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Abstract

Cancer cells need to escape immune surveillance for successful tumor growth. Loss of MHC class
I has been described as a major immune evasion strategy in many cancers. MHC class |
transactivator (CITA), NLRCS, has found to be a key transcription coactivator of MHC class |
genes. Recent genetic studies revealed that NLRC5 is a major target for cancer immune evasion
mechanism. The reduced expression or activity of NLRC5 caused by promoter methylation, copy
number loss, or somatic mutations is associated with defective MHC class | expression, impaired
cytotoxic T cell activation and poor patient prognosis. Here we review the role of NLRC5 in
cancer immune evasion and the future prospects for cancer research.
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NLRC5/CITA and cancer

In 1909 Paul Ehrlich first proposed the idea that the human immune system usually surveys
and suppresses cancerous cells [1]. In the 1950-60’s, Macfarlane Burnet and Lewis Tomas
advocated the theory of cancer immune surveillance where the immune system can
recognize cancer cells through tumor-specific antigens [2-5]. Since then, many studies
revealed that cancer cells develop various strategies in order to escape from the immune
system [6, 7]. Impaired function of the Major Histocompatibility Complex (MHC) class |
antigen presentation pathway has been known as a major factor for cancer immune evasion
[8-10]. The discovery of CITA, known as NLRC5 [nucleotide-binding domain and leucine-
rich repeats containing (NLR) family, caspase activation and recruitment domain (CARD)
domain containing 5], a key co-transactivator of the genes involved in MHC class | pathway,
including HLA-A, HLA-B, HLA-C, p2-microglobulin (BZM), immunoproteasome
components (L MP)2, L MP7 and transporter associated with antigen processing 1 ( 7APJ)
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[11, 12], pointed towards the idea that NLRC5 may play an important role in immune
evasion of cancers. The idea is supported by the recent mouse and human studies showing
that NLRCS5 plays a pivotal role in tumor immunity by regulating the expression of MHC
class | genes [13, 14]. Here we discuss the role of NLRCS5 in cancer immune evasion and its
future potential for diagnosis and treatments.

NLRC5: a key regulator of MHC class | gene expression

MHC class |

MHC class |

MHC class | molecules are composed of a polymorphic a chain and a non-polymorphic
invariant B chain (B2M) linked by a non-covalent interaction. MHC class | genes are
categorized into classical (MHC class la) (HLA-A, -B, -C, see Glossary) or non-classical
(MHC class Ib) (HLA-E, -F, -G, see Glossary) genes [15, 16]. The antigenic peptides are
produced from antigens in the cytoplasm, such as from cancer or bacterial antigens through
proteasomal digestion by the immunoproteasome complex (Figure 1). These degraded
peptides are then transported to the endoplasmic reticulum (ER) through TAP1 and TAP2.
MHC class | molecules are loaded with the antigenic peptides in the lumen of the ER with
the aid of the peptide loading complex (PLC) [17]. These peptide loaded MHC class |
molecules are exported to the cell surface and presented to CD8* T cells to elicit the antigen-
specific CD8* T cell activation (Figure 1).

promoter

MHC class | molecules are expressed in all nucleated cells and are induced by type I (IFN-
a/B) and type Il (IFN-vy) interferons [18]. The MHC class | promoter encompasses
conserved cis regulatory elements of enhancer A, the interferon stimulated response element
(ISRE), and the SXY module, which includes W/S, X1, X2, and Y boxes [19]. The
bidirectional promoter shared by TAP1 and LMP2 genes also contains a SXY module [20].
Constitutive and inducible transactivation of MHC class | genes are dependent on these cis-
regulatory elements. Enhancer A contains one or two nuclear factor-xB (NF-xB) binding
sites, whereas interferon regulatory factor 1 (IRF1) binds to ISRE [21]. While X1 box in the
SXY module is bound by the regulatory factor X (RFX) complex, X2 box is bound by
CREB or ATF1, and the Y box is bound by the NFY complex [19, 22]. These constitutively
expressed proteins are assembled on the SXY module of the MHC class | promoter as a
multi-protein/DNA complex termed enhanceosome [23-25]. NLRCS5 binds to this
multiprotein complex to form the CITA enhanceosome (see Text Box 1 for further details)
and in turn transactivates MHC class | and related genes [26-28].

NLRC5 as MHC Class | Transactivator

NLRCS5 belongs to NLR protein family and holds a tripartite structure similar to other NLR
proteins. NLRC5 consists of an atypical N-terminal CARD, centrally located nucleotide-
binding domain (NBD), and long C-terminal leucine-rich repeats (LRRs) [27, 29-31].
NLRC5is expressed in various human and mouse tissues, with high expression in
hematopoietic cells [12, 29, 31-33]. Although NLRC5 expression is observed in non-
hematopoietic tissues at various degrees, NLRC5 contribution to MHC expression in these
tissues requires accurate exclusion of blood and tissue resident hematopoietic cells, which
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remains to be performed [26, 31]. Despite lacking a DNA-binding domain, NLRC5 can
specifically associate with other DNA-binding proteins that are recruited to the SXY module
of the MHC class | promoter to form the CITA enhanceosome (see Text Box 1 for further
details) [12, 20, 26, 27, 32—-36]. NLRCS5 is involved in the trans-activation of the expression
of genes involved in MHC class | antigen presentation pathway including classical MHC
class la, non-classical MHC class Ib, BZM, LMPZ, LMP7, and TAP1[13, 20, 26, 27, 32].

NLRC5-mediated transactivation of MHC class | requires functional W/S, X1 and X2 motifs
on the MHC class | promoter [35]. Particularly, NLRC5-dependent MHC class | gene
expression requires the conserved consensus motif “TAACCTG” in the W/S box [20, 35].
NLRCS interacts with the ankyrin repeats of RFXB (also known as RFXANK) protein in the
RFX trimeric complex, which is bound to the X1 box [27]. RFXB lacks a DNA binding
domain and hence binds through RFX5 and RFXAP, which possess the binding domain [37].
It has been shown that NLRCS5 cooperates with CREB/ATF1 for the transactivation of MHC
class I genes [35, 38]. However, NFY binding to the Y box or interaction of NLRC5 with
NFY is yet to be determined [12, 27, 33, 36]. NLRC5 cooperates with chromatin remodeling
enzymes such as histone acetyltransferases (e.g., GCN5, PCAF) that aid the NLRC5-
dependent MHC class | promoter activation through epigenetic regulation [12, 27, 34].
Similar to MHC class I, NLRC5 expression is also induced by IFN-y as well as less potently
by type I IFNs through the activation of STAT1 [31, 39].

In vivo role of NLRC5 in class I-mediated immune responses

Several studies using N/rc5-deficient mice demonstrated the critical /n vivorole of NLRC5
in MHC class I-dependent antigen presentation. The dependence of MHC class | expression
on NLRC5 was confirmed by observation of impaired expression of classical and non-
classical MHC class-1 genes (HZ2Db, H2Kb, H2-M3, H2-Qal, and T/a) and genes involved
in MHC class | antigen presentation pathways such as 82m, Tap1, LmpZ2in the thymus and
spleen of N/rc5-deficient mice [31, 32, 34, 40]. IFN-y could not rescue the impaired
expression of MHC class | genes, suggesting that NLRCS5 is important for both constitutive
and inducible gene expression [32]. Furthermore, non-lymphoid organs such as the kidney
and intestine also show an impaired MHC class | expression [32]. In contrast, NV/rc5
deficiency has no effect on the expression of MHC class Il transactivator (CIITA) or MHC
class Il genes (H2-Aa), indicative of a strict specificity of NLRCS5 for the activation of
MHC class | [31, 32, 34]. Mice deficient in AV/rc5showed severe reduction in the surface
expression of MHC class | (H2-D, H2-K) in CD4* and CD8* T cells, a significant defect in
B cells, an intermediate reduction in macrophages, and a moderate defect in the bone-
marrow derived dendritic cells (DCs) [31, 32, 34, 41]. The moderate decrease of expression
of MHC class | molecules on the surface of DCs points towards the presence of
compensatory mechanism to rescue the MHC class | deficiency in these antigen-presenting
cells (see Outstanding Questions). This fact indicates that regulation of MHC class |
expression by NLRCS is cell type dependent.

The role of NLRC5 in CD8* T cell activation was also elucidated using NV/rc5-deficient
mice. While mice deficient in Ciitashow drastic reduction in CD4* T cells, mice deficient in
Nire5 exhibit only a mild decrease in CD8* T cells in peripheral lymphoid organs [31, 32].
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The impaired proliferation and cytotoxic activity of CD8* T cells co-cultured with Ni/rc5-
deficient antigen presenting cells in the presence of a specific antigenic peptide
demonstrated a critical role for NLRC5 in MHC class I-dependent CD8* T cell activation
[31, 32].

Moreover, the role of NLRC5 in host protection against intracellular pathogens was
demonstrated in infection studies. AV/rc5-deficient mice infected with Listeria
monocytogenes showed an impaired induction of antigen-specific CD8" T cell response and
had higher bacterial loads in the spleen and liver, highlighting the role of NLRC5-dependent
CDS8™ T cell response in pathogen clearance [32, 40]. The role played by NLRC5 in the
regulation of IFN-y production through MHC class I-mediated CD8" T cell activation, and
the role of IFN-y in the upregulation of NLRC5 expression suggest the existence of positive
feedback loop for MHC class I-dependent immune responses. The IFN-y-NLRC5-MHC
class | axis of immune system is essential for a CD8" T cell response and the efficient
killing of intracellular pathogens.

NLRC5-mediated MHC class | expression in cancer

Most cancer cells are normally eliminated by the host immune surveillance system. Anti-
tumor immune responses consist of multi-step processes, starting with the generation of
cancer-specific antigenic peptides till the elimination of unwanted tumor cells [6, 7].
Antigens produced from cancer cells are captured by DCs for processing at the tumor site.
These DCs migrate to regional lymph nodes and present the captured antigens to T cells,
which provoke the response against cancer-specific antigens. The activated effector T cells,
in turn traffic and infiltrate into the tumor site. The T cell receptor (TCR) on the cytotoxic T
cells recognize the antigen-MHC class | complex on the surface of target cancer cell.
Eventually, the cytotoxic T cells release the cytotoxic granules, such as perforin and
granzymes to Kill the target cancer cells [6, 7, 42].

Recent studies using both mouse models and human cancer patient samples revealed that
NLRCS is critical for anti-cancer immunity through the activation of cytotoxic CD8" T cells.
Using mouse models, Rodriguez et al. showed that NLRCS5 elicits antitumor immunity by
enhancing processing and presentation of tumor antigens to CD8* T cells [13]. Mouse
melanoma cell lines stably transfected with NLRCS5 exhibited high expression level of MHC
class | genes, LMP2, LMP7and TAPI[13]. These cells were able to present melanoma
antigens, particularly when co-transfected with the co-stimulatory molecule CD80, and
elicited CD8™ T cell activation efficiently. Upon subcutaneous implantation, melanoma cells
showed markedly reduced tumor growth in C57BL/6 host but not in Rag-1~~ mice [13].
These findings indicate that NLRCS5 is crucial for CD8* T cell-mediated antitumor
immunity via MHC class I-dependent antigen presentation. In humans, Yoshihama et a!.
showed that NLRCS is also essential for MHC class I-dependent CD8* T cell-mediated
tumor immunity by analyzing large datasets (~8000 samples) from human cancer patients
[14]. Analysis of the gene expression across 21 solid cancer types revealed that the level of
NLRC5expression is strongly correlated with the expression of MHC class | and related
genes, such as HLA-A, HLA-B, HLA-C, B2M, LMP2, LMP7and TAPL. [14]. Furthermore,
the expression level of NLRC5 is also highly correlated with that of CD8A, PRF1
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(perforin-1) and GZMA (granzyme A), which are associated with cytotoxic T cell activity in
tumors [43]. Interestingly, NLRC5 expression has no significant correlation with the level of
CD56, indicating a non-significant role in the recruitment of NK cells to tumors. Moreover,
the expression level of C//TA has no correlation with the expression of MHC class | genes.
These studies show that NLRC5 expression in cancer cells is specifically important for
MHC class | genes and is crucial for the recruitment and activation of CD8* T cells in
human cancers.

NLRC5-targeted immune evasion in cancer

Cancer cells utilize multiple strategies to evade the host immune system [44—46], which
include the recruitment of regulatory immune cell subsets or the induction of anergy in
activated T cells [47], increased resistance to cytotoxic T-cell killing [48, 49], reduced
recognition of tumor-associated antigens by effector T cells [42] and suppression of effector
T cell function through CTLA4, PD-1 and/or PD-L1/-L2 [50-52]. Moreover, impaired
MHC class I-mediated antigen presentation has been recognized as a major immune evasion
mechanism in various cancers [8, 9, 53-56]. The high frequency of loss of MHC class | has
been reported in 92% of cervical cancers [57], 71% of breast cancers [58], 64% of non-small
cell lung cancers [59], 67% of esophageal squamous cell carcinomas [60] and in others [61—
65]. Various molecular mechanisms reported account for the loss of MHC class I, including
loss of heterozygosity in HLA-A, -B, -C or B2M genes [66, 67]; somatic mutations in HLA,
B2M, TAP1/2 or LMPs[67-71]; HLA gene methylation [72, 73]; post-translational changes
in TAP1 [71]; and defective JAK-STAT pathway at the IFN-y receptor signaling [74].
However, the predominant molecular mechanism for HLA loss seems to be transcriptional
[53], but has been undefined for many years.

The discovery of NLRC5 as an MHC class | transactivator provided the opportunity to seek
this transcriptional molecular mechanism. It is reported that NLRC5'is specifically reduced
in cancer compared to corresponding normal tissues depending on the cancer type [14, 75].
This indicates that targeting NLRCS5 is an immune evasion strategy in cancer. Further
analysis identified three underlying molecular mechanisms targeting NLRC5 [14] (Figure
2).

(i) DNA methylation of the NLRC5 gene promoter

Atypical methylation of CpG islands in promoter regions can transcriptionally suppress gene
expression at the transcriptional level of genes that are unfavorable to cancer development
[76]. DNA methylation at a CpG island in the NLRC5 promoter was quantified using a
methylation-specific probe. Methylation of the NLRC5 promoter is negatively correlated
with NLRC5 expression in many tumors [14]. Moreover, the methylation level of NLRC5'is
also negatively correlated with the expression of NLRC5dependent genes in the MHC class
| pathway, including HLA-A, HLA-B, HLA-C, B2M, LMPZ2, LMP7and TAPI. These
findings indicate that methylation of NLRC5 gene is an important mechanism for immune
evasion in many cancer types.
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(ii) copy number loss in the NLRC5 gene

Alterations in gene copy number are frequently observed in cancer cells and are associated
with altered gene expression levels [77, 78]. Copy number loss (copy number =0 or 1) of
the NLRC5 gene was observed in 28.6% of all cancer patients, highest frequency in ovarian
cancer (72.2%), followed by breast cancer (59.9%) [14]. Cancer tissues with NLRC5 copy
number loss showed reduced expression levels of NLRC5as well as MHC class | genes
[14].

(iii) somatic mutations in the NLRC5 gene

Somatic mutations are another major molecular mechanism of carcinogenesis [79]. Somatic
mutations in NLRC5 were found in various cancers, such as colon cancer (8.6%) and
melanoma (6.8%) [14]. Most of the mutations (58.5%) were missense and were distributed
across the entire NLRC5 coding region with no obvious hot spots. Most mutant NLRC5
genes (54%) were incapable of activating the MHC class | promoter, even if forcibly
expressed in cancer cells. Therefore, the majority of NLRC5 mutations in cancer cells are
loss-of-function mutations, which cause an impaired MHC class | antigen presentation
pathway [14].

Intriguingly, all aforementioned epigenetic and genetic alterations, including promoter
methylation, copy number loss, or somatic mutations were observed in NLRC5 at
significantly higher frequency than in any other MHC class | related genes, such as HLA-A,
-B, -C, B2M, LMP2, LMP7and TAPI [14]. Perhaps, this is because cancer cells carrying
alteration in NLRC5 may have higher chance of survival than carrying the alteration in other
genes, though epigenetic or genetic alterations may happen randomly to any gene during
tumor evolution. This suggests that NLRC5 is a major molecular target to induce immune
evasion in cancer cells.

In summary, genetic and epigenetic changes in NLRC5 are frequently observed in various
cancer cells and cause impaired expression or function of NLRCS, resulting in reduced
expression of MHC class | and related genes. Reduced expression or activity of NLRC5 is
associated with impaired recruitment and activation of CD8" T cells, providing an immune
evasion mechanism in various cancers [14].

NLRC5 as a prognostic biomarker

Considering the critical roles of NLRC5 in MHC class I-dependent immune responses and
activation of CD8* T cells in cancers, it was hypothesized that the expression level of
NLRC5 might be associated with better prognosis of cancer patients [14]. Survival analysis
to determine the impact of NLRC5 expression on overall survival of cancer patients using
large cohorts stratified cancer patients into quartiles based on NLRC5 expression and
methylation level. Analysis of 5-year survival in various cancer types revealed that the high
NLRC5 expression quartile group shows significantly better survival compared with the low
NLRC5 expression quartile in melanoma, rectal cancer, bladder cancer, uterine cancer,
cervical cancer and head/neck cancer [14]. Kaplan-Meier survival analysis also showed that
high NLRC5 expression is associated with significantly improved cumulative survival in
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melanoma, bladder and cervical cancers [14]. However, in certain cancer types, the NLRC5
expression and prognosis are not correlated. For example, brain tumors showed negative
correlation, with poor prognosis in the cohort with high NLRC5 expression [14]. Perhaps,
specific anatomy of brain might account for this. Brain tumors lead to inflammatory events
by impaired blood-brain barrier and destruction of normal brain tissues [80, 81], resulting in
the development of brain edema. Unlike other cancers, since brain mass is limited by the
skull, brain edema is one major fatal complication of brain tumors. Thus, inflammation
strongly influences the patient survival in brain tumor. Moreover, in some cancers, especially
ones whose carcinogenesis is associated with inflammation such as lung or liver cancers,
NLRC5expression is not correlated with patient survival [14, 82]. Interestingly, high
methylation level of NLRC5, but not of other MHC class | related genes (HLA-A, -B, -C,
B2M, LMP2, L MP7, TAPI), was associated with poor survival in melanoma and bladder
cancer patients, indicating that abnormal epigenetic changes in NLRC5 within cancer cells
significantly impact clinical outcomes. These findings indicate that expression and
methylation level of NLRC5 can be used as a prognostic biomarker to predict overall
prognosis of cancer patients [14]. It would be interesting to see whether N/rc5-deficient mice
are susceptible to cancer types reported in the human study. Studies using animal models
would further provide mechanistic information in NLRC5-dependent cancer immune
surveillance.

Concluding Remarks

The discovery of NLRC5/CITA as a novel cancer immune evasion mechanism shed light on
the understanding of how human cancers escape the immune system. Genetic and epigenetic
alterations in cancer cells impact the expression and activity of NLRC5 and of MHC class |-
dependent immune responses. DNA methylation of the NLRC5 promoter, copy number loss,
and mutations in the NLRC5 gene result in reduced expression of MHC class | and of
related genes along the antigen presentation pathway. Cancer cells with an impaired MHC
class | system can escape from host immune surveillance of anti-tumor CD8* T cells and
promote efficient tumor development (Figure 3, Key Figure).

Although the correlation between NLRCS5 and patient prognosis is significant in multiple
cancer types, the fact that NLRCS5 is preferentially expressed in hematopoietic cells might
question the causative role of NLRCS5 in tumorigenesis and its potential relevance as a
therapeutic target. Infiltrating cells such as TILs may contribute to the upregulation of
NLRC5 or MHC-I expression in tumor tissues. On the other hand, several lines of evidence
indicate that alterations in NLRC5 gene in cancer might be directly related to cancer
development and that NLRC5 might be attractive target for cancer therapy. NLRC5
expression is reduced in multiple cancer types compared to corresponding normal tissues.
This reduction cannot be explained by infiltration of hematopoietic cells. Furthermore, it is
unlikely that aberrant epigenetic changes in NLRC5 promoter and genetic changes such as
copy number loss or somatic mutations occur in infiltrated cells. Therefore, although
NLRC5 expression in infiltrating cells may account for the upregulation of NLRC5
expression in some patient groups of various cancers, it is still likely that genetic and
epigenetic changes in NLRCS5 locus in cancer cells are associated with tumorigenesis and
poor prognosis.
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NLRCS5 is not only a major target of cancer immune evasion but also the potential molecule
useful for diagnosis and treatments (see Outstanding Questions). NLRC5 has potential as a
predictive biomarker for response to immunotherapies. Available therapies, such as cancer
vaccines, checkpoint inhibitors (e.g. anti-CTLA4, anti-PD-1/PDL1), adoptive T cells,
chimeric antigen receptor (CAR)-modified T cells [83] and administration of
immunostimulatory cytokines (IL-2, GM-CSF)[6, 7, 42, 84] rely on the activity of T cells.
Since NLRC5 expression is required for efficient cytotoxic CD8* T cell responses, it is
reasonable to assume that NLRC5 is important for the effect of these immunotherapies.

Furthermore, NLRC5 can be a potential target for novel cancer therapy. NLRC5-targeted
immune editing therapy would augment NLRC5 expression or activity by reducing
methylation of NLRC5 or using NLRC5 activating agents. Although NLRC5-targeted
therapy would be ineffective in the case of absence of functional NLRC5 due to
homozygous mutations or zero copy number, such genetic defects of NLRCS5 are very rare
(data not published). Therefore, it would be possible that many cancers are candidates for
NLRC5-targeted therapy. Additionally, NLRC5-targeted therapy would be useful to
compensate the deficiency of cancer immunotherapy. Although checkpoint inhibitors are a
breakthrough cancer treatment, the efficacy is still limited [85, 86]. Even if T cells are
effectively activated, when cancer cells succeed to evade immune responses, therapeutic
efficacy is restricted. To compensate this, various trials combining therapeutics are ongoing,
such as anti-CTLA4 (ipilimumab) and anti-PD-1 (nivolumab) [87], vaccination and
checkpoint inhibitors [88, 89], or targeted therapy (BRAF and MEK inhibitors) and
checkpoint inhibitors [90]. Likewise, NLRC5-targeted therapy would make a promising
candidate for a combination therapy with checkpoint inhibitors.
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Classical MHC class | (MHC class la)
Highly polymorphic MHC class | (HLA-A, HLA-B and HLA-C in human) molecules that
present endogenous antigenic peptides to CD8™ T cells

Non-classical MHC class | (MHC class Ib)

These are less polymorphic genes compared to classical MHC class I genes. This category
of MHC class | genes includes HLA-E, HLA-F, HLA-G in human. Non-classical MHC class
I molecules act as ligands for activating or inhibiting NK cells

Peptide loading complex (PLC)
This complex comprises the MHC-I a chain and p2- microglobulin, TAP1, TAP2, tapasin,
calreticulin, and ERp57. PLC aids in loading of the antigenic peptides onto MHC class |

RFX trimeric complex
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The RFX trimeric complex is composed of RFX5, RFXAP, and RFXANK/RFXB. This
trimeric complex binds to MHC class | promoter along with other transcription factors to
transactivate MHC class | expression
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Box 1. CITA enhaceosome

NLRCS5 induces the transcriptional activation of MHC class | and related genes by
binding within the SXY module of MHC class | promoters to form the CITA
enhanceosome. The RFX trimeric complex is recruited to the X1 box and CREB/ATFL1 is
recruited to the X2 box. NLRCS is recruited to the SXY module with the aid of RFX
trimeric complex. Generation of this DNA/transcription factor complex on the MHC
class | promoter drives the transactivation of MHC class | genes. It is therefore termed as
MHC class | transactivator (CITA) enhanceosome.
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Trends Box

. MHC class | transactivator (CITA)/NLRCS5 is a key transcriptional coactivator
of genes involved in MHC class | antigen presentation pathway, including
HLA-A, -B, -C, p2-microglobulin, LMP2, LMP7and TAPL.

. NLRCS is a major target of immune evasion in cancer. Genetic and epigenetic
alterations such as copy number loss, DNA methylation or somatic mutations
cause the reduction of MHC class | expression or activity, leading to impaired
CD8* T-cell activation.

. NLRCS is a novel biomarker for cancer patient survival. Reduced expression
and increased methylation levels of NLRC5 are associated with poor patient
prognosis.
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Outstanding Questions Box
. What would determine the residual MHC class | expression if NLRCS5 is not
functional? Do residual levels of MHC class | support cancer immune
surveillance?
. Can the expression or methylation level of NLRC5 be a predictive biomarker

for the efficacy of immunotherapies?

. Would NLRC5-targeted immune editing therapy, which would augment
NLRCS5 expression by reducing methylation of NVLRC5 promoter or increase
the activity of NLRC5 using NLRC5 activating agents, be an efficient cancer
therapy?

. Would NLRC5-targeted therapy improve the efficacy of immunotherapies,
such as cancer vaccine, checkpoint inhibitors, adoptive T cell therapy and
chimeric antigen receptor (CAR)-modified T cell therapy?
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Figure 1. NLRC5-dependent MHC class | antigen presentation pathways
MHC class | molecules present cancer antigens that are degraded in the cytosol by the

immunoproteasome to CD8* T cells. The degraded antigenic peptides are transported into
the endoplasmic reticulum via TAPL/TAP2, where peptides are loaded onto the MHC class |
complex, which is composed of a heavy chain and p2-microglobulin (B2m). Peptide loaded
MHC class | complexes are transported to the cell surface through the Golgi and are
presented to CD8" T cells. NLRCS5 is involved in the transactivation of MHC class | and
class | related genes, which include HLA-A, HLA-B, HLA-C, B 2m, LMPZ, LMP7 and

Nucleus
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TAPI. TAP- transporter associated with antigen processing; TCR- T-cell receptor; LMP2/
LMP7- large multifunctional peptidase 2 and 7.
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Figure 2. Genetic and epigenetic changes in NLRC5 in cancer
NLRCS is a key regulator of MHC class | genes and loss of NLRC5 expression or activity

leads to reduced expression of MHC class | and related genes, including HLA-A, -B, -C,
B2M, LMP2, 7and TAPFI, in cancer cells. (i) DNA methylation of NLRC5 promoter is one
of the major mechanisms that reduces NLRC5 expression. Red dots represent methylated
site in the CpG island of the NLRC5 promoter. (ii) Copy number loss is another mechanism
for reduced NLRC5 expression. The NLRC5 gene is located at the 16q13 locus in the
human genome. Absence of both or one of the copies is defined as copy number loss. (iii)
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Somatic mutations in NLRC5 cause impaired activity of the NLRC5 protein. Mutations in
NLRC5found in one patient (black bar) and in at least two different patients (red bar), a
total of 161 mutations are shown [14].
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Figure 3. Key Figure. Targeting NLRC5 for immune evasion
NLRC5-dependent MHC class | expression is essential for CD8* T-cell-mediated anti-tumor

responses. NLRC5 induces the expression of genes encoding critical components in the
MHC class | pathway, which is essential for the cancer antigen presentation and recruitment/
activation of cytotoxic CD8" T cells. This anti-tumor immunity usually works effectively
and cancer cells are eliminated at the early stage of development. Even if tumors are formed,
patients have good prognosis. However, aberrant genetic and epigenetic changes in NLRC5
may occur during the evolution of cancer cells. Mutations, copy number loss or promoter
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methylation of NLRC5 cause impaired MHC class | antigen presentation due to reduced
expression of HLA-A, -B, -C, B2M, LMPZ2, 7and TAPL. These changes result in diminished
anti-tumor CD8" T-cell responses and a reduced infiltration in cancer tissues. Cancer cells,
upon successful immune evasion, can achieve efficient tumor growth, leading to poor
prognosis of the patients. Survival curves were generated for melanoma, with a high NLRC5
expression quartile group (pink line) and a low quartile group (blue line) [14].
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