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Immune response has been shown to play an important role in defining patient prognosis and response to cancer
treatment. Tumor-induced immunosuppression encouraged the recent development of new chemotherapeutic
agents that assists in the augmentation of immune responses. Molecular mechanisms that tumors use to evade
immunosurveillance are attributed to their ability to alter antigen processing/presentation pathways and the tumor
microenvironment. Cancer cells take advantage of normal molecular and immunoregulatory machinery to survive
and thrive. Cancer cells constantly adjust their genetic makeup using several mechanisms such as nucleotide
excision repair as well as microsatellite and chromosomal instability, thus giving rise to new variants with reduced

immunogenicity and the ability to continue to grow without restrictions.

immunosuppression Cancer Signaling Pathways

| 1. Introduction

Studies pertaining to the role of genomic instability in immuno and chemotherapeutic response are still a topic of
interest, particularly in colorectal cancers LB This is due to the heterogenicity of these mutations within the
different tumor microenvironments. Molecularly targeted therapies have been developed to target or block signaling
pathways specific to a certain cancer type. This allows cancers to be sensitized to chemotherapy ¥ or
immunotherapy . Despite the efforts to halt cancer progression at the DNA level, cancer can still persist and
develop the ability to manipulate and evade the immune system. Cancer cells utilize various mechanisms to
proliferate and survive. These cells take advantage of the normal functioning immunoregulatory processes and
their related biochemical pathways to create a suitable environment for them to survive and thrive. These include
the activities of immunosuppressive cells and the action of cytokines such as interleukin (IL)-10 and transforming
growth factor-B (TGF-B) [E. Immune checkpoints (ICs) are surface proteins that are crucial elements of immune
regulation. They are characterized into stimulatory signaling pathways, which include glucocorticoid-induced tumor
necrosis factor family-related protein (GITR) and T cell receptors (TCRs), and inhibitory signaling pathways, which
involve cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1),
amongst others . Antibodies against these ICs have and are still being developed as cancer immunotherapies,
but the efficacy of these treatments is hindered by immunosuppressive cells known as myeloid-derived suppressor
cells (MDSCs), which stimulate another set of immunosuppressive cells known as regulatory T cells (Tregs) [,

Similar to other immune cells, immunosuppressive cells are regulated by key signaling pathways. Such pathways
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are targeted for therapeutic purposes leading to possible cancer regression. However, in some instances, cancer
might return even more aggressive due to the development of new mutations within the biochemical pathways
resulting in possible drug resistance. It is worth noting that drug resistance through signaling pathways might be
conferred by pathway reactivation which can take place via pathway rerouting or cross talk between interrelated

signaling pathways <.

| 2. Immune Evasion

Cancer cells are able to hijack the immune system by secreting cytokines and molecules familiar to effector T cells
enabling them to evade immunosurveillance. Immunosurveillance is a process whereby the immune system guards
against and averts cancer progression. Immunosurveillance is a concept that was first hypothesized by Paul
Ehrlich2 in 1909 when he proposed that the immune system restricted the growth of carcinomas. Five decades
later, Burnet FA 11 and Thomas L 12 presented theories that supported Ehrlich’s theory. Burnet suggested that
there might be a tumor-specific immune response that attempts to destroy developing cancer, whilst Thomas
thought that there must be a mechanism similar to that of the host immune system versus foreign tissue, commonly
seen in graft rejection, in which cancer can be fought off by the immune response. Even though this theory was
proven correct, cancer cells still had a way of progressing, and that is when the concept of tumor immunoediting

was hypothesized. This concept is divided into three different phases: elimination, equilibrium, and escape [13114],

2.1. Elimination

The antitumor immune response is initiated by the activation of the innate immune system in the presence of
cancer cells. Cells of the innate immune system are altered to favor proangiogenic activities and an
immunosuppressive microenvironment. One of the major angiogenic factors, vascular endothelial growth factor
(VEGF), limits tumor-infiltrating T cells and antigen-presenting cells (APCs) activity to foster immunosuppressive
microenvironment through upregulation of Tregs and immune checkpoint inhibitors (21, Exposure to carcinogens
such as tobacco smoke or asbestos has been correlated with tissue disruption/inflammation through the activation
of IL-1B, which enhances their tumorigenic ability €. Cancer cells stress promotes the production of other
proinflammatory cytokines and proteins such as heat-shock proteins (HSPs) 14 and Natural killer group 2, member
D (NKG2D), which serve as danger signals. Natural killer (NK) cells, macrophages, yd T cells, and NK T cells are

released to the tumor site resulting in cytotoxic effector mechanisms to eliminate cancer cells [2&l,

2.2. Equilibrium

Equilibrium refers to a period between the failure of the immune system to completely eliminate/eradicate cancer
cells and the beginning of the escape phase. This is the period where the malignant disease is clinically detectable.
Cancer cells constantly adjust their genetic makeup either via nucleotide excision repair, microsatellite instability, or
chromosomal instability, giving rise to new phenotypes that display reduced immunogenicity 12021 These
cancer cells evolve with the generation of more advanced mutations that provide increased resistance to

immunological attack until both immune and cancer cells are at an equilibrium state. These new variants of cancer
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cells have the ability to progress to the escape phase of the immunoediting process [22. Furthermore, cancer cells
induce alterations in the genome-processing mechanisms such as deoxyribonucleic acid (DNA) damage-repair
machinery, telomere damage, centrosome amplification, and epigenetic modifications to develop new variants 23
(241 This is accomplished by hijacking processes that are mainly involved in cell division and tumor suppression 22!,
Defective DNA damage repair results in the accumulation of immunosuppressive cells and decreased T cell
responses 28, These alterations have also been shown to contribute immensely to immunotherapeutic responses
in cancer 24 and molecularly targeted cancer therapies. Of note, there are several key molecular signaling
pathways identified that are associated with cancer progression and drug resistance. The most common of these
pathways is the phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR (tumor survival pathway) and its interrelated
pathways. The mechanism of action by inhibitors of this pathway includes the induction of DNA damage,
particularly in cancers that take advantage of the DNA damage—repair system. Hence, dysfunctional production of
nucleotides necessary for DNA synthesis and repair are the main components that allow for treatment efficacy with
PI3K inhibitors (Figure 1).

{A) Endo-and exogenous genotoxic factors (B) Double strand breaks and immunity
associated with DNA damage
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Figure 1: Impaired transcription and replication process can occur, leading to DNA damage and genomic

instability. (A) DNA damage can be a result of multiple factors, which could be of an endo or exogenous nature. (B)
Repair of double-strand breaks (DSBs) is crucial to cell development and survival. DSBs are repaired without the
need for a homologous template by the nonhomologous end-joining pathway. Consequently an efficiently ligated
DNA strand results in a heterogenous pool of antigen receptor genes needed for T and B cell development. Failure

of the DSB repair mechanism activates the PI3K/AKT/mTOR signaling pathway, which induces
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immunosuppressive cells known to promote cancer progression. Variable region (v), Constant region (c), Heavy
chain (H), Light chain (L).

2.3. Escape

Cancer cells with an altered genetic makeup have the ability to withstand the immunological stress throughout the
equilibrium stage and proceed to the escape phase, where they continue to grow without restrictions. The
mechanisms utilized by cancer cells to proceed to the escape phase are attributed to their ability to alter antigen

processing and presentation pathways.

2.3.1. Escaping the Antigen Presentation Pathway

In a normal setting, tumor-associated antigens will be presented to cytotoxic T cells through major
histocompatibility complex (MHC) class I; however, cancer cells downregulate the expression of proteins involved
in antigen presentation including MHC | proteins and inhibit the maturation of DCs. This dispossesses cytotoxic T
cells’ ability to recognize tumor cells, thus allowing them to evade immunosurveillance 28, Downregulation or loss
of MHC class | molecule expression could result from the heterogeneous expression of multiple tumor antigens
that develop due to mutations in the B2 macroglobulin subunit 229, Activated APCs destroy cancer cells by either
engulfing them or through interaction with tumor-infiltrating NK cells. The NK cells’ method of destroying cancer
cells can still be utilized to destroy cells with downregulated expression of MHC class | molecules 28, To escape
this, cancer cells develop other mechanisms such as downregulation of low molecular mass polypeptide (LMP) 2

and 3, which results in modifications of various antigens presented by MHC class | molecules 1],

2.3.2. The PD-1/PD-L1 Pathway as a Mechanism of Escape

Programmed cell death protein-1 (PD-1) and its ligand PD-L1 can both be expressed on the surfaces of cancer
cells, whilst PD-1 is predominantly expressed on the surface of immune cells. The PD-L1/PD-1 pathway’s primary
function is the maintenance of immune tolerance and protecting the body from self-harm through the
immunological attack. The downside of PD-L1/PD-1 pathways is that hindering T cells’ immune responses also
provides a way for cancer cells to evade the immune system and survive. The immunosuppressive ability of this

pathway encouraged the development of inhibitors against PD-L1/PD-1 proteins as cancer immunotherapy 22331,

| 3. The Tumor Microenvironment

The tumor microenvironment consists of a diverse population of nonmalignant cells/components, including immune
cells, fibroblasts, stem cells, endothelial cells, secreted proteins, extracellular matrix, and blood vessels that can be
manipulated by cancer cells to promote its proliferation and survival. Tumor cells accomplish this by establishing
harmonious cross talk and interaction with the components of the tumor microenvironment. The components of the
tumor microenvironment and the structure can differ according to cancer types 3433l Cells of the tumor

microenvironment, particularly T lymphocytes, have been used in adoptive cell therapies either autologously or
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from allogeneic donors. Their use as a clinical diagnostic tool is well established, with more studies venturing on

finding related biomarkers that can be used as predictors of patient clinical outcomes.

Activation of hypoxia-inducible factor (HIF) signaling promotes cellular adaptation to hypoxic conditions. This gives
cancer cells a unique phenotype that allows them to survive and grow beyond control with the ability to resist
cancer therapy 28, As one of the key factors that promote cancer progression, HIF regulates several processes
within the tumor microenvironment. The mTOR pathway significantly induces HIF-1a. However, reduction in
nutrition supply in cancer cells inhibits HIF-1a activity via a mTORC1 dependent mechanism BZ. The HIF-1/2a
upregulates genes that assume control of immunomodulatory and metabolic processes within the tumor
microenvironment. A process accomplished by induction of epithelial-mesenchymal transition (EMT)-related
transcription factors such as SNAIL and ZEB family of transcription factors, and twist transcription factor (TWIST),
to mention a few 28, The EMT processes have also been implicated in cancer progression, metastasis, and drug
resistance 39, Of interest, the mTOR signaling pathway is associated with numerous immunosuppressive cells that
contribute substantially to the development of a suitable tumor microenvironment for cancer progression and drug
resistance. High mTORCL1 activity and increased glycolytic metabolism were observed in effector Tregs similar to
that seen in CD8+ T cells. Effector Tregs also showed higher activity of HIF-a and glycolysis enzymes, hexokinase
2 (Hk2), and phosphofructose kinase (Pfkp). Furthermore, effector Tregs mTORCL1 activity was not comparable to
their central Tregs counterparts during the analysis of glycolysis and TCA cycle metabolites. Overall, this data
suggests that antigen exposed Tregs have high mTOR and glycolysis 49,

| 4. Immunoregulatory Signaling Pathways
4.1. Myeloid-Derived Suppressor Cells

The MDSCs are a heterogeneous population of immature immune cells derived from a common myeloid progenitor
within the bone marrow 21, These cells will subsequently be differentiated into monocytes, macrophages, DCs,
and granulocytes 42, Their immunosuppressive effect is associated with the worst patient prognosis in cancer 43!,
High levels of circulating MDSCs were also associated with the worst overall survival in patients with solid tumors
suggesting the importance of these cells as potential therapeutic targets for the treatment of the disease 4l They
have also been implicated in reducing treatment response to immune checkpoint inhibitors 8. Myeloid-related
protein S100A9 has been shown to be one of the mechanisms that cancer cells use to block antitumor
mechanisms. Overexpression of S100A9 increases the levels of MDSCs, which are associated with impaired
maturation of APCs within the tumor microenvironment 3. Multiple proteins are also involved in the regulation of
MDSCs in cancer. Expressed mainly by hemopoietic cells and encoded by the inpp5d gene 8] SHIP-1 is a
negative regulator of the PI3BK/AKT downstream signaling pathway in a number of cellular activation processes,
including myeloid survival. SHIP expression has been shown to be essential in the maintenance of myeloid cells.
The downregulation of SHIP expression induced apoptosis in neutrophils and mast cells whilst downstream
regulation of PI3K by AKT is associated with reduced apoptosis 224811491 Neutrophils have been shown to promote
cancer progress via degradation of insulin receptor substrate-1 (IRS-1). This result promotes PI3K interaction with

mitogen platelet-derived growth factor receptor (PDGFR and resultant tumorigenesis 42, In the absence of SHIP,
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AKT becomes phosphorylated, an effect abrogated by inhibition of PI3K, indicating its role as the key regulator of
AKT (28] The function of SHIP and its multiple immunomodulation of signaling pathways is discussed in more detail
elsewhere B9, The induction of PI3K activation is increased in myeloproliferative diseases such as acute myeloid
leukemia 1. Efforts to block PI3K along with mTOR signaling pathways for the implementation of molecularly
targeted therapies in clinical trials are ongoing [2&. The parallel interaction between mTOR and PI3K signaling
pathways implies their similarity in performing regulatory roles in cell proliferation and apoptosis needed for cancer
survival and proliferation 22, Thus, the use of SHIP alone or in combination with inhibitors of PI3K and parallel
pathways in cancer has been postulated. One of the known signaling pathways that runs parallel with PI3K is
mitogen-activated protein kinases (MAPK) signaling.

4.2. Tumor-Associated Macrophages

Macrophages that infiltrate solid tumor microenvironments are referred to as tumor-associated macrophages
(TAMs) B9, These macrophages have been found in abundance in a number of cancers, including breast (311,
colorectal B2 pancreatic 22, and prostate 24 cancers. High infiltration of macrophages within the tumor
microenvironment is associated with reduced overall survival and treatment response. TAMs were found to be
mainly of the M2 macrophage lineage, and their increased production of anti-inflammatory factors contributes to
tumor progression B3, The balance between TAMs and M1 macrophages is determined by signaling pathways
such as the STAT pathway. The M1 macrophage polarizing signals induced by IFN-y and lipopolysaccharide (LPS)
activate the STAT1 pathway whilst STAT3/6 pathways are activated by M2 macrophage polarizing cytokines such
as IL-10, IL-4, and 1L-13 28] To tilt the scale towards the M2 phenotype, which assists in cancer progression, the
kruepper-like 2 (KFL2) transcription factor, along with STAT6, induces M2 genes Arg-1, Mrc1, Fizz1, and PPARY. In
the same manner, M1 genes TNF-a, Cox-2, CCL5, and iNOS are blocked via the NF-kB/Hypoxia-inducible factor 1-
alpha (HIF-1a) pathway 7. Contradictory to these findings, STAT6 driven inhibition of the M2 polarization is
achieved by Trim24 CREB-binding protein (CBP)-associated E3 ligase acetylation 8. The activated STAT6
pathway can also induce the M2 phenotype via the IL-4 pathway, which is associated with lung cancer progression
and is inactive in the M1 phenotype B9, The switch from M1 to M2 macrophages is mediated by IRF/STAT
signaling 49, while the LPS stimulated TLR4 will switch polarization towards the M1 phenotype. Thus, both the NF-
kB/HIF-1a and IRF/TLR/STAT signaling pathways could be targeted in cancer to prevent cancer cells from
persistently shifting macrophages into TAMs, which favor cancer progression within the tumor microenvironment.
The PI3K/AKT signaling pathway seems to play a crucial role in immunoregulatory cells, including TAMs. By
coculturing TAMs with lung adenocarcinoma cells, higher expression levels of PI3K/AKT proteins were observed
4l The PI3K pathway has also been shown to be highly involved in macrophage polarization. The absence of

PI3Ky is associated with the M1 polarization 2!, and activation of PI3K leads to M2 polarization [43],

The Hedgehog signaling pathway has been shown to play a role in cancer progression 44, Cancer cells secrete
sonic Hedgehog (SHH) to promote their proliferation and survival. To do so, Hedgehog facilitates macrophage
polarization within the tumor microenvironment into the protumor M2 phenotype 3. Aberrant signaling of the
Hedgehog pathway is associated with dysregulated tissue patterning and development, leading to a number of
pediatric cancers.
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4.3. Reqgulatory T Cells

Regulatory T cells (Tregs) are known as one of the “master” immunoregulatory cells designed to maintain immune
homeostasis. However, cancer cells take advantage of their suppressive effect on T cells to evade the immune
response and continue to grow without restriction. Tregs are a heterogeneous set of immune cells. This means that
finding a specific marker, particularly in humans, for inhibition strategies remains a challenge. Efforts to boost
anticancer immune responses by blocking suppressive Tregs mechanisms are still being explored. This includes
inhibition of Tregs-related suppressive cytokines and surface markers using antibodies 8. For instance, the
expression of the inhibitory IL-35 cytokine and chemokine receptors such as CCRS5 recruits Tregs and activates
AKT/mTOR signaling pathway to promote Tregs function 7. The suppressive function of Tregs is known to be a
contributing factor to cancer progression. The AKT/mTOR signaling pathway, generally known to be activated in
cancer, is also responsible for cancer progression. Therapeutic interventions aimed at targeting these pathways
have been implemented, with some being in clinical trials with positive patient responses [“&. Upon further
investigation, cancer-related signaling pathways, P53 hypoxia, TNF receptor-associated factor 6—mediated
(TRAF6-mediated), IFN regulatory factor 7 (IRF-7) activation, NKT pathway and inhibitory immune checkpoint
receptors, T cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT), PD-1, and cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4) were found to be upregulated in mice splenic Tregs 47,

5. Personalized Precision Medicine and Combinatorial
Therapies

Molecular testing platforms are employed to detect abnormalities between normal/cancerous tissue and the blood.
Alterations in DNA, RNA, splicing factors, and post-translational modifications are used for diagnostic purposes,
prediction of possible future development of disease mainly due to inheritance, and the development of therapies
(49 Molecularly targeted therapies are aimed at targeting these aberrant signatures either by down or upregulation
of the genes relevant to a particular disease. Personalized precision medicine is aimed at developing individualized
therapeutic strategies that are more effective at treating a specific type of disease with fewer adverse events and
reduced therapeutic resistance 29, Even though there is less toxicity and reduced adverse events compared with
chemotherapy, targeted therapies have presented their own drawbacks in this regard. A recent study by Du et al.
picked up a high incidence of adverse events in targeted therapies. The top five on their list included skin damage,

fatigue, mucosal damage, hypertension, and gastrointestinal discomfort.

A combination of molecularly targeted therapies with existing or newly developed chemoimmunotherapies should
therefore be considered. All three immunosuppressive cells (MDSCs, TAMs, and Tregs) have a dysregulated PI3K
signaling pathway as a common factor. Therapeutic interventions targeting PI3K are available, with some still in
clinical trials (Table 1). However, the efficacy of PI3K inhibitors is limited by therapeutic resistance. Some of the
methods suggested to overcome drug resistance are a reactivation of the PI3K signaling pathway in combination
with parallel pathways such as (but not limited to) the AKT/mTOR signaling network and manipulation of the tumor
microenvironment 48, However, it was shown that the response rate can still be very low in some cases, such as
treatment of triple-negative breast cancer patients with alterations in PIK3CA/AKT1/PTEN using buparlisib. Only
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three out of six patients with targeted DNA sequencing (MSK-IMPACT) had stable disease indicating the

ineffectiveness of buparlisib in treatment in this cohort of patients 51,

| 6. Conclusions and Future Perspectives

Most cancer therapeutic endeavors are aimed at targeting a particular molecule at a time, but medicine is slowly
revolutionizing, and multiple sets of proteins in combination with key molecular signaling pathways are being
targeted for the development of more directed/personalized therapies. More and more studies are exploring the
use of less invasive methods to diagnose or direct treatment decisions in cancer, and circulating immune cells have
been at the forefront of these endeavors. Of note, SHIP, SHH, and SECs in MDSCs, TAMs, and Tregs,
respectively, can be targeted in combination with the PI3K signaling pathway and related molecules in cancers
where these cells serve as one of the prominent biomarkers of the disease or are associated with poor clinical
outcome. In other instances where immunosuppressive cells serve as indicators of drug resistance, particularly in
relation to immune checkpoint inhibitors, personalized combinatorial therapies can be explored to decipher drug
resistance, including cases where treatment with PI3K inhibitors is ineffective. Realization of curative cancer
strategies can be accomplished through tackling both immunological and molecular signaling pathways. To do so,
researchers from different facets of cancer research can develop the ultimate cancer munition by combining
specialties, as in the case of the use of immunotherapy or nanoparticle to enhance radiotherapeutic responses.
Patient stratification can be performed through immunological and molecular biomarkers. This will assist in
selecting patients who will better tolerate certain types of immunological treatment whilst exposing them to
molecularly targeted therapies as well. An attempt to boost anticancer immunity while blocking the function of
immunosuppressive cells can be achieved by blocking related molecular signaling pathways, which have also been

shown to be activated in most cancers.

Table 1. Examples of available PI3K inhibitors and their mode of action in different cancers.

PI3K .
Inhibitor Mode of Action Cancer Type References
Alpelisib PIK3CA/PI3K-4 isoform Hormone receptor +/HER2-Breast Cancer [52](53]
Copanlisib PISKB, PI3Ky, PISK-a & PI3K-5 Follicular Lymphoma [54]
isoforms
Duvelisib PI3K-0 and PI3K y isoforms Chronic Lymphocytic Leukemia [55]
Idelalisib PI3Kd Chronic Lymphocytic Leukemia [56]
Metastatic triple-negative breast and [51][57]

Buparlisib PI3Ka, PI3KpB, PI3Kd and PI3Ky colorectal cancers

Pictilisib PI3Ko and PI3KS Advanced breast cg(r;cr:zr and cancer of the [58][59]
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