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Abstract: The understanding of the tumor microenvironment (TME) has been expanding in recent
years in the context of interactions among different cell types, through direct cell-cell communication
as well as through soluble factors. It has become evident that the development of a successful
antitumor response depends on several TME factors. In this context, the number, type, and subsets of
immune cells, as well as the functionality, memory, and exhaustion state of leukocytes are key factors
of the TME. Both the presence and functionality of immune cells, in particular T cells, are regulated by
cellular and soluble factors of the TME. In this regard, one fundamental reason for failure of antitumor
responses is hijacked immune cells, which contribute to the immunosuppressive TME in multiple
ways. Specifically, reactive oxygen species (ROS), metabolites, and anti-inflammatory cytokines
have central roles in generating an immunosuppressive TME. In this review, we focused on recent
developments in the immune cell constituents of the TME, and the micromilieu control of antitumor
responses. Furthermore, we highlighted the current challenges of T cell-based immunotherapies and
potential future strategies to consider for strengthening their effectiveness.
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1. Composition and Heterogeneity of the Tumor Microenvironment

During the multi-stage development of tumors, normal cells acquire characteristics of
cancer cells which have been postulated as continuous proliferative signaling, evasion of
growth suppressors, resistance to cell death, immortality, induction of angiogenesis, and
activation of invasion and metastasis [1]. In addition to these well-accepted postulates of
cancer hallmarks, avoiding immune destruction and deregulating cellular energetics are
described as emerging hallmarks [2]. By exhibiting these features, a high genetic diversity
within the tumor arises. In an established tumor, the heterogeneity in the cancer cell
population can largely be explained by the selective advantage of certain subclones that
outgrow the other clones in the tumor environment.

Furthermore, tumors are not only masses of a heterogeneous population of cells with
neoplastic transformation, but also contain non-transformed immune and non-immune
cells [3]. This dynamic network of cells and macromolecules, which acquires inherent com-
plexity during cancer progression or upon therapeutic intervention, forms the tumor mi-
croenvironment (TME). The non-immune cell infiltrates are composed of cancer-associated
fibroblasts (CAFs), blood, and lymphatic vasculature cells. The immune cell composition is
variable in different tumors, but generally includes quantitatively and functionally different
populations of CD4+ T cells, CD8+ T cells, natural killer (NK) cells, dendritic cells (DCs),
tumor-associated macrophages (TAMs), tumor-associated neutrophils (TANs), myeloid-
derived suppressor cells (MDSCs), and B cells (Figure 1). The non-cellular components of
the TME are the extracellular matrix (ECM) and soluble factors.
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Figure 1. Tumor cell clearance by the concerted action of immune cells. (1) Sampling of tumor antigens by DCs and

(2) antigen-presentation in tumor-draining lymph nodes activates CD4+ T cells and CD8+ T cells. (3) Priming and activation
of CD8+ T cells further requires licensing of DCs by CD4+ T cells and the cytokines produced by activated CD4+ T cells.
(4) Activated T cells help B cell maturation, antibody class-switching, and production of tumor-specific antibodies. NK-cell
mediated cytotoxicity can take advantage of the tumor-specific antibodies. (5) Activated, primed cells infiltrate the tumors.

The tumor infiltration of activated immune cells require chemokine matching as well as ECM degradation and remodeling

by MMPs.

Understanding the composition and function of immune cell infiltrates of the TME is
important for both prognosis and for designing optimal treatment modalities. This can be
best understood from the failure of conventional therapies only aiming to directly target
tumor cells without considering the TME. In recent years, characterization of the TME as
cold (T cell non-inflamed) or hot (T cell inflamed) has already contributed significantly
to successful therapies [4]. Immunologically hot tumors have higher T cell infiltrates
and respond to immunotherapies such as checkpoint blockade inhibition [5]. Conversely,
immunologically cold tumors, such as glioblastoma and pancreatic cancers, are resistant to
checkpoint blockade therapies [6,7]. The immunosuppressive environment that leads to the
exclusion of immune cells can be better defined in cold tumors. For such tumors, targeting
of specific cell types such as TAMs can be combined with T cell-based immunotherapies.
Indeed, first examples for this strategy already exist [5].

2. Tumor Immune Surveillance and Immunoediting

The concept of immunosurveillance has long been debated [8,9] since the first hypoth-
esis of immunosurveillance was formulated by Paul Ehrlich in 1909 [10]. According to this
theory, tumor cells are eradicated by our immune cells before they are clinically manifested.
Even though this concept significantly contributed to research and understanding of antitu-
mor immunity, it only explains the first step of cancer progression, namely elimination by
immune cells. Later, the concept of cancer immunoediting was developed [11]. According
to this concept, during tumor growth, immunoediting occurs in three phases, namely
elimination, equilibrium, and escape. In the elimination phase, immune cells recognize
and eliminate nascent tumor lesions that have developed because of failure of intrinsic
tumor suppressor mechanisms. However, when the tumor cells are not completely cleared,
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this partial tumor cell elimination leads to an equilibration phase. In this phase, tumor out-
growth is controlled by the immune cells, but tumor cells continue to evolve, accumulating
further mutations. Thus, further clones of tumor cells with different genetic modifications
are generated. These new clones of tumor cells can resist, avoid, and suppress the antitumor
immune response. Subsequently, they enter the escape phase, during which progressive
tumor outgrowth takes place, which results in clinical manifestation of the tumor [12,13].

It should be noted that the escape phase is not only the result of tumor-intrinsic
modifications, but is also evoked by the development of an immunosuppressive TME over
time. Importantly, an immunosuppressive TME contains hijacked immune cells which
downmodulate the T cell-controlled antitumor immune responses. Thus, understanding
the contribution of hijacked immune cells to immunosuppression and the therapeutic
strategies to overcome these obstacles have been the major focus in recent decades. Several
mechanistic insights into the contribution of hijacked immune cells to immunosuppression,
the mechanisms of failure of tumor-fighting T cells, and NK cells have been partially
elucidated. The advances in the knowledge of different immune cell types in the TME, as
well as the current and potential future use of this knowledge for designing more efficient
immunotherapies are discussed in the following sections.

3. Immune Cell Constituents of the TME
3.1. Tumor-Associated Macrophages (TAMs)

Macrophages are phagocytic cells of the myeloid lineage that have a broad spectrum
of functions including defense against invading pathogens, facilitating wound healing, and
regulating tissue homeostasis [14].

Macrophages that infiltrate the microenvironment of solid tumors are called TAMs.
During tumor progression, circulating monocytes in the peripheral blood are recruited
to the tumor sites through chemokines secreted by tumors [15,16]. In addition, recent
evidence has revealed that tissue-resident macrophages such as Kupffer cells, brain-resident
macrophages, and alveolar macrophages contribute to the TAM population in different
tumors [17,18].

Colony stimulating factor-1 (CSF-1) and monocyte chemoattractant protein-1 (CCL2)
are the major chemokines for the recruitment of macrophages. Macrophages already
present in the TME produce CCL2 and other chemokines, thereby generating a positive
feedback loop for their recruitment. In a murine tumor graft model, depletion of CSF-1 led
to reduced macrophage numbers and inhibited metastasis [19]. Similar to CCL2, there is a
positive feedback loop for CSF-1-mediated bone marrow metastasis of breast cancer cells
and recruitment of TAMs through the same chemokine axis [20].

In the TME, the polarization of macrophages into subtypes is controlled by soluble
factors. Conventionally, macrophages are classified as M1 and M2 macrophages, having
tumor inhibitory and tumor-promoting roles, respectively. M1 macrophages produce
reactive oxygen species (ROS) and proinflammatory cytokines such as Interferon (IFN)-y,
Tumor necrosis factor (TNF)-«, Interleukin (IL)-2, and IL-1f3, which play critical roles in
killing tumor cells. Contrarily, M2 macrophages produce anti-inflammatory cytokines such
as IL-10 and Tumor growth factor (TGF)-3, which promote tumor progression. Moreover,
it is now clear that macrophages exist as an even more diverse spectrum of subtypes with
high levels of plasticity [21].

At the tumor site, the contribution of M2 TAMs to tumor progression and immuno-
suppression of antitumor responses seems to overweigh their antitumoral responses. M2
TAMs contribute to tumor progression by inducing metastasis through the secretion of
chemokines, by inducing angiogenesis, by promoting tumor growth through the release
of growth factors and tumor cell invasion through the secretion of matrix metallopro-
teinases (MMPs), as well as by immunosuppression via cell—cell interactions and release
of soluble factors [22]. In fact, the presence of TAMs correlates with poor prognosis in
most tumors [23]. In this context, one important pro-tumorigenic axis is established via
vascular endothelial growth factor (VEGF) secretion and induction of angiogenesis [24].
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Macrophages contribute to ECM degradation via the release of MMPs, which enhances
their invasiveness.

M2 TAMs further contribute to suppression of T cell antitumor responses by inducing
exhaustion by high expression of ligands for exhaustion markers such as Programmed
death-ligand 1 (PD-L1) and galectin (ligand for the T cell immunoglobulin and mucin
domain-containing protein 3 TIM3). Exhaustion is a broad term describing a state of T cell
dysfunction which arises in chronic viral infections and in cancer. At that state, T cells are
defined by high expression of inhibitory receptors and a transcriptional signature different
from effector and memory T cells and eventually by hypo-responsiveness.

At the molecular level, release of soluble factors including ROS and inhibitory cy-
tokines, such as IL-10 and TGEF-§, further dampen antitumor immunity. Thus, several
layers of evidence have shown that TAMs have tumor-promoting, immunosuppressive
roles in advanced solid tumors. Thus, TAMs are now considered to be one of the most
important therapeutic targets [25].

3.2. Tumor-Associated Neutrophils (TANs)

For many cancer entities, the number of TANs correlates with poor prognosis [26-28],
and the neutrophil-to-lymphocyte ratio (NLR) in the peripheral blood has currently been
established as a prognostic marker for some cancer entities [29,30].

Neutrophils produce and release mediators that promote angiogenesis (e.g., VEGFE,
MMP-9, and Oncostatin M), modulate the microarchitecture of tumor tissues by releasing
proteases, accelerate tumor cell proliferation, and induce genetic instability. In addition,
TANSs can facilitate immune evasion or can even be immunosuppressive by upregulation
of PD-L1 [31-33], ROS production, or release of arginase. We have shown that ROS in the
cell culture supernatant of activated human neutrophils leads to diminished migration
and activation of T cells, for example, by inducing hypo-responsiveness, or can even
induce T cell necroptosis [34,35]. One cellular target of ROS in T cells was identified as the
actin-binding protein cofilin-1. Oxidized cofilin-1 loses its ability to induce actin dynamics
and, consequently, leads to a stiffening of the actin cytoskeleton. Cofilin is also indirectly
affected by arginase-1 (Arg-1) stored in tertiary granules of TANs. Arg-1 catalyzes the
production of ornithine and urea from arginine. Thus, Arg-1 induces an extracellular
arginine depletion which interferes with the signaling cascade, leading to cofilin activation.
As a consequence, T cell proliferation and expression of IFN-v is disturbed [36].

Another important tumor-promoting mechanism is NETosis, a process by which
neutrophils expel net-like structures (neutrophil extracellular traps; NETs) made of chro-
mosomal DNA in a suicidal manner into the extracellular space. NETs contain active
proteases and oxidases [37]. The physiological function of NETs is to capture, opsonize,
inactivate, and eliminate pathogens. A misdirected NETosis, for example, by sustained
inflammation, increases the extracellular protease content, facilitating tumor cell migration
and metastasis formation. Moreover, NET formation can awake dormant cancer cells, as
was demonstrated in a lung cancer model [38]. NETs can also act as a protective hull on
cancer cells against cytotoxic immune responses [39].

Contrarily, TANs may also mediate antitumor responses. Substances expressed by
TANSs, such as TNF-oc or TNF-related apoptosis-inducing ligand (TRAIL), suppress tumor
cell proliferation, induce tumor regression, or induce apoptosis in cancer cells [40-43].
From these different outcomes of TANs in the TME, it could be proposed that neutrophils
are not a homogenous cell population, but that different neutrophil subgroups must exist.
Based on mouse experiments, Fridlender et al. proposed that two groups of TANs existed,
antitumor TANs (N1) and pro-tumor TANs (N2) [44]. N1 TANs have hyper-segmented
nuclei and express TNF-a and CD95 (FAS). N2 TANSs have circular nuclei and express
ARG-1 and CCL2. While N1 TANs develop in the presence of type I interferons and
are inhibited by TGF-f3, N2 TANs develop in the presence of TGF-f3 and are inhibited
by type I interferons. However, the classification is far from being complete. Another
categorization of neutrophils reflects their physical properties in a density gradient centrifu-
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gation, and are defined as high-density neutrophils (HDNs) and low-density neutrophils
(LDNs) [45,46]. HDNs develop from mature neutrophils, while LDNs develop from im-
mature progenitor cells including N-MDSCs (see below) or from HDN in the presence
of TGF-3. At the functional level, LDNs are comparable to N2 TANs and HDNs to N1
TANSs (for more comprehensive descriptions of neutrophil subgroups, see a recent review
by Jaillon et al.) [47].

3.3. Myeloid-Derived Suppressor Cells (MDSCs)

Myeloid cells originate from common myeloid progenitors which are multipotent
immature myeloid cells (IMCs). These IMCs are believed to exist without immunosuppres-
sive functions in healthy individuals. During myelopoiesis, multipotent progenitor cells
differentiate into unipotent monocytes or neutrophils [48]. These myeloid cells represent
the first line of defense during acute inflammatory conditions such as defense against
invading pathogens [49]. Monocytes further migrate into tissues and differentiate into
macrophages and DCs. However, during chronic inflammatory conditions such as cancer,
IMC differentiation and maturation are impaired. A low and persistent level of exposure to
inflammatory factors including cytokines such as IL-5, IL-6, IFN-y, TNF-«, growth factors
such as TGF-3, VEGF, GM-CSF, G-CSF, and various chemokines drive the differentiation
of IMCs into MDSCs [50,51].

There are two major subsets of MDSCs characterized by their phenotypical and
morphological characteristics as monocytic (M-MDCS) and neutrophilic (N-MDSC). Of
these, a broad spectrum of M-MDCSs and N-MDSCs exist in the TME, which vary in the
expression of their surface markers [52,53].

MDSCs contribute to tumor progression in multiple ways, including induction of
angiogenesis, epithelial-to-mesenchymal transition (EMT), pre-metastatic niche forma-
tion, and immune evasion [54,55]. In fact, MDSCs have raised attention for their strong
immunosuppressive functions. The mechanism of MDSC-induced immunosuppression
occurs at multiple levels. These include production of ROS and reactive nitrogen species
(RNS) [56,57] that cause T cell hypo-responsiveness and apoptosis [34,35,58], and the
production and release of anti-inflammatory cytokines such as IL-10 and TGF-f3, which sup-
press the effector immune cell functions [55,59]. MDSC-mediated T cell hypo-responsiveness
is also induced metabolically through the deprivation of the amino acids arginine and
cysteine, which are required for T cell proliferation and antitumor functions [60,61], as
well as through the depletion of tryptophan by overexpression of indoleamine-pyrrole
2,3-dioxygenase (IDO), thereby leading to T cell anergy [62]. Moreover, MDSCs produce
adenosine and result in inhibition of T cell activities [63].

At the cellular level, MDSCs hijack the immune checkpoint pathways, thereby acting
as negative regulators of T cell and NK cell functions in the TME. In this context, upregula-
tion of PD-L1 expression on MDSCs [64,65] was shown to induce T cell exhaustion [66].
PD-L1 expression on MDSCs from cancer patients has been reported in several stud-
ies [67,68], and PD-L1-positive MDSCs in peripheral blood have correlated with disease
stage in lung cancer [69]. In contrast, the involvement of other checkpoint inhibitors, includ-
ing TIM3 and cytotoxic T lymphocyte-associated protein 4 (CTLA-4), in MDSC-mediated T
cell exhaustion has remained largely elusive.

3.4. Natural Killer Cells (NK Cells)

Natural killer (NK) cells are innate lymphoid cells that exert cytotoxicity similar to
CD8+ T cells, albeit target cell recognition is different. They can exert cytotoxicity by direct
contact with the target cells through the recognition of ligands by the activating NK cell
receptor. The formation of cytolytic immune synapses and localized release of effector
molecules, such as granzymes and perforin result in killing of target cells. NK cells also
exert cytotoxicity by secretion of effector cytokines such as IFN-y, TNF-«, IL-2, IL-12, IL-15,
and IL-18. Thus, in a tumor environment, NK cells can control tumor growth by direct
interactions and by controlling the function of innate and adaptive immune cells. However,
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unlike T cells and B cells, NK cells do not express clonotypic receptors and therefore are
not dependent on antigen-specific activation [70]. NK cells have been historically divided
into two groups, IFN-y-producing CD56M8"CD16!°" and cytotoxic (CD56'°WCD16M8") NK
cells. It is now clear that NK cells are heterogeneous, with variable expression of activating
and inhibitory receptors [71]. NK cell cytotoxicity is mediated by a delicate regulation of
inhibitory and activating signals that originate from their NK-inhibitory receptors (NK-
IRs) and activating receptors (NK-ARs). During their development, licensing of NK cells
through a process called “termed education” takes place, which prevents NK cells from
attacking healthy cells. During this process, interaction of NK cells inhibitory tyrosine-
based receptors with MHC-I helps to avoid killing healthy cells. NK-ARs recognize
ligands derived from pathogens, cellular stress due to viral infections, or cellular growth
factors [72].

Tumor cells often either lack or have low expression of MHC-I to escape destruction by
CD8+ T cells. According to the “missing-self recognition” hypothesis, NK cells recognize
cells that lack the MHC-I molecule, which disengages killer inhibitory receptors (KIRs),
Ly49, and other MHC-I-specific inhibitory receptors. Thus, the evolution of this mechanism
could be considered as a complement to the loss of T cell responses against MHC-I deficient
tumor cells.

The presence of NK cells in the TME correlates with good prognosis in breast can-
cer [73], gastrointestinal stromal tumors [74], neuroblastoma [75], prostate cancer, lung
cancer [76], and in several other tumors [77,78]. Despite this positive correlation in several
solid tumors, many studies have revealed that tumor-infiltrating NK cells have altered
expression of inhibitory and activating receptors, and overexpression of exhaustion mark-
ers [79,80], and eventually, impaired activities [81-83]. Multiple factors of the immunosup-
pressive solid tumor environment contribute to their impaired functions in the TME. One
specific factor is the release of soluble NKG2D ligands by the tumor cells, which prevents
interaction of NK cells with membrane-bound NKG2D ligands, thereby preventing their
cytotoxic response [84]. Furthermore, in certain other tumors, there is either no or a neg-
ative correlation between the presence of NK cells and tumor progression [80,85]. Thus,
a deeper understanding of NK cell functions in the TME, their phenotype, intercellular
communication with other constituents of the TME, and the molecular constituents of the
environment need to be further elucidated.

3.5. B Cells

Antibodies produced by B cells are the main constituents of the humoral immune
system. The role of B cells in tumor progression and antitumor immunity is only beginning
to be understood, partially due to their low numbers in the TME compared to T cells [86].
B cells that infiltrate into tumors, namely tumor-infiltrating B cells (TIBs), have been
found in several studies and are considered an important prognostic factor in various
tumors [87-89]. TIBs were found to be present in tumor-draining lymph nodes, and in
tumor-associated tertiary lymphoid structures (TLS) [90,91]. Of note, TLS are lymphoid
organs that develop ectopically in non-lymphoid organs under chronic inflammatory
conditions including cancer. Well-developed TLS share the structural and functional
characteristics with secondary lymphoid structures. These TLS can contain B cell follicles
with actively replicating B cells surrounded by a T cell region. TLS can further help the
maturation of memory B cells [92].

TIBs can have both tumor-promoting and antitumor functions. Accumulating evi-
dence suggests that this largely depends on the subtype and activity of TIBs. Principally,
TIBs exhibit antitumor functions by producing cytokines and antibodies, which induce
antibody-dependent cellular cytotoxicity and phagocytosis and enhance antigen presenta-
tion by DCs. Importantly, B cells can also serve as antigen presenting cells (APCs), thereby
shaping the T cell-mediated immunity in the TME [93].

Under normal conditions, DCs serve as professional APCs. However, during evolution
of tumors, consistent interactions between T cells and tumor cells might lead to a reduction
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in DC numbers or activity, or could induce an immunosuppressive type of DCs (see
below). Under these conditions, TIBs serving as APCs could help maintain antitumor
T cell responses. In support of this assumption, in ovarian and liver cancer samples,
surface markers associated with an APC phenotype were highly expressed on B cell
populations [94,95]. TIBs were found to be concentrated in the margins of tumors and
formed different sizes of tumor-associated tertiary lymphoid structures [94,96]. In these
structures, antigen-specific interactions between T cells and B cells seem to be an important
parameter in mounting an efficient antitumor immunity response since colocalization of
CD20+ B cells and CD8+ T cells in breast cancer, in melanoma, and in ovarian cancer was
found to be a positive marker [87,95,97]. In support of this, in a murine model, depletion
of B cells by anti-CD20 antibody resulted in impaired antigen-specific activation and clonal
expansion of CD4+ T cells, suggesting a critical role of B cells for T cell responses [98].

Moreover, in the TLS, B cells were reported to undergo clonal expansion, isotype
switching, and tumor-specific antibody production [99,100]. The presence of a broad
spectrum of antibodies recognizing tumor antigens (neoantigens) in the serum and in the
TME supports the finding of clonal expansion and isotype switching of B cells against
the tumors [101-103]. In fact, tumor-specific antibodies detected in the serum of several
cancer patients are currently being considered for use as diagnostic biomarkers for early
detection of cancer [101,102,104]. Overall, the presence of B cells in the TME has been
positively correlated with better survival and lower relapse in colorectal carcinoma [105],
lung cancer [106], breast cancer, ovarian cancer [107], melanoma [108], and in several other
cancer types.

Notably, by contrast, the presence of TIBs has also been an indicator of a negative
outcome in other human cancer types [109]. In this context, the tumor-promoting role of B
cells has been attributed to a special type of B cells, namely regulatory B cells (Bregs). Bregs
were shown to produce high levels of IL-10 and TGF-f3 which can downmodulate tumor-
specific T cell- and NK cell-mediated responses [110,111], while increasing the frequency
of Tregs in the TME [112]. Furthermore, Bregs were shown to have high PD-L1 expression
and exert immunosuppression on CD8+ T cells through the PD-1/PD-L1 axis [113,114].
Considering the dual roles of TIBs in tumor immunity, the selective clearance of Bregs,
promotion of TLS formation, as well as the targeted regulation of TIB-linked signaling
pathways may become an effective means of TIB-based tumor immunotherapy [115].

3.6. Dendritic Cells (DCs)

DCs are central regulators of adaptive immune responses, providing antigen pre-
sentation and ligands for costimulatory receptors, as well as a suitable cytokine milieu
for activation, differentiation, and effector functions of T cells (Figure 1). DCs were tra-
ditionally subdivided into conventional DCs (cDCs) and plasmacytoid DCs (pDCs). It
is now evident that additional DC subtypes exist that express different markers. These
include cDC1, cDC2, pDC, and monocyte-derived DC (moDC). Differentiation of these
subtypes from a common DC progenitor is mediated by differential expression of transcrip-
tion factors and can be discriminated by the expression of surface markers [116]. ¢cDCs
are normally in an immature state and require additional signals, such as inflammatory
cytokines or “danger signals”, e.g., pathogen-associated molecular patterns (PAMPs), and
danger-associated molecular patterns (DAMPs), for their maturation. Mature cDCs have
a lower phagocytic capacity, increased levels of MHC-I/-II and costimulatory molecules,
and enhanced cytokine production. Activated cDCs also have elevated levels of the lymph
node-homing chemokine receptor CCR7 [117-119].

cDCs are associated with antitumor functions through endocytosis of dead tumor
cells or debris, as well as through priming and activation of tumor-reactive T cells in
tumor-draining lymph nodes by presentation of tumor (neo)antigens [120]. Importantly,
the transcription factors IRF8, BATF3, and ID2 regulate the differentiation of cDC1 which
express XRP, CD141, and Clec9a on their cell surface. cDC1 can preferentially cross-present
exogenous antigens on MHC-I and activate CD8+ T cells [121,122]. In contrast, cDC2
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express IRF4, ZEB2, RELB, and NOTCH2 master regulators CD11b, CD172A, as well as
CDl1c on their surface. cDC2 have a higher potential of MHC-II antigen presentation, and
thereby increase CD4+ T cell activation [116].

Among others, the CD103+ cDC1 subtype has been shown to be the key DC subtype
for priming of CD8+ T cells in tumor-draining lymph nodes [118]. ¢DC1 contribute to
antitumor immunity by releasing the chemokines CXCL9 and CXCL10, which are essential
for the recruitment of CXCR3+ effector T cells [123,124]. T cell effector functions also
depend on cytokines such as IL-12 and type I interferons released from DCs.

Since DCs play a central role in orchestrating antitumor T cell responses in the TME,
suppression of DCs poses a major bottleneck in antitumor responses. One major suppres-
sion of cDCs takes place by exclusion of cDC from the tumors through chemokine-mediated
retention [125]. Another mechanism of downmodulation takes place via limited production
of cytokines for cDC polarization and survival in the TME [126]. In this context, elevated
IL-10 released by macrophages in the TME was shown to reduce production of IL-12,
thereby leading to a diminished DC maturation [127]. Apart from these, the activity of
cDCs in the TME can be further inhibited by metabolic challenges, such as competition for
nutrients [128] or high concentrations of adenosine in the TME [129].

3.7. T Cells

T cells orchestrate the adaptive immune response against invading pathogens and
transformed cells. In recent decades, the central role of T cells in antitumor immune
responses has been extensively studied and is well recognized. In this context, the presence
and distribution of tumor-infiltrating CD3+ and CD8+ T cells has been shown to be a
positive prognostic factor in several cancer types. Immunoscoring based on CD3+ and
CD8+ T cell presence and distribution in several tumors was correlated as a positive factor
for survival in colon cancer, lung cancer, and in several others [4,130].

There are various T cell populations in the TME primarily located at the invasive
margin and in the draining lymph nodes. The major populations are CD8+ cytotoxic T
cells, CD4+ helper cells, and CD4+ regulatory T cells.

3.7.1. CD8+ T Cells

CD8+ T cells are cytotoxic T cells that are activated upon engagement of the antigen-
specific T cell receptor (TCR) by MHC-I presented cognate antigen on APCs in the presence
of costimulatory signals. This is followed by massive clonal expansion and differentiation
into different subtypes depending on the micromilieu, which is in part determined by
secreted cytokines.

Initiation of a CD8+ T cell response against a tumor antigen in a tumor-draining
lymphoid organ takes place through the presentation of tumor antigens by cDC1 [131]. The
cross-presentation of exogenous tumor antigens in the context of MHC-I by DCs induces a
CD8+ T cell response, leading to the elimination of tumors [132]. The interaction between
CD70 and CD80/CD86 on APCs with CD27 and CD28 on CD8+ T cells is the key step in
the priming of CD8+ T cells [133]. Furthermore, CD4+ T cells promote clonal expansion,
and differentiation of CD8+ T cells into effector and memory subtypes. The CD4+ T cells
help via CD40-CD40L interactions and promote proliferation of CD8+ T cells through IL-2
production [134].

Cytotoxic T cells (CTL) exert their functions primarily by releasing cytotoxins such
as perforin and granzyme B to the target cell through cytolytic immune synapses or by
inducing target cell apoptosis through FAS-FASL interactions [135]. Furthermore, activated
CD8+ T cells express homing and chemokine receptors, thereby infiltrating infected or
neoplastic tissue and typically producing high levels of IFN-y and TNF- to kill infected
or tumorigenic cells. Importantly, recent evidence has clearly revealed that, similar to T
helper lineages, CTL cell lineages, namely, Tc1, Tc2, Tc9, Tc17, and Tc22, develop in different
environments. Each of these subtypes show differences in cytokine expression and in
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cytotoxic capacity [136]. In addition, different subtypes have been reported in different
tumors, of which Tcl was the most frequently found subtype [136].

The recruitment of CD8+ T cells to tumor draining lymph nodes is induced by the
release of CCL9 and CCL10 from DCs, which bind to CXCR3 on CD8+ T cells [123]. CCL9
and CCL10 have also been reported to be produced by several tumors [137]. The presence
of CD8+ T cells in breast cancer [138,139], colorectal cancer [140], ovarian cancer [141],
melanoma [142], and several others has been associated with good prognosis.

During antigen clearance, the majority of effector cells die by apoptosis and a small
proportion further differentiates into memory phenotypes. The memory subsets have
heterogenous phenotypes which can be categorized based on the expression of the re-
spective surface markers (Table 1) as well as other receptors such as killer cell lectin-like
receptor G1 (KLRG1), CD27, IL7R, and CXCR3. CD8+ T cells are classically subdivided into
naive, effector, and distinct memory phenotypes based on their surface expression of CCR?,
CD45, and CD62L expression [143]. Single-cell sequencing and cytometry by time of flight
(CyTOF) techniques advanced this narrow understanding of classically identified subtypes
into a broad subtype of CD8+ T cells with varying functions [144] (Table 1). It is known
that effector memory (Tgy) and central memory (Tcy) cells circulate into the bloodstream
and in secondary lymphoid organs. Tgy cells have limited expansion capacity and are in a
terminally differentiated state. Contrarily, memory stem cells (Tscp) have the capacity to
rapidly respond to antigens and effector molecules and can generate memory and effector
cells. The differentiation from memory to terminally differentiated cells is regulated by
various transcription factors for the memory phenotype; these are Eomes, TCF-1, Bcl6, and
1d3, and for the differentiated phenotype, BLIMP, STAT4, 1d2, and T-bet [145].

The importance of the characterization of T memory cell subsets can be best under-
stood from immunotherapeutic studies that show a positive correlation between the pres-
ence of CD8+ memory T cells and antigen clearance. In this context, the TILs that responded
to checkpoint blockade therapy were mostly TCF-1 positive memory T cells [146-148].

Table 1. T cell subsets and their antitumor capacity. The surface markers that discriminate the different subsets, as well as

the proliferation capacity and the effector functions of each population are given [143-145,149].

T Cell (Memory) Subset

Surface Markers Antitumor Functions

CCR7 Proliferation Effector

CD45RA CD45RO CD28 CD27 CD57 CD62L CD127

(CD197) Potential Functions

Naive (Tna) + — + + — + + + +/— _
Central memor (Tcnm) — + + + — + + + +/— +
Effector memory (Tgm) — + — +/— + — +/— — _ +
Resident memory (Trm) — + +/— + — — + — ? +
Memory stem cells
+ + + + - + + + + +
(Tsem)
Effector memory RA + N _ _ . B B B B .
cells (TEMRA)
Terminally differentiated
+ — - — + - — — — ++

effector cells (Tgg)

Importantly, the presence of large amounts of tumor-infiltrating CD8+ T cells in the
TME of progressed tumors suggested a dysfunctional state in T cells. These cells are
highly exhausted cells with an altered transcriptional regulation, cytokine profile, and
surface marker expression. Such dysfunctional or exhausted CD8+ T cells express high
levels of PD-1, lymphocyte-activation-gene 3 (LAG3), TIM3, T cell immunoreceptor with
Ig and ITIM (TIGIT), and CTLA-4 [145,150]. The exhausted cells do not respond to TCR
stimulation, have a reduced proinflammatory cytokine production capacity, and a reduced
ability to kill tumors. Therefore, significant efforts have been made to reactivate exhausted
CD8+ T cells.
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Apart from these well-known coinhibitory molecules such as PD-L, CTLA-4, several
other markers have been identified [151] (Table 2). However, the contribution of the other
markers to the fate of T cells remains largely elusive.

Table 2. Markers of T cell exhaustion and their ligands on different cell types [145,150-152].

Exhaustion Marker

Influence on Antitumor Functions of

Expressed on T Cell Ligand Cells Expressing the Ligand T Cells
PD-1 PD-L1 Tumor cells, DCs, TAMs, Bregs Inhibitory
CTLA-4 CD80/CD86 DCs, B cells, TAMs, Treg Inhibitory
TIM3 Galectin 9 APC Both i“hirlr’li;;’g ?gﬁisftté‘r’;‘ﬁ“g' but
TIGIT CD155 APC Inhibitory
Vista ? APC Largely remains to be elucidated
CD9%6 CD112 APC, tumor cells Largely remains to be elucidated
BTLA-4 HVEM T cells, Tregs, APCs, tumor cells Largely remains to be elucidated
CD160 HVEM T cells, Tregs, APCs, tumor cells Largely remains to be elucidated

Additionally, it should be noted that the immunosuppressive TME poses several other
direct and indirect challenges to prevent various steps of tumor elimination by CD8+ T
cells. These include the failure of cross-priming by DCs, thereby preventing generation of
primed-CD8+ T cells and inhibition of tumor-infiltrating CD8+ T cell functions by induction
of metabolic changes and oxidative stress.

3.7.2. CD4+ T Helper Cells

CD4+ T cells are polyfunctional, versatile adaptive immune cells with a differentiation
capacity to several functional subtypes depending on the signals. Their activation and
differentiation requires antigenic stimulation, costimulatory signals and a specific cytokine
milieu [153]. CD4+ T cells have a central role in antitumor immunity since they regulate
the functions of the majority of the tumor-infiltrating leukocytes, including CD8+ T cells,
NK cells, macrophages, and DCs.

CD4+ T cells contribute to the antitumor response directly by eliminating tumors
through cytolytic mechanisms mediated by the release of IFN-y and TNF-«, and indirectly
by modulating the presence and activity of immune cell infiltrates in the TME [154,155]
(Figure 2). Of note, CD4+ T cell cytotoxicity through FAS-FASL interactions as well as
granzyme B (GrzB) and perforin release during viral infections is a known phenomenon [156].
However, whether a similar way of killing by CD4+ T cells take place in tumors remains to
be elucidated.

In secondary lymphoid organs, CD4+ T cells contribute to the differentiation of B cells
and CD8+ T cells. CD4+ T cells can help the CD8+ T cell-mediated antitumor response in
multiple ways. First, interaction of CD40L on CD4+ T cells with CD40 on DCs is essential
for CD8+ T cell priming [133]. CD40-CD40L signaling leads to optimal antigen presentation
by DCs through the induction of expression of costimulatory molecules and cytokines.
Maturation and expansion of memory CD8+ T cells are also regulated by CD4+ T cells
through the licensing of DCs and through the direct release of cytokines such as IL-15
during priming (Figure 2) [157-159]. CD4+ T cell help for B cells is also mediated by CD40L
and CD40 interactions. Guy et al. showed that CD4+ T cell help leads to the generation of
isotype-switched antitumor antibodies. In the absence of CD4+ T cells, agonistic anti-CD40
administration led to antibody isotype switching and lower metastasis rates. However, this
did not prevent the growth of subcutaneous tumors, confirming additional roles of CD4+
T cells for controlling the growth of tumors [160].
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IL-12
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IL-2,
15 *
Bcell Antibody affinity Tumor cells
maturation&
CD8+ T cell Class-switching

Figure 2. Antitumor functions of CD4+ T cells. CD4+ T cells exert antitumor functions by helping CD8+ T cells and B
cells, and through direct cytotoxicity. Licensing of DCs by CD40-CD40L interactions is critical for priming of CD8+ T
cells (left). The CD40-CD40L axis also orchestrates CD4+ T cell help to B cells leading to antibody affinity maturation and
isotype-switching (middle). CD4+ T cells are also able to perform direct cytolytic functions whereby IFN-y and TNF- «
play critical roles. A direct cytotoxicity of CD4+ T cells against tumors by release of Granzyme B and Perforin, a known
phenomenon during viral infections, likely also takes place in tumors (right).

In recent years, the antitumor role of CD4+ T cells has gained greater interest since
several melanoma (neo)antigens were found to be recognized by CD4+ T cells both in
murine models as well as in human melanomas [161,162]. In support of these findings,
two studies further showed that mRNA vaccination with (neo)antigens mounted a strong
CD4+ T cell response [163,164]. These studies were followed up by several others which
consolidated the understanding of CD4+ T cell help for CD8+ T cell-mediated antitumor
immunity [165,166], and which identified unique populations of CD4+ T cells that have
direct cytolytic activities [167].

CD4+ T cells comprise several subtypes whose development and effector function are
well-described. However, the contribution of individual subtypes to antitumor functions
or tumor progression is less well-understood. Among the CD4+ T cell subtypes, namely,
Th1, Th2, Th17, Th9 and Th22 cells, Th1 is the most abundant and potent subgroup in
various cancer types. Thl cells produce high levels of IFN-y. In an IFN-y-dependent
manner, they can activate cytotoxic functions of DCs [168]. This can further increase the
presentation of different tumor-specific antigens by DCs [169]. Furthermore, Th1 cells
produce chemokines that enhance the priming and expansion of CD8+ T cells, and the
recruitment of NK cells and M1 macrophages [170]. In fact, Th1 promotion by IL-12 mRNA
injection has strongly increased IFN-y levels, cytotoxic T cell numbers, and antitumor
responses in murine models [171].

In contrast, the antitumor effects of Th2 cells are rather contradictory. Secretion of
IL-4 by Th2 cells can exert direct antitumor effects [172] and increase the recruitment
and the maturation of macrophages and eosinophils [173]. However, considering this
dual role, the mostly tumor-promoting role of M2 macrophages and eosinophils, and the
Th2-mediated immunity could be context-dependent. Similar to Th2 cells, Th17 and Th9
cells have been identified in several cancer types [174-176]. However, their roles have
been controversial as they were reported to have both antitumor and tumor-promoting
functions [177]. Th17 cells require IL-6, IL-13, TGF-f3, and IL-21 for their differentiation
and produce pro-inflammatory IL-17 cytokines as well as IL-23, IL-21, and GM-CSF. The
controversial roles of Th17 cells in cancer can partially be explained by the high plasticity
of Th17 cells, their potential effects on TANs, and their potential differentiation into other
cell types [178]. In the TME of different cancer types, the presence and concentration of
various cytokines, including TGF-§3, IL-4 and IFN-y and of other molecules, such as ROS,
can change the phenotype and function of Th17 cells [179,180].
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3.7.3. Regulatory T Cells

Regulatory T cells (Tregs) are a major subset of CD4+ T cells, with tolerogenic and
immunosuppressive functions. Tregs are characterized by high surface expression of CD25,
low expression of CD127, and expression of the transcription factor FOXP3, the latter
being the master regulator of the subset [181]. Decades of research on Tregs have now
shown that these can be categorized into two subsets based on their origin. Tregs that are
produced in the thymus make up the majority of Tregs in the body and are called naturally
occurring thymic Tregs (tTregs). The development of thymic Tregs is dependent on high-
avidity interactions with self-antigens and IL-2 signaling in the thymus. Tregs that develop
in the periphery from naive CD4+ T cells upon exposure to antigen stimulation under
certain cytokine milieu are called peripheral Tregs (pTregs) [182,183]. Both populations
are recruited in the TME and pTregs can further be induced in an immunosuppressive
TME [184].

Tregs are one of the major cell types inducing immunosuppression in various tu-
mors [185]. Treg-dependent suppression of antitumor immunity is associated with different
functions at the cellular and molecular level. The cellular level of inhibition is primarily ex-
erted by cell—cell interactions via the CTLA-4 axis. In this context, Tregs express high levels
of CTLA-4 that bind to CD80/CD86 costimulatory molecules on DCs, thereby blocking
their availability for binding of the costimulatory receptor CD28. This results in diminished
T cell activation and proliferation [186]. Furthermore, through the LAG-3 MHC-II axis,
Tregs can prevent the maturation of DCs, thereby impairing costimulation and activation
of tumor-reactive T cells [187].

At the molecular level, Treg-mediated immunosuppression is exerted primarily by
the release of anti-inflammatory cytokines, competition with T cells for metabolites, and
increasing extracellular adenosine levels. The release of anti-inflammatory cytokines, such as
TGF-f and IL-10, exerts strong and multiple inhibitory roles in antitumor immunity [188,189].
Tregs also compete with other T cells for IL-2 and the limited IL-2 levels can diminish T cell
proliferation [190]. Another molecular control of T cell functions by Tregs takes place by
the conversion of extracellular ATP to adenosine [191]. Under inflammatory conditions,
such as cancer, high levels of ATPs are released in the extracellular space. Extracellular
ATP is converted to ADP by CD39 and dephosphorylated to adenosine by CD73, which are
highly expressed on the Treg surface [191,192]. Extracellular adenosine then binds to the
A2A receptor on T cells, resulting in increased intracellular cAMP levels and inhibition of T
cell function [193,194]. Thus, the presence of Tregs in the TME of most cancers is correlated
with poor prognosis, making Tregs a major target for immunotherapies.

4. Molecular Constituents of an Immunosuppressive TME

Soluble factors that block T cell metabolism, activation, and effector functions and
increase immune tolerance contribute to immunosuppression in the TME. In this con-
text, the immunoinhibitory cytokines, such as TGF-3 and IL-10, the pro-oxidative mi-
lieu [58,195-198], and metabolic factors are the central micromilieu elements responsible
for immunosuppression in the TME.

4.1. Anti-Inflammatory Cytokines

Anti-inflammatory cytokines that are either secreted by tumor cells or by tumor-
hijacked MDSCs, M2 TAMs, N2 TANs, and Tregs further limit antitumor immunity. In this
context, TGF-f and IL-10 are the best-known mediators of immunosuppression. The tumor-
promoting roles of TGF-f3 during tumor progression are associated with different functions
including ECM remodeling, EMT transition, and formation of an immunosuppressive TME.
TGF-3 can suppress the activity of DCs [199], and can directly inhibit T cells and NK cells
at several states [200] while promoting Tregs and MDSCs [201]. TGF-f is associated with
immunosuppression in many cancer types. In this context, recent studies have revealed that
TGF-p is important for the exclusion of T cells from tumors, leading to immunologically
cold tumors [202,203], and that targeting of TGF-f3 can sensitize tumors for combination
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therapies [204]. Similarly, IL-10 suppresses DCs and T cell function at several states.
Targeting of IL-10 has shown promising results in preclinical studies [205]. However, since
the role of IL-10 is context-dependent and several sources of IL-10 exist, systemic targeting
of IL-10 holds potential risks. Therefore, additional molecular insights into the role of IL-10
for tissue homeostasis both within and outside of the tumor are required [206].

4.2. Reactive Oxygen Species (ROS)

Apart from the cytokines, a central regulator of the TME is the redox micromilieu.
Tumors are known entities with a special redox homeostasis and typically possess a pro-
oxidative micromilieu [207-210]. In malignant cells, ROS result from increased basal
metabolic activity, mitochondrial dysfunction, uncontrolled growth factor or cytokine sig-
naling, and oncogene activity, as well as from enhanced activity of certain ROS-producing
enzymes such as NADPH oxidases (NOXes). Apart from intracellular production in tumor
cells, ROS derive from several extracellular sources in various tumors. Stromal cells, TAMs,
TANs, MDSCs, and endothelial cells are the cellular sources of ROS that make up the
pro-oxidative milieu of solid tumors [211] (reviewed in [212,213]). Furthermore, many
cells in the tumor environment undergo cell death via apoptosis or necrosis due to low
access to Oy, nutrients, or specific killing by tumor-specific lymphocytes, which eventually
leads to the release of HyO, and other ROS into the surroundings (reviewed in [214]).
Intriguingly, the majority of chemotherapeutic reagents function directly or indirectly by
inducing ROS. While high levels of ROS have been shown to induce apoptosis, low levels
and spatiotemporally controlled ROS generation can induce tumorigenesis [215,216].

At high concentrations, ROS are detrimental due to their irreversible effects on protein
thiols (hyperoxidation), on lipids, and on DNA. However, low levels of ROS are known
to regulate key signaling events and functions of the cells. Intriguingly, tumor cells over-
express their antioxidant systems to cope with the high ROS levels [217,218]. Conversely,
functions of T cells, NK cells, and potentially B cells, which have a lower antioxidant
capacity, are strongly downmodulated by high ROS levels in the TME. In this context, we
have previously shown that proteins modulating actin cytoskeletal dynamics (cofilin and
L-plastin) are highly oxidized in T cells under pro-oxidative conditions [34,35,219,220].
Since these proteins regulate various T cell functions, including T cell migration, inva-
sion, and cytotoxicity, the oxidation of such proteins can partly explain the loss of T cell
functions in a pro-oxidative TME. Similarly, the NK cell response has been reported to be
downmodulated under pro-oxidative conditions [221]. However, an elaborate analysis of
global oxidation is required for a better understanding of redox-regulated T cell, B cell, and
NK cell functions and their respective failures in a pro-oxidative TME.

4.3. Metabolites

Another important molecular control of antitumor immunity is exerted via metabolites.
Tumor cells usually switch their metabolism to glycolysis under hypoxic conditions and
even under aerobic conditions. Similarly, activated T cells, specifically effector T cells,
heavily rely on glycolysis. Thus, tumor cells and TILs compete for glucose as an energy
source and as the precursor for biosynthesis of other molecular precursors [25,222]. Apart
from this, immune cell functions are inhibited by deprivation of the amino acids tryptophan,
cysteine, and arginine, as well as by elevated levels of free adenosine in the TME. Principally,
depletion of arginine is mediated by the release of arginase into the TME. TANs are
a well-known source of arginase, whose release was shown to downmodulate T cell
functions [223]. Similarly, MDSCs also release arginase in the TME, thereby contributing to
arginine depletion and T cell hyperresponsiveness [224]. Deprivation of another essential
amino acid, tryptophan, is mediated by high expression and extracellular levels of IDO in
the TME [225]. IDO1 is associated with a poor prognosis in solid tumors [226] and IDO1
inhibition in tumors was shown to enhance T cell responses in murine models [227]. As
mentioned above, free adenosine in the TME binds to the A2AR on T cells, which results in
the inhibition of antitumor immune responses [63,194].
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5. Immunotherapeutic Strategies against Solid Tumors

To bypass the immunosuppression in the TME, several immunotherapies, particularly
T cell-based immunotherapies, are being developed. Specifically, T cell-based therapies
(adoptive T cell therapy) including ex vivo expanded tumor-infiltrating lymphocytes (TIL),
engineered T cell receptor (TCR) as well as chimeric antigen receptor (CAR) T cells have
opened a new era in cancer therapy [228-230]. In addition to these, DC vaccination ther-
apy as well as engineering of NK cells, macrophages, and targeting of soluble factors
and metabolites in the TME are other types of immunotherapies (Figure 3). Furthermore,
antibody therapies aiming at checkpoint blockade as well as antibody-dependent cellu-
lar cytotoxicity (ADCC) are successful strategies that are currently being evaluated in
preclinical models and in clinical trials. Below, we focus on T cell-based immunotherapies.

1. CAR-intrinsic blockade of exhaustion markers
2. Checkpoint blockade with PD-1 &
o, CTLA-4
t/o,’

1. DC vaccines
2. TIL therapy
3. Targeting ROS and ROS producing
cells

4. CD40 agonists

1. CART cells armed with
chemokines

2. CAR macrophages

1. CAR T cells 3. Oncolytic viruses
2. BITEs carrying chemokines
3. CAR NK cells

1. A2AR blockade
2. IDO inhibitors

1. CART cells armed with
cytokines, e.g. IL-2

2. Targeting metabolism
3. Targeting ROS and ROS produ-
cing cells

3. Targeting arginase
4 Targeting ROS in TME
5. Targeting A2AR on T cells

6. Targeting/depleting IDO1/adenosine
/arginase producer cells
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Figure 3. Schematic overview of immunosuppressive components of the TME, the immunosuppression on T cells, and the

current immunotherapeutic strategies to overcome immunosuppression. The inner circle (light orange) shows the tumor
cells and immunosuppressive immune cell types in the TME. The middle circle (red) indicates the immunosuppressive
molecules. The outer circle (light blue) indicates the mechanism of inhibition on tumor-fighting immune cells (CD4+ T cells,
CD8+ T cells, and NK cells). For each of these major mechanisms, the cells and the soluble factors released by the respective
cells are shown in six slices. In the grey area of each slice, the current immunotherapeutic strategies are listed.

5.1. The Portfolio of T Cell-Based Immunotherapies
5.1.1. TIL Therapy
The TIL therapy was pioneered in the 1980s by Rosenberg and colleagues, where the

TIL were grown from murine tumors ex vivo in the presence of IL-2 and were shown to
reduce the metastasis in different cancer models [231]. Currently, TIL therapy includes
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ex vivo expansion of TILs from resected tumors followed by adoptive transfer to the
patients after lymphodepletion. Briefly, TILs are cultured in the presence of IL-2. Thereafter,
TILs are exposed to rapid expansion protocols (REPs), where restimulation is performed
via monoclonal anti-CD3 antibodies in the presence of allogeneic irradiated peripheral
mononuclear cells and IL-2 [232,233]. TILs have been successfully generated from various
tumors including melanoma, cervical cancer, renal cell cancer, breast cancer, and non-small
cell lung cancer [234]. Nonetheless, the TILs have shown consistent antitumor functions
only against melanoma, while their reactivity against other cancer types remained poor.
One major reason for this is the different (neo)antigen availability, and the presence of
different clones of TILs in melanoma and lower numbers of clones in other solid tumors.
Furthermore, different solid tumors pose different challenges depending on the cellular
and molecular contexture of the TME. Of note, most of the previously published studies
have focused on a rapid expansion of TILs, even in the absence of co-stimulation. It
has now become evident that T cells require not only IL-2 supplementation, but also
stimulatory and co-stimulatory signals. In addition, further characterization of the TIL
subsets (Th or Tc subtypes), the memory state, as well as the exhaustion state need to be
considered. Furthermore, in the ex vivo, expanded TILs-specific depletion of Tregs would
be a considerable improvement as their ex vivo expansion would counteract the potential
antitumor activity of TILs. Perhaps, for a more efficient TIL therapy in future, the objective
could be to achieve a memory phenotype and a diminished exhaustion state of TILs.

5.1.2. TCR Therapy

The other TCR-based adoptive T cell therapy includes engineering of autologous T
cells with genes encoding for TCRx and (3 that recognize specific tumor antigens. The
expression of the genes was previously performed via retroviral or lentiviral transduc-
tion. The CRISPR/Cas9-based technology or “sleeping beauty” technology represent other
means of genetic engineering currently being applied [235]. Using these TCR-based thera-
peutic strategies, TCR-modified T cells specific for MART-1, MAGE, NY-ESO1, or specific
CEA tumor antigens have been generated and tested in clinical trials [236-238]. TCR-based
adoptive T cell therapies have the advantage of generating several tumor antigen-specific
T cells with a defined background. However, tumors can easily escape this therapy by
reducing the expression of their MHCs. Another major drawback of this therapy is the
HLA restriction, which prevents usage in patients with different HLA haplotypes.

5.1.3. CART Cell Therapy

Among the immunotherapeutic strategies, CAR T cells represent a very promising
concept for combating cancer. They are engineered to recognize a specific antigen, for
example, neoantigens, on tumor cells and generate a tumor-specific cytotoxicity. Briefly,
the transduced CAR is composed of (i) an ectodomain derived from a single chain variable
fragment of an antibody that recognizes a (neo)antigen, (ii) the transmembrane domain,
and (iii) an endodomain with intracellular signaling domains derived from the CD3 C chain
and co-stimulatory molecules. This structure allows a specific recognition of a (neo)antigen
on tumors, resulting in T cell-mediated tumor cytotoxicity in an MHC-independent manner.
CD19-specific CAR T cells have shown great effects against B cell hematologic malignancies,
which have achieved up to 90 % remission rates in clinical trials [239]. CAR T cell therapy
in solid tumors has, so far, been unsatisfactory due to serious side effects and/or lack of
therapeutic responses [240]. The failure of CAR T cells against solid tumors is multifacto-
rial and is highly likely due to a combination of the following suppressive components
of the TME: diminished tumor infiltration, exhaustion, and the presence of inhibitory
cell types such as MDSCs, TAMs, and TANs. At the molecular level, the presence of
anti-inflammatory cytokines, adenosine, and ROS potentially further contributes to their
failure in this environment. Therefore, novel strategies in combination with CAR T cells are
required. In fact, improvement of CAR T cell infiltration into tumors by co-expression of
CCR4, and CCR2 chemokine receptors have enhanced the antitumor responses in preclini-
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cal models [241,242]. Similarly, CAR T cells modified with shRNAs targeting exhaustion
markers have shown better efficacy in murine models [243,244]. Furthermore, CAR T cells
simultaneously expressing IL-12 [245] or IL-7 [246] have shown improved efficacy.

Apart from CAR-intrinsic improvements, a combination of CAR therapy with other
therapies have shown enhanced efficacy. In this regard, the combination of CAR T cell
therapy with anti-PD-1 checkpoint inhibitor therapy showed enhanced efficacy in pre-
clinical models and also in clinical trials [247]. Along the same line, several attempts are
being made to combine CAR T cell therapy with virotherapy for a more efficient antitumor
response in solid tumors [248-250]. The latter approach holds promise to specifically lyse
tumor cells as well as to target suppressive constituents of the TME specifically by carrying
other factors, such as a bi-specific T cell engager (BITE) or cytokines [236]. However, the
tropism and lytic capacity of such viruses require considerable advancements for enhanced
efficacy and minimal toxicity. Despite these improvements, the global and strong empow-
erment of CAR T cell functions remains to be elucidated. It seems that improving the
tumor-infiltration capacity, diminishing exhaustion, or expression of cytokines are not
sufficient. Potentially, improvement of their survival, proliferation, and effector functions
also require a resistance to the micromilieu.

6. Concluding Remarks

In the era of tumor immunotherapy, varying levels of success of different immunother-
apies have been achieved in several tumor types. Specifically, cell-based therapies such
as CAR T cell therapies against B cell hematological malignancies have shown strong
responses. Yet, the failure of therapies against the majority of solid tumors overweighs
the successes until now. Nonetheless, it is exciting to note that even the failure of these
cell-based, antibody-directed, or micromilieu-targeting novel immunotherapies is accom-
panied by new lessons, as well. These failures have driven curiosity to understand the
molecular mechanisms of immunosuppression and to develop strategies for overcoming
the barriers of the immunosuppressive TME.

One fundamental reason for the failure of immunotherapies in solid tumors is the
existence of multiple immunosuppressive elements in the TME. In addition, there is a
complex interplay among different molecular and cellular constituents of the TME. For in-
stance, TGF-f3 signaling induces the activation of ROS-producing enzymes, namely NOXes,
thereby contributing to a pro-oxidative environment. Along the same line, ROS can regulate
certain metabolic enzymes such as GAPDH, and thus could potentially influence functions
and memory subsets of tumor-infiltrating T cells [251]. Tumor cell with high antioxidant
capacity can limit the influence of ROS, while T cells with lower antioxidant capacity may
fail to do so. It should be noted that hypoxic conditions can also lead to an elevated ROS
production, further contributing to the pro-oxidative micromilieu [252]. Taken together, a
better understanding of the molecules, their producers, and their mechanism of inhibition
on tumor-reacting immune cells is required for successful immunotherapies. In this context,
the pro-oxidative micromilieu of tumors and redox regulation of immune cell functions as
well as tumor progression requires special attention.

The immune cell constituents of the TME in various cancer types differ in their
abundance, cell types, subsets, and in their activation and exhaustion states. Similarly,
different TME also greatly vary in terms of their non-immune cell context, which can further
influence the behavior of the immune cell constituents. Evidently, an immunosuppressive
TME receives a synergistic contribution from the molecular and cellular constituents of the
TME. The majority of the MDSCs, TAMs, TANs, and Tregs contribute to the pro-oxidative,
acidic, adenosine-rich, and anti-inflammatory cytokine-rich TME. Under these conditions,
most T cell-based therapies including CAR T cell therapies fail against solid tumors.
Therefore, engineering tumor-reactive T cells resistant to specific immunosuppressive TME
components and therapies targeting the same or other immunosuppressive components
can be combined. This also requires patient- and tumor-specific identification of major
contributors to the immunosuppression for the targeting and specific empowerment of T
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cells. Moreover, the dynamic response of the TME to such therapies needs to be monitored
at the molecular level during treatment, possibly also by radiogenomic approaches [253].
This will allow for the redefining of the modality of immunotherapy depending on potential
resistance mechanisms acquired by the TME in response to treatment. Taken together, the
design of combinatorial immunotherapies requires consideration of the dynamics of the
TME. Thus, a deeper understanding of the cellular and molecular dynamics within the
TME is required for designing combinatorial immunotherapies that allow a more successful
treatment of solid tumors in the future.

Author Contributions: Conceptualization, E.B., Y.S.; writing the original draft, reviewing and editing,
E.B., GH.W,, Y.S. All authors have read and agreed to the published version of the manuscript.
Funding: This work was supported by the IKTZ Heidelberg and Heidelberg University Hospital.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70. [CrossRef]

2.  Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—674. [CrossRef]

3. Balkwill, ER.; Capasso, M.; Hagemann, T. The tumor microenvironment at a glance. J. Cell Sci. 2012, 125, 5591-5596. [CrossRef]
[PubMed]

4. Duan, Q.Q.; Zhang, H.L.; Zheng, ].N.; Zhang, L.J. Turning Cold into Hot: Firing up the Tumor Microenvironment. Trends Cancer
2020, 6, 605-618. [CrossRef] [PubMed]

5. Galon, J.; Bruni, D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat. Rev.
Drug Discov. 2019, 18, 197-218. [CrossRef] [PubMed]

6.  Brahmer, J.R; Tykodi, S.S.; Chow, L.Q.; Hwu, W.]J; Topalian, S.L.; Hwu, P; Drake, C.G.; Camacho, L.H.; Kauh, J.; Odunsi, K.; et al.
Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N. Engl. ]. Med. 2012, 366, 2455-2465. [CrossRef]

7. Quail, D.F; Joyce, J.A. The Microenvironmental Landscape of Brain Tumors. Cancer Cell 2017, 31, 326-341. [CrossRef]

8.  Krause, RM.; Ehrlich, P.; Avery, O.T. Pathfinders in the search for immunity. Vaccine 1999, 17 (Suppl. 3), S64-567. [CrossRef]

9. Shankaran, V.; Ikeda, H.; Bruce, A.T.; White, ]. M.; Swanson, PE.; Old, L.J.; Schreiber, R.D. IFNgamma and lymphocytes prevent
primary tumour development and shape tumour immunogenicity. Nature 2001, 410, 1107-1111. [CrossRef] [PubMed]

10. Ehrlich, P. Ueber den jetzigen Stand der Karzinomforschung. Ned. Tijdschr. Geneeskd. 1909, 5, 273-290.

11. Dunn, G.P; Bruce, A.T.; Ikeda, H.; Old, L.J.; Schreiber, R.D. Cancer immunoediting: From immunosurveillance to tumor escape.
Nat. Immunol. 2002, 3, 991-998. [CrossRef]

12.  Dunn, G.P; Old, L.J.; Schreiber, R.D. The three Es of cancer immunoediting. Annu. Rev. Immunol. 2004, 22, 329-360. [CrossRef]

13.  Kim, R.; Emi, M,; Tanabe, K. Cancer immunoediting from immune surveillance to immune escape. Immunology 2007, 121, 1-14.
[CrossRef] [PubMed]

14. Wynn, T.A,; Chawla, A.; Pollard, ]. W. Macrophage biology in development, homeostasis and disease. Nature 2013, 496, 445-455.
[CrossRef]

15.  Franklin, R.A; Liao, W.; Sarkar, A.; Kim, M.V,; Bivona, M.R,; Liu, K.; Pamer, E.G.; Li, M.O. The cellular and molecular origin of
tumor-associated macrophages. Science 2014, 344, 921-925. [CrossRef] [PubMed]

16. Wu, K;; Lin, K; Li, X;; Yuan, X,; Xu, P; Ni, P,; Xu, D. Redefining Tumor-Associated Macrophage Subpopulations and Functions in
the Tumor Microenvironment. Front. Immunol. 2020, 11, 1731. [CrossRef] [PubMed]

17.  Bain, C.C; Scott, C.L.; Uronen-Hansson, H.; Gudjonsson, S.; Jansson, O.; Grip, O.; Guilliams, M.; Malissen, B.; Agace, WW.;
Mowat, A.M. Resident and pro-inflammatory macrophages in the colon represent alternative context-dependent fates of the
same Ly6Chi monocyte precursors. Mucosal. Immunol. 2013, 6, 498-510. [CrossRef] [PubMed]

18. Schulz, C.; Gomez Perdiguero, E.; Chorro, L.; Szabo-Rogers, H.; Cagnard, N.; Kierdorf, K.; Prinz, M.; Wu, B.; Jacobsen, S.E.;
Pollard, ].W,; et al. A lineage of myeloid cells independent of Myb and hematopoietic stem cells. Science 2012, 336, 86-90.
[CrossRef] [PubMed]

19. Abraham, D; Zins, K,; Sioud, M.; Lucas, T.; Schafer, R.; Stanley, E.R.; Aharinejad, S. Stromal cell-derived CSF-1 blockade prolongs
xenograft survival of CSF-1-negative neuroblastoma. Int. J. Cancer 2010, 126, 1339-1352. [CrossRef]

20. Sousa, S.; Maatta, J. The role of tumour-associated macrophages in bone metastasis. J. Bone Oncol. 2016, 5, 135-138. [CrossRef]

21. Biswas, S.K;; Mantovani, A. Macrophage plasticity and interaction with lymphocyte subsets: Cancer as a paradigm. Nat. Immunol.

2010, 11, 889-896. [CrossRef]


http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1242/jcs.116392
http://www.ncbi.nlm.nih.gov/pubmed/23420197
http://doi.org/10.1016/j.trecan.2020.02.022
http://www.ncbi.nlm.nih.gov/pubmed/32610070
http://doi.org/10.1038/s41573-018-0007-y
http://www.ncbi.nlm.nih.gov/pubmed/30610226
http://doi.org/10.1056/NEJMoa1200694
http://doi.org/10.1016/j.ccell.2017.02.009
http://doi.org/10.1016/S0264-410X(99)00296-0
http://doi.org/10.1038/35074122
http://www.ncbi.nlm.nih.gov/pubmed/11323675
http://doi.org/10.1038/ni1102-991
http://doi.org/10.1146/annurev.immunol.22.012703.104803
http://doi.org/10.1111/j.1365-2567.2007.02587.x
http://www.ncbi.nlm.nih.gov/pubmed/17386080
http://doi.org/10.1038/nature12034
http://doi.org/10.1126/science.1252510
http://www.ncbi.nlm.nih.gov/pubmed/24812208
http://doi.org/10.3389/fimmu.2020.01731
http://www.ncbi.nlm.nih.gov/pubmed/32849616
http://doi.org/10.1038/mi.2012.89
http://www.ncbi.nlm.nih.gov/pubmed/22990622
http://doi.org/10.1126/science.1219179
http://www.ncbi.nlm.nih.gov/pubmed/22442384
http://doi.org/10.1002/ijc.24859
http://doi.org/10.1016/j.jbo.2016.03.004
http://doi.org/10.1038/ni.1937

Int. J. Mol. Sci. 2021, 22, 5736 18 of 27

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Salmaninejad, A.; Valilou, S.F; Soltani, A.; Ahmadi, S.; Abarghan, Y].; Rosengren, R.].; Sahebkar, A. Tumor-associated
macrophages: Role in cancer development and therapeutic implications. Cell Oncol. 2019, 42, 591-608. [CrossRef]

Cassetta, L.; Fragkogianni, S.; Sims, A.H.; Swierczak, A.; Forrester, L.M.; Zhang, H.; Soong, D.Y.H.; Cotechini, T.; Anur, P;
Lin, E.Y;; et al. Human Tumor-Associated Macrophage and Monocyte Transcriptional Landscapes Reveal Cancer-Specific
Reprogramming, Biomarkers, and Therapeutic Targets. Cancer Cell 2019, 35, 588-602.e510. [CrossRef] [PubMed]

Riabov, V.; Gudima, A.; Wang, N.; Mickley, A.; Orekhov, A.; Kzhyshkowska, J. Role of tumor associated macrophages in tumor
angiogenesis and lymphangiogenesis. Front. Physiol. 2014, 5, 75. [CrossRef] [PubMed]

Bercovici, N.; Guerin, M.V,; Trautmann, A.; Donnadieu, E. The Remarkable Plasticity of Macrophages: A Chance to Fight Cancer.
Front. Immunol. 2019, 10, 1563. [CrossRef] [PubMed]

Wislez, M.; Rabbe, N.; Marchal, J.; Milleron, B.; Crestani, B.; Mayaud, C.; Antoine, M.; Soler, P.; Cadranel, J. Hepatocyte growth
factor production by neutrophils infiltrating bronchioloalveolar subtype pulmonary adenocarcinoma: Role in tumor progression
and death. Cancer Res. 2003, 63, 1405-1412. [PubMed]

Schmidt, H.; Bastholt, L.; Geertsen, P.; Christensen, L.].; Larsen, S.; Gehl, J.; von der Maase, H. Elevated neutrophil and monocyte
counts in peripheral blood are associated with poor survival in patients with metastatic melanoma: A prognostic model. Br. ].
Cancer 2005, 93, 273-278. [CrossRef]

Jensen, H.K.; Donskov, F,; Marcussen, N.; Nordsmark, M.; Lundbeck, E; von der Maase, H. Presence of intratumoral neutrophils
is an independent prognostic factor in localized renal cell carcinoma. J. Clin. Oncol. 2009, 27, 4709-4717. [CrossRef]

Zhou, X.; Wang, X.; Li, R.; Yan, ].; Xiao, Y.; Li, W.; Shen, H. Neutrophil-to-Lymphocyte Ratio Is Independently Associated With
Severe Psychopathology in Schizophrenia and Is Changed by Antipsychotic Administration: A Large-Scale Cross-Sectional
Retrospective Study. Front. Psychiatry 2020, 11, 581061. [CrossRef]

Gago-Dominguez, M.; Matabuena, M.; Redondo, C.M.; Patel, S.P.; Carracedo, A.; Ponte, S.M.; Martinez, M.E.; Castelao, J.E.
Neutrophil to lymphocyte ratio and breast cancer risk: Analysis by subtype and potential interactions. Sci. Rep. 2020, 10, 13203.
[CrossRef]

He, G.; Zhang, H.; Zhou, ].; Wang, B.; Chen, Y.; Kong, Y.; Xie, X.; Wang, X.; Fei, R.; Wei, L.; et al. Peritumoural neutrophils
negatively regulate adaptive immunity via the PD-L1/PD-1 signalling pathway in hepatocellular carcinoma. J. Exp. Clin. Cancer
Res. 2015, 34, 141. [CrossRef]

Amarnath, S.; Mangus, C.W.; Wang, J.C.; Wei, F.; He, A.; Kapoor, V.; Foley, ].E.; Massey, PR.; Felizardo, T.C.; Riley, ].L.; et al. The
PDL1-PD1 axis converts human TH1 cells into regulatory T cells. Sci. Transl. Med. 2011, 3, 111ral120. [CrossRef]

Sun, S.Y. Searching for the real function of mTOR signaling in the regulation of PD-L1 expression. Transl. Oncol. 2020, 13, 100847.
[CrossRef] [PubMed]

Klemke, M.; Wabnitz, G.H.; Funke, F.; Funk, B.; Kirchgessner, H.; Samstag, Y. Oxidation of cofilin mediates T cell hyporesponsive-
ness under oxidative stress conditions. Immunity 2008, 29, 404-413. [CrossRef] [PubMed]

Wabnitz, G.H.; Goursot, C.; Jahraus, B.; Kirchgessner, H.; Hellwig, A.; Klemke, M.; Konstandin, M.H.; Samstag, Y. Mitochondrial
translocation of oxidized cofilin induces caspase-independent necrotic-like programmed cell death of T cells. Cell Death Dis. 2010,
1, e58. [CrossRef]

Feldmeyer, N.; Wabnitz, G.; Leicht, S.; Luckner-Minden, C.; Schiller, M.; Franz, T.; Conradi, R.; Kropf, P.; Muller, I.; Ho, A.D.; et al.
Arginine deficiency leads to impaired cofilin dephosphorylation in activated human T lymphocytes. Int. Immunol. 2012, 24,
303-313. [CrossRef] [PubMed]

Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil
extracellular traps kill bacteria. Science 2004, 303, 1532-1535. [CrossRef] [PubMed]

Albrengues, J.; Shields, M.A.; Ng, D.; Park, C.G.; Ambrico, A.; Poindexter, M.E.; Upadhyay, P.; Uyeminami, D.L.; Pommier, A.;
Kuttner, V,; et al. Neutrophil extracellular traps produced during inflammation awaken dormant cancer cells in mice. Science
2018, 361. [CrossRef]

Teijeira, A.; Garasa, S.; Gato, M.; Alfaro, C.; Migueliz, I; Cirella, A.; de Andrea, C.; Ochoa, M.C.; Otano, I.; Etxeberria, I.; et al.
CXCR; and CXCR; Chemokine Receptor Agonists Produced by Tumors Induce Neutrophil Extracellular Traps that Interfere
with Immune Cytotoxicity. Immunity 2020, 52, 856-871.e858. [CrossRef]

Wang, X,; Lin, Y. Tumor necrosis factor and cancer, buddies or foes? Acta Pharmacol. Sin. 2008, 29, 1275-1288. [CrossRef]
Wagner, KW.; Punnoose, E.A.; Januario, T.; Lawrence, D.A.; Pitti, RM.; Lancaster, K.; Lee, D.; von Goetz, M.; Yee, S.E;
Totpal, K.; et al. Death-receptor O-glycosylation controls tumor-cell sensitivity to the proapoptotic ligand Apo2L/TRAIL. Nat.
Med. 2007, 13, 1070-1077. [CrossRef]

Koga, Y.; Matsuzaki, A.; Suminoe, A.; Hattori, H.; Hara, T. Neutrophil-derived TNF-related apoptosis-inducing ligand (TRAIL):
A novel mechanism of antitumor effect by neutrophils. Cancer Res. 2004, 64, 1037-1043. [CrossRef]

Johnstone, R.W.; Frew, A.].; Smyth, M.]. The TRAIL apoptotic pathway in cancer onset, progression and therapy. Nat. Rev. Cancer
2008, 8, 782-798. [CrossRef] [PubMed]

Fridlender, Z.G.; Sun, J.; Kim, S.; Kapoor, V.; Cheng, G.; Ling, L.; Worthen, G.S.; Albelda, S.M. Polarization of tumor-associated
neutrophil phenotype by TGF-beta: “N1” versus “N2” TAN. Cancer Cell 2009, 16, 183-194. [CrossRef]

Hsu, B.E; Tabaries, S.; Johnson, R.M.; Andrzejewski, S.; Senecal, J.; Lehuede, C.; Annis, M.G.; Ma, E.H.; Vols, S.; Ramsay, L.; et al.
Immature Low-Density Neutrophils Exhibit Metabolic Flexibility that Facilitates Breast Cancer Liver Metastasis. Cell Rep. 2019,
27,3902-3915.e3906. [CrossRef] [PubMed]


http://doi.org/10.1007/s13402-019-00453-z
http://doi.org/10.1016/j.ccell.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30930117
http://doi.org/10.3389/fphys.2014.00075
http://www.ncbi.nlm.nih.gov/pubmed/24634660
http://doi.org/10.3389/fimmu.2019.01563
http://www.ncbi.nlm.nih.gov/pubmed/31354719
http://www.ncbi.nlm.nih.gov/pubmed/12649206
http://doi.org/10.1038/sj.bjc.6602702
http://doi.org/10.1200/JCO.2008.18.9498
http://doi.org/10.3389/fpsyt.2020.581061
http://doi.org/10.1038/s41598-020-70077-z
http://doi.org/10.1186/s13046-015-0256-0
http://doi.org/10.1126/scitranslmed.3003130
http://doi.org/10.1016/j.tranon.2020.100847
http://www.ncbi.nlm.nih.gov/pubmed/32854033
http://doi.org/10.1016/j.immuni.2008.06.016
http://www.ncbi.nlm.nih.gov/pubmed/18771940
http://doi.org/10.1038/cddis.2010.36
http://doi.org/10.1093/intimm/dxs004
http://www.ncbi.nlm.nih.gov/pubmed/22345165
http://doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
http://doi.org/10.1126/science.aao4227
http://doi.org/10.1016/j.immuni.2020.03.001
http://doi.org/10.1111/j.1745-7254.2008.00889.x
http://doi.org/10.1038/nm1627
http://doi.org/10.1158/0008-5472.CAN-03-1808
http://doi.org/10.1038/nrc2465
http://www.ncbi.nlm.nih.gov/pubmed/18813321
http://doi.org/10.1016/j.ccr.2009.06.017
http://doi.org/10.1016/j.celrep.2019.05.091
http://www.ncbi.nlm.nih.gov/pubmed/31242422

Int. J. Mol. Sci. 2021, 22, 5736 19 of 27

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sagiv, ].Y.; Michaeli, J.; Assi, S.; Mishalian, I.; Kisos, H.; Levy, L.; Damti, P.; Lumbroso, D.; Polyansky, L.; Sionov, R.V,; et al.
Phenotypic diversity and plasticity in circulating neutrophil subpopulations in cancer. Cell Rep. 2015, 10, 562-573. [CrossRef]
Jaillon, S.; Ponzetta, A.; Di Mitri, D.; Santoni, A.; Bonecchi, R.; Mantovani, A. Neutrophil diversity and plasticity in tumour
progression and therapy. Nat. Rev. Cancer 2020, 20, 485-503. [CrossRef]

Groth, C.; Hu, X.; Weber, R.; Fleming, V.; Altevogt, P.; Utikal, ].; Umansky, V. Inmunosuppression mediated by myeloid-derived
suppressor cells (MDSCs) during tumour progression. Br. J. Cancer 2019, 120, 16-25. [CrossRef]

Boettcher, S.; Manz, M.G. Regulation of Inflammation- and Infection-Driven Hematopoiesis. Trends Immunol. 2017, 38, 345-357.
[CrossRef]

Ostrand-Rosenberg, S.; Sinha, P. Myeloid-derived suppressor cells: Linking inflammation and cancer. J. Immunol. 2009, 182,
4499-4506. [CrossRef] [PubMed]

Fleming, V.; Hu, X.; Weber, R.; Nagibin, V.; Groth, C.; Altevogt, P; Utikal, J.; Umansky, V. Targeting Myeloid-Derived Suppressor
Cells to Bypass Tumor-Induced Immunosuppression. Front. Immunol. 2018, 9, 398. [CrossRef]

Law, A.M.K.; Valdes-Mora, F.; Gallego-Ortega, D. Myeloid-Derived Suppressor Cells as a Therapeutic Target for Cancer. Cells
2020, 9, 561. [CrossRef]

Teyganov, E.; Mastio, J.; Chen, E.; Gabrilovich, D.I. Plasticity of myeloid-derived suppressor cells in cancer. Curr. Opin. Immunol.
2018, 51, 76-82. [CrossRef]

Li, C; Liu, T; Bazhin, A.V;; Yang, Y. The Sabotaging Role of Myeloid Cells in Anti-Angiogenic Therapy: Coordination of
Angiogenesis and Immune Suppression by Hypoxia. J. Cell Physiol. 2017, 232, 2312-2322. [CrossRef] [PubMed]

Yang, Y.; Li, C,; Liu, T,; Dai, X.; Bazhin, A.V. Myeloid-Derived Suppressor Cells in Tumors: From Mechanisms to Antigen
Specificity and Microenvironmental Regulation. Front. Immunol. 2020, 11, 1371. [CrossRef]

Ohl, K.; Tenbrock, K. Reactive Oxygen Species as Regulators of MDSC-Mediated Immune Suppression. Front. Immunol. 2018,
9, 2499. [CrossRef] [PubMed]

Molon, B.; Ugel, S.; Del Pozzo, E; Soldani, C.; Zilio, S.; Avella, D.; De Palma, A.; Mauri, P.; Monegal, A.; Rescigno, M.; et al.
Chemokine nitration prevents intratumoral infiltration of antigen-specific T cells. J. Exp. Med. 2011, 208, 1949-1962. [CrossRef]
[PubMed]

Kesarwani, P; Murali, A.K.; Al-Khami, A.A.; Mehrotra, S. Redox regulation of T-cell function: From molecular mechanisms to
significance in human health and disease. Antioxid. Redox Signal. 2013, 18, 1497-1534. [CrossRef] [PubMed]

Lee, C.R; Lee, W.; Cho, S.K; Park, S.G. Characterization of Multiple Cytokine Combinations and TGF-beta on Differentiation and
Functions of Myeloid-Derived Suppressor Cells. Int. . Mol. Sci. 2018, 19, 869. [CrossRef]

Srivastava, M.K,; Sinha, P,; Clements, V.K,; Rodriguez, P.; Ostrand-Rosenberg, S. Myeloid-derived suppressor cells inhibit T-cell
activation by depleting cystine and cysteine. Cancer Res. 2010, 70, 68-77. [CrossRef]

Rodriguez, P.C.; Ochoa, A.C. Arginine regulation by myeloid derived suppressor cells and tolerance in cancer: Mechanisms and
therapeutic perspectives. Immunol. Rev. 2008, 222, 180-191. [CrossRef]

Platten, M.; Wick, W.; Van den Eynde, B.]J. Tryptophan catabolism in cancer: Beyond IDO and tryptophan depletion. Cancer Res.
2012, 72, 5435-5440. [CrossRef]

Sitkovsky, M.; Lukashev, D.; Deaglio, S.; Dwyer, K.; Robson, S.C.; Ohta, A. Adenosine A2A receptor antagonists: Blockade of
adenosinergic effects and T regulatory cells. Br. J. Pharmacol. 2008, 153 (Suppl. 1), S457-5464. [CrossRef]

Noman, M.Z.; Desantis, G.; Janji, B.; Hasmim, M.; Karray, S.; Dessen, P.; Bronte, V.; Chouaib, S. PD-L1 is a novel direct target
of HIF-lalpha, and its blockade under hypoxia enhanced MDSC-mediated T cell activation. J. Exp. Med. 2014, 211, 781-790.
[CrossRef]

Ballbach, M.; Dannert, A.; Singh, A.; Siegmund, D.M.; Handgretinger, R.; Piali, L.; Rieber, N.; Hartl, D. Expression of checkpoint
molecules on myeloid-derived suppressor cells. Immunol. Lett. 2017, 192, 1-6. [CrossRef] [PubMed]

Pinton, L.; Solito, S.; Damuzzo, V.; Francescato, S.; Pozzuoli, A.; Berizzi, A.; Mocellin, S.; Rossi, C.R.; Bronte, V.; Mandruzzato,
S. Activated T cells sustain myeloid-derived suppressor cell-mediated immune suppression. Oncotarget 2016, 7, 1168-1184.
[CrossRef]

Lu, C;Redd, PS; Lee, ].R.; Savage, N.; Liu, K. The expression profiles and regulation of PD-L1 in tumor-induced myeloid-derived
suppressor cells. Oncoimmunology 2016, 5, €1247135. [CrossRef] [PubMed]

Gorgun, G.; Samur, M.K.; Cowens, K.B.; Paula, S.; Bianchi, G.; Anderson, J.E.; White, R.E.; Singh, A.; Ohguchi, H.; Suzuki, R.; et al.
Lenalidomide Enhances Immune Checkpoint Blockade-Induced Immune Response in Multiple Myeloma. Clin. Cancer Res. 2015,
21, 4607-4618. [CrossRef]

Iwata, T.; Kondo, Y.; Kimura, O.; Morosawa, T.; Fujisaka, Y.; Umetsu, T.; Kogure, T.; Inoue, J.; Nakagome, Y.; Shimosegawa, T.
PD-L1(+)MDSCs are increased in HCC patients and induced by soluble factor in the tumor microenvironment. Sci. Rep. 2016,
6,39296. [CrossRef] [PubMed]

Sun, J.C.; Lanier, L.L. NK cell development, homeostasis and function: Parallels with CD8(+) T cells. Nat. Rev. Immunol. 2011, 11,
645-657. [CrossRef] [PubMed]

Freud, A.G.; Mundy-Bosse, B.L.; Yu, ].H.; Caligiuri, M.A. The Broad Spectrum of Human Natural Killer Cell Diversity. Immunity
2017, 47, 820-833. [CrossRef]

Sivori, S.; Vacca, P.; Del Zotto, G.; Munari, E.; Mingari, M.C.; Moretta, L. Human NK cells: Surface receptors, inhibitory
checkpoints, and translational applications. Cell. Mol. Immunol. 2019, 16, 430—441. [CrossRef]


http://doi.org/10.1016/j.celrep.2014.12.039
http://doi.org/10.1038/s41568-020-0281-y
http://doi.org/10.1038/s41416-018-0333-1
http://doi.org/10.1016/j.it.2017.01.004
http://doi.org/10.4049/jimmunol.0802740
http://www.ncbi.nlm.nih.gov/pubmed/19342621
http://doi.org/10.3389/fimmu.2018.00398
http://doi.org/10.3390/cells9030561
http://doi.org/10.1016/j.coi.2018.03.009
http://doi.org/10.1002/jcp.25726
http://www.ncbi.nlm.nih.gov/pubmed/27935039
http://doi.org/10.3389/fimmu.2020.01371
http://doi.org/10.3389/fimmu.2018.02499
http://www.ncbi.nlm.nih.gov/pubmed/30425715
http://doi.org/10.1084/jem.20101956
http://www.ncbi.nlm.nih.gov/pubmed/21930770
http://doi.org/10.1089/ars.2011.4073
http://www.ncbi.nlm.nih.gov/pubmed/22938635
http://doi.org/10.3390/ijms19030869
http://doi.org/10.1158/0008-5472.CAN-09-2587
http://doi.org/10.1111/j.1600-065X.2008.00608.x
http://doi.org/10.1158/0008-5472.CAN-12-0569
http://doi.org/10.1038/bjp.2008.23
http://doi.org/10.1084/jem.20131916
http://doi.org/10.1016/j.imlet.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/28987474
http://doi.org/10.18632/oncotarget.6662
http://doi.org/10.1080/2162402X.2016.1247135
http://www.ncbi.nlm.nih.gov/pubmed/28123883
http://doi.org/10.1158/1078-0432.CCR-15-0200
http://doi.org/10.1038/srep39296
http://www.ncbi.nlm.nih.gov/pubmed/27966626
http://doi.org/10.1038/nri3044
http://www.ncbi.nlm.nih.gov/pubmed/21869816
http://doi.org/10.1016/j.immuni.2017.10.008
http://doi.org/10.1038/s41423-019-0206-4

Int. J. Mol. Sci. 2021, 22, 5736 20 of 27

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Denkert, C.; von Minckwitz, G.; Darb-Esfahani, S.; Lederer, B.; Heppner, B.I.; Weber, K.E.; Budczies, J.; Huober, J.; Klauschen, F.;
Furlanetto, J.; et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes of breast cancer: A pooled analysis of
3771 patients treated with neoadjuvant therapy. Lancet Oncol. 2018, 19, 40-50. [CrossRef]

Menard, C.; Blay, J.Y.; Borg, C.; Michiels, S.; Ghiringhelli, F.; Robert, C.; Nonn, C.; Chaput, N.; Taieb, J.; Delahaye, N.E; et al.
Natural Killer Cell IFN-gamma Levels Predict Long-term Survival with Imatinib Mesylate Therapy in Gastrointestinal Stromal
Tumor-Bearing Patients. Cancer Res. 2009, 69, 3563-3569. [CrossRef] [PubMed]

Semeraro, M.; Rusakiewicz, S.; Minard-Colin, V.; Delahaye, N.F,; Enot, D.; Vely, F.; Marabelle, A.; Papoular, B.; Piperoglou, C.;
Ponzoni, M.; et al. Clinical impact of the NKp30/B7-H6 axis in high-risk neuroblastoma patients. Sci. Transl. Med. 2015, 7,
283ra255. [CrossRef]

Villegas, ER.; Coca, S.; Villarrubia, V.G.; Jimenez, R.; Chillon, M.].; Jareno, J.; Zuil, M.; Callol, L. Prognostic significance of tumor
infiltrating natural killer cells subset CD57 in patients with squamous cell lung cancer. Lung Cancer 2002, 35, 23-28. [CrossRef]
Melaiu, O.; Lucarini, V.; Cifaldi, L.; Fruci, D. Influence of the Tumor Microenvironment on NK Cell Function in Solid Tumors.
Front. Immunol. 2019, 10, 3038. [CrossRef] [PubMed]

Zhang, S.; Liu, W,; Hu, B.; Wang, P; Lv, X,; Chen, S.; Shao, Z. Prognostic Significance of Tumor-Infiltrating Natural Killer Cells in
Solid Tumors: A Systematic Review and Meta-Analysis. Front. Immunol. 2020, 11, 1242. [CrossRef] [PubMed]

Judge, S.J.; Murphy, W.J.; Canter, R.J. Characterizing the Dysfunctional NK Cell: Assessing the Clinical Relevance of Exhaustion,
Anergy, and Senescence. Front. Cell Infect. Microbiol. 2020, 10, 49. [CrossRef]

Russick, J.; Joubert, PE.; Gillard-Bocquet, M.; Torset, C.; Meylan, M.; Petitprez, F.; Dragon-Durey, M.A.; Marmier, S.; Varthaman,
A.; Josseaume, N.; et al. Natural killer cells in the human lung tumor microenvironment display immune inhibitory functions.
J. Immunother. Cancer 2020, 8. [CrossRef]

Carrega, P.; Morandi, B.; Costa, R.; Frumento, G.; Forte, G.; Altavilla, G.; Ratto, G.B.; Mingari, M.C.; Moretta, L.; Ferlazzo,
G. Natural killer cells infiltrating human nonsmall-cell lung cancer are enriched in CD56 bright CD16(-) cells and display an
impaired capability to kill tumor cells. Cancer 2008, 112, 863-875. [CrossRef]

Delahaye, N.E; Rusakiewicz, S.; Martins, I.; Menard, C.; Roux, S.; Lyonnet, L.; Paul, P.; Sarabi, M.; Chaput, N.; Semeraro, M.; et al.
Alternatively spliced NKp30 isoforms affect the prognosis of gastrointestinal stromal tumors. Nat. Med. 2011, 17, 700-707.
[CrossRef]

Stiff, A.; Trikha, P.; Mundy-Bosse, B.; McMichael, E.; Mace, T.A.; Benner, B.; Kendra, K.; Campbell, A.; Gautam, S.; Abood, D.;
et al. Nitric Oxide Production by Myeloid-Derived Suppressor Cells Plays a Role in Impairing Fc Receptor-Mediated Natural
Killer Cell Function. Clin. Cancer Res. 2018, 24, 1891-1904. [CrossRef] [PubMed]

Zingoni, A.; Vulpis, E.; Nardone, I.; Soriani, A.; Fionda, C.; Cippitelli, M.; Santoni, A. Targeting NKG2D and NKp30 Ligands
Shedding to Improve NK Cell-Based Immunotherapy. Crit. Rev. Immunol. 2016, 36, 445-459. [CrossRef]

Bassani, B.; Baci, D.; Gallazzi, M.; Poggi, A.; Bruno, A.; Mortara, L. Natural Killer Cells as Key Players of Tumor Progression and
Angiogenesis: Old and Novel Tools to Divert Their Pro-Tumor Activities into Potent Anti-Tumor Effects. Cancers 2019, 11, 461.
[CrossRef] [PubMed]

Bindea, G.; Mlecnik, B.; Tosolini, M.; Kirilovsky, A.; Waldner, M.; Obenauf, A.C.; Angell, H.; Fredriksen, T.; Lafontaine, L.;
Berger, A.; et al. Spatiotemporal dynamics of intratumoral immune cells reveal the immune landscape in human cancer. Immunity
2013, 39, 782-795. [CrossRef]

Kroeger, D.R.; Milne, K.; Nelson, B.H. Tumor-Infiltrating Plasma Cells Are Associated with Tertiary Lymphoid Structures,
Cytolytic T-Cell Responses, and Superior Prognosis in Ovarian Cancer. Clin. Cancer Res. 2016, 22, 3005-3015. [CrossRef]
[PubMed]

Wouters, M.C.A.; Nelson, B.H. Prognostic Significance of Tumor-Infiltrating B Cells and Plasma Cells in Human Cancer. Clin.
Cancer Res. 2018, 24, 6125-6135. [CrossRef]

Edin, S.; Kaprio, T.; Hagstrom, J.; Larsson, P.; Mustonen, H.; Bockelman, C.; Strigard, K.; Gunnarsson, U.; Haglund, C.; Palmqvist,
R. The Prognostic Importance of CD20(+) B lymphocytes in Colorectal Cancer and the Relation to Other Immune Cell subsets.
Sci. Rep. 2019, 9, 19997. [CrossRef] [PubMed]

Helmink, B.A.; Reddy, S.M.; Gao, J.; Zhang, S.; Basar, R.; Thakur, R.; Yizhak, K.; Sade-Feldman, M.; Blando, J.; Han, G.; et al. B
cells and tertiary lymphoid structures promote immunotherapy response. Nature 2020, 577, 549-555. [CrossRef] [PubMed]
Germain, C.; Gnjatic, S.; Dieu-Nosjean, M.C. Tertiary Lymphoid Structure-Associated B Cells are Key Players in Anti-Tumor
Immunity. Front. Immunol. 2015, 6, 67. [CrossRef] [PubMed]

Sautes-Fridman, C.; Petitprez, F; Calderaro, J.; Fridman, W.H. Tertiary lymphoid structures in the era of cancer immunotherapy.
Nat. Rev. Cancer 2019, 19, 307-325. [CrossRef] [PubMed]

Rossetti, R.A.M.; Lorenzi, N.P.C.; Yokochi, K.; Rosa, M.B.S.D.; Benevides, L.; Margarido, PER; Baracat, E.C.; Carvalho, ].P.; Villa,
L.L.; Lepique, A.P. B lymphocytes can be activated to act as antigen presenting cells to promote anti-tumor responses. PLoS ONE
2018, 13, €0199034. [CrossRef]

Shi, J.Y.; Gao, Q.; Wang, Z.C.; Zhou, J.; Wang, X.Y.; Min, Z.H.; Shi, Y.H.; Shi, G.M.; Ding, Z.B.; Ke, A.W.; et al. Margin-Infiltrating
CD20(+) BCells Display an Atypical Memory Phenotype and Correlate with Favorable Prognosis in Hepatocellular Carcinoma.
Clin. Cancer Res. 2013, 19, 5994-6005. [CrossRef]


http://doi.org/10.1016/S1470-2045(17)30904-X
http://doi.org/10.1158/0008-5472.CAN-08-3807
http://www.ncbi.nlm.nih.gov/pubmed/19351841
http://doi.org/10.1126/scitranslmed.aaa2327
http://doi.org/10.1016/S0169-5002(01)00292-6
http://doi.org/10.3389/fimmu.2019.03038
http://www.ncbi.nlm.nih.gov/pubmed/32038612
http://doi.org/10.3389/fimmu.2020.01242
http://www.ncbi.nlm.nih.gov/pubmed/32714321
http://doi.org/10.3389/fcimb.2020.00049
http://doi.org/10.1136/jitc-2020-001054
http://doi.org/10.1002/cncr.23239
http://doi.org/10.1038/nm.2366
http://doi.org/10.1158/1078-0432.CCR-17-0691
http://www.ncbi.nlm.nih.gov/pubmed/29363526
http://doi.org/10.1615/CritRevImmunol.2017020166
http://doi.org/10.3390/cancers11040461
http://www.ncbi.nlm.nih.gov/pubmed/30939820
http://doi.org/10.1016/j.immuni.2013.10.003
http://doi.org/10.1158/1078-0432.CCR-15-2762
http://www.ncbi.nlm.nih.gov/pubmed/26763251
http://doi.org/10.1158/1078-0432.CCR-18-1481
http://doi.org/10.1038/s41598-019-56441-8
http://www.ncbi.nlm.nih.gov/pubmed/31882709
http://doi.org/10.1038/s41586-019-1922-8
http://www.ncbi.nlm.nih.gov/pubmed/31942075
http://doi.org/10.3389/fimmu.2015.00067
http://www.ncbi.nlm.nih.gov/pubmed/25755654
http://doi.org/10.1038/s41568-019-0144-6
http://www.ncbi.nlm.nih.gov/pubmed/31092904
http://doi.org/10.1371/journal.pone.0199034
http://doi.org/10.1158/1078-0432.CCR-12-3497

Int. J. Mol. Sci. 2021, 22, 5736 21 of 27

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.
116.

117.
118.

Nielsen, J.S.; Sahota, R.A.; Milne, K.; Kost, S.E.; Nesslinger, N.J.; Watson, PH.; Nelson, B.H. CD20(+) Tumor-Infiltrating
Lymphocytes Have an Atypical CD27(-) Memory Phenotype and Together with CD8(+) T Cells Promote Favorable Prognosis in
Ovarian Cancer. Clin. Cancer Res. 2012, 18, 3281-3292. [CrossRef]

Garaud, S.; Buisseret, L.; Solinas, C.; Gu-Trantien, C.; de Wind, A.; Van den Eynden, G.; Naveaux, C.; Lodewyckx, ].N.; Boisson,
A.; Duvillier, H.; et al. Tumor infiltrating B-cells signal functional humoral immune responses in breast cancer. JCI Insight 2019, 5.
[CrossRef]

Iglesia, M.D.; Vincent, B.G.; Parker, ].S.; Hoadley, K.A.; Carey, L.A.; Perou, C.M.; Serody, ]J.S. Prognostic B-cell signatures using
mRNA-seq in patients with subtype-specific breast and ovarian cancer. Clin. Cancer Res. 2014, 20, 3818-3829. [CrossRef]
Sorrentino, R.; Morello, S.; Forte, G.; Montinaro, A.; De Vita, G.; Luciano, A.; Palma, G.; Arra, C.; Maiolino, P.; Adcock, I.M.; et al.
B Cells Contribute to the Antitumor Activity of CpG-Oligodeoxynucleotide in a Mouse Model of Metastatic Lung Carcinoma.
Am. |. Respir. Crit. Care 2011, 183, 1369-1379. [CrossRef]

Coronella, J.A.; Spier, C.; Welch, M.; Trevor, K.T.; Stopeck, A.T.; Villar, H.; Hersh, E.M. Antigen-driven oligoclonal expansion of
tumor-infiltrating B cells in infiltrating ductal carcinoma of the breast. J. Immunol. 2002, 169, 1829-1836. [CrossRef]

Bolotin, D.A ; Poslavsky, S.; Davydov, A.N.; Frenkel, EE.; Fanchi, L.; Zolotareva, O.1.; Hemmers, S.; Putintseva, E.V.; Obraztsova,
AS.; Shugay, M; et al. Antigen receptor repertoire profiling from RNA-seq data. Nat. Biotechnol. 2017, 35, 908-911. [CrossRef]
Reuschenbach, M.; von Knebel Doeberitz, M.; Wentzensen, N. A systematic review of humoral immune responses against tumor
antigens. Cancer Immunol. Immunother. 2009, 58, 1535-1544. [CrossRef]

Wang, H.; Zhang, B.; Li, X.; Zhou, D.; Li, Y,; Jia, S.; Qi, S.; Xu, A.; Zhao, X.; Wang, J.; et al. Identification and Validation of Novel
Serum Autoantibody Biomarkers for Early Detection of Colorectal Cancer and Advanced Adenoma. Front. Oncol. 2020, 10, 1081.
[CrossRef] [PubMed]

Hoshino, I.; Nagata, M.; Takiguchi, N.; Nabeya, Y.; Ikeda, A.; Yokoi, S.; Kuwajima, A.; Tagawa, M.; Matsushita, K.; Satoshi, Y.; et al.
Panel of autoantibodies against multiple tumor-associated antigens for detecting gastric cancer. Cancer Sci. 2017, 108, 308-315.
[CrossRef] [PubMed]

Tang, ZM.; Ling, Z.G.; Wang, C.M.; Wu, Y.B.; Kong, J.L. Serum tumor-associated autoantibodies as diagnostic biomarkers for
lung cancer: A systematic review and meta-analysis. PLoS ONE 2017, 12, e0182117. [CrossRef]

Berntsson, J.; Nodin, B.; Eberhard, J.; Micke, P; Jirstrom, K. Prognostic impact of tumour-infiltrating B cells and plasma cells in
colorectal cancer. Int. ]. Cancer 2016, 139, 1129-1139. [CrossRef]

Germain, C.; Gnjatic, S.; Tamzalit, F.; Knockaert, S.; Remark, R.; Goc, J.; Lepelley, A.; Becht, E.; Katsahian, S.; Bizouard, G.; et al.
Presence of B Cells in Tertiary Lymphoid Structures Is Associated with a Protective Immunity in Patients with Lung Cancer. Am.
J. Resp. Crit. Care 2014, 189, 832-844. [CrossRef]

Milne, K.; Kobel, M.; Kalloger, S.E.; Barnes, R.O.; Gao, D.X.; Gilks, C.B.; Watson, PH.; Nelson, B.H. Systematic Analysis of
Immune Infiltrates in High-Grade Serous Ovarian Cancer Reveals CD20, FoxP3 and TIA-1 as Positive Prognostic Factors. PLoS
ONE 2009, 4, e6412. [CrossRef]

Garg, K.; Maurer, M.; Griss, J.; Bruggen, M.C.; Wolf, LH.; Wagner, C.; Willi, N.; Mertz, K.D.; Wagner, S.N. Tumor-associated B cells
in cutaneous primary melanoma and improved clinical outcome. Hum. Pathol. 2016, 54, 157-164. [CrossRef]

Ou, Z.Y,; Wang, YJ.; Liu, L.E; Li, L.; Yeh, S.Y,; Qi, L.; Chang, C.S. Tumor microenvironment B cells increase bladder cancer
metastasis via modulation of the IL-8/androgen receptor (AR)/MMPs signals. Oncotarget 2015, 6, 26065-26078. [CrossRef]
[PubMed]

Zhang, L.; Tai, Y.T.; Ho, M; Xing, L.; Chauhan, D.; Gang, A.; Qiu, L.; Anderson, K.C. Regulatory B cell-myeloma cell interaction
confers immunosuppression and promotes their survival in the bone marrow milieu. Blood Cancer |. 2017, 7, e547. [CrossRef]
Olkhanud, P.B.; Damdinsuren, B.; Bodogai, M.; Gress, R.E.; Sen, R.; Wejksza, K.; Malchinkhuu, E.; Wersto, R.P.; Biragyn, A.
Tumor-Evoked Regulatory B Cells Promote Breast Cancer Metastasis by Converting Resting CD4(+) T Cells to T-Regulatory Cells.
Cancer Res. 2011, 71, 3505-3515. [CrossRef]

Zhang, Y.; Eliav, Y.; Shin, S.U.; Schreiber, T.H.; Podack, E.R.; Tadmor, T.; Rosenblatt, ].D. B lymphocyte inhibition of anti-tumor
response depends on expansion of Treg but is independent of B-cell IL-10 secretion. Cancer Immunol. Immunother. 2013, 62, 87-99.
[CrossRef]

Lindner, S.; Dahlke, K.; Sontheimer, K.; Hagn, M.; Kaltenmeier, C.; Barth, T.F,; Beyer, T.; Reister, F,; Fabricius, D.; Lotfi, R.; et al.
Interleukin 21-induced granzyme B-expressing B cells infiltrate tumors and regulate T cells. Cancer Res. 2013, 73, 2468-2479.
[CrossRef]

Shalapour, S.; Lin, X.J.; Bastian, LN.; Brain, ].; Burt, A.D.; Aksenov, A.A.; Vrbanac, A.F; Li, WH.; Perkins, A.; Matsutani, T.; et al.
Inflammation-induced IgA(+) cells dismantle anti-liver cancer immunity. Nature 2017, 551, 340-345. [CrossRef]

Sharonov, G.V.; Serebrovskaya, E.O.; Yuzhakova, D.V.; Britanova, O.V.,; Chudakov, D.M. B cells, plasma cells and antibody
repertoires in the tumour microenvironment. Nat. Rev. Immunol. 2020, 20, 294-307. [CrossRef] [PubMed]

Gardner, A.; Ruffell, B. Dendritic Cells and Cancer Immunity. Trends Immunol. 2016, 37, 855-865. [CrossRef] [PubMed]

Collin, M.; Bigley, V. Human dendritic cell subsets: An update. Immunology 2018, 154, 3-20. [CrossRef] [PubMed]

Roberts, E.-W.; Broz, M.L.; Binnewies, M.; Headley, M.B.; Nelson, A.E.; Wolf, D.M.; Kaisho, T.; Bogunovic, D.; Bhardwaj, N.;
Krummel, M.E. Critical Role for CD103(+)/CD141(+) Dendritic Cells Bearing CCR?7 for Tumor Antigen Trafficking and Priming of
T Cell Immunity in Melanoma. Cancer Cell 2016, 30, 324-336. [CrossRef]


http://doi.org/10.1158/1078-0432.CCR-12-0234
http://doi.org/10.1172/jci.insight.129641
http://doi.org/10.1158/1078-0432.CCR-13-3368
http://doi.org/10.1164/rccm.201010-1738OC
http://doi.org/10.4049/jimmunol.169.4.1829
http://doi.org/10.1038/nbt.3979
http://doi.org/10.1007/s00262-009-0733-4
http://doi.org/10.3389/fonc.2020.01081
http://www.ncbi.nlm.nih.gov/pubmed/32793472
http://doi.org/10.1111/cas.13158
http://www.ncbi.nlm.nih.gov/pubmed/28064445
http://doi.org/10.1371/journal.pone.0182117
http://doi.org/10.1002/ijc.30138
http://doi.org/10.1164/rccm.201309-1611OC
http://doi.org/10.1371/journal.pone.0006412
http://doi.org/10.1016/j.humpath.2016.03.022
http://doi.org/10.18632/oncotarget.4569
http://www.ncbi.nlm.nih.gov/pubmed/26305549
http://doi.org/10.1038/bcj.2017.24
http://doi.org/10.1158/0008-5472.CAN-10-4316
http://doi.org/10.1007/s00262-012-1313-6
http://doi.org/10.1158/0008-5472.CAN-12-3450
http://doi.org/10.1038/nature24302
http://doi.org/10.1038/s41577-019-0257-x
http://www.ncbi.nlm.nih.gov/pubmed/31988391
http://doi.org/10.1016/j.it.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/27793569
http://doi.org/10.1111/imm.12888
http://www.ncbi.nlm.nih.gov/pubmed/29313948
http://doi.org/10.1016/j.ccell.2016.06.003

Int. J. Mol. Sci. 2021, 22, 5736 22 of 27

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.
138.

139.

140.

141.

142.

143.

Dominguez, PM.; Ardavin, C. Differentiation and function of mouse monocyte-derived dendritic cells in steady state and
inflammation. Immunol. Rev. 2010, 234, 90-104. [CrossRef]

Mildner, A.; Jung, S. Development and function of dendritic cell subsets. Immunity 2014, 40, 642—656. [CrossRef]

Broz, M.L.; Binnewies, M.; Boldajipour, B.; Nelson, A.E.; Pollack, J.L.; Erle, D.J.; Barczak, A.; Rosenblum, M.D.; Daud, A.;
Barber, D.L.; et al. Dissecting the tumor myeloid compartment reveals rare activating antigen-presenting cells critical for T cell
immunity. Cancer Cell 2014, 26, 638-652. [CrossRef]

Jongbloed, S.L.; Kassianos, A.J].; McDonald, K.J.; Clark, G.J.; Ju, X.S.; Angel, C.E.; Chen, C.]J.].; Dunbar, P.R.; Wadley, R.B,;
Jeet, V.; et al. Human CD141(+) (BDCA-3)(+) dendritic cells (DCs) represent a unique myeloid DC subset that cross-presents
necrotic cell antigens. . Exp. Med. 2010, 207, 1247-1260. [CrossRef]

Mikucki, M.E.; Fisher, D.T.; Matsuzaki, J.; Skitzki, ].J.; Gaulin, N.B.; Muhitch, J.B.; Ku, A.W,; Frelinger, J.G.; Odunsi, K.;
Gajewski, T.F; et al. Non-redundant requirement for CXCR3 signalling during tumoricidal T-cell trafficking across tumour
vascular checkpoints. Nat. Commun. 2015, 6, 7458. [CrossRef]

Salmon, H.; Idoyaga, J.; Rahman, A.; Leboeuf, M.; Remark, R.; Jordan, S.; Casanova-Acebes, M.; Khudoynazarova, M.; Agudo, J.;
Tung, N.; et al. Expansion and Activation of CD103(+) Dendritic Cell Progenitors at the Tumor Site Enhances Tumor Responses to
Therapeutic PD-L1 and BRAF Inhibition. Immunity 2016, 44, 924-938. [CrossRef] [PubMed]

Bottcher, J.P,; Bonavita, E.; Chakravarty, P; Blees, H.; Cabeza-Cabrerizo, M.; Sammicheli, S.; Rogers, N.C.; Sahai, E.; Zelenay, S.;
Sousa, C.R.E. NK Cells Stimulate Recruitment of cDC1 into the Tumor Microenvironment Promoting Cancer Immune Control.
Cell 2018, 172, 1022. [CrossRef]

Zong, J.; Keskinov, A.A.; Shurin, G.V.; Shurin, M.R. Tumor-derived factors modulating dendritic cell function. Cancer Immunol.
Immunother. 2016, 65, 821-833. [CrossRef] [PubMed]

Rulffell, B.; Chang-Strachan, D.; Chan, V.; Rosenbusch, A.; Ho, C.M.; Pryer, N.; Daniel, D.; Hwang, E.S.; Rugo, H.S.; Coussens, L.M.
Macrophage IL-10 blocks CD8+ T cell-dependent responses to chemotherapy by suppressing IL-12 expression in intratumoral
dendritic cells. Cancer Cell 2014, 26, 623—-637. [CrossRef]

Chang, C.H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, ].D.; Chen, Q.Y.; Gindin, M.; Gubin, M.M.; van der
Windt, G.J.W.; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell 2015, 162,
1229-1241. [CrossRef]

Challier, J.; Bruniquel, D.; Sewell, A.K.; Laugel, B. Adenosine and cAMP signalling skew human dendritic cell differentiation
towards a tolerogenic phenotype with defective CD8(+) T-cell priming capacity. Immunology 2013, 138, 402-410. [CrossRef]
Bruni, D.; Angell, H.K.; Galon, J. The immune contexture and Immunoscore in cancer prognosis and therapeutic efficacy. Nat.
Rev. Cancer 2020, 20, 662—680. [CrossRef] [PubMed]

Melief, C.J. Cancer immunotherapy by dendritic cells. Immunity 2008, 29, 372-383. [CrossRef] [PubMed]

Nouri-Shirazi, M.; Banchereau, J.; Bell, D.; Burkeholder, S.; Kraus, E.T.; Davoust, J.; Palucka, K.A. Dendritic cells capture killed
tumor cells and present their antigens to elicit tumor-specific immune responses. J. Immunol. 2000, 165, 3797-3803. [CrossRef]
[PubMed]

Schoenberger, S.P.; Toes, R.E.M.; van der Voort, ELH.; Offringa, R.; Melief, C.J.M. T-cell help for cytotoxic T lymphocytes is
mediated by CD40-CD40L interactions. Nature 1998, 393, 480-483. [CrossRef]

Laidlaw, B.J.; Craft, J.E.; Kaech, S.M. The multifaceted role of CD4(+) T cells in CD8(+) T cell memory. Nat. Rev. Immunol. 2016, 16,
102-111. [CrossRef]

Martinez-Lostao, L.; Anel, A.; Pardo, J. How Do Cytotoxic Lymphocytes Kill Cancer Cells? Clin. Cancer Res. 2015, 21, 5047-5056.
[CrossRef]

St. Paul, M.; Ohashi, P.S. The Roles of CD8(+) T Cell Subsets in Antitumor Immunity. Trends Cell Biol. 2020, 30, 695-704. [CrossRef]
Masopust, D.; Schenkel, ].M. The integration of T cell migration, differentiation and function. Nat. Rev. Immunol. 2013, 13,
309-320. [CrossRef] [PubMed]

Vihervuori, H.; Autere, T.A.; Repo, H.; Kurki, S.; Kallio, L.; Lintunen, M.M.; Talvinen, K.; Kronqvist, P. Tumor-infiltrating
lymphocytes and CD8(+) T cells predict survival of triple-negative breast cancer. J. Cancer Res. Clin. Oncol. 2019, 145, 3105-3114.
[CrossRef]

Jin, YW.; Hu, P. Tumor-Infiltrating CD8 T Cells Predict Clinical Breast Cancer Outcomes in Young Women. Cancers 2020, 12, 1076.
[CrossRef] [PubMed]

Galon, J.; Costes, A.; Sanchez-Cabo, E; Kirilovsky, A.; Mlecnik, B.; Lagorce-Pages, C.; Tosolini, M.; Camus, M.; Berger, A;
Wind, P; et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science 2006,
313, 1960-1964. [CrossRef]

Zhang, L.; Conejo-Garcia, ].R.; Katsaros, D.; Gimotty, P.A.; Massobrio, M.; Regnani, G.; Makrigiannakis, A.; Gray, H.; Schlienger,
K.; Liebman, M.N.; et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N. Engl. |. Med. 2003, 348,
203-213. [CrossRef] [PubMed]

Piras, F.; Colombari, R.; Minerba, L.; Murtas, D.; Floris, C.; Maxia, C.; Corbu, A.; Perra, M.T,; Sirigu, P. The predictive value of
CD8, CD4, CD68, and human leukocyte antigen-D-related cells in the prognosis of cutaneous malignant melanoma with vertical
growth phase. Cancer 2005, 104, 1246-1254. [CrossRef] [PubMed]

Maecker, H.T.; McCoy, J.P.; Nussenblatt, R. Standardizing immunophenotyping for the Human Immunology Project. Nat. Rev.
Immunol. 2012, 12, 191-200. [CrossRef] [PubMed]


http://doi.org/10.1111/j.0105-2896.2009.00876.x
http://doi.org/10.1016/j.immuni.2014.04.016
http://doi.org/10.1016/j.ccell.2014.09.007
http://doi.org/10.1084/jem.20092140
http://doi.org/10.1038/ncomms8458
http://doi.org/10.1016/j.immuni.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27096321
http://doi.org/10.1016/j.cell.2018.01.004
http://doi.org/10.1007/s00262-016-1820-y
http://www.ncbi.nlm.nih.gov/pubmed/26984847
http://doi.org/10.1016/j.ccell.2014.09.006
http://doi.org/10.1016/j.cell.2015.08.016
http://doi.org/10.1111/imm.12053
http://doi.org/10.1038/s41568-020-0285-7
http://www.ncbi.nlm.nih.gov/pubmed/32753728
http://doi.org/10.1016/j.immuni.2008.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18799145
http://doi.org/10.4049/jimmunol.165.7.3797
http://www.ncbi.nlm.nih.gov/pubmed/11034385
http://doi.org/10.1038/31002
http://doi.org/10.1038/nri.2015.10
http://doi.org/10.1158/1078-0432.CCR-15-0685
http://doi.org/10.1016/j.tcb.2020.06.003
http://doi.org/10.1038/nri3442
http://www.ncbi.nlm.nih.gov/pubmed/23598650
http://doi.org/10.1007/s00432-019-03036-5
http://doi.org/10.3390/cancers12051076
http://www.ncbi.nlm.nih.gov/pubmed/32357420
http://doi.org/10.1126/science.1129139
http://doi.org/10.1056/NEJMoa020177
http://www.ncbi.nlm.nih.gov/pubmed/12529460
http://doi.org/10.1002/cncr.21283
http://www.ncbi.nlm.nih.gov/pubmed/16078259
http://doi.org/10.1038/nri3158
http://www.ncbi.nlm.nih.gov/pubmed/22343568

Int. J. Mol. Sci. 2021, 22, 5736 23 of 27

144.

145.

146.

147.

148.

149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

van der Leun, A.M.; Thommen, D.S.; Schumacher, T.N. CD8(+) T cell states in human cancer: Insights from single-cell analysis.
Nat. Rev. Cancer 2020, 20, 218-232. [CrossRef] [PubMed]

Ando, M.; Ito, M; Srirat, T.; Kondo, T.; Yoshimura, A. Memory T cell, exhaustion, and tumor immunity. Immunol. Med. 2020, 43,
1-9. [CrossRef]

Siddiqui, I.; Schaeuble, K.; Chennupati, V.; Fuertes Marraco, S.A.; Calderon-Copete, S.; Pais Ferreira, D.; Carmona, S.J.; Scarpellino,
L.; Gfeller, D.; Pradervand, S.; et al. Intratumoral Tef1(+)PD-1(+)CD8(+) T Cells with Stem-like Properties Promote Tumor Control
in Response to Vaccination and Checkpoint Blockade Immunotherapy. Immunity 2019, 50, 195-211.e110. [CrossRef]

Li, H.J.; van der Leun, A.M.; Yofe, I.; Lubling, Y.; Gelbard-Solodkin, D.; van Akkooi, A.C.]J.; van den Braber, M.; Rozeman, E.A;
Haanen, ]J.B.A.G,; Blank, C.U; et al. Dysfunctional CD8 T Cells Form a Proliferative, Dynamically Regulated Compartment
within Human Melanoma. Cell 2019, 176, 775. [CrossRef]

Wang, B.; Zhang, W.; Jankovic, V.; Golubov, ].; Poon, P.; Oswald, E.M.; Gurer, C.; Wei, J.; Ramos, I.; Wu, Q.; et al. Combination
cancer immunotherapy targeting PD-1 and GITR can rescue CD8(+) T cell dysfunction and maintain memory phenotype. Sci.
Immunol. 2018, 3. [CrossRef] [PubMed]

Liu, QJ.; Sun, Z].; Chen, L.G. Memory T cells: Strategies for optimizing tumor immunotherapy. Protein Cell 2020, 11, 549-564.
[CrossRef] [PubMed]

Hashimoto, M.; Kamphorst, A.O.; Im, S.J.; Kissick, H.T.; Pillai, RN.; Ramalingam, S.S.; Araki, K.; Ahmed, R. CD8 T Cell
Exhaustion in Chronic Infection and Cancer: Opportunities for Interventions. Annu. Rev. Med. 2018, 69, 301-318. [CrossRef]
Wherry, E.J.; Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 2015, 15, 486-499. [CrossRef]
Catakovic, K.; Klieser, E.; Neureiter, D.; Geisberger, R. T cell exhaustion: From pathophysiological basics to tumor immunotherapy.
Cell Commun. Signal. 2017, 15. [CrossRef] [PubMed]

Samstag, Y.; Eibert, S.M.; Klemke, M.; Wabnitz, G.H. Actin cytoskeletal dynamics in T lymphocyte activation and migration.
J. Leukoc. Biol. 2003, 73, 30—48. [CrossRef]

Melssen, M.; Slingluff, C.L., Jr. Vaccines targeting helper T cells for cancer immunotherapy. Curr. Opin. Immunol. 2017, 47, 85-92.
[CrossRef] [PubMed]

Quezada, S.A.; Simpson, T.R; Peggs, K.S.; Merghoub, T.; Vider, J.; Fan, X.; Blasberg, R.; Yagita, H.; Muranski, P.; Antony, P.A.;
et al. Tumor-reactive CD4(+) T cells develop cytotoxic activity and eradicate large established melanoma after transfer into
lymphopenic hosts. . Exp. Med. 2010, 207, 637-650. [CrossRef]

Juno, J.A.; van Bockel, D.; Kent, S.J.; Kelleher, A.D.; Zaunders, ].J.; Munier, C.M. Cytotoxic CD4 T Cells-Friend or Foe during Viral
Infection? Front. Immunol. 2017, 8, 19. [CrossRef] [PubMed]

Ahrends, T.; Busselaar, J.; Severson, T.M.; Babala, N.; de Vries, E.; Bovens, A.; Wessels, L.; van Leeuwen, F.; Borst, J]. CD4(+) T cell
help creates memory CD8(+) T cells with innate and help-independent recall capacities. Nat. Commun. 2019, 10, 5531. [CrossRef]
[PubMed]

Smith, C.M.; Wilson, N.S.; Waithman, J.; Villadangos, J.A.; Carbone, ER.; Heath, W.R.; Belz, G.T. Cognate CD4(+) T cell licensing
of dendritic cells in CD8(+) T cell immunity. Nat. Immunol. 2004, 5, 1143-1148. [CrossRef]

Ahrends, T.; Spanjaard, A.; Pilzecker, B.; Babala, N.; Bovens, A.; Xiao, Y.; Jacobs, H.; Borst, J]. CD4(+) T Cell Help Confers a
Cytotoxic T Cell Effector Program Including Coinhibitory Receptor Downregulation and Increased Tissue Invasiveness. Immunity
2017, 47, 848-861.e845. [CrossRef]

Guy, T.V,; Terry, AM.; Bolton, H.A.; Hancock, D.G.; Zhu, E.H.; Brink, R.; McGuire, H.M.; Shklovskaya, E.; Fazekas de St. Groth,
B. Collaboration between tumor-specific CD4(+) T cells and B cells in anti-cancer immunity. Oncotarget 2016, 7, 30211-30229.
[CrossRef]

Kreiter, S.; Vormehr, M.; van de Roemer, N.; Diken, M.; Lower, M.; Diekmann, J.; Boegel, S.; Schrors, B.; Vascotto, F.; Cas-
tle, J.C.; et al. Mutant MHC class II epitopes drive therapeutic immune responses to cancer. Nature 2015, 520, 692—696. [CrossRef]
Linnemann, C.; van Buuren, M.M.; Bies, L.; Verdegaal, E.M.; Schotte, R.; Calis, ].J.; Behjati, S.; Velds, A.; Hilkmann, H.;
Atmioui, D.E; et al. High-throughput epitope discovery reveals frequent recognition of neo-antigens by CD4+ T cells in human
melanoma. Nat. Med. 2015, 21, 81-85. [CrossRef] [PubMed]

Sahin, U.; Derhovanessian, E.; Miller, M.; Kloke, B.P.; Simon, P; Lower, M.; Bukur, V.; Tadmor, A.D.; Luxemburger, U.;
Schrors, B.; et al. Personalized RNA mutanome vaccines mobilize poly-specific therapeutic immunity against cancer. Nature 2017,
547,222-226. [CrossRef] [PubMed]

Ott, P.A.; Hu, Z.; Keskin, D.B.; Shukla, S.A.; Sun, J.; Bozym, D.].; Zhang, W.; Luoma, A.; Giobbie-Hurder, A ; Peter, L.; et al. An
immunogenic personal neoantigen vaccine for patients with melanoma. Nature 2017, 547, 217-221. [CrossRef]

Zander, R.; Schauder, D.; Xin, G.; Nguyen, C.; Wu, X.P; Zajac, A.; Cui, W.G. CD4(+) T Cell Help Is Required for the Formation of
a Cytolytic CD8(+) T Cell Subset that Protects against Chronic Infection and Cancer. Immunity 2019, 51, 1028-1042.e4. [CrossRef]
Alspach, E.; Lussier, D.M.; Miceli, A.P,; Kizhvatov, I.; DuPage, M.; Luoma, A.M.; Meng, W.; Lichti, C.F.; Esaulova, E.; Vo-
mund, A.N,; et al. MHC-II neoantigens shape tumour immunity and response to immunotherapy. Nature 2019, 574, 696-701.
[CrossRef]

Sledzinska, A.; Vila de Mucha, M.; Bergerhoff, K.; Hotblack, A.; Demane, D.E; Ghorani, E.; Akarca, A.U.; Marzolini, M.A.V.;
Solomon, I.; Vargas, F.A.; et al. Regulatory T Cells Restrain Interleukin-2- and Blimp-1-Dependent Acquisition of Cytotoxic
Function by CD4(+) T Cells. Immunity 2020, 52, 151-166.e156. [CrossRef] [PubMed]


http://doi.org/10.1038/s41568-019-0235-4
http://www.ncbi.nlm.nih.gov/pubmed/32024970
http://doi.org/10.1080/25785826.2019.1698261
http://doi.org/10.1016/j.immuni.2018.12.021
http://doi.org/10.1016/j.cell.2018.11.043
http://doi.org/10.1126/sciimmunol.aat7061
http://www.ncbi.nlm.nih.gov/pubmed/30389797
http://doi.org/10.1007/s13238-020-00707-9
http://www.ncbi.nlm.nih.gov/pubmed/32221812
http://doi.org/10.1146/annurev-med-012017-043208
http://doi.org/10.1038/nri3862
http://doi.org/10.1186/s12964-016-0160-z
http://www.ncbi.nlm.nih.gov/pubmed/28073373
http://doi.org/10.1189/jlb.0602272
http://doi.org/10.1016/j.coi.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28755541
http://doi.org/10.1084/jem.20091918
http://doi.org/10.3389/fimmu.2017.00019
http://www.ncbi.nlm.nih.gov/pubmed/28167943
http://doi.org/10.1038/s41467-019-13438-1
http://www.ncbi.nlm.nih.gov/pubmed/31797935
http://doi.org/10.1038/ni1129
http://doi.org/10.1016/j.immuni.2017.10.009
http://doi.org/10.18632/oncotarget.8797
http://doi.org/10.1038/nature14426
http://doi.org/10.1038/nm.3773
http://www.ncbi.nlm.nih.gov/pubmed/25531942
http://doi.org/10.1038/nature23003
http://www.ncbi.nlm.nih.gov/pubmed/28678784
http://doi.org/10.1038/nature22991
http://doi.org/10.1016/j.immuni.2019.10.009
http://doi.org/10.1038/s41586-019-1671-8
http://doi.org/10.1016/j.immuni.2019.12.007
http://www.ncbi.nlm.nih.gov/pubmed/31924474

Int. J. Mol. Sci. 2021, 22, 5736 24 of 27

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

LaCasse, C.J.; Janikashvili, N.; Larmonier, C.B.; Alizadeh, D.; Hanke, N.; Kartchner, J.; Situ, E.; Centuori, S.; Har-Noy, M.;
Bonnotte, B.; et al. Th-1 lymphocytes induce dendritic cell tumor killing activity by an IFN-gamma-dependent mechanism. J.
Immunol. 2011, 187, 6310-6317. [CrossRef]

Ostroumov, D.; Fekete-Drimusz, N.; Saborowski, M.; Kuhnel, E; Woller, N. CD4 and CD8 T lymphocyte interplay in controlling
tumor growth. Cell Mol. Life Sci. 2018, 75, 689-713. [CrossRef]

Corthay, A.; Skovseth, D.K.; Lundin, K.U.; Rosjo, E.; Ombholt, H.; Hofgaard, P.O.; Haraldsen, G.; Bogen, B. Primary antitumor
immune response mediated by CD4+ T cells. Immunity 2005, 22, 371-383. [CrossRef]

Hewitt, S.L.; Bailey, D.; Zielinski, J.; Apte, A.; Musenge, F,; Karp, R; Burke, S.; Garcon, F; Mishra, A.; Gurumurthy, S.; et al.
Intratumoral IL12 mRNA Therapy Promotes TH1 Transformation of the Tumor Microenvironment. Clin. Cancer Res. 2020, 26,
6284-6298. [CrossRef]

Mattes, J.; Hulett, M.; Xie, W.; Hogan, S.; Rothenberg, M.E.; Foster, P.; Parish, C. Immunotherapy of cytotoxic T cell-resistant
tumors by T helper 2 cells: An eotaxin and STAT6-dependent process. J. Exp. Med. 2003, 197, 387-393. [CrossRef]

Tepper, R.IL; Coffman, R.L.; Leder, P. An eosinophil-dependent mechanism for the antitumor effect of interleukin-4. Science 1992,
257, 548-551. [CrossRef]

Kim, H.J.; Cantor, H. CD4 T-cell subsets and tumor immunity: The helpful and the not-so-helpful. Cancer Immunol. Res. 2014, 2,
91-98. [CrossRef]

Asadzadeh, Z.; Mohammadi, H.; Safarzadeh, E.; Hemmatzadeh, M.; Mahdian-Shakib, A.; Jadidi-Niaragh, F.; Azizi, G.; Baradaran,
B. The paradox of Th17 cell functions in tumor immunity. Cell Immunol. 2017, 322, 15-25. [CrossRef]

Yan, C.; Richmond, A. Th9 and Th17 cells: The controversial twins in cancer immunity. J. Clin. Invest. 2020, 130, 3409-3411.
[CrossRef] [PubMed]

Ye, J.; Livergood, R.S.; Peng, G. The role and regulation of human Th17 cells in tumor immunity. Am. J. Pathol. 2013, 182, 10-20.
[CrossRef] [PubMed]

Janikashvili, N.; Chikovani, T.; Audia, S.; Bonnotte, B.; Larmonier, N. T Lymphocyte Plasticity in Autoimmunity and Cancer.
Biomed. Res. Int. 2015, 2015, 540750. [CrossRef] [PubMed]

Liang, J.; Jahraus, B.; Balta, E.; Ziegler, ].D.; Hubner, K.; Blank, N.; Niesler, B.; Wabnitz, G.H.; Samstag, Y. Sulforaphane Inhibits
Inflammatory Responses of Primary Human T-Cells by Increasing ROS and Depleting Glutathione. Front. Immunol. 2018, 9, 2584.
[CrossRef] [PubMed]

Chalmin, F; Bruchard, M.; Vegran, E; Ghiringhelli, F. Regulation of T cell antitumor immune response by tumor induced
metabolic stress. Cell Stress 2018, 3, 9-18. [CrossRef] [PubMed]

Sakaguchi, S.; Mikami, N.; Wing, ].B.; Tanaka, A.; Ichiyama, K.; Ohkura, N. Regulatory T Cells and Human Disease. Annu. Rev.
Immunol. 2020, 38, 541-566. [CrossRef] [PubMed]

Itoh, M.; Takahashi, T.; Sakaguchi, N.; Kuniyasu, Y.; Shimizu, J.; Otsuka, F; Sakaguchi, S. Thymus and autoimmunity: Production
of CD25(+)CD4(+) naturally anergic and suppressive T cells as a key function of the thymus in maintaining immunologic
self-tolerance. J. Immunol. 1999, 162, 5317-5326. [PubMed]

Kanamori, M.; Nakatsukasa, H.; Okada, M.; Lu, Q.; Yoshimura, A. Induced Regulatory T Cells: Their Development, Stability, and
Applications. Trends Immunol. 2016, 37, 803—-811. [CrossRef] [PubMed]

Paluskievicz, C.M.; Cao, X.; Abdi, R.; Zheng, P; Liu, Y.; Bromberg, ].S. T Regulatory Cells and Priming the Suppressive Tumor
Microenvironment. Front. Immunol. 2019, 10, 2453. [CrossRef] [PubMed]

Plitas, G.; Rudensky, A.Y. Regulatory T Cells in Cancer. Annu. Rev. Cancer Biol. 2020, 4, 459-477. [CrossRef]

Qureshi, O.S.; Zheng, Y.; Nakamura, K.; Attridge, K.; Manzotti, C.; Schmidt, E.M.; Baker, ].; Jeffery, L.E.; Kaur, S.; Briggs, Z.; et al.
Trans-endocytosis of CD80 and CD86: A molecular basis for the cell-extrinsic function of CTLA-4. Science 2011, 332, 600-603.
[CrossRef]

Liang, B.T.; Workman, C.; Lee, J.; Chew, C.; Dale, B.M.; Colonna, L.; Flores, M.; Li, N.Y.; Schweighoffer, E.; Greenberg, S.; et al.
Regulatory T cells inhibit dendritic cells by lymphocyte activation gene-3 engagement of MHC class II. J. Immunol. 2008, 180,
5916-5926. [CrossRef]

Taylor, A.; Verhagen, ].; Blaser, K.; Akdis, M.; Akdis, C.A. Mechanisms of immune suppression by interleukin-10 and transforming
growth factor-beta: The role of T regulatory cells. Immunology 2006, 117, 433-442. [CrossRef] [PubMed]

Schmidt, A.; Oberle, N.; Krammer, P.H. Molecular mechanisms of treg-mediated T cell suppression. Front. Immunol. 2012, 3, 51.
[CrossRef]

Pandiyan, P.; Zheng, L.; Ishihara, S.; Reed, J.; Lenardo, M.]. CD4+CD25+Foxp3+ regulatory T cells induce cytokine deprivation-
mediated apoptosis of effector CD4+ T cells. Nat. Immunol. 2007, 8, 1353-1362. [CrossRef]

Klein, M.; Bopp, T. Cyclic AMP Represents a Crucial Component of Treg Cell-Mediated Immune Regulation. Front. Immunol.
2016, 7, 315. [CrossRef]

Antonioli, L.; Pacher, P; Vizi, E.S.; Hasko, G. CD39 and CD73 in immunity and inflammation. Trends Mol. Med. 2013, 19, 355-367.
[CrossRef]

Deaglio, S.; Dwyer, KM.; Gao, W.; Friedman, D.; Usheva, A.; Erat, A.; Chen, ].F; Enjyoji, K; Linden, ]J.; Oukka, M.; et al.
Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J. Exp. Med.
2007, 204, 1257-1265. [CrossRef]


http://doi.org/10.4049/jimmunol.1101812
http://doi.org/10.1007/s00018-017-2686-7
http://doi.org/10.1016/j.immuni.2005.02.003
http://doi.org/10.1158/1078-0432.CCR-20-0472
http://doi.org/10.1084/jem.20021683
http://doi.org/10.1126/science.1636093
http://doi.org/10.1158/2326-6066.CIR-13-0216
http://doi.org/10.1016/j.cellimm.2017.10.015
http://doi.org/10.1172/JCI138418
http://www.ncbi.nlm.nih.gov/pubmed/32484457
http://doi.org/10.1016/j.ajpath.2012.08.041
http://www.ncbi.nlm.nih.gov/pubmed/23159950
http://doi.org/10.1155/2015/540750
http://www.ncbi.nlm.nih.gov/pubmed/26587539
http://doi.org/10.3389/fimmu.2018.02584
http://www.ncbi.nlm.nih.gov/pubmed/30487791
http://doi.org/10.15698/cst2019.01.171
http://www.ncbi.nlm.nih.gov/pubmed/31225495
http://doi.org/10.1146/annurev-immunol-042718-041717
http://www.ncbi.nlm.nih.gov/pubmed/32017635
http://www.ncbi.nlm.nih.gov/pubmed/10228007
http://doi.org/10.1016/j.it.2016.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27623114
http://doi.org/10.3389/fimmu.2019.02453
http://www.ncbi.nlm.nih.gov/pubmed/31681327
http://doi.org/10.1146/annurev-cancerbio-030419-033428
http://doi.org/10.1126/science.1202947
http://doi.org/10.4049/jimmunol.180.9.5916
http://doi.org/10.1111/j.1365-2567.2006.02321.x
http://www.ncbi.nlm.nih.gov/pubmed/16556256
http://doi.org/10.3389/fimmu.2012.00051
http://doi.org/10.1038/ni1536
http://doi.org/10.3389/fimmu.2016.00315
http://doi.org/10.1016/j.molmed.2013.03.005
http://doi.org/10.1084/jem.20062512

Int. J. Mol. Sci. 2021, 22, 5736 25 of 27

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.
215.

216.

217.

218.

219.

220.

Sorrentino, C.; Hossain, F.; Rodriguez, P.C.; Sierra, R.A.; Pannuti, A.; Osborne, B.A.; Minter, L.M.; Miele, L.; Morello, S. Adenosine
A2A Receptor Stimulation Inhibits TCR-Induced Notchl Activation in CD8+T-Cells. Front. Immunol. 2019, 10, 162. [CrossRef]
Samstag, Y.; John, I.; Wabnitz, G.H. Cofilin: A redox sensitive mediator of actin dynamics during T-cell activation and migration.
Immunol. Rev. 2013, 256, 30—47. [CrossRef] [PubMed]

Munder, M.; Engelhardt, M.; Knies, D.; Medenhoff, S.; Wabnitz, G.; Luckner-Minden, C.; Feldmeyer, N.; Voss, R.H.; Kropf, P.;
Muller, I; et al. Cytotoxicity of tumor antigen specific human T cells is unimpaired by arginine depletion. PLoS ONE 2013,
8, €63521. [CrossRef] [PubMed]

Gostner, ].M.; Becker, K.; Fuchs, D.; Sucher, R. Redox regulation of the immune response. Redox Rep. 2013, 18, 88-94. [CrossRef]
Wabnitz, G.H.; Balta, E.; Schindler, S.; Kirchgessner, H.; Jahraus, B.; Meuer, S.; Samstag, Y. The pro-oxidative drug WE-10 inhibits
serial killing by primary human cytotoxic T-cells. Cell Death Discov. 2016, 2, 16057. [CrossRef] [PubMed]

Llopiz, D.; Ruiz, M.; Infante, S.; Villanueva, L.; Silva, L.; Hervas-Stubbs, S.; Alignani, D.; Guruceaga, E.; Lasarte, ].J.; Sarobe,
P. IL-10 expression defines an immunosuppressive dendritic cell population induced by antitumor therapeutic vaccination.
Oncotarget 2017, 8, 2659-2671. [CrossRef] [PubMed]

Berraondo, P.; Sanmamed, M.E; Ochoa, M.C.; Etxeberria, I.; Aznar, M.A.; Perez-Gracia, J.L.; Rodriguez-Ruiz, M.E.; Ponz-Sarvise,
M.; Castanon, E.; Melero, I. Cytokines in clinical cancer immunotherapy. Br. J. Cancer 2019, 120, 6-15. [CrossRef]

Batlle, E.; Massague, J. Transforming Growth Factor-beta Signaling in Immunity and Cancer. Immunity 2019, 50, 924-940.
[CrossRef] [PubMed]

Tauriello, D.V.E; Palomo-Ponce, S.; Stork, D.; Berenguer-Llergo, A.; Badia-Ramentol, J.; Iglesias, M.; Sevillano, M.; Ibiza, S.;
Canellas, A.; Hernando-Momblona, X.; et al. TGFbeta drives immune evasion in genetically reconstituted colon cancer metastasis.
Nature 2018, 554, 538-543. [CrossRef] [PubMed]

Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel, E.E., III; Koeppen, H.; Astarita, J.L.;
Cubas, R; et al. TGFbeta attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells. Nature 2018, 554,
544-548. [CrossRef]

Chen, Q.; Ames, B.N. Senescence-like growth arrest induced by hydrogen peroxide in human diploid fibroblast F65 cells. Proc.
Natl. Acad. Sci. USA 1994, 91, 4130-4134. [CrossRef] [PubMed]

Qiao, J.; Liu, Z.; Dong, C.; Luan, Y.; Zhang, A.; Moore, C.; Fu, K,; Peng, ].; Wang, Y.; Ren, Z.; et al. Targeting Tumors with IL-10
Prevents Dendritic Cell-Mediated CD8(+) T Cell Apoptosis. Cancer Cell 2019, 35, 901-915.e904. [CrossRef] [PubMed]

Ni, G.; Zhang, L.; Yang, X,; Li, H.; Ma, B.; Walton, S.; Wu, X; Yuan, J.; Wang, T.; Liu, X. Targeting interleukin-10 signalling for
cancer immunotherapy, a promising and complicated task. Hum. Vaccin. Immunother. 2020, 16, 2328-2332. [CrossRef]

Fiaschi, T.; Chiarugi, P. Oxidative stress, tumor microenvironment, and metabolic reprogramming: A diabolic liaison. Int. ]. Cell
Biol. 2012, 2012, 762825. [CrossRef] [PubMed]

Szatrowski, T.P; Nathan, C.F. Production of large amounts of hydrogen peroxide by human tumor cells. Cancer Res. 1991, 51,
794-798.

Weinberg, F.; Ramnath, N.; Nagrath, D. Reactive Oxygen Species in the Tumor Microenvironment: An Overview. Cancers 2019,
11, 1191. [CrossRef] [PubMed]

Harris, 1.S.; DeNicola, G.M. The Complex Interplay between Antioxidants and ROS in Cancer. Trends Cell Biol. 2020, 30, 440-451.
[CrossRef] [PubMed]

Hamanaka, R.B.; Chandel, N.S. Mitochondrial reactive oxygen species regulate hypoxic signaling. Curr. Opin. Cell Biol. 2009, 21,
894-899. [CrossRef] [PubMed]

Martinez-Outschoorn, U.; Sotgia, F.; Lisanti, M.P. Tumor microenvironment and metabolic synergy in breast cancers: Critical
importance of mitochondrial fuels and function. Semin. Oncol. 2014, 41, 195-216. [CrossRef] [PubMed]

Hegedus, C.; Kovacs, K.; Polgar, Z.; Regdon, Z.; Szabo, E.; Robaszkiewicz, A.; Forman, H.J.; Martner, A.; Virag, L. Redox control
of cancer cell destruction. Redox. Biol. 2018, 16, 59-74. [CrossRef]

Ozben, T. Oxidative stress and apoptosis: Impact on cancer therapy. J. Pharm. Sci. 2007, 96, 2181-2196. [CrossRef] [PubMed]
Watson, J. Oxidants, antioxidants and the current incurability of metastatic cancers. Open Biol. 2013, 3, 120144. [CrossRef]
[PubMed]

Kumari, S.; Badana, A.K.; Malla, R. Reactive Oxygen Species: A Key Constituent in Cancer Survival. Biomark. Insights 2018, 13,
1177271918755391. [CrossRef]

Samaranayake, G.J.; Troccoli, C.I.; Huynh, M.; Lyles, R.D.Z.; Kage, K.; Win, A.; Lakshmanan, V.; Kwon, D.; Ban, Y.; Chen, S.X,;
et al. Thioredoxin-1 protects against androgen receptor-induced redox vulnerability in castration-resistant prostate cancer. Nat.
Commun. 2017, 8, 1204. [CrossRef]

Harris, 1.S.; Treloar, A.E.; Inoue, S.; Sasaki, M.; Gorrini, C.; Lee, K.C.; Yung, K.Y.; Brenner, D.; Knobbe-Thomsen, C.B,;
Cox, M.A; et al. Glutathione and thioredoxin antioxidant pathways synergize to drive cancer initiation and progression.
Cancer Cell 2015, 27, 211-222. [CrossRef]

Balta, E.; Hardt, R.; Liang, J.; Kirchgessner, H.; Orlik, C.; Jahraus, B.; Hillmer, S.; Meuer, S.; Hubner, K.; Wabnitz, G.H.; et al.
Spatial oxidation of L-plastin downmodulates actin-based functions of tumor cells. Nat. Commun. 2019, 10, 4073. [CrossRef]
Balta, E.; Kramer, ].; Samstag, Y. Redox Regulation of the Actin Cytoskeleton in Cell Migration and Adhesion: On the Way to a
Spatiotemporal View. Front. Cell Dev. Biol. 2020, 8, 618261. [CrossRef]


http://doi.org/10.3389/fimmu.2019.00162
http://doi.org/10.1111/imr.12115
http://www.ncbi.nlm.nih.gov/pubmed/24117811
http://doi.org/10.1371/journal.pone.0063521
http://www.ncbi.nlm.nih.gov/pubmed/23717444
http://doi.org/10.1179/1351000213Y.0000000044
http://doi.org/10.1038/cddiscovery.2016.57
http://www.ncbi.nlm.nih.gov/pubmed/27551545
http://doi.org/10.18632/oncotarget.13736
http://www.ncbi.nlm.nih.gov/pubmed/27926522
http://doi.org/10.1038/s41416-018-0328-y
http://doi.org/10.1016/j.immuni.2019.03.024
http://www.ncbi.nlm.nih.gov/pubmed/30995507
http://doi.org/10.1038/nature25492
http://www.ncbi.nlm.nih.gov/pubmed/29443964
http://doi.org/10.1038/nature25501
http://doi.org/10.1073/pnas.91.10.4130
http://www.ncbi.nlm.nih.gov/pubmed/8183882
http://doi.org/10.1016/j.ccell.2019.05.005
http://www.ncbi.nlm.nih.gov/pubmed/31185213
http://doi.org/10.1080/21645515.2020.1717185
http://doi.org/10.1155/2012/762825
http://www.ncbi.nlm.nih.gov/pubmed/22666258
http://doi.org/10.3390/cancers11081191
http://www.ncbi.nlm.nih.gov/pubmed/31426364
http://doi.org/10.1016/j.tcb.2020.03.002
http://www.ncbi.nlm.nih.gov/pubmed/32303435
http://doi.org/10.1016/j.ceb.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19781926
http://doi.org/10.1053/j.seminoncol.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24787293
http://doi.org/10.1016/j.redox.2018.01.015
http://doi.org/10.1002/jps.20874
http://www.ncbi.nlm.nih.gov/pubmed/17593552
http://doi.org/10.1098/rsob.120144
http://www.ncbi.nlm.nih.gov/pubmed/23303309
http://doi.org/10.1177/1177271918755391
http://doi.org/10.1038/s41467-017-01269-x
http://doi.org/10.1016/j.ccell.2014.11.019
http://doi.org/10.1038/s41467-019-11909-z
http://doi.org/10.3389/fcell.2020.618261

Int. J. Mol. Sci. 2021, 22, 5736 26 of 27

221.

222.
223.

224.

225.

226.

227.

228.

229.
230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

Thoren, FE.B.; Betten, A.; Romero, A I; Hellstrand, K. Cutting edge: Antioxidative properties of myeloid dendritic cells: Protection
of T cells and NK cells from oxygen radical-induced inactivation and apoptosis. J. Immunol. 2007, 179, 21-25. [CrossRef]
Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016, 23, 27-47. [CrossRef]
Munder, M.; Schneider, H.; Luckner, C.; Giese, T.; Langhans, C.D.; Fuentes, ].M.; Kropf, P.; Mueller, I.; Kolb, A.; Modolell, M.; et al.
Suppression of T-cell functions by human granulocyte arginase. Blood 2006, 108, 1627-1634. [CrossRef] [PubMed]

Grzywa, T.M.; Sosnowska, A.; Matryba, P.; Rydzynska, Z.; Jasinski, M.; Nowis, D.; Golab, J. Myeloid Cell-Derived Arginase in
Cancer Immune Response. Front. Immunol. 2020, 11, 938. [CrossRef]

Meireson, A.; Devos, M.; Brochez, L. IDO Expression in Cancer: Different Compartment, Different Functionality? Front. Immunol.
2020, 11, 531491. [CrossRef] [PubMed]

Wang, S.; Wu, J.; Shen, H.; Wang, J. The prognostic value of IDO expression in solid tumors: A systematic review and meta-analysis.
BMC Cancer 2020, 20, 471. [CrossRef] [PubMed]

Wainwright, D.A.; Chang, A.L.; Dey, M.; Balyasnikova, I.V,; Kim, C.K.; Tobias, A.; Cheng, Y.; Kim, ] W.; Qiao, J.; Zhang, L.; et al.
Durable therapeutic efficacy utilizing combinatorial blockade against IDO, CTLA-4, and PD-L1 in mice with brain tumors. Clin.
Cancer Res. 2014, 20, 5290-5301. [CrossRef] [PubMed]

Agliardi, G.; Patel, A.; Romiti, A.; Kalber, T.; Roberts, T.; Franz-Demane, D.; Lythgoe, M.; Anderson, J.; Quezada, S.; Pule, M.; et al.
CAR T Cells Combined With PD1 Blockade Promote Long-Term Efficacy in a Mouse Model for High Grade Gliomas. Mol. Ther.
2017, 25, 154-155.

Kakarla, S.; Gottschalk, S. CAR T cells for solid tumors: Armed and ready to go? Cancer |. 2014, 20, 151-155. [CrossRef] [PubMed]
Brentjens, R.J.; Latouche, ].B.; Santos, E.; Marti, F.; Gong, M.C.; Lyddane, C.; King, P.D.; Larson, S.; Weiss, M.; Riviere, I.; et al.
Eradication of systemic B-cell tumors by genetically targeted human T lymphocytes co-stimulated by CD80 and interleukin-15.
Nat. Med. 2003, 9, 279-286. [CrossRef]

Spiess, PJ.; Yang, ].C.; Rosenberg, S.A. In vivo antitumor activity of tumor-infiltrating lymphocytes expanded in recombinant
interleukin-2. J. Natl. Cancer Inst. 1987, 79, 1067-1075. [PubMed]

Dudley, M.E.; Wunderlich, J.R.; Shelton, T.E.; Even, ].; Rosenberg, S.A. Generation of tumor-infiltrating lymphocyte cultures for
use in adoptive transfer therapy for melanoma patients. J. Immunother. 2003, 26, 332-342. [CrossRef] [PubMed]

Goff, S.L.; Dudley, M.E; Citrin, D.E.; Somerville, R.P.; Wunderlich, ].R.; Danforth, D.N.; Zlott, D.A.; Yang, ].C.; Sherry, RM.;
Kammula, U.S,; et al. Randomized, Prospective Evaluation Comparing Intensity of Lymphodepletion Before Adoptive Transfer of
Tumor-Infiltrating Lymphocytes for Patients With Metastatic Melanoma. J. Clin. Oncol. 2016, 34, 2389-2397. [CrossRef] [PubMed]
Rohaan, M.W.; Wilgenhof, S.; Haanen, J. Adoptive cellular therapies: The current landscape. Virchows Arch. 2019, 474, 449-461.
[CrossRef]

Lo Presti, V.; Buitenwerf, F,; van Til, N.P; Nierkens, S. Gene Augmentation and Editing to Improve TCR Engineered T Cell
Therapy against Solid Tumors. Vaccines 2020, 8, 733. [CrossRef]

Porter, C.E.; Shaw, AR ; Jung, Y.; Yip, T.; Castro, P.D.; Sandulache, V.C ; Sikora, A.; Gottschalk, S.; Ittman, M.M.; Brenner, M.K.; et al.
Oncolytic Adenovirus Armed with BiTE, Cytokine, and Checkpoint Inhibitor Enables CAR T Cells to Control the Growth of
Heterogeneous Tumors. Mol. Ther. 2020, 28, 1251-1262. [CrossRef]

Robbins, P.E; Morgan, R.A.; Feldman, S.A.; Yang, J.C.; Sherry, RM.; Dudley, M.E.; Wunderlich, ].R.; Nahvi, A.V,; Helman, L.J.;
Mackall, C.L.; et al. Tumor Regression in Patients With Metastatic Synovial Cell Sarcoma and Melanoma Using Genetically
Engineered Lymphocytes Reactive With NY-ESO-1. J. Clin. Oncol. 2011, 29, 917-924. [CrossRef]

Morgan, R.A.; Chinnasamy, N.; Abate-Daga, D.; Gros, A.; Robbins, P.E; Zheng, Z.; Dudley, M.E.; Feldman, S.A.; Yang, ].C.;
Sherry, R.M.; et al. Cancer regression and neurological toxicity following anti-MAGE-A3 TCR gene therapy. J. Immunother. 2013,
36, 133-151. [CrossRef]

Geyer, M.B.; Brentjens, R.J. Review: Current clinical applications of chimeric antigen receptor (CAR) modified T cells. Cytotherapy
2016. [CrossRef]

Knochelmann, H.M.; Smith, A.S.; Dwyer, C.J.; Wyatt, M.M.; Mehrotra, S.; Paulos, C.M. CAR T Cells in Solid Tumors: Blueprints
for Building Effective Therapies. Front. Immunol. 2018, 9, 1740. [CrossRef]

Di Stasi, A.; De Angelis, B.; Rooney, C.M.; Zhang, L.; Mahendravada, A.; Foster, A.E.; Heslop, H.E.; Brenner, M.K.; Dotti, G.;
Savoldo, B. T lymphocytes coexpressing CCR4 and a chimeric antigen receptor targeting CD30 have improved homing and
antitumor activity in a Hodgkin tumor model. Blood 2009, 113, 6392-6402. [CrossRef] [PubMed]

Moon, E.K,; Carpenito, C.; Sun, J.; Wang, L.C.; Kapoor, V.; Predina, ]J.; Powell, D.],, Jr.; Riley, J.L.; June, C.H.; Albelda, S.M.
Expression of a functional CCR2 receptor enhances tumor localization and tumor eradication by retargeted human T cells
expressing a mesothelin-specific chimeric antibody receptor. Clin. Cancer Res. 2011, 17, 4719-4730. [CrossRef]

Zou, E; Lu, L; Liu, J; Xia, B.; Zhang, W.; Hu, Q.; Liu, W,; Zhang, Y.; Lin, Y,; Jing, S.; et al. Engineered triple inhibitory receptor
resistance improves anti-tumor CAR-T cell performance via CD56. Nat. Commun. 2019, 10, 4109. [CrossRef]

Cherkassky, L.; Morello, A.; Villena-Vargas, J.; Feng, Y.; Dimitrov, D.S.; Jones, D.R.; Sadelain, M.; Adusumilli, P.S. Human CAR T
cells with cell-intrinsic PD-1 checkpoint blockade resist tumor-mediated inhibition. J. Clin. Invest. 2016, 126, 3130-3144. [CrossRef]
[PubMed]

Pegram, H.]J.; Purdon, T].; van Leeuwen, D.G.; Curran, KJ.; Giralt, S.A.; Barker, ].N.; Brentjens, R.J. IL-12-secreting CD19-targeted
cord blood-derived T cells for the immunotherapy of B-cell acute lymphoblastic leukemia. Leukemia 2015, 29, 415-422. [CrossRef]
[PubMed]


http://doi.org/10.4049/jimmunol.179.1.21
http://doi.org/10.1016/j.cmet.2015.12.006
http://doi.org/10.1182/blood-2006-11-010389
http://www.ncbi.nlm.nih.gov/pubmed/16709924
http://doi.org/10.3389/fimmu.2020.00938
http://doi.org/10.3389/fimmu.2020.531491
http://www.ncbi.nlm.nih.gov/pubmed/33072086
http://doi.org/10.1186/s12885-020-06956-5
http://www.ncbi.nlm.nih.gov/pubmed/32456621
http://doi.org/10.1158/1078-0432.CCR-14-0514
http://www.ncbi.nlm.nih.gov/pubmed/24691018
http://doi.org/10.1097/PPO.0000000000000032
http://www.ncbi.nlm.nih.gov/pubmed/24667962
http://doi.org/10.1038/nm827
http://www.ncbi.nlm.nih.gov/pubmed/3500355
http://doi.org/10.1097/00002371-200307000-00005
http://www.ncbi.nlm.nih.gov/pubmed/12843795
http://doi.org/10.1200/JCO.2016.66.7220
http://www.ncbi.nlm.nih.gov/pubmed/27217459
http://doi.org/10.1007/s00428-018-2484-0
http://doi.org/10.3390/vaccines8040733
http://doi.org/10.1016/j.ymthe.2020.02.016
http://doi.org/10.1200/JCO.2010.32.2537
http://doi.org/10.1097/CJI.0b013e3182829903
http://doi.org/10.1016/j.jcyt.2016.07.003
http://doi.org/10.3389/fimmu.2018.01740
http://doi.org/10.1182/blood-2009-03-209650
http://www.ncbi.nlm.nih.gov/pubmed/19377047
http://doi.org/10.1158/1078-0432.CCR-11-0351
http://doi.org/10.1038/s41467-019-11893-4
http://doi.org/10.1172/JCI83092
http://www.ncbi.nlm.nih.gov/pubmed/27454297
http://doi.org/10.1038/leu.2014.215
http://www.ncbi.nlm.nih.gov/pubmed/25005243

Int. J. Mol. Sci. 2021, 22, 5736 27 of 27

246.

247.

248.

249.

250.

251.

252.

253.

He, C; Zhou, Y,; Li, Z.; Farooq, M.A.; Ajmal, I.; Zhang, H.; Zhang, L.; Tao, L.; Yao, J.; Du, B.; et al. Co-Expression of IL-7 Improves
NKG2D-Based CAR T Cell Therapy on Prostate Cancer by Enhancing the Expansion and Inhibiting the Apoptosis and Exhaustion.
Cancers 2020, 12, 1969. [CrossRef] [PubMed]

Chen, N.; Morello, A.; Tano, Z.; Adusumilli, P.S. CAR T-cell intrinsic PD-1 checkpoint blockade: A two-in-one approach for solid
tumor immunotherapy. Oncoimmunology 2017, 6, €1273302. [CrossRef]

Wing, A.; Fajardo, C.A.; Posey, A.D.; Shaw, C.; Da, T.; Young, R.M.; Alemany, R.; June, C.H.; Guedan, S. Improving CART-Cell
Therapy of Solid Tumors with Oncolytic Virus-Driven Production of a Bispecific T-cell Engager. Cancer Immunol. Res. 2018, 6,
605-616. [CrossRef]

Guo, Z.S,; Lotze, M.T.; Zhu, Z.; Storkus, W.J.; Song, X.T. Bi- and Tri-Specific T Cell Engager-Armed Oncolytic Viruses: Next-
Generation Cancer Immunotherapy. Biomedicines 2020, 8, 204. [CrossRef]

Nishio, N.; Diaconu, I; Liu, H.; Cerullo, V.; Caruana, I.; Hoyos, V.; Bouchier-Hayes, L.; Savoldo, B.; Dotti, G. Armed oncolytic
virus enhances immune functions of chimeric antigen receptor-modified T cells in solid tumors. Cancer Res. 2014, 74, 5195-5205.
[CrossRef]

Rashida Gnanaprakasam, J.N.; Wu, R.; Wang, R. Metabolic Reprogramming in Modulating T Cell Reactive Oxygen Species
Generation and Antioxidant Capacity. Front. Immunol. 2018, 9, 1075. [CrossRef] [PubMed]

Tafani, M.; Sansone, L.; Limana, F; Arcangeli, T.; De Santis, E.; Polese, M.; Fini, M.; Russo, M. A. The Interplay of Reactive Oxygen
Species, Hypoxia, Inflammation, and Sirtuins in Cancer Initiation and Progression. Oxid Med. Cell Longev. 2016, 2016, 3907147.
[CrossRef] [PubMed]

Wu, J.; Mayer, A.T.; Li, R. Integrated imaging and molecular analysis to decipher tumor microenvironment in the era of
immunotherapy. Semin. Cancer Biol. 2020. [CrossRef] [PubMed]


http://doi.org/10.3390/cancers12071969
http://www.ncbi.nlm.nih.gov/pubmed/32698361
http://doi.org/10.1080/2162402X.2016.1273302
http://doi.org/10.1158/2326-6066.CIR-17-0314
http://doi.org/10.3390/biomedicines8070204
http://doi.org/10.1158/0008-5472.CAN-14-0697
http://doi.org/10.3389/fimmu.2018.01075
http://www.ncbi.nlm.nih.gov/pubmed/29868027
http://doi.org/10.1155/2016/3907147
http://www.ncbi.nlm.nih.gov/pubmed/26798421
http://doi.org/10.1016/j.semcancer.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33290844

	Composition and Heterogeneity of the Tumor Microenvironment 
	Tumor Immune Surveillance and Immunoediting 
	Immune Cell Constituents of the TME 
	Tumor-Associated Macrophages (TAMs) 
	Tumor-Associated Neutrophils (TANs) 
	Myeloid-Derived Suppressor Cells (MDSCs) 
	Natural Killer Cells (NK Cells) 
	B Cells 
	Dendritic Cells (DCs) 
	T Cells 
	CD8+ T Cells 
	CD4+ T Helper Cells 
	Regulatory T Cells 


	Molecular Constituents of an Immunosuppressive TME 
	Anti-Inflammatory Cytokines 
	Reactive Oxygen Species (ROS) 
	Metabolites 

	Immunotherapeutic Strategies against Solid Tumors 
	The Portfolio of T Cell-Based Immunotherapies 
	TIL Therapy 
	TCR Therapy 
	CAR T Cell Therapy 


	Concluding Remarks 
	References

