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Introduction

Immunotherapy has been one of the rising stars in 
the field of anticancer regiments for the last four decades 
[1]. This strategy is designed to reinvigorate immune 
cytotoxicity [2] and bulk up memory cells which are 
expected to provide long-term protection against tumors 
[3]. There are diverse platforms in immunotherapy ranging 
from dendritic cell (DC) therapy, either that applied as 
adoptive DCs or DC-based vaccine [4, 5], to immune 
checkpoint inhibitor (ICI) with the later mentioned 
received FDA approval for non-small lung cancer 
(NSLC) patients treatment in 2014 [6-8] and become 
the most commonly implemented among all anticancer 
immunotherapy platforms hitherto. ICI exhibits efficacy 
in tumor rejection and improves patients’ survival rate 
by blocking the receptor-ligand interactions of immune 
checkpoint molecules. The response toward ICI is closely 
related to the antigen processing machinery (APM) 
within which antigens are processed prior to loading 
onto the human leukocyte antigen (HLA) to induce 
cascade mechanisms for immune clearance [9]. The APM 
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comprises a network of cellular components essential for 
processing and presenting antigens to T cells by antigen-
presenting cells (APCs). When there are impairments in 
the APM, the immune system’s capacity to detect and react 
to cancer cells can be hindered, facilitating the emergence 
of tumors that can evade immune surveillance [10]. Key 
elements of the APM include proteasomes, which break 
down proteins into peptides; transporter associated with 
antigen processing (TAP), which carries peptides from 
the cytoplasm to the endoplasmic reticulum (ER); and 
human leukocyte antigen (HLA) molecules that display 
these peptides on APC surfaces for T cells to recognize 
[10]. Increasing evidence indicates that APM defects can 
play a significant role in tumorigenesis. Mutations in genes 
responsible for proteasomes or TAP can impair peptide 
generation for presentation on HLA molecules, limiting 
the immune system’s ability to identify and combat cancer 
cells [10]. Furthermore, abnormalities in HLA molecules 
can diminish the immune response to tumors [11, 12].

In addition, APM facilitates immune infiltration thus 
enhance tumor immunogenicity [10-13]. Interactions of 
processed antigens (peptide)-HLA complex are critical for 
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successful T cell priming and differentiation into cytotoxic 
effector cells [14]. The interaction underlies not only 
ICI-related mechanisms but also anticancer immunity in 
general [15, 16]. Tumors are particularly immunogenic 
[17]. The presentation of their specific antigens to T 
cells is carried out in an HLA-restricted manner, which 
leads to their eradication. Impaired components of the 
APM are frequently found in tumors because tumor 
progression requires tumor cells to acquire immune 
recognition and evasion [18]. Alterations in tumors’ 
APM result in downregulation of HLA molecules and 
transformation of antigenic peptide repertoire presented 
to the T lymphocytes [19, 20]. In addition, APM facilitates 
immune infiltration thus enhance tumor immunogenicity 
[10-13]. As immunotherapy relies on the re-activation of 
T cells, this alteration impairs antitumor responses and 
leads to resistance [19, 20]. This review elucidates how 
APM performs its function and the biological and clinical 
consequences whenever each unit is impaired.

APM gene signature
APM plays a crucial role in the immune response 

against tumors and pathogens by generating and 
presenting peptides on HLA class I molecules [15]. This 
complex system involves multiple components, including 
proteasomes, TAP transporters, and various chaperones 
[16, 17, 21] as outlined below in Table 1.

Defects in HLA class I APM are frequently observed 
in various types of cancer, with prevalence ranging from 
35.8% in renal cancer to 87.9% in thyroid cancer [50]. 
APM defects are associated with poor prognosis and 
reduced patient survival in many malignancies [51]. 
Moreover, they can negatively impact the efficacy of 
T cell-based immunotherapies, including checkpoint 
inhibition [52, 51]. The majority of APM defects (>75%) 
are caused by epigenetic mechanisms or dysregulated 
signaling, suggesting potential for correction through 
targeted strategies [52]. Understanding and addressing 
these APM abnormalities may improve clinical outcomes 
and enhance the effectiveness of immunotherapies in 
cancer treatment [51].

Defects in HLA class I APM allow immune evasion by 
tumor cells

Anticancer immunity, which is naturally aimed at 
effectively terminating cancer cells, is preceded by a 
series of stepwise events termed the Cancer Immunity 
Cycle. This starts when neoantigens resulting from 
oncogenesis are released and captured by dendritic 
cells (DCs) to be processed. Immunogenic signals that 
include proinflammatory cytokines and factors released 
by dying tumor cells are crucial to specify the immune 
effector mechanisms [15]. Post-processing, DCs will 
present the antigens that have been uploaded onto HLA 
class I to CD8T cells through cross-presentation [16]. 
“Cross-dressing” a term coined by Yewdell and Haerfar 
was proposed to delineate antigen presentation within 
which DCs acquire the performed peptide-HLA class 
I complexes from neighboring DCs or tumor cells and 
activate CD8+ T cells without further peptide processing 
[17, 21, 22]. HLA class I-driven killing by CD8+ T cells 

necessitate licensing by DCs via MHC class II-dependent 
activation of CD4+ helper T cells. HLA class II on DCs 
serves to mount humoral immune responses and to 
instruct regulatory T cells (Treg) and memory T cells. DCs 
constitutively synthesize HLA class II. Limited exposure 
to self-peptide-loaded HLA class II provides cues that 
favor immune tolerance when the costimulatory signals 
are not present [23]. 

HLA class I antigen and APM component expression 
are aberrant in malignancies. Due to their association with 
a poor prognosis and potential importance in immune 
checkpoint inhibitor (ICI)-based immunotherapy, HLA 
class I and APM anomalies are considered to have 
clinical value. In head and neck squamous cell carcinoma 
(HNSCC), normalization of APM component expression 
may be promoted by IFN-γ treatment, suggesting that APM 
anomalies are caused by deregulation rather than structural 
gene abnormalities. Tumors that express defective APM 
components can grow more aggressively [53]. 

Aberrant expression pattern of proteasome subunit
The DC-captured neoantigens are processed in the 

ubiquitin-proteasome system. Initially, the proteasomes 
will chop off endogenous proteins tagged by ubiquitin 
into oligopeptides with 8–13 amino-acid long to enable 
effective presentation by HLA class I. Tumor cells that 
are exposed to inflammatory stimuli or oxidative stress 
up-regulate immunoproteasomes. The catalytic activity 
of the immunoproteasomes produces diverse non-self-
peptides which will be cleaved prior to trafficking to 
the endoplasmic reticulum (ER) by TAP protein to be 
loaded onto newly synthesized HLA class I to form a 
peptide-HLA class I complex. Subsequently, the complex 
is released from ER then exocytosed into the plasma 
membrane for presentation to CD8+ T cells [25]. However, 
this is aberrantly regulated in the case of cancers causing 
troublesome for an instant tumor cells eradication.

Racanelli and colleagues, [54] found that decitabine, a 
DNA methyltransferase inhibitor, restored the expression 
of several proteasome subunits in myeloma which 
suggested the involvement of promoter methylation 
alterations and epigenetic regulation [26]. In renal cell 
carcinoma cell lines (caki-2), the loss of TAP1 and latent 
membrane protein 2 (LMP2) in the earliest steps of IFN-γ 
signaling pathway result in the inability of the caki-2 to 
upregulate the HLA class I APM [27]. Melanoma cell 
lines, in addition to the aforementioned components, 
showed that the lack of inducibility of HLA class I 
surface expression by IFN-γ treatment was associated 
by the deletion of JAK2 chromosome 9. Furthermore, 
the JAK2-deficient cells appeared to be resistant to 
the antiproliferative effects of IFN-γ [28]. With these 
significances being shown, proteasome has been validated 
as an anticancer drug target. However, researchers are yet 
to resolve severe toxicity, drug resistance and a no show 
effect when this applied in solid tumors [29].

ICI Resistance
Although in some cases, ICIs are successfully inducing 

expected immune responses from the affected patients, 
the number of resistance cases raises day by day which 
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Genes Function of the protein encoded by the gene
β2-microglobulin 
(β2m)

β2-microglobulin (B2M) serves as a crucial stabilizing element for the α chain of HLA, which is responsible 
for binding peptides that are then presented to T cells [22]. When mutations occur in B2M or when it is lost 
entirely, cancer cells can evade immune detection, a phenomenon noted in patients with melanoma who show 
resistance to checkpoint blockade therapies [23]. Tumors harboring B2M mutations tend to present elevated 
levels of neoantigens and greater infiltration by immune cells, indicating a potential compensatory response to 
immune pressure [24]. 

The transporter 
associated with 
antigen processing 
(TAP)

TAP, composed of TAP1 and TAP2 subunits, plays a crucial role in antigen presentation by transporting peptides 
into the endoplasmic reticulum for loading onto HLA class I molecules [26]. The peptide transport mechanism 
involves two channels, with shorter peptides (8-10 mers) moving more quickly than longer ones (15-mers) 
[27]. Cancer cells and viruses often target TAP to evade immune recognition, leading to the development of 
TAP-independent processing pathways [28]. Cancer-associated mutations and viral proteins can interfere with 
peptide transport by altering the conformation of the transport tunnel [27]. 

Calreticulin (CALR) CALR is a multifunctional protein primarily located in the endoplasmic reticulum, playing crucial roles 
in antigen processing and presentation for adaptive immune responses [29]. CALR supports the assembly 
and expression of HLA class I molecules, ensuring normal antigen presentation [30]. CALR can act as an 
immunologic adjuvant, translocating itself and tumor-associated antigens to the cell surface, inducing specific 
antitumor immune responses [31]. 

HLA class I HLA class I proteins are present on the surfaces of nucleated cells and play a vital role in the immune system 
by facilitating the activation of CD8+ T cells and modulating the function of natural killer (NK) cells. These 
HLA class I molecules consist of a trimeric structure, which includes a heavy chain, β2m, and a peptide. The 
T-cell receptors on CD8+ T cells interact with the peptide-binding domain located distally on the membrane, 
while the CD8 co-receptors bind to the membrane-proximal regions of the peptide-HLA class I complexes. 
This interaction is crucial as it provides the necessary signal for the activation of CD8+ T cells [33].

HLA class II HLA class II antigen-processing machinery plays a crucial role in presenting antigenic peptides to CD4+ T 
cells, influencing immune responses and potentially affecting clinical outcomes in cancer [34]. B cells utilize 
this pathway to process and present antigens, shaping both B and T cell fates [35]. 

Endoplasmic 
Reticulum 
Aminopeptidase 
(ERAP)

ERAPs trim N-terminal residues from antigenic precursor peptides in the endoplasmic reticulum to generate 
optimal-length peptides for MHC class I molecules [34]. ERAP1 has multiple functions beyond antigen 
processing, including secretion into the extracellular milieu to activate immune cells and enhance pro-
inflammatory cytokine expression [35]. ERAP2, while complementary to ERAP1, has distinct roles in shaping 
MHC-I-bound immunopeptidomes and influencing cellular cytotoxic immune responses [36]. 

Sec61 Sec61 mediates the process of transporting antigens into the cytosol for cross-presentation. As a component of 
the trimeric translocon and part of the endoplasmic reticulum-associated degradation (ERAD) system, Sec61 
plays a crucial role in moving proteins into the endoplasmic reticulum (ER) during translation and in exporting 
misfolded proteins from the ER to the cytosol for degradation by the proteasome. Down-regulation of this 
protein’s subunits being Sec61α1 and Sec61γ results diminished antigen export into the cytosol, which in turn 
lowered cross-presentation efficiency, suggesting that Sec61 is likely vital for the regulation of intracellular 
antigen transport [37].

Heat shock protein-90 
(HSP90)

HSP90 plays a crucial role in antigen presentation and processing, contributing to both innate and adaptive 
immune responses. HSP90 is involved in the HLA class I antigen presentation pathway, enhancing the 
presentation of tumor antigens on HLA class I molecules [38]. Low-level inhibition of HSP90 can amplify 
and diversify the antigenic repertoire presented by tumor cells, potentially improving immune recognition of 
cancers [39]. As a molecular chaperone, HSP90 is central to cellular proteostasis, assisting in the maturation of 
various client proteins with the help of cochaperones [40]. 

Proteasome β subunit 
(PSMB)

PSMB represents a distinct proteasome isoform that functions in processing intracellular antigens for 
presentation by HLA class I thus facilitating recognition by the immune system [41] . It was reported that 
the mRNA levels of PSMB4 and PSMB7 were markedly elevated in cancerous tissues when compared to 
normal counterparts [42,43]. In addition, PSMB8 was found to be overexpressed in gastric cancer specimens 
[44], while PSMB2 showed a significant correlation with chronic myelogenous leukemia [45]. However, there 
remains a lack of thorough analysis regarding these PSMB subunit genes hitherto [46].

Derlin-3 Derlin-3, a member of the derlin family, plays a crucial role in endoplasmic reticulum-associated degradation 
(ERAD) and cellular stress responses. It is involved in the formation and regulation of ERAD complexes, 
particularly under ER stress conditions (Eura et al., 2020). Derlin-3 has been implicated in cancer progression, 
with its overexpression associated with malignant phenotypes in breast cancer cells and poor patient prognosis 
[47]. While not directly linked to antigen processing and presentation, Derlin-3's role in ERAD may indirectly 
influence these processes, which are critical for immune responses mediated by dendritic cells [48]. 

Calnexin (CANX) Calnexin, a type I integral endoplasmic reticulum (ER) membrane protein, plays a crucial role in protein 
folding, quality control, and antigen presentation [49,50]. As part of the calnexin cycle, it functions as a lectin 
chaperone, binding to monoglucosylated glycans and recruiting function-specific chaperones to assist in 
protein folding [51]. 

Table 1. Genes that Play Significant Roles in APM



Ika Nurlaila

Asian Pacific Journal of Cancer Prevention, Vol 254460

the TRACERx 100 consortium conducted an analysis 
of 258 tumor regions derived from 88 acquired tumors, 
comprising 56% adenocarcinomas and 78% lung 
squamous cell carcinomas. This study revealed significant 
disruptions in antigen presentation, characterized by 
LOH in HLA or mutations in APM components. Notably, 
complete loss of β2m was observed exclusively in 
nonresponders to ICI treatment, while various alterations 
of the β2m gene including absence of tumor-specific 
expression, frameshift mutations, or LOH were identified 
in 30% of these nonresponding tumors [36]. Supporting 
these findings, Rasmussen et al. [16] utilized metadata 
to further elucidate how APM regulation contributes 
to ICI resistance. Their analysis highlighted a tumor 
with normal expression of HLA class I and β2M, which 
exhibited a longer partial response (PR) compared to 
those with mixed APM patterns and those with initial 
absence of β2M mutations but later developed a frameshift 
mutation. This later mentioned prompted a transition of the 
therapy platform from talimogene laherparepvec (TVEC) 
combined with pembrolizumab to temozolomide which 
ultimately leading to a more sustained PR [37]. This 
convergence of data underscores the intricate relationship 
between APM integrity and the efficacy of ICI therapies 
in diverse tumor environments.

APM expression signature shapes responsiveness toward 
ICIs

Antitumor immunity is determined by tumor 
antigenicity and the tumor-specific antigen presentation 
by antigen presenting cells (APCs). Therefore, the 
expression signature of the APM in the tumor-immune 
microenvironment (TIME) becomes a predictive 
biomarker for responsiveness to ICIs [38]. As described 
in the previous section (Aberrant Expression Pattern 
of Proteasome Subunit), effective antigen presentation 
requires a coordinated series of intracellular events 

elevates concerns. The mechanism of ICI resistance, which 
is best exemplified in the case of NSCLC is illustrated 
below (Figure 1). Steps 1 to 3 are closely linked to APM 
where the immunogenic cancer antigens are produced to 
be surveyed by the patrolling T cells. Improper execution 
of these procedures leads to resistance. For patients with 
advanced NSCLC, this represents a barrier to improving 
their clinical prognosis after therapy [30, 55]. According 
to data gathered from 65 Spanish institutions for the Lung 
Cancer Patients Covid-19 illness (GRAVID) study, stage 
III NSCLC with metastases or incurable illness accounted 
for approximately 79.2% of all cases [31]. When ICIs like 
nivolumab and ipilimumab are used as first-line therapy 
for advanced NSCLC, a significant progression-free 
survival (PFS) is observed. The target of this inhibitor is 
programmed cell death [31]. These inhibitors specifically 
targets cytotoxic T lymphocyte antigen-4 (CTLA-4), as 
well as programmed cell death ligand-1 (PD-L1) and 
programmed cell death (PD-1), expressed on tumor and 
immune cells [32].

Resistance can develop when these procedures are 
not followed accurately [30]. Unfortunately, this occurs 
in most patients. The response rates to PD-1 inhibitors 
are between 40% and 70% for conditions such as 
melanoma, Merkel cell carcinoma, Hodgkin’s lymphoma, 
and tumors exhibiting high microsatellite instability 
(MSI), as described in [34]. It is crucial to recognize that 
resistance is associated with ineffective chemotherapy 
in approximately 90% of cancer cases, heightening the 
chances of cancer spread and complicating treatment 
strategies [35]. This poses a significant challenge that 
researchers worldwide are striving to address.

ICI resistance takes place either primarily or acquired. 
Each has different pathways where ultimately lead to 
irresponsiveness toward ICI treatments. The dichotomized 
pathways are shown in Table 2.

Focusing on the role of APM in resistance to ICI, 

Figure 1. Cycle of ICI Resistance 
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Primary Resistance Acquired Resistance
Step 1

Low tumor mutational burden (TMB) Lost mutations encoding for putative tumor-specific neoantigens
Step 2

Lacking antigen-presenting machinery components Low HLA class I expression due to acquired homozygous loss 
of β2m

Dysfunction of DCs
Step 3

Inhibition of DC recruitment by WnT/β-catenin or PGE2
Step 4

Downregulation of chemokines such as CXCL9 and CXCL 10
Step 5

Upregulation of VEGF and TGF-β
Step 6

Downregulation of expressed neoantigens
Step 7

Driver genes mutation Upregulation of immune checkpoints and immune suppressive 
cytokines such as PD-1, LAG-3, Tim-3 and CD38

Inactivation of tumor suppressor genes
Dysfunction in IFN-γ pathway
Upregulation of immune suppressive cytokines and cells
Upregulation of alternative co-inhibitory immune checkpoint 
molecules
Regulation of immune checkpoint via epigenetic modifications

Table 2. Molecular Features of Primary vs Acquired Resistance (Adapted from [35]).

that involve APM proteins, which play a crucial role in 
the modulation of immune responses [39]. In the ER, 
HLA class I heavy chain and β2m assembly takes place. 
During this event, calnexin, calreticulin, and the thiol 
oxidoreductase ERp57 are present to guard the correct 
folding of the HLA class I-β2m complex before the 
complex associates with tapasin and subsequently with 
TAP-peptide complexes [40]. The HLA class I- β2m then 
travels to plasma membrane via the Golgi apparatus [41]. 

Thompson and colleagues investigated gene signatures 
that might have certain impacts on the APM. They 
generated an APM score (APS) by employing APM-
associated genes be that β2m, CALR, NLRC5, PSMB9, 
PSME3, RFX3 and HSP90AB and correlating them with 
the therapeutic response, progression free survival (PFS) 
and overall survival (OS) in NSCLC. Their results showed 
that the APM score was markedly higher in responder. 
The score alone was correlated with an inflammation 
score based on the established T cell inflamed resistance 
gene expression profile [42]. This pattern is validated 
by Shen and colleagues with BRCA+ breast cancers. 
The APM gene set being included in this study was 
more diverse: B2M, CALR, CANX, ERAP1, ERAP2, 
HLA-A, HLA-B, HLA-C, PDIA3, PSMB5, PSMB6, 
PSMB7, PSMB8, PSMB9, PSMB10, TAP1, TAP2 and 
TAPBP. It was observed that lower APS exhibited worse 
OS and PFS in BRCA cohort [43]. In addition, five 
most significant processes were annotated in the study 
included leukocyte cell-cell adhesion, mononuclear cell 
differentiation, leukocyte cell-cell adhesion, regulation 

of T cell activation and T cell activation [43]. Gong 
and Karchin, [13] recently used bulk and single-cell 
transcriptome datasets to describe four APM clusters 
linked to unique immunological features, cancer markers, 
and patient prognosis in melanoma. Their model matched 
other results that showed a higher response to ICI was 
associated with immunogenically hot tumors with high 
baseline APM expression prior to therapy, as opposed to 
cold tumors with low APM expression [44]. 

The APS, which combines tumor mutational burden 
and APM gene expression, outperforms other biomarkers 
in predicting ICI response across multiple cancer types 
[56]. Defects in APM components, particularly HLA 
class I, are common in tumors and negatively impact 
neoantigen presentation to cytotoxic T lymphocytes [15]. 
Certain anticancer therapies, including chemotherapy 
and targeted therapies, can upregulate APM component 
expression, potentially enhancing ICI efficacy [15]. Taking 
all these together, it is evident that understanding APM 
will lead to reliable prediction on whether the patients 
respond to anticancer immunotherapy to allow the cancer 
immunity to occur properly that ultimately elicits clinical 
favorable outcome [15, 57]. This is critical to ensure that 
the therapy induces favorable effects to the patients not 
to plant potentially latent adverse effects which might 
be more debilitating than the cancer itself. On the omics 
perspective, APM is receiving more attention to be tailored 
with other oncogenesis-related genes in order to provide a 
more comprehensive landscape of gene interplay through 
which both cancer progression and inhibition can be 
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precisely measured [56, 58, 59]. 
In conclusion, although anticancer immunotherapy 

is initially designed to reinvigorate immune system 
and strengthen recognition against tumor antigens, it 
is not necessarily the case with every patient. The case 
number of resistance is rising that propel researchers to 
investigate it using diverse approaches. A few published 
reports support the evidence of APM playing a significant 
role in determining the fate of immune system response 
against tumorigenesis. This was clearly shown in both in 
vivo settings as well as in the actual clinical samples from 
various cancer subtypes. Those types with low APM score 
tend to develop resistance and less responsive toward ICI, 
the most applied immunotherapy platform thus far. APM is 
highly associated with the regulation of HLA, a molecule 
that will carry the processed tumor- or neoantigens to be 
presented to the, mainly, CD8+ T cell subset to induce 
anticancer cytotoxicity. These significances render APM 
potential as targets for anticancer therapy. 

Author Contribution Statement

IN solely developed the theoretical foundation, 
collected and screened the relevant literature, drafted and 
edited the manuscript.

Acknowledgements

I am fruitfully thankful to the mAb development 
team, wherein cancer immunology is opted to be one of 
its priorities that it can strive to perform excellently. I 
also acknowledged all support in any form presented by 
my colleagues and authorities at the Research Center for 
Vaccine and Drugs, BRIN, Republic of Indonesia.

Funding Statement
This APM study is part of a project funded by the 

Organization for Health, BRIN, with reference number 
23/III.9/HK/2023.

Conflict of interest
There is no conflict of interest to declare.

References

1. Dobosz P, Dzieciątkowski T. The intriguing history of cancer 
immunotherapy. Front Immunol. 2019;10:2965. https://doi.
org/10.3389/fimmu.2019.02965.

2. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer 
immunotherapy: From t cell basic science to clinical 
practice. Nat Rev Immunol. 2020;20(11):651-68. https://
doi.org/10.1038/s41577-020-0306-5.

3. Han J, Zhao Y, Shirai K, Molodtsov A, Kolling FW, Fisher 
JL, et al. Resident and circulating memory t cells persist 
for years in melanoma patients with durable responses to 
immunotherapy. Nat Cancer. 2021;2(3):300-11. https://doi.
org/10.1038/s43018-021-00180-1.

4. Sabado RL, Balan S, Bhardwaj N. Dendritic cell-based 
immunotherapy. Cell Res. 2017;27(1):74-95. https://doi.
org/10.1038/cr.2016.157.

5. Shah VK, Shah NR, Shah AV, Nadkarni A, Ishi SV, Nagshet 
SH, et al. Dendritic cell based immunotehrapy in recurrent 

and metastatic advanced solid tumors showing excellent 
response: Three case studies. Eur J Mol Clin Med. 
2022;9(4):1753–61. 

6. Onoi K, Chihara Y, Uchino J, Shimamoto T, Morimoto Y, 
Iwasaku M, et al. Immune checkpoint inhibitors for lung 
cancer treatment: A review. J Clin Med. 2020;9(5). https://
doi.org/10.3390/jcm9051362.

7. Tang S, Qin C, Hu H, Liu T, He Y, Guo H, et al. Immune 
checkpoint inhibitors in non-small cell lung cancer: 
Progress, challenges, and prospects. Cells. 2022;11(3):320. 
Https://doi.Org/10.3390/cells11030320 

8. Doroshow DB, Sanmamed MF, Hastings K, Politi K, 
Rimm DL, Chen L, et al. Immunotherapy in non-small 
cell lung cancer: Facts and hopes. Clin Cancer Res. 
2019;25(15):4592-602. https://doi.org/10.1158/1078-0432.
Ccr-18-1538.

9. Jhunjhunwala S, Hammer C, Delamarre L. Antigen 
presentation in cancer: Insights into tumour immunogenicity 
and immune evasion. Nat Rev Cancer. 2021;21(5):298-312. 
https://doi.org/10.1038/s41568-021-00339-z.

10. Kallingal A, Olszewski M, Maciejewska N, Brankiewicz 
W, Baginski M. Cancer immune escape: The role of 
antigen presentation machinery. J Cancer Res Clin Oncol. 
2023;149(10):8131-41. https://doi.org/10.1007/s00432-
023-04737-8.

11. Aptsiauri N, Garrido F. The challenges of hla class i loss in 
cancer immunotherapy: Facts and hopes. Clin Cancer Res. 
2022;28(23):5021-9. https://doi.org/10.1158/1078-0432.
Ccr-21-3501.

12. Cai L, Michelakos T, Yamada T, Fan S, Wang X, Schwab JH, 
et al. Defective hla class i antigen processing machinery in 
cancer. Cancer Immunol Immunother. 2018;67(6):999-1009. 
https://doi.org/10.1007/s00262-018-2131-2.

13. Gong X, Karchin R. Pan-cancer hla gene-mediated tumor 
immunogenicity and immune evasion. Mol Cancer Res. 
2022;20(8):1272-83. https://doi.org/10.1158/1541-7786.
Mcr-21-0886.

14. D’Amico S, Tempora P, Melaiu O, Lucarini V, Cifaldi L, 
Locatelli F, et al. Targeting the antigen processing and 
presentation pathway to overcome resistance to immune 
checkpoint therapy. Front Immunol. 2022;13:948297. 
https://doi.org/10.3389/fimmu.2022.948297.

15. Sadagopan A, Michelakos T, Boyiadzis G, Ferrone C, 
Ferrone S. Human leukocyte antigen class i antigen-
processing machinery upregulation by anticancer therapies 
in the era of checkpoint inhibitors: A review. JAMA 
Oncol. 2022;8(3):462-73. https://doi.org/10.1001/
jamaoncol.2021.5970.

16. Rasmussen M, Durhuus JA, Nilbert M, Andersen O, 
Therkildsen C. Response to immune checkpoint inhibitors 
is affected by deregulations in the antigen presentation 
machinery: A systematic review and meta-analysis. J Clin 
Med. 2022;12(1). https://doi.org/10.3390/jcm12010329.

17. Medler TR, Blair TC, Crittenden MR, Gough MJ. Defining 
immunogenic and radioimmunogenic tumors. Front Oncol. 
2021;11:667075. https://doi.org/10.3389/fonc.2021.667075.

18. Balasubramanian A, John T, Asselin-Labat ML. Regulation 
of the antigen presentation machinery in cancer and its 
implication for immune surveillance. Biochem Soc Trans. 
2022;50(2):825-37. https://doi.org/10.1042/bst20210961.

19. Andersen R, Borch TH, Draghi A, Gokuldass A, Rana 
MAH, Pedersen M, et al. T cells isolated from patients with 
checkpoint inhibitor-resistant melanoma are functional and 
can mediate tumor regression. Ann Oncol. 2018;29(7):1575-
81. https://doi.org/10.1093/annonc/mdy139.

20. Hwang JR, Byeon Y, Kim D, Park SG. Recent insights 
of t cell receptor-mediated signaling pathways for t cell 



Asian Pacific Journal of Cancer Prevention, Vol 25 4463

DOI:10.31557/APJCP.2024.25.12.4457
Anticipating Resistance

activation and development. Exp Mol Med. 2020;52(5):750-
61. https://doi.org/10.1038/s12276-020-0435-8.

21. Seliger B, Maeurer MJ, Ferrone S. Antigen-processing 
machinery breakdown and tumor growth. Immunol 
Today. 2000;21(9):455-64. https://doi.org/10.1016/s0167-
5699(00)01692-3.

22. Spranger S, Gajewski T. Mechanisms of tumor cell—intrinsic 
immune evasion. Annu Rev Cancer Biol. 2018;2. https://doi.
org/10.1146/annurev-cancerbio-030617-050606.

23. Zhao X, Wangmo D, Robertson M, Subramanian S. Acquired 
resistance to immune checkpoint blockade therapies. 
Cancers (Basel). 2020;12(5). https://doi.org/10.3390/
cancers12051161.

24. Leone P, Shin EC, Perosa F, Vacca A, Dammacco F, Racanelli 
V. Mhc class i antigen processing and presenting machinery: 
Organization, function, and defects in tumor cells. J Natl 
Cancer Inst. 2013;105(16):1172-87. https://doi.org/10.1093/
jnci/djt184.

25. Rock KL, Reits E, Neefjes J. Present yourself! By mhc 
class i and mhc class ii molecules. Trends Immunol. 
2016;37(11) :724-37.  h t tps : / /doi .org/10.1016/ j .
it.2016.08.010.

26. Margulies DH, Taylor DK, Jiang J, Boyd LF, Ahmad J, 
Mage MG, et al. Chaperones and catalysts: How antigen 
presentation pathways cope with biological necessity. 
Front Immunol. 2022;13:859782. https://doi.org/10.3389/
fimmu.2022.859782.

27. Margulies DH, Jiang J, Ahmad J, Boyd LF, Natarajan K. 
Chaperone function in antigen presentation by mhc class 
i molecules-tapasin in the plc and tapbpr beyond. Front 
Immunol. 2023;14:1179846. https://doi.org/10.3389/
fimmu.2023.1179846.

28. Sade-Feldman M, Jiao YJ, Chen JH, Rooney MS, Barzily-
Rokni M, Eliane JP, et al. Resistance to checkpoint blockade 
therapy through inactivation of antigen presentation. Nat 
Commun. 2017;8(1):1136. https://doi.org/10.1038/s41467-
017-01062-w.

29. Castro A, Ozturk K, Pyke RM, Xian S, Zanetti M, Carter 
H. Elevated neoantigen levels in tumors with somatic 
mutations in the hla-a, hla-b, hla-c and b2m genes. BMC Med 
Genomics. 2019;12(Suppl 6):107. https://doi.org/10.1186/
s12920-019-0544-1.

30. Mantel I, Sadiq BA, Blander JM. Spotlight on tap and its 
vital role in antigen presentation and cross-presentation. 
Mol Immunol. 2022;142:105-19. https://doi.org/10.1016/j.
molimm.2021.12.013.

31. Marijt KA, van Hall T. To tap or not to tap: Alternative 
peptides for immunotherapy of cancer. Curr Opin Immunol. 
2020;64:15-9. https://doi.org/10.1016/j.coi.2019.12.004.

32. Kanduła z, lewandowski k. Calreticulin- a multifaced protein. 
Postep hig med dosw. 2021;75:328–36. . 

33. Fucikova J, Spisek R, Kroemer G, Galluzzi L. Calreticulin 
and cancer. Cell Res. 2021;31(1):5-16. https://doi.
org/10.1038/s41422-020-0383-9.

34. Wang J, Gao ZP, Qin S, Liu CB, Zou LL. Calreticulin is 
an effective immunologic adjuvant to tumor-associated 
antigens. Exp Ther Med. 2017;14(4):3399-406. https://doi.
org/10.3892/etm.2017.4989.

35. Zaitoua AJ, Kaur A, Raghavan M. Variations in mhc class 
i antigen presentation and immunopeptidome selection 
pathways. F1000Res. 2020;9. https://doi.org/10.12688/
f1000research.26935.1.

36. Seliger B, Kloor M, Ferrone S. Hla class ii antigen-processing 
pathway in tumors: Molecular defects and clinical relevance. 
Oncoimmunology. 2017;6(2):e1171447. https://doi.org/10.
1080/2162402x.2016.1171447.

37. Adler LN, Jiang W, Bhamidipati K, Millican M, Macaubas 

C, Hung SC, et al. The other function: Class ii-restricted 
antigen presentation by b cells. Front Immunol. 2017;8:319. 
https://doi.org/10.3389/fimmu.2017.00319.

38. Li L, Batliwala M, Bouvier M. Erap1 enzyme-mediated 
trimming and structural analyses of mhc i-bound precursor 
peptides yield novel insights into antigen processing and 
presentation. J Biol Chem. 2019;294(49):18534-44. https://
doi.org/10.1074/jbc.RA119.010102.

39. Tsujimoto M, Aoki K, Ohnishi A, Goto Y. Endoplasmic 
reticulum aminopeptidase 1 beyond antigenic peptide-
processing enzyme in the endoplasmic reticulum. Biol 
Pharm Bull. 2020;43(2):207-14. https://doi.org/10.1248/
bpb.b19-00857.

40. de Castro JAL, Stratikos E. Intracellular antigen processing 
by erap2: Molecular mechanism and roles in health and 
disease. Hum Immunol. 2019;80(5):310-7. https://doi.
org/10.1016/j.humimm.2018.11.001.

41. Zehner M, Burgdorf S. Sec61 in antigen cross-presentation. 
Oncotarget. 2015;6(24):19954-5. https://doi.org/10.18632/
oncotarget.4587.

42. Furuta K, Eguchi T. Roles of HSP on Antigen Presentation 
BT - Heat Shock Proteins in Human Diseases. In: Asea AAA, 
Kaur P, editors. Cham: Springer International Publishing; 
2021. 275–80. https://doi.org/10.1007/7515_2020_5

43. Jaeger AM, Stopfer L, Lee S, Gaglia G, Sandel D, Santagata 
S, et al. Rebalancing protein homeostasis enhances tumor 
antigen presentation. Clin Cancer Res. 2019;25(21):6392-
405. https://doi.org/10.1158/1078-0432.Ccr-19-0596.

44. Biebl MM, Buchner J. Structure, function, and regulation 
of the hsp90 machinery. Cold Spring Harb Perspect Biol. 
2019;11(9). https://doi.org/10.1101/cshperspect.a034017.

45. Chen B, Zhu H, Yang B, Cao J. The dichotomous role of 
immunoproteasome in cancer: Friend or foe? Acta Pharm 
Sin B. 2023;13(5):1976-89. https://doi.org/10.1016/j.
apsb.2022.11.005.

46. Liu R, Lu S, Deng Y, Yang S, He S, Cai J, et al. Psmb4 
expression associates with epithelial ovarian cancer growth 
and poor prognosis. Arch Gynecol Obstet. 2016;293(6):1297-
307. https://doi.org/10.1007/s00404-015-3904-x.

47. Munkácsy G, Abdul-Ghani R, Mihály Z, Tegze B, Tchernitsa 
O, Surowiak P, et al. Psmb7 is associated with anthracycline 
resistance and is a prognostic biomarker in breast cancer. 
Br J Cancer. 2010;102(2):361-8. https://doi.org/10.1038/
sj.bjc.6605478.

48. Kwon CH, Park HJ, Choi YR, Kim A, Kim HW, Choi 
JH, et al. Psmb8 and pbk as potential gastric cancer 
subtype-specific biomarkers associated with prognosis. 
Oncotarget. 2016;7(16):21454-68. https://doi.org/10.18632/
oncotarget.7411.

49. Bruzzoni-Giovanelli H, González JR, Sigaux F, Villoutreix 
BO, Cayuela JM, Guilhot J, et al. Genetic polymorphisms 
associated with increased risk of developing chronic 
myelogenous leukemia. Oncotarget. 2015;6(34):36269-77. 
https://doi.org/10.18632/oncotarget.5915.

50. Wang CY, Li CY, Hsu HP, Cho CY, Yen MC, Weng TY, 
et al. Psmb5 plays a dual role in cancer development and 
immunosuppression. Am J Cancer Res. 2017;7(11):2103-20. 

51. Waithman J, Moffat JM, Patterson NL, Van Beek AE, Mintern 
Jdbt-Rm In BS. Antigen presentation. Ref modul biomed 
sci [internet]. 2014.

 Available from: Https://www.Sciencedirect.Com/science/article/
pii/b9780128012383001185. 

52. Kotsias F, Cebrian I, Alloatti A. Antigen processing and 
presentation. Int Rev Cell Mol Biol. 2019;348:69-121. 
https://doi.org/10.1016/bs.ircmb.2019.07.005.

53. Kelly A, Trowsdale J. Genetics of antigen processing and 
presentation. Immunogenetics. 2019;71(3):161-70. https://



Ika Nurlaila

Asian Pacific Journal of Cancer Prevention, Vol 254464

doi.org/10.1007/s00251-018-1082-2.
54. Racanelli V, Leone P, Frassanito MA, Brunetti C, Perosa 

F, Ferrone S, et al. Alterations in the antigen processing-
presenting machinery of transformed plasma cells are 
associated with reduced recognition by cd8+ t cells and 
characterize the progression of mgus to multiple myeloma. 
Blood. 2010;115(6):1185-93. https://doi.org/10.1182/
blood-2009-06-228676.

55. Padariya M, Kote S, Mayordomo M, Dapic I, Alfaro J, 
Hupp T, et al. Structural determinants of peptide-dependent 
tap1-tap2 transit passage targeted by viral proteins and 
altered by cancer-associated mutations. Comput Struct 
Biotechnol J. 2021;19:5072-91. https://doi.org/10.1016/j.
csbj.2021.09.006.

56. Wang S, He Z, Wang X, Li H, Liu XS. Antigen presentation 
and tumor immunogenicity in cancer immunotherapy 
response prediction. Elife. 2019;8. https://doi.org/10.7554/
eLife.49020.

57. Maggs L, Sadagopan A, Moghaddam AS, Ferrone S. Hla class i 
antigen processing machinery defects in antitumor immunity 
and immunotherapy. Trends Cancer. 2021;7(12):1089-101. 
https://doi.org/10.1016/j.trecan.2021.07.006.

58. Abramovitz M, Williams C, De PK, Dey N, Willis S, 
Young B, et al. Personalized Cancer Treatment and Patient 
Stratification Using Massive Parallel Sequencing (MPS) and 
Other OMICs Data BT - Predictive Biomarkers in Oncology: 
Applications in Precision Medicine. In: Badve S, Kumar 
GL, editors. Predictive Biomarkers in Oncology [Internet]. 
Indianapolis: Springer International Publishing; 2019. p. 
131–47. Available from: https://doi.org/10.1007/978-3-
319-95228-4_10

59. Shen HY, Xu JL, Zhu Z, Xu HP, Liang MX, Xu D, et 
al. Integration of bioinformatics and machine learning 
strategies identifies apm-related gene signatures to predict 
clinical outcomes and therapeutic responses for breast 
cancer patients. Neoplasia. 2023;45:100942. https://doi.
org/10.1016/j.neo.2023.100942.

This work is licensed under a Creative Commons Attribution-
Non Commercial 4.0 International License.


