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Abstract: The treatment landscape in oncology has witnessed a major revolution with the introduction
of checkpoint inhibitors: anti-PD1, anti-PDL1 and anti-CTLA-4. These agents enhance the immune
response towards cancer cells instead of targeting the tumor itself, contrary to standard chemotherapy.
Although long-lasting durable responses have been observed with immune checkpoints inhibitors,
the response rate remains relatively low in many cases. Some patients respond in the beginning but
then eventually develop acquired resistance to treatment and progress. Other patients having primary
resistance never respond. Multiple studies have been conducted to further elucidate these variations
in response in different tumor types and different individuals. This paper provides an overview of the
mechanisms of resistance to immune checkpoint inhibitors and highlights the possible therapeutic
approaches under investigation aiming to overcome such resistance in order to improve the clinical
outcomes of cancer patients.
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1. Introduction

We are finally reaching an era where we have hope for better treatment options for the management
of metastatic cancer. It is a time where breaking the news to patients and their families is somehow less
difficult with new means of therapy that are providing light at the end of the tunnel, with hopes of
more long-term, maintained responses. However, no matter how optimistic we may be, results are
not guaranteed. Not all patients respond, and resistance to such therapy exists. For this reason,
understanding tumor biology and how such treatments work is important for finding means to
optimize the therapeutic approach and improve the response.

The recently “apprehended” old understanding of tumor biology and cancer onco-pathogenesis
has unveiled an entire spectrum of treatment possibilities, shifting focus from targeting tumor cells
to targeting and mobilizing the immune system against malignancy. The concept has been there
for quite a while, pioneered by Dr. William B. Coley in the 1890s [1], re-addressed via the cancer
immune-surveillance theory proposed by Paul Ehrlich, and re-ascertained by Burnet et al. in the
1950s [2]; nevertheless, the concept did not reach implementation until the new millennium [3–5].
Tumorigenesis is no longer perceived as an odd event but rather a frequent happening that is usually
suppressed by the host’s immunity [6,7].

Immune responses and dynamic interactions of immune cells with malignant cells as well as
the surrounding tumor micro-environment lead to different consequences with different phases of
immune-surveillance: elimination with the production of adaptive memory cells; equilibrium leading
to immune tolerance; and finally; escape with consequent tumor growth [8]. Based on this concept,
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research has been focused on finding all the factors affecting these different phases. Furthermore,
a better understanding and elucidation of the mechanisms of immune evasion and escape brought
scientists one step closer to developing the means to overcome tumor growth and enhance immune
stimulation to thereby improve patient responses to immunotherapy.

The mechanism by which the host’s immunity approaches malignant cells is a multi-step immune
cell–tumor cell interaction, where host antigen presenting cells (APCs) activate naïve host T-cells
against presented tumor antigens via the binding of major histocompatibility complex-I (MHC-I)
present on APCs with T-cell receptors (TCR) present on T-cells [9]. Full activation usually requires
co-stimulatory signals by the binding of receptors such as CD28 and B7 found on T-cells and APCs,
respectively [10]. On the other hand, such a step is usually regulated by inhibitory checkpoints in order
to avoid excessive stimulation, auto-immunity and self-tissue damage [11,12]. Of these inhibitory
check-points, the most studied and implemented in practice are the cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), programmed cell death protein-1 (PD-1), and programmed cell death protein
ligand-1 (PDL-1) (Figure 1). Ipilimumab, an example of a CTLA-4 inhibitor, has been approved
by the FDA since 2011 to be used in malignant melanoma [13], with approvals for multiple other
malignancies having followed, such as renal cell carcinoma (RCC), non-small cell lung cancer (NSCLC),
head and neck squamous cell carcinoma, urothelial carcinoma, lymphoma, hepatocellular carcinoma,
and all microsatellite instability-high tumors and others. Remarkable responses have been noted,
mostly when ipilimumab has been combined with other checkpoint inhibitors, anti-PD1/PDL-1
inhibitors specifically [14].
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an inhibitory checkpoint or CTLA-4 that takes the place of CD28 in binding to B7, thereby blocking 
activation. Ipilimumab is an inhibitor of CTLA-4 that can restore activation. (B). When activated, the 
cytotoxic T-cell requires the interaction of its TCR with the MHC-II present on the tumor cell for 
response. Nevertheless, this too is blocked by yet another inhibitory checkpoint or programmed cell 
death protein-1 (PD-1) present on T-cells with its correlating ligand PDL-1 on the tumor cells. 
Inhibitors of either PD-1 or PDL-1 can be used to reverse this blockage and allow the killing to 
proceed. 

Multiple antibodies blocking the PD-1/PDL-1 inhibitory axis have been established, such as 
pembrolizumab, nivolumab and cemiplimab as PD-1 inhibitors, and durvalumab, atezolizumab and 

Figure 1. T-cell activation and inhibitors of checkpoint inhibition. (A) Antigen presenting cells
introduce the fragmented antigens to foreign bodies presenting phagocytosed tumor cells to T-cells via
major-histocompatibility complex I (MHC-I) and T-cell receptor (TCR) binding. This binding, along with
co-stimulation by B7/CD28 receptor interaction, causes T-cell activation and further differentiation
into activated cytotoxic cells and memory cells. Moreover, this process is hindered by an inhibitory
checkpoint or CTLA-4 that takes the place of CD28 in binding to B7, thereby blocking activation.
Ipilimumab is an inhibitor of CTLA-4 that can restore activation. (B) When activated, the cytotoxic T-cell
requires the interaction of its TCR with the MHC-II present on the tumor cell for response. Nevertheless,
this too is blocked by yet another inhibitory checkpoint or programmed cell death protein-1 (PD-1)
present on T-cells with its correlating ligand PDL-1 on the tumor cells. Inhibitors of either PD-1 or
PDL-1 can be used to reverse this blockage and allow the killing to proceed.
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Multiple antibodies blocking the PD-1/PDL-1 inhibitory axis have been established, such as
pembrolizumab, nivolumab and cemiplimab as PD-1 inhibitors, and durvalumab, atezolizumab and
avelumab as PDL-1 inhibitors. They are known to act as inhibitors of the inhibition of immunity,
and they unleash activated tumor-reactive T-cells in a various number of malignancies [15] (Figure 1).

Despite remarkable durable responses to immunotherapy with corresponding survival benefit in
multiple approved indications, these responses to check-point blockade are very heterogeneous and not
consistent among different patients. Some patients respond initially then lose benefit, having “acquired
resistance”, while others do not respond at all, having “primary innate resistance” [16].

Two of the major challenges in optimizing cancer immunotherapy and improving patient
outcomes are understanding the complex mechanisms entailing resistance, both innate and acquired,
and determining countermeasures to improve response. Whether cancer-cell related, immune-cell
related or micro-environment related, researchers have looked into these different mechanisms of
resistance encompassing antigen presentation, cytotoxic T-cell activation and trafficking, as well as the
stimulation of the immune-inhibitory axis. Means to either overcome such mechanisms of resistance
or bypass them through various measures of immune activation have been studied on the cellular,
enzymatic and molecular levels.

The goal of this review is to elaborate those mechanisms of resistance to immunotherapy and
elucidate the strategies that can contribute to overcoming and bypassing this resistance. In this way,
perhaps we can transform immunotherapy-resistant tumors into immunotherapy-sensitive tumors,
where more and more patients can benefit from such treatment in the long-term in the clinic.

2. Mechanisms of Resistance to Immunotherapy and Ways to Overcome Them

Multiple intrinsic and extrinsic factors take part in tumor cell evasion from immune activation
at the genetic, enzymatic and cellular levels. These factors affect the presence of effector T-cells in
the tumor micro-environment either via defective or absent antigen presentation, an APC deficiency,
and poor T-cell trafficking or infiltration (Figure 2). Mechanisms of resistance are not only tumor-cell
related—in other words, “intrinsic”—but are also immune-cell and micro-environment related, and they
are referred to as “extrinsic” mechanisms of resistance [17].
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(1) Immune recognition via the alteration of antigen presentation, such as the downregulation of
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(2) Cell signaling by affecting the mitogen-activated protein kinase (MAPK) [19] and interferon
gamma pathways, for instance [20];

(3) Gene expression such as the expression of PTEN [21,22], JAK2 [23], EZH2 [24] and PI3K/AKT
mutations [25], leading to T-cell exhaustion;

(4) The DNA damage response [26];
(5) The expression of various different checkpoints in secondary resistance settings to halt T-cell

activation, including LAG-3, TIM-3, BTLA, TIGIT, VISTA, etc. [27].

On the other hand, extrinsic resistance occurs external to tumor cells through changes in T-cell
activation. This involves regulatory T-cells (Tregs) [28], myeloid derived suppressor cells (MDSCs) [29],
tumor-associated macrophages (TAMs) [30] and multiple canonical pathways [31] affecting the
percentage of tumor infiltrating lymphocytes (TILs) and influencing the cytokine profile and cell
toxicity [32].

With deepened insights into these mechanisms of resistance, many strategies are being developed
to overcome such resistance and enhance anti-tumorigenic T-cell function, mostly in a combination of
multi-modal approaches. These approaches target increasing tumor immunogenicity, overcoming T-cell
exhaustion, improving the tumor micro-environment and enhancing tumor infiltration by activated
T-cells. (Table 1).

Table 1. Mechanisms of resistance to immunotherapy and means to overcome it.

Types Mechanism of Resistance Means to Overcome It

Immunosuppressive cells

Tumor-Associated Macrophages (TAMs) Immune checkpoint inhibitor (ICI )+
CSF1R blockade

Regulatory T-cells (Tregs) Anti-PD-1 + Anti-CD25
Myeloid-derived Suppressor cells (MDSCs) Anti-CXCR2

Innate Lymphoid Cells and Tumor
Micro-Environment IL-15, anti-IL-12, anti-IL13, anti-IL-23

Absence of antigen
presentation

Beta2-Microglobulin (β2M) Adoptive natural killer (NK) cells
Transporters Associated with Antigen

Processing (TAP)
Pattern Recognition Receptors (PRR) PRR agonists

Genetic T-cell exclusion and
insensibility to T-cells

MAPK Oncogenic Signaling MAPK inhibitors
Tumor Suppressor Phosphate and Tensin

Homolog (PTEN) Anti-PD-1 + Anti-PI3K

WNT/β -Catenin Signaling Pathway Anti-PD-1 + BBI608

Vascular Endothelial Growth Factor (VEGF) Anti-VEGF + ACT,
Anti-VEGF + Anti-CTLA-4

Transforming Growth Factor- β (TGF-β) Anti-PD-L1 + Anti- TGF- β

Indoleamine 2,3-dioxygenase (IDO)
Anti-CTLA-4 + 1MT,
IDO inhibitor + ICI,

Peptide vaccination + Anti-CTLA-4
Interferon-gamma Receptor Pathway Anti-PD-1 + cell-based vaccine
Enhancer of zester homolog-2 (Ezh2) Anti-CTLA-4 + GSK503

Impaired T-cell functionality
by immunosuppresive

signaling receptors

Lymphocyte Activation Gene-3 (LAG-3) LAG Ig + peptide vaccine, Anti-LAG3 +
Anti-PD-1

T-cell Immunoglobulin Mucin-3 (TIM-3) Anti-TIM-3 + Anti-PD-1
V-domain Ig Suppressor of T-cell Activation

(VISTA) Anti-VISTA + peptide cancer vaccine

T-cell Immunoreceptor with Ig and ITIM
domains (TIGIT) Anti-TIGIT + Anti-PD-1

B and T Lymphocyte Attenuator-4 (BTLA-4) Anti-BTLA + Anti-PD-1

Lack of stimulatory
checkpoints

ICOS ICOS stimulators + ICI
OX40 OX40 stimulators + ICI

Glucocorticoid-Induced TNF Receptor
(GITR) GITR stimulators + ICI
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2.1. Inadequate T-Cell Infiltration due to Lack of Tumor Antigens and Absence of Antigen Presentation

2.1.1. Absence of Antigenic Protein

The recognition of cancer cells by CD8+T-cells through the presentation of tumor antigens
as foreign is the first step in the induction process for the adaptive immune response (Figure 1).
High neo-antigen and tumor burden loads are the backbone of the anti-tumor response [5,33]. There are
three types of tumor antigens. First, tumor specific antigen (TSA) is only found in tumor cells [34].
It is comprised of viral antigens: antigens derived from oncogenic viruses, usually expressed on
virally induced tumors and targeted by the immune system in the case of virus-associated tumors [35].
For example, in cervical carcinoma, peptides derived from oncoprotein E7 of human papillomavirus 16
(HPV16) are used to stimulate CD8+ lymphocytes [36,37].

TSA also includes different mutation-associated neo-antigens that play an important role in
the CD8+ T-cell recognition of tumor cells after treatment with immune checkpoint blockade.
Mutation-associated neo-antigens are usually overexpressed in tumors with high tumor mutational
burden (TMB), which is defined as a high expression of mutations in cancer cell DNA and is considered
as a promising biomarker for predicting responses to checkpoint blockade [38,39]. Second, there is
the cancer germline antigen, found specifically in male trophoblastic and germ line cells. Finally,
there are tumor associated antigens, usually overexpressed in tumor cells, such as Her-2 protein,
weakly expressed in normal tissues [35,40].

Multiple solid tumors respond differently to immune checkpoint inhibitors due to heterogeneity
in TMB and neo-antigen expression, which vary significantly from one tumor type to another.
Studies conducted by Van Allen et al. as well as Rizvy et al. demonstrate that a high TMB and elevated
neo-antigen expression were significantly correlated with responses to anti-PDL1 treatment in NSCLC
and to anti-CTLA-4 treatment in melanoma [41–43]. By contrast, pancreatic cancer and prostate cancer,
well known for their low TMB, were more resistant to anti-PD1/anti-PDL1 or anti-CTLA-4 therapy
when compared to other solid tumors with high TMB [5].

Any mechanism contributing to the loss of expression of tumor antigens can lead to acquired
resistance to checkpoints inhibitors. Anagnostou et al. [44] showed a decrease in neo-antigen expression
in relapsed NSCLC patients after treatment with immune checkpoint inhibitors. Acquired resistance
to immune checkpoint inhibitor treatment in tumors with high TMB was attributed to the process of
immune-editing, where there has been a selection for low-immunogenicity sub-clones and increased
intra-tumoral heterogeneity, harboring mostly clones that lack neo-antigen expression [45].

Moreover, although the high expression of tumor antigens is important for T-cell response
induction, it is not the major limiting factor, as per a study conducted by Spranger et al. The argument
focused on the important role other factors play in T-cell recruitment regardless of antigen expression.
For example, they found that despite a similar adequate number of neo-antigens and proper tumor
antigen presentation in both cold (non-T-cell-inflamed tumor) and inflamed tumors, non-T-cell-inflamed
melanoma lacked any T-cells [46]. In addition, RCC with a known relatively low mutational burden
has shown great responses to checkpoint inhibitors, emphasizing the presence of other factors at play
in the response to immunotherapy [47].

One way to overcome the inadequate T-cell infiltration due to a lack of tumor immunogenicity is
supplying the patient with T-cells that target the antigens with low immunogenic potential, and this is
possible by generating, ex vivo, a large amount of CD8+ T-cells designated to target a specific tumor
antigen, such as NY-ESO-1 in sarcoma and MART-1 in melanoma, through adoptive cell therapy
(ACT). These generated T –cells are re-infused to the patient to target a specific antigen [48–50].
Another approach is the creation of mutational neo-antigens via vaccinations, stimulating dendritic
cells (DCs) to produce activated T-cells against tumor antigens [51,52]. The combination of ACT or
tumor vaccines with anti-PDL-1 treatment may be a plausible mechanism for overcoming the lack of
expression of neo-antigens in certain tumors, thus generating an improved targeted response toward
tumor cells [53,54].
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Another possible approach to overcoming the lack of antigen expression may include the use of
de-methylating agents such as histone deacetylase inhibitors and DNA methyl-transferase inhibitors
(DNMTi), as epigenetic drugs that can potentially play an important therapeutic role in tumors with low
antigen burden, by increasing tumor antigen expression and inducing endogenous retroviruses [55,56].

2.1.2. Absence of Antigen Presentation

Beta2-Microglobulin (β2m)

The MHC-I molecule is composed of an α chain and a non-covalently associated β2m protein.
Any loss of the β2m protein leads to the failure of tumor antigen presentation on the MHC-I molecules,
thereby promoting the escape of tumor cells from cytotoxic CD8+ T-cells. Mutations in β2m were seen
in melanoma cases; some tumors had primary resistance, while others acquired the resistance after
initially responding to the immune checkpoint inhibitors [57,58]. A potential way of overcoming the
resistance caused by the loss of β2m is by using natural killer (NK) cells. NK inhibitory receptors
recognize MHC class I-positive cells and produce a signal to inhibit lysis. Hence, NK cells have an
inborn capacity to target MHC class I-negative cells. Adoptive NK cells should be considered in the
treatment of autologous β2m-deficient cancer cells [59].

Transporters Associated with Antigen Processing (TAP)

Peptides generated from tumor-associated antigens are translocated to the endoplasmic reticulum
by the TAP, where they are packed with HLA class I molecules and transported to the cell surface.
Deficiencies in TAP lead to defects in HLA class 1 antigen presentation. In vitro studies have shown
that deficiencies in TAP and HLA class I in malignant melanoma cells can lead to escape from the
immune response [60]. Moreover, a downregulation of TAP and HLA class I was associated with tumor
progression in breast carcinoma [61]. In a mouse model, an infection with a flavi-virus upregulated
the expression of MHC-I despite a deficiency in TAP, but the experiment did not work with human
cells [62]. To date, no clear technique has been discovered for overcoming the deficiency in TAP; hence,
more studies and theories are needed.

Pattern Recognition Receptors

To mount an immune response, APCs such as DCs and B-cells express surface receptors known as
pattern recognition receptors (PRRs). PRRs are composed of five families responsible for detecting and
interacting with pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs). Mounting an immune response requires the internalization of these targets
for display by MHC-I for T-cell recognition [63–66]. The activation of PRRs consequently induces
cytokine production and the upregulation of stimulatory molecules to promote the cross-priming and
co-stimulation of innate immune cells, mainly DCs and macrophages [67,68]. The lack of presence of
DAMPs can lead to a deficiency in CD4+ T-cells due to a decrease in the maturation of DCs and an
increased production of immunosuppressive factors [69,70]. Vachelli et al. highlighted the importance
of the presence of the protein Formyl Peptide Receptor-1 (FPR-1) on DCs in breast and colon cancer,
as its absence leads to a decrease in overall survival due to a lack of anticancer immune response
because of the failure of antigen presentation and hence the failure of T-cell activation [71].

PRR agonists, activators of phagocytosis and antigen presentation by APC in the tumor
micro-environment (TME) are currently being studied for overcoming resistance to immune checkpoint
inhibitors. Shekarian et al. was able to demonstrate that the use of PRRs agonists is a possible tool for
overcoming resistance to anti-PDL1 and anti-CTLA-4 in a preclinical model [72].

Immune checkpoint inhibitors have shown limited activity in certain tumor types like breast,
prostate and pancreas [73,74]. Recently, a combination of radiation or chemotherapy therapy with
immunotherapy has been “a la mode”.
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Radiation therapy (RT), used in the treatment of different types of cancer, induces DNA damage
leading to cell death [75,76]. RT, through increased neo-antigen formation and PDL-1 upregulation,
has been found to have a synergistic effect when combined with checkpoint inhibitors for the treatment of
solid tumors, leading to tumor regression as well as improved systemic and local tumor control [77–79].

Novel combination modalities have been under investigation to try to overcome resistance to
checkpoint inhibitors by using RT. Demaria et al. conducted a study on mice with poorly immunogenic
metastatic cancer types where the models were treated either with a single modality regimen using
only anti-CTLA-4 blockade or a combination of anti-CTLA-4 and radiation therapy. The combination
group showed a statistically significant improvement in survival compared to that receiving the single
modality therapy [80]. Furthermore, Dewan et al. suggested that the use of a fractionated dose of
radiation therapy may cause an immune-mediated abscopal effect when combined with anti-CTLA-4
inhibitors; however, to date, the abscopal effect is still controversial, and no studies have been able
to prove the efficacy of this concept [81]. Many other clinical studies are ongoing to try to overcome
immune resistance by combining RT and immune checkpoint inhibitors.

For several years, chemotherapy has been considered as an immunosuppressive treatment.
It was not until very recently that certain chemotherapeutic agents were found to increase anti-tumor
immunity by causing immunogenic cell death and by interfering with the mechanisms used by tumors
to evade the immune system [82]. During cell death induced by chemotherapy, tumor antigens will be
released into the tumor micro-environment, leading to the emission of DAMPs. Some chemotherapeutic
agents such as anthracyclines play a role in activating the expression of PRR toll-like receptor [83].
Moreover, chemotherapy can increase the sensitivity of tumor cells to T-cells through granzyme-B- and
perforin-dependent pathways. It can increase antigen presentation by enhancing the expression of
MHC class I and leads to the strengthening of T-cell activity by downregulating co-inhibitory molecules
or upregulating co-stimulatory molecules [84].

2.2. Genetic T-Cell Exclusion and Insensibility to T-Cells

T-cell infiltration within the TME is a crucial step in the process of the immune recognition of
foreign bodies for stimulating an immune response. T-cell exclusion mediated by the MAPK pathway,
WNT/B-catenin pathway, and loss of expression of PTEN plays an important role in the mechanism of
resistance to immune checkpoint inhibitors.

2.2.1. MAPK Oncogenic Signaling

The MAPK pathway plays an important role in cell proliferation and apoptosis. An increase
in this signaling pathway inhibits the recruitment and function of T-cells by producing inhibitory
substrates such as VEGF (vascular endothelial growth factor), interleukin (IL)-8 and other inhibitory
cytokines [85]. Increased MAPK signaling will contribute to T-cell exclusion and immune evasion as
per a study conducted by Loi at al. that showed immune evasion in patients with triple negative breast
cancer with MAPK pathway activation [85,86]. The use of MAPK inhibitors in mouse models has been
shown to induce an increase in PDL-1 levels, tumor cell infiltration and MHC-I expression, with a
consequent increase in tumor cell cytotoxicity [87,88].

The combination of BRAF and MEK inhibitors, used to target the MAPK pathway, with anti–PD-1/

PD-L1 has been shown to increase anti-tumor immunity and decrease exhaustion and apoptosis.
Studies using BRAF and MEK inhibitors in combination with anti-CTLA-4 were stopped at early
phases due to an increase in toxicity [87–90].

2.2.2. Tumor Suppressor Phosphatase and Tensin Homolog (PTEN)

PTEN is a tumor suppressor that downregulates the activity of the phosphatidyl-inositol 3-kinase
(PI3K) pathway, promoting the proliferation and survival of tumor cells. The loss of PTEN is
associated with lower CD8+ cytotoxic T-cell infiltration, as well as the upregulation of VEGF and PI3K,
leading to increased tumorigenesis [21,91]. Moreover, the loss of PTEN and activation of PI3K lead to
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increased PD-L1 gene expression, which contributes to immune resistance [92]. It was reported that
non-T-cell-inflamed tumors have a higher frequency of PTEN mutations compared to T-cell-inflamed
tumors [16]. Selective PI3K inhibitors were found to hinder the growth of melanoma cells in vitro.
Subsequently, in vivo studies were performed showing that the combination of a PI3K inhibitor with
an anti-PD-1 inhibitor is superior to monotherapy. Combining the two therapies enhanced tumor
growth inhibition and led to improved survival [21].

2.2.3. WNT/Beta-Catenin Signaling Pathway

The WNT/beta-catenin pathway is an oncogenic pathway involved in promoting oncogenesis and
increasing the invasive metastatic potential of tumor cells [93]. Activation of the WNT/beta-catenin
pathway leads to a decrease in CD103+ DC infiltration by suppressing the expression of CCL4, which is
responsible for DC attraction, eventually decreasing T-cell activation [94]. A study conducted by
Spranger et al. showed that the degree of infiltration of CD8+ T-cells in tumors is inversely correlated
with beta-catenin activation in tumor cells in mouse models with melanoma. Tumor cells with pathway
activation showed poor responses to immune checkpoint inhibitors contrary to tumor cells without
beta-catenin mutations [94]. The SCOOP Study, which is an ongoing phase I/II trial in metastatic
colon cancer, is investigating the safety and efficacy of combining pembrolizumab with BBI608,
a downregulator of WNT/β-catenin signaling; the preliminary results are promising [95].

2.2.4. Vascular Endothelial Growth Factor (VEGF)

VEGF is secreted by tumor cells and is found in abnormally high concentrations in patients with
cancer. This elevated level induces angiogenesis and stimulates tumor growth. Moreover, it was
found that VEGF induces immunosuppression through the downregulation of DCs, decreased activity
and recruitment of CD8+ T-cells and stimulation of the expression of different checkpoints such as
PD-1, TIM-3 and CTLA-4 on activated cytotoxic T-cells, leading to resistance to immune checkpoint
inhibitors [96,97]. Furthermore, VEGF is associated with the expression of Fas ligand on tumor
endothelial cells that kill effector but not regulatory T-cells [98].

Anti-VEGF has been combined with multiple therapies in attempts to overcome resistance.
The combination of anti-VEGF with ACT impeded vascularization and improved survival in mouse
models [99]. When combined with anti-CTLA-4 inhibitors in phase I clinical trials in metastatic
melanoma patients, the synergy with anti-VEGF was shown to improve the disease control rate as
well as the median overall survival as compared to single agent ipilimumab [100]. Other studies are
ongoing in metastatic renal cancer and melanoma patients [101].

2.2.5. Transforming Growth Factor-β (TGF-β)

TGF-β is a regulatory cytokine that prevents tumor progression by regulating the differentiation
and proliferation of tumor cells. Tumor cells can evade the inhibitory effects of TGF-β by
inactivating its receptor or preventing the downstream cascade [102]. Moreover, TGF-β is found to
downregulate cytotoxic T-cells while promoting their differentiation into regulatory T-cells. In the TME,
cancer-associated fibroblasts are found to be the major producers of TGF-β, which is correlated with
immune checkpoint inhibitor resistance [103]. 264RAD is a human monoclonal antibody targeted
against αvβ6 integrin that was found to inhibit the downstream activation of TGF-β. Treatment with
264RAD in vivo was associated with a reduction in pharyngeal carcinoma and metastatic lung
lesions [104]. Additionally, GC1008 (Fresolimumab) is an anti-TGF-β human monoclonal antibody that
was tested in a phase I trial for safety in patients with melanoma and renal cell carcinoma [105]. In a
mouse model of metastatic urothelial cancer, combining anti-PD-L1- and TGF-β-blocking antibodies
facilitated T-cell infiltration into the TME with resultant tumor regression [106]. Finally, LY3022859 is
monoclonal antibody targeted against TGF-β receptor that was assessed in a phase I trial, where no
safe dose was reached for a phase II trial [107].
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2.2.6. Indoleamine 2,3-Dioxygenase (IDO)

IDO is a cytosolic enzyme that catalyzes tryptophan degradation, and tryptophan deficiency
leads to T-cell cycle arrest. IDO is found to suppress the immune reaction either by activating
regulatory T-cells or by suppressing effector T-cells. While some tumor cells produce IDO constitutively,
IFN-γ can stimulate the production of IDO in tumor cells or APCs [108,109]. 1-methyl-tryptophan
(1MT) can inhibit IDO and induce a T lymphocyte-dependent immune response in murine models [108].
In mouse models with IDO expression, anti-CTLA-4 inhibitors showed no effect on tumor growth.
When combining anti-CTLA4 with 1MT, there wasa a significant increase in survival [108]. Currently,
a phase 2 trial is studying the combination of an IDO inhibitor, indoximod, with checkpoint inhibitors
in patients with metastatic melanoma (NCT02073123, clinicaltrials.gov). Moreover, a phase I trial is
investigating the combination of a peptide vaccine that targets IDO with anti-CTLA-4 inhibitors in
patients with non-resectable melanoma [110].

2.2.7. Interferon-γ Receptor Pathway

Interferon-gamma (IFN-γ) is released by activated T-cells after interaction with tumor antigens.
It activates the Janus kinases, JAK1 and JAK2, leading to anti-tumor outcomes. Loss-of-function
mutations in JAK1/2 lead to unresponsiveness to the IFN-γ signal, with a decrease in signal transducer
and activator of transcription 1 (STAT1) phosphorylation. This leads to a decrease in PD-L1 and MHC-I
expression. This pathway was found to be involved in both primary and acquired resistance [23,111].
In an effort to overcome it, a tumor cell-based vaccine was created to induce a cytotoxic immune
response. This vaccine was associated with IFN-γ -induced PD-L1 upregulation in the TME. Finally,
the combination of anti-PD-1 and this cell-based vaccine induced a regression in the melanoma mouse
model where the anti-PD-1 alone failed [112].

2.2.8. Enhancer of Zester Homolog-2 (Ezh2)

Ezh2, involved in the intrinsic and extrinsic mechanisms of resistance, is a histone methyl
transferase that is highly expressed in many tumors and plays an important role in tumor cell
proliferation, invasion, epithelial mesenchymal transition and metastasis; hence, it is associated with
poor prognosis [113,114]. Ezh2 aids in downregulating Th1-type chemokines that subsequently
decrease cytotoxic T-cell tumor infiltration [115]. Zingg et al. reported that an increase in Ezh2
expression was noted in melanoma cells after treatment with anti-CTLA-4, due to an increase in the
production of tumor necrosis factor alpha (TNF-α). This leads to a decrease in antigen presentation,
a decrease in the immunogenicity of the TME and, therefore, resistance to treatment by immune
checkpoint inhibitors [116]. Inhibiting Ezh2 expression enhances the activity of anti-CTLA-4 treatment
and suppresses tumor growth. In vivo, the combination of GSK503, an Ezh2 inhibitor, with anti-CTLA-4
or IL-2 proved to be more efficient than monotherapies in the treatment of melanoma [116].

2.3. Impairment of T-Cell Functionality by Immunosuppressive Signaling Receptors

Just as the infamous CTLA-4, PD-1 and PDL-1 were found to have a significant effect on T-cell
activation against malignant cells, other checkpoints have also been studied. These include both
stimulatory and inhibitory checkpoints, summarized in Table 2 and further elaborated on in the text.
In this part, we discuss the impact of inhibitory or immunosuppressive signaling receptors that hinder
anti-tumor immunity by impairing T-cell function.

clinicaltrials.gov
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Table 2. Immune checkpoint molecules.

Types Receptor Partner and Ligands Action

Stimulatory

ICOS/ICOS-L Increase T-cell activation and cytotoxicity
GITR/GITR-L Increase T-cell activation and decrease Treg cell functions

CD28/CD80,86 Increase T-cell activation

CD27/CD70 Increase naïve T-cell proliferation and cytotoxic
T-cell differentiation

CD40/CD40L Increase T-cell and APC activation
OX40/OX40-L Increase T-cell activation and T reg dysfunction/depletion

Inhibitory

PD1/PDL-1 Decrease T-cell activation and increase T reg proliferation
CTLA-4/CD80,86 Decrease T-cell activation and increase T reg proliferation

TIM-3/Galectin-9 Decrease T-cell activation and increase T-cell apoptosis and
Treg function

LAG-3/MHC-II Increase T-cell expansion and T reg cell functions

VSIG-3/VISTA Decrease the activity of cytotoxic T-cells, stimulate
production of Treg

BTLA-4/HVEM Decrease T-cell activation
TIGIT/CD155, CD112, PVR Block T-cell activation, increased tolerance of DCs

CD47/SIRP alpha Decrease APC presentation

2.3.1. Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4)

CTLA-4 receptors are usually found on T-cells. They act at the level of lymph nodes in early
immune activation [117]. They were found to compete with CD28 co-stimulatory receptors in binding
to B7 on APCs, thereby impeding immune activation [118]. Ipilimumab was the first antibody blocking
CTLA-4 approved for the treatment of patients with cancer [119,120]. When compared to standard
treatment with chemotherapy, an increase in overall survival was noted with the use of anti-CTLA-4,
especially in patients diagnosed with RCC, melanoma and NSCLC [121,122].

2.3.2. Programmed Cell Death Protein-1 (PD-1) and Programmed Cell Death Protein Ligand-1 (PDL-1)

PD-1 and PDL-1 are a later-stage inhibitory checkpoint and its receptor, respectively. Later-stage
means that their role is mostly in the subsequent stages of the T-cell response, at the level of peripheral
tissue [117]. They represent an essential part of adaptive immune resistance [123,124]. The expression
of PD-1 and PDL-1 can be constitutive or induced. Constitutive expression is usually dependent on
some oncogenicity-inducing factors or pathways such as MYC, KRAS, STAT3, PTEN, etc. Inducible
expression usually relies on secreted inflammatory factors such as IFN-γ, TNF-α, IL-6, IL-8 and
others [125]. Inhibitors of PD-1 and PDL-1 have been widely used in a number of malignancies with
very good responses. However, a lot of patients are either inherently resistant or develop resistance
along the way, as is elaborated within this review. Combining PD-1/PDL-1 blockade with agents
affecting factors involving their expression has proven to be of utmost value in enhancing their
therapeutic potential [88,126–129].

Furthermore, after receiving monotherapy with anti-PD1 or anti-PDL-1, some patients were
found to develop rapid tumor progression, named as hyper-progressive disease (HPD). The tumor
growth rate (TGR), which estimates the tumor volume expansion over time, is compared between the
baseline imaging and the post- immune checkpoint inhibitor (ICI) treatment imaging, where HPD
is described as the doubling of the tumor size (TGR ≥ 2) [130,131]. Multiple biomarkers have been
associated with HPD. Human murine double minute 2 (MDM2) is a negative regulator of the of the
tumor suppressor p53; hence, with its amplification, p53 is degraded [132]. From the six patients with
MDM2/4 amplification, four had hyperprogressive disease with more than 2-fold increases in tumor size
post treatment with anti-PD-1/PD-L1 [133]. It is hypothesized that PD-1/PD-L1 inhibitors induce the
amplification of MDM2 through the JAK-STAT pathway (previously described). Therefore, a possible
approach to overcoming HPD is combining MDM2 inhibitors with ICI [131,132]. Additionally, it could
also be secondary to the proliferation of regulatory T-cells in the tumor micro-environment secondary
to PD-1/PD-L1 blockade [134].
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Patients diagnosed with HPD after treatment with nivolumab (anti-PD-1) had significantly higher
levels of absolute neutrophil count (ANC) and C-reactive protein (CRP) within 4 weeks of treatment
initiation [135]. The frequency of HPD differed between different cancer types, reaching 21%, 9%
and 29% in non-small cell lung cancer, melanoma and head and neck squamous cell carcinoma,
respectively [134]. Moreover, in the randomized phase III trial, CheckMate057, nivolumab resulted in
a higher risk of death during the first 3 months secondary to disease progression than docetaxel [136].
No difference was noted between anti-PD-1 and anti-PD-L1 monotherapies [130], while no cases were
reported with anti-CTLA-4 monotherapy [134]. In a retrospective review of patients treated with
anti-PD-1/PD-L1 in phase I trials, the TGR was calculated and correlated to overall survival (OS). HPD
was associated with older age and worse OS while not being associated with higher tumor burden at
baseline [130]. Finally, Ferrara et al. compared in a retrospective study the frequency of HPD in patients
with non-small cell lung cancer treated with anti-PD-1/PD-L1 or chemotherapy and showed that it is
more common with PD-1/PD-L1 inhibitors but can still occur with chemotherapy treatment [137].

2.3.3. Lymphocyte Activation Gene-3 (LAG-3)

LAG-3 is a trans-membrane protein expressed on regulatory T-cells and activated CD4+ and
CD8+ T-cells. LAG-3 functions as a negative cellular regulator that binds MHC-II and is upregulated
on exhausted T-cells. In murine models, the combination of anti-LAG-3 and anti-PD-1 led to an
improvement in the CD8+ T-cell response [12,138]. Moreover, a soluble LAG-3 immunoglobulin
(Ig) has been studied in a phase I trial in advanced RCC and in combination with chemotherapeutic
agents, gemcitabine and paclitaxel, in advanced pancreatic adenocarcinoma and metastatic breast
carcinoma, respectively. In addition, in a phase I trial, soluble LAG-3 Ig in combination with a
peptide vaccine has been studied in advanced melanoma [12]. Finally, there is a randomized phase
I/II trial assessing the safety and effectiveness of anti-LAG-3 with and without anti-PD-1 therapy
(NCT01968109), still ongoing.

2.3.4. T-Cell Immunoglobulin Mucin-3 (TIM-3)

TIM-3 is an immune regulator that can induce cell apoptosis or exhaust the immune system.
It is found to be upregulated on exhausted cytotoxic T-cells along with PD-1. Moreover, cytotoxic T-cells
with both TIM-3 and PD-1 expression were found to be the most abundant non-cytokine-producing
lymphocytes, with an inability to secrete IL-2, TNF-α and IFN-γ [139]. Shohei et al. showed that
TIM-3 upregulation takes place during the inhibition of the PD-1/PD-L1 pathway with checkpoint
inhibitors, leaving the tumor resistant to immunotherapy [140]. In vivo, the mice that progressed after
anti-PD-1 therapy were treated with anti-TIM-3, and survival was improved significantly from 5 weeks
to 11.9 weeks [140].

2.3.5. V-Domain Ig Suppressor of T-Cell Activation (VISTA)

VISTA is a negative immune regulator that is mainly expressed in hematopoietic tissues. It is found
in the TME and stimulates the conversion of naïve T-cells into Tregs. Moreover, VISTA suppresses the
activity of cytotoxic T-cells, and reduces the production of IL-10, TNF-α and IFN-γ. It is responsible
for acquired resistance against immune checkpoint inhibitors [141,142]. In murine models, anti-VISTA
antibodies suppressed the growth of the present tumor and decreased Tregs, but anti-VISTA
monotherapy was not curative. In an effort to overcome this acquired resistance, anti-VISTA antibodies
were combined with a peptide-based cancer vaccine. This therapeutic combination was shown to
significantly inhibit tumor growth and increase survival in mouse models [142].

2.3.6. T-Cell Immuno-Receptor with Ig and ITIM Domains (TIGIT)

TIGIT is a co-inhibitory receptor of the Ig superfamily correlated with CD28. It is mainly found
on NK cells, exhausted T-cells (effector, helper and memory) and Tregs [143–145]. TIGIT usually binds
two types of ligands, CD155 and CD112, which are expressed on APCs and T-cells, competing with
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CD226, thereby inhibiting the activation of T and NK cells [146]. CD226, similarly to B7-CD28 binding,
causes the co-stimulation of T and NK cells. Therefore, TIGIT, with high affinity to CD155, acts either
by directly inhibiting co-stimulation through competitively binding to these CD226 substrates or
through binding to CD226 receptors themselves and disrupting their homo-dimerization and function.
In addition, TIGIT–CD155 interaction was found to lead to the increased tolerance of DCs by the
inhibition of IL-12p40 production and induction of IL-10. It blocks the NK cell’s function via signal
transductions through the PI3K-MAPK pathways as well by the limitation of NF-κB (nuclear factor-κB)
signaling. Moreover, TIGIT may affect the TCR signaling pathway and consequently block productive
T-cell activation. Many other mechanisms of action of TIGIT have been described in the literature,
including the stimulation of anti-apoptotic molecules such as Bcl-xL; the upregulation of receptors for
IL-2, IL-7 and IL-15 responsible for T-cell survival; and promoting and maintaining T-regs via Foxp3,
as well as shifting the cytokine balance away from Th1 and Th17 by inhibiting the production of IFN-γ
and IL-17 while enhancing Th2 cell cytokines [147–149].

In brief, TIGIT blockade may have a role in restoring T-cell and NK cell activation while decreasing
tumor tolerance. Therefore, in cases of immunotherapy failure, theoretically, if TIGIT blockers are used
concomitantly, they may improve outcomes. Such results have been portrayed in a few preclinical
models and recently in clinical models with good results. In a study of patients with melanoma,
TIGIT blockers used with PD-1 inhibitors improved CD8+ TIL proliferation, cytokine production,
and degranulation [150]. Similarly, in another murine model, the same combination showed synergy,
with restored cytotoxic T-cell function and tumor regression [12,151]. Most recently, preliminary
results of the phase 2 CITYSCAPE trial of a TIGIT inhibitor tiragolumab combined with an anti-PDL1
agent atezolizumab demonstrated better efficacy, as discussed in the 2020 American Society of
Clinical Oncology Virtual Scientific Meeting. There was notable improvement in the overall response
rate, 37% versus 21% in favor of the combination versus the single agent atezolizumab, as well as
improvement in progression-free survival for the combination when compared to the single agent
atezolizumab (5.6 versus 3.9 months; hazard ratio, 0.58) [152].

2.3.7. B and T lymphocyte Attenuator 4 (BTLA-4)

B and T lymphocyte attenuator (BTLA) is yet another receptor in the Ig supergene family [153]
that is expressed not only by naïve and activated B- and T-cells but also by monocytes and DCs [154].
It binds to a receptor on tumor cells and tumor-related endothelial cells called herpesvirus entry
mediator (HVEM), which is in fact part of the TNF family [155]. Upon the interaction of BTLA and
HVEM, bi-directional signaling takes place, where BTLA-expressing cells are inhibited, with their
proliferation and cytokine production halted, and HVEM-expressing cells, mainly TILs, are stimulated,
with their survival potential enhanced [154,156–158]. This dual signaling is quite complex and depends
on specific interactions of these receptors with variable mediators such as CD160 and LIGHT. Multiple
studies have shown a significant role of BTLA blockade in boosting the T-cell response and anti-tumor
immunity, when combined or not with PD1 inhibitors [27,159–161].

2.4. Lack of Stimulatory Checkpoints Promoting Immune Escape

2.4.1. ICOS

Just as the CD28/B7-binding protein family has inhibitory checkpoints, it also includes stimulatory
checkpoints, one of which is inducible co-stimulator, or ICOS, expressed mainly on T-cells, with its
counterpart ICOS-ligand (ICOS-L) expressed by DCs, macrophages and sometimes tumor cells [162].
ICOS/ICOS-L interaction is responsible for the secretion of pro-inflammatory Th1-type cytokines that
induce direct T-cell cytotoxicity [163]. ICOS basically assists TCR-mediated signal transduction by
potentiating the PI3K–AKT–mTOR signaling cascade and increasing IL4 production [164]. The presence
of ICOS+ lymphocytes and ICOS-L+ cells was found to have different prognostic value in various
tumor settings [165,166]. Nevertheless, in general, ICOS stimulation enhances T-cell activation, and its
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use has been proven to synergize with and potentiate the activity of CTLA-4 [167,168] as well as PD-1
inhibitors [169]. Further research is ongoing to explore the role of ICOS stimulation as a means of
re-activating the immune response following treatment with checkpoint inhibitors [170].

2.4.2. OX40

OX40—another stimulatory transmembrane receptor found on CD4+ and CD8+ T-cells as well as
NK cells, neutrophils [171,172] and Tregs [173]—is part of both innate and adaptive immunity. When it
was bound to its ligand on APCs, IFN-γ levels were noted to be increased, thereby enhancing T-cell
activation and sustaining Th1-type responses [174]. Such interaction also increased PDL-1 expression,
which implicates the probable synergism of OX40 stimulation and PDL-1 inhibition [175], especially
when they are given sequentially [176]. Other cytokines are noted to be produced upon OX40/OX40-L
interaction, sustaining lymphocyte survival, proliferation and memory [177,178]. From another point
of view, OX40 stimulation has a direct effect on Tregs, causing their depletion and functional disruption,
once again stimulating anti-tumoral responses [179].

Furthermore, monoclonal antibodies agonizing OX40 are being explored in a number of
malignancies including sarcoma, melanoma and breast cancer [180,181], where they have been
noted to have powerful synergy in combination with checkpoint inhibitors [182].

2.4.3. Glucocorticoid-Induced Tumor Necrosis Factor Receptor (GITR)

Finally, Glucocorticoid-Induced Tumor Necrosis Factor Receptor (GITR) is, as the name implies,
a receptor of the TNF family, found on Tregs, CD4+ and CD8+ T-cells, NK cells, eosinophils
and macrophages. Its corresponding ligand is expressed by APCs as well as vessel endothelial
cells [183,184]. The stimulation of GITR has been found to increase IL2 and IFN-γ production while at
the same time upregulating the available receptors for those cytokines, therefore enhancing effector
T-cell activation [185,186]. Concomitantly, GITR stimulation leads to FOXP3 suppression, leading to
eventual Treg inhibition [187]. Humanized GITR agonists are being studied in combination with
checkpoint inhibitors, with preclinical data showing encouraging results for therapeutic anti-tumor
potential [170,188]. In one preclinical in vivo study with melanoma in mouse models, GITR agonists
have been shown to alter intra-tumoral Treg accumulation, with a greater ratio of effector T-cells to
Tregs, suggesting greater effector T-cell activity and function [189]. In one phase I trial, MK-4166,
a humanized IgG1 agonist monocloncal antibody, was tested as a single agent and in addition to
pembrolizumab in patients with advanced solid tumors. MK-4166 was shown to be relatively safe
with tolerable adverse events, with an objective response rate reaching 69% when combined with
checkpoint inhibitors in immunotherapy-naïve melanoma patients [190].

2.5. Immunosuppressive Cells within the Tumor Micro-Environment

2.5.1. Tumor Associated Macrophages (TAMs)

Tumors have the capacity to switch macrophages in their micro-environment into an
immune-suppressive instrument that the tumor uses to invade, migrate and metastasize. Moreover,
TAMs release the factors needed for angiogenesis and tumor growth. The growth factor colony
stimulating factor 1 (CSF1) along with other cytokines, IL-4 and IL-13, promotes the immunosuppressive
actions of TAMs [191]. Additionally, TAMs express suppressive ligands, such as B7-H4 and VISTA,
that are the main mechanism of immunosuppression. These ligands work by downregulating cytokine
production and inhibit T-cell activation and proliferation [192].

The blockade of CSF1 receptor (CSF1R) was noted to upregulate the immune checkpoints PD-L1
and CTLA4. In a mouse model of pancreatic ductal adenocarcinoma, anti-PD1 and anti-CTLA4
monotherapies induced inadequate responses. On the other hand, the combination of CSF1R blockade
with either anti-PD1 or anti-CTLA4 initiated tumor regression [193].
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2.5.2. Regulatory T-Cells (T Regs)

The differentiation of naïve CD4+ T-cells into Tregs is induced by PD-L1 stimulation, where Tregs
highly express CD25, CCR4, CTLA-4, PD-1 and PD-L1. PD-L1 and CTLA-4 function in peripheral
tolerance by activating regulatory T-cells and inhibiting the effector T-cells [194,195]. In mice models,
anti-CD134 and anti-CD25 monoclonal antibodies successfully reduced the number of regulatory
T-cells within the peripheral lymphoid tissue and caused the regression of tumors [196,197]. Moreover,
a complete response was only found in the combination of anti-CD25 and anti-PD-1 [196]. On the
other hand, the combination of anti-PD-1 with anti-CD134 had a negative effect on the immune system
and reduced survival in mouse models [198]. Studies conducted in rodents showed that targeting
folate receptor 4 with monoclonal antibodies led to T reg depletion [197].

2.5.3. Myeloid-Derived Suppressor Cells (MDSCs)

MDSCs present in the TME promote tumor growth, invasion and metastasis [199,200]. Meyer et al.
studied the possible alteration in MDSCs in patients treated with ipilimumab by studying circulating
MDSCs and found that a low presence of MDSCs in the TME correlates positively with response to
checkpoint inhibitors. They hypothesized that MDSCs could be used as a predictive biomarker for
the response to immune checkpoint inhibitors [201]. MDSCs were found to express elevated levels of
PD-L1 that caused T-cell exhaustion in the tumor micro-environment [29]. In addition, these cells were
found to be abundant in immunologically cold tumors, especially in glioblastoma that was found to be
poor in cytotoxic T-cells and rich in T reg cells, MDSCs and TAMs [202].

Furthermore, Highfill et al. showed that the efficacy of checkpoint inhibitors was limited
in rhabdomyosarcoma due to the accumulation of CXCR2+ MDSCs in the TME promoting
immunosuppression and tumor growth. Hence, the disruption of CXCR2 will probably inhibit
MDSC trafficking into the tumor bed and increase the response to anti-PD1 therapy [203].

2.5.4. Innate Lymphoid Cells (ILCs)

Innate lymphoid cells (ILCs) are a family of lymphocytes that constitute a part of the body’s
adaptive immunity. They co-exist and attain characteristics similar to those of T-cells and NK cells.
ILCs have been found to be present in multiple mucosal and non-mucosal tissues in addition to in
the peripheral blood. They are basically composed of five types of cells that are grouped into three
sub-categories—ILC1, ILC2 and ILC3—depending on their receptor and cytokine profiles.

Extensive research has been conducted to study the role of ILCs in tumor growth, tumor
suppression, immune surveillance and inflammation. They have been found to be very labile to
cytokines released within the TME upon tissue damage. ILCs themselves have also been reported to
secrete different chemokines and cytokines that play a significant role in tumorigenesis and immune
surveillance. They can be both pro- and anti-oncogenic, and they can be plastic and revert from
one form to the other depending on signals received from the surrounding micro-environment [204].
For example, IL-15-stimulated ILC1s promote tumor cell lysis via the production of IFN-γ and TNF-α,
with the consequent upregulation of MHC-I expression, whereas IL-12-activated ILC1s have complete
functional impairment and promote tumorigenesis. Moreover, ILC2s can induce cytotoxic T-cell
recruitment in the presence of IL-33 through IL-5 production and eosinophilic stimulation. On the
other hand, ILC2s were also reported to activate MDSCs via IL-13 and Tregs via IL-9, in addition to
their promotion of tumor progression and migration by IL-4 and amphiregulin (AREG) production.
Finally, ILC3s, when activated by IL-23, can secrete IL-17 as well as IL-22, which leads to T-cell
immune-suppression [205], as has been shown in colon cancer models. Similarly to other sub-classes,
ILC3s also have anti-tumoral activities described in lung cancer models, where it was hypothesized that
tumor suppression takes place by the production of IFN-γ, resulting in the upregulation of adhesion
molecules and the facilitation of the recruitment of other immune cells into the TME. Another form
of ILCs studied in ovarian cancer models—the IL-22-producing NKp44– CD56+ TILs, which act as
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regulatory ILCs—inhibited the outgrowth of tumor-infiltrating CD8+ T-cells, with resulting worse
clinical outcomes.

High expression of PD-1 was noted in progenitors of ILCs, most of which are lost during
differentiation. Nevertheless, in a recent study in mice, PD-1 expression was noted to be upregulated in
ILC2s in inflammatory situations [206], stimulated by IL-33. This event was noted to suppress cytokine
release [207]. Moreover, it was hypothesized that PD-1 blockade with checkpoint inhibitors would
therefore restore cytokine production, favoring cancer growth [208]. Other studies have also shown
the presence of functional PD-1 receptors on ILC3s, with a suggested regulatory role, that can impact
the tumor response to checkpoint inhibitors [209,210].

It seems clear that the TME, with its cytokines and variable interleukins, can have marked effects
on the functions of ILCs, which themselves also have PD-1 receptors and can play a significant role
in the tumor response. However, more research is needed to be able to control the mechanisms
underlying these changes and how they affect tumor growth [211], in order to be able to implement
these cells as a possible means of cultivating a proper immune reaction, facing the failure of checkpoint
blockade treatment. Perhaps cytokine or interleukin agonists or antagonists may be used in synergy
with checkpoint inhibitors [212].

2.6. Immune Metabolism and Resistance to Immunotherapy

Immune metabolism plays an important role in the immune response to malignancy.
The dysregulation of immune metabolism can affect immune surveillance either at the cellular
level or at the systemic host level, leading to lower ICI efficacy and primary or acquired resistance
to immune checkpoint inhibition [213]. Dysregulation at the cellular level includes some of the
mechanisms and pathways previously discussed, such as the VEGF, tryptophan and PI3K/AKT/mTOR
pathways, or the stimulation of immunosuppressive cells such as TAMs or MDSCS and the inhibition
of effector T-cells in the tumor micro-environment, as will be further elaborated on.

2.6.1. Dysregulation of Immune Metabolism at the Cellular Level

The tumor micro-environment has proven to play a major role in the different phases of
tumorigenesis. This TME, which is comprised of a large variety of different cell types in different
metabolic states, has been proven to be integral in the shaping of the immune response to checkpoint
inhibition. The cellular complexity of the TME seems to be very dependent on the limited metabolic
nutrient availability over which immune cells, tumor cells and non-tumor cells compete [214].
Both tumor cells and activated cytotoxic T-cells as well as innate immune cells rely on aerobic
glucose consumption. In cases of limited supply, cells use alternative metabolic means [215] to
survive, such as the Warburg effect, with the shift of some immune cells from aerobic glycolysis to
oxidative phosphorylation (OXPHOS) or fatty acid oxidation (FAO) [216,217]. These mechanisms have
interestingly been shown to be related to immune checkpoint resistance via immune cell-related factors
such as the impairment of effector T-cell activation or stimulation of T-regs and other tolerogenic DCs
associated with immunosuppression.

Lactate

In cases of glucose shortage, high concentrations of lactate are produced, leading to the acidification
of the TME. In acidic settings [218], VISTA is stimulated, leading to deficient cytotoxic T-cell
function [219]. Furthermore, antigen presentation by DCs is impaired [220], and TAMs shift towards
an M2 immune tolerant phenotype [221]; thereby, immune surveillance is blocked.

Hypoxia

The hypoxic conditions in the TME lead to the production and accumulation of hypoxia-inducible
factor 1-alpha (HIF-1), which is a transcriptional regulator of the cellular response in hypoxic
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situations [222]. HIF-1 has been shown to promote immunosuppression via TAM suppression as well
as the stimulation of PDL-1+ tumor-associated MDSCs and Tregs by FOXP3 upregulation [223–225].

Arachidonate Metabolism

Prostaglandins produced by cyclo-oxygenase 1 and 2 are inflammatory lipid mediators found
in the TME [226,227]. They are released from membrane phospholipids through the arachidonate
metabolic pathway. Prostaglandin E2 has been implicated in immune suppression [228]. A few
pre-clinical trials have studied the combination of nonsteroidal anti-inflammatory drugs (NSAIDs)
with checkpoint inhibitors in an attempt to act on the blockade of COX activity in the TME, and the
results have been promising [229].

Pyruvate Kinase Muscle

In an attempt to provide substrates for aerobic glycolysis, tumor cells occasionally resort to the
alternative splicing of pyruvate kinase muscle (PKM2) [230]. On the other hand, PKM2 has been
proved in mice models to promote PDL-1 expression in cancer and immune cells, including innate
cells as well as MSDCs [231–233].

Adenosine Pathway

Ectonucleotidase CD39+ and CD73+ are responsible for producing adenosine from
adenosine-tri-phosphatase. Adenosine is found in high concentrations in cancer tissues and plays an
important role in the progression of neoplasms by promoting the proliferation of immunosuppressive
cells and inhibiting NK cells, CD8+ T-cells and DCs [234,235]. Allard et al. showed that the
combination of a CD73 inhibitor with anti-PD1 can increase survival in mice by increasing CD8+ T-cells,
since CD73-positive tumor cells are usually resistant to ICI [236]. Overman et al. recently showed
promising results with the combination of Durvalumab with Oleclumab (anti-CD73) in pancreatic
cancer patients [237]. Many trials using drug combinations with ICI are underway to try to overcome
resistance to ICI.

2.6.2. Dysregulation of Immune Metabolism at the Host Level

Obesity

Obesity is a complex disease characterized by excessive adipose tissue with dysfunctional
adipokine signaling [238]. Obese patients usually have lower levels of the anti-inflammatory,
anti-apoptotic peptide adiponectin [239] and higher levels of pro-inflammatory cytokines such as IL-6
and TNF [240], as well as higher levels of leptin. It was shown that obesity usually entails a chronic
state of cytokine-driven low-grade inflammation [241], implicated in T-cell exhaustion, with a decrease
in NK cells and CD8 T-cells but an increase in PDL1 expression [242]. Moreover, obesity was noted to
promote MDSC recruitment, probably stimulated by high leptin levels [243,244].

It is well known from previous studies that a high BMI is usually associated with worse survival
in cancer patients. However, a few recent studies have shown a positive correlation between BMI
and survival, a phenomenon called the “obesity paradox” [245,246]. The “obesity paradox” was
mostly noted with ICI treatment in metastatic and non-metastatic colorectal cancer and renal cell
carcinoma [245,247], as it was hypothesized that fatty liver, usually found in obese patients, would delay
the clearance of ICI by altering its metabolism in the liver [242,248], along with the aforementioned
increased PDL-1 expression and chronic inflammatory status. One retrospective analysis of patients
with NSCLC treated with ICI showed that longer overall survival was found in patients with an
elevated BMI [249]. These studies had several limitations and were hampered by confounders.
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Caloric Deficit

Caloric restriction improves immunosurveillance [250] and protects against T-cell senescence [251]
via the suppression of insulin-like growth factor 1 and IL-6 [252], as well as decreased mTOR
signaling [253] and a decreased anti-OX40 immunotherapy response [254]. Mouse models showed
improved immune cell–adipose tissue signaling after CR, with better glucose tolerance and greater fat
loss [255]. Moreover, intermittent fasting was correlated with TAM reprogramming, cytotoxic T-cell
activation and better anti-tumor immunity [256], with substantial improvements in response when
combined with chemotherapy and immunotherapy [257].

Gender Effect

Some differences in PDL-1 expression, TMB, LAG-3, and IDO1 were noted between males and
females that could affect the response to ICI according to gender type [258]. Many meta-analyses were
performed to try to analyze the effect of gender differences on the response to ICI, and some of these
studies reported that the overall survival with anti-CTLA-4 treatment could be shorter in females than
in males [259,260]. These meta-analyses were done on already published data, so bias control was
difficult and interpretation should be performed carefully, as these results could be true for some types
of tumors and not others [261,262], and further prospective studies are needed to determine the effect
of gender on the response to ICI.

Microbiota

The intestinal microbiota has been a hot topic lately since its role in the ICI response has been further
investigated; in particular, some studies have reported that the microbiota plays a role in immune
surveillance by interacting with tumor antigens and stimulating PRRs to produce cytokines that can
have an immunosuppressive or immunostimulatory effect as per the type of cytokine released [263].
The composition and the diversification of the gut microbiota play an important role in the response to
ICI as shown by Frankel et al., who reported that patients who had Bacteroidescaccae in their gut flora
had better responses to ICI [264]. The use of antibiotics 30 to 60 days prior to treatment with ICI and the
use of PPI have been shown to have a deleterious effect on ICI efficacy, as reported by Chalabi et al. [265],
and this may be due to the decrease in the diversity of bacterial species and an increase gastric pH,
which affects gut microbiomes [266,267]. The gut microbiota and its role in ICI resistance is still not
clearly understood, and further studies are needed to further clarify its role. Recent preclinical studies
using fecal microbiome transplantation showed an improvement in the response to immunotherapy,
and other studies are using microbial ecosystem therapeutics in combination with ICI. Studies are
ongoing to try to enhance immunotherapy responses and potentially overcome the resistance to ICI by
using the two abovementioned tools [266,268].

3. Conclusions

Researchers and clinicians have developed great expectations for immune checkpoint blockade
in the field of oncology based on witnessed remarkable patient responses and prolongation of life,
with “plateauing” in previously assumed “death-doomed” malignancies. With great enthusiasm for
encompassing a larger population of possibly treatable cancers using immunotherapy, significant work
has been implemented to turn immunotherapy-resistant or “cold” tumors into immunotherapy-sensitive
ones or “hot” tumors, both in the primary and acquired settings. Many mechanisms of resistance—either
intrinsic or extrinsic, affecting tumor cells, immune cells or the micro-environment—have been
scrutinized in an attempt to counteract them and determine measures to bypass their scope of action,
thereby enhancing immune activation and improving patient outcomes. A lot of studies are underway
to try to apply these strategies of resisting the resistance to immunotherapy in the clinic, to further the
possibility of making advanced cancer a largely treatable disease.
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Abbreviations

APC Antigen Presenting Cell
ACT Adoptive cell therapy
β2m Beta2-microglobulin
BTLA B and T lymphocyte attenuator
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
CSF1 Colony stimulating factor 1
CSF1R CSF1 receptor
DCs Dendritic cells
DAMPs Damage-Associated Molecular Patterns
DNMTi DNA methyl-transferase Inhibitors
Ezh2 Enhancer of zester Homolog-2
FPR-1 Formyl Peptide Receptor-1
GITR Glucocorticoid-Induced Tumor Necrosis Factor Receptor
HPD Hyperprogressive Disease
HPV Human papillomavirus 16
HVEM Herpesvirus entry mediator
ICI Immune checkpoint inhibitor
IDO Indole-amine 2,3-dioxygenase
Ig Immunoglobulin
INF Interferon
IL Interleukin
ILCs Innate lymphoid cells
ICOS-L ICOS-ligand
LAG-3 Lymphocyte Activation Gene-3
MHC-I Major Histocompatibility Complex-I
MAPK Mitogen-Activated Protein kinase
MDSCs Myeloid-Derived Suppressor Cells
NSCLC Non-small cell lung cancer
NK Natural killer
NF-κ B Nuclear factor-κ B
PAMPs Pathogen-associated molecular patterns
PD-1 Programmed cell death protein-1
PDL-1 Programmed cell death protein ligand-1
PTEN Tumor Suppressor Phosphatase and Tensin Homolog
PRRs Pattern Recognition Receptors
PI3K Phosphatidylinositol 3-kinase
RCC Renal cell carcinoma
RT Radiation therapy
STAT1 Signal transducer and activator of transcription 1
TCR T-cell receptor
Treg Regulatory T-cells
TSA Tumor specific antigen
TAMs Tumor-Associated Macrophages
TILs Tumor Infiltrating Lymphocytes
TMB Tumor Mutational Burden
TAP Transporters Associated with Antigen Processing
TME Tumor microenvironment
TGF-β Transforming growth factor beta
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TNF-α Tumor necrosis factor alpha
TIM-3 T-cell Immunoglobulin Mucin-3
TGR Tumor growth rate
VEGF Vascular endothelial growth factor
VISTA V-domain Ig suppressor of T-cell activation
1MT 1-methyl-tryptophan
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