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Interplay among immune activation and cancer pathogenesis provides the framework for a novel subspecialty known as
immunooncology. In the rapidly evolving field of immunooncology, understanding the tumor-specific immune response enhances
understanding of cancer resistance. This review highlights the fundamentals of incorporating precision medicine to discover new
immune biomarkers and predictive signatures. Using a personalized approach may have a significant, positive impact on the use of

oncolytics to better guide safer and more effective therapies.

1. Introduction

The link between the immune system and cancer has been
widely appreciated for over a century and was first high-
lighted by Rudolph Virchow over 150 years ago [1]. The
underlying basis for this relationship between cancer and
immunity involves three basic principles of how the immune
system acts to defend and protect an individual: it detects
“nonself” antigens from pathogens or infected/malignant
cells; it encompasses effector functions to specifically target
and destroy the pathogen or infected/malignant cells while
protecting the host; and it develops immunological memory
via the adaptive immune responses for subsequent defense
mechanisms following an injury or an attack against the host
[2]. Through this process, the immune system has acquired
characteristics that give rise to the paradigm known as
immunoediting, which provides a balance between immune
surveillance and cancer progression in the realm of oncology
[3, 4]. This multifaceted mechanism consists of the three
primary phases: elimination, equilibrium, and escape, that
contribute to cancer elimination, dormancy, and progression,
respectively [4]. Interestingly, this ability of cancers to evade
or escape the immune response is now recognized to be one of

the most distinguished cancer hallmarks, which provides the
platform for treatments within the context of immunother-
apies. Although the initial utilization of immunotherapy for
cancer treatments dates back to the early nineteenth century,
suggestive of work done by William B. Coley and colleagues
[1, 5], it was the more recent scientific advances that have
helped elucidate innovative approaches for implementing
immunotherapies to eradicate and/or treat various cancers.
These advances have made the concept of immunooncology
and cancer immunotherapy more clinically relevant. This
review highlights the emerging and evolving findings that
contribute to the understanding of immunooncology, as well
as emphasizing the importance of relevant immunotherapies
for potential therapeutic interventions in cancer treatments.

2. Cancer Biology

Being ranked as the second major cause of death in the United
States, incidence of cancer and cancer-related mortality rates
have been on the rise [6]. Onset of cancer stems from several
types of spontaneous and induced genetic mutagenesis, some
of which include altered glycosylation patterns, gain or loss
of chromosomes, and translocation [7]. Altered glycosylation



patterns contribute to cancer heterogeneity by regulating
growth of cancer cells via glycosylation of certain growth
factor receptors [7]. These mutations occur in specific types of
genes known as oncogenes or tumor suppressor genes which
are known to promote or inhibit cell growth, respectively [7].
Interestingly, epigenetic alterations such as DNA methylation
also play a role in cancer pathogenesis [8]. For example,
hypermethylation is known as a mechanism for silencing
tumor suppressor genes [9, 10], whereas, DNA hypomethyla-
tion of mobile DNAs causes gene activation and is observed
to occur in several forms of cancers [9, 10]. These epigenetic
mutations can affect a broad range of tissues or organs
resulting in distinct cancer types such as prostate cancer and
breast cancer [10]. While the onset of cancer can be initiated
by hereditary factors, environmental factors such as diet,
exposure to certain chemicals (carcinogens) or radiation,
and lifestyle choices such as smoking are also contributing
factors. Although the underlying cause for many of these
cancers can be attributed to inherited or acquired genetic
mutations, cancer pathogenesis greatly varies depending on
the tissue or organ that is affected, the molecular/genetic
mechanisms involved, and the treatment options available for
that particular type of cancer.

The terminology used to describe the different forms of
cancer results in another layer of complexity to the field of
oncology. For instance the cancers that remain localized to
their site of origin are referred to as “primary cancer,” while
secondary or metastatic cancers are those that migrate to
other locations of the body [11]. It is important to consider
that the terms “cancer” and “tumor” cannot be substituted
for one another [11]. Tumor refers to the mass of abnormal
cell growth (neoplasms) which can be benign or malignant
(injurious) [11]. These benign tumors remain localized at
their site of origin, whereas malignant tumors are referred
to as being cancerous, and they metastasize to other organs
[11]. Notably, while the metastatic cancers still possess the
transformed cells from the original primary cancer, they do
acquire distinct characteristics over time that help distinguish
them from the primary cancer [12]. The mechanism by which
metastasis occurs involves certain transformed cells being
able to detach themselves from the primary cancer growth
(neoplasm) and travel through other sites via lymphatic flow
or blood circulation [11]. These metastatic cancer cells secrete
enzymes such as matrix metalloproteinases that degrade
extracellular matrix proteins and utilize chemotaxis to enable
them to migrate to other locations. While not all cancer cells
in circulation survive, the ones that do survive can attach
themselves to endothelial cell lining of the capillary venules or
blood vessels and migrate to the secondary tissue/organ using
complex signaling pathways [13]. Subsequently, these cancer
cells can proliferate via mechanisms that induce angiogenesis
[14]. Growth of metastatic cancer depends on getting ade-
quate blood supply for nutrients and oxygenation and being
able to efficiently remove cellular waste through a process
known as angiogenesis [14, 15]. The hypoxic environment
of cancers induces expression of proteins such as hypoxia-
inducible factor-lalpha (HIF-1«) that can regulate expression
of angiogenic growth factors like vascular endothelial growth
factor (VEGF) [14, 15], though a wide variety of other proteins
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such as cytokines, interleukins, and other growth factors also
contribute to angiogenesis for cancer proliferation [15].

Similar to the complexity of cancer pathogenesis and
its terminology, classification of the types of cancers also
remains to be a challenging concept due to various factors
involved. Cancer or tumor can originate from several types
of tissues such as epithelium, mesenchyme (connective tis-
sue/bones), or glands and depending on their site of origin
they are referred to as carcinoma, sarcoma, or adenocar-
cinoma, respectively [16]. Cancers that occur within the
lymphatic system and affect the lymphoid organs are known
aslymphomas [17], whereas tumors that originate in the bone
marrow such as myeloma or leukemia affect the production
of plasma cells in the case of myeloma or affect the production
of erythrocytes and leukocytes in leukemia [18]. Interestingly,
the pathophysiology of these cancers can greatly vary among
adults and children [19]. It has been reported that cancers
in children progress faster and tend to be more aggressive
compared to those observed in adults [19]. Such differences
in cancer pathogenesis further contribute to the variability
observed in patient care and treatments.

Due to the complex nature and heterogeneity present in
cancer pathogenesis, treatment for any one particular type of
cancer is difficult to develop. However, huge strides have been
made in developing therapies that can target the six hallmarks
of cancer: evading growth suppressors, activating invasion
and metastasis, enabling replicative immortality, inducing
angiogenesis, resisting cell death, and sustaining prolifera-
tive signaling [20]. While recent advances are focused on
targeting mutations or symptoms associated with these six
cancer hallmarks as potential cancer-specific treatments, the
more beneficial route would be to understand and target a
common key player that is present in cancer as a whole,
such as the immune system. To gain insight into how the
immune system can be exploited as a treatment option for
cancer, it is critical to understand that key components of
the immune system and the role it has in oncogenesis. The
succeeding sections of this review highlight these important
concepts and shed light on how the interaction between
cancer and the immune system resulted in development of
the immunooncology paradigm.

3. Immune System

The immune system is comprised of several types of solu-
ble bioactive molecules, cytokines, proteins, and cells that
collectively form the multifaceted network of biochemical
processes that recognize and defend against “nonself” pro-
teins or antigens [2]. To provide protection and maintain
the host’s normal state of homeostasis, the immune sys-
tem consists of two forms of immune responses: innate
and adaptive (Figure 1), [2]. Nonspecific and immediate
immune responses are classified as innate due to their fast-
acting nonspecific response against foreign antigens such
as pathogenic microbes, allergenic antigens, or non-self-
proteins or molecules (Figure 1) [2, 21]. While innate immu-
nity is short-lived and not able to form an immunological
memory, it is still able to distinguish between “self” and
“nonself” or different groups of pathogens via receptors
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FIGURE I: Overview of the immune system: innate and adaptive immunity. An evolutionary bridge between both forms of immunity is
observed due to the presence of y§ T cells, NKT cells, NK cells, dendritic cells, macrophages, and complement proteins. The innate immune
responses include cells and soluble components that are nonspecific, fast-acting, and first responders in inflammation. In contrast, adaptive
immunity encompasses immune components that are more specific for targeted antigens and capable of forming immunological memory

(25,27, 38].

such as toll-like receptors (TLRs) and others that recognize
specific danger associated or pathogen associated molecular
patterns (DAMPs or PAMPs) [21]. For example, TLR7 is
an intracellular receptor that can recognize single stranded
RNA but it can also suppress induction of T regulatory cells
(Tregs) which is helpful in the tumor environment [1, 22].
Other mechanisms by which the innate immunity imparts
immediate protection to the host involve soluble bioactive
proteins such as cytokines and complement proteins [2].
Notably, the cytokines have various functions depending on
the microenvironment they were secreted in, the cells they
were secreted by, the location of the receptor it binds to,
and the signaling pathways that are activated following their
binding to the receptor [23]. On the other hand, while the
complement proteins have three major signaling pathways
that they are activated by (classical, alternative, and the
lectin pathways), all pathways result in activated complement
proteins. Upon activation, complement proteins function in
opsonization, act as chemoattractant for other immune cells,
and mediate cell/pathogen death by formation of membrane
attack complex for lysis [24].

The key players in cell-mediated innate immune respons-
es involve phagocytes and natural killer (NK cells) [25]. These
phagocytes (neutrophils, monocytes, and macrophages)
facilitate immediate host protection by engulfing cells that
express non-self-antigens or altered self-antigens and killing
them with lysosomal enzymes (Figure 1) [25]. On the other
hand, NK cells confer immune protection using major
histocompatibility complex I (MHC class I) proteins which
are universally expressed on cell surface of all nucleated
cells [25]. These NK cells secrete perforin and granzyme to
induce apoptosis of cells that have abnormal or altered MHC
class I expression if the cell has been compromised or a

pathogen is expressed [25]. Other cells such as eosinophils,
basophils, and mast cells that release inflammatory mediators
like chemotactic leukotrienes also contribute to the cellular
innate immunity by recruiting more immune cells to the
inflammation/injured site (Figure 1) [2]. It is important
to note here that, in humans, proteins known as human
leukocyte antigens (HLA) are the equivalent to the MHC
found in most vertebrates. Similar to NK cells, there are also
cells known as NKT cells which possess qualities of both the
NK and the T cells [25].

Contrary to the innate immune response, the adaptive
immunity involves the development of immunological mem-
ory due to specific forms of immune responses targeting the
antigens (Figure 1) [2]. This form of immunity occurs over
time and is not characterized as being a rapid response due
to naive lymphocytes, such as the T and B cells, gaining the
ability to differentiate and mature into either effector T cells or
antibody-secreting B cells (plasma cells) (Figure 1) [26]. There
are two types of T cells present in the immune system that are
distinguished by their T cell receptor type: «3 T cells and y5 T
cells (Figure1) [27]. Only a small subset of T cells are classified
as Y3 T cells and can recognize “nonself” molecules by pattern
recognition, thereby not requiring MHC-mediated antigen
presentation (Figure 1) [27]. On the other hand, a3 T cells are
further broken down into two other subsets known as CD4"
T cells and CD8" T cells (Figure 1) [28, 29]. Maturation of
naive CD4™ T cells to effector CD4™ T cells involves costim-
ulation between major histocompatibility complex II (MHC
class II) which are only present on antigen-presenting cells
(B cells, macrophages, and dendritic cells) and T cell receptor
on the naive CD4" T cells (Figure 1) [28, 29]. Depending
on the cytokine milieu present in the microenvironment and
the presence of certain transcription factors during the time



at which the costimulatory signal occurs, the CD4" T cells
can differentiate into several subsets of effector T cells such
as T helper 1 (Thl) cells, T helper 2 (Th2) cells, or Tregs
(Figure 1) [29]. Each of these subsets of CD4" T effector
cells can produce and secrete certain cytokines that modulate
immune response accordingly [29]. For instance, Thl cells
produce IFN-y and interleukin-2 (IL-2) and play a role in
autoimmunity. Notably, Th2 cells produce interleukins 4, 5,
10, 13, and 31 (IL-4, IL-5, IL-10, IL-13, and IL-31) and regulate
immune responses involving extracellular pathogens as well
as allergic diseases [29]. Tregs, on the other hand, help reduce
inflammation via production of transforming growth factor-
beta (TGF-3), interleukin-35 (IL-35), and IL-10 [29]. Similar
to NK cells in innate immunity, naive CD8" T cells rely on
MHC class I for maturation into effector cytotoxic T cells
[28]. MHC class I molecules present on nucleated cells can
recognize and bind to peptides derived from nonself antigens
and altered or abnormal self-antigens [2, 28]. CD8" T cells
via the specific T cell receptor bind to the antigen/MHC class
I complexes on the antigen-presenting cells (i.e., target cells)
resulting in release of perforin and granzymes from CD8" T
cells and death of the target cell [28]. Both types of T cells
(CD4" and CD8") express other cell surface markers such as
CD28 and CTLA-4 that participate in activating or inhibiting
the naive T cells, respectively, by binding to CD80/CD86 on
antigen-presenting cells during costimulatory signaling [30].
Interestingly, the cell surface marker PD-1 on T cells which
binds to PD-L1 and PD-L2 on antigen-presenting cells also
inhibits T cell activation [30]. Notably, certain cancer cells can
also induce PD-L1 expression as mechanism to suppress and
evade the immune system [30].

For maturation and activation of B cells, antibody-
secreting effector functions can be activated by T helper cell-
dependent and cell-independent mechanisms [31] resulting
in a wide range of antibodies which are specific for the type
of immune response that is initiated [31]. Antibodies are
also commonly referred to as immunoglobulins (Ig). They all
possess a fragment antibody binding (Fab) domain that can
bind to numerous antigens and a fragment crystallizable (Fc)
domain that can bind to its corresponding Fc receptors on
effector cells to mediate effector functions such as antibody-
dependent complement cytotoxicity (ADCC) [32]. Whereas
all naive B cells express membrane-bound IgD and IgM [32],
various other antibody isotypes such as IgA, IgG, and IgE
are also produced by immediate and long-term memory
plasma cells through immunoglobulin class switching, affin-
ity maturation, and somatic hypermutations [32]. Among
these isotypes, certain antibodies such as IgA and IgG also
have different subsets that they can be classified as isotypes
[32]. The various antibody isotypes and subsets can have
distinct functions that they carry out in different conditions
[32]. However, in general, antibodies function to neutralize
the antigen by binding to it, initiating ADCC, interacting with
components of the classical complement pathway to induce
complement dependent cytotoxicity (CDC), and also binding
to antibody receptors on specific cells to activate their effector
functions [32].

Similar to NK cells present in innate immunity, the
adaptive immune responses also have their own version of
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NK cells known as NKT cells. These cells possess qualities of
both the NK and the T cells, because they express NK 1.1, a
natural killer cell-associated surface marker, along with the
expression of T cell receptors (TCRs) [33]. However, some of
their TCRs can differ from the normal TCR, thus classifying
them as invariant NKT cells [33]. These NKT cells are able to
identify and bind to self or nonself lipids/glycolipids through
the expression of CD1d molecule on antigen-presenting cells
after which they secrete several cytokines such as IL-12 and
IFN-y for activation of other immune response [33].

While innate and adaptive immune responses have dis-
tinct characteristics that distinguish them from one another,
both forms of immunity work in tandem [34]. The innate
immune response is initiated as the first line of defense
prior to adaptive immunity [34]. However, if the innate
immune responses become overwhelmed by the antigens
and are not sufficient for their clearance, then the onset of
adaptive immunity occurs to aid in antigen removal and
form immunological memory for subsequent exposures [34].
Some of the components that serve as linker between innate
and adaptive immunity include dendritic cells, macrophages,
and complement protein. Dendritic cell and macrophages
can both function in innate immunity by phagocytosing
pathogens or innate immunity, but they also contribute to
adaptive immune responses by serving as antigen-presenting
cells for T cell activation [34]. The role of complement
proteins in innate immunity reflects its ability to eradicate
cancer cells by formation of the membrane attack complex
or by CDC [35]. Moreover, in adaptive immune responses,
the complement system can contribute to B cell activation
by lowering the activation threshold and by mediating T cell
activation and differentiation [35, 36]. Other cells like NK
cells, NKT cells, 8 T cells, macrophages, dendritic cells, and
complement proteins serve as evidence for the evolutionary
bridge between innate and adaptive immunity (Figure 1)
(25,27, 37].

4. Innate Immunity and Cancer

During cancer pathogenesis several components of the
innate immunity are activated in efforts to minimize cancer-
mediated inflammation [39, 40]. This process also initiates
adaptive immune responses for targeting the cancer via
more specific immune mechanisms [39, 40]. Several studies
suggest the role for genetic and epigenetic modifications in
cancer cells [7]. Notably, these alterations in the cancer cells
correlate with the changes observed in the composition of
their cell surface proteins, resulting in expression of tumor-
associated antigens which can be recognized by complement
proteins [41] and thereby predisposing the cancer cells to
complement-mediated death [41]. Activation of complement
proteins has been reported in local and/or systemic biological
fluids of cancer patients, as well as in cancer tissues from
patients diagnosed with neuroblastoma, lung cancer, ovarian
cancer, and a variety of others [41]. While complement
activation promotes mechanisms that aid in eradicating
cancer cells, the presence of soluble and membrane-bound
complement regulatory proteins (CRPs) that inhibit various
steps in the multiple complement signaling pathways help
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protect cancer cells against complement-mediated injury
[41]. Inhibition of the complement cascade also hinders some
of the effects of adaptive immune responses because com-
plement proteins have also been reported to play a role in B-
and T cell activation/survival [36]. Therefore, CRP-mediated
complement inhibition may also result in insufficient activa-
tion and expansion of B and T cells that can specifically target
the cancer cells [36].

As previously mentioned, genetic and epigenetic modifi-
cations result in modified cell surface markers and patterns
on the surface of the cancer cell [7]. Notably, one such cell
surface marker is MHC class I whose expression becomes
altered or reduced in cancer cells [37]. This aberrant or
reduced MHC class I expression leads to activation of NK
cells via activating receptors present on NK cell surface such
as NKG2D which bind to surface glycoproteins known as
MICA/B that may be present on the tumors [37]. NK-induced
programmed cell death (apoptosis) can occur by several
mechanisms such as tumor-necrosis factor-alpha- (TNF-a-
) dependent release of cytoplasmic granules (perforin and
granzymes) that form pores in cell membranes; by antibody-
dependent complement cytotoxicity due to the presence anti-
body receptor (CDI16) on NK cell surface; and by the release
of cytokines such as IFN-y which mediates activation and
maturation of antigen-presenting cells such as dendritic cells
[37]. Cells are resistant to NK-mediated lysis due to normal
expression of MHC class I that activates inhibitor receptors
on NK cells which prevents NK cell induced apoptosis [37].

Other mechanisms by which the innate immunity con-
tributes to cancer pathogenesis include neutrophils which
have been more widely known to promote cancer progres-
sion [42]. Proteases such as neutrophil elastase present in
neutrophil granules facilitate growth of cancer cells [42].
Other proteases in the neutrophil granules assist in cleaving
extracellular matrix proteins, thus allowing cancer invasion
and metastasis [42]. As previously mentioned, these neu-
trophils also contain phagolysosomes which contain enzymes
like NADPH oxidase which oxidizes superoxide radicals and
other reactive oxygen species (ROS). It is well documented
that ROS have been reported to not only promote cancer
by genetic modifications via DNA damage, but also initiate
cytotoxicity through disruption of the cell membrane on the
tumors [42].

Various cell types also serve as evolutionary linkers
between the innate and adaptive immunity. These cells in-
clude dendritic cells, 8 T cells, macrophages, and NKT cells
[33,37, 43, 44]. For instance, dendritic cells and macrophages,
which function as phagocytes in innate immune responses,
can also function as antigen-presenting cells for adaptive
immunity [34, 43]. Tumor cells can produce thymic stromal
lymphopoietin which promotes upregulation of OX40 ligand
expression on dendritic cells and other types of APCs [43].
Expression of OX40 is induced on activated T cells and acts
as a secondary costimulatory signal to CD28 signaling on
T cells [45]. As a consequence of OX40 ligand and OX40
expression, direct T cell-APC interactions promote T cell
activation and subsequent differentiation into the Th2 T cell
subset [45]. Additionally, some types of tumor cells have
been known to prevent the antigen-presenting capabilities of

dendritic cells, thereby inhibiting dendritic cell-dependent
T cell activation [43]. One common mechanism by which
NKT cells contribute to immune responses to tumor cells
is through IFN-y secretion which activates the effector
functions of cells such as NK cells or CD8" T cells to mediate
tumor lysis via granzymes or perforin [33]. Interestingly,
NKT cells’ interaction with dendritic cells via CD40 ligand-
CD40 signaling, respectively, enables activation and secretion
of IL-12 [33]. CDA40 is expressed on several types of antigen-
presenting cells and acts as a costimulatory signal when
bound to CD40 ligand on NK cells, mast cells, macrophages,
B cells, epithelial cells, endothelial cells, and activated T cells
[33, 45]. In addition, IL-12 can activate NK or CD8" T cells
for tumor lysis and suppression of cancer progression [33].
Similar to NK and CD8" T cells, the 8 T cells express
NKG2D which interacts with MICA/B on tumor cells and
promotes secretion of perforin proteins and subsequent
tumor lysis [44]. Other mechanisms implemented by the yd
T cells for regulating cancer progression involve secretion
of IFN-y that can activate NK or CD8" T cells for tumor
lysis, recognition of tumor-associated antigens by CDI16
(Fc receptor) to mediate antibody-dependent complement
cytotoxicity, and the ability of y8 T cell receptors to bind to
self-antigens such as heat shock proteins that are upregulated
in the cancer microenvironment [44].

Though the innate immunity plays a critical part in
regulating cancer pathogenesis, another equally important
aspect in cancer biology is the role of adaptive immunity
[3, 40]. Effector functions of adaptive immunity result in
either tumor eradication or proliferation depending on the
environmental signals [3, 40]. The next section will highlight
the mechanisms by which lymphocytes and APCs promote
tumor progression or regression.

5. Adaptive Immunity and Cancer

Similar to innate immunity, the adaptive immunity is com-
prised of several components that can either eradicate cancer
cells or promote their proliferation [39]. This form of immune
response is capable of targeting antigens specific to the cancer
cells by exploiting the effector functions of antibodies, T cells,
B cells, and antigen-presenting cells [38]. The central dogma
behind the cancer immunity concept involves the formation
of neoantigens, such as the new antigens that are formed due
to tumorigenesis/oncogenesis, which are phagocytosed by
antigen-presenting cells (APCs) or pinocytosed by dendritic
cells for antigen processing [39]. MHC class II molecules
present exogenous peptides of tumor antigens, whereas
MHC class I molecules present endogenous peptides derived
from cancer antigens [38]. The processed tumor-associated
antigens are then presented by MHC class II and MHC
class I molecules on the APC to the antigen-specific T cell
receptor on CD4" T cells or CD8" T cells, respectively [39].
Activation of CD4" T cells by MHC class IT on APC primes
them for subsequent exposures to that particular antigenic
peptide/MHC class II complex, thus forming memory T cells
[39, 46]. IL-2 is also produced when T cells are activated
and further promotes T cell proliferation [47]. The cytokine
milieu present within the tumor environment at the time



of CD4" T cell activation dictates the T cell differentiation
pathway as previously mentioned [39]. While it is known that
B cells can act as APCs to naive T cells, activated CD4" T cells
(also known as helper T cells) can also interact with naive B
cells to promote their activation [31]. This process is known
as thymus-dependent activation of B cells and encompasses
two types of signals between T helper cells and B cells: TCR-
MHC class II with tumor antigen and a costimulatory signal
between CD40 ligand and CD40 [31]. In the absence of this
costimulatory signal, the B cells are not able to be activated
or proliferate [31]. B cells can also be activated by thymus-
independent (TI) mechanisms which involve antigens with
highly repetitive structures [31]. Following TI-independent
B cell activation, antibodies are secreted which can bind to
the tumor-derived antigen. This can initiate tumor cell lysis
via ADCC or CDC and also by [32] binding to Fc receptors
on NK cells [25]. Similarly, activation of CD8" T cells occurs
by interaction of antigen-specific T cell receptors with MHC
class I/tumor antigen complexes leading to induction of
cytolytic CD8" T cell-mediated lysis of cancer cells [39].
Within this central dogma of cancer immunity, there are
several regulatory factors that act as immune checkpoints in
the context of adaptive immune responses to mediate either
cancer progression or regression. For instance, during the
first encounter with antigen/MHC class II on the antigen-
presenting cells, it is critical to have two signals delivered
between the APC and T cell: antigen-bound MHC class 1I
interacting with the T cell receptor and costimulatory signals
[45]. Some of these costimulatory signals include CD28,
ICOS, and CD80 (B71)/CD86 (B7.2) [30, 45]. The ICOS lig-
and on APCs interacts with ICOS receptor on T cells, whereas
CD28 on T cells interacts with CD80 (B71)/CD86 (B7.2)
on APCs for costimulation [30, 45]. If these costimulatory
signals are not present when activating the naive T cells,
then they will not differentiate or proliferate [30]. Lack of
an appropriate costimulatory signal ultimately results in T
cell anergy and a state of immune tolerance to cancer cell-
associated antigens; under this scenario, adaptive immunity
is shut down and cancer progresses [48]. Similarly, immune
tolerance is also initiated by CTLA4 on T cells binding
to the CD80/CD86 proteins on APCs [30, 45]. Contrary
to the binding of CD28 with these proteins, interaction
of CTLA4 on CD4" T cells with CD80/CD86 on APCs
results in T cell inhibition and mediates downregulation
of immune responses [30, 45]. CTLA4 is also expressed
by several cancers/tumors and this mechanism corresponds
with immune tolerance as seen in cancer progression [49].
Interestingly, the T cells also have a cell surface receptor
molecule known as programed cell death protein 1 (PD-1)
which can bind to its ligand, PD-LI, on APCs and mediates
immunosuppression [30]. Notably, the PD-1 expression has
also been reported in multiple other immune cells such
as B cells, NK cells, monocytes, dendritic cells, and Tregs
[30]. Similar to expression of CTLA4, this PD-L1 protein
is also expressed by various types of cancer cells which
may be a mechanism for how the cancer escapes immunity
[30, 49]. Immune responses in oncogenic environment can
also be suppressed by Tregs [50]. Tumors/cancer cells can
secrete chemokines like CCL22 that recruit Tregs to the
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oncogenic site and help suppress effector functions of other
T cells that may be necessary to eradicate cancer cells
[50, 51]. Collectively, the role of these innate and adaptive
immune responses in oncogenesis serves to be the underlying
basis for immune surveillance and cancer immunoediting
(4, 40].

6. Cancer Immunoediting

The role of the immune system in cancer pathogenesis has
been a subject of great interest and debate for many decades
due to its ability to mediate protection against cancer and
promote cancer progression [4, 40]. The role of immune
responses in the context of cancer biology is commonly
referred to as cancer immunosurveillance [4, 40]. While Paul
Ehrlich is recognized as the scientific pioneer behind the
immunosurveillance concept, contradictory reports on this
concept based on studies conducted by Burnet and Thomas
and Stutman’s group brought the concept of immunosurveil-
lance to the forefront in oncology [4, 40]. Due to these
and other inconsistent reports from studies highlighting the
immunosurveillance mechanisms in cancer, the concept was
largely rejected [4]. However, with the scientific advancement
in genetically modified animal models, design of studies to
investigate immunosurveillance was feasible [4, 40]. Conse-
quently, the role of immunity in cancer was reevaluated once
again in the 1990s [4, 40]. Several counterarguments against
the cancer immunosurveillance theories were discarded with
the exploitation of mice models deficient in adaptive immu-
nity (RAG2 knockout mice) or mice lacking components
of interferon-gamma (IFN-y) signaling cascade [4]. Notably,
studies from these and other animal models deficient in
some form of the immune response were highly indicative
of immunity protecting against carcinogenesis and tumor
formation [4, 40]. Moreover, immune-mediated protection
against cancer is not just limited to animal models, rather
it has become increasingly clear that immunosurveillance
is clinically observed in humans as well [40]. Interestingly,
recent reports suggest that a delicate balance between cancer
dormancy and progression exists and this balance is the
foundation for the principle in oncology known as immu-
noediting [52]. Three major phases that comprise the immu-
noediting process in cancer pathogenesis are elimination,
equilibrium, and escape (Figure 2), [4, 40]. These under-
lying immune responses of immunoediting help shape the
immunogenicity of various cancers. The outcome of immu-
noediting may be attributed to factors which include the tem-
poral or spatial location of the cancer, molecular mechanisms
involved in transformation from normal to transformed cells,
and the inherent genetic factors of the immune system [52].
The elimination phase of the immunoediting process is a
component of the cancer immunosurveillance theory and
refers to the ability of the innate and adaptive immune system
to recognize and eradicate cancer cells (Figure 2) [4, 40,
53]. Mechanisms by which cancer cell lysis occurs are via
secretion of perforin from cytolytic immune cells (i.e., NK
cells, NKT cells, y8 T cells,and CD8" T cells), ADCC, or CDC
[3]. The equilibrium phase focuses on the dynamic state of the
cancer cells to negatively regulate the immune system leading
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FIGURE 2: The cancer immunoediting process. There are three phases in the cancer immunoediting process: elimination, equilibrium, and
escape [4]. Elimination phase involves effector function of the immune cells to target and eradicate cancer. In the equilibrium phase a balance
is obtained between progression of cancer and cancer elimination by the immune system. If the cancer persists then it overwhelms the
immunity and escapes to go on and metastasize to the other organs [4, 40, 53].

to a block in the elimination phase of immunoediting and a
transition to the equilibrium phase (Figure 2), [4, 40, 53].

In the equilibrium phase, immune responses are still
active against the tumor; immune cells help regulate and
control cancer growth or metastasis while keeping it in the
latent dormant state. The phase of equilibrium is considered
to be the longest phase in the immunoediting process [4,
40, 53]. Despite these control checkpoints that are modu-
lated by the immune system, the heterogeneity and genetic
variations in cancer enable them to acquire the ability to
become immune-evasive and escape the equilibrium state to
expand and become detrimental to the host [4, 40, 53]. This
escape phase is mediated through several immunosuppres-
sive mechanisms one of which includes downregulation or
aberrant expression of MHC class I on the cancer cell surface
protecting it from cytotoxic effector functions of immune
cells in the innate and adaptive immunity (Figure 2) [39, 54].
Multiple mechanisms such as suppression of tumor antigen
expression, induction of antiapoptotic pathways to prevent
cytotoxicity, and cancer-induced immunosuppression aid
in the escape of cancer cells from the elimination and
equilibrium phases of immunity [4, 40, 53]. Notably, it is this
escape of cancer cells from immunity and the mechanisms
involved in this escape that has been the driving force of
investigations focused on the immune-oncology paradigm.
Gaining a detailed understanding of immunoediting process
in cancers will be critical for development of immunothera-
pies for cancer treatments.

7. Precision Medicine

Precision medicine, a novel approach for patient-specific
therapies, is revolutionizing clinical outcomes and standard
of care [55, 56]. Therefore, in efforts to treat various forms
of cancers, scientific advances have been made towards

developing therapies that exploit the immune system [55].
These specific types of cancer treatments that focus on
utilizing innate and adaptive immunity are referred to as
cancer immunotherapies [55]. Due to the paradigm shift
in health care which focuses on precision medicine, more
initiative is directed towards establishing immunotherapy-
based personalized treatments towards individual cancer
patients. These cancer immunotherapies can be classified into
several different categories: vaccines, monoclonal antibodies,
recombinant cytokines, small molecules, and autologous T
cells [55]. The site, the type, and the stage that the specific
cancer is in dictate the type of therapy that is best suited for
the patient.

Several FDA approved and clinical trial immunotherapies
have been developed to treat various forms of cancer [55].
Despite the initial promising success rates of these ther-
apies, the vast majority of patients relapse [56]. This can
be attributed to various factors that distinguish individual
patients such as age, gender, chemotherapy regimen, and
site/type of cancer, all of which play a functional role in
cancer genomics and serve as the fundamentals for precision
medicine [56]. These cancers harbor subset of genetic muta-
tions that may result in distinct molecular characteristics,
thus giving rise to the possibility of predictive biomarkers
for potential therapies. Interestingly, in the realm of cancer
genomics, the term “genetic mutations” is not just limited
to the primary tumor/cancer. Rather, “genetic mutations”
encompass gene mutations that may differ between the
primary and relapse cancers, primary versus metastatic can-
cers, as well as therapy-induced genetic mutations in cancer
patients. All of these factors may contribute to the patients’
resistance to anticancer treatments and/or their relapse [56].
Identifying such genetic mutations may result in identifica-
tion of predictive immune molecular signatures or immune
biomarkers (cancer-specific neoantigens) among individual



cancer patients which is a key step in developing patient-
specific immunotherapies [55]. Interestingly, by evaluating
specific genetic mutations the patient-specific cancer causing
determinants can be identified and appropriately treated.

To date, several immunotherapies have been developed
to treat cancers. While some of the treatments are already
on the market or have been approved for clinical phase
trials, through the use of high-throughput sequencing tech-
nologies, multiple genetic mutations can be identified to
develop personalized treatments [56], thereby highlighting
the importance of exploiting single-agent versus combination
therapies in personalized cancer treatment plans [56].

The subsequent section in this review focuses on avail-
able immunotherapies for various cancers. However, it is
important to note that through precision medicine efficacy
of immunotherapies and cancer-related clinical outcomes
can be improved by identifying and targeting patient-specific
tumor antigens [55, 56].

8. Immunotherapies

Various cancers have unique triggers that result in their
escape from the immune response making them more resis-
tant to immunity [4]. Therefore, in efforts to treat various
forms of cancers, scientific advances have been made towards
developing therapies that exploit the immune system [40].
The specific types of treatments that focus on utilizing innate
and adaptive immunity in oncology are referred to as cancer
immunotherapies [54]. Cancer immunotherapies can be clas-
sified into several different categories: vaccines, monoclonal
antibodies, recombinant cytokines, small molecules, and
autologous T cells [1]. Depending on the location, cancer
type, and the stage that the specific cancer is in, the type of
therapy that is best suited for the patient is dictated.

US Food and Drug Administration (FDA) has approved
Provenge in April 2010 as a therapeutic cancer vaccination
for advanced prostate cancer [57]. It is a form of autologous
cellular immunotherapy that consists of peripheral blood
mononuclear cells, cytokine granulocyte macrophage colony
stimulating factor (GM-CSF), and immunosurveillance of
the tumor antigen-prostatic acid phosphatase (PAP) [54, 57].
The mechanism of action involves the uptake of PAP by APCs
which is presented to T cells for activation, differentiation,
and initiation of their effector functions [57]. GM-CSF is used
to help stimulate the growth of APCs such as macrophages
[58]. Some cancers, such as cervical cancers, arise from
oncoviruses like human papilloma virus (HPV); therefore
vaccinations against these oncoviruses can be incorrectly
classified as vaccines against cancer [59].

Monoclonal antibodies are also used as cancer im-
munotherapies [60]. In March 2011, Ipilimumab was FDA
approved for treatment of metastatic melanoma (malignant
skin cancer). It is a monoclonal antibody targeting CTLA4
on T cells [54]; thereby it inhibits the suppressive effects
of CTLA4 on T cells and allows activation of T cells
for immune responses against specific cancers (Figure 3)
[54]. Notably, Ipilimumab is also known to inhibit the
immunosuppressive function of Tregs [54]. Similarly, IgG4
monoclonal antibody against PD-1 (Keytruda) has been on
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the market for treatment of melanoma patients (Figure 3)
[61]. PD-1is expressed on T cells and plays a role in immune-
suppression by repressing T cell activation. However treat-
ment with Keytruda prevents the inhibitory effects of PD-1
on T cells, thereby, allowing activation of T cells and immune
responses against melanoma [61]. Similarly, Nivolumab is
an FDA approved IgG4 monoclonal antibody that targets
anti-PD1 in melanoma and squamous non-small-cell lung
cancer patients [61]. It functions in the same manner as
Keytruda [61]. Both of these anti-PD1 immunotherapies can
also facilitate ADCC and result in cancer cell death [39].
In recent years, biotech companies such as Genentech have
made efforts in developing potential monoclonal antibodies
against the ligand for PD-1, PD-LI, as another mechanism to
activate T cell-mediated immune responses and inhibit the
immune-suppressive mechanisms of PD-1 in certain cancers
[39]. There are also monoclonal antibodies conjugated to
chemotherapy drugs or radioactive particles [62]. Zevalin® is
a Yttirum-90 radiolabeled monoclonal antibody consisting of
Rituximab which targets CD20 for activation of B cells and is
used in treatments for non-Hodgkin’s Lymphoma (Figure 3)
[62]. Interestingly, monoclonal antibody immunotherapy
targeting two different proteins simultaneously has also been
developed and approved by FDA. This drug is known as
Blincyto and it is a monoclonal antibody where one part
attaches to CDI19 on B cells and the other part of the antibody
attaches to CD3 on T cells for T cell activation [63]. The
CD19 cell surface marker assembles into a complex with other
markers such as CD81 and CD21 (complement receptor) to
lower the threshold for B cell activation [64]. In this manner,
the normal T cells can recognize and mediate cytotoxicity
on the cancerous B cells in efforts to eradicate them [63].
Immunotherapies utilizing monoclonal antibodies that target
specific immune modulators or tumor-specific antigens help
exploit the individual’s own immune system to treat certain
cancers.

Another immunotherapeutic approach for cancer treat-
ments involves the use of recombinant cytokines or small
molecules. For example, Proleukin is an FDA approved
recombinant IL-2 cytokine for treatment of renal cancer
and melanoma patients (Figure 3) [54]. This mechanism
of action centers around the ability of IL-2 to promote T
cell activation and the activation of other immune cells
(Iymphocytes) that express IL-2 receptors [47, 65]. Through
Proleukin treatment, the immune system is activated and
helps in controlling/killing the cancer cells [54]. A member
of the IFN cytokine family, IFN-«a2b, and pegylated IFN-«a2b
(Sylatron) were approved by FDA for treatment as adjuvant
therapy in resected melanoma patients [66]. Sylatron is
comprised of IFN-a2b conjugated to polyethylene glycol
[66]. The polyethylene glycol reduces the immunogenicity of
IFN-a2b by concealing it from the immune system until it
reaches its target [66]. IFN-« cytokine is reported to be anti-
inflammatory in cancer by repressing proliferation of cells,
through induction of tumor suppressor genes and downreg-
ulation of oncogenes, as well as by upregulating MHC class
I expression for immune responses [40]. Recombinant G-
CSE known as Filgrastim, has also been approved and been
on the market to treat neutropenia in patients with certain



Journal of Immunology Research

Imiquimod TLR7

(results in immune activation) <
ICOSL
CD80/86

Ipilimumab A

(results immune activation) _|

-
TCR T
CD28/CTLAX 0X40

1COS
Proleukin

(results T cell activation) . '\ T cell

IL-2R

GM-CSF

-

Neutrophil

G-CSF

Antigen-presenting cell

MHC

B cell activation

PD-L1
A

OX40L

I— Keytruda
: (results in immune activation)
PD-1 ,
¢
P
CD3

Leukine (GM-CSF)
(stimulates neutrophil/myeloid cell
maturation/differentiation)

Filgrastim (G-CSF)

_( ? (stimulates neutrophil maturation/differentiation)

F1GURE 3: Immunotherapies in cancer. Several FDA approved immunotherapies have been approved in the market to prevent or control cancer
progression [1]. On APCs (such as B cells), monoclonal antibodies targeting CD20 (Rituximab) results in downregulation of B cell activity
[62]. Other antigen-presenting cells (macrophages and dendritic cells) are also activated by Imiquimod, a small molecule agonist for TLR7
[1]. For activation of T cells Keytruda (monoclonal antibody targeting PD-LI- PD-1 interaction) and Ipilimumab (antibody against CTLA4)
are approved and in clinical use [1, 39]. Recombinant cytokines such as Proleukin (IL-2), Leukine (GM-CSF), and Filgrastim (G-CSF) are
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forms of leukemia (Figure 3) [67]. Recombinant human G-
CSF can bind to its corresponding receptors on neutrophil
progenitor cells to stimulate neutrophil differentiation and
maturation [67]. Increases in neutrophil production can help
in cancer treatments by mediating cytotoxic effects on cancer
cells, phagocytosing cancer cells, and by secreting cytokines
that recruit other immune cells to the site of inflammation
[2, 21]. However, as previously mentioned, neutrophils have
dual functions in cancer pathogenesis and can have a role
in cancer metastasis [42]. Therefore, Filgrastim should be
used in combination with other anticancer immunotherapies
[67]. Leukine, recombinant GM-CSE is approved by the FDA
(Figure 3) and functions in similar manner to Filgrastim.
However, due to this also functioning as a macrophage
colony stimulating factor, it helps increase myeloid cells (any
leukocyte that is not B or T cells) in leukemic patients, as well
as in individuals with bone marrow transplant [67].

The use of small molecules in cancer treatment as
immunotherapies has also been increasing [1]. Plerixafor is

a small molecule antagonist that inhibits the binding interac-
tion of stromal cell-derived factor-1 (SDF-1) to the chemokine
receptor, CXCR4 [1, 68]. This can prevent cancer metastasis
and improve mobilization of hematopoietic stem cells in can-
cer patients, particularly pancreatic ductal adenocarcinoma
patents [1]. Interaction of SDF-1 with CXCR4 mediates func-
tions such as attracting lymphocytes in certain conditions and
having critical functions for homing of hematopoietic stem
cells to the bone marrow [69]. For treatment of basal cell
carcinoma, Imiquimod, a small molecule agonist for TLR7
on dendritic cells and macrophages, is being used (Figure 3)
[1]. Imiquimod-mediated TLR7 activation induces secretion
of proinflammatory cytokines, suppresses Tregs, and induces
Thl cell-mediated activation of NK cells to eradicate cancer
cells [1].

A novel cancer immunotherapy involves the use of a
cancer patient’s own immune cells (such as T cells) which
are collected, genetically altered, proliferated to increase the
number of cells, and transferred back to the patient [54].
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This innovative form of cancer immunotherapy is known as
adoptive T cell transfer. The alteration (via retroviral gene
transfer) of autologous T cells prior to being transferred back
into the patient comes from the concept of chimeric antigen
receptors (CARs) on T cells (CAR-T cells) [70]. CAR-T cells
are comprised of variable regions for identifying various
antigens and have various downstream (intracellular) T cell
signaling components [54]. While no FDA approved CAR-T
cell immunotherapy is on the market just yet, clinical trials
have been testing the CAR-T cell therapy where CAR is
recognizing CD19 on B cells in B cell ymphoma patients [54].
Other common treatments for cancer patients involve the use
of chemotherapy and/or radiation therapy [71]. Chemother-
apy utilizes agents that are cytotoxic to rapidly proliferating
cancer cells but depending on the regimen used can also
be toxic to hematopoietic cells in the bone marrow [71],
whereas radiation therapy exploits ionizing radiation to target
cancer cell death by damaging their DNA. However, this also
damages the adjacent normal healthy cells [71]. In hematolog-
ical cancer malignancies such as leukemia or damage done
to the bone marrow as a result of chemotherapy/radiation
therapy, bone marrow transplants are also commonly per-
formed [72]. While this section has focused on different
forms of cancer immunotherapies as an individual therapy;,
the reality is that these cancer immunotherapies may work
more effectively when used in combination [39]. Currently,
cancer patients are being treated by therapy regimens that
include chemotherapy/radiation therapy along with targeted
drugs that can affect various factors in cancer progression
such as immune responses, DNA damage, or growth factors
[73]. Interestingly, there also has been interest in trying to
combine immunotherapies [39], due to the concept of cancers
“escaping” the immune responses during the immune-editing
process [74]. Wolchok’s group conducted a phase I trial
in which Ipilimumab (anti-CTLA4) plus Nivolumab (anti-
PD1) immunotherapies were used together for advanced
melanoma patients [39]. Ipilimumab promotes activation and
priming of T cells and Nivolumab prevents interaction of PD-
L1 with PD-1 on the cancer cells. Through these studies, Wol-
chok and colleagues confirmed that Ipilimumab’s targeted
effect, efficacy, and outcome are better when simultaneously
given with Nivolumab [75]. These studies have provided
the foundation for assessing other potential combinations
of immunotherapies in adjunct with chemotherapy/radiation
therapy to potentially improve survival outcomes for cancer
patients.

9. Future Perspectives/Conclusions

The active role of the immune system in oncogenesis has been
appreciated for over a century [4]. However, due to cancer
heterogeneity and the distinct immune responses that can be
activated, the field of immune-oncology is constantly evolv-
ing. In the past few decades, several scientific advancements
have been made that increase our understanding of various
immune mechanisms that contribute to cancer pathogenesis.
In addition, the identification of immune biomarkers could
potentially be exploited for cancer immunotherapies [5].
While several forms of immunotherapies have been approved
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by the FDA or have entered the early phases of the clinical
trials, there are other forms of immunotherapies that still
merely remain a concept. Research involving the immunoon-
cology paradigm has directed its efforts towards translating
some of these conceptual immunotherapies into treatments
for patients. For instance, in addition to CTLA4 and PD-
1, other antagonistic antibodies can be developed to target
other immunomodulatory receptors on T cell surface that are
inhibitory to its function such as antibodies against LAG-
3, VISTA, and BTLA [54]. All three of these receptors are
repressive to T cells functions; therefore, development of anti-
bodies that target and block immunosuppressive receptors
on T cells will lead to optimal T cell activation and immune
responses against cancer [54]. In contrast, T cells also have
activating receptors such as CD28, 0X40, and GITR that can
be targeted with agonistic antibodies to promote T cell acti-
vation [54]. Notably, interest in small molecule inhibitors to
pharmacologically intervene and block immunosuppression
is emerging as another driving force in cancer immunothera-
pies [1]. Currently, phase II clinical trials are being performed
using a small inhibitor against IDO for metastatic melanoma
(1]. IDO is heme-containing dioxygenase that is expressed
by APCs and is upregulated in tumors/cancer cells [1]. It
mediates the conversion of tryptophan to kynurenine [1] and
plays a role in immunosuppression during cancer pathogen-
esis [1], by inducing differentiation of Tregs [1]. Thus, by
inhibiting IDO, Tregs are not induced, resulting in activation
of immune responses [1]. Small molecule inhibitors targeting
chemokine receptors or adenosine pathways are also being
investigated for cancer immunotherapies due to their ability
to recruit or activate tissue-associated macrophages (TAMs),
respectively [1]. These TAMs can promote cancer or tumor
progression via angiogenesis and neovasculature formation
[1].

Despite the progresses made in this field, one of the big-
gest challenges that still remains is understanding how im-
munooncology and cancer immunotherapies differ between
adults and children [19]. While research involving the role for
the immune system in pediatric cancer has been on the rise,
drug development and cancer immunotherapies for children
diagnosed with cancer significantly lags behind when com-
pared to adult cancer treatments [19]. Due to the variability
associated with the type of cancer, the cancer location, and
the somewhat different composition of the immune cells in
adults versus children, it becomes imperative to elucidate
what immune cell differences are so that the proper cancer
immunotherapies are selected to target specific patients [19].
Similarly, it is also becoming increasingly evident that even if
two individuals of the same age group (adults or children) are
diagnosed with the same form of cancer, the type of immune
responses controlling/promoting the cancer and the type of
immunotherapies to treat the cancer may still vary among
these two individuals. This variability in cancer pathogenesis
and treatment between individuals can be attributed to
factors such as genetic polymorphisms which can differen-
tially regulate the immunoediting process involved in cancer
pathogenesis, as well as differentially regulating the efficacy
of various cancer immunotherapies [60, 76]. Consequently,
the next frontier in immunooncology will be focused on
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developing personalized cancer immunotherapies tailored to
each individual patient.
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