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Studies have reported a positive correlation between elevated CD8+ T cells in the tumor microenvironment
(TME) and good prognosis in cancer. However, the mechanisms linking T cell tumor-infiltration and tumor
rejection are yet to be fully understood. The cells and factors of the TME facilitate tumor development in various
ways. CD8+T cell function is influenced by a number of factors, including CD8+T cell trafficking and localization
into tumor sites; aswell as CD8+T cell growth anddifferentiation. This reviewhighlights recent literature aswell
as currently evolving concepts regarding the fates of CD8+ T cells in the TME from three different aspects CD8+
T cell trafficking, differentiation and function. A thorough understanding of factors contributing to the fates of
CD8+ T cells will allow researchers to develop new strategies and improve on already existing strategies to
facilitate CD8+ T cell mediated anti-tumor function, impede T cell dysfunction and modulate the TME into a
less immunosuppressive TME.
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1. Introduction

The anti-tumor function of CD8+T cells is highly dependent on two
crucial factors: firstly, by CD8+ T cell differentiation; and secondly by
the infiltration of CD8+ T cells into the tumor site which occurs by traf-
ficking or transporting CD8+ T cells into the tumor microenvironment
(TME) [1]. Researchers have linked elevated levels of cytotoxic CD8+
T cells in the TMEwith positive anti-tumor effects in breast [2], colorec-
tal, glioblastoma [3], and cervical cancers [4]. Thus one can positively
link elevated cytotoxic CD8+ T cells in the TME with a good prognosis
in various cancer types.

The TME, more especially that of solid tumors, hinders CD8+ T cell
trafficking and function due to a number of effects from chemokine se-
cretions, abnormal tumor angiogenesis [5,6], and the activation of inhib-
itory checkpoint pathways [7]. Following tumor infiltration, naïve CD8
+ T cells are differentiated into effector CD8+ T cells and further differ-
entiated and activated into cytotoxic andmemory CD8+T cells in order
to perform their targeted functions at the tumor site [1,8–10]. Cytotoxic
CD8+ T cells classically secrete cytotoxic cytokines and perform tumor
lytic functions upon initial encounter with foreign agents. After the ini-
tial encounter with antigens, memory CD8+ T cells remain in various
areas in order to perform their specialized functions [11]. CD8+ T cell
differentiation is dependent on the formation of the antigenic
peptide–major histocompatibility complex (MHC). Furthermore, differ-
entiation is influenced by cytokine production and costimulatory
signals fromantigen presenting cells (APCs); the secretion of extracellu-
lar cytokines [12]; and metabolic, epigenetic and transcriptional factors
[13,14]. In this reviewwe explore CD8+T cell trafficking, differentiation
and function to further understand the factors ultimately influencing
the fate of CD8+ T cells in the TME.

2. The Tumor Microenvironment

The TME is well represented by cells of the innate and adaptive im-
mune systems which contribute to tumor development and immune
evasion. The TME results from an interaction between tumorigenesis
and an individual's responses to tumorigenesis [15]. The TME is formed
by interactions between tumor cells, immune cells, and cancer associ-
ated stromal cells however, there may be other factors that have not
yet been identified. In addition, the TME is comprised of non-cellular
components such as cytokines, chemokines and other factors released
or created by the extracellular matrix [16].

The TME exhibits immunosuppressive features in the presence
of tumor cells and immune cells, secreting cytokines, i.e. transforming
growth factor beta (TGF-β), forkhead box O3 (FOXO3),
cyclooxygenase-2 (COX-2), vascular endothelial growth factor (VEGF),
serum-derived factor 1 (SDF-1), interleukins IL-6, IL-10, and others
[17,18]. The TME may activate immunosuppressive cells, contributing
to immune evasion in various ways. In this review, we discuss the fol-
lowing cells of the TME: cancer associated fibroblasts, tumor associated
macrophages, myeloid-derived suppressor cells, regulatory T cells, ef-
fector T cells, and tumor cells.

Cancer associated fibroblasts (CAFs) alter the stromal structure pro-
ducing a conducive environment for the growth of tumor cells [19,15].
Qiao and colleagues reported elevated levels of IL-6 secreted by CAFs
in esophageal squamous cell carcinoma cells, to be positively correlated
with chemoresistance and worse overall survival [20]. The presence of
CAFs cause both physical and chemical changes in the TME which are
immunosuppressive in nature.

Tumor associated macrophages (TAMs) are the term given to
describemacrophages at the tumor site.Macrophages are capable of dif-
ferentiating into various phenotypes. M1-polarized macrophages are
classically activated by IFN-γ combined with lipopolysaccharide or
tumor necrosis factor (TNF). M2-polarized macrophages are alterna-
tively activated by interleukins IL-4, IL-10 and IL-13. M1-polarizedmac-
rophages characteristically secrete pro-inflammatory cytokines and
promote inflammation, whereas M2-polarized macrophages promote
tumor growth and metastasis [21,22]. TAMs closely resemble M2-
polarized macrophages in function. TAMs prevent T cell proliferation
and activation, by the secretion of restrictive chemokines IL-10, prosta-
glandins, TGF-β or reactive oxygen species (ROS) [15,23]. In mouse
models, elevated TAMs have been reported to promote tumor growth.
Additionally, elevated TAMs have been correlated with poor prognosis
in human cancers. TAMs have been reported to promote carcinogenesis
and metastasis by promoting the formation of new blood vessels and
inhibiting CD8+ T cell infiltration and subsequent function, therefore
preventing T cell facilitated adaptive immune responses [22]. TAMs se-
crete chemokines that impede the anti-tumor function of CD8+ T cells.
In addition, TAMs play a marked role in angiogenesis. Therefore, identi-
fying ways in which to decrease the level and function of TAMs in the
TME may be successful therapeutic targets, as well as suitable adjuncts
in cancer immunotherapy. Macrophages are adaptable, depending
on the micro-environment in which they are located, which makes
them valuable reprogramming targets for cancer immunotherapy.
Reprogramming TAMs and M2-polorized macrophages into non-
tumor promoting, tumor inhibiting M1-polorized macrophages is
promising as a therapeutic strategy in cancer immunotherapy.

Myeloid- derived suppressor cells (MDSCs) suppress the function of
natural killer cells (NK) cells and T cells by producing cytokines such as
IL-6, IL-10, TGF-β and Arginase-1, an enzyme facilitating the production
of superoxides, ROS and nitric oxide (NO). MDSCs are recruited to
tumor cells by the production of the aforementioned suppressive cyto-
kines and block the functionality of dendritic cells (DCs). Current data
reports that MDSCs suppress both the adaptive and innate immune sys-
tems. Additionally, MDSCs promote metastasis and the formation of
new blood vessels which are vital steps in sustaining carcinogenesis
[24–27]. MDSCs contribute towards T cell dysfunction and inhibit T
cell activation and expansion. Additionally, MDSCs reduce IL-12 secre-
tion, thus subsequently reducing the infiltration of CD8+ T cells in the
TME. Reportedly, the immunosuppressive effect of MDSCs was altered
when treated with IL-12, the percentage of MDSCs was reduced and
the number of activated CD8+ T cells in the TME was increased [28].
MDSCs impair T cell trafficking through downregulating the expression
of CD62L on CD4 and CD8+ T cells. CD62L is a L-selectin significant in
facilitating the attachment of circulating CD8+ T cells to endothelial
cells of secondary lymphoid organs, thus facilitating CD8+ T cell migra-
tion into tumor site [27]. In addition, MDSCs have been reported to pro-
mote the production of reactive nitrogen species (RNS), which leads to
chemokine nitration, and the inhibition of CD8+ T cell trafficking, in
both mouse and human cancers [5,27,29,30]. Therapeutic strategies
preventing chemokine nitration aswell as those decreasingMDSC accu-
mulation at tumor sites are of investigative importance as adjuncts to
improving adoptive T cell immunotherapies.

Regulatory T (Treg) cells are considered immunosuppressive cells of
the TME and are obtainable from four various sources. Firstly, bymigra-
tion from lymphatic or circulatory systems to the TME; Secondly, by dif-
ferentiation resulting from the suppression of APCs by molecules in the
TME; Thirdly, by expansion as a result of DC stimulation; Lastly, by the
conversion of effector T cells into Treg cells occurring in the presence
of TGF-β. Treg cells inhibit the specialization and function of APCs, de-
creasing the interactions between APCs and T cells and subsequently
inhibiting effector T cell function [31]. Moreover, Treg cells suppress
the effectivity of NK cells. Therefore, Treg cells are capable of preventing
anti-tumor immunity by diminishing responses from both the adaptive
and innate immune systems [32]. Curiel et al. discovered that human
Treg cells function to prevent the cytotoxic effect of T cells in vivo,
thus positively contributing to tumor growth [33]. Therefore, impeding
Treg cell migration, differentiation, expansion, conversion as well as
function within the TME may show positive results in improving anti-
tumor immunity, from both adaptive and innate immune systems.

Effector T cells dynamically respond to antigenic peptides presented
byMHC on the surface of diseased or foreign cells in the presence of co-
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stimulatory or co-inhibitorymolecules. Helper, memory and cytotoxic T
cells are all considered to be effector T cells. Helper T cells, CD4 T cells,
assist cytotoxic T cells, and other immune cells to perform effector func-
tions. Memory T cells remain circulating in the immune system to re-
spond rapidly and pronouncedly upon subsequent exposure to
pathogens or may remain in pathogenic tissue as in the case of resident
memory T (TRM) cells [11,33,34]. Cytotoxic T cells in the TME may
produce interleukins IL-2, IL-12 and interferon gamma (IFN-γ), which
promote cytotoxic functions of CD8+ T cells through the production
of TNF-related apoptosis-inducing ligands (TRAILs); ROS [35] and
perforin [36].

Tumor cells express co-inhibitory receptors such as programmed
death ligand-1 (PD-L1) and CD80 that interact with inhibitory mole-
cules programmed death-1 (PD-1) and cytotoxic T lymphocyte
antigen-4 (CTLA-4) expressed by CD8+ T cells. These interactions
may inhibit CD8+ T cell activation and function [37,38]. Tumor cells
may also express ectonucleotidase CD39 and CD73 on their surface,
which have been reported to facilitate the metabolism of extracellular
adenosine triphosphate (ATP) or adenosine diphosphate (ADP) to
adenosine monophosphate (AMP) and finally into adenosine. Adeno-
sine is considered an immunosuppressant, inhibiting the trafficking
and function of CD8+ T cells at the tumor site [39,40]. Indoleamine
2,3-dioxygenase (IDO) is an enzyme produced by tumor cells that func-
tions to convert tryptophan into kynurenine in the TME. Tryptophan is
needed for the proliferation and activation of T cells, therefore in the
presence of kynurenine T cell proliferation and activation are inhibited.
In addition, kynurenine facilitates the production of Treg cells in the
TME [41]. Lactate is produced by tumor cells as a metabolic by-
product of anaerobic glycolysis and lactate production inhibits CD8+
T cell activation. Reportedly, high levels of lactate correlated with poor
progression and distant metastasis [42]. Therefore, tumor cells may ex-
press certain receptors and secrete certain enzymes and metabolites
that may facilitate T cell dysfunction and immunosuppression.

3. Trafficking and Localization of CD8+ T Cells

The function of T cells is dependent on their interaction with tumor
cells and or other cells of the TME [43]. Naïve T cells are produced in the
bone marrow. Naïve T cells are transported from the bone marrow; to
the thymus where they undergo further development; to lymph
nodes where they are activated and specialized; and through the circu-
lation to reach target organs where they perform specialized functions
[44,45]. In the thymus naïve T cells travel through the thymic cortex
and medulla, where they undergo various developmental changes
such as negative and positive selection which lead to their maturation.
In the thymus medulla, these T cells begin to express their classification
proteins CD4+ or CD8+. Mature T cells enter secondary lymphoid or-
gans such as lymph nodes and spleen where they undergo cell division
andmultiplication. The lymphnodes are the sitewhere foreign antigens
are identified and taken up by APCs (mainly DCs) and presented to the
appropriate T cell receptor (TCR) on T cells, signaling the TCR and lead-
ing to T cell activation [46,1]. Themature activated T cells exit the lymph
nodes to reach the thoracic duct, circulatory system and finally reach
target tissueswhere theymay be localized to perform effector functions
[7,47,48].

The development, differentiation and location of memory precursor
T cells are rather different from that of effector T cells. Lymph nodes
house centralmemory T (TCM) cells which are reactivated upon second-
ary encounter with an antigen. Effector memory T (TEM) cells circulate
through tissues and have cytotoxic properties. Resident memory T
(TRM) cells persist in infection or tumor sites and do not recirculate in
the circulatory system [11].

T cell trafficking is facilitated by the secretion of effector chemokines,
lytic granules and other dynamic changes that occur in the circulatory
system [1,49]. Dynamic associations occur between T cells and
endothelial cells (ECs), which are guided by chemokine and chemokine
receptor interactions, as well as adhesion molecules such as selectins
and integrins. T cells in the circulatory system need to firstly bind them-
selves to the ECs, move along ECs towards the tumor site, firmly grip to
the endothelial wall, and lastly bridge through the endothelial wall of
the blood vessel in order to enter the infection or tumor site [12,50]. T
cell trafficking is influenced by several factors: the matching of chemo-
kine receptors on T cells with chemokines secreted in the TME; aberrant
vasculature and endothelial anergy; and tumor immunosuppressive
mechanisms of the cells of the TME as well as checkpoint pathways of
the TME [12] (Fig. 1). These are further discussed in this review.

3.1. Matching of Chemokine Receptors and Chemokines

In order for CD8+ T cells to be successfully trafficked into the tumor
site, certain chemokine receptors on the T cells should interact with the
corresponding chemokines that are secreted by tumor cells and other
cells in the TME [11]. Reportedly, CXCR3 is expressed on activated CD8
+ T cells in breast and colorectal cancers and additionally inmelanoma.
CXCR3 attracts CXCL9, CXCL10, and CXCL11 chemokines which
are highly secreted by tumor cells in a number of solid cancers
[12,50,51,52]. Conversely, certain tumors may express low levels of
CXCL9, CXCL10, and CXCL11 which in turn results in decreased infiltra-
tion of CD8+ T cells into the TME. Furthermore, both CCL5 and CXCL10
have reportedly been upregulated in esophageal cancer, positively cor-
relating with high expressions of CD8 and Gzmb, markers of CD8+ T
cells, and also elevated levels of CD8+ T cells within the tumor site.
These correlations confirm that both CCL5 and CXCL10 are involved in
improving CD8+ T cell trafficking and localization in esophageal
tumor sites [53,54]. Matsumura and colleagues observed mice deficient
of CXCR6, the receptor for CXCL16 is lowly expressed on the surface of T
cells; and discovered that these mice exhibited decreased T cell migra-
tion, poor anti-tumor immunity and prognosis in breast cancer [55].
The expression of CCL4 was observed to be directly proportional to
the expression of CD8, Gzmb and the infiltration of CD8+ T cells
[55,56]. CCR5 is the common receptor for CCL4 and CCL5; CCL20 binds
to its receptor CCR6; and CCL3 to its receptor CCR1 [56]. Reportedly
CCL2, one of the most common chemokines in the TME of various can-
cers, is secreted in response to the production of ROS and RNS by
MDSCs in the TME [29]. High levels of CCL2 expression and its subse-
quent binding to CCR2 is positively correlated with the infiltration of
TAMs and negatively correlated with CD8+ T cell infiltration in the
TME [29].

The successful binding of CX3CR1 and its corresponding ligand
fractalkine has been reported to positively influence the recruitment
CD8+T cells in cancer. Elevated levels of fractalkine have been reported
in various cancer types and through interacting with its receptor it pro-
motes the recruitment of Th1 cells, helper T cells, and subsequently im-
proves CD8+ T cell function. Fractalkine has also been reported to be
correlatedwith reduced tumor growth. Further investigations of this in-
teraction may allow scientists to capitalize on directing CD8+ T cells in
and out of the TME [57,58]. The interaction between sphingosine-1-
phosphates (S1Ps) and their corresponding receptors play an important
role in the trafficking and activation of CD8+ T cell trafficking aswell as
determining the differentiation of CD8+ T cell subsets. SIP levels are
most elevated in the circulatory system, followed by the lymphatic sys-
tem and the least levels are in other tissues, this SIP concentration gra-
dient guides CD8+ T cells from the blood to the lymph and to target
tissues, thus facilitating CD8+ T cell trafficking. S1P signaling has been
reported to reduce the number of circulating naïve and TCM cells in
the circulatory system while enhancing circulating TEM cells which are
short-lived cytotoxic memory cells. Thorough investigations into SIP
signaling and its effect on TME modulation are warranted, as this may
help researchers in further understanding the recruitment and exclu-
sion of CD8+ T cell subsets in the blood, lymph and target tissues [59].



Fig. 1. Factors affecting CD8+ T cell trafficking and localization. CD8+ T cells in the peripheral blood are recruited or trafficked locally into the TME in response to the binding of various
secreted chemokines (CCL3, CXCL9, CXCL10, CXCL11, CCL4, CCL5, CCL20, and CXCL16) and their corresponding receptors expressed on tumor cells and stromal cells of the TME. CD8+ T
cell trafficking is positively influenced by the interaction between adhesion molecules (ICAM-1, VCAM-1) expressed by endothelial cells and their corresponding receptors which are
expressed on the surface of CD8+ T cells. The successful binding of the chemokine ligand fractalkine and CX3CR1 facilitates CD8+ T cell trafficking. The interaction between
sphingosine-1-phosphate (S1P) and its corresponding receptors importantly facilitate CD8+ T cell trafficking. The above mentioned receptor-ligand interactions are marked with a
solid line and arrow because they promote CD8 T cell trafficking. The binding of endothelin-1 to ETB, its corresponding receptor on endothelial cells, reduces ICAM-1 expression, thus
preventing T cell adhesion and subsequently preventing CD8+ T cell trafficking. The chemokine-chemokine receptor interaction between CCL2 and CCR2 inhibits CD8+ T cell
trafficking. The later mentioned interactions between endothelin-1 and ETB as well as CCL2 and CCR2 are marked as dotted lines because their interactions inhibit CD8+T cell trafficking.
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3.2. Aberrant Vasculature and Endothelial Anergy

The growth of all cells is highly dependent on their supply of nutri-
ents consequently, angiogenesis has been stated as one of the hallmarks
to cancer development [60]. New blood vessels are rapidly produced
within the TME. These blood vessels lack the necessary qualities to
transport nutrients and metabolites in and out of the TME and lack
the necessary integrity, strength and flexibility in order to function op-
timally for the cells in the TME [7]. The ECs forming the blood vessels of
the TME may present with little to no, poorly attached pericytes. In the
absence of pericytes, blood vessels are abnormally leaky, failing to opti-
mally transport blood in and out of the TME, thus resulting in decreased
migration of CD8+ T cells to the tumor site [5]. As a result, these blood
vessels fail to sustain their structural integrity, leaking their content, and
resulting in an acidotic, hypoxic TME [7].

As angiogenesis continues, tumor cells continue to increase the pro-
duction of VEGF, which is negatively correlated with the production of
adhesion molecules: ICAM-1; ICAM-2; VCAM-1 and CD34 on ECs.
ICAM-1 and VCAM-1 bind to their antigens LFA-1 and VLA-4 respec-
tively on the surface of T cells to stimulate T cell trafficking. Additionally,
the binding of endothelin-1 and ETB, its corresponding receptor on ECs,
reduces ICAM-1 production and localization, thus suppressing T cell ad-
hesion. The lack of adhesion molecules on ECs prevent CD8+ T cells
from attaching to ECs, ultimately preventing CD8+ T cell trafficking
from the circulatory system to the tumor site. At this stage, these dys-
functional ECs, devoid of adhesion molecules, are considered to be in a
state of anergy, lacking the ability to react to CD8+ T cells [60,61,12].
Therefore, identifying mechanisms to prevent angiogenesis in cancer
may result in maintaining or even improving CD8+ T cell migration to
the tumor site as well as maintain a normal pH, both of which promote
anti-tumor immunity of CD8+ T cells.
3.3. Immunosuppressive Cells and Checkpoint Pathways of the TME

Cells and factors of the TME have an immunosuppressive effect on
tumor infiltrated CD8+T cells and have been explored at the beginning
of this review. Immune cells express checkpoint proteins, which bind to
corresponding ligands presented on tumor cells, leading to the activa-
tion of a co-inhibitory checkpoint pathways and inhibiting CD8+ T
cell function and tumor cellular death [7]. PD-1 is an immune check-
point protein broadly expressed on T and B cells, monocytes, DCs and
NK cells; the expression of which is directed by the release of quite a
few cytokines namely IFN-γ, interleukins IL-1, IL-7, IL-15, and IL-21
[62]. PD-L1 is a co-inhibitory molecule and the main corresponding re-
ceptor ligand that binds to PD-1. PD-L1 is expressed on the surface of
many tumor cell types, immune cells and stromal cells of the TME
[37,38]. Likewise, PD-L1 expression is directed by the presence of differ-
ent cytokines, primarily IFN-γ [63], which has been deemed responsible
for the expression of PD-L1 expression on the cells of the TME
[37,38,63,64].
4. CD8+ T Cell Differentiation and Function

The activation of CD8+ T cells is a 3-step process that follows T
cell priming. It includes the interaction between TCR and the antigenic
peptide–MHC complex; the delivery of a costimulatory or co-
inhibitory signal from DCs; and lastly, the stimulation from extracellu-
lar cytokines [65] (Fig. 2). Once CD8+ T cells have been successfully
activated, they differentiate into what is known as an early effector
CD8+ T cell state. This is followed by the differentiation of CD8+ T
cells into memory precursor as well as terminal effector CD8+ T
cells (Fig. 3).



Fig. 2. Factors promoting CD8+ T cell differentiation. CD8+ T cell differentiation and
function is promoted by various factors and cellular changes. Metabolic factors such as
glucose and amino acids (Glutamine, Tryptophan and Arginine) are used as primary or
secondary sources of energy for CD8+ T cell differentiation and function. Transcription
factors T-bet, Blimp-1, Hobit and ID2 promote CD8+ T cell differentiation. The presence
of cytokines IL-2, IL-7, IL-15 and IL-21 promote CD8+ T cell activation and
differentiation. miRNAs such as miR-181a, miR-23a, miR-155, miR-150, miR-17-92, miR-
21 and let-7 miRNAs facilitate CD8+ T cell differentiation. Epigenetic changes such as
certain histone modifications (H3K9Ac, diAcH3 and HDAC7) and DNA methylations
(DNMT1, DNMT3A and DNMT3B) have been identified to facilitate CD8+ T cell
differentiation.
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4.1. Interaction between TCR and the Antigenic Peptide–MHC Complex

The TCR serves as a point of interaction for the antigenic peptide–
MHC complex, otherwise known as the MHC-peptide-TCR, as well as
antigens on APCs [33,34]. Naïve T cells are activated by professional
APCs, DCs. This is considered a crucial step in T cell activation and anti-
genic specificity [47]. However, DCs, may fail to identify, and present
foreign antigens to T cells, thus preventing CD8+ T cells from
interacting with and being stimulated by the antigen [66]. The adaptive
immune response hinges on effective antigen identification, presenta-
tion and interaction with the CD8+ T cell. Improving the aforemen-
tioned factors, within the context of the TME, will facilitate CD8+ T
cell differentiation as well as CD8+ T cell function.
4.2. Co-Stimulation or Co-inhibition Signals between the DC and the T Cell

DCs deliver costimulatory or co-inhibitory signals to T cells in order
to facilitate CD8+ T cell proliferation, cytokine production and to en-
hance effector CD8+ T cell function. Effector CD8+ T cell function is
promoted by the stimulation of costimulatory cytokines and inhibited
by the stimulation of inhibitory cytokines. T cell hypo-responsiveness
may result from the chronic stimulation from inhibitory cytokines
[67]. The activation of antigen-specific T cells will only be successful
upon the reception of a costimulatory signal from a DC. In the absence
of a costimulatory signal the T cells remain inactive.

CD69, CD95 and OX40 are costimulatory molecules commonly
expressed on CD8+ T cells that bind to corresponding ligands that are
expressed on DCs. The successful binding of these costimulatory mole-
cules to their respective ligands leads to the activation of CD8+ T
cells, thereby promoting tumor cell death [55,12,56]. CD69 activation
stimulates the influx of calcium ions (Ca2+) and the activation of
extracellular kinases ERK1/2 there-by facilitating CD8+ T cell prolifera-
tion. In addition, CD69 activation stimulates the secretion of IL-2 and
IFN-γ which further promote the cytotoxic function of CD8+ T cells
[68]. CD95 activation has been reported to facilitate CD8+T cell growth,
differentiation andmigration. CD95L, the ligand of CD95 is expressed on
DCs. The CD95/CD95L interaction promotes the differentiation of naïve
CD8+ T cells into memory and cytotoxic CD8+ T cells. Elevated
CD95L expressing DCs are correlated with improved anti-tumor immu-
nity [69]. OX40 is expressed by antigen specific CD8+ T cells, and this
expression may continue up to 72 h after antigen encounter. OX40L is
the corresponding ligand of OX40 that is expressed on the surface of
DCs. The expression of OX40 on CD8+ T cells has been reported to be
correlated with an increase in CD8+ T cells with memory phenotype.
OX40 agonists have been reported to improve the cytotoxic functions
of CD8+T cells by successfully overcoming CD8+T cell tolerance to an-
tigens or hypo-responsiveness, which usually occurs as a result of
chronic stimulation. OX40 agonists have successfully been used to
improve the immunological responses of certain metastatic cancer
patients [70,71]. CD27 and CD28 are costimulatory molecules of the
tumor necosis receptor super family and immunoglobulin family
respectively, expressed by proliferating CD8+ T cells. The interaction
between these receptors and their respective ligands CD80/CD86 and
CD70/TNFSF7 stimulate CD8+ T cell activation [72].

Co-inhibitory signals are triggered by the successful interaction be-
tween co-inhibitory molecules and their ligands e.g., PD-1/PD-L1 or
PD-1/PD-L2 interaction. This interaction results in the downregulation
of effector cytokines produced by CD4+ and CD8+ T cells [73–75],
therefore inhibiting the subsequent effector functions of these T cells.
This downregulation of effector T cell function is correlatedwith the en-
hanced development and function of Treg cells in such a TME. Cytotoxic
T lymphocyte antigen-4 (CTLA-4), an inhibitory receptor mainly
expressed on the surface of T cells, primarily binds to ligand CD80 to in-
hibit T cell activation and IL-2 function. Furthermore, the PD-1/PDL1 and
CTLA-4/CD80 interactions inhibit the Akt pathway [76]. Immune check-
point inhibitors (ICIs) are used to block PD-1/PD-L1, CTLA-4/CD80 and
similar co-inhibitory interactions [65]. ICIs have been found to be effec-
tive in treating different cancers as monotherapy and have also been
effective as adjuncts to adoptive T cell and chimeric antigen receptor
(CAR)-T cell therapies. These blockade immunotherapies upregulate
effector CD8+ T cell responses, thus resulting in positive clinical re-
sponses through the formation, stimulation and development of
tumor specific cytotoxic CD8+ T cells [77]. Interestingly, CD28 and
CTLA-4 share a common ligand, CD80. CD28 promotes CD8+ T cell acti-
vation while CTLA-4 impedes CD8+ T cell activation, thus the CD28/
CTLA-4 pathwaymay either have a costimulatory or co-inhibitory effect
on CD8+ T cell activation. It has been hypothesized that specific, suc-
cessful inhibitors of the CD28/CTLA-4 pathway will be able to diminish
the possible suppressive aspects of the CD28/CTLA-4 pathwaywhile im-
proving the costimulatory signals to ultimately improve CD8+ T cell
differentiation and funtion [72]. The presence of PD-1 expression on
CD8+ T cells and PD-L1 expression on cancer cells warrants the use of
ICIs as a mode of cancer immunotherapy. However, there are still vari-
ous challenges and limitations to PD-1/PD-L1 therapies, these are fur-
ther discussed later in this review.

DCs, may exhibit different immune functions depending on their
level of maturation. Mature DCs stimulate Th1 cell production and sub-
sequent effector CD8+ T cell function; and immature DCs stimulate
Treg cell production through the secretion of IL-10, favoring immuno-
suppression. TGF-β and IL-6 are secreted by DCs to produce Th17 cells,
which transport DCs to lymph nodes thus facilitating CD8+ T cell pro-
duction and activation [78,79], and have been reported to enhance DC
recruitment into the TME. Additionally, these helper T cells facilitate
the production, differentiation and function of tumor specific CD8+ T
cells in vivo by continuously facilitating CD8+ T cell IFN-γ production,
delaying T cell exhaustion, and promoting the activation of CD8+ T
cells [80]. Therefore, DCs facilitate tumor evasion by playing an



Fig. 3. Factors influencing T cell activation. The formation of the antigenic peptide–MHC-1 complex is a necessary process governing CD8+ T cell activation. Naïve CD8+ T cells may
subsequently be activated through their interaction with molecules and cytokines facilitating the activation of their pathways. CD27, CD28, CD69, CD95 and OX40 are costimulatory
molecules expressed on CD8+ T cells. The activation of CD8+ T cells is facilitated when any of these costimulatory molecules bind to their respective ligands on APCs. Hypoglycemia
and hypoxia lead to increased signaling of peroxisome proliferator-activated receptor (PPAR)-α, facilitating energy generation through fatty acid catabolism and prioritizing CD8+ T
cell activation. Th17 cell, a helper T cell, also facilitates CD8+ T cell activation. Naïve CD8+ T cells may be inactivated by the presence of immunosuppressive cells or factors of the
TME; interactions with tumor cells; and effects from interactions with other APCs. TAMs secrete TGF-β, IL-10 and ROS to inhibit T cell activation. MDSCs secrete Arg1, iNOS and ROS to
inhibit CD8+ T cell activation. Tumor cells expressing PD-L1 or CD80 receptors may bind to corresponding molecules PD-1 and CTLA-4 respectively, causing CD8+ T cell inactivation.
Tumor cells may express CD39 and CD73 on their surface facilitating the metabolism of extracellular ATP into AMP and finally into adenosine which inhibits CD8+ T cell activation.
Tryptophan is converted into kynurenine through the function of IDO which is produced by the tumor cell. Kynurenine inhibits CD8+ T cell activation. Tumor cells metabolize glucose
into lactate and lactate production inhibits CD8+ T cell activation. APCs may express the B7S1 molecule which inhibits CD8+ T cell activation, upon binding to its receptor B7S1R.
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important role in moderating the levels of T cell subsets through the
secretion of immunosuppressive factors [47]. Additionally, DCs may
produce indoleamine 2,3-dioxygenase (IDO) an enzyme preventing
effector CD8+ T cell growth and multiplication, thus favoring the
suppression of the immune system and tumor evasion [81]. DCs may
also produce high levels of inducible costimulator ligand (ICOS-L)
which facilitates CD4+ T cell specialization and IL-10 secretion, which
in turn stimulate Treg cell production, and subsequent immunosup-
pression. DCs have been reported to secrete IL-15 and IL-21 and these
positively influence the activation of effector CD8+ T cells. Chemokines
may negatively or positively facilitate CD8+ T cell migration in the TME
[12]. Therefore, regulating the secretion of certain chemokines is vital in
improving CD8+T cell infiltration. Combining chemokine based immu-
notherapies with anti-TAM and anti-MDSC therapies could significantly
improve CD8+ T cell trafficking and function as well as modulate the
TME into a less immunosuppressive TME.

4.3. Stimulation from Extracellular Cytokines

The expression of cytokines IL-2, IL-7, IL-15, and IL-21 promote
cytokine-driven CD8+ T cell activation and further enhance CD8+ T
cell expansion. Chemokinesmay be produced byDCs either having a co-
stimulatory or co-inhibitory influence on CD8+ T cell migration and
function. The MHC-peptide-TCR interaction is an advanced interaction
occurring at the immunological synapse (IS) that may last for several
hours in the presence of molecules and recruited chemokines that
strengthen the interaction. This interaction is maintained in order to
promote prolonged signaling, CD8+ T cell growth and production.
CCL2, CCL5, CCL19, CCL21 CXCL12 are characteristic chemokines in-
volved in stimulating CD8+ T cell growth and production. Reportedly,
CD8+ T cell stimulation via TCR and CXCR4, increased the expression
of activation markers CD69, CD25, and CD154, leading to increased T
cell growth and production; as well as the production of IL-2, INF-γ,
and IL-4 [82]. It was also discovered that CCL21 showed a higher binding
affinity than CCL19 to their ligand, leading to an increase in CD8+ T cell
growth, CD69 and CD25 expression, and the secretions of IL-2 and INF-γ
[83,54,84]. The intricacies elucidating the full effects that cytokines have
on CD8+T cell differentiation and function is only partially understood.

4.4. Cellular Metabolic Changes

Tumor cells undergo various cellular and metabolic changes,
allowing them to outcompete with immune cells for available nutrients
in the TME. This is recognized as one of the hallmarks to cancer develop-
ment discovered by Hanahan & Weinberg [85]. The growth and devel-
opment of new, proliferating cells is highly dependent on the
presence of oxygen and cellular nutrients, mainly glucose [37]. Tumor
cells are able to obtain nutrients from alternative sources such as
amino acids [86,87], acetate and fatty acids [88,89], especially in hypoxic
and hypoglycemic environments [37]. Different cells of the TME, includ-
ing T cell subtypes have different metabolic requirements enabling
them to perform their various functions [90]. Not only do tumor cells
deplete the TME of nutrients, but they additionally produce signaling
and metabolic by-products that prevent CD8+ T cell function. An
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amalgamation ofmetabolic processes result in the production and accu-
mulation of adenosine in the TME [91]. Ectonucleotidases, CD39 and
CD73, are expressed on Treg, B and tumor cells, they facilitate the me-
tabolismof extracellular ATP or ADP into AMPandfinally into adenosine
within a hypoxic TME [39]. Elevated adenosine levels in the TME have a
negative correlation with CD8+ T cell function, and a positive correla-
tion with Treg cell production, thus encouraging immune evasion
[39,92,93]. Warburg and colleagues reported that tumor cells break
down pyruvate into lactate in the presence and absence of oxygen, un-
dergoing aerobic glycolysis, in order to obtain energy in a hypoglycemic
environment. This Warburg effect proves that tumor cells are able to
adapt and continue to proliferate even in the presence of limited nutri-
ents [94]. Lactate, a by-product of glycolysis, is produced in a hypoxic
TME and may be used by the cells of the TME as an alternative source
of energy in oxidative phosphorylation (OXPHOS). Additionally, lactate
accumulation may lead to lactic acid formation, promoting chronic in-
flammation [95], inhibiting CD8+ T cell function [96] and facilitating
the migration of immunosuppressive cells into the TME [95]. The accu-
mulation ofmetabolic by-products, such as adenosine and lactate, in the
TME encourage immune evasion. Therefore, facilitating the downregu-
lation of thesemetabolites in the TMEmaybe conducive as combination
therapies in cancer immunotherapy.
4.4.1. Hypoxia
Hypoxia in tumors affects the metabolism of tumor cells and has

been characterized with a reduced response to radiotherapy and che-
motherapy [91,39,92]. Tumors progressing in a hypoxic TME elicit a
number of responses to promote tumor evasion namely, the facilita-
tion of angiogenesis; and the formation of hypoxia inducible factors
(HIFs), preventing antigen and TCR interaction [97]. Angiogenesis in
the TME results in abnormally formed blood vessels which are prone
to collapse, resulting in elevated interstitial pressure, and altered os-
motic gradients, perpetuating a hypoxic TME [60,61]. Tumor cells
may also increase the formation of HIFs which drive the expression
of glucose transporter genes, enzymes required for glycolysis, and
nitrogen oxide (NO) [95,96]. HIF-1α, facilitates the upregulation of ni-
trogen oxide synthase (iNOS) and Arginase-I, therefore facilitating the
synthesis of NO and L-Arginine respectively [97]; and the expression
of oxygen containing molecules NOX2 and ROS in the TME [98].
These are involved in limiting T cell growth, activation, differentiation,
and ultimately favor the death of effector CD8+ T cells and immuno-
suppression [99].

The interaction between antigen and TCR is prevented in a hypoxic
environment [97]. Additionally, CD8+ T cell function may be influ-
enced by hypoxia in various ways, depending on the current level of
CD8+ T cell differentiation [100]. Caldwell and colleagues studied
the effect that different oxygen levels had on T cell growth at various
levels of T cell differentiation. They observed the cytotoxic function of
CD8+ T cells under different hypoxic environments. It was interest-
ingly illustrated that the sustained function of cytotoxic CD8+ T
cells is not purely oxygen dependent. The CD8+ T cells produced in
a 2.5% oxygenated environment had a higher surface density of
CD25+, thus improving their cytotoxic ability over those produced
in the 20% oxygenated environment, which were merely higher in ex-
pression of CD25+, without an increased surface density. CD8+ T
cells adapt in response to a hypoxic TME. Caldwell and colleagues fur-
ther discovered that hypoxic environments may either impede or am-
plify CD8+ T cell function however, the mechanisms underlying this
phenomenon warrant further investigation. In addition, further inves-
tigations need to be conducted in assessing the possible effects that
cell-cell interactions and adhesions may have on cultured cells and
their responses in various hypoxic environments. These effects may
account for the contrasting possible effects that hypoxia may have
on cytotoxic CD8+ T cells [101].
4.4.2. Hypoglycaemia
Immature or naïve T cells are able to obtain theirmetabolic functions

through aerobic glycolysis, however when nutrients are limited they
may obtain metabolic function through OXPHOS [93,95]. Both normal
and tumor cells may contend for glucose by increasing their expression
of glucose transporter receptor 1 (GLUT-1) [95], the receptor for the
GLUT-1 gene expressed on the surface of most cancer cell types and
also on T cells [93], but tumor cells outcompete T cells for glucose. Addi-
tionally, in a hypoxic environment, tumor cells may activate genes that
regulate glycolysis and glucose transport, this may also occur as a stim-
ulation fromoncogenic signaling. Reportedly, high expressions of GLUT-
1 are negatively correlated with CD8+ T cell influx into the TME [95] as
well as patient prognosis in pancreatic adenocarcinoma [95], lung, ovar-
ian [102], endometrial, breast and other cancers [103]. CD8+ T cells
function optimally in a normal to high glucose environment, and may
transit into an inactive state, known as T cell anergy and eventually un-
dergo apoptosis in a hypoglycemic environment [104].

CD8+T cellsmay use amino acids, L-Glutamine, L-Arginine and tryp-
tophan as alternative sources of energy. Activated CD8+T cells undergo
aerobic glycolysis and glutaminolysis to promote the production of ef-
fector cytokines, INF-γ and IL-2 [91] and other growth factors facilitat-
ing effector CD8+ T cell clonal expansion and function [98,105]. IDO
converts tryptophan in the TME into kynurenine, which interacts with
Aryl hydrocarbon Receptor (AhR) and promotes Treg cell production
in inflammation and cancer. Elevated IDO levels in tumors are corre-
lated with poor patient prognosis [106,107].

Zhang and colleagues reported that CD8+ T cells may increasingly
use fatty acids directly as a source of energy in a hypoxic hypoglycemic
environment [108]. Fatty acids are used in the production of amino
acids, and may contribute to the formation of effector factors of CD8+
T cells. Additionally, fatty acidsmay be converted into Acetyl-CoA, to fa-
cilitate the production of GADP, a vital enzyme involved in energy pro-
duction through the Krebs cycle and glycolysis; and facilitating an
increase in the production of INF-γ, thus improving effector functions
of CD8+T cells [109]. Additionally, in a hypoxic, hypoglycemic environ-
ment, CD8+ T cells metabolically breakdown fatty acids through in-
creased signaling of peroxisome proliferator-activated receptor
(PPAR)-α, a transcriptional factor, facilitating energy generation
through fatty acid catabolism [108]. Fatty acid catabolism facilitates an
increase in the production of INF-γ, thus improving effector functions
of CD8+T cells. This formofmetabolismmay beprioritized in a hypoxic
hypoglycemic TME so as to improve CD8+ T cell mediated anti-tumor
immunity.

Galectins are naturally occurring carbohydrate binding proteins that
form a glycoprotein network with glycans in the extracellular matrix.
They are secreted by macrophages, activated T cells as well as tumor
cells and are elevated in several cancers [110,111]. Galectin-3 attaches
to glycans in the TME such as VEGF-R2, promoting angiogenesis [112];
and the expression of immune cell surface markers such as CD8,
TCR, LAG-3 and others, thus facilitating NK and T cell dysfunction
[113,114]. In addition, galectin-3 attaches to glycosylated cytokines,
i.e. IFN-γ, CXCL9 and CXCL10 decreasing their infiltration and the subse-
quent infiltration of CD8+T cells into the TME. Gordon-Alonso et al. re-
ported elevated IFN-γ, CXCL9 and CXCL10 levels in the TME aswell as an
improvement in T cell infiltration after galectin antagonist treatment.
Galectin-3 inhibitor treatment was reported to improve T cell infiltra-
tion and activation furthermore, delaying tumor growth by improving
IFN-γ levels. Thus proposing for the incorporation of galectin inhibitors
in anti-tumor strategies [110].

4.4.3. Epigenetic and Transcriptional Factors
Various epigenetic, and transcriptional factors have been reported to

control the differentiation and function of cytotoxic andmemory CD8+
T cells, operating synergistically or contrastingly in regulating T cell dif-
ferentiation [10,103], namely DNA methylation and histone modifica-
tions; as well as the functioning of T-bet and Eomesodermin (Eomes);
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B7 superfamily member 1 (B7S1); B lymphocyte-induced maturation
protein 1 (Blimp-1) andHobit; Forkheadbox proteinO1 (FoxO1), inhib-
itor of DNA-binding/ differentiation (ID) proteins and microRNAs
(miRNAs).

DNAmethylation is an epigenetic process facilitated by the function
of the following DNA methyltransferases (DNMTs): DNMT1, DNMT3A,
and DNMT3B [115]. Pathania and colleagues reported increased
DNMT1 levels in breast cancer cells, highlighting that DNMT1 is crucial
in the development of breast cancer stem cells. Furthermore, the elimi-
nation of DNMT1 inmice proved to limit breast cancer stem cell growth,
therefore decreasing tumor progression and metastasis [116]. DNA
methylation has been identified as an indicator of cancer aggressive-
ness. Similarly, DNA hypermethylation promotes carcinogenesis by de-
creasing gene expressions and transferring abnormal genetic sequences
to subsequent dividing cells [36]. Alterations in DNA methylation, as
seen in infection and carcinogenesis, are negatively correlated with
the expression of effector factors for CD8+ T cell differentiation i.e.
Gzmb, INF-γ. Interestingly, DNA methylation downregulates PD-1 ex-
pression on T cells [116,117]. DNMT1 has been identified as crucial for
the differentiation and function of CD8+ T cells in viral infection, but
not specifically in cancer. DNMT3A is expressed soon after CD8+ T
cell activation and has been identified as a regulator of effector CD8+
T cell differentiation in the early stages of CD8+ T cell differentiation.
DNMT3A favors the development of effector CD8+ T cells by impeding
the development of memory CD8+ T cells. This effect of DNMT3A has
been confirmed in both acute viral as well as cancer murine models
[118–120]. LowdoseDNAmethyltransferase or DNAmethylation inhib-
itors have proven to be successful therapies in hematologic cancers [36].
The above mentioned abnormal changes in the chromatin network or
DNA may either facilitate CD8+ T cell differentiation and function, as
in the case of DNMT3A expression. On the other hand, changes such
as DNMT1 expression and DNA hypermethylation may promote carci-
nogenesis and metastasis.

Histone proteins undergo modifications allowing them to regulate
genes of transcription in both normal and cancer cells. Themodification
of H3K9Ac results in the upregulation of genes responsible for cytotoxic
andmemory CD8+ T cell differentiation and function. G9a, another his-
tone protein, interactswithDNMT3 to facilitate histonemodifications in
facilitating effector CD8+ T cell differentiation [121]. Additionally, di-
acetylated histoneH3 (diAcH3) has been identified as amarker ofmem-
ory CD8+ T cells. HDAC7, a histone deacetylase has been identified as
vital in facilitating TCR signaling and CD8+ T cell differentiation [122].
Thus, one can deduce that the genes acknowledged to control CD8+ T
cell differentiation may be transcriptionally characterized by some
form of histone modification [115,122].

T-bet and Eomes are T-box transcriptional factors that increase INF-
γ stimulation by attaching to promoters that upregulate the stimulation
of Gzmb, perforin and INF-γ. Additionally, they have been found to up-
regulate the expression of CXCR3 and CXCR4, thus positively facilitating
effector CD8+ T cell differentiation. T-bet expression is stimulated by
TCR signaling and is positively influenced by IL-2 and negatively influ-
enced by mTOR signaling. Eomes expression is dependent on the pres-
ence of T-bet [108,10]. In contrast to Eomes, T-bet expression is most
elevated during infection or inflammation during early stages of effector
CD8+ T cell differentiation; and is least expressed once the infection or
inflammation has cleared andmemory CD8+T cells are undergoing dif-
ferentiation [10]. T-bet has been identified as an important prognostic
marker in gastric cancer as well as an important marker in assessing
therapeutic effects of immunotherapy [36,116]. CD8+ T cells express-
ing low levels of T-bet generally promote the production of memory
precursor/ stem-cell like memory T (TSCM) cells which are long-lived
pluripotent cells that are capable of differentiating into TCM and TEM
cells. CD8+T cells expressing elevated levels of T-bet are positively cor-
relatedwith the production of short-lived effector CD8+T cells and TEM
cells. Reportedly, CD8+ T cells expressing elevated levels of Eomes are
correlated with the production of TEM cells [123,124]. Li and colleagues
observed successful elimination of established tumors after the adop-
tive transfer of T-bet and Eomes expressing CD8+ T cells [124]. The
transcription factor IRF4 regulates the ratio of T-bet and Eomes expres-
sion on CD8+ T cells. The T-bet/ Eomes ratio is important in regulating
the clearance of chronic viral infections such as lymphocytic
choriomeningitis (LCMV). High levels of IRF4 maintain TCR signaling
and slant the T-bet/ Eomes ratio in favor of T-bet, favoring the produc-
tion of short-lived effector cells and antiviral function. In contrast, a T-
bet/ Eomes ratio slanted in favor of Eomes promotes the production of
memory precursor CD8+ T cells and reduces antiviral function [125].
As the immune response continues, the T-bet/ Eomes ratio favors the
production of memory precursor cells. Therefore, T-bet and Eomes are
essential transcription factors regulating the antiviral and antitumor
functions of effector and memory CD8+ T cells. Therefore, targeting T-
bet and Eomes could be of vital importance in encouraging CD8+ T
cell mediated anti-tumor immunity, regulating CD8+ T cell differentia-
tion and preventing T cell exhaustion.

B7 superfamily member 1 (B7S1) is expressed on APCs and various
solid tumor cells. B7S1 is promoted by IL-10 and IL-6, and binds to its re-
ceptor B7S1R on the surface of CD8+ T cells to inhibit CD8+ T cell
growth and cytokine secretions, thus negatively influencing CD8+ T
cell trafficking and cytotoxic function. A high expression of B7S1 is a
marker for poor patient prognosis in cancer. B7S1 upregulates Eomes,
thus facilitating T cell dysfunction and exhaustion [122]. B7S1, T-bet
and Eomes expression are closely correlated with each other, thus
closely monitoring B7S1 targeted treatments together with T-bet and
Eomes treatments is of beneficial importance in cancer immunotherapy.

B lymphocyte-induced maturation protein 1 (Blimp-1), a transcrip-
tional factor produced by effector CD8+ T cells, inhibits T cell transcrip-
tion [10]. Additionally, Blimp-1 downregulates PD-1 expression on T
cells, further confirming that it negatively influences effector CD8+ T
cell differentiation. Another transcriptional factor produced by CD8+
T cells is BCL-6 and its production is negatively correlated to that of
Blimp-1 [108,115]. CD8+ T cells producing Blimp-1 in excess facilitate
the differentiation of memory CD8+ T cells. Reportedly, Blimp-1 ex-
pression was elevated in T cells of patients with acute myeloid leukae-
mia (AML), and it was identified as a valuable biomarker in
monitoring the treatments of AML. Blipm-1 positively encourages the
transcriptional expression of ICIs on T cell surfaces, therefore signifi-
cantly encouraging T cell exhaustion in both infection and cancer
[126]. Naïve CD8+ T cells differentiate into short-lived effector CD8+
T cells with cytotoxic functions; or memory precursor effector CD8+ T
cells. These memory precursor CD8+ T cells are capable of developing
into long-lived CD8+T cells such as TEM, TCM and TRM. Short-lived effec-
tor CD8+ T cells have been reported to express T-bet and Blimp-1 in
comparison to memory precursor CD8+ T cells which have been re-
ported to express Eomes.

Hobit, the homolog for Blipmp-1, is primarily expressed on effector
CD8+T cells of humans. Hobit has been identified as an important tran-
scriptional factor expressed on short-lived effector CD8+ T cells that
regulates the fate of effector CD8+T cells similar to T-bet. However, fur-
ther investigations need to be conducted in order to clearly identify the
mechanisms and possible synergistic effects that these transcriptional
factors may have on the fates of effector CD8+ T cells [127,128]. The
mechanisms in which Blimp-1 and Hobit control effector CD8+ T cell
function is not fully understood. Further investigations need to be con-
ducted in order to clearly identify these mechanisms as well as possible
synergistic effects that Blimp-1, Hobit, T-bet and Eomes may have on
each other as well as on regulating the fate of memory and effector
CD8+ T cells. These investigations could be used to improve T cell ex-
haustion targeted therapies and may be promising in reversing T cell
exhaustion.

FoxO1 is a transcriptional factor, essential in the differentiation of
memory CD8+ T cells. It is known to work in combination with other
transcriptional factors in facilitating the chronic, long-term functions
of memory CD8+ T cells, their differentiation and continued existence
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in infection [121] aswell as in cancer. Targeting FoxO1 through deletion
has resulted in a decrease in IL-12 production, the downregulation of
mTORC1 and encouraging the production of memory CD8+ T cells,
thus promoting CD8+ T cell survival [129].

A positive correlation has been identified between the overexpres-
sion of certain ID transcription genes and perpetuating metastasis in
various cancers. The overexpression of ID2 has been identified in high
metastatic tumor cells wherein ID2 promotes further metastasis as op-
posed to low metastatic tumor cells which impede metastasis through
the decreased expression of Semaphorin 3F, an inhibitor of metastasis
[130]. In addition, ID2 has been identified as an essential factor in in-
creasing effector CD8+ T cell count during the acute onset of an infec-
tion and ID3 has been identified as a facilitator for the continued
existence of TSCM cells [36].

microRNAs (miRNAs), control gene transcription of antigen-specific
tumor infiltrating lymphocytes (TILs), as well as other cells. The expres-
sion of certain miRNAs have been reported to be elevated in effector
CD8+T cells. Additionally, miRNAs are vital in the production and func-
tion of immune cells such as MDSCs, DCs, and macrophages [131].
miRNAs have been reported as major regulators of gene and protein ex-
pression, immune checkpoints and signaling pathways, which all have
an impact on CD8+ T cell differentiation and function [132]. miRNA
profiling studies have identified either a downregulation or upregula-
tion in the expression of certainmiRNAs on various CD8+ T cell subsets
during CD8+ T cell differentiation. It has been proposed that the effi-
cacy of T cell-based therapies may be enhanced by incorporating
miRNAs in TCR- and CAR-T cell therapies thus, enhancing CD8+ T cell
mediated anti-tumor immunity through the regulation of miRNAs and
their associated genes in T cell engineering [133].

miRNA26a andmiRNA101, immunosuppressivemiRNAs, reduce the
production of EZH2, which in high levels facilitates anti-tumor immu-
nity through enhancing effector cytokine production, function and im-
proving patient prognosis. Thus the elevation of these miRNAs
ultimately leads to T cell dysfunction [133]. Reportedly, the effects of
miRNA139 andmiRNA342 expression prevent Eomes and perforin pro-
duction, and subsequently impede cytotoxic enhancing factors.
miRNA150 is broadly expressed in TILs [134], limiting IL-2 function,
thus negatively impacting on effector CD8+ T cell development [135].
Contrastingly in a later study, Smith and colleagues discovered
miRNA150 to be essential in enhancing effector CD8+T cell production
and differentiation [136]. It was reported that the lack of miRNA150
positively correlateswith the production and differentiation of memory
CD8+ T cells [137]. Immunosuppressive miRNAs negatively correlate
with the differentiation and function of cytotoxic CD8+ T cells,
impacting poorly on patient prognosis in cancer.

miRNA17–92 enhances CD8+T cell differentiation through stimula-
tion of the PI3K/AKT/mTOR pathway and the inhibition of PTEN. The in-
hibition of miRNA17–92 has been identified to favor the differentiation
of memory CD8+ T cells and elevated miRNA17–92 and miRNA181
have been identified in facilitating CD8+T cell differentiation especially
at its onset, following antigen stimulation [138]. Both miRNA17–92 and
miRNA181 expression are negatively correlated with let-7 expression,
which is characterized by a decrease in effector CD8+ T cells [139].
Reportedly, miRNA155 is an enhancer of effector CD8+ T cell differen-
tiation in infections and cancer alike [140] and miRNA23a inhibits
Blimp-1 therefore inhibiting the differentiation of effector CD8+ T
cells [54]. Elevated miRNA21 levels have been reported in effector CD8
+ T cells, which in turn facilitate T cell activation and differentiation;
and decreased levels in naïve and memory CD8+ T cells [141]. miRNAs
may be immunostimulatory in function, facilitating effector CD8+T cell
differentiation and function and may be considered as markers
reflecting positive CD8+ T cell anti-tumor immunity.

4.4.4. Signaling Pathways
Signaling pathways interact with each other to highly influence

the growth and survival of healthy and unhealthy cells [142]. The
phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway is funda-
mental in continuing cellular existence in a nutrient low, hypoxic and
acidic TME. Mammalian target of rapamycin (mTOR) obtains stimuli
from nutrients, growth factors and other cellular stimuli to facilitate
the downregulation of effectors necessary for protein synthesis, thus
inhibiting CD8+ T cellular growth, development and metabolism
[104,143]. Gene alterations and dysfunctions in solid and haematologi-
cal tumors influence the activation of these pathways, facilitating cell
growth and proliferation; improving tumor cell survival; and or facili-
tating metastasis, angiogenesis and therapeutic resistance [142]. Addi-
tionally, CD8+ T cell metabolism is preserved through the equilibrium
between the stimulation of the adenosine monophosphate-activated
protein (AMPK) and mTOR complex 1 (mTORC1) pathways. mTORC1
is essential in the differentiation of CD8+ T cells and the suppression
of mTORC1 has been reported to attenuate the differentiation of mem-
ory CD8+ T cells. In addition, mTORC1 activation is achieved through
TCR signaling and is maintained by the uptake of amino acids, which
is achieved by the function of amino acid transporters. ASCT2, a trans-
porter of glutamine and leucine, stimulates the uptake of these amino
acids into CD8+ T cells, triggering the mTORC1 signaling pathway and
promoting the differentiation of effector CD8+ T cells [96]. On the
other hand, increased extracellular levels of potassium ions (K+) have
been reported in the TME and these ions inhibit the activation of the
AKT-mTORC1 signaling pathway. As a result of the concentration gradi-
ent and in the presence of the enzyme protein phosphatase 2A (PP2A),
K+ ions move into CD8+ T cells and the mTORC1 signaling pathway is
inhibited [144,145]. The stimulation of the PI3K/Akt/mTOR signaling
pathway promotes tumor cellular proliferation within a nutrient defi-
cient TME; yet also impeding the production of T cell effector factors.

TheWnt/β-catenin; STAT3 and SMAD; and theNotch signalingpath-
ways have been identified as additional pathways regulating T cell
growth, trafficking, differentiation, activation and ultimately function
[146]. Upon activation, the Wnt/β-catenin pathway impedes the
expression of Eomes, a chief CD8+ T cell regulator necessary for the
production of INF-γ, therefore impeding effector CD8+ T cell differenti-
ation. Consequently, the induction of Wnt/β-catenin by TWS119 has
been known to enhance the promotion of TSCM cells [146],which are ca-
pable of re-establishing themselves, promoting the differentiation of
TCM and TEM cells which re-circulate in the blood and are reactivated
upon re-encounter with an antigen [147]. However, the activation of
the Wnt/β-catenin pathway has been positively correlated with carci-
nogenesis and metastasis. It is an important oncogenic pathway that
leads to tumor evasion. A negative correlation between increased β-
catenin expression and the infiltration of CD8+ T cells at tumor sites
has been identified. In addition, increasedβ-catenin expression is corre-
lated with the migration, function and survival of Treg cells [148]. Acti-
vation of Wnt/β-catenin pathway may have contrasting effects on
tumor immunity, therefore immunomodulation through this pathway
is considered contentious. Highly specific inhibitors would have to tar-
get certain aspects of the pathway while amplifying other aspects of
the pathway in order to improve effector CD8+ T cell mediated anti-
tumor immunity.

STAT3 and SMAD activation is initiated by mature T cells and is
further maintained by the secretion of IL-21. Additionally, IL-6, IL-10,
TGF-β, VEGF and other inhibitory cytokines trigger STAT3 signaling,
impede effector CD8+ T cell differentiation and exhaustion, favoring
the production of TSCM cells. The production of TSCM cells is enhanced
by the overexpression of ID transcriptional genes as well as STAT3 sig-
naling in mature CD8+ T cells. In addition, STAT3 signaling triggered
by oncogenes facilitates the expansion of MDSCs and Treg cells [147].
STAT3 controls the expression of transcriptional factors Eomes, Blimp-
1, BCL-6 thus protecting the survival of memory precursors, rather
than cytotoxic CD8+ T cells.

TheNotch signaling pathway determines Eomes expression [149]. In
vitro studies have associated Notch signaling with the production of ef-
fector genes and markers of cytotoxic CD8+ T cells, namely Gzmb,
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perforin, INF-γ, and T-bet. Furthermore, Notch expresses a vital factor
forming the receptor for IL-2, which additionally facilitates the PI3K/
Akt/mTOR signaling pathway [142,150]. The Notch pathway favors T
cell differentiation towards the production of TSCM cells which are
highly proliferative, self -renewing, pluripotent cells that display supe-
rior anti-tumor efficiency than TCM and terminal effector CD8+ T cells.
In addition, TSCM cells respond rapidly to antigens upon re-exposure,
are resistant to apoptosis, and are highly cytotoxic to cancer cells
[151,152]. Therefore, developing specific and non-specific techniques
to modulate Notch signalingmay enhance the production and develop-
ment of TSCM cells with cytotoxic abilities. Targeting the Notch pathway
may possibly by-pass CD8+ T cell dysfunction by replenishing the
supply of TSCM cells in the TME. Thus, immunomodulation of the
Notch signaling pathway is of vital importance in enhancing adoptive
T cell therapies.
5. T Cell Dysfunction

T cell anergy, exhaustion, senescence and stemness are all consid-
ered as different types of T cell dysfunction [153]. T cell anergy is an in-
active state in which T cells produce low levels of IL-2 resulting in
incomplete effector T cell differentiation. Exhausted T cells are charac-
terized as effector T cells that produce reduced levels of effector cyto-
kines, express co-inhibitory receptors on their surface, exhibit low
effector functions and are resilient to being converted back into func-
tional effector T cells. T cell senescence is characterized by decreased
CD28 expression, thus preventing T cell costimulation, leading to the
loss of genes at chromosomal ends and subsequently the cessation of
the cell cycle [131,154]. T cell stemness is the ability that TSCM cells
have in re-establishing themselves and facilitating the differentiation
of TCM cells and TEM cells. T cell stemness is a desired type of T cell dys-
function [153].

Chronic T cell stimulation results from prolonged illness or inflam-
mation, due to injury, infections or cancer. Chronic T cell stimulation
re-exposes the TCR to antigens and thus weakens the TCR response to
antigens; inhibiting T cell growth, effector cytokine production and cy-
totoxic function of CD8+ T cells [61,131,154]. Exhausted CD8+ T cells
express high levels of co-inhibitory receptors on their surface, such as
PD-1, CTLA-4, lymphocyte activation gene 3 protein (LAG-3), and T-
cell immunoglobulin domain and mucin domain protein 3 (TIM-3)
[131]. As T cells develop into exhausted T cells they lose their ability
to produce various immunostimulatory cytokines. At an early phase of
T cell exhaustion, exhausted T cells lose their production of IL-2, leading
to their loss of cytotoxic function. TNF-α production is lost at an inter-
mediate phase of T cell exhaustion, and the loss in IFN-γ and Gzmb pro-
duction occurs at an advanced phase of T cell exhaustion [149,155]. The
increase in expressions of co-inhibitory receptors on exhausted T cells
as well as the decrease in secretions of immunostimulatory cytokines
results in decreased CD8+ T cell growth, differentiation and trafficking.

Insufficient T cell trafficking and T cell exhaustion may contribute to
resistance to ICI therapies. In order to address these common challenges
and limitations in the therapeutic efficacy of ICI therapies, ICI therapies
are being explored in combination with other therapies [99]. Successful
results have been reported in combining anti-PD-1/PD-L1 therapies
with mainstream chemotherapy in gastric [156] and colorectal cancer
[157]. Similarly, positive results have been reported in combining anti-
PD-1/PD-L1 with radiation therapies in melanoma [158]. Preventing
and reversing T cell exhaustion are promising strategies in targeting
the challenges and limitations of ICI therapies. Kamphorst and col-
leagues investigated various strategies in order to improve the efficacy
of PD-1 therapies. They identified the important role that the CD28/B7
costimulatory pathways play in reversing CD8+T cell exhaustion. Stim-
ulation of this costimulatory pathway improved the efficacy of PD-1
blockade therapy in cancer as well as chronic viral infection. They fur-
ther suggested that future investigations should explore the use of
CD28 as a predictive biomarker for possible PD-1 blockade sensitive pa-
tients [159].

The effector function of T cells is positively correlatedwith the differ-
entiation of CD8+ T cells. Investigators have observed the sustained
survival of TCM cells as opposed to effector CD8+ T cells in vivo. In addi-
tion, it was deduced that co-infusing CD4+ T cells with CD8+ T cells
during adoptive cell therapy improved the efficacy of CD8+ T cells
in vivo. The efficacy of the CD8+T cells was enhanced by the supportive
aid of the CD4+ T cells. Similarly, researchers have highlighted that the
infusion of memory or TSCM cells may improve the efficacy of CAR-T cell
therapy aswe know it. This would address T cell exhaustionwhich usu-
ally occurs in the conventional approach of infusing terminally differen-
tiated effector CD8+ T cells in adoptive cell and CAR-T cell therapies
[160].

During infection, illness or cancer, foreign antigens are identified by
CD8+ T cells, in order to facilitate antigen presentation and to initiate
the immune response. This concept is based on self-nonself discrimina-
tion. Foreign antigens express molecular signatures that make them
easily identifiable. Tumor cells do not always express these foreign anti-
gens however; they may exhibit an overexpression of tumor associated
antigens (TAAs) which are lowly expressed in normal tissues. Many
TAAs have been identified as promising targets for cytotoxic CD8+ T
cellswhich are tumor specific in their function.However, the expression
of TAAs in normal tissues may trigger mechanisms that encourage the
production of T cells with TCRs of reduced sensitivity. This process is
termed central or peripheral tolerance. On the other hand, in their at-
tempt to perform their tumor specific function, highly sensitive cyto-
toxic CD8+ T cells may successfully destroy tumor cells and normal
cells. Tumor-specific neoantigens are alternative antigens expressed ex-
clusively on the surface of tumor cells. Neoantigen-specific CD8+T cells
are able to identify, specifically target and destroy these tumor cells
without leading to toxicity or the destruction of normal cells
[161,162]. It has been postulated that utilizing neoantigen vaccines to-
gether with ICI or other combination therapies may activate
neoantigen-specific CD8+ T cell expansion and responses. Tumor spe-
cific CD8+ T cells may have improved anti-tumor function in various
cancer types [162,163]. The specificity of neoantigens make them ideal
targets for tumor specific CD8+ T cell antitumor immunity.
6. Conclusion

The anti-tumor functions of CD8+ T cells in the TME are dependent
on antigen presentation; successful T cell priming, trafficking, differen-
tiation and function. Naïve CD8+T cells migrate from the bonemarrow
and secondary lymphoid organs; differentiate from naïve CD8+ T cells
to effector CD8+T cells and further differentiate intomemory and cyto-
toxic cells. Cytotoxic CD8+ T cells enter the tumor site to perform their
function and memory CD8+ T cells may either enter the tumor site as
TRM cells or recirculate in the blood to perform their various functions
as TCM cells. In theory, once cytotoxic CD8+ T cells enter the tumor
site they should be able to destroy tumor cells however, the cells and
factors of the TME provide an immunosuppressive environment
preventing the function of CD8+ T cells [164]. Various forms of cancer
immunotherapy have proven to be effective in re-establishing and pro-
moting CD8+T cell anti-tumor immunity however, many of these ther-
apies have a short-lived and or limited effectivity due to the
immunosuppressive effects of the TME. Combination therapies focusing
on upregulating and improving effector CD8+ T cell function as well as
those impeding immunosuppressive effects of the TME are of increasing
vital significance in cancer immunotherapy. In addition, preventing and
reversing T cell exhaustion and enhancing the stem-cell like properties
of CD8+T cells are promisingmechanisms to improve CD8+T cell pro-
liferation and survival within the TME, enhance anti-tumor function, as
well as valuably improve adjunct modifications to adoptive T cell ther-
apies in future.
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