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Evading immune destruction is one of the hallmarks of cancer. A key mechanism of
immune evasion deployed by tumour cells is to reduce neoantigen presentation through
down-regulation of the antigen presentation machinery. MHC-I and MHC-II proteins are
key components of the antigen presentation machinery responsible for neoantigen pres-
entation to CD8+ and CD4+ T lymphocytes, respectively. Their expression in tumour cells
is modulated by a complex interplay of genomic, transcriptomic and post translational
factors involving multiple intracellular antigen processing pathways. Ongoing research
investigates mechanisms invoked by cancer cells to abrogate MHC-I expression and
attenuate anti-tumour CD8+ cytotoxic T cell response. The discovery of MHC-II on
tumour cells has been less characterized. However, this finding has triggered further
interest in utilising tumour-specific MHC-II to harness sustained anti-tumour immunity
through the activation of CD4+ T helper cells. Tumour-specific expression of MHC-I and
MHC-II has been associated with improved patient survival in most clinical studies. Thus,
their reactivation represents an attractive way to unleash anti-tumour immunity. This
review provides a comprehensive overview of physiologically conserved or novel mechan-
isms utilised by tumour cells to reduce MHC-I or MHC-II expression. It outlines current
approaches employed at the preclinical and clinical trial interface towards reversing these
processes in order to improve response to immunotherapy and survival outcomes for
patients with cancer.

Introduction
The advent of immunotherapeutics has revolutionised treatment in cancer. These agents harness our
immune system to promote anti-tumour responses and herald the potential for long-term survival in
patients with otherwise incurable disease [1]. Specifically, immune checkpoint inhibitors (ICIs) are
now standard of care in many solid organ cancers. They block inhibitory signals expressed by either
tumour or immune cells, unleashing the brakes on our adaptive immune system to fight cancer cells.
Yet only a minority of patients respond [2]. Ongoing research focuses on tumour resistance mechan-
isms against ICIs. One method of ‘immune escape’ invoked by tumour cells is through alterations of
their antigen presentation machinery (APM) [3], making them invisible to the adaptive immune
system. The major proteins in the APM are Major Histocompatibility Complex class I and II (MHC-I
and MHC-II) and associated subunits (such as Beta 2 Microglobulin [B2M]) [4,5]. Tumour recogni-
tion by immune cells requires presentation of non-self peptides (neoantigens) by tumour cells through
MHC Class I or II complexes. Loss or reduced expression of MHC or their subunits abrogates T cell-
mediated anti-tumour immunity. Defects in MHC expression has been observed in most common
cancers at variable frequencies from 0% to 93% [4]. Deciphering mechanisms to reactivate MHC
expression by tumour cells may therefore lead to the identification of alternative approaches to

Version of Record published:
28 March 2022

Received: 22 December 2021
Revised: 10 February 2022
Accepted: 14 March 2022

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 825

Biochemical Society Transactions (2022) 50 825–837
https://doi.org/10.1042/BST20210961

http://orcid.org/0000-0001-7082-6076
https://creativecommons.org/licenses/by/4.0/


increase anti-tumour immunity. This review describes known mechanisms controlling MHC I and II expression
in cancer and highlight how these mechanisms could be tackled towards treatment response and improving
patient survival.

MHC-I
MHC-I function and antigen processing pathway
MHC I molecules encoded by human leukocyte antigen (HLA) genes [6] are present on the cell surface of all
nucleated cells [7]. They play an evolutionary role in immunosurveillance by presenting intracellular peptides
to cytotoxic CD8+ T cells. Immunogenic foreign peptides, such as neoantigens, are recognised by T cell recep-
tors (TCRs) on CD8+ T cells resulting in cell killing.
The processing of neoantigens is mediated by the ubiquitin-proteasome system [8]. Proteasomes break down

endogenous proteins tagged by ubiquitin into oligopeptides (8–13 amino-acid length) to enable effective pres-
entation by MHC-I. Tumour cells that are exposed to oxidative stress or inflammatory stimuli up-regulate
immunoproteasomes [9]. These immunoproteasomes have distinct catalytic activity to specifically generate
diverse non-self peptides. The cleaved peptides are then transported to the endoplasmic reticulum (ER) by the
specialised TAP (transporter associated with antigen processing) protein [10], where they bind to newly synthe-
sised MHC-I molecules. The neoantigen-MHC I complex is released from the ER and then exocytosed into the
plasma membrane for presentation to CD8+ T cells.

Immune evasion through down-regulation of MHC-I in cancer
Immune evasion is a hallmark of cancer to reduce visibility of tumour cells to the immune system[11]. Tumour
immune surveillance not only relies on the expression of neoantigens by tumour cells but also the proficient
neoantigen presentation to T cells through the MHC complexes. Defects in MHC-I synthesis, transport and
loading of appropriate peptides result in low or absent cell surface expression of MHC-I and thus immune
evasion. Altered MHC expression can be mediated through HLA or B2M loss of heterozygosity (LOH) [12].
However recent studies have also shown that loss of MHC protein expression can occur in HLA or B2M wild-
type tumour cells, highlighting the role of non-genetic mechanisms in regulating MHC-I expression [4,13–15]
(Figure 1). MHC-I protein loss on immunohistochemistry has been described in almost all types of solid organ
tumours. Some studies describing this occurrence in >90% of their cohorts [4].

Genetic mechanisms of MHC-I loss
Loss of heterozygosity
The genes encoding MHC-I are composed of the highly polymorphic class Ia ‘classical’ human leukocyte
antigen genes (HLA-A, -B and -C) on chromosome 6 [16]. Loss of both HLA alleles results in total elimination
of MHC-I expression [17]. Deletions of one allele (HLA LOH), reduces MHC-I expression by half. Tumours
leverage the genomic instability associated with LOH, whereby a further mutation in the other allele results in
complete MHC-I loss, to evade immune recognition [3,18]. This phenomenon has also been described for the
gene encoding the B2M light chain and appears to be more prevalent in metastatic compared with primary
lesions [19]. A pan-cancer analysis of 83 644 patient samples representing 59 different solid organ tumours
revealed the prevalence of HLA LOH to be 17% [20]. In Non-Small Cell Lung Cancer (NSCLC), HLA LOH has
been shown to be both a negative prognostic and predictive biomarker for ICI therapy [21].

Somatic mutations
Somatic mutations in HLA alleles may also have similar functional implications to deletions, precluding effect-
ive neoantigen presentation [22]. Whole-exome sequencing (WES) analysis of a TCGA cohort involving 7930
paired tumour and healthy samples revealed the presence of 298 non-silent mutations in 3.3% of patients [23].
HLA mutations were more prevalent in head and neck, lung squamous and stomach cancers [23]. These find-
ings support earlier work demonstrating the presence of HLA mutations and other components of the MHC-I
APM pathway including TAP1 in small cell lung cancer (SCLC) and melanoma cell lines, and B2M in human
melanoma tumours [24–26].
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Epigenetic silencing
DNA hypermethylation
Hypermethylation of gene promoters and enhancers of HLA alleles, B2M and other APM regulatory genes
have been described in solid tumours [27–29]. In breast cancer cell lines, DNA methyl transferase inhibitors
increased MHC-I expression and antigen presentation, leading to an increased T cell infiltration in mouse
models of breast cancer [27]. This increase in MHC-I expression is thought to be due to reduced methylation
of HLA genes [27], but also through demethylation of endogenous retrovirus (ERV) genes that trigger cytosolic
sensing of dsRNA (double stranded RNA) [28]. ERVs are a relic of ancient infections that comprise 8% of the
human genome [30]. These genes are silenced through hypermethylation but treatment with DNA methyl
transferase inhibitors induced their expression, activating the dsRNA sensing pathway [27,28]. This pathway sti-
mulated an interferon type I cellular response and NFκB (nuclear factor κB)-mediated activation of MHC-I
expression.

Histone regulation
Histone modifications by trimethylation of lysine residues on histone 3 (H3K27me3) or deacetylation result in
gene silencing and have been shown as mechanisms invoked by tumour cells to silence the APM [31,32]. An
in vitro whole genome CRISPR/Cas9 screen in leukemia cell lines revealed EZH2 (enhancer of zest homolog 2)
as a negative regulator of MHC-I, the master regulator of MHC-I transcription NRLC5 (nucleotide-binding
domain and leucine-rich repeat caspase recruitment domain-containing 5), and TAP expression [33]. EZH2
catalyses the trimethylation of H3K27 leading to inhibition of transcription. Reversal of the H3K27me3 with an
EZH2 inhibitor up-regulated MHC-I in leukemia as well as neuroblastoma and SCLC cells. In diffuse large B
cell lymphoma (DLBCL) with EZH2Y641 mutation, treatment with an EZH2 inhibitor reduced H3K27me3 in

Figure 1. Mechanisms of down-regulation of MHC-I antigen processing pathway by tumour cells and possible

therapeutic targets.

Green text: expression/over-expression negatively regulates antigen presentation. Red text: reduced/loss of expression

negatively regulates antigen presentation.
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the promoter region of NLRC5, resulting in increased NLRC5 and MHC-I expression [34]. EZH2 inhibition
also increased antigen presentation in head and neck squamous cell carcinoma cell lines, restoring sensitivity to
anti-PD1 therapy in in vivo mouse model of head and neck cancer [35]. Histone deacetylase (HDAC) inhibi-
tors have also demonstrated in vitro and in vivo efficacy in restoring MHC-I expression and immune control
for various solid organ cancers [32,36], either as monotherapy or in combination with ICIs. Several human
clinical trials are in progress examining their efficacy [37].

Transcriptional modulation of MHC-I
IFNγ-dependent
Transcriptomic regulation of MHC-I is tightly controlled to elicit an appropriate immune response. The tran-
scriptional transactivator NLRC5 is a critical regulator of MHC I expression. It forms a scaffold with DNA
binding proteins RFX (regulatory factor X), CREB (cAMP responsive element binding protein 1), ATF1 (acti-
vating transcription factor 1) and NF-Y (nuclear factor Y) to form the CITA complex (class I transactivator)
on the proximal promoter of HLA genes [38]. These regulatory elements and transcription factor/transactivator
complex are also present on the promoter of other APM genes including TAP1 and B2M. In vivo deletion of
NLRC5 resulted in loss of MHC-I expression in mice, without altering MHC-II expression, demonstrating the
critical role of NLRC5 in specifically controlling MHC-I expression. IFNγ is a key regulator of MHC-I expres-
sion through JAK1/2 ( janus kinase 1/2)-STAT1 (signal transducer and activator of transcription 1) signalling
and activation of NLRC5 expression. This transduction pathway also activates IRF1/2 (interferon regulatory
factor 1/2) expression that binds the ISRE (interferon-stimulated response element) present in the proximal
promoter of HLA genes. Alterations of these key transcription factors through genetic deletions or epigenetic
modification results in loss of MHC-I expression. NLRC5 loss has been described in several solid organ cancers
[39,40]. Its absence abrogates MHC-I expression and CD8+ T cell mediated cytotoxic responses, thus confer-
ring inferior patient survival [39]. Similar findings have been ascribed to the loss of IRF1/2, particularly in mel-
anoma patients with ICI resistance [41]. Defects in IFNγ signalling through loss of JAK1 or JAK2 has also been
associated with reduced MHC expression and resistance to ICIs [42,43]. DUX4 (double homeobox 4), a pre-
implantation embryonic transcription factor normally silenced in somatic tissues, was found reactivated in
many cancers. Its expression reduced MHC-I expression, likely through DUX4-mediated inhibition of JAK1
and STAT1 expression [44]. DUX4 overexpression was associated with resistance to immune checkpoint block-
ade in melanoma [44].

IFNγ-independent
Defects in IFNγ signalling is an important mechanism of primary and acquired resistance to ICIs [45–48].
Targeting the IFNγ pathway to increase MHC-I expression may therefore not represent an appropriate strategy
to increase neoantigen presentation. Recent efforts have aimed to uncouple MHC-I expression from interferon
signalling to increase MHC-I expression in tumours with defective IFNγ signalling [49]. NFκB is a known
regulator of MHC-I expression through direct binding of p50/p65 subunits to NFκB response elements present
in the enhancer region of HLA-A and B [50]. NFκB is activated by double-stranded RNA (dsRNA) sensors
such as TLR3 (toll-like receptor) and PKR (serine/threonine kinase R) [51,52]. MHC-I, TAP1 and B2M expres-
sion were found to be up-regulated after treatment of melanoma cells with BO-112, an activator of dsRNA
sensing and NF-κB signalling, restoring the cytotoxic activity of tumour-specific T cells [49]. Multiple agents
can induce dsRNA sensors and could potentially be combined with ICIs to re-establish anti-tumour immunity.

Transcriptional regulations associated with oncogenic drivers
Aberrant activation of cell signalling pathways through oncogenic drivers can down-regulate MHC-I. An in vitro
shRNA screen targeting 526 kinases identified the MAP kinase (MAPK) pathway, including downstream
kinases MEK and ERK, as negative regulators of HLA-A expression [53]. Tumour cells with oncogenic activat-
ing mutations in the EGFR (epidermal growth factor receptor), ALK (anaplastic lymphoma kinase) or RET
(rearranged during transfection) kinases were found to reduce MHC-I expression. Pharmacological inhibition
of these kinases increased MHC-I cell surface expression, potentially increasing immune recognition [53,54].
The MYC family of proteins regulates transcription of ∼15% of the human genome [55]. Over-expression or

dysregulation of the N-MYC and C-MYC oncoproteins is observed in up to 70% of human tumours and is
associated with reduced immunosurveillance [56–58]. Mechanisms responsible for immune evasion of
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MYC-expressing tumour are starting to emerge with the observation that MYC prevented loading of dsRNA to
TLR3 in pancreatic cancer cells, reducing NFκB signalling and MHC-I expression [58].

Post transcriptional MHC-I regulation of
MicroRNAs (miRNAs)
miRNAs are a class of non-coding RNAs that are characterised by their short length (∼21–25 bp). They can
bind to the 30 untranslated region (UTR) of mRNA and inhibit their translation through mRNA degradation
or translational repression. Binding sites for mir-148a-3p and mir-125a-5p were found in the 30 untranslated
region of HLA-A, -B, -C mRNA and TAP2 mRNA respectively. Overexpression of mir-148a-3p reduced cell
surface expression of MHC-I in colorectal and oesophageal cancer [59,60], while inhibition of mir-148a-3p
restored MHC-I expression and increased T-cell mediated killing in vitro and in vivo [60]. miRNAs may be
therapeutically targeted using complementary antisense RNAs (anti-miRs) packaged in lipid nanoparticles for
optimal drug delivery of the oligonucleotides [61].

Long non-coding RNAs (lncRNAs)
Like miRNAs, lncRNAs are not translated into proteins. lncRNAs are >200 bp long that predominantly reside
in nuclei. They are responsible for diverse processes that result in transcriptional and post-transcriptional regu-
lation of gene expression. The oncogenic lncRNA LINK-A was recently found to be a negative regulator of
MHC-I and B2M cell surface expression in triple negative breast cancer cells (TNBC), and a negative predictive
biomarker in patients treated with ICIs [62]. LINK-A was shown to abrogate phosphorylation of the E3 ubiqui-
tin ligase TRIM71, resulting in increased degradation of the MHC-I peptide loading complex. Other lncRNAs
have been associated with positive regulation of MHC-I expression, such as LINC02195 that positively corre-
lated with MHC-I-related protein expression in head and neck squamous cell carcinomas cell lines and patient
samples [63].

Post translational regulation of MHC-I
Cancer cells may also evade immune recognition through post translational modification of MHC-I. ER-associated
protein degradation (ERAD) constitutes a quality control system to eliminate misfolded or unassembled proteins
from the ER [64]. Tumour cells exploit this pathway to induce degradation of the nascent MHC-I chain to hinder
antigen presentation. Staphylococcal nuclease and tudor domain containing 1 (SND1), an oncoprotein overex-
pressed in solid tumours, guides the heavy chain of MHC-I to the ERAD, resulting in its dislodgement into the
cytoplasm and subsequent degradation. Loss of SND1 increased MHC-I expression and cytotoxic T cell infiltration
in in vivo models of melanoma and colorectal cancer, resulting in decreased tumour burden [65].
Increased turnover of the antigen loaded MHC-I is another mechanism by which tumour cells evade

immune surveillance. Expression of the transmembrane protein MAL2 (myelin and lymphocyte protein 2) is
associated with worst prognosis in TNBC cells [66]. Molecular analysis demonstrated that MAL2 promoted
intracellular endocytosis of peptide bound MHC-I complexes through direct interactions with endosome-
associated proteins [66]. Knockout of MAL2 in patient-derived tumour organoid models resulted in enhanced
CD8+ T cell-mediated cytotoxicity, thus making MAL2 a potential therapeutic target.
Tumours may also modify their cell membranes to sterically inhibit MHC-I interactions with CD8+ T cells.

Specifically, high cell surface expression of glycosphingolipids by tumour cells impedes MHC-I and CD8+ T
cell interaction [66]. Membrane expression of glycosphingolipids is modulated by the protease SPPL3 (signal
peptide peptidase like 3). SPPL3 loss has been shown to be a negative prognostic biomarker in gliomas [67].
Reduced SPPL3 activity increased cell surface expression of glycosphingolipids, forming a shield preventing
presentation of MHC-I-loaded peptides to CD8+ T cells. There is considerable interest in inhibiting glycosphin-
golipids synthesis using clinically approved inhibitors which have demonstrated in vitro efficacy in glioma cell
lines [66].
Autophagy has been proposed as another mechanism utilised by tumour cells to reduce cell surface expres-

sion of MHC-I and avoid immune recognition [68,69]. Immunofluorescence analysis of human pancreatic
ductal adenocarcinoma (PDAC) tumours and NSCLC cell lines demonstrated a preponderance for intracellular
sequestration of MHC-I proteins in the autophagosomes and lysosomes [69]. Genetic inhibition of autophagy
or pharmacological lysosomal inhibition resulted in increased total and cell surface expression of MHC-I, indi-
cating a specific role for autophagy in the trafficking of MHC-I to the lysosome [69]. ATG4B (autophagy
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related 4B cysteine peptidase) is a cysteine protease that has an essential role in autophagosome formation.
Inhibition of autophagy in genetically engineered murine PDAC cells expressing a dominant-negative form of
ATG4B increased cell surface expression of MHC-I, tumour cell killing in in vitro co-culture assay with cyto-
toxic T cells and enhanced CD8+ T cell infiltration in vivo [68,69]. These tumours also responded more effi-
ciently to ICI therapy than their wild-type counterparts [69]. These findings are particularly notable given the
lack of efficacy using ICIs in clinical trials for patients with PDAC [70].

MHC-II
MHC-II function and processing pathway
Immuno-oncology research thus far has predominantly focussed on augmenting cytotoxic CD8+ T cell
responses. However, there is increasing interest in harnessing CD4+ T helper cells to potentiate sustained anti-
tumour immunity [71,72]. CD4+ T cells are activated by MHC-II-bound peptides. MHC-II molecules present
exogenously derived peptides and have traditionally been associated with professional antigen presenting cells
(APCs) such as dendritic cells, macrophages and B cells [73]. While tumour cells do not constitutively express
MHC-II, IFNγ present in the tumour microenvironment can induce MHC-II in tumour cells (tsMHC-II).
Indeed accumulating evidence now highlight a critical role for tsMHC-II towards the activation of CD4+ T cells
[5]. CD4+ T helper cell differentiation is induced by the binding of a naïve CD4+ TCR to an MHC-II peptide
complex combined with a second co-stimulatory signal where CD28 on CD4+ T cells binds to CD80/86 found
on professional APCs. These T helper cells promote CD8+ T cell mediated responses and immunological
memory [71,74]. Tumour cells do not express the classical co-stimulatory ligands CD80/86 [75]. However, they
may utilise other cell-surface proteins to interact with CD28 on CD4+ T cells. Examples of these co-stimulatory
molecules include OX40 and CD70, both found in solid cancers [76,77].
The presence of tsMHC-II is associated with increased CD4/CD8 tumour infiltrating lymphocytes, improved

survival and responsiveness to ICIs [78–80]. Analysis of a cohort of melanoma patients treated with ICIs also
revealed that the loss of tsMHC-II and MHC-I were not interdependent, suggesting that they may be independ-
ently regulated in cancer [81]. In a study of 5942 tumours, neoantigens that poorly bound to MHC-II were
positively selected during cancer evolution. The degree of positive selection was even stronger than the associ-
ation observed between MHC-I and its neoantigens [82]. These findings suggest that CD4+ T cell-mediated
immunosurveillance may be a dominant mechanism for immune control of tumours.
Both MHC-I and MHC-II genes are highly polymorphic. However, MHC-II can bind a greater diversity of

neoantigenic proteins. Their binding pocket can allow peptides of a longer length (>13 amino acid) and accom-
modates peptide side chains. The regulation of antigen processing and presentation by MHC-II in professional
APCs has been reviewed elsewhere [73]. Here we focus on findings pertaining to the regulation of MHC II in
non-professional antigen presenting tumour cells (Figure 2).

Immune evasion through down-regulation of MHC-II in cancer
Little is known on the mechanisms driving the regulation of tsMHC-II. However, some studies are starting to
emerge elucidating immune-evasion mechanisms associated with MHC-II complex down-regulation [83].
Expression of MHC-II is controlled by the transcriptional master regulator class II transactivator (CIITA)

[84]. The CIITA complex is a scaffold of proteins that recruit activators, including RFX5, at transcriptional
start sites of MHC-II related genes. They are a key component of MHC-II induction, though never binding
DNA directly. The expression of CIITA is controlled by four promoters: promoters I (pI), II (pII), III (pIII),
IV (pIV) [85]. Constitutive expression of CIITA in APCs is predominantly regulated by pI and pIII. The stron-
gest inducer of CIITA in response to IFNγ stimulation is pIV [86]. Modulation of MHC-II expression in cancer
has been associated with perturbed regulation of CIITA expression through genomic, epigenetic, transcriptional
or post-translational mechanisms.

Genetic mechanisms of MHC-II down-regulation
Genomic alterations in the CIITA gene, including point mutations and gene fusions have been observed in dif-
ferent types of lymphoid tumours [87,88]. Point mutations in CIITA or its promoter complex have also been
observed in melanoma and microsatellite unstable (MSI-H) colorectal cancer (CRC)[89,90]. Frameshift muta-
tions in the RFX5 gene are also a common event in MSI-H CRC, occurring in approximately a quarter of cases
[91]. These alterations resulted in reduced tsMHC-II expression and immunogenicity of tumour cells.
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Epigenetic silencing
DNA hypermethylation
DNA hypermethylation has been described at CIITA-promoter sites or directly affecting MHC-II genes.
Hypermethylation of CIITA-pIV has been demonstrated in gastric cancer [92]. Hypermethylation of HLA-DR
and HLA-DQ genes and absence of tsMHC-II expression have been associated with inferior survival in patients
with oesophageal squamous cell carcinoma [93]. DNA methyltransferases, such as DNMT1 and DNMT3B,
mediate these methylation effects. Their inhibition through genetic inactivation or pharmacological agents have
been shown to induce MHC-II expression in colorectal and breast cancer cell lines [27,92].

Histone regulation
Histone acetylation promotes transcription of MHC-II related genes. B cell lymphoma cells with MHC-II
expression were characterised by H3 and H4 acetylation at the HLA-DRA promoter compared with cell lines
lacking MHC-II [94]. This process was shown to be induced by IFNγ [94]. In B cell lymphomas, inactivating
mutation in the histone acetyl transferase CREBBP resulted in reduced MHC-II expression, further showing
the importance of histone acetylation in MHC-II expression [95,96]. Histone de-acetylation at CIITA or
HLA-DRA promoters has been observed in vitro in several solid organ and haematological malignancies, abro-
gating MHC-II expression [94,97,98]. Pre-clinical data support a role for HDAC inhibitors in up-regulating
tsMHC-II expression through a CIITA-dependent mechanism [98,99].
Histone methylation driven by EZH2 has also been shown to regulate MHC-II expression in DLBCL where

tumours with EZH2Y641 mutation had low expression of MHC-I and II [34]. Treatment of these cell lines with
an EZH2 inhibitor increased MHC II expression by reducing H3K27me3 on the CIITA promoter. Importantly

Figure 2. Mechanisms of down-regulation of MHC-II antigen presentation pathway by tumour cells and possible

therapeutic targets.

Green text: expression/over-expression negatively regulates antigen presentation. Red text: reduced/loss of expression

negatively regulates antigen presentation.
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this work not only provides a rationale for targeting EZH2 in combination with ICIs, but also identifies EZH2
mutation as a biomarker to stratify patients who may respond to this combination therapy.

Transcriptional modulation of MHC-II
Loss of interferon signalling can reduce MHC-II transcription. IRF2 has been shown to be a transcriptional
activator of the CIITA-pIV promoter [100]. IRF2 loss is described in several cancers and associated with attenu-
ation of MHC-I and MHC-II expression [100,101]. Activation of the MAPK pathway also appears to be asso-
ciated with reduced expression of MHC-II in NSCLC cell lines [102]. This effect was reversed using MEK
inhibitors, indicating that inhibition of the MAPK pathway may increase tsMHC-II expression.
CIITA can also be inhibited by factors that competitively bind to E-box elements in the CIITA-pIV region,

thus preventing transcription. The oncogenes L-MYC and N-MYC have been shown to bind this region in
SCLC cell lines, resulting in loss of CIITA transcription [103]. Over-expression of the C-MYC oncogene in
Burkitt’s Lymphoma was also found to impair MHC-II antigen presentation through several mechanisms
including reduced expression of the chaperone protein HLA-DM that regulates neoantigen binding to the
MHC-II groove [104]. CIITA expression is also affected by loss of STAT1 and retinoblastoma tumour suppres-
sor genes, as observed in SCLC, breast and thyroid carcinoma cell lines [105,106]. Conversely, BLIMP-1 (B
lymphocyte-induced maturation protein I) acts as a developmentally conserved repressor of CIITA transcription
and is associated with plasma cell differentiation in myeloma [107,108].

Regulation of MHC-II antigen binding
The MHC-II complex is a heterodimer assembled in the ER with the chaperone protein CD74, also known as
the invariant chain, to prevent loading of endogenous peptides. The MHC-II/CD74 complex is transported
from the ER and fuses with acidic endosomes where exogenous peptide loading occurs. Cleavage of CD74
leaves the short fragment CLIP (class II-associated invariant peptide) blocking the peptide binding groove of
MHC-II [109]. The chaperone protein HLA-DM releases CLIP for degradation and catalyses the binding of
exogenous peptides to the MHC-II binding groove. Given that CLIP prevents peptide binding onto MHC-II
complexes until it associates with HLA-DM, its expression is generally inversely proportional to HLA-DM
[110]. Higher levels of CLIP have been associated with worse prognosis in acute myeloid leukemia [111]. In
contrast, high expression of HLA-DM appears to portend improved survival in ovarian cancer [112]. These
findings may relate to the impact of unhindered peptide/MHC-II binding towards establishing a robust anti-
tumour response.

Conclusions
Regulation of the APM in cancer is a critical mechanism that governs the anti-tumour immune response,
ultimately determining survival outcomes for patients with cancer. Our review highlights the mechanisms of
MHC-I/MHC-II regulation in tumour cells. Considerable studies have been undertaken to elucidate resistance
mechanisms contributing to reduced immune visibility, particularly during the current era of immunotherapeu-
tics. Yet more research is required to understand mechanisms of APM down-regulation that underpin resist-
ance to current ICIs and discover novel regulators that may unleash anti-tumour immunity.

Perspectives
• Despite the promise of long-term survival using immunotherapeutics in patients with other-

wise incurable cancer, many do not respond to treatment due to immune evasion by tumour
cells. This review outlines the mechanisms that tumour cells utilise to down-regulate neoanti-
gen presentation to avoid immune recognition and highlights current strategies that may
reactivate these pathways.

• Regulation of antigen presentation machinery in tumour cells may occur due to genomic, tran-
scriptomic and post-translational modifications. Whilst most evidence to date focuses on elu-
cidating mechanisms of MHC-I down-regulation, emerging research highlights the ability of
tumour cells to express MHC-II and impact adaptive anti-tumour immunity.
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• Ongoing research aims to identify novel mechanisms of neoantigen presentation regulation.
Targeting these pathways with novel or repurposed drugs may enable immunotherapy to work
for patients with otherwise limited treatment options.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
A.B. is supported by an NHMRC Postgraduate Scholarship, an International Lung Cancer Foundation Fellowship
and a Lung Foundation Australia Cassy Morris Grant-in-Aid. M.L.A.L. is supported by funding from the Viertel
Foundation Senior Medical Research Fellowship, the Perpetual Impact Harry Secomb Trust and by funds from
the Operational Infrastructure Support Program provided by the Victorian Government and NHMRC IRIISS
(Independent Research Institutes Infrastructure Support Scheme) Grant.

Open Access
Open access for this article was enabled by the participation of University of Melbourne in an all-inclusive Read
& Publish agreement with Portland Press and the Biochemical Society under a transformative agreement with
CAUL.

Author Contributions
A.B.: conceptualisation, writing of the original draft and editing. M.L.A.L.: conceptualisation, reviewing and
editing. T.J.: reviewing and editing.

Acknowledgements
Figures adapted from ‘Round Cell Background’, by BioRender.com (2021). Retrieved from https://app.biorender.
com/biorender-templates

References
1 Larkin, J., Chiarion-Sileni, V., Gonzalez, R., Grob, J.-J., Rutkowski, P., Lao, C.D. et al. (2019) Five-year survival with combined nivolumab and

ipilimumab in advanced melanoma. N. Engl. J. Med. 381, 1535–1546 https://doi.org/10.1056/NEJMoa1910836
2 Borghaei, H., Paz-Ares, L., Horn, L., Spigel, D.R., Steins, M., Ready, N.E. et al. (2015) Nivolumab versus docetaxel in advanced nonsquamous non–

small-cell lung cancer. N. Engl. J. Med. 373, 1627–1639 https://doi.org/10.1056/NEJMoa1507643
3 McGranahan, N., Rosenthal, R., Hiley, C.T., Rowan, A.J., Watkins, T.B.K., Wilson, G.A. et al. (2017) Allele-Specific HLA loss and immune escape in lung

cancer evolution. Cell 171, 1259–1271.e11 https://doi.org/10.1016/j.cell.2017.10.001
4 Dhatchinamoorthy, K., Colbert, J.D. and Rock, K.L. (2021) Cancer immune evasion through loss of MHC class I antigen presentation. Front. Immunol.

12, 636568 https://doi.org/10.3389/fimmu.2021.636568
5 Axelrod, M.L., Cook, R.S., Johnson, D.B. and Balko, J.M. (2019) Biological consequences of MHC-II expression by tumor cells in cancer. Clin. Cancer

Res. 25, 2392–2402 https://doi.org/10.1158/1078-0432.CCR-18-3200
6 Shiina, T., Hosomichi, K., Inoko, H. and Kulski, J.K. (2009) The HLA genomic loci map: expression, interaction, diversity and disease. J. Hum. Genet.

54, 15–39 https://doi.org/10.1038/jhg.2008.5
7 Li, X.C. and Raghavan, M. (2010) Structure and function of major histocompatibility complex class I antigens. Curr. Opin. Organ Transplant. 15,

499–504 https://doi.org/10.1097/MOT.0b013e32833bfb33
8 Rock, K.L., Gramm, C., Rothstein, L., Clark, K., Stein, R., Dick, L. et al. (1994) Inhibitors of the proteasome block the degradation of most cell proteins

and the generation of peptides presented on MHC class I molecules. Cell 78, 761–771 https://doi.org/10.1016/S0092-8674(94)90462-6
9 Murata, S., Takahama, Y., Kasahara, M. and Tanaka, K. (2018) The immunoproteasome and thymoproteasome: functions, evolution and human disease.

Nat. Immunol. 19, 923–931 https://doi.org/10.1038/s41590-018-0186-z
10 Ritz, U. and Seliger, B. (2001) The transporter associated with antigen processing (TAP): structural integrity, expression, function, and its clinical

relevance. Mol. Med. 7, 149–158 https://doi.org/10.1007/BF03401948
11 Hanahan, D. and Weinberg, R.A. (2011) Hallmarks of cancer: the next generation. Cell 144, 646–674 https://doi.org/10.1016/j.cell.2011.02.013
12 Datar, I.J., Hauc, S.C., Desai, S., Gianino, N., Henick, B., Liu, Y. et al. (2021) Spatial analysis and clinical significance of HLA class-I and class-II

subunit expression in non–small cell lung cancer. Clin. Cancer Res. 27, 2837 https://doi.org/10.1158/1078-0432.CCR-20-3655
13 Koike, K., Dehari, H., Shimizu, S., Nishiyama, K., Sonoda, T., Ogi, K. et al. (2020) Prognostic value of HLA class I expression in patients with oral

squamous cell carcinoma. Cancer Sci. 111, 1491–1499 https://doi.org/10.1111/cas.14388
14 Yoo, S.H., Keam, B., Ock, C.-Y., Kim, S., Han, B., Kim, J.-W. et al. (2019) Prognostic value of the association between MHC class I downregulation and

PD-L1 upregulation in head and neck squamous cell carcinoma patients. Sci. Rep. 9, 7680 https://doi.org/10.1038/s41598-019-44206-2

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 833

Biochemical Society Transactions (2022) 50 825–837
https://doi.org/10.1042/BST20210961

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
https://doi.org/10.1056/NEJMoa1910836
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1016/j.cell.2017.10.001
https://doi.org/10.3389/fimmu.2021.636568
https://doi.org/10.1158/1078-0432.CCR-18-3200
https://doi.org/10.1158/1078-0432.CCR-18-3200
https://doi.org/10.1158/1078-0432.CCR-18-3200
https://doi.org/10.1158/1078-0432.CCR-18-3200
https://doi.org/10.1038/jhg.2008.5
https://doi.org/10.1097/MOT.0b013e32833bfb33
https://doi.org/10.1016/S0092-8674(94)90462-6
https://doi.org/10.1016/S0092-8674(94)90462-6
https://doi.org/10.1016/S0092-8674(94)90462-6
https://doi.org/10.1038/s41590-018-0186-z
https://doi.org/10.1038/s41590-018-0186-z
https://doi.org/10.1038/s41590-018-0186-z
https://doi.org/10.1038/s41590-018-0186-z
https://doi.org/10.1007/BF03401948
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1158/1078-0432.CCR-20-3655
https://doi.org/10.1158/1078-0432.CCR-20-3655
https://doi.org/10.1158/1078-0432.CCR-20-3655
https://doi.org/10.1158/1078-0432.CCR-20-3655
https://doi.org/10.1111/cas.14388
https://doi.org/10.1038/s41598-019-44206-2
https://doi.org/10.1038/s41598-019-44206-2
https://doi.org/10.1038/s41598-019-44206-2
https://doi.org/10.1038/s41598-019-44206-2
https://creativecommons.org/licenses/by/4.0/


15 Anderson, P., Aptsiauri, N., Ruiz-Cabello, F. and Garrido, F. (2021) HLA class I loss in colorectal cancer: implications for immune escape and
immunotherapy. Cell. Mol. Immunol. 18, 556–565 https://doi.org/10.1038/s41423-021-00634-7

16 Crux, N.B. and Elahi, S. (2017) Human leukocyte antigen (HLA) and immune regulation: how do classical and non-classical HLA alleles modulate
immune response to human immunodeficiency virus and hepatitis C virus infections? Front. Immunol. 8, 832 https://doi.org/10.3389/fimmu.2017.
00832

17 Kincaid, E.Z., Che, J.W., York, I., Escobar, H., Reyes-Vargas, E., Delgado, J.C. et al. (2011) Mice completely lacking immunoproteasomes show major
changes in antigen presentation. Nat. Immunol. 13, 129–135 https://doi.org/10.1038/ni.2203

18 Gettinger, S., Choi, J., Hastings, K., Truini, A., Datar, I., Sowell, R. et al. (2017) Impaired HLA class I antigen processing and presentation as a
mechanism of acquired resistance to immune checkpoint inhibitors in lung cancer. Cancer Discov. 7, 1420–1435 https://doi.org/10.1158/2159-8290.
CD-17-0593

19 del Campo, A.B., Carretero, J., Aptsiauri, N. and Garrido, F. (2012) Targeting HLA class I expression to increase tumor immunogenicity. Tissue Antigens
79, 147–154 https://doi.org/10.1111/j.1399-0039.2011.01831.x

20 Montesion, M., Murugesan, K., Jin, D.X., Sharaf, R., Sanchez, N., Guria, A. et al. (2020) Somatic HLA class I loss is a widespread mechanism of
immune evasion which refines the use of tumor mutational burden as a biomarker of checkpoint inhibitor response. Cancer Discov. 11, 282–292
https://doi.org/10.1158/2159-8290.CD-20-0672

21 Shim, J.H., Kim, H.S., Cha, H., Kim, S., Kim, T.M., Anagnostou, V. et al. (2020) HLA-corrected tumor mutation burden and homologous recombination
deficiency for the prediction of response to PD-(L)1 blockade in advanced non-small-cell lung cancer patients. Ann. Oncol. 31, 902–911 https://doi.org/
10.1016/j.annonc.2020.04.004

22 Hazini, A., Fisher, K. and Seymour, L. (2021) Deregulation of HLA-I in cancer and its central importance for immunotherapy. J. Immunother. Cancer 9,
e002899 https://doi.org/10.1136/jitc-2021-002899

23 Shukla, S.A., Rooney, M.S., Rajasagi, M., Tiao, G., Dixon, P.M., Lawrence, M.S. et al. (2015) Comprehensive analysis of cancer-associated somatic
mutations in class I HLA genes. Nat. Biotechnol. 33, 1152–1158 https://doi.org/10.1038/nbt.3344

24 Chen, H.L., Gabrilovich, D., Tampé, R., Girgis, K.R., Nadaf, S. and Carbone, D.P. (1996) A functionally defective allele of TAP1 results in loss of MHC
class I antigen presentation in a human lung cancer. Nat. Genet. 13, 210–213 https://doi.org/10.1038/ng0696-210

25 Benitez, R., Godelaine, D., Lopez-Nevot, M.A., Brasseur, F., Jimenez, P., Marchand, M. et al. (1998) Mutations of the β2-microglobulin gene result in a
lack of HLA class I molecules on melanoma cells of two patients immunized with MAGE peptides. Tissue Antigens 52, 520–529 https://doi.org/10.
1111/j.1399-0039.1998.tb03082.x

26 Seliger, B., Ritz, U., Abele, R., Bock, M., Tampé, R., Sutter, G. et al. (2001) Immune escape of melanoma. Cancer Res. 61, 8647 PMID:11751378
27 Luo, N., Nixon, M.J., Gonzalez-Ericsson, P.I., Sanchez, V., Opalenik, S.R., Li, H. et al. (2018) DNA methyltransferase inhibition upregulates MHC-I to

potentiate cytotoxic T lymphocyte responses in breast cancer. Nat. Commun. 9, 248 https://doi.org/10.1038/s41467-017-02630-w
28 Chiappinelli, K.B., Strissel, P.L., Desrichard, A., Li, H., Henke, C., Akman, B. et al. (2015) Inhibiting DNA methylation causes an interferon response in

cancer via dsRNA including endogenous retroviruses. Cell 162, 974–986 https://doi.org/10.1016/j.cell.2015.07.011
29 Ling, A., Löfgren-Burström, A., Larsson, P., Li, X., Wikberg, M.L., Öberg, Å. et al. (2017) TAP1 down-regulation elicits immune escape and poor

prognosis in colorectal cancer. Oncoimmunology 6, e1356143 https://doi.org/10.1080/2162402X.2017.1356143
30 Sznarkowska, A., Mikac, S. and Pilch, M. (2020) MHC class I regulation: the origin perspective. Cancers 12, 1155 https://doi.org/10.3390/

cancers12051155
31 Harutyunyan, A.S., Krug, B., Chen, H., Papillon-Cavanagh, S., Zeinieh, M., de Jay, N. et al. (2019) H3k27m induces defective chromatin spread of

PRC2-mediated repressive H3K27me2/me3 and is essential for glioma tumorigenesis. Nat. Commun. 10, 1262 https://doi.org/10.1038/
s41467-019-09140-x

32 Briere, D., Sudhakar, N., Woods, D.M., Hallin, J., Engstrom, L.D., Aranda, R. et al. (2018) The class I/IV HDAC inhibitor mocetinostat increases tumor
antigen presentation, decreases immune suppressive cell types and augments checkpoint inhibitor therapy. cancer immunology. Immunotherapy 67,
381–392 https://doi.org/10.1007/s00262-017-2091-y

33 Burr, M.L., Sparbier, C.E., Chan, K.L., Chan, Y.-C., Kersbergen, A., Lam, E.Y.N. et al. (2019) An evolutionarily conserved function of polycomb silences
the MHC class I antigen presentation pathway and enables immune evasion in cancer. Cancer Cell 36, 385–401.e8 https://doi.org/10.1016/j.ccell.
2019.08.008

34 Ennishi, D., Takata, K., Béguelin, W., Duns, G., Mottok, A., Farinha, P. et al. (2019) Molecular and genetic characterization of MHC deficiency identifies
EZH2 as therapeutic target for enhancing immune recognition. Cancer Discov. 9, 546 https://doi.org/10.1158/2159-8290.CD-18-1090

35 Zhou, L., Mudianto, T., Ma, X., Riley, R. and Uppaluri, R. (2020) Targeting EZH2 enhances antigen presentation, antitumor immunity, and circumvents
anti-PD-1 resistance in head and neck cancer. Clin. Cancer Res. 26, 290–300 https://doi.org/10.1158/1078-0432.CCR-19-1351

36 Magner, W.J., Kazim, A.L., Stewart, C., Romano, M.A., Catalano, G., Grande, C. et al. (2000) Activation of MHC class I, II, and CD40 gene expression
by histone deacetylase inhibitors. J. Immunol. 165, 7017–7024 https://doi.org/10.4049/jimmunol.165.12.7017

37 Romero, D. (2019) HDAC inhibitors tested in phase III trial. Nat. Rev. Clin. Oncol. 16, 465 https://doi.org/10.1038/s41571-019-0224-2
38 Cho, S.X., Vijayan, S., Yoo, J.-S., Watanabe, T., Ouda, R., An, N. et al. (2021) MHC class I transactivator NLRC5 in host immunity, cancer and beyond.

Immunology 162, 252–261 https://doi.org/10.1111/imm.13235
39 Yoshihama, S., Vijayan, S., Sidiq, T. and Kobayashi, K.S. (2017) NLRC5/CITA: a key player in cancer immune surveillance. Trends Cancer 3, 28–38

https://doi.org/10.1016/j.trecan.2016.12.003
40 Shukla, A., Cloutier, M., Appiya Santharam, M., Ramanathan, S. and Ilangumaran, S. (2021) The MHC class-I transactivator NLRC5: implications to

cancer immunology and potential applications to cancer immunotherapy. Int. J. Mol. Sci. 22, 1964 https://doi.org/10.3390/ijms22041964
41 Smithy, J.W., Moore, L.M., Pelekanou, V., Rehman, J., Gaule, P., Wong, P.F. et al. (2017) Nuclear IRF-1 expression as a mechanism to assess

“Capability” to express PD-L1 and response to PD-1 therapy in metastatic melanoma. J. Immunother. Cancer 5, 25 https://doi.org/10.1186/
s40425-017-0229-2

42 Zaretsky, J.M., Garcia-Diaz, A., Shin, D.S., Escuin-Ordinas, H., Hugo, W., Hu-Lieskovan, S. et al. (2016) Mutations associated with acquired resistance
to PD-1 blockade in melanoma. N. Engl. J. Med. 375, 819–829 https://doi.org/10.1056/NEJMoa1604958

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).834

Biochemical Society Transactions (2022) 50 825–837
https://doi.org/10.1042/BST20210961

https://doi.org/10.1038/s41423-021-00634-7
https://doi.org/10.1038/s41423-021-00634-7
https://doi.org/10.1038/s41423-021-00634-7
https://doi.org/10.1038/s41423-021-00634-7
https://doi.org/10.3389/fimmu.2017.00832
https://doi.org/10.3389/fimmu.2017.00832
https://doi.org/10.1038/ni.2203
https://doi.org/10.1158/2159-8290.CD-17-0593
https://doi.org/10.1158/2159-8290.CD-17-0593
https://doi.org/10.1158/2159-8290.CD-17-0593
https://doi.org/10.1158/2159-8290.CD-17-0593
https://doi.org/10.1158/2159-8290.CD-17-0593
https://doi.org/10.1111/j.1399-0039.2011.01831.x
https://doi.org/10.1111/j.1399-0039.2011.01831.x
https://doi.org/10.1158/2159-8290.CD-20-0672
https://doi.org/10.1158/2159-8290.CD-20-0672
https://doi.org/10.1158/2159-8290.CD-20-0672
https://doi.org/10.1158/2159-8290.CD-20-0672
https://doi.org/10.1016/j.annonc.2020.04.004
https://doi.org/10.1016/j.annonc.2020.04.004
https://doi.org/10.1136/jitc-2021-002899
https://doi.org/10.1136/jitc-2021-002899
https://doi.org/10.1136/jitc-2021-002899
https://doi.org/10.1038/nbt.3344
https://doi.org/10.1038/ng0696-210
https://doi.org/10.1038/ng0696-210
https://doi.org/10.1111/j.1399-0039.1998.tb03082.x
https://doi.org/10.1111/j.1399-0039.1998.tb03082.x
https://doi.org/10.1111/j.1399-0039.1998.tb03082.x
http://www.ncbi.nlm.nih.gov/pubmed/11751378
https://doi.org/10.1038/s41467-017-02630-w
https://doi.org/10.1038/s41467-017-02630-w
https://doi.org/10.1038/s41467-017-02630-w
https://doi.org/10.1038/s41467-017-02630-w
https://doi.org/10.1016/j.cell.2015.07.011
https://doi.org/10.1080/2162402X.2017.1356143
https://doi.org/10.3390/cancers12051155
https://doi.org/10.3390/cancers12051155
https://doi.org/10.1038/s41467-019-09140-x
https://doi.org/10.1038/s41467-019-09140-x
https://doi.org/10.1038/s41467-019-09140-x
https://doi.org/10.1038/s41467-019-09140-x
https://doi.org/10.1038/s41467-019-09140-x
https://doi.org/10.1007/s00262-017-2091-y
https://doi.org/10.1007/s00262-017-2091-y
https://doi.org/10.1007/s00262-017-2091-y
https://doi.org/10.1007/s00262-017-2091-y
https://doi.org/10.1016/j.ccell.2019.08.008
https://doi.org/10.1016/j.ccell.2019.08.008
https://doi.org/10.1158/2159-8290.CD-18-1090
https://doi.org/10.1158/2159-8290.CD-18-1090
https://doi.org/10.1158/2159-8290.CD-18-1090
https://doi.org/10.1158/2159-8290.CD-18-1090
https://doi.org/10.1158/1078-0432.CCR-19-1351
https://doi.org/10.1158/1078-0432.CCR-19-1351
https://doi.org/10.1158/1078-0432.CCR-19-1351
https://doi.org/10.1158/1078-0432.CCR-19-1351
https://doi.org/10.4049/jimmunol.165.12.7017
https://doi.org/10.1038/s41571-019-0224-2
https://doi.org/10.1038/s41571-019-0224-2
https://doi.org/10.1038/s41571-019-0224-2
https://doi.org/10.1038/s41571-019-0224-2
https://doi.org/10.1111/imm.13235
https://doi.org/10.1016/j.trecan.2016.12.003
https://doi.org/10.3390/ijms22041964
https://doi.org/10.1186/s40425-017-0229-2
https://doi.org/10.1186/s40425-017-0229-2
https://doi.org/10.1186/s40425-017-0229-2
https://doi.org/10.1186/s40425-017-0229-2
https://doi.org/10.1186/s40425-017-0229-2
https://doi.org/10.1056/NEJMoa1604958
https://creativecommons.org/licenses/by/4.0/


43 Sharma, P., Hu-Lieskovan, S., Wargo, J.A. and Ribas, A. (2017) Primary, adaptive, and acquired resistance to cancer immunotherapy. Cell 168,
707–723 https://doi.org/10.1016/j.cell.2017.01.017

44 Chew, G.-L., Campbell, A.E., de Neef, E., Sutliff, N.A., Shadle, S.C., Tapscott, S.J. et al. (2019) DUX4 suppresses MHC class I to promote cancer
immune evasion and resistance to checkpoint blockade. Dev. Cell 50, 658–671.e7 https://doi.org/10.1016/j.devcel.2019.06.011

45 Gao, J., Shi, L.Z., Zhao, H., Chen, J., Xiong, L., He, Q. et al. (2016) Loss of IFN-γ pathway genes in tumor cells as a mechanism of resistance to
anti-CTLA-4 therapy. Cell 167, 397–404.e9 https://doi.org/10.1016/j.cell.2016.08.069

46 Shin, D.S., Zaretsky, J.M., Escuin-Ordinas, H., Garcia-Diaz, A., Hu-Lieskovan, S., Kalbasi, A. et al. (2017) Primary resistance to PD-1 blockade
mediated by JAK1/2 mutations. Cancer Discov. 7, 188–201 https://doi.org/10.1158/2159-8290.cd-16-1223

47 Patel, S.J., Sanjana, N.E., Kishton, R.J., Eidizadeh, A., Vodnala, S.K., Cam, M. et al. (2017) Identification of essential genes for cancer immunotherapy.
Nature 548, 537–542 https://doi.org/10.1038/nature23477

48 Sucker, A., Zhao, F., Pieper, N., Heeke, C., Maltaner, R., Stadtler, N. et al. (2017) Acquired IFNγ resistance impairs anti-tumor immunity and gives rise
to T-cell-resistant melanoma lesions. Nat. Commun. 8, 15440 https://doi.org/10.1038/ncomms15440

49 Kalbasi, A., Tariveranmoshabad, M., Hakimi, K., Kremer, S., Campbell, K.M., Funes, J.M. et al. (2020) Uncoupling interferon signaling and antigen
presentation to overcome immunotherapy resistance due to JAK1 loss in melanoma. Sci. Transl. Med. 12, eabb0152 https://doi.org/10.1126/
scitranslmed.abb0152

50 Girdlestone, J., Isamat, M., Gewert, D. and Milstein, C. (1993) Transcriptional regulation of HLA-A and -B: differential binding of members of the Rel
and IRF families of transcription factors. Proc. Natl Acad. Sci. U.S.A. 90, 11568–11572 https://doi.org/10.1073/pnas.90.24.11568

51 Kawai, T. and Akira, S. (2007) Signaling to NFκB by toll-like receptors. Trends Mol. Med. 13, 460–469 https://doi.org/10.1016/j.molmed.2007.09.002
52 Iordanov, M.S., Wong, J., Bell, J.C. and Magun, B.E. (2001) Activation of NF-kappaB by double-stranded RNA (dsRNA) in the absence of protein kinase

R and RNase L demonstrates the existence of two separate dsRNA-triggered antiviral programs. Mol. Cell. Biol. 21, 61–72 https://doi.org/10.1128/MCB.
21.1.61-72.2001

53 Brea, E.J., Oh, C.Y., Manchado, E., Budhu, S., Gejman, R.S., Mo, G. et al. (2016) Kinase regulation of human MHC class I molecule expression on
cancer cells. Cancer Immunol. Res. 4, 936–947 https://doi.org/10.1158/2326-6066.CIR-16-0177

54 Oh, C.Y., Klatt, M.G., Bourne, C., Dao, T., Dacek, M.M., Brea, E.J. et al. (2019) ALK and RET inhibitors promote HLA class I antigen presentation and
unmask New antigens within the tumor immunopeptidome. Cancer Immunol. Res. 7, 1984–1997 https://doi.org/10.1158/2326-6066.CIR-19-0056

55 Chen, H., Liu, H. and Qing, G. (2018) Targeting oncogenic Myc as a strategy for cancer treatment. Signal Transduct. Target. Ther. 3, 5 https://doi.org/
10.1038/s41392-018-0008-7

56 Bernards, R., Dessain, S.K. and Weinberg, R.A. (1986) N-myc amplification causes down-modulation of MHC class I antigen expression in
neuroblastoma. Cell 47, 667–674 https://doi.org/10.1016/0092-8674(86)90509-x

57 Versteeg, R., Noordermeer, I.A., Krüse-Wolters, M. and Ruiter, D.J. (1988) Schrier PI. c-myc down-regulates class I HLA expression in human
melanomas. EMBO J. 7, 1023–1029 https://doi.org/10.1002/j.1460-2075.1988.tb02909.x

58 Krenz, B., Gebhardt-Wolf, A., Ade, C.P., Gaballa, A., Roehrig, F., Vendelova, E. et al. (2021) MYC- and MIZ1-dependent vesicular transport of
double-strand RNA controls immune evasion in pancreatic ductal adenocarcinoma. Cancer Res. 81, 4242 https://doi.org/10.1158/0008-5472.
CAN-21-1677

59 Mari, L., Hoefnagel, S.J.M., Zito, D., van de Meent, M., van Endert, P., Calpe, S. et al. (2018) microRNA 125a regulates MHC-I expression on
esophageal adenocarcinoma cells, associated With suppression of antitumor immune response and poor outcomes of patients. Gastroenterology 155,
784–798 https://doi.org/10.1053/j.gastro.2018.06.030

60 Zheng, J., Yang, T., Gao, S., Cheng, M., Shao, Y., Xi, Y. et al. (2021) miR-148a-3p silences the CANX/MHC-I pathway and impairs CD8(+) T
cell-mediated immune attack in colorectal cancer. FASEB J. 35, e21776 https://doi.org/10.1096/fj.202100235R

61 Forterre, A., Komuro, H., Aminova, S. and Harada, M. (2020) A comprehensive review of cancer microRNA therapeutic delivery strategies. Cancers 12,
1852 https://doi.org/10.3390/cancers12071852

62 Hu, Q., Ye, Y., Chan, L.-C., Li, Y., Liang, K., Lin, A. et al. (2019) Oncogenic lncRNA downregulates cancer cell antigen presentation and intrinsic tumor
suppression. Nat. Immunol. 20, 835–851 https://doi.org/10.1038/s41590-019-0400-7

63 Li, H., Xiong, H.-G., Xiao, Y., Yang, Q.-C., Yang, S.-C., Tang, H.-C. et al. (2020) Long Non-coding RNA LINC02195 as a regulator of MHC I molecules
and favorable prognostic marker for head and neck squamous cell carcinoma. Front. Oncol. 10, 615 https://doi.org/10.3389/fonc.2020.00615

64 Meusser, B., Hirsch, C., Jarosch, E. and Sommer, T. (2005) ERAD: the long road to destruction. Nat. Cell Biol. 7, 766–772 https://doi.org/10.1038/
ncb0805-766

65 Wang, Y., Wang, X., Cui, X., Zhuo, Y., Li, H., Ha, C. et al. (2020) Oncoprotein SND1 hijacks nascent MHC-I heavy chain to ER-associated degradation,
leading to impaired CD8(+) T cell response in tumor. Sci. Adv. 6, eaba5412 https://doi.org/10.1126/sciadv.aba5412

66 Fang, Y., Wang, L., Wan, C., Sun, Y., van der Jeught, K., Zhou, Z. et al. (2021) MAL2 drives immune evasion in breast cancer by suppressing tumor
antigen presentation. J. Clin. Invest. 131, e140837 https://doi.org/10.1172/JCI140837

67 Jongsma, M.L.M., de Waard, A.A., Raaben, M., Zhang, T., Cabukusta, B., Platzer, R. et al. (2021) The SPPL3-defined glycosphingolipid repertoire
orchestrates HLA class I-mediated immune responses. Immunity 54, 132–150.e9 https://doi.org/10.1016/j.immuni.2020.11.003

68 Yang, A., Herter-Sprie, G., Zhang, H., Lin, E.Y., Biancur, D., Wang, X. et al. (2018) Autophagy sustains pancreatic cancer growth through both
cell-autonomous and nonautonomous mechanisms. Cancer Discov. 8, 276 https://doi.org/10.1158/2159-8290.CD-17-0952

69 Yamamoto, K., Venida, A., Yano, J., Biancur, D.E., Kakiuchi, M., Gupta, S. et al. (2020) Autophagy promotes immune evasion of pancreatic cancer by
degrading MHC-I. Nature 581, 100–105 https://doi.org/10.1038/s41586-020-2229-5

70 O’Reilly, E.M., Oh, D.-Y., Dhani, N., Renouf, D.J., Lee, M.A., Sun, W. et al. (2019) Durvalumab with or without tremelimumab for patients With
metastatic pancreatic ductal adenocarcinoma: a phase 2 randomized clinical trial. JAMA Oncol. 5, 1431–1438 https://doi.org/10.1001/jamaoncol.2019.
1588

71 Tay, R.E., Richardson, E.K. and Toh, H.C. (2021) Revisiting the role of CD4+ T cells in cancer immunotherapy—new insights into old paradigms. Cancer
Gene Ther. 28, 5–17 https://doi.org/10.1038/s41417-020-0183-x

72 Nishimura, T., Iwakabe, K., Sekimoto, M., Ohmi, Y., Yahata, T., Nakui, M. et al. (1999) Distinct role of antigen-specific T helper type 1 (Th1) and Th2
cells in tumor eradication in vivo. J. Exp. Med. 190, 617–627 https://doi.org/10.1084/jem.190.5.617

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 835

Biochemical Society Transactions (2022) 50 825–837
https://doi.org/10.1042/BST20210961

https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1016/j.devcel.2019.06.011
https://doi.org/10.1016/j.cell.2016.08.069
https://doi.org/10.1158/2159-8290.cd-16-1223
https://doi.org/10.1158/2159-8290.cd-16-1223
https://doi.org/10.1158/2159-8290.cd-16-1223
https://doi.org/10.1158/2159-8290.cd-16-1223
https://doi.org/10.1038/nature23477
https://doi.org/10.1038/ncomms15440
https://doi.org/10.1126/scitranslmed.abb0152
https://doi.org/10.1126/scitranslmed.abb0152
https://doi.org/10.1073/pnas.90.24.11568
https://doi.org/10.1016/j.molmed.2007.09.002
https://doi.org/10.1128/MCB.21.1.61-72.2001
https://doi.org/10.1128/MCB.21.1.61-72.2001
https://doi.org/10.1128/MCB.21.1.61-72.2001
https://doi.org/10.1158/2326-6066.CIR-16-0177
https://doi.org/10.1158/2326-6066.CIR-16-0177
https://doi.org/10.1158/2326-6066.CIR-16-0177
https://doi.org/10.1158/2326-6066.CIR-16-0177
https://doi.org/10.1158/2326-6066.CIR-19-0056
https://doi.org/10.1158/2326-6066.CIR-19-0056
https://doi.org/10.1158/2326-6066.CIR-19-0056
https://doi.org/10.1158/2326-6066.CIR-19-0056
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1016/0092-8674(86)90509-x
https://doi.org/10.1016/0092-8674(86)90509-x
https://doi.org/10.1016/0092-8674(86)90509-x
https://doi.org/10.1002/j.1460-2075.1988.tb02909.x
https://doi.org/10.1002/j.1460-2075.1988.tb02909.x
https://doi.org/10.1158/0008-5472.CAN-21-1677
https://doi.org/10.1158/0008-5472.CAN-21-1677
https://doi.org/10.1158/0008-5472.CAN-21-1677
https://doi.org/10.1158/0008-5472.CAN-21-1677
https://doi.org/10.1158/0008-5472.CAN-21-1677
https://doi.org/10.1053/j.gastro.2018.06.030
https://doi.org/10.1096/fj.202100235R
https://doi.org/10.3390/cancers12071852
https://doi.org/10.1038/s41590-019-0400-7
https://doi.org/10.1038/s41590-019-0400-7
https://doi.org/10.1038/s41590-019-0400-7
https://doi.org/10.1038/s41590-019-0400-7
https://doi.org/10.3389/fonc.2020.00615
https://doi.org/10.1038/ncb0805-766
https://doi.org/10.1038/ncb0805-766
https://doi.org/10.1038/ncb0805-766
https://doi.org/10.1126/sciadv.aba5412
https://doi.org/10.1172/JCI140837
https://doi.org/10.1016/j.immuni.2020.11.003
https://doi.org/10.1158/2159-8290.CD-17-0952
https://doi.org/10.1158/2159-8290.CD-17-0952
https://doi.org/10.1158/2159-8290.CD-17-0952
https://doi.org/10.1158/2159-8290.CD-17-0952
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1038/s41417-020-0183-x
https://doi.org/10.1038/s41417-020-0183-x
https://doi.org/10.1038/s41417-020-0183-x
https://doi.org/10.1038/s41417-020-0183-x
https://doi.org/10.1084/jem.190.5.617
https://creativecommons.org/licenses/by/4.0/


73 Roche, P.A. and Furuta, K. (2015) The ins and outs of MHC class II-mediated antigen processing and presentation. Nat. Rev. Immunol. 15, 203–216
https://doi.org/10.1038/nri3818

74 Borst, J., Ahrends, T., Bab̨ała, N., Melief, C.J.M. and Kastenmüller, W. (2018) CD4+ t cell help in cancer immunology and immunotherapy. Nat. Rev.
Immunol. 18, 635–647 https://doi.org/10.1038/s41577-018-0044-0

75 Driessens, G., Kline, J. and Gajewski, T.F. (2009) Costimulatory and coinhibitory receptors in anti-tumor immunity. Immunol. Rev. 229, 126–144
https://doi.org/10.1111/j.1600-065X.2009.00771.x

76 Shibahara, I., Saito, R., Zhang, R., Chonan, M., Shoji, T., Kanamori, M. et al. (2015) OX40 ligand expressed in glioblastoma modulates adaptive
immunity depending on the microenvironment: a clue for successful immunotherapy. Mol. Cancer 14, 41 https://doi.org/10.1186/s12943-015-0307-3

77 Jilaveanu, L.B., Sznol, J., Aziz, S.A., Duchen, D., Kluger, H.M. and Camp, R.L. (2012) CD70 expression patterns in renal cell carcinoma. Hum. Pathol.
43, 1394–1399 https://doi.org/10.1016/j.humpath.2011.10.014

78 Forero, A., Li, Y., Chen, D., Grizzle, W.E., Updike, K.L., Merz, N.D. et al. (2016) Expression of the MHC class II pathway in triple-negative breast cancer
tumor cells is associated with a good prognosis and infiltrating lymphocytes. Cancer Immunol. Res. 4, 390–399 https://doi.org/10.1158/2326-6066.
CIR-15-0243

79 Johnson, D.B., Estrada, M.V., Salgado, R., Sanchez, V., Doxie, D.B., Opalenik, S.R. et al. (2016) Melanoma-specific MHC-II expression represents a
tumour-autonomous phenotype and predicts response to anti-PD-1/PD-L1 therapy. Nat. Commun. 7, 10582 https://doi.org/10.1038/ncomms10582

80 Johnson, A.M., Bullock, B.L., Neuwelt, A.J., Poczobutt, J.M., Kaspar, R.E., Li, H.Y. et al. (2020) Cancer cell-Intrinsic expression of MHC class II
regulates the immune microenvironment and response to anti-PD-1 therapy in lung adenocarcinoma. J. Immunol. 204, 2295–2307 https://doi.org/10.
4049/jimmunol.1900778

81 Rodig, S.J., Gusenleitner, D., Jackson, D.G., Gjini, E., Giobbie-Hurder, A., Jin, C. et al. (2018) MHC proteins confer differential sensitivity to CTLA-4 and
PD-1 blockade in untreated metastatic melanoma. Sci. Transl. Med. 10, eaar3342 https://doi.org/10.1126/scitranslmed.aar3342

82 Pyke R, M., Thompson, W.K., Salem, R.M., Font-Burgada, J., Zanetti, M. and Carter, H. (2018) Evolutionary pressure against MHC class II binding
cancer mutations. Cell 175, 416–428.e13 https://doi.org/10.1016/j.cell.2018.08.048

83 Seliger, B., Kloor, M. and Ferrone, S. (2017) HLA class II antigen-processing pathway in tumors: molecular defects and clinical relevance.
Oncoimmunology 6, e1171447 https://doi.org/10.1080/2162402X.2016.1171447

84 Singer, D. and Devaiah, B. (2013) CIITA and Its dual roles in MHC gene transcription. Front. Immunol. 4, 476 https://doi.org/10.3389/fimmu.2013.
00476

85 Muhlethaler-Mottet, A., Otten, L.A., Steimle, V. and Mach, B. (1997) Expression of MHC class II molecules in different cellular and functional
compartments is controlled by differential usage of multiple promoters of the transactivator CIITA. EMBO J. 16, 2851–2860 https://doi.org/10.1093/
emboj/16.10.2851

86 Muhlethaler-Mottet, A., di Berardino, W., Otten, L.A. and Mach, B. (1998) Activation of the MHC class II transactivator CIITA by interferon-gamma
requires cooperative interaction between Stat1 and USF-1. Immunity 8, 157–166 https://doi.org/10.1016/s1074-7613(00)80468-9

87 Steidl, C., Shah, S.P., Woolcock, B.W., Rui, L., Kawahara, M., Farinha, P. et al. (2011) MHC class II transactivator CIITA is a recurrent gene fusion
partner in lymphoid cancers. Nature 471, 377–381 https://doi.org/10.1038/nature09754

88 Mottok, A., Woolcock, B., Chan, F.C., Tong, K.M., Chong, L., Farinha, P. et al. (2015) Genomic alterations in CIITA are frequent in primary mediastinal
large B cell lymphoma and are associated with diminished MHC class II expression. Cell Rep. 13, 1418–1431 https://doi.org/10.1016/j.celrep.2015.10.
008

89 Janitz, M., Reiners-Schramm, L., Muhlethaler-Mottet, A., Rosowski, M. and Lauster, R. (2001) Analysis of the sequence polymorphism within class II
transactivator gene promoters. Exp. Clin. Immunogenet. 18, 199–205 https://doi.org/10.1159/000049198

90 Surmann, E.-M., Voigt, A.Y., Michel, S., Bauer, K., Reuschenbach, M., Ferrone, S. et al. (2015) Association of high CD4-positive T cell infiltration with
mutations in HLA class II-regulatory genes in microsatellite-unstable colorectal cancer. Cancer Immunol. Immunother. 64, 357–366 https://doi.org/10.
1007/s00262-014-1638-4

91 Michel, S., Linnebacher, M., Alcaniz, J., Voss, M., Wagner, R., Dippold, W. et al. (2010) Lack of HLA class II antigen expression in microsatellite
unstable colorectal carcinomas is caused by mutations in HLA class II regulatory genes. Int. J. Cancer 127, 889–898 https://doi.org/10.1002/ijc.25106

92 Satoh, A., Toyota, M., Ikeda, H., Morimoto, Y., Akino, K., Mita, H. et al. (2004) Epigenetic inactivation of class II transactivator (CIITA) is associated with
the absence of interferon-gamma-induced HLA-DR expression in colorectal and gastric cancer cells. Oncogene 23, 8876–8886 https://doi.org/10.1038/
sj.onc.1208144

93 Hu, J.M., Li, L., Chen, Y.Z., Liu, C., Cui, X., Yin, L. et al. (2014) HLA-DRB1 and HLA-DQB1 methylation changes promote the occurrence and
progression of Kazakh ESCC. Epigenetics 9, 1366–1373 https://doi.org/10.4161/15592294.2014.969625

94 Beresford, G.W. and Boss, J.M. (2001) CIITA coordinates multiple histone acetylation modifications at the HLA-DRA promoter. Nat. Immunol. 2,
652–657 https://doi.org/10.1038/89810

95 Green, M.R., Kihira, S., Liu, C.L., Nair, R.V., Salari, R., Gentles, A.J. et al. (2015) Mutations in early follicular lymphoma progenitors are associated with
suppressed antigen presentation. Proc. Natl Acad. Sci. U.S.A. 112, E1116–E1125 https://doi.org/10.1073/pnas.1501199112

96 Hashwah, H., Schmid, C.A., Kasser, S., Bertram, K., Stelling, A., Manz, M.G. et al. (2017) Inactivation of CREBBP expands the germinal center B cell
compartment, down-regulates MHCII expression and promotes DLBCL growth. Proc. Natl Acad. Sci. U.S.A. 114, 9701 https://doi.org/10.1073/pnas.
1619555114

97 Suzuki, K. and Luo, Y. (2017) Chapter Four - Histone Acetylation and the Regulation of Major Histocompatibility Class II Gene Expression. In Chromatin
Remodelling and Immunity (Donev, R.B.T., ed.), vol. 106, pp. 71–111, Academic Press, Cambridge, Massachusetts, United States

98 Chou, S.-D., Khan, A.N.H., Magner, W.J. and Tomasi, T.B. (2005) Histone acetylation regulates the cell type specific CIITA promoters, MHC class II
expression and antigen presentation in tumor cells. Int. Immunol. 17, 1483–1494 https://doi.org/10.1093/intimm/dxh326

99 Cycon, K.A., Mulvaney, K., Rimsza, L.M., Persky, D. and Murphy, S.P. (2013) Histone deacetylase inhibitors activate CIITA and MHC class II antigen
expression in diffuse large B-cell lymphoma. Immunology 140, 259–272 https://doi.org/10.1111/imm.12136

100 Xi, H. and Blanck, G. (2000) Interferon regulatory factor-2 point mutations in human pancreatic tumors. Int. J. Cancer 87, 803–808 https://doi.org/10.
1002/1097-0215(20000915)87:6<803::AID-IJC7>3.0.CO;2-E

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).836

Biochemical Society Transactions (2022) 50 825–837
https://doi.org/10.1042/BST20210961

https://doi.org/10.1038/nri3818
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1111/j.1600-065X.2009.00771.x
https://doi.org/10.1111/j.1600-065X.2009.00771.x
https://doi.org/10.1186/s12943-015-0307-3
https://doi.org/10.1186/s12943-015-0307-3
https://doi.org/10.1186/s12943-015-0307-3
https://doi.org/10.1186/s12943-015-0307-3
https://doi.org/10.1016/j.humpath.2011.10.014
https://doi.org/10.1158/2326-6066.CIR-15-0243
https://doi.org/10.1158/2326-6066.CIR-15-0243
https://doi.org/10.1158/2326-6066.CIR-15-0243
https://doi.org/10.1158/2326-6066.CIR-15-0243
https://doi.org/10.1158/2326-6066.CIR-15-0243
https://doi.org/10.1038/ncomms10582
https://doi.org/10.4049/jimmunol.1900778
https://doi.org/10.4049/jimmunol.1900778
https://doi.org/10.1126/scitranslmed.aar3342
https://doi.org/10.1016/j.cell.2018.08.048
https://doi.org/10.1080/2162402X.2016.1171447
https://doi.org/10.3389/fimmu.2013.00476
https://doi.org/10.3389/fimmu.2013.00476
https://doi.org/10.1093/emboj/16.10.2851
https://doi.org/10.1093/emboj/16.10.2851
https://doi.org/10.1016/s1074-7613(00)80468-9
https://doi.org/10.1016/s1074-7613(00)80468-9
https://doi.org/10.1016/s1074-7613(00)80468-9
https://doi.org/10.1038/nature09754
https://doi.org/10.1016/j.celrep.2015.10.008
https://doi.org/10.1016/j.celrep.2015.10.008
https://doi.org/10.1159/000049198
https://doi.org/10.1007/s00262-014-1638-4
https://doi.org/10.1007/s00262-014-1638-4
https://doi.org/10.1007/s00262-014-1638-4
https://doi.org/10.1007/s00262-014-1638-4
https://doi.org/10.1007/s00262-014-1638-4
https://doi.org/10.1002/ijc.25106
https://doi.org/10.1038/sj.onc.1208144
https://doi.org/10.1038/sj.onc.1208144
https://doi.org/10.4161/15592294.2014.969625
https://doi.org/10.1038/89810
https://doi.org/10.1073/pnas.1501199112
https://doi.org/10.1073/pnas.1619555114
https://doi.org/10.1073/pnas.1619555114
https://doi.org/10.1093/intimm/dxh326
https://doi.org/10.1111/imm.12136
https://doi.org/10.1002/1097-0215(20000915)87:6%3C803::AID-IJC7%3E3.0.CO;2-E
https://doi.org/10.1002/1097-0215(20000915)87:6%3C803::AID-IJC7%3E3.0.CO;2-E
https://doi.org/10.1002/1097-0215(20000915)87:6%3C803::AID-IJC7%3E3.0.CO;2-E
https://doi.org/10.1002/1097-0215(20000915)87:6%3C803::AID-IJC7%3E3.0.CO;2-E
https://doi.org/10.1002/1097-0215(20000915)87:6%3C803::AID-IJC7%3E3.0.CO;2-E
https://creativecommons.org/licenses/by/4.0/


101 Kriegsman, B.A., Vangala, P., Chen, B.J., Meraner, P., Brass, A.L., Garber, M. et al. (2019) Frequent loss of IRF2 in cancers leads to immune evasion
through decreased MHC class I antigen presentation and increased PD-L1 expression. J. Immunol. 203, 1999–2010 https://doi.org/10.4049/jimmunol.
1900475

102 Neuwelt, A.J., Kimball, A.K., Johnson, A.M., Arnold, B.W., Bullock, B.L., Kaspar, R.E. et al. (2020) Cancer cell-intrinsic expression of MHC II in lung
cancer cell lines is actively restricted by MEK/ERK signaling and epigenetic mechanisms. J. Immunother. Cancer 8, e000441 https://doi.org/10.1136/
jitc-2019-000441

103 Yazawa, T., Ito, T., Kamma, H., Suzuki, T., Okudela, K., Hayashi, H. et al. (2002) Complicated mechanisms of class II transactivator transcription
deficiency in small cell lung cancer and neuroblastoma. Am. J. Pathol. 161, 291–300 https://doi.org/10.1016/S0002-9440(10)64181-8

104 God, J.M., Cameron, C., Figueroa, J., Amria, S., Hossain, A., Kempkes, B. et al. (2015) Elevation of c-MYC disrupts HLA class II-mediated immune
recognition of human B cell tumors. J. Immunol. 194, 1434–1445 https://doi.org/10.4049/jimmunol.1402382

105 Hwang, E.S., Kim, D.W., Hwang, J.H., Jung, H.S., Suh, J.M., Park, Y.J. et al. (2004) Regulation of signal transducer and activator of transcription 1
(STAT1) and STAT1-dependent genes by RET/PTC (rearranged in transformation/papillary thyroid carcinoma) oncogenic tyrosine kinases. Mol. Endocrinol.
18, 2672–2684 https://doi.org/10.1210/me.2004-0168

106 Lu, Y., Tschickardt, M.E., Schmidt, B.J. and Blanck, G. (1997) IFN-gamma inducibility of class II transactivator is specifically lacking in human tumour
lines: relevance to retinoblastoma protein rescue of IFN-gamma inducibility of the HLA class II genes. Immunol. Cell Biol. 75, 325–332 https://doi.org/
10.1038/icb.1997.50

107 Piskurich, J.F., Lin, K.I., Lin, Y., Wang, Y., Ting, J.P. and Calame, K. (2000) BLIMP-I mediates extinction of major histocompatibility class II transactivator
expression in plasma cells. Nat. Immunol. 1, 526–532 https://doi.org/10.1038/82788

108 Hung, K.-H., Su, S.-T., Chen, C.-Y., Hsu, P.-H., Huang, S.-Y., Wu, W.-J. et al. (2016) Aiolos collaborates with Blimp-1 to regulate the survival of
multiple myeloma cells. Cell Death Differ. 23, 1175–1184 https://doi.org/10.1038/cdd.2015.167

109 Jiang, Y., Arase, N., Kohyama, M., Hirayasu, K., Suenaga, T., Jin, H. et al. (2013) Transport of misfolded endoplasmic reticulum proteins to the cell
surface by MHC class II molecules. Int. Immunol. 25, 235–246 https://doi.org/10.1093/intimm/dxs155

110 Thibodeau, J., Bourgeois-Daigneault, M.-C. and Lapointe, R. (2012) Targeting the MHC class II antigen presentation pathway in cancer immunotherapy.
Oncoimmunology 1, 908–916 https://doi.org/10.4161/onci.21205

111 Chamuleau, M.E.D., Souwer, Y., van Ham, S.M., Zevenbergen, A., Westers, T.M., Berkhof, J. et al. (2004) Class II-associated invariant chain peptide
expression on myeloid leukemic blasts predicts poor clinical outcome. Cancer Res. 64, 5546–5550 https://doi.org/10.1158/0008-5472.CAN-04-1350

112 Callahan, M.J., Nagymanyoki, Z., Bonome, T., Johnson, M.E., Litkouhi, B., Sullivan, E.H. et al. (2008) Increased HLA-DMB expression in the tumor
epithelium is associated with increased CTL infiltration and improved prognosis in advanced-stage serous ovarian cancer. Clin. Cancer Res. 14,
7667–7673 https://doi.org/10.1158/1078-0432.CCR-08-0479

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 837

Biochemical Society Transactions (2022) 50 825–837
https://doi.org/10.1042/BST20210961

https://doi.org/10.4049/jimmunol.1900475
https://doi.org/10.4049/jimmunol.1900475
https://doi.org/10.1136/jitc-2019-000441
https://doi.org/10.1136/jitc-2019-000441
https://doi.org/10.1136/jitc-2019-000441
https://doi.org/10.1136/jitc-2019-000441
https://doi.org/10.1016/S0002-9440(10)64181-8
https://doi.org/10.1016/S0002-9440(10)64181-8
https://doi.org/10.1016/S0002-9440(10)64181-8
https://doi.org/10.4049/jimmunol.1402382
https://doi.org/10.1210/me.2004-0168
https://doi.org/10.1210/me.2004-0168
https://doi.org/10.1038/icb.1997.50
https://doi.org/10.1038/icb.1997.50
https://doi.org/10.1038/82788
https://doi.org/10.1038/cdd.2015.167
https://doi.org/10.1093/intimm/dxs155
https://doi.org/10.4161/onci.21205
https://doi.org/10.1158/0008-5472.CAN-04-1350
https://doi.org/10.1158/0008-5472.CAN-04-1350
https://doi.org/10.1158/0008-5472.CAN-04-1350
https://doi.org/10.1158/0008-5472.CAN-04-1350
https://doi.org/10.1158/1078-0432.CCR-08-0479
https://doi.org/10.1158/1078-0432.CCR-08-0479
https://doi.org/10.1158/1078-0432.CCR-08-0479
https://doi.org/10.1158/1078-0432.CCR-08-0479
https://creativecommons.org/licenses/by/4.0/

	Regulation of the antigen presentation machinery in cancer and its implication for immune surveillance
	Abstract
	Introduction
	MHC-I
	MHC-I function and antigen processing pathway
	Immune evasion through down-regulation of MHC-I in cancer
	Genetic mechanisms of MHC-I loss
	Loss of heterozygosity
	Somatic mutations

	Epigenetic silencing
	DNA hypermethylation
	Histone regulation

	Transcriptional modulation of MHC-I
	IFNΓ-dependent
	IFNΓ-independent
	Transcriptional regulations associated with oncogenic drivers

	Post transcriptional MHC-I regulation of
	MicroRNAs (miRNAs)
	Long non-coding RNAs (lncRNAs)

	Post translational regulation of MHC-I

	MHC-II
	MHC-II function and processing pathway
	Immune evasion through down-regulation of MHC-II in cancer
	Genetic mechanisms of MHC-II down-regulation
	Epigenetic silencing
	DNA hypermethylation
	Histone regulation

	Transcriptional modulation of MHC-II
	Regulation of MHC-II antigen binding

	Conclusions
	Competing Interests
	Funding
	Open Access
	Author Contributions
	References


