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Abstract: In recent years, the PD-1/PD-L1 axis blockade has become a very promising therapy

with significant clinical benefits for multiple tumor types. However, some patients still do not

respond sufficiently to PD-1/PD-L1 targeted monotherapy. Therefore, investigating the mechan-

ism of PD-1 blockade resistance will assist in exploring new immunotherapy strategies, control-

ling the progress of the disease, and thus bringing more sustainable survival benefits to patients.

The tumor-immune cycle is divided into the following seven steps: the release of cancer antigens,

cancer antigen presentation, priming and activation, trafficking of Tcells to tumors, infiltration of

T cells into tumors, recognition of cancer cells by T cells, and killing of cancer cells. Given that

PD-1/PD-L1 blockade is primarily involved in step 7, any abnormalities in the previous steps

may affect the efficacy of PD-1/PD-L1 inhibitors and lead to drug resistance. This review

discussed the resistance mechanisms of PD-1/PD-L1 blockade in each cancer-immunity step

to finding a more suitable treatment population and an optimized combination therapy to exert

immunotherapy in tumor treatment to a greater extent.
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Introduction
Immunotherapy is considered as a promising method of treating cancers.1 The 2018

Nobel Prize in Physiology or Medicine was awarded to James P. Allison and

Tasuku Honjo, who discovered CTLA-4, and PD-1 separately. Immunotherapy

has brought new directions to cancer treatment. PD-1/PD-L1 blockade has been

used in the treatment of melanoma, non-small cell lung cancer (NSCLC),2 bladder

carcinoma,3,4 Hodgkin’s lymphoma,5,6 and Merkel cell carcinoma.7,8 However, in

the actual clinical practice, the presence of drug resistance reduces the efficacy of

PD-1/PD-L1 blockade.

Chen and Mellman (2013) proposed the concept of “the Cancer-Immunity Cycle”,

helping us to understand the multi-step complexity of cancer-immunity clearly.9 Tumor

antigen is captured and processed into an immunogenic polypeptide by antigen-

presenting cells (APCs) and is present on the APCs surface in the form of an antigen

peptide-MHCmolecular complex. The antigenic peptide-MHCmolecules on the surface

of the APCs bind to the TCR on the surface of the T cells. At the same time, the

costimulatory molecules expressed by APC bind to the corresponding ligands on the

surface of T cells and then activate antigen-specific T cell immune responses. PD-1/PD-

L1 blockade targets the final step. It can be affected by abnormalities in any of the

previous steps to produce resistance. This review discussed the resistancemechanisms of

PD-1/PD-L1 blockade at each step (Figure 1).
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Lack of Tumor Antigen Expression
Tumor Mutation Burden (TMB) is defined as the total num-

ber of somatic gene coding errors, base substitutions, gene

insertions, or deletion errors detected per million bases.

Mutations of somatic cells can be transcribed or expressed

into RNA and protein levels to produce neoantigen, protein

fragments, or polypeptide segments, which can be recog-

nized by the immune system as “non-self,” activating T cells

and resulting in an immune response.10,11 Therefore, when

the number of gene mutations accumulated per megabase

increases, many neoantigens are produced. This outcome

caused the tumor to be attacked by tumor-specific T cells,

increasing its sensitivity to PD-1 treatment.12–14 High levels

of TMB (>20 mut/Mb) results in high immunogenicities,

which are sensitive to PD-1 blockade, as in melanomas,

renal cell carcinomas, and non-small cell carcinomas.11

Low levels of TMB (<10 mut/Mb) results in poor immuno-

genicities, as in pancreatic cancers and prostate cancers.14

Tumors lacking DNA Damage Response (DDR) pathway

are less efficient at correcting genetic damage and are there-

fore associated with increased TMB, new antigen loading, and

a better response to Immune-Checkpoint Blockers (ICBs).15

The human mismatch repair genes (MMR genes), such as

MLH1, MSH2, MSH6, and PMS2, are responsible for

repairing DNA mismatches in the genome.16 MMR defects

lead to the accumulation of base mismatch in the DNA

replication process, resulting in the occurrence of microsatel-

lite instability (MSI). About 15% of colorectal cancers are

related to the MSI pathway. MSI is classified into high-level

instability (MSI-H), low-level instability (MSI-L) and micro-

satellite-stable subtype (MS-S). MMR is classified into defec-

tive DNA mismatch repair (dMMR) and proficient mismatch

repair (pMMR). dMMR is equivalent to MSI-H, and pMMR

is equivalent to MSI-L or MSS. Patients with colorectal

cancer experiencing dMMR or MSI-H are more likely to

benefit from immunotherapy.17 However, PD-1/PD-L1 drug

therapy is unsatisfactory in patients with pMMR or MSI-L.

The antigen expression is low, and the immunogenicity is

deficient in these patients, failing T cell activation.

Lack of Effective Antigen
Presentation and T Cell Initiation
Abnormal Antigen-Presenting Cells
Antigen-presenting cells (APCs) process antigens and pre-

sent them to T-cells and are therefore vital for an effective

adaptive immune response. Dendritic cells (DCs) are one of

the essential APCs which can activate unsensitized naive

Figure 1 Resistance mechanism of PD-1/PD-L1 blockade in the cancer-immunity cycle. Each step of the cancer-immunity cycle requires the coordination of numerous

factors. PD-1/PD-L1 blockade targets the final step. It can be affected by abnormalities in any of the previous steps to produce resistance. Examples of such abnormalities and

the primary steps at which they can act are shown.
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T cells. Most of the DCs in the human body are in an

immature state, expressing low levels of costimulatory fac-

tors and adhesion factors. Immature DCs have the powerful

antigenic phagocytic ability. When stimulated by antigens,

immature DCs differentiate into mature DCs, which express

high levels of costimulatory and adhesion factors. During the

maturation process, DCs migrate from the peripheral tissues

into the secondary lymphoid organs, contacting T cells and

stimulating an immune response. DCs, as the most potent

APCs currently discovered, are capable of inducing specific

cytotoxic T lymphocytes (CTLs) production.18

However, DCs often do not function efficiently in the

tumor environment. The tumor microenvironment can

affect the distribution, differentiation, and maturation of

DCs. (1) The tumor microenvironment affects DCs distri-

bution. Studies have shown that the number of DCs in

peripheral blood of patients with head and neck squamous

cell carcinoma is different from that of healthy people. The

bone marrow-derived DCs precursor cells in peripheral

blood of patients with tumors were significantly lower

than normal. In a series of studies on tumor prognosis, it

was found that there was a significant correlation between

abnormalities in the number of DCs in peripheral blood

and poor prognosis. DCs infiltrated in tumor tissues are

mostly immature phenotypes, while DCs in adjacent tis-

sues are mostly mature DCs. Tumor-derived cytokines and

chemokines can recruit immature DCs to migrate to tumor

tissue, subsequently limit their maturation and function.

(2) The tumor microenvironment affects DCs differentia-

tion. DCs are antigen-presenting cell populations derived

from CD34 hematopoietic stem cells. Studies showed that

tumor cells and related factors in the tumor microenviron-

ment could interfere with the differentiation of DC pre-

cursor cells, resulting in decreased or even loss of DCs’

activities. It was confirmed that IL-6 and granulocyte

colony-stimulating factor (G-CSF) secreted by tumor

cells blocked the differentiation of CD34 cells into DCs.

IL-6 inhibits the differentiation of precursor cells into DCs

by activating the STAT3 signaling pathway. VEGF

secreted by tumor cells, which promotes tumor blood

vessel growth, is directly involved in local immunosup-

pression. VEGF can block the differentiation of CD34

cells into DCs by inhibiting the activity of NF-kB in

cells. Recent studies showed that prostaglandin E2

(PGE2) produced by tumor cells inhibited the differentia-

tion of bone marrow precursor cells and monocytes into

DCs.19 (3) The tumor microenvironment affects DCs

maturation. IL-10 is an essential regulator of DCs

maturation and function. Studies showed that IL-10 mainly

plays a role in blocking DCs maturation and activation of

T cells, but does not affect the migration of mature DCs to

regional lymph nodes. IL-10 negatively regulates the

expression of DCs co-stimulatory molecules and the secre-

tion of pro-inflammatory factors such as IL-12 and TNF

by activating the STAT3 signaling pathway in immature

DCs, making it unable to provide a second signal for

T cells activation. Tumor cells, stromal cells, and various

infiltrating immune cells in the tumor microenvironment

can highly express PGE2. Functions of PGE2 are different

due to different maturity degree and distribution of DCs.

In peripheral tissues, PGE2 allows DCs to overexpress

CCR7 and promote DCs migration to secondary lymphoid

organs. When DCs migrate to the secondary lymphoid

organs, PGE2 increases the secretion of IL-10 by DCs

themselves, inhibits DCs maturation, significantly

decreases the expression of MHC molecules, and

decreases the ability to activate T cells.20–22

Dysbiosis of the Normal Gut Microbiome
An increasing number of studies have shown that the

human gut microbiome can affect the development of

cancer and the effect of immunotherapy.23 Patients who

respond well to treatment with PD-1 inhibitors show

a notable difference in gut microbiome structure compared

to patients who do not respond well to the same

treatment.24 Through large-scale tests, it was found that

bifidobacteria may enhance the body’s immune response

by stimulating DCs directly, inducing DCs maturation and

cytokine secretion, contributing to the activation of tumor-

killing T cells and the enhancement of PD-1/PD-L1

blockade.25,26 Akkermansiacea muciniphila can enhance

the response of PD-1/PD-L1 blockade by increasing

CD4+ central memory T cell (TCM), CD4/Foxp3 ratio,

and IL-12 production in the tumor bed and increasing

IFN-γ production.23 TCM expresses chemokine receptor

CXCR3 or CCR9. CXCR3 is related to the recruitment

of Th1 cells to inflamed lesions, while the CCR9/CCL25

axis is associated with chemotactic migration of T cells,

especially in intestine and colon.27 Besides, Enterococcus

hirae combined with Akkermansia muciniphila may ele-

vate TCM and increase the production of IFN-γ so that it

had a synergistic effect with PD-1 blockade combined

with Akkermansia muciniphila.23 Collinsella aerofaciens

and Enterococcus faecium were related to enhanced effi-

cacy of PD-1 blockade by leading to decreased peripher-

ally derived Tregs.28 Significant differences were observed
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in the diversity and composition of the patient gut micro-

biome of responders (R) versus non-responders (NR) in

melanoma patients receiving PD-1 blockade therapy.

Immune profiling suggested enhanced systemic and anti-

tumor immunity in responding patients with a favorable

gut microbiome.27 In conclusion, the gut microbiome can

affect at a critical point in the anti-tumor response, and the

stable gut microbiome can enhance the immune surveil-

lance of tumor cells.

Migration Disorders of T Cells
Chemokines are low molecular weight proteins that are cap-

able of attracting immune cells to the site of infection. They

play a two-way regulatory role in tumor immune microenvir-

onment. On the one hand, stromal cells in tumors and tumor

tissues recruit CXCL9, CXCL10, CXCL11, CCL3, CCL4,

CCL5, and other chemokines to recruit NK cells and CTLs,

causing anti-tumor immune response.29,30 On the other hand,

high levels of chemokines such as CCL2 and CCL22 in the

tumor microenvironment, inhibit the immune response by

recruiting immunosuppressive cells such as MDSCs, Tregs,

andM2 cells. Therefore, the level of chemokines in the tumor

tissue determines the immune status of the tumor. For exam-

ple, CXCL9 and CXCL10 silencing caused by DNA methy-

lation inhibit T cells homing and thus cause resistance to

immune checkpoint drugs.30,31 The use of Hypomethylating

agents (HMAs) reduces the inhibition of chemokines and

increases TILs, thereby increasing the therapeutic effect of

PD-1/PD-L1 blockade.32

Insufficient T Cell Infiltration
Loss of PTEN
The PI3K-AKT-mTOR pathway is a crucial signal trans-

duction pathway encompassing several oncogenes. This

pathway is involved in essential cellular processes such

as cell survival, proliferation, and differentiation. In

patients, the loss of PTEN is associated with a reduction

of T cells infiltration in the tumor microenvironment and

a weaker effect of PD-1 blockade treatment. In the mouse

model of melanoma, Peng et al (2016) observed that the

loss of PTEN in tumor cells increased the expression of

immunosuppressive cytokines, which reduced the infiltra-

tion of T cells and inhibited autophagy. Treatment with

a selective PI3Kβ inhibitor improved the efficacy of anti-

PD-1 antibodies.33 In a mouse model of prostate tumor,

Garcia et al (2014) found that PTEN-null mice exhibited

high levels of infiltration of MDSCs, which excluded

CD8+ and NK cells from TME and reduced their cytotoxic

activity.34 Besides, PTEN-loss reduced autophagic activ-

ities in melanoma, reducing T cell-mediated tumor

apoptosis.35 Overexpressing MAP1LC3B, which is critical

in autophagy initiation, improved T-cells killing, while the

resistance to T cells killing was observed in MAP1LC3B-

silenced tumor cells. Studies showed that overexpression

of MAP1LC3B in PTEN-silenced tumor cells completely

restored sensitivity to T-cells killing. Furthermore, pre-

treatment of melanoma cells with the autophagy inhibitor

hydroxychloroquine (HCQ) reduced the apoptosis induced

by autologous TILs.33

Activation of the MAPK Pathway
The MAPK pathway involves many different cellular pro-

cesses such as proliferation, differentiation, movement,

apoptosis, and survival. The pathway’s carcinogenic

effects have been confirmed.36 Emerging evidence estab-

lished the role of the MAPK pathway in regulating the

immune response in TME. Activation of the MAPK path-

way leads to the production of VEGF and IL-8, both of

which are angiogenic factors that inhibit the recruitment

and infiltration of T cells.37,38 In human melanoma sam-

ples, inhibition of the MAPK pathway promotes CD8+

T cells activation and infiltration. Experiments showed

that a combination of PD-1 antibody and MEK blockade

treatment strategy enhanced immunocyte infiltration in the

tumor bed and can improve treatment outcomes.39

Incompetent Recognition of Tumor
Cells by T Cells
Mutations of β-2-Microglobulin
Two signals are required for T cells activation. The first

signal is initiated by TCR recognition of the antigenic

peptide-MHC complex (p-MHC) on the surface of the

APCs; the second signal is initiated by the interaction of

co-stimulatory molecules between the T cells and the

APCs. Both are required to produce an effective immune

response. Tumors become targets of specific cytotoxic

T lymphocytes (CTLs) by expressing many different anti-

gen peptide MHC molecule complexes. However, in some

cases, tumors lose their antigen-presenting ability by

genetic mutation or epigenetic modification, thereby

escaping immune recognition.

The lack of MHC class I molecules is one of the

leading causes of PD-1 blockade resistance. The lack can

be caused by the decrease of mRNA transcription level of
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MHC molecules, the loss of genome, and the mutation of

B microglobulin gene.40 The B2M gene encodes B2M

protein, which is an indispensable component of MHC

class I molecules.41 Thus, mutation of the B2M gene is

a mechanism of anti-PD-1 antibody treatment for

resistance.42

Loss of IFNγ Signaling
IFNγ produced by tumor-specific T cells can recognize

tumor cells or corresponding receptors on APC, thereby

exerting a powerful anti-tumor immune effect. IFNγ up-

regulates the expression of MHC molecules and PD-L1,

thus enhancing tumor antigen presentation and response to

PD-1 treatment.41 IFNγ can also recruit other immune

cells or directly inhibit tumor cell proliferation and pro-

mote apoptosis. Therefore, mutations and deletions of

tumor cells IFNγ pathway-related proteins (such as IFNγ
receptor IFNGR1 and IFNGR2, IFNγ receptor chain JAK1

and JAK2, STATs, and IRF1) can lead to resistance to

ICIs.43,44

Abnormalities of T Cell Killing
Tumors
Lack of Tumor-Infiltrating CD8+ T Cells
A certain amount of TILs in TME is the basis for judging

the efficacy of checkpoint blockade. Chen DS and Mellman

I (2017) published a review proposing a new classification

of immune tumors with three phenotypes; immune-desert,

immune-excluded, and inflamed. Among these phenotypes,

the immune-desert and immune-excluded phenotypes are

cold tumors (non-inflamed), and the density of CD8+ Tcells

in the tumors is low.45

Lack of PD-L1 Expression
Of course, it is not enough to focus on CD8+ T cells, but

also on PD-L1 expression.46 A threshold of 5% PD-L1

positive expression is used to determine PD-L1 positiv-

ity. Subsequent studies showed a higher objective

response rate for anti-PD-1 therapy in a population of

patients with PD-L1 positive disease. Progression-free

survival (PFS) and overall survival (OS) were also

improved in PD-L1-positive advanced melanoma and

NSCLC patients when PD-L1 expression subgroup ana-

lysis was performed.47,48 However, there are still some

problems with PD-L1 detection. The most important

thing is that the expression of PD-L1 is very dynamic

and unevenly distributed in tumor tissues, which is likely

to cause false-negative results. Besides, antibodies used

in some tests may be insufficiently sensitive and may

also cause false negatives. Now some researchers are

optimizing the method of detecting PD-L1 and hoping

to bring better prediction results by then.

Based on TILs and PD-L1 expression, Teng et al (2015)

divided the tumor microenvironment into four categories.

These include type I, (PD-L1+ with TILs), type II (PD-L1−

with no TILs), type III (PD-L1+ with no TILs), and type IV

(PD-L1− with TILs).49 Among these four types, type I is the

optimal candidate for PD-1/PD-L1 treatment.

Severely Exhausted CD8+ T Cells
In vitro studies have shown that the intensity of the PD-1

signal, namely its relative expression level or ligand abun-

dance, can determine the severity of T cells exhaustion and

thus affect the sensitivity to anti-PD-1 therapy. In some

mouse models, PD-1 expression is high, and T cells are

severely anergic, which is associated with resistance to

anti-PD-1 therapy.50 After PD-1 treatment in patients

with low or moderate expression of PD-1, exhausted

T cells can be reactivated to exert their immune effects.

Therefore, whether PD-1 blockade intervention can effec-

tively reverse T cells anergy may depend on the ratio of

low-medium expression to high expression of T cells

before treatment.

Activation of Other Inhibitory Immune

Checkpoints
In the anti-tumor immunity process, there are some other

immune checkpoints, including CTLA-4, TIM3, LAG3,

NKG2A, and so on, which are gradually recognized and

participate in co-regulating immune responses with PD-1/

PD-L1 treatment. However, which immunological check-

points are dominant and whether the intensity of different

immune checkpoints is different in different tumors or

tumor development stages remains to be studied.

CTLA-4

CTLA-4 is also an inhibitory immune checkpoint mole-

cule whose ligands are CD80 and CD86 on APCs. CTLA-

4 is primarily expressed on regulatory T cells (Tregs),

Tregs are negative immunoregulatory cells which have

inhibitory effects on tumor immunity.51,52 The combina-

tion of anti-PD-1 and anti-CTLA-4 synergistically reduces

inhibitory signals and enhances anti-tumor response.53 The

efficacy of the clinical combination of CTLA-4 and PD-1/

PD-L1 mAbs has been confirmed.54 Therefore, screening
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of the best combination of immune checkpoints to achieve

optimal clinical efficacy will be the direction of future

research.55

LAG-3

Lymphocyte activating gene 3 (LAG-3) is an inhibitory

immune checkpoint molecule expressed by T cells, NK

cells, and B cells. LAG-3 blockade can increase the

number of activated CD8+ T cells56 and inhibit the activ-

ity of Tregs57 in the tumor microenvironment, thereby

restoring anti-tumor immunity.58 Additionally, anti-LAG

-3 checkpoint blockade, in combination with tumor-

specific CD4+ T cells and irradiation, overcame PD-L1

mAbs primary resistance and treated established tumors

resulting in fewer recurrences.59 LAG-3 expression on

TILs was significantly correlated with that of PD-1

expression and was also significantly associated with

negative prognostic factors.60,61 Surprisingly, the combi-

nation of the LAG-3 blockade and PD-1 blockade was

more effective than the PD-1 blockade alone. Studies in

other multiple models have shown significant inhibition

of tumors by the combination of LAG-3 blockade and

PD-1 blockade.62

TIM-3

T cell immunoglobulin mucin-3 (TIM-3) plays a vital role

in regulating TH1 cell-mediated immune responses.

Inhibition of the TIM-3 pathway reduced the infiltration

of Tregs and thus slowed down the growth of mouse

Lewis lung cancer.63 Koyama et al (2016) observed an

increase in TIM-3 expression in TILs following PD-1

blockade acquired resistance. The expression degree of

TIM-3 was also significantly correlated with the stage of

PD-1 treatment. The positive expression was lower before

treatment and during the sensitive period and was signifi-

cantly increased after drug resistance. Moreover, the posi-

tive expression of TIM-3 was also significantly correlated

with the degree of PD-1 antibody binding in T cells. The

higher the degree of T cells binding to PD-1 blocking, the

stronger the TIM-3 positive expression.64

Limagne et al (2019) observed that the accumulation of

lymphocytes and monocytes MDSCs (mMDSCs) expres-

sing Tim-3 and galectin-9 after nivolumab treatment of

a cohort of NSCLC was associated with primary or

acquired resistance.65 This result indicated that the

Galectin-9/Tim-3 pathway might be a vital mechanism

for resistance to PD-1 treatment and maybe a new target

for immunotherapy drug combinations.

NKG2A

NKG2A is an inhibitory receptor-expressing both on CD8+

T cells and NK cells, whose main ligand is a non-canonical

MHC-I molecule: HLA-E (human) or Qa-1b (murine).

Blocking NKG2A can simultaneously abolish the immu-

nosuppression of CD8+ T cells and NK cells.66 Mingari

et al (2019) used a kind of humanized anti-NKG2A anti-

body (Monalizumab), which enhanced the anti-tumor

activity of NK cells. The effects of CTLs was restored

when it was combined with PD-1/PD-L1 blockade.

Therefore, the NKG2A blockade can adequately compen-

sate for the deficiency of PD-1/PD-L1 treatment by

improving the effect of NK cells.67

Other Tumor-Suppressing

Microenvironments
In the tumor microenvironment, there are also some poten-

tially drug-related components, including immunosuppressive

cells such as regulatory T cells (Tregs), bone marrow-derived

suppressor cells (MDSCs) and M2 macrophages and some

other inhibitory enzymes and cytokines.

Tregs

Tregs inhibit the function of effector T cells (Teffs) by

secreting certain inhibitory cytokines, including IL-10 and

TGF-β68 In vivo studies showed that removal of Tregs from

the tumor microenvironment enhanced anti-tumor immunity.

Besides, the efficacy of the PD-1/PD-L1 antibody was asso-

ciated with an increased Teff to Tregs ratio.69 The acquired

resistance of PD-1 blockade alone or PD-1 blockade com-

bined radiotherapy was associated with the increased Tregs

infiltration. Furthermore, this resistance can be restored after

the use of anti-CD25 treatment due to the depletion of

Tregs.70

MDSCs

Myeloid-derived suppressor cells (MDSCs) are

a heterogeneous population of cells, including myeloid

cell precursors, immature granulocytes, monocytes, and

dendritic cells. Tumors can be seen as a long-term

unhealed inflammatory process. There are many inflam-

mation-related factors in the tumor microenvironment.

Inflammatory factors IL-6, VEGF, proinflammatory factor

COX2, PGE2, GM-CSF, M-SCF, and stem cell factor 1

(SCF-1) all can induce the expansion and activation of

MDSCs. MDSCs not only inhibit the innate immune

response by inhibiting the anti-tumor effect of NK cells

and macrophages but also inhibit the adaptive immune
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response by blocking the activation of CD4+/CD8+ T cells

and increasing the infiltration of Tregs.71

Furthermore, the presence of MDSCs in the tumor

microenvironment reduces the effectiveness of

immunotherapy.72,73 A series of mouse models studies

indicated that PI3K inhibitors could be used as potential

therapeutic targets in combination with PD-1/PD-L1

blockade.74 The STING/type I interferon pathway

enhanced suppressive inflammation in tumors by recruit-

ing myeloid cells in part via the CCR2 pathway. Knockout

of CCR2 or treatment with anti-CCR2 blockade resulted in

a blockade of radiation-induced MDSCs infiltration,

thereby increasing the anti-tumor effect of radiotherapy

combined with PD-175 treatment.

M2 Macrophages

Tumor-associated macrophages (TAMs) affect the efficacy

of immunotherapy. TAMs include M1 macrophages pro-

moting anti-tumor immunity and M2macrophages suppres-

sing anti-tumor immunity.76 M2 is involved in the whole

process of tumorigenesis, growth, invasion, and metastasis.

In the early stage of tumor formation, M2 can promote

tumor neovascularization and enhance the invasion ability

of tumor cells. In the process of tumor metastasis, M2

promotes the formation of tumor “microenvironment before

metastasis,” and promotes extravasation, survival and sus-

tained the growth of tumor cells at the metastatic site.

Besides, TAMs can also play a role in immunosuppressive

function by releasing IL-10, TGF-β, and some other cyto-

kines and protecting tumor cells from NK cells and T cells.

In a mouse model of lung adenocarcinoma, reducing the

recruitment of M2 macrophages inhibits the tumor growth,

which may be related to CCL2 and CCR2 signal

inactivation.77 To overcome macrophage-associated poten-

tial drug resistance, blocking the colony-stimulating growth

factor receptor (CSF-1R) in a mouse model of pancreatic

cancer reduced the frequency of TAMs, increased IFN

production, and enhanced the response of PD-1

treatment.78 Rodell et al (2019) designed TLR7/8 agonist-

loaded nanoparticles to promote the polarization of tumor-

associated macrophages to M1 rather than M2 to enhance

PD-1 blockade efficacy.79

IDO

Indoleamine 2,3-dioxygenase 1 (IDO) produced by tumors

or immune cells can increase the production and activity of

Tregs and MDSCs. IDO can lower tryptophan levels, cause

GCN2 activation and mTOR inhibition, inhibit the

proliferation of effector T cells, and promote its

apoptosis.80 On the other hand, IDO up-regulates kynure-

nine, activates Aryl hydrocarbon receptor (AhR), promotes

differentiation of Tregs, and ultimately suppresses immune

responses.81,82 Studies showed that when B16 melanoma

was treated with PD-1 blockade, the tumor growth of IDO

knockout mice was significantly delayed, and the overall

survival rate was improved compared with wild type

mice.83 Based on these studies, the combination of IDO

inhibitors with PD-1/PD-L1 antibodies may be more effec-

tive than single agents.84 However, on April 6, 2018, Incyte

and Merck announced that an external Data Monitoring

Committee (eDMC) review of the pivotal Phase 3 ECHO-

301/KEYNOTE-252 study results evaluating Incyte’s epa-

cadostat in combination with Merck’s KEYTRUDA® in

patients with unresectable or metastatic melanoma deter-

mined that the study did not meet the primary endpoint of

improving PFS in the overall population compared to

KEYTRUDA monotherapy. The study’s second primary

endpoint of OS also was not expected to reach statistical

significance. Based on these results, and at the recommen-

dation of the eDMC, the study was stopped.85 This proves

that immunotherapy has a long way to go. We should con-

tinue to explore other novel mechanisms that can poten-

tially improve outcomes for patients in need.

Up-Regulation of CD73

CD39 is capable of hydrolyzing ATP to AMP and further

processing AMP into immunosuppressive molecule ade-

nosine by extracellular nucleosidase CD73. Adenosine can

inhibit T cells proliferation and activity through the A2A

receptor of T cells and can promote tumor metastasis

through the A2B receptor of tumor cells.86 Besides, the co-

expression of CD39 and CD73 is considered a key

mechanism for Tregs-mediated immunosuppression. In

many types of tumors, the high expression of CD73 is

accompanied by a poor prognosis and efficiency of PD-1

blockade.87 Antisense oligonucleotide targeting CD39 can

improve T cell anti-tumor immunity.88

Expression of Specific Driver Genes
EGFR Mutation
NSCLC patients with an EGFR mutation have limited

benefits.89 Firstly, a patient with an EGFR mutation was

found to have a low tumor mutation load (TMB). Patients

with a dominant gene had lower overall TMB, resulting in

unsatisfactory benefits for patients from immunotherapy.

Secondly, PD-L1 expression levels were lower for EGFR+
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NSCLC. The global multicenter EXPRESS study analyzed

global data on PD-L1 expression in patients with late

NSCLC and found that PD-L1 expression was lower in

EGFR+ NSCLC patients than in wild-type patients.90

Finally, the tumor microenvironment of EGFR+ NSCLC

patients was mostly immune-desert or immune-excluded.

A retrospective study found that patients with EGFR+

NSCLC had lower levels of PD-L1 expression and less

CD8+ TILs infiltration.91

KRAS Mutation
In tumor cells, KRAS mutation (KRAS*) can significantly

inhibit the expression of interferon regulatory factor 2

(IRF2), thereby suppressing the inhibition of CXCL3 tran-

scription by IRF2, namely up-regulating the expression

and secretion of CXCL3. When CXCL3 binds to

CXCR2, it can recruit MDSCs into TME and inhibit the

effect of PD-1 treatment. Enhancing the expression of

IRF2 or a combination of CXR2 inhibitors can relieve

PD-1 resistance in CRC patients.92

Previous studies showed that different subgroups of

KRAS mutant LUAC could be distinguished based on

whether there was STK11/LKB1 or TP53 co-mutation.

STK11/LKB1-type lung adenocarcinoma exhibited shorter

PFS in the KRAS mutant lung adenocarcinoma cohort.

Skoulidis et al (2018) reported that STK11/LKB1 altera-

tion was a major driver of primary resistance to PD-1

inhibitors in KRAS mutant lung adenocarcinoma patients.

In the KRAS mutant mouse lung adenocarcinoma model,

STK11/LKB1 deletion promoted PD-1/PD-L1 inhibitor

resistance.93

KIR Mutation
Killer cell immunoglobulin-like receptor (KIR) interacts

with human leukocyte antigen (HLA) to affect NK cells’

reactivity and the total number of mature NK cells.

Therefore, blocking KIR can induce anti-tumor effects by

activating NK cells. Trefny et al (2019) identified a genetic

variant of KIR (KIR3DS1) that was associated with primary

resistance to PD-1 blockade in patients with NSCLC.94

Conclusion
Based on the current limitations of PD-1/PD-L1 blockade,

the combination of PD-1/PD-L1 blockade with other thera-

pies has gradually become another significant development

direction.95 Radiotherapy can lead to the release of tumor

antigens and increase the immunogenicity of tumors.

Combining PD-1/PD-L1 blocking therapy with radiotherapy

has been proposed.96,97 Vaccines, CD40 agonists, and TLR

agonists can primarily promote cross-presentation of DCs to

enhance T cell anti-tumor responses. CTLA-4 blockade,

CD137 agonists, and inflammatory cytokines such as IL-2

and IL-12 can enhance priming and activation of T cells.

Bevacizumab, an anti-VEGF antibody, can disrupt immuno-

suppressive states and neutralize inhibitory cytokines and

enzymes such as IL-10, TGF-β98 and IDO. Besides, by

blocking TIM-3, Lag-3, and other inhibitory immune check-

point molecules, it is also expected to enhance anti-tumor

immunity by assisting PD-1 treatment.
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