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Immune checkpoint inhibitors (ICIs) have made great progress in the field of tumors and
have become a promising direction of tumor treatment. With advancements in genomics
and bioinformatics technology, it is possible to individually analyze the neoantigens
produced by somatic mutations of each patient. Neoantigen load (NAL), a promising
biomarker for predicting the efficacy of ICIs, has been extensively studied. This article
reviews the research progress on NAL as a biomarker for predicting the anti-tumor effects
of ICI. First, we provide a definition of NAL, and summarize the detection methods, and
their relationship with tumor mutation burden. In addition, we describe the common
genomic sources of NAL. Finally, we review the predictive value of NAL as a tumor
prediction marker based on various clinical studies. This review focuses on the predictive
ability of NAL’s ICI efficacy against tumors. In melanoma, lung cancer, and gynecological
tumors, NAL can be considered a predictor of treatment efficacy. In contrast, the use of
NAL for urinary system and liver tumors requires further research. When NAL alone is
insufficient to predict efficacy, its combination with other indicators can improve prediction
efficiency. Evaluating the response of predictive biomarkers before the treatment initiation
is essential for guiding the clinical treatment of cancer. The predictive power of NAL has
great potential; however, it needs to be based on more accurate sequencing platforms
and technologies.
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INTRODUCTION

Tumors acquire mutations as they develop and progress. These mutations can encode amino acid
sequences to translate different proteins, called tumor-specific antigens or neoantigens, which are
immunogenic and can be recognized and eliminated by immune cells (1, 2). Compared with
traditional chemotherapy and targeted therapy, immune checkpoint inhibitors (ICIs) therapy have
an enduring effect and efficacy in relieving the inhibitory effect of tumor cells on immune cells, thus
enhancing the immune response to cancer cells. Neoantigens elicit T-cell immunoreactivity and
sensitivity to ICIs (3).
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Studies have shown that new epitopes avoid the effect of
central T-cell tolerance, and endogenous T cells recognize new
epitopes and eliminate them, making neoantigens a promising
target for cancer immunotherapy (4–6). Currently, new
sequencing technologies, specialized calculation methods, and
the combination of human leukocyte antigen (HLA) are used to
predict neoantigen load (NAL). A certain correlation between
NAL and disease prognosis is an intrinsic property of neoplasms
(7). A preclinical study using a UVB-induced mouse melanoma
model reported that high NAL levels can predict the response
probability of ICIs (8). A series of follow-up clinical studies have
shown that higher NAL is associated with enhanced efficacy of
ICIs in melanoma, non-small cell lung carcinoma (NSCLC), and
colorectal cancer (6, 9–11).

These studies on NAL provide new directions for
individualized immunotherapy. Herein, we review patients
who were responsive to ICIs and had tumors with NAL
expression. This review provides new insights on prognostic
and predictive biomarkers of ICI sensitive cancers.
DEFINITION OF NAL

Tumor-specific expression, such as that of somatic mutations,
alternative splicing, fusion genes, non-coding RNA, and circular
RNA, may produce tumor-specific antigen polypeptides (12–15).
The formation of new antigens requires several steps. First, the
polypeptide enters the endoplasmic reticulum (ER) through a
transporter associated with the antigen processing (TAP)
complex. In the ER, these peptides bind to major
histocompatibility complex (MHC) class I molecules with
different affinities, and the peptide-MHC class I complex is
transported to the plasma membrane through the Golgi complex
and recognized by CD8+ cytotoxic T cells. Although T cells can
recognize antigens shared by normal and tumor cells, T-cell
receptors (TCRs) usually have a higher affinity for neoantigens
(16, 17). Some mutant proteins can be recognized by TCRs as
neoantigens, resulting in the initiation of an immune response. The
reactivity of TCRs expressed by tumor-infiltrating lymphocytes
(TILs) determines their ability to interact with tumor antigens on
antigen-presenting cells (APCs). Therefore, the TCR library is
related to the response and survival of cancer patients to immune
checkpoint blockade therapy (18, 19).
RELATIONSHIP BETWEEN NAL AND
TUMOR MUTATION BURDEN

The tumor mutation burden (TMB) generally refers to the
number of non-synonymous mutations per megabase (Mb) of
somatic cells in a specific genomic region TMB can be used to
estimate the ability and tumors to produce new antigens, and has
been proven to predict the efficacy of immunotherapy for a
variety of tumors (1, 20). In the past, whole-exome sequencing
(WES) was the first choice for TMB detection, accounting for 1%
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of the entire genome, including most known pathogenic
mutations (21). However, its application in clinical practice is
limited because of its high cost, large sample demand, and
complex data analysis (20, 22–24). With the identification of a
large number of tumor-related genes, the use of targeted
sequencing panels for tumor genome analysis has become
another option in clinical testing.

Early screening of new antigens was mainly performed using a
cDNA library, however, this is a very time-consuming and
laborious process. With the development of WES (25), whole-
genome sequencing (26), and second-generation sequencing of the
transcriptome (27), the cost of sequencing has been dramatically
reduced, making it possible to quickly and effectively perform
individual sequencing and neoantigen screening for each patient,
thereby laying the foundation for the clinical application of NAL.
In addition, large projects, such as The Cancer Genome Atlas
(TCGA) (25, 28) and the International Cancer Genome
Consortium (29), have identified cancer genomes across
multiple tumor types. Directly excavating tumor neoantigenic
epitopes in the databases and literature can identify high-
frequency mutation sites in solid tumors. In addition, single-cell
sequencing methods have been increasingly adopted as a high-
resolution alternative method to study gene expression, genomic
aberrations, microenvironment, and epigenetic modifications in
the constituent cells of various malignant and benign tumors (30,
31). Overall, neoantigens play a pivotal role in cancer
immunotherapy, especially in ICI therapy. The key to achieving
high effective individualized immunotherapy is the development
of new bioinformatics and calculation methods to improve the
sensitivity and specificity of antigen identification methods.

TMB has been used as a target for predicting the efficacy of ICI
therapy. Theoretically, tumor types with a high TMB often have a
high predictive NAL (32). The relationship between overall TMB/
NAL and ICI response in NSCLC and melanoma has been
clarified in various studies (6, 9, 11). The primary explanation is
that high TMB increases the formation and presentation of
immune neoantigens, thereby inducing effective anti-tumor
immune responses (33). Recent studies have confirmed that the
higher the TMB, the higher the tumor NAL, and the more likely to
a patient benefits from ICI therapy (34). It is speculated that
tumors with higher mutation burden have more tumor-specific
neoantigens, which stimulate the increase in the number of TILs
caused by the overexpression offset of immune checkpoint
modulators, such as the programmed death receptor 1 (PD-1)
or programmed cell death ligand 1 (PD-L1) (35–38). ICIs can
promote T cells to recognize tumors by antagonizing T-cell
activation inhibitory molecules, thereby restoring the anti-tumor
immune response (39).

However, TMB is not equivalent to NAL. Rizvi et al. showed
that the absolute burden of candidate neoantigens, but not the
frequency per non-synonymous mutation, correlated with
response, suggesting the importance of neoantigens in dictating
response (6). Another study analyzed the different patterns of
TMB and NAL numbers in NSCLC and found that half of the
oncogenic mutations did not produce neoantigens, suggesting
that TMB number is not a good surrogate marker of the
December 2021 | Volume 12 | Article 689076
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immunogenic neoantigen (40). TMB may thus be an indirect
measure of tumor immunogenicity because somatic mutations
must lead to amino acid changes in expressed proteins; thus,
peptides must be presented by HLA and subsequently cause cell
proliferation and kill tumors. Studies aiming to evaluate and
improve the prediction of NAL when high TMB cannot
effectively predict benefit from ICI therapy should be
conducted in the future.
NAL AND GENOMIC ALTERATIONS

Currently, a large number of clinical trials have explored whether
genemutations can beused to estimateNAL topredict the response
of various cancers to ICIs. The relationship between common
oncogenes and NAL has been explored. Driver mutant genes may
interfere with genome stability and affect immune status by
generating new antigens (41). One study reported that the
number of predicted neoantigens was significantly higher in
BRCA1/2 mutant tumors and that tumors with higher NAL were
associated with improved overall survival (OS) and higher
expression of immune genes associated with tumor cytotoxicity
(42). Another study found that patients with mutant TP53 (TP53-
MT) showed stronger tumor antigenicity and tumor antigen
presentation than patients with wild-type TP53 (TP53-WT) and
were more likely to benefit from ICI therapy (43). Tran et al. found
KRAS G12D mutations in lung metastasis resection tissues of
patients with rectal cancer and detected polyclonal CD8+ T cells
that specifically recognize KRAS G12D mutations in TILs (44).

Some rare gene mutations can also cause an increase in NAL;
however, findings on the prognosis remain inconclusive. For
example, Lei Zhang et al. reported that compared with patients
withwild-type tumors, patientswithMUC16mutant tumors have a
significant increase in NAL, which is related to improved the OS of
patients withMUC16mutation containing NSCLC andmelanoma
(45). Similarly, Wu et al. conducted a comprehensive analysis of
patients with TET1, a DNA demethylase that regulates DNA
methylation (46). They indicated that TET1 mutation was closely
associated with higher NAL, presenting a higher objective response
rate, better durable clinical benefit, longer progression-free survival
(PFS), and improved OS in patients receiving ICIs (47). A series of
studies have shown the relationship between geneticmutations and
NAL, such as TP53-MT (43), Eph receptor A5 mutations (48),
ZFHX3-MT (49), and AT-rich interaction domain 1A (50), which
are closely related to longer OS or PFS in patients treated with ICIs.

The DNA damage response system is essential for the
preservation of genomic integrity (51), and thus, mutations in
this system may lead to the appearance of new alleles that are
absent in normal DNA, resulting in an increase in NAL. Wang
et al. demonstrated that variations in the DNA damage response
pathway of homologous recombination repair (HRR), mismatch
repair, and base excision repair are associated with increased NAL
and increased levels of immune gene expression characteristics
(52). Similarly, a study reported that a deficiency in DNA double-
strand break repair, particularly HRR, is related to increased NAL
on the tumor cell surface, which subsequently activates the
adaptive immune response (53).
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In addition, other markers can represent an increase in NAL
and can thus be used as predictors of ICI efficacy. For example,
the centrosome protein 78 (CEP78) is required to regulate the
cell cycle (54). Huang et al. analyzed the RNA sequencing data of
a muscle-invasive bladder cancer cohort and found that high
CEP78 expression was correlated with high NAL; but was not
associated with OS (55). A similar study has shown that the
high expression of the aryl hydrocarbon receptor nuclear
translocator-like protein 1 is associated with increased NAL
and can be a clinically relevant biomarker for immunotherapy
(56). A low m6A score was also linked to increased NAL and
enhanced response to immunotherapy (57).

As more mutated genes are revealed to be clearly associated
with an increase in NAL, cancer patients can be better screened
for ICI therapy.
PROGNOSTIC VALUE OF
NAL IN TUMORS

The commonly used targets of immunotherapy are mainly
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) or PD-
1/PD-L1, which can effectively treat a variety of malignant
tumors (58). Presently, it is generally believed that neoantigens
and neoantigen-specific T cells are closely related to tumor
regression after ICI therapy. Tumors with more mutations may
produce more new epitopes, which can be recognized by tumor-
infiltrating T cells. Checkpoint blocking antibodies activate these
T cells in the body and induce tumor regression (59) (Figure 1).

These mechanisms promote the success of ICI therapy and
NAL through several aspects. Tumors containing DNA repair
gene mutations, such asHR gene,MMR gene, or POLE mutations,
have a significantly higher mutation load and a significantly
greater number of T-cell types and other anti-tumor activities
than DNA repair wild-types tumors. The required immune cell
infiltration increases the efficacy of ICI therapy (60). Zhu et al.
analyzed the mechanism underlying the improved prognosis of
NAL-high (NAL-H) and NAL-medium (NAL-M) groups. They
found that the high- and medium-expression groups of NAL have
significantly overexpressed genes, which are related to IFN-g/
TNF-a, and are important predictors of immune activation (61).
In addition, these two groups of patients have a higher degree of
adaptive immune infiltration, whereas the low-expression group is
enriched with innate immune infiltration. A series of studies have
shown that the level of NAL can help screen this part of the
patients (6, 42, 60–74) (Table 1).

NAL in Melanoma
The emergence of ICIs has completely changed the clinical
management of metastatic melanoma, which has a higher
mutation burden than other solid tumors (75). A clinical trial
that included 110 patients with metastatic melanoma who were
treated with CTLA-4 inhibitors revealed the correlation between
NAL and clinical outcome, indicating that NAL could be used as a
potential biomarker patients selection (62). Another study that
focused on the detection of somatic mutations and the
transcriptome of metastatic melanoma to identify the factors
December 2021 | Volume 12 | Article 689076
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that may affect anti-PD-1 therapy found no statistical difference in
NAL between reactive and non-reactive tumors; thus, the NAL of
melanoma tumors before treatment was insufficient to predict the
response to anti-PD-1 therapy (63).

NAL in Lung Cancer
Neoantigens are associated with the response to anti-PD-1 therapy
inpatientswithNSCLC (6).Aprevious studyanalyzedmutations in
DNA repair genes using TCGA samples and found that NAL
correlated with the expression of PD-1, PD-L1, and IFN-g and
tended to increase the OS of patients with lung adenocarcinoma.
NAL is linked toDNA repairmutations, increased number of TILs,
and favorable survival outcomes (60). Furthermore, advanced
NSCLC treated with PD-1 and CTLA-4 blockade-based therapies
was profiled for intra-tumor heterogeneity (ITH) and neoantigen
burden. High NAL was associated with significantly longer OS in
patients with lung adenocarcinoma. Notably, patients with
homogeneous tumors (neoantigen ITH ≤1%) have a prolonged
OS compared with those with heterogeneous tumors (64). Rizvi
et al. analyzed NSCLC samples collected from patients treated with
pembrolizumab and reported that higher NAL in tumors was
associated with improved objective response, durable clinical
benefit, and PFS (6).

NAL in Gynecologic Cancer
Immunotherapy is also widely used in the field of gynecological
tumors, and identifying the ideal predictivemarkers for therapeutic
efficacy has always been the goal of researchers. A recent study
developed a new informatics workflow, which was applied to detect
Frontiers in Immunology | www.frontiersin.org 4
class I and class II HLA-bound neoantigens, and reported the
association between NAL and OS in breast cancer (65). A clinical
study including 812 gynecologic and breast cancer patients used a
NAL cutoff of 60% and 80% and divided the patients into three
groups. It was found that the NAL-high and NAL-middle groups
had a higher number of T cells, B cells, and cytotoxic lymphocytes,
whereas theNAL-low group was rich in eosinophils, NK cells, mast
cells, and interdigital cells, which represent adaptive immunity and
innate immunity, respectively. Furthermore, the NAL-high group
was associated with better OS, higher immune infiltration, and
lower intratumoral heterogeneity (61).

A previous study showed that hypermutated POLE-mutated
endometrial cancer has a higher predictive NAL and is related to
its prognosis (76). Shukla et al. investigated whether low-
mutation endometrial cancer has similar prognostic factors
and analyzed the data of 90 copy number-low/endometrioid
and 60 copy number-high/serous-like endometrial tumors using
the TCGA dataset. They found that the predicted NAL was
related to specific genomic changes, such as CTNNB1 mutation,
MYC amplification, and PIK3CA mutation. In copy number-
low/endometrioid tumors, high NAL was associated with
prolonged PFS, and low NAL in serous-like endometrial
tumors was associated with poor PFS (66).

Deficiencies in the homologous recombination (HR) pathway
are common in high-grade serous ovarian cancer (77, 78). The best
candidates for ICIs in HR-proficient ovarian cancer patients who
cannot benefit from poly(ADP-ribose) polymerase inhibition have
been investigated. In particilar, the exome and RNA sequencing
data of 80 patients with high-grade serous ovarian cancer were
A B

C

D

FIGURE 1 | The mechanism of tumor antigen processing, presentation on MHC class I, and improving efficacy of ICI therapy. (A) DNA mutations occurred and
synthesized proteins in the tumor cells. (B) The proteins are processed into smaller peptides, displayed by major histocompatibility complex (MHC) class I molecules
via APC cells, and recognized by CD8+ T effector cells as neoantigens. (C) Tumors expressing higher numbers of neoantigens are more likely to induce a
significantly greater number of T cells, while tumor cells inhibit T-cell function through immune checkpoints, such as PD-L1. (D) ICI therapy blocks immune
checkpoint suppression, reactivates T-cell function, and kills tumor cells. APC, antigen-presenting cell; ICI, immune checkpoint inhibitor; MHC, major
histocompatibility complex; PD-L1, programmed cell death ligand 1; PD-1, programmed death receptor 1; TCR, T-cell receptors.
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analyzed. They found that the OS and PFS of the high-NAL and
low-NAL groups were not statistically different. However, the
inclusion of HLA class I expression status in the survival analysis
showed that the subgroup of patientswith highNAL and highHLA
class I expression had the best PFS in HR-proficient high-grade
serous ovarian cancer patients (67). Similarly, in ovarian carcinoma
patients, early findings suggested that NAL is significantly
associated with OS but not with PFS (42).

NAL in Urothelial Cancer
Urothelial cancer has a high burden of somatic mutations, second
only to lung cancer and melanoma (79). A study described a
systematic method to effectively identify and verify immunogenic
neoantigens. This method was verified in some patients with
bladder tumors who received durvalumab treatment. In this
cohort, the most predicted neoantigen in all patients was
immunogenic in vitro. Finally, the patients were stratified by
TMB or NAL using the three-point method to evaluate OS. The
results showed that patients with higher NAL showed better OS.
Although the number of included cases was small, the study
demonstrated the predictive value of ICI therapy on bladder
cancer; thus, future studies should examine lager cohorts (68).
However, in a study of 38 muscle-invasive bladder cancer tissues
Frontiers in Immunology | www.frontiersin.org 5
frompatients who underwent definitive surgery. Choudhoury et al.
found that the relationship between filtered NAL and recurrence-
free survival (RFS) was not statistically significant (69). Two other
studies in clear-cell renal cell carcinoma have similar reported that
NAL is not associated with response to ICI therapy (70, 71).

NAL in Other Cancer
Mutations and NAL are associated with prolonged survival in
patients with newly diagnosed multiple myeloma (80). In a recent
study, researchers usednext-generation sequencingdata todescribe
the distribution of neoantigens inmultiplemyeloma and found that
in patientswithmultiplemyeloma recurrencewhen comparedwith
newly diagnosed multiple myeloma patients. In this study, the
neoantigenT-cell response of three patientswithmultiplemyeloma
recurrence, the NAL increased was verified and correlated with
improved clinical response (72). Osteosarcoma often presents with
lung metastases, and there is a lack of effective treatment strategies
for it (81). Researchers have sequenced the multi-region whole
exome and whole genome of 86 tumor regions of lung metastatic
osteosarcoma. Metastatic tumors showed better immunogenicity,
higherNAL, higherPD-L1expression, andmoreTILs thanprimary
tumors. One patient relapsed after the first primary tumor
operation and subsequent lung metastasis resection. After
TABLE 1 | Studies describing the impact of neoantigen load evaluation in the clinical research.

Type of cancer No of investigated
patients

Test for NAL Group Drug/treatment Result (whether NAL is associated
with clinical benefit)

Reference

Melanoma 110 WES High/low Ipilimumab YES (62)
Melanoma 38 WES High/low Pembrolizumab and nivolumab NO (63)
Non–small cell lung
cancer

34 WES High/low Pembrolizumab YES (6)

Non–small cell lung
cancer

NR RNA-sequencing High/low NR YES (60)

Non–small cell lung
cancer

139 NR High/low PD-1 and CTLA-4 blockade YES (64)

Breast cancer 835 WES and RNA
sequencing

high/
medium/
low

NR YES (65)

Gynecologic and
breast cancers

812 RNA-sequencing high/
medium/
low

Immunotherapy YES (61)

Endometrial cancers 150 WES High/low Immunotherapy YES (66)
Ovarian carcinoma 80 WES and RNA

sequencing
High/low Carboplatin

plus paclitaxel
YES (67)

Ovarian cancer 253 WES High/low PD-1/PD-L1 inhibitors YES (42)
Bladder tumors 37 RNA sequencing High/low Durvalumab YES (68)
Muscle-invasive
Bladder Cancer

38 WES High/low NR NO (69)

Clear cell renal cell
carcinoma

97 WES and RNA
sequencing

High/low Surgery alone or surgery plus
cytokines
tyrosine kinase inhibitors and
mTOR inhibitors

NO (70)

Clear cell renal cell
carcinoma

592 WES and RNA
sequencing

High/low PD-1 blockade NO (71)

Multiple myeloma 184 WES and RNA
sequencing

High/low Chemotherapy, or
immunotherapy

YES (72)

Osteosarcoma 321 WES High/low Pembrolizumab YES (73)
Hepatocellular
carcinoma

22 WES and RNA
sequencing

High/low Surgery alone or surgery plus
chemoradiotherapy

NO (74)
December 2021 | Volume 12 | Art
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; NAL, neoantigen load; NR, not reported; PD-1, programmed death receptor 1; PD-L1, programmed cell death ligand 1; WES,
whole-exome sequencing.
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multiple chemotherapy regimens, the patient received six cycles of
pembrolizumab treatment. Lung metastases showed a partial
response, and some lung metastases had disappeared, thus
demonstrating that NAL may also be a potential biomarker for
lung metastatic osteosarcoma (73). Yang et al. investigated
neoantigens in hepatocellular carcinoma and concluded that OS
was not associated with NAL (74).
LIMITATIONS OF NAL IN
CLINICAL SETTINGS

In general, ICI therapy is not effective for all patients, and the
relationship between NAL and clinical outcomes is not consistent
among cancer types. However, the exact mechanisms responsible
for such differences remain unclear. Here, we will disscuss some of
these reasons. First, the rapid increase in the heterogeneity of
tumor cells may lead to the failure of immune monitoring, thereby
resulting in non-response to immunotherapy (64, 82–84). Tumors
with low neoantigen ITH are associated with longer PFS (64). One
possible explanation for this is that tumors with high ITH may
have more neoantigens, which are subsequently presented by DCs
to T cells in the form of MHC class I peptide complexes.
Eventually, the ITH level in these tumors changes from high to
low (85). Second, most previous studies did not comprehensively
analyze the mutation types, which would result in missing data
and inaccurate results. For example, they mostly included analysis
of somatic non-synonymous single nucleotide mutations and
small frameshift insertions and deletions but did not consider
large genome rearrangements or gene fusions. The contribution of
fusion genes exceeds one-third of the total NAL, and there is no
correlation between gene fusion NAL and OS. Thus, this will have
a significant impact on the results if there is no sufficient analysis
of mutation types (65). Third, most of the analyzed data are
derived from the TCGA database, wherein tumor samples are
screened and excluded by pathologists. This results in a loss of
information, which will inevitably affect the follow-up results (86).
In addition, some researchers have proposed that the ability of
neoantigens to activate T-cell recognition and the quality of T-cell
responses are more important in determining the immune
response during tumor evolution than the number of
neoantigens. Therefore, the quality rather than the quantity of
neoantigens may that affect the efficacy of ICI therapy (84). Some
studies with insufficient sample sizes may not have
reliable conclusions.

In addition, changes in the tumor genome landscape during
ICI therapy may lead to the possible evolution of NAL and affect
the efficacy of ICI therapy. Some patients who initially responded
to PD-1 blockade therapy developed resistance (87). Alternate
upregulation of immune checkpoints (88), loss of HLA
haplotypes (89), and somatic mutations in HLA or JAK1/JAK2
genes (90, 91) have been considered mechanisms by which some
patients evade immune recognition. Using comprehensive
genomic analysis, it was determined that the emergence of
acquired drug resistance during immune checkpoint blockade
therapy is related to the mutation and loss of putative tumor-
specific neoantigens, including the elimination of tumor
Frontiers in Immunology | www.frontiersin.org 6
subclones or truncated changes in chromosomes (92). Several
recent studies have shown that the possible mechanism for the
change in the neoantigen mutation landscape during ICI
treatment is the induction of tumor resistance by losing
antigen or components of the antigen presentation pathway,
such as b-2 microglobulin (13, 44, 91, 93, 94). Simultaneous
targeting of multiple antigens or MHC class II-restricted
antigens can overcome this resistance. In addition, the
combination of checkpoint blocking therapy and T-cell therapy
can prevent T-cell failure and improve clinical efficacy (95).

To more accurately predict the therapeutic effect, NAL
combined with other indicators is a feasible method of testing.
A recent study reported no difference between the high-NAL and
the low-NAL groups; however, according to the subgroup analysis
results, the high-NAL and the high- HLA-I expression groups
were associated with better PFS than the other groups (67).
Similarly, in a clear-cell renal cell carcinoma cohort analyzed by
Matsushita et al., the high level of NAL combined with the
number of HLA-restricted neoepitopes correlated with better
clinical outcomes (70). Another study demonstrated that NAL
was not correlated with RFS, however, patients with more
neoantigens and low T-cell receptor b diversity had a prolonged
RFS compared with those with fewer neoantigens and high TCR
diversity (69). Therefore, when NAL alone cannot be used to
predict efficacy, the combined test will facilitate the application of
NAL and improve prediction efficiency.

CONCLUSIONS

ICIs provide cancer patients with more options, in addition to
targeted therapy drugs. However, the effectiveness of this treatment
is not satisfactory and many patients do not benefit from it. The
explorationof effective curative predictors is currently ongoing, and
NAL has a promising as a new generation of ICI biomarkers. With
rapid advancements in sequencing technologies, NAL can become
more reliable markers. NAL alone or in combination with other
indicators can provide accurate clinical guidance for patients
receiving immunotherapy.
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