. Furthermore, investigation
into a strategy that optimizes the frequency of intratumoral
T lymphocytes and the Thl response, without progression
to an immunotolerant chronic inflammatory response, is
essential to the elimination of cancer cells in the micro-
environment. The answer to the aforementioned question
lies in the optimization of contact-dependent interactions
(tumor-stroma and tumor-immune interactions) and soluble
mediators (chemokines) within the tumor microenviron-
ment.
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6. Implications for immune checkpoint blockade in the mi-
croenvironment

Immune checkpoint blockade has recently emerged as a therapy
for multiple cancer types. Two cell-surface molecules on T
lymphocytes that have a key role in the immune checkpoint
are PD-1 and CTLA-4 (24). These are highly relevant immune
checkpoint proteins that have exhibited clinical significance:
Therapies have been developed to inhibit these checkpoints
and, thus, promote the destruction of tumor cells (24).
Nivolumab is an entirely human Immunoglobulin G4 against
PD-1 that is Food and Drug Administration (FDA)-approved
for the treatment of melanoma, advanced renal cell carcinoma
following anti-VEGF therapy, metastatic non-small cell lung
cancer following platinum-based therapy and of relapsed
Hodgkin's lymphoma (25-27). Pembrolizumab is a PD-1
inhibitor that is FDA-approved for the treatment of metastatic
melanoma, metastatic non-small cell lung cancer with PD-L1
expression and of head and neck cancer that is metastatic or
recurrent following platinum-based therapy (28). Ipilimumab
is a CTLA-4 inhibitor that is FDA-approved for the treat-
ment of malignant melanoma (24). In addition to single-agent
therapy, combination therapy with checkpoint inhibitors has
demonstrated clinical effectiveness (24). In recent years, PD-1
and CTLA-4 targeting antibodies, individually and in combi-
nation, have exhibited significant clinical benefit in advanced
melanoma, and the combination is now FDA-approved (24).

As immune checkpoint blockade continues to be pursued
for the treatment of other types of cancer, including solid and
hematological malignancies, it is essential to consider the
potential associated uncontrolled immunological activation,
which may contribute to a chronic inflammatory microen-
vironment leading to cancer progression (4,22). Specifically,
immunological activation and autoimmunity are complica-
tions, as checkpoint inhibitors disturb normal homeostasis (29).
Common organ-specific adverse effects include nephritis,
colitis and pneumonitis (30).

7. Employment of tumor recall antigens

In patients with cancer, the immune system is frequently the
primary barrier that circulating cancer cells must overcome.
These events occur during subclinical periods, often prior to
the detection or diagnosis of cancer. Upon immune recognition
of cancer cells, tumor-associated antigens are first presented to
APCs (31). APCs then migrate to lymphoid beds that drain
tumor cells and present the tumor-associated antigens via
major histocompatibility complex (MHC) class II complexes to
Th cells. Th cells, specifically Thl, release various cytokines,
including IL-2, IFN-vy, and TNF-a, which activate NK cells
and CTLs; these cells ultimately serve as the effector cells in
the immune response. Ex vivo priming of naive T cells with
tumor cells may generate tumor-specific T cells, and further
amplification of the response may be achieved with the use of
co-stimulatory molecules, including OX-40 (Fig. 1).

A recall antigen is an immunogenic molecule that is
re-introduced into a person in whom initial exposure to the
antigen resulted in sensitization. It is an antigen character-
ized by the ability to sensitize a person's immune system
and to generate a powerful and rapid response upon repeat
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Figure 1. Immune-based ex vivo cancer therapy. Harvesting naive T cells
with tumor cells may lead to effective T cell priming. These tumor-specific
lymphocytes may be adoptively transferred into patients who are at risk for
developing cancer. This is a form of secondary cancer prevention, whereby
the development of cancer is impeded by a particular intervention in predis-
posed persons. Co-stimulatory molecules, including OX-40 may be employed
to lead to more robust immune responses.

exposure (31). Tumor recall antigens may be employed
with the aim of generating robust immune responses at an
early stage (Fig. 2). The use of tumor recall antigens as a
vaccination strategy must be evaluated with large-scale
epidemiologic data in order to identify patients who may be
at risk for developing cancer following a number of years, and
to identify patients or populations who would benefit from
the use of these antigens. Recall antigens are particularly
appealing due to their immunogenic potential. In theory, the
majority of tumor recall antigens are peptides, but they may
also be carbohydrates, glycoproteins, lipids or other molecules
capable of inducing an immune response (31). The recall
antigens may be cell-surface molecules or intracytoplasmic
molecules (31). Essentially, these antigens must be expressed
in tumor cells but not in corresponding nonmalignant cells
of the same tissue type (31). The employment of tumor recall
antigens in conjunction with optimization of the immune
microenvironment offers significant therapeutic potential for
various types of cancer.

One example of a tumor recall antigen is citrullinated
vimentin, which is presented on MHC class II molecules for
recognition by CD4* Th cells (32). Vimentin becomes a tumor
marker during the process of the epithelial-mesenchymal
transition, whereby cells acquire an invasive phenotype that
promotes metastasis (32). The process of tumor cell autophagy
results in the release and exposure of tumor antigens to the
naive immune system (32). Other examples are cancer-testis
antigens, including TEX19, which are expressed in tumors but
not in normal tissues aside from the testes (33). Cancer-testis
antigens are highly immunogenic; therefore, re-introduction
may lead to a robust secondary response (33). Re-introduction
of these antigens may serve as a therapeutic avenue for cancer.
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Figure 2. In vivo T cell priming with tumor recall antigens. Tumor recall anti-
gens are immunogenic molecules that stimulate immunity on initial exposure.
In patients who are not immunized, subclinical tumorigenesis may progress
to a candid diagnosis of cancer. During periods of subclinical tumorigenesis,
when circulating tumor cells are present but cancer is clinically detectable,
tumor recall antigens are able to generate a robust anamnestic response.
This is particularly important in the early stages of tumor immunity. Tumor
recall antigens may be utilized to generate durable immune-based treatment
responses.

8. Future prospects on targeted immunotherapy

As the potential of targeted cancer therapy and personalized
medicine improves, the following question must be presented:
What resistance mechanisms will cancer cells acquire in
response to the selective pressure of novel agents? The acquisi-
tion of mutations in cancer cells and the clonal evolution of cells
towards resistant phenotypes appear to be inevitable and the
anticipation of these events will be critical. Traditionally, the
approach has been to respond to these changes in a retrospec-
tive manner, a strategy that results in an immunotolerant state
leading to the survival of cancer cells (Fig. 3A). However, the
most beneficial approach is a prospective one, in which cancer
cells may be eliminated by targeting their inherent properties
prior to the development of mutations and resistance (Fig. 3B).
This may potentially be achieved by optimizing the immune
microenvironment and tumor niche (7). Reprogramming of
the immune microenvironment in a manner that disturbs the
immunotolerant state will be critical for therapeutic successes.

Microenvironmental barriers to the success of immuno-
therapy include the presence of intratumoral T, and MDSCs.
These immunosuppressive cell populations are able to inhibit
the normal local antitumor response. Thus, optimization of the
intratumoral microenvironment by polarizing immune cells
away from immune-mediated cancer protection is crucial to
the success of immunotherapy (7). It is proposed in the current
review that a local mode switch from an immunotolerant phase
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Figure 3. Strategies for microenvironmental reprogramming. (A) Selective
pressure is inevitable when cancer cells are initially treated with chemo-
therapy and a fraction of resistant cells survive. Re-treatment with another
agent at a later time results in the propagation of mutants. Eventually, the
immune microenvironment establishes an immunotolerant state, with T,

re;
and MDSC predominance. Co-adaptation of tumor cells and these immunof
suppressive subsets leads to the persistence of cancer. (B) Reprogramming
of the tumor microenvironment involves transition from an immunotolerant
state to an immunostimulatory state. Immunostimulatory subsets include
Th1 and Th17 cells, which promote antitumor immunity. One such molecular
switch involved in reprogramming is IL-6. Other molecular switches remain
to be explored. T, regulatory T cells; MDSC, myeloid-derived suppressor
cells; Th, helper T lymphocytes; IL, interleukin.

to an immunostimulatory phase, or from a chronic inflam-
matory phase to an acute inflammatory phase may assist the
elimination of cancer. A specific molecular mediator that must
be exploited is IL-6, as this cytokine is involved in the early
inflammatory milieu and the suppression of T,., function (34).
IL-6 functions in the activation of the Th17 transcription factor
RAR-related orphan receptor (ROR)-yt and in the inhibition
of the T, transcription factor FOXP3 (34). Other molecular
mediators that govern the switch from chronic to acute inflam-
mation must also be explored.

Future treatment strategies must focus on re-directing
immunosuppressive networks within tumor cell microen-
vironments. The recent FDA approval of the first oncolytic
viral therapy, talimogene laherparepvec, in October 2015
has highlighted the potential for novel modalities of cancer
therapy (35). These therapeutic viruses are important factors
in the immune microenvironment as they are able to induce an
immune response to themselves as well as their target cancer
cells (36). Oncolytic viruses may serve as delivery vehicles of
anticancer genes or of genes that promote antitumor immune
responses, including granulocyte-macrophage colony-stimu-
lating factor (36). Delineation of the immunological changes
that are mediated by oncolytic viral therapy for various type
of cancer deserves further merit. The use of a tumor-infecting
virus as the delivery vehicle of an immunostimulatory agent
has paved the way for future modalities of cancer therapy.
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These aspects of tumor immunology are becoming critically
important in the era of targeted therapy.
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