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Abstract: Cancer immunotherapy has fundamentally altered cancer treatment; however, its efficacy
is limited to a subset of patients in most clinical settings. The immune system plays a key role
in cancer progression from tumor initiation to the metastatic state. Throughout the treatment
course, communications between the immune cells in the tumor microenvironment and the immune
macroenvironment, as well as interactions between the immune system and cancer cells, are dynamic
and constantly evolving. To improve the clinical benefit for patients who do not respond completely
to immunotherapy, the molecular mechanisms of resistance to immunotherapy must be elucidated in
order to develop effective strategies to overcome resistance. In an attempt to improve and update
the current understanding of the molecular mechanisms that hinder immunotherapy, we discuss the
molecular mechanisms of cancer resistance to immunotherapy and the available treatment strategies.
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1. Introduction

Cancer has a negative impact on patients” health and livelihoods, making it one of the
most formidable adversaries of humanity. Cancer immunoediting is a major mechanism
for controlling cancer that consists of three sequential phases: elimination, equilibrium, and
escape [1]. The interactions between immune systems and cancer cells are dynamic and
constantly evolve because of the surrounding living environment, medical interventions,
or genetic factors. These factors influence anti-tumor immune responses to varying degrees
and at the same time, resistance mechanisms would most likely emerge [2]. The immune
system’s role as a major driver of tumor evolution is based on the selective pressure exerted
on cells that give rise to tumors [2,3]. Almost every subset of immune cell has been impli-
cated in cancer biology, and because of the complexity of the immune system and tumor
heterogeneity, elucidating these cancer cell-immune cell interactions has been a difficult
task [4,5]. While traditional methods of cancer therapy such as surgery, radiation and
chemotherapy have been shown to improve patient outcomes, advanced cancer remains
a major issue. Thus, alternative novel therapeutic approaches are required to achieve
complete remission.

Immunotherapy has been widely recognized as a breakthrough treatment for a number
of malignancies, earning Drs. James P. Allison and Tasuku Honjo the Nobel Prize in
Physiology or Medicine in 2018 for their pioneering work—discovery of a novel cancer
therapy by inhibition of the brakes on the immune system [6,7]. Immune-based cancer
therapy consists of two major approaches including immune checkpoint blockade (ICB)
and adoptive T cell therapy (ACT). Several immune checkpoint inhibitors (ICIs) have
been studied extensively [8,9]. ICB is best-known for its remarkable efficacy in treating
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melanoma, with approximately 20% of recipients experiencing a complete response. More
importantly, immune checkpoint therapy also induces a durable complete remission of
melanoma [10]. While immune related toxicities induced by PD-1 blockade is similar to
those induced by CTLA-4 blockade, they are less common possibly due to PD-1/PD-L1
checkpoint may involve later in T cell response [11].

Tumor-infiltrating lymphocyte (TIL) therapy and chimeric antigen receptor (CAR)
T-cell therapy are the two types of ACT-based therapy. Cell-based immunotherapy is
based on the notion of using the cells of immune system to eliminate cancer [2]. TILs
are prepared by isolating cells from surgical samples; the isolated TILs are then cultured
to increase the number enough to be transfused back to the patients whose samples
were collected. About half of the patients (whose endogenous TILs could be isolated)
responded well to immunotherapy and durable complete responses were observed in 22%
of advanced melanoma patients, in which 95% of them survived beyond three years [12].
TIL therapy, however, has several major drawbacks, including the requirement for large
surgical specimens, tumors with an adequate number of anti-tumor T cells, highly trained
personnel, and experienced medical centers. The ACT approach aided by advances in gene-
editing technologies and T cell engineering has been developed to address the limitations
of the TIL approach [13]. T cell receptors (TCRs) are selectively cloned from TILs to avoid
harming normal tissues and to retain the ability to specifically target cancer antigens [2].
Cloned TCRs react to specific cancer antigens that are abundantly expressed in cancer
cells but are insignificantly expressed or even not expressed in normal tissue in major
histocompatibility complex (MHC)-dependent context [14]. The TCR therapy loses its
effectiveness in MHC-downregulated tumors due to a loss of antigen presentation on
tumor cells. A wide range of T cell subsets and other immune cells can be transduced
with CARs, which are recombinant cell surface receptors for tumor antigen redirecting
the specificity and function of the targeted cells. Fundamentally, CARs enable over-riding
tolerance to self-antigens and excel physiological antigen recognition ability of immune
cells to modulate T cell expansion and persistence, as well as T cell and NK cell activation to
target cancer [15]. The CAR T approach is established based on the expansion of T cells with
engineered surface molecules such as CD28 and 4-1BB [16,17]. In the famous CAR T-related
clinical trial in one of the hematological malignancies [18], the results were remarkable with
90% of the patients achieved complete remission. Although the severe cytokine-release
syndrome (indicated by elevation of IL-6 levels after treatment) was observed in all the
patients, it was well-controlled using treatment with tocilizumab (IL-6R blocking antibody).
This clinical trial has paved the way for the use of CAR T therapy in the treatment of
other malignancies and solid tumors. A mutual feature of TCRs and CAR T therapy is
the expansion of genetically engineered T cells toward specific antigen targets [19-21].
Although CAR T therapy demonstrates remarkable efficacy in patients with hematological
malignancies, the outcomes are limited by the tumor microenvironment (TME), particularly
in solid tumors [22]. However, by repurposing IL-9R signaling using a chimeric orthogonal
cytokine receptor, T cells gain new functions including characteristics of stem cell memory
and effector T cells leading to augmented anti-tumor activity against solid tumors [23].
CAR-NK cell therapy has started to gain attraction as an alternative to CAR-T approach.
This NK-based therapy possesses certain advantages compared to CAR-T approach such
as shortened production time, recognition and exerting lethal attack on tumor cells by NK
cell native receptors, unlimited use of allogeneic NK source without concern of graft versus
host diseases, and the potential of using NK cell line or iPSC-NK to generate ready-to-
use treatment [24]. However, CAR-NK therapy also has several need-to-improve points,
including lack of in vivo persistence and sensitivity to free-thaw process leading to loss of
viability and/or activity [24].
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Despite promising results in patients administered with immunotherapy, the major-
ity of patients did not respond completely, due to primary resistance. Even with some
patients who responded, recurrence may have occurred over time due to acquired resis-
tance. Two major mechanisms (Figure 1A), coping strategies, and perspectives will be
further discussed.

Tumor ; Clonal selection Refractory tumor

Primary
resistance
Intrinsic
( A) mutation
Acquired
mutation
Acquired
resistance

Immunotherapy Treatment
cycles

Figure 1. Cont.



Int. ]. Mol. Sci. 2022, 23, 10906 4 0f22

Loss of HLA expression

MHC

Constitutive PD-L1
expression

Cytoplasm
(B)
Alterations of signaling cascades:
Nucleus - MAPK, PTEN, PI3K
- Wnt/B-catenin
W - IFNy, JAK-STAT
- Loss of tumor antigen expression
110 . / *
IL-35
z °®
TGF-B N
° 1+ CSF-1
/\ n o® 1 VEGF
; ©® 9] Chemokines
o0 °
© /[ Treg

—— attack
——————— » recruit

—— inhibit

Figure 1. Tumor-intrinsic and -extrinsic mechanisms of resistance to immunotherapy. (A), a general
diagram of how cancer resistance emerges upon immunotherapeutic treatment. Intrinsic mutation in
tumor cells renders cancer cells primary resistance upon immunotherapy leading to refractory tumor.
Acquired resistance is generated in survived cancer cells upon immunotherapy leading to refractory
tumor. (B), tumor-intrinsic mechanisms of resistance. Intrinsic factors include constitutive PD-L1
expression, loss of HLA expression in cancer cell membrane, and alterations of signaling cascades
such as MAPK, PTEN, PI3K, Wnt/ 3-catenin, IFNy, JAK-STAT, and loss of tumor antigen expression.
(C), tumor-extrinsic mechanisms of resistance. The complex interplay of immune cells and cancer
cells in tumor-microenvironment. Cancer cells are constantly subjected to bombardment by immune
cells such as NKs and Teffs. However, cancer cells produce CSF-1, VEGF, and several chemokines to
recruit M2 macrophages which in turn inhibit Teffs. Treg also induce cytokines, such as IL-10, IL-35,
TGEF-p to impede Teff responses.
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2. Molecular Mechanisms
2.1. Tumor Intrinsic Factors of Resistance to Immunotherapy

Cancer cells employ sophisticated strategies such as avoiding immune recognition and
inducing immunosuppressive TME to evade immune attack. These mechanisms may occur
before (primary resistance) or after (adaptive resistance) immunotherapy. Several important
tumor-intrinsic pathways are associated with primary and adaptive resistance including
(1) the mitogen-activated protein kinase (MAPK) pathway and/or loss of phosphatase
and tensin homolog (PTEN) expression, which enhances PI3K signaling, (2) expression of
WNT/ 3-catenin signaling pathway, (3) loss of interferon-gamma (IFNvy) signaling path-
ways, and (4) loss of tumor antigen expression (Figure 1B) [25].

In cancer, VEGF and IL-8 are induced by the MAPK cascade to inhibit the recruitment
and functions of T cells [26]. Inhibition of MAPK signaling combined with PD-1/PD-
L1-targeted or BRAF-targeted therapies leads to enhanced anti-tumor immune responses
such as the increased presence of TILs [27-29]. Resistance to ICI can also be caused by
the loss of PTEN, which promotes PI3K signaling to enhance proliferation of malignant
cells [30]. PTEN loss in melanoma is associated with decreased gene expression of IFNy and
granzyme B in immune cells, as well as the infiltration of CD8" T cells. PTEN deletions and
mutations are more common in non-T-cell-inflamed tumors than in T-cell-inflamed tumors.
As aresult, ACT was less effective in treating PTEN-deficient tumors than PTEN-expressing
tumors in mice model [30]. Moreover, a significant enrichment of somatic PTEN mutations
was associated with resistance to ICIs, probably contributing to the immunosuppression
environment in non-responders with glioblastomas [31].

The observation in many human cancers of an aberrant activation in the Wnt/ 3-
catenin signaling has prompted the use of Wnt signaling inhibitors in cancer treatment.
Constitutive Wnt signaling via 3-catenin stabilization can induce T cell exclusion from the
vicinity of cancer cells, impairing anti-tumor immunity and promoting immunotherapy
resistance [32]. Experimental data from mice model suggest that tumors with elevated 3-
catenin levels have a loss of CD103* DCs due to decreased CCL4 expression. Furthermore,
ICB is more effective in targeting (3-catenin loss tumors than (3-catenin-expressing tumors.
In the same vein, 3-catenin signaling-related genes are higher expressed in non-T-cell-
inflamed tumors [32]. Results from the clinical study by Luke et al. [33] strongly support
the rationale of targeting Wnt/ 3-catenin pathway in cancer. Additionally, mutations in f3-
catenin signaling molecules showed a significant enrichment in non-T-cell-inflamed tumors,
and moreover, activation of Wnt/ 3-catenin signaling was found in 90% of examined non-
T-cell-inflamed tumors [33].

The IFNY signaling pathway, which functions through JAK-STAT signaling [34], has
dual effects on anti-tumor immunity. Tumor-specific T-cell-induced IFNy can induce
lethal anti-tumor immunity by promoting tumor antigen presentation, recruiting of other
immune cells, and directing anti-proliferative and pro-apoptotic effects toward the tumor
cells [35,36]. On the other hand, cancer cells can downregulate or mutate molecules
involved in the IFNYy signaling cascade or harness the immunosuppressive functions of
IFNY to evade destructive immunity [34,37]. Indeed, an increased enrichment of mutated
IFNY signaling related genes such as interferon gamma receptor 1 and 2, Janus kinase 2,
and interferon regulatory factor 1 was observed in non-responders to ipilimumab (anti-
CTLA-4 mAD) recapitulating the loss of IFNYy signaling-related genes in cancer cells is a
mechanism of resistance to anti-CTLA-4 therapy [38]. Patients with any of these mutations
are likely to be resistant anti-PD-1 therapy due to a lack of PD-L1 expression upon IFNy
exposure [39]. MHC-I molecules (also known as human leukocyte antigen or HLA) bind
peptides derived from proteins produced in cells and transport them to the cell surface
to display antigenic information. It enables CD8"* T cells to identify pathological cells
that synthesize abnormal proteins, such as cancer cells that express mutated proteins [40].
The absence or acquired poor molecule expression of HLA allows neoantigens to remain
undetected by the immune system. Defects in the antigen presentation pathway are caused
by a number of mechanisms, including genetic and epigenetic alterations [41]. For instance,
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defects in the MHC-I antigen presentation pathway are the primary mechanism for the
loss of tumor-specific MHC-I expression. Downregulated TAP1/TAP2 which results in
defective peptide presentation leads to decreased MHC-I stability and its expression on the
tumor surface [42].

Furthermore, impaired antigen presentation in tumors is caused by structural changes
of the MHC-I complex, notably including loss of heterozygosity associated with chromo-
some 6p21 and from the poor expression of 32M [42]. The loss of key transcription factors,
such as NF-kB and NLRC5, and epigenetic alterations (such as DNA hypermethylation and
downregulation of histone deacetylases) can affect the transcription of MHC-I pathway
genes, thereby contributing to immune evasion of cancer cells [42]. Downregulation of
the NLRC5 transcription factor is associated with decreased expression of target genes
such as MHC-I, 82M, TAP, and immunoproteasome subunits in many cancers, includ-
ing prostate, lung, uterine, melanoma, and thyroid [43]. Interferons are another type
of signaling molecule that can induce MHC-I expression [44]. The activation of signal
transducer and transcription proteins (STAT1, 2, 3) due to type I and type II interferon
signaling upregulates MHC-I expression [44]. As the function of IFNs in antigen processing
and presentation pathway is indispensable, the impairment of IFN signaling leads to the
downregulation of MHC-I, implying that this molecular crosstalk has a significant impact
on tumorigenesis. Additionally, upregulation of microRNAs (miRNA) inhibits MHC-1
expression in several types of cancer including melanoma, esophageal carcinoma, and
colorectal cancer. These non-coding RNAs are also found to regulate multiple signaling
molecules of antigen presentation pathway, such as TAP1/TAP2 and calreticulin [42]. MHC-
I expression abnormalities are classified as irreversible or reversible based on the ability
to restore molecule expression with cytokine or pharmaceutical treatment [45]. MHC-I
downregulation is frequently associated with reduced TILs which may correlate with poor
clinical outcomes in many cancers, including melanoma, glioblastoma, colorectal, bladder,
uterine, cervical, head /neck, breast, and others [46]. As a result, the MHC-I downregulation
may be used as a prognostic factor for immunotherapy. Thus, understanding pathogenesis
by determining whether there are potential ways to restore MHC-I expression can augment
the immune system to control malignancies.

The role of epigenetic changes in cancer cells is still debated. On the one hand, these
modifications affect antigen processing, presentation, and immune evasion through changes
in the expression of immune-related genes, suggesting that using demethylation agents
may have therapeutic implications [47,48]. For example, T helper cells with demethylated
DNA could be used as antigen presenting cells (APCs) to generate cytotoxic T lympho-
cytes (CTLs) and natural killer cells to target cancers [49]. On the other hand, the loss
of DNA methylation as a result of cell proliferation accompanied by high mutation and
copy number load can promote tumor immune evasion [50]. TSA, a histone deacetylase
inhibitor (HDCAI), promotes the expansion of a population of myeloid-derived suppressor
cells (CD11b+Ly6C+F4/80intCD115+), implying that acetylation influences myeloid cell
differentiation [51]. In contrast, Wang and colleagues reported that using HDACi SAHA
reduces MDSC accumulation in the spleen, blood, and tumor bed. Furthermore, exposure
of bone marrow cells to SAHA eliminates GM-CSF-induced MDSC population through
increased intracellular ROS [52].

2.2. Tumor Extrinsic Factors of Resistance to Immunotherapy

The presence of immune cells in human tumors implicates the mixed role of immune
cells in tumor growth and progression (Figure 1C). Macrophages, myeloid-derived suppres-
sor cells (MDSCs), regulatory T cells (Tregs), effector T cells (Teffs), DCs, natural killer cells
(NKs), and B cells are among the most common immune cells in the TME. Each immune
cell subset contributes to pro- or anti-tumor immunity with distinct mechanisms.

Tregs are an important subset of T cells that helps to prevent excessive immune
responses and autoimmunity. Tregs can infiltrate human tumors and promote tumor
growth [53]. These FoxP3-expressing cells either directly impede Teff responses by physical



Int. ]. Mol. Sci. 2022, 23, 10906

7 of 22

contact, or indirectly by suppressing the latter via the secretion of inhibitory cytokines,
including IL-10, IL-35, and TGF-§3 [54-57]. Upon anti-CTLA-4 mAb treatment, the ratio of
Teffs to Tregs was positively associated with treatment response, which is dependent on the
presence of Fcy receptor-expressing macrophages [58,59], suggesting the use of anti-CTLA-
4 antibodies with enhanced FcyR binding profiles to achieve robust anti-tumor responses
and improved survival [60]. In a clinical trial using ipilimumab to treat patients with
advanced melanoma, increased TILs were found to be associated with better outcomes [61].
A clinical follow-up study demonstrated that while anti-CTLA-4 immunotherapy promoted
intra-tumoral Teff infiltration, it did not cause FoxP3* T cell depletion in human cancers [62].
These pioneering studies on the balance between Teffs and Tregs suggest that an increased
number of tumor-infiltrating Teffs, rather than the depletion of Tregs may be used to predict
sensitivity to anti-CTLA-4 immunotherapy. If the ratio of these two T cell subsets within
the TME in response to immunotherapy does not favor Teffs, resistance is likely to occur
throughout the course of treatment.

MDSCs comprise a group of neutrophils and monocytes with potent immunosuppres-
sive properties that may mediate immune responses elicited by T cells, B cells and NK
cells [63]. Human MDSCs express markers such as CD11b* and CD33*; however, other
types of MDSCs include the presence of HLA-DR, CD33, and CD15 [64]. Due to their
important roles in promoting angiogenesis, tumor invasion, and metastasis, these cells
have emerged as therapeutic targets in cancer [63,65-67]. A high intra-tumoral number
of neutrophils has shown a negative correlation with clinical outcomes in patients with
cancer [68]. Indeed, Si et al. [69] using multidimensional imaging, provided direct evidence
that MDSCs inhibit the expression of Teff-secreted Granzyme B and Ki67 (markers for
cytotoxicity and proliferation of Teff, respectively). The presence of MDSCs in the TME
is closely associated with the efficacy of immunotherapy, as blockade of these cells leads
to improved pre-clinical [70] and clinical outcomes [71]. Kaneda et al. [72] suggested that
the macrophage PI3Ky is a critical molecular switch that controls immune suppression
by inhibiting NF-«B activation and stimulation of C/EBPf activation, which are AKT-
and mTOR-dependent, to promote immune suppression. More importantly, targeting
cancer cells by a combination of selective inactivation of macrophage PI3Ky and ICIs could
overcome cancer resistance to checkpoint blockade therapies. In an ICB resistance setting
in mice, to overcome resistance, the molecularly selective pharmacological targeting of the
gamma isoform of PI3K in myeloid cells restored the sensitivity of immune checkpoint
blocking antibodies [73].

Tumor associated macrophages (TAMs) are also associated with patient responses
to immunotherapy [74,75], with the M1 subtype promoting anti-tumor immunity and
the M2 subtype promoting tumorigenesis. These cells are categorized according to their
distinct activation pathways and expression of surface molecule. Recruitment of TAMs
to tumor sites is mediated by tumor-derived effector proteins such as CSF-1, VEGF, and
chemokines [76]. CSF1/CSFIR axis is crucial for the recruitment of TAMs; therefore,
targeting CSF1/CSF1R signaling may have synergistic effects with immunotherapy in
suppressing refractory tumors [77-80]. A higher density of TAMs is correlated with poor
clinical prognosis in cancer patients [81,82]. In a mouse model of lung adenocarcinoma,
Fritz et al. [83] found that the depletion of TAMs may reduce tumor growth due to the
downregulation of M2 macrophages. It has been proposed that the inactivation of CCL2
and/or CCR2 signaling is attributed to this phenomenon. In the same vein, similar findings
were obtained in other cancer types such as T cell lymphoma [84], colon cancer [85],
lung cancer, and breast cancer [85-87], suggesting that the use of pharmacological or
biological strategies to inhibit or eliminate these macrophages in the TME may improve
patients” outcome.

Cancer causes chronic inflammation, which depending on the context, may support
tumor development [88]. Hence, anti-tumor responses and signals may also upregulate
inhibitory genes and signaling pathways such as IFNy, CTLA-4, and PD-L1 in immune
cells. Activation of T cell via TCR signaling and CD28 co-stimulation increases CTLA-4
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expression [6]. Increased IFNYy production by Teffs results in increased production of PD-L1
in both cancer cells and immune cells to hinder anti-tumor responses [2]. The production
of several immunosuppressive molecules, including indolaimine-2, 3-deoxygenase, and
CEACAMLI, is induced by the pro-inflammatory IFNYy leading to peripheral tolerance,
an inhibition of NK-mediated cytotoxicity and impaired effector T cell function [89,90].
Both malignant cells and phagocytic cells can produce immunosuppressive cytokines that
inhibit local anti-tumor immunity. For example, the immunosuppressive TGF-3 stimulates
Tregs to regulate angiogenesis and immune responses [91]. Moreover, poor prognosis
was associated with elevated TGF-f3 levels in several malignancies [92]. Clinical studies
have suggested that combining ICI and selective inhibition of TGF-{3 receptor and that
combining radiation therapy with TGF-f inhibition synergistically improve anti-tumor
responses [93,94]. Multiple chemokines and their respective receptors are essential for the
migration of immunosuppressive cells including MDSCs and Tregs to tumor sites [95].
Tumor cells produce multiple chemokines such as CCL2, CCL5, CCL7, and CXCLS8, which
bind to MDSCs CCR1, CCR2, or CXCR2 to recruit MDSCs to the TME [96,97]. Inhibiting
these chemokine receptors or targeting them in combination with ICB may reduce immune
evasion and promote anti-tumor T cell responses [98-100].

Cancer-associated fibroblasts (CAFs) are a diverse stromal cell population with multi-
ple functions such as matrix deposition and remodeling, crosstalk with infiltrating leuko-
cytes and reciprocal interactions with cancer cells [101]. The existence and the role of
activated CAFs in the microenvironment are linked to a poor prognosis in various can-
cers [102]. CAFs have been implicated in influencing the function of various immune cells
toward an immunosuppressive phenotype via multiple mechanisms, in addition to their
ability to recruit immune cells that promote tumor growth. Notably, a recent understanding
of CAF heterogeneity in origin and function suggests that driving immune suppression
may be mediated by distinct subpopulations of CAFs. For example, mesenchymal stro-
mal cells (MSCs) derived from bone marrow are a significant source of CAFs in breast
cancer [103]. Surprisingly, MSCs also mediate immunosuppression in the physiological
wound healing process. Pro-inflammatory cytokines (IFN, TNF, or IL-1) induce MSCs to
produce iNOS, suppressing T cell function in acute liver injury models [104]. Tumors may
alter the physiological functions of MSCs and fibroblasts to induce the formation of an
immunosuppressive TME via the effect of CAFs on specific immune cell populations [105].
T-cell exclusion plays a vital role in shaping the low response rate to immunotherapy in
CAF-rich tumors [106]. Different immunotherapy modalities such as anticancer vaccina-
tion, and anti-PD-1 allow the heterogeneous cell population to suppress the response by
excluding CD8* T cells but not CD4* T cells or macrophages from tumors. T-cell exclu-
sion is associated with increased CTLA-4 expression, which can be inhibited to overcome
lymphocyte exclusion [106]. Thus, identifying and targeting novel resistance mechanisms
such as CAF-related signaling would improve cancer therapies. However, CAFs research
is particularly challenging to translate into clinical benefit as CAFs can either promote or
inhibit tumorigenesis [101].

Other more complex factors, such as age, gender, pre-existing conditions, and in-
testinal flora, may also contribute toward cancer resistance to immunotherapy. Aging
is frequently accompanied by deteriorating immunity and various health-related issues,
thus there is a perception that the efficacy of anti-cancer therapeutic approaches may also
decline with age. However, in a meta-analysis of randomized controlled trials with ICB,
age was not determined to be a factor in how patients responded to the therapy [107].
Systemic immunity is influenced by sex and gender. Women are known to mount more
robust immune responses than men [104]. Another meta-analysis of randomized con-
trolled trials of immune checkpoint therapy for melanoma and human non-small cell lung
carcinoma (NSCLC) also revealed that the magnitude of benefit is sex-dependent, with
women having a lower pooled hazard ratio for overall survival than men [105]. There
is also a knowledge gap regarding how immunotherapy affects the anti-tumor immune
response of cancer patients with pre-existing common health conditions such as diabetes,
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obesity, and hypertension. The benefits of immunotherapy to cancer patients with obesity
are ambiguous [108]. Diabetes has negative effects on ICB in metastatic NSCLC [109].
Mechanistic studies are needed to shed light on the linkage between metabolic pathologies
and immunotherapy efficacy.

Gut microbiota have been extensively studied over the last two decades and the
role of microbes residing in the human gut has had an impact far beyond infectious
diseases. Changes in the gut microbiome have been linked to various metabolic disorders
and cancers [110]. Because the adaptive immune system shapes the gut flora and vice
versa, immunotherapy-responsive cancer patients may have a different gut microbiome
composition than non-responders [111]. Two pioneering studies on gut microbiome in
cancer settings have laid the foundation for the concept that gut microbiota modulates
immunotherapy [112,113]. In murine models, Vétizou et al. [112] found that optimal
responses to CTLA-4 blockade rely on Bacteroides spp. Oral supplementation with B. fragilis,
or its derived polysaccharides, or using B. fragilis-specific ACT-based approach restored the
efficacy of anti-CTLA-4 therapy. Commensal Bifidobacterium in the gut flora may modulate
anti-tumor immune responses and facilitate PD-L1 blockade’s efficacy [113]. Subsequent
studies have further characterized the association between human gut microbiota and the
outcome of cancer patients treated with immune checkpoint inhibitors [114-116]. Upon
PD-1 immunotherapy in melanoma patients, enhanced systemic and anti-tumor immunity
was reported in responders with favorable gut microbiome, such as the abundance of
bacteria of the Ruminococcaceae family [114]. Similarly, a clear linkage was found between
commensal microbial composition and clinical response in metastatic melanoma patients
treated with anti-PD1 therapy [116]. B. longum, Collinsella aerofaciens, and Enterococcus
faecium were among the most abundant bacteria present in the gut flora of responding
patients. Fecal transplantation from responders to mice increased T cell responses, higher
efficacy of ICB, and improved immune-mediated tumor control [116]. In patients with lung
and kidney cancers, Routy et al. [115] found that antibiotic consumption was negatively
associated with anti-PD-1 immunotherapy, and low levels of Akkermansia muciniphila were
found in non-responders. Interestingly, this defect was reversed by oral gavage with the
bacterium, which is mechanistically via increased recruiting CCR9*CXCR3*CD4* T cells
into tumor beds in an IL-12 dependent manner [115]. Many of the molecular mechanisms
that affect host response to immunotherapy have not been fully characterized, but some
are already underway. The enterococci, E. faecalis, could augment immunotherapy efficacy
by expressing and secreting the peptidoglycan hydrolase secreted antigen A (SagA) which
generates immune-active muropeptides to activate NOD2-dependent NF-«B- and MAPK-
mediated signaling of pro-inflammatory genes [117].

3. Tackling Strategies

Therapeutic resistance in immunotherapy remains a major concern, and efforts are
needed to identify biomarkers that can be used to monitor and overcome resistance. A
gold standard predictive biomarker is elusive due to the complexity of tumor heterogeneity
and anti-tumor immunity which vary from patient to patient [118,119]. While tumor
mutational load and markers of immune infiltrate within a tumor are important predictive
biomarkers, none of these markers can track intrinsic and acquired resistance individually.
Another monitoring strategy is the evaluation of longitudinal tumor specimens. Unlike
traditional approaches, this strategy can assess tumor dynamics during treatment and
identify predictive biomarkers [120]. Therefore, a combination of pre-treatment and post-
treatment biomarkers is required to accurately assess the effectiveness of immunotherapy
in recipients.

As ICI response rates are low in recipients with “cold” tumors (characterized by the
lack of T-cell infiltration), turning “cold” tumors to “hot” tumors is one of the potential
strategies to prevail the resistance [121-123]. To that end, a complete understanding of the
process of driving T cells into tumors in which various factors take part in managing the
cellular movement will aid in the development of more effective and safe immunotherapies.
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Combinatorial therapies with the core blocking immune checkpoint(s) have been tested to
select the best strategy to overcome resistance (Table 1).

Table 1. Proposed combinatorial therapies to overcome resistance to cancer immunotherapy.

No. Approach References
1. Combination checkpoint blockade [124-126]
2. Checkpoint blockade plus metabolic modulators [127,128]
3. Checkpoint blockade plus other immune modulators [129-135]
4. Checkpoint blockade plus macrophage inhibitors [136,137]
5. Checkpoint blockade plus oncolytic viruses or plus TLR agonists [138-140]
6. Checkpoint blockade plus cancer vaccines [141-144]
7. Checkpoint blockade plus ACT [145,146]
8. Checkpoint blockade plus targeted therapies [147-154]
9. Checkpoint blockade plus radiation therapy [155-158]
10. Checkpoint blockade plus chemotherapy [159-163]
11. Checkpoint blockade plus epigenetic modifications [164,165]
12. Checkpoint blockade plus NK activation [166,167]

Several combination strategies have shown promising results in clinical trials. For
example, long-term overall survival was significantly increased in patients with recurrent
glioblastoma that were subjected to preoperative injection of ipilimumab and nivolumab
(anti-PD-1 mADb) following safe resection of recurrent glioblastoma [168]. Pembrolizumab
(anti-PD-1) plus V937 (Coxsackievirus A21) was manageably tolerated in patients with
advanced melanoma resulting in clinical benefit [169]. The combination of molecularly
targeted therapy and immunotherapy may serve as a potentially effective treatment owing
to its favorable effect on anti-tumor immunity and synergistic effect when combined
with immune checkpoint blockade. This type of treatment has been intensively tested;
however, hepatotoxicity was deemed to be the main concern in studied patients [170,171].
Increased histamine receptor H1 (HRH1) expression is found in the TME and induces T cell
dysfunction via polarizing macrophages toward an M2 phenotype, suggesting HRH1 as a
potential target for immunotherapy. Indeed, anti-PD-1/PD-L1 treatment has synergistic
effects with HRH1-specific antihistamines (H1-antihistamines) reducing the death rate of
melanoma, lung, breast, and colon cancer patients [172].

In contrast to conventional killer T cells, which are APC-dependent and not capable of
using innate receptors in response to stress, killer innate-like T cells (ILTCKSs) have innate
immune cell-like behavior and are APC-independent, allowing them to prepare for lethal at-
tack. Since they are reprogrammed during development, ILTCKSs can recognize unmutated
antigen and do not cause autoimmunity [139]. Their expansion and effector differentiation
are dependent on IL-15, which is produced by many cancer cells; interestingly, inducible
activation of IL-15 signaling in adoptively transferred ILTCK progenitors suppresses tumor
growth while deletion of IL-15 in cancer cells increases tumor growth. The T cell subset
is far more durable than typical killer T cells because PD-1 is not produced in by ILTCKs
making them a potential target for immune cell-based therapy [173].

Both type I and II IFN signaling are important to anti-tumor immune responses as
IFNs are required for antigen recognition and the coordination between adaptive and innate
immune cells [174]. As a result, changes in the IFN signaling cascade including loss-of-
function mutations and genomic alterations are correlated with ICB resistance [38,39,175].
Minn group has elegantly characterized the role of IFNYy signaling in resistance to ICB.
Tumors may acquire STAT1-related epigenomic modifications due to prolonged IFNy
signaling that promotes IFN-stimulated genes (ISGs) and ligands for T cell inhibitory
receptors [37]. Thus, targeting IFN signaling that involves the resistance program renders
ICB-resistant tumors responsive to a single ICB therapy. Moreover, blockade of IFNy
signaling suppresses the expression of ISGs (common biomarkers for ICB response) in
cancer cells while increases ISGs in immune cells [174]. This higher immune vs. cancer
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ISGs debilitate inhibitory pathways allowing NK/ILC1s (capable of killing tumors) to
mature. In poor MHC-I or neoantigen tumors, IFNY is utilized by exhausted T cells to
drive maturation of PD1TTRAIL" ILC1 cells that eliminate the tumors [174].

Manipulation of the gut microbiota to overcome resistance to immunotherapy has
received increasing attention. The rationale for this is strongly supported by elegant studies
discussed previously [114-116]. Thus, fecal microbiota transplant (FMT) has been used
to overcome resistance to anti-PD-1 therapy in melanoma patients [176,177]. Findings
from Zarour group indicated that 40% of recipients (6 out of 15) received clinical benefits
from the combination of anti-PD-1 and FMT, which was well-tolerated and induced quick
and prolonged microbiota perturbation. The increased abundance of commensal bacteria
associated with anti-PD-1 blockade, promoted CD8* T cell activation, and reduced fre-
quency of immunosuppressive interleukin-8-expressing CD14* myeloid cells were found
in responders to the combination therapy [177]. Baruch et al., demonstrated the efficacy
of a therapeutic combination using a similar strategy to overcome resistance to anti-PD-1
therapy. Clinical responses were observed in three recipients (30%), including one complete
response [176]. Because of the complexities of the gut microbiome and its interactions with
other biological systems, identifying specific response-inducer microbiota characteristics
is challenging. There is still room for improvement of the FMT-based therapy since more
than half of the immunotherapy-refractory patients did not respond to the therapeutic
combination in the two clinical trials.

Desired nanomaterials should be highly biocompatible and non-toxic. Once devel-
oped, these nanoscale particles are simple to manipulate, and possess favorable biological
features for combating cancers including flexibility in biodistribution, specific targeting,
bioavailability, and enhancing immunogenicity. Due to intensive research efforts, the ef-
fectiveness of immunotherapy has been improved toward a more patient-friendly and
targeted approach [178]. The translational gap between animal and human studies is the
main reason for the relatively limited availability of nanomedicine. Nanotechnology-based
immunotherapy has achieved certain promising outcomes in various cancers in pre-clinical
models [178]. The combination of a stimulator of an interferon gene (STING) agonist-loaded
lipid nanoparticles (STING-LNP) and anti-PD-1 monotherapy synergistically enhanced
anti-tumor activity through NK cell activation, while anti-PD-1 therapy alone failed to
limit lung metastasis of melanoma in mice [179]. STING agonists have been used to pro-
vide clinical benefits; however, inefficient cytosolic entry and systemic toxicity are the
main concerns of this strategy. To overcome these limitations, the microbubble-assisted
ultrasound-guided immunotherapy of cancer (MUSIC) platform was developed, which
inhibited tumor growth by bridging innate and adaptive immune responses in murine
models [180]. Specifically, the nanocomplex-conjugated microbubbles that target APCs
deliver cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) into the
cytosol, where they induce a robust activation of STING and IFN regulatory factor 3 (IRF3)
and activate downstream NF-«kB signaling pathway. This would stimulate APCs that sub-
sequently prime CTLs. MUSIC can further sensitize poorly immunogenic tumors to PD-1
blockade by enhancing anti-tumor responses [180].

Another example of the implication of NPs in promoting response to checkpoint
inhibitor therapeutics is reported by Bhatia group; their engineered nanoparticles carry-
ing immunostimulatory oligonucleotides plus anti-CTLA-4 treatment achieved synergis-
tic tumor suppression in several animal models of various cancers [181]. However, the
mechanism underlying this synergistic effect remains to be elucidated. A nanoconjugate
comprising hollow manganese (H-MnO,) was developed to assist TME-specific imaging,
which elicited a remarkable synergistic therapeutic effect by inducing anti-tumor immune
responses, such as the presence of immune cells at tumor sites and cytokine levels and
relieving hypoxic condition by decomposing endogenous HyO, [182]. The elegant hollow
structure may prevent degradation of drug payload from the acidic TME and allow the
co-loading of a photodynamic agent, chlorine e6, with the anti-cancer drug, doxorubicin.
Furthermore, this platform combined with immune checkpoint blockade has resulted in
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a significant reduction in both primary and distant tumors [182]. Potent and prolonged
cellular immunity against tumor cells has also been observed in another nanoconjugate
platform [183]. A subunit vaccine comprising NPs coupled with CpG-B or CpG-C oligonu-
cleotides, co-delivered with low-dose adjuvant (4 pg) and antigen (prepared on separate
NPs) to limit toxicity and target the lymph node induced enhanced maturation of den-
dritic cells, and Thl-derived cytokine secretion, leading to robust activation of CD8* T
cells with strong memory recall [183]. One of the major challenges in ACT therapy is
the immunosuppressive TME. NPs, fortunately, can alleviate the issue to a certain extent.
Employing poly(lactic-co-glycolic acid) (PLGA) NPs indirectly improves manufacturing
of T cells by enhancing antigen presentation by DCs in the absence of TLR ligands [184].
Protein antigens encapsulated in the developed nanoplatform may stimulate DC to induce
strong immune responses via the activation of CD4* and CD8* T cells leading to a complete
regression of planted tumors [184]. In addition, DNA-carrying nanoparticles may be used
to introduce leukemia-targeting CAR genes into T-cell nuclei, resulting in long-term cancer
remission [185].

4. Perspectives

Cancer is a systemic disease, and the entire immune system constantly changes in the
presence of cancer [186]. Immunotherapy induces new immune responses rather than work-
ing on pre-existing ones. An in-depth understanding of tumor-intrinsic and tumor-extrinsic
factors involved in cancer immunotherapy resistance necessitates research across tumor
types, patient populations and therapies. High-throughput, high-dimensional, single-cell
technologies have resulted in ground-breaking discoveries and atlases of various TMEs, po-
tentially leading to the development of more effective immunotherapies and personalized
medicines. However, mechanistic studies on the interaction between immune cells and
cancer cells has primarily focused on the TME, with less emphasis on the regulatory role of
peripheral immune cells in tumor biology. Therefore, not only the TME but also the global
immune macroenvironment must be taken into account [5]. Non-responders typically
have a disrupted immune system, thus, restoring a compromised immune system to an
active and healthy homeostatic immune set point will benefit patients and may enhance
the effectiveness of immunotherapy.

Considering that the majority of patients with a certain type of cancer either do not re-
spond or do not fully respond to immunotherapy, bringing clinical benefit to these patients
necessitates a thorough understanding of the underlying mechanisms. This critical under-
standing would result in an effective anti-tumor response and reveal new tumor-intrinsic
and -extrinsic factors that contribute to primary and adaptive resistance to immunother-
apy for molecular targeting (Figure 2). T cells have been effectively and widely used in
the context of cancer immunotherapy. Although T cell immunity has yielded impressive
mechanistic insights, further research into the regulation and interaction of T cells with
other immune cells, such as APCs and NK cells, is required to advance T cell-based im-
munotherapy. Breakthrough findings indicate that T cell-mediated anti-tumor immunity
is augmented through modulation of commensal bacteria species in the gut microbiome.
This may lead to the development of another innovative approach to improve patients’
responses to immunotherapy, one that combines the ability of other commensal bacteria
to regulate anti-tumor immune responses with combination strategies. Thus, a compre-
hensive understanding of how the complex gut microbiota elicit anti-tumor immunity
in both pre-clinical and clinical settings, as well as how immunotherapy shapes the gut
microbiome would broaden the current knowledge to improve efficacy and overcome
resistance. Diet, lifestyle, stress, environment, and genetics are among the numerous factors
that can modulate the composition of the human gut microbiome to affect immunotherapy
response [117,187]. Well-designed experiments and human trials are essential for improv-
ing the current understanding and effectiveness of immunotherapy, especially in patients
who have developed resistance to ICB therapy. NP-based immunotherapy is gaining popu-
larity as a powerful treatment to promote favorable immune responses and effectiveness.
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However, major challenges, particularly the gap between pre-clinical outcomes and clinical
applications, must be carefully addressed. Studies related to NP-based immunotherapy are
urgently needed to pave the way for clinical translation before other factors are considered.
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Figure 2. Tackling strategies. To tackle resistance effectively, tumors should be monitored followed
by a number of therapeutic strategies such as combination therapy (see Table 1) and modulation of
gut microbiota plus immune checkpoint blockade.
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