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1  |  INTRODUC TION

Immune checkpoint inhibitors (ICIs), represented by anti- programmed 
cell death 1 (PD- 1)/PD- 1 ligand 1 (PD- L1) monoclonal antibodies 
(mAbs) and cytotoxic T- lymphocyte- associated protein 4 (CTLA- 4) 
mAbs, have been shown to be effective to a variety of cancers, in-
cluding melanoma, non– small cell lung cancer, renal cell carcinoma, 
head and neck cancer, and gastrointestinal cancer.1– 6 However, the 
efficacy of ICI monotherapy is limited, and the detailed mecha-
nisms are not fully understood, necessitating more basic and clinical 
researches.7

In the tumor microenvironment (TME), T cells, especially CD8+ 
T cells, which reportedly attack cancer cells via recognition of 

cancer antigens in the context of major histocompatibility complex 
(MHC) molecules, play a crucial role in antitumor immunity.7– 9 ICIs 
exert antitumor effects by inhibiting T- cell suppressive signals and 
subsequently activating T- cell– mediated cytotoxicity.7– 9 Somatic 
mutation- derived neoantigens, which can be recognized as non- 
self antigens, reportedly induce strong immune responses similar to 
those induced by foreign antigens such as virus antigens.10,11 Thus, 
neoantigens are believed to induce an inflamed TME characterized 
by high CD8+ T- cell infiltration, which is very important for the ICI 
response, and the number of neoantigens is reportedly correlated 
with the degree of inflammation in the TME.11– 14 In addition, CD8+ 
T- cell– mediated cytotoxicity reportedly induces PD- L1 expression 
via the interferon- gamma (IFN- γ) signaling pathway, and the induced 
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Abstract
Immune checkpoint inhibitors (ICIs) are effective for various types of cancer, and their 
application has led to paradigm shifts in cancer treatment. While many patients can 
obtain clinical benefits from ICI treatment, a large number of patients are primar-
ily resistant to such treatment or acquire resistance after an initial response. Thus, 
elucidating the resistance mechanisms is warranted to improve the clinical outcomes 
of ICI treatment. ICIs exert their antitumor effects by activating T cells in the tumor 
microenvironment. There are various resistance mechanisms, such as insufficient an-
tigen recognition by T cells, impaired T- cell migration and/or infiltration, and reduced 
T- cell cytotoxicity, most of which are related to the T- cell activation process. Thus, we 
classify them into three main mechanisms: resistance mechanisms related to antigen 
recognition, T- cell migration and/or infiltration, and effector functions of T cells. In 
this review, we summarize these mechanisms of resistance to ICIs related to the T- 
cell activation process and progress in the development of novel therapies that can 
overcome resistance.
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PD- L1 suppresses CD8+ T cells by binding to PD- 1.15 Therefore, PD- 
L1 expression, CD8+ T- cell infiltration, and tumor mutational burden 
(TMB) are candidate biomarkers for ICI therapy with close relations 
to each other.16 However, there are substantial conflicting data,17– 19 
and none of these biomarker candidates seems to be a sufficient 
predictor of ICI response.

On the other hand, tumors can modify the TME to one that 
benefits themselves through the process of tumor immune edit-
ing.20 Tumor cells can evade antitumor immunity through various 
mechanisms even during ICI treatment, such as loss of MHC and im-
paired IFN- γ signaling, leading to resistance to ICIs.21,22 Elucidation 
of primary and acquired resistance mechanisms to ICIs is needed to 
develop predictive biomarkers for ICIs and/or novel therapies with 
higher efficacy. Although many studies have shown some represen-
tative mechanisms, the complex nature of the mechanisms makes it 
difficult to be understood sufficiently.

While there are various complicated resistance mechanisms, 
most of them are related to the T- cell activation process because 
T- cell activation is essential for ICI efficacy.7– 9 For example, MHC 
loss inhibits T- cell activation following the loss of antigen presenta-
tion.23,24 Reduced chemokines induce a noninflamed TME leading 
to ICI resistance.15,25,26 Suppressive immune checkpoint molecules 
and immune- suppressive cells inhibit the effector functions of T 
cells.27– 30 In addition, abnormalities in the IFN- γ signaling pathway 
are involved in many of these mechanisms.31,32 In this review, we 
summarize mechanisms of resistance to ICIs related to the process 
of T- cell activation and novel therapies to overcome them.

2  |  THE PROCESS OF T-  CELL AC TIVATION 
AND THE EFFEC TS OF IMMUNE 
CHECKPOINT MOLECULES

When CD8+ T cells are depleted in mouse models, tumors grow rap-
idly, and ICIs are completely ineffective.33 In addition, an inflamed 
TME characterized by high CD8+ T- cell infiltration is reportedly as-
sociated with ICI response.8,9 Thus, CD8+ T cells are essential for 
antitumor immunity, and ICIs exert antitumor effects by activating 
these T cells.8,9 The process in which T- cell activation leads to kill-
ing cancer cells is summarized in seven steps (Figure 1)34: (1) cancer 
antigen release from cancer cells, (2) presentation of cancer antigens 
via MHC molecules by antigen- presenting cells (APCs), (3) T- cell 
activation via recognition of cancer antigen in the context of MHC 
molecules (priming phase), (4) migration and (5) infiltration of acti-
vated T cells into the TME, (6) T- cell recognition of cancer antigen 
presented in the context of MHC molecules of cancer cells, and (7) 
killing cancer cells by activated T cells (effector phase). During these 
processes, immune checkpoint molecules modulate the activity of T 
cells in steps 3 (priming phase) and 7 (effector phase).34,35

Immune checkpoint molecules, which are mainly expressed on 
the T- cell surface, control T- cell activation by binding to their ligands 
on APCs and/or cancer cells at the time of T- cell recognition of 
cancer antigens.36 Each immune checkpoint molecule acts through 

different mechanisms, with some demonstrating inhibitory and oth-
ers stimulatory effects on T- cell activation (Figure 2).36

CTLA- 4 and PD- 1 are both inhibitory immune checkpoint mol-
ecules, and mAbs against them are used clinically (anti- CTLA- 4 and 
anti- PD- 1/PD- L1 mAbs, respectively). T- cell receptor (TCR) stimula-
tion with antigen recognition is essential for T- cell activation, and 
costimulation is also necessary.37 A representative type of costimu-
lation is the CD28 signaling pathway, which promotes T- cell activa-
tion mainly by binding to CD80 or CD86.38 CTLA- 4 suppresses T- cell 
activation by binding tightly to CD80/CD86, inhibiting CD28- CD80/
CD86- mediated costimulation.38,39 In addition, regulatory T cells 
(Treg cells), one of the representative immune- suppressive cells, 
highly express CTLA- 4 on their surface, and Treg cell– expressing 
CTLA- 4 depletes CD80/CD86 on APCs by trogocytosis, leading to 
suppression of APCs.28 As CD80 and CD86 are mainly expressed in 
APCs, anti- CTLA- 4 mAbs are expected to work mainly at the T- cell 
priming phase (step 3).36,38,39 On the other hand, PD- 1 expressed on 
T cells binds to PD- L1 or PD- L2, and PD- 1- PD- L1/PD- L2 mediates in-
hibitory signals by suppressing TCR signaling pathways.40 Anti- PD- 1/
PD- L1 mAbs are considered to work mainly at the effector phase 
(step 7), whereas PD- L1/PD- L2 are expressed on both tumor cells 
and APCs.37 Furthermore, it has been recently reported that PD- 1 
also exhibits its inhibitory effect by suppressing CD28 signaling.41,42

In addition to PD- 1 and CTLA- 4, many other immune checkpoint 
molecules regulate T- cell activation. Coinhibitory immune check-
point molecules include TIM- 3, LAG- 3, and TIGIT.36,43 On the other 
hand, costimulatory immune checkpoint molecules that activate 
immune responses by binding their ligands, like CD28 binds CD80/
CD86, include OX40, GITR, 4- 1BB, and ICOS.36,43

3  |  MECHANISMS OF RESISTANCE TO 
ICIS

As mentioned above, the process of T- cell activation is essential for 
the antitumor effects of ICIs. In cases of resistance, many factors in-
hibit the T- cell activation process, which can be classified into three 
main mechanisms (Figure 1), though there seems to be an overlap 
among them. The first category is “resistance mechanisms related 
to antigen recognition,” inhibiting steps 1- 3 and 6; the second is “re-
sistance mechanisms related to T- cell migration and/or infiltration,” 
inhibiting steps 4 and 5. The third category is the “resistance mecha-
nisms related to effector functions of T cells,” inhibiting step 7. As 
these resistance mechanisms can induce both initial and acquired 
resistance, we will explain them together.21,22,44– 46

4  |  RESISTANCE MECHANISMS REL ATED 
TO ANTIGEN RECOGNITION

At the start of T- cell– mediated antitumor immunity, APCs present 
cancer antigens on their MHC. T cells with specific TCRs recognize 
the antigen- MHC complex on APCs and are stimulated via the TCR 
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signaling pathway, which induces subsequent T- cell activation. In ad-
dition, activated T cells recognize the cancer antigen- MHC complex 
on cancer cells in the TME, leading to killing cancer cells. Impairment 
of any part of the antigen recognition processes can lead to the 
loss of antitumor immunity. The factors related to these resistance 
mechanisms include (1) cancer cell antigen loss and (2) reduced an-
tigen presentation.

4.1  |  Cancer cell antigen loss

Cancer antigens cause specific antitumor immunity mediated by 
antigen- specific T- cell activation, and the loss of these antigens abol-
ishes specific T- cell cytotoxicity. In particular, neoantigens, derived 
from somatic mutations that alter amino acid sequences, are the 
most characteristic tumor- specific antigens, leading to strong T- cell 
activation as non- self antigens.11– 14 Previous reports have shown 
that ICIs are highly effective for patients with high TMBs.11– 14,47,48 
In contrast, some patients with low neoantigen levels are primar-
ily resistant to ICIs, and some patients who respond initially acquire 
resistance to ICIs with the disappearance of neoantigens.11– 14,49,50

4.2  |  Reduced antigen presentation

If any defects in the antigen presentation process occur, ICIs can be 
ineffective. One such mechanism is dysfunction of APCs. To escape 
antitumor immunity, cancer cells suppress the antigen- presenting 
activity of APCs through various mechanisms. They inhibit APC re-
cruitment into the TME and/or maturation by activating the WNT/β- 
catenin signaling pathway or secretion of prostaglandin E2 (PGE2) or 
vascular endothelial growth factor (VEGF).51– 55

Another mechanism is the loss of MHC expression by cancer 
cells. MHC class I (MHC- I) on cancer cells is an essential molecule 
for CD8+ T cells to recognize cancer antigens.23,24 It has been re-
ported that loss of heterozygosity in MHC- I genes is associated with 
immune escape in cancer,56,57 which leads to ICI resistance.58 We re-
cently reported that MHC- I mutations accumulate in microsatellite 
instability- high tumors, suggesting that the accumulation of MHC- I 
mutations is an important immune evasion mechanism.23 Other re-
ports in clinical settings showed that loss or decreased expression of 
β- 2 macroglobulin (B2M), one of the components of MHC- I, resulted 
in defects in antigen presentation and ICI resistance.59,60 We also 
reported a case of melanoma with ICI resistance due to the loss of 

F I G U R E  1  Process of T- cell activation and main mechanisms of resistance to immune checkpoint inhibitors (ICIs). The seven steps of 
T- cell activation that lead to killing cancer cells and the three main mechanisms of resistance to ICIs related to this process are summarized. 
APC, antigen- presenting cell; MHC, major histocompatibility complex; TME, tumor microenvironment. This figure was created with BioRe 
nder.com

https://biorender.com/
https://biorender.com/
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the B2M gene, and this resistance was overcome by introducing the 
B2M gene in vitro.23 In addition, the loss of MHC- I in a metastatic 
lesion but not in other lesions induced a mixed response with a poor 
prognosis.61

In addition, it has also been reported that the expression of 
MHC- I on cancer cells is decreased by abnormal IFN- γ signaling 
caused by genetic abnormalities such as JAK1 and JAK2 abnormal-
ities. NLRC5 and DUX4 are also reported to be involved in IFN- γ– 
mediated MHC expression.31,32,62,63 IFN- γ, a cytokine secreted 
mainly from activated T cells, plays an essential role in antitumor 
immunity. The IFN- γ signaling pathway induces antitumor effects 
by promoting MHC expression in cancer cells, chemokine produc-
tion, cell growth inhibition, and apoptosis.64 On the other hand, we 
treated a patient who responded to anti- PD- 1 mAbs with preserved 
MHC- I expression despite defects in IFN- γ signaling because of the 
loss of JAK. We experimentally demonstrated that mouse models 
could be sensitive to treatment despite defects in IFN- γ signaling. 
These models had high MHC- I expression independent of the IFN- γ 
signaling pathway. From these findings, we speculate that resis-
tance due to defects in IFN- γ signaling could be mainly caused by 
decreased MHC- I.

Furthermore, downregulation of MHC expression is caused by 
epigenetic abnormalities such as EZH2 gene mutation and histone 
deacetylase abnormalities.65,66 Currently, there are attempts to de-
velop drugs that upregulate MHC. One possible approach is to up-
regulate MHC- I by inhibiting TRAF3, which negatively regulates the 
NF- κB pathway.67 We also revealed the importance of MHC class 
II (MHC- II)- mediated cytotoxic CD4+ T cells in antitumor immunity 
even against MHC- I– negative tumors and suggested them as a po-
tential therapeutic target.68

5  |  RESISTANCE MECHANISMS 
REL ATED TO T-  CELL MIGR ATION AND/OR 
INFILTR ATION

T cells need to migrate and infiltrate into the TME to attack cancer 
cells directly. Several kinds of chemokines, such as CXCL9, CXCL10, 
CXCL11, and CCL5, are necessary for T- cell migration and infiltra-
tion. Cancer cells and surrounding immune cells produce these 
chemokines, and disruption of the chemokine production process in-
duces ICI resistance.25 Therefore, abnormalities in the IFN- γ signal-
ing pathway, which is related to the production of these chemokines, 
inhibit T- cell migration and infiltration into the TME.

Several signaling pathways related to carcinogenesis, such as 
the WNT/β- catenin, PTEN, LKB1, and EGFR pathways, may also 
contribute to ICI resistance by suppressing the production of such 
chemokines.26,51,69– 71 In addition, epigenetic changes have also been 
reported to downregulate these chemokines, contributing to resis-
tance to ICIs.65,66

Vascular endothelial growth factor, which directly affects im-
mune cells, as mentioned above, also prevents T- cell migration and 
infiltration by inhibiting adhesion between T cells and vascular en-
dothelial cells and suppressing the production of chemokines, such 
as CXCL10 and CXCL11.72,73 In clinical settings, VEGF inhibitors 
show efficacy against several types of cancer and are more effec-
tive when combined with ICIs.74– 76 We also reported the case of 
an ICI- resistant patient who was successfully treated with a VEGF 
inhibitor.77

In addition to VEGF, TGF- β also has immune- suppressive effects. 
In addition to directly suppressing T cells, TGF- β prevents T- cell 
infiltration by inducing activation of cancer- associated fibroblasts 
(CAFs) and affects CXCR3 expression on T cells, which interferes 
with chemokine- induced migration.78,79 Although it has not yet been 
clinically applied, combination therapy with a TGF- β– blocking drug 
is now being developed.78

6  |  RESISTANCE MECHANISMS REL ATED 
TO EFFEC TOR FUNC TIONS OF T CELL S

This section summarizes some of the significant immunomodula-
tory factors, including immune- suppressive cells and other sup-
pressive immune checkpoint molecules, which lead to inadequate 

F I G U R E  2  Multiple costimulatory and inhibitory interactions 
regulate T- cell responses. Representative coinhibitory and 
costimulatory immune checkpoint molecules and their ligands are 
presented. 4- 1BBL, 4- 1BB ligand; CTLA- 4, cytotoxic T- lymphocyte- 
associated protein 4; GAL- 9, galectin 9; GITR, glucocorticoid- 
induced tumor necrosis factor receptor; GITR- L, GITR ligand; 
ICOS, inducible T- cell costimulator; ICOSL, ICOS ligand; LAG- 3, 
lymphocyte activation gene 3; OX40L, OX40 ligand; PD- 1, 
programmed cell death 1; PD- L1/2, PD- ligand 1/2; TIGIT, T- cell 
immunoreceptor with immunoglobulin and ITIM domains; TIM- 3, 
T- cell membrane protein 3. This figure was created with BioRe nder.
com

https://biorender.com/
https://biorender.com/
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effector functions of T cells in the TME. The IFN- γ, secreted mainly 
from activated T cells, plays an essential role in antitumor immunity. 
It has been reported that genetic mutations in JAK cause abnormal 
IFN- γ signaling, leading to resistance to ICIs.31,32 Cytotoxic T cells 
exhibit their effector functions via IFN- γ by inhibiting cell growth 
and inducing apoptosis.64 However, as mentioned above, the resist-
ance due to defects in IFN- γ signaling could be mainly caused by 
decreased MHC- I.

6.1  |  Other suppressive immune 
checkpoint molecules

PD- 1, which interacts with PD- L1, is primarily expressed following 
the activation of T cells and suppresses T- cell effector function, 
causing T cells to fall into a progressive dysfunctional state called 
exhaustion.27 In the TME, not all T cells attack cancer cells, as there 
is a subset of bystander T cells.80,81 Among them, exhausted T cells 
in the TME directly attack cancer cells, and ICIs exhibit efficacy by 
reactivating them.81,82

Among exhausted T cells, PD- 1lowCXCR5+TCF1+ progenitor- 
exhausted T cells are expected to be reactivated by anti- PD- 1/
PD- L1 mAbs. In contrast, PD- 1highCXCR5− TCF1− terminally differ-
entiated exhausted T cells are considered to be dysfunctional and 
not able to be reactivated (Figure 3).83,84 These terminally differen-
tiated exhausted T cells, which express not only PD- 1 but also other 
inhibitory immune checkpoint molecules, such as LAG- 3, TIM- 3, and 
TIGIT, are not fully reactivated by blocking only PD- 1, resulting in 
resistance (Figures 2 and 3).83– 85 A clinical trial of combination ther-
apy with inhibitors of PD- 1 and these immune checkpoint molecules 
is now underway.

Using clinical samples and mouse models, we also demonstrated 
that the TIGIT/CD155 interaction is another mechanism by which 
melanoma with a high TMB and an inflamed TME can become re-
sistant to therapy, including cases of both primary and acquired 

resistance.86 A clinical trial of anti- TIGIT mAbs combined with anti- 
PD- L1 mAbs for non– small cell lung cancer has been performed, 
and the combination showed possible efficacy against PD- L1– high 
tumors.87 Another inhibitory molecule, LAG- 3, inhibits T- cell activa-
tion by binding to MHC- II (Figure 2). We reported that CD4+ T cells 
in the TME of MHC- II+ tumors express high LAG- 3 levels and that 
combination therapy with anti- PD- 1 and anti- LAG- 3 mAbs increases 
CD4+ T- cell– mediated antitumor immunity.68 Indeed, anti- LAG- 3 
mAbs have already shown efficacy in combination with anti- PD- 1 
mAbs against malignant melanoma.88

6.2  |  Immunosuppressive cells

The ICI resistance mechanisms mediated by various immune- 
suppressive cells, such as Treg cells, tumor- associated macrophages 
(TAMs), myeloid- derived suppressor cells (MDSCs), and CAFs, 
have been reported mainly in mouse models. Therefore, treat-
ment to deplete these cells has been being developed.28– 30 These 
immune- suppressive cells also inhibit the antigen presentation of 
APCs, suggesting that the early- phase T- cell activation process 
may be impaired by these suppressive cells. In addition, these cells 
secrete various immune- suppressive factors, such as VEGF and 
TGF- β.73,78,89,90

Treg cells are known to suppress effector T cells and APCs by var-
ious mechanisms, such as consuming IL- 2 and binding CD80/CD86 via 
CTLA- 4.28 We reported that Treg cells in the TME had high PD- 1 ex-
pression and that anti- PD- 1 mAbs activated PD- 1+ Treg cells as well as 
PD- 1+CD8+ T cells, which contributed to ICI resistance.33 Moreover, 
we also found that hyperprogressive disease can be caused by PD- 1+ 
Treg cells in the TME activated by anti- PD- 1 mAbs.91 In contrast, anti- 
CTLA- 4 mAbs are thought to have inhibitory effects on Treg cells, but 
even when combined with anti- PD- 1 mAbs, approximately 40%- 50% 
of treated patients are resistant.3– 5 Further investigations are needed 
to clarify the effects of ICIs on Treg cells.

F I G U R E  3  The progressive process of T- cell exhaustion. Among exhausted T cells, PD- 1lowCXCR5+TCF1+ progenitor- exhausted T cells 
are expected to be reactivated by anti- PD- 1/PD- L1 mAbs. In contrast, PD- 1highCXCR5−TCF1− terminally differentiated exhausted T cells are 
considered dysfunctional and incapable of being reactivated. LAG- 3, lymphocyte activation gene 3; PD- 1, programmed cell death 1; TCF- 1, 
T- cell factor 1; TIM- 3, T- cell membrane protein 3. This figure was created with BioRe nder.com

https://biorender.com/
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Vascular endothelial growth factor has been reported to induce 
activation of immune- suppressive cells such as Treg cells, TAMs, and 
MDSCs and is also secreted by these immune- suppressive cells.73,89 
VEGF inhibitors are expected to improve the TME by increasing 
cytotoxic T cells and decreasing suppressor cells.73,89 In a phase 2 
trial, the combination of a VEGF inhibitor with an ICI in renal cell 
carcinoma was more effective in TAM- abundant cancers than TAM- 
deficient cancers.92

6.3  |  Metabolism in the TME

The TME is known as a hypoxic and low- glucose environment. In 
such an environment, the lack of glucose impairs T- cell activation, 
limits antitumor immunity, and induces resistance to ICIs.93 VEGF 
is known to establish a hypoxic TME, which is expected to be im-
proved by VEGF inhibitors.73 On the other hand, lactate, abundant 
in the low- glucose TME, was recently reported to promote PD- 1 
expression in Treg cells and contribute to ICI resistance.26 In addi-
tion, abnormalities of several genes, such as PI3K, LKB1, and MYC, 
which are involved in cancer metabolism, can also contribute to re-
sistance.26,69,71,94 Attempts are being made to modulate metabolism 
with drugs to increase antitumor immunity.95,96

Amino acids play an essential role in T- cell activation. Serine and 
arginine are important amino acids for effector T- cell expansion and 
antitumor immunity.97,98 The enzyme IDO, which converts tryp-
tophan to the immunosuppressive molecule kynurenine, has been 
found to be involved in ICI resistance.99 Although combination ther-
apy with IDO inhibitors and anti- PD- 1/PD- L1 mAbs was expected 
to be efficacious, clinical trials have failed to meet their primary 
endpoint.100,101 We speculate that the investigators should select an 
appropriate population based on any biomarkers.

Extracellular adenosine binds to its receptors on T cells and sup-
presses their function via the subsequent elevation of intracellular 
cAMP.102,103 Adenosine is produced from ATP through surface CD39 
and CD73. Thus, CD73 and CD39 can suppress antitumor immunity, 
resulting in resistance to ICIs.80,104 Promising drugs that inhibit the 
binding of adenosine to its receptor have been developed, and clin-
ical trials are underway for combination therapy with PD- 1 inhibi-
tors.105,106 The efficacy of anti- CD39/CD73 antibodies has also been 
reported at the preclinical stage, and the results of clinical trials are 
awaited.107,108

7  |  OTHER RESISTANCE MECHANISMS

In some patients who are resistant to anti- PD- L1 mAbs, PD- L1 splic-
ing variants are secreted, working as “decoys” of the mAbs.109 ICI- 
neutralizing antibodies can also be produced in resistant patients, 
which can be related to resistance.110,111 Secreted factors, such as 
PD- L1 splicing variants and ICI- neutralizing antibodies, can disturb 
ICIs themselves, leading to ICI resistance.

Recently, the relationships between the intestinal microbiota 
and systemic immune responses and autoimmune diseases have 
been noted.112 Metabolites from the microbiota have also been re-
ported to influence immune responses.113 The intestinal microbiota 
also affects antitumor immunity, and it has been pointed out that it 
may be involved in the response to ICIs.114– 118 The combination of 
fecal transplantation and ICIs has already been applied in practice, 
and some reports indicate that fecal transplants from responders 
to ICIs can induce ICI responses.118– 120 The detailed mechanism, in-
cluding the relationships with resistance, is still unclear, so further 
research is expected.

8  |  CONCLUSION

Immune checkpoint inhibitors have undoubtedly shifted the cancer 
therapy paradigm. However, tumors induce a TME that benefits 
themselves by various mechanisms, and there are still many chal-
lenges to be overcome. This review summarizes ICI resistance mech-
anisms related to T- cell activation process in three main categories. 
It is not always possible to identify a single mechanism, such as ab-
normalities in the IFN- γ signaling pathway. Various mechanisms are 
involved in a complex manner, suggesting that resistance occurs via 
a complex set of processes. However, as ICIs basically exert their 
effects by activating T cells, many resistance mechanisms can be at-
tributed to the inhibition of T- cell activation. To overcome resistance, 
it is important to promote T- cell activation, and various attempts 
are being made, including combination therapy. In addition, cell 
therapy has been proven to be effective in ICI- resistant hematologi-
cal tumors, including malignant lymphoma and leukemia, suggest-
ing the possibility of response even in noninflamed tumors.121– 123 
Therefore, cell therapy is expected to be applied in solid tumors in 
the future.124,125

Cancer immunity has been studied mainly in mouse models. 
However, the mechanisms of resistance to ICIs in clinical settings 
seem to be very complicated, as we have summarized. Therefore, 
it can be difficult to understand the detailed mechanisms only in 
mouse models. We believe it is essential to elucidate the TME using 
human clinical samples to understand and overcome resistance 
mechanisms. We should promote translational research with both 
bedside- to- bench approaches and bench- to- bedside approaches.
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