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Abstract

CD8 T cells recognize cancers when they detect antigenic peptides presented on a tumor’s
surface MHC | molecules. Since MHC | antigen presentation is not essential for cell growth

or survival, many cancers inactivate this pathway, and thereby escape control by CD8 T cells.
Such immune evasion allows cancers to progress and also become resistant to CD8 T cell-based
immunotherapies, such as checkpoint blockade. Here we review recent findings about the various
different mechanisms that cancers use to impair antigen presentation, the consequence of such
changes, and, in some cases, the potential to reverse these defects.
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INTRODUCTION

Classical experiments by Robert Schreiber and coworkers demonstrated that in the absence
of an adaptive immune system, mice developed much higher rates of carcinogen-induced

or spontaneous tumors compared to their isogenic immune-sufficient counterparts [1, 2].
Moreover, the cancers that developed in these two settings differed from one another.

Ones arising in immunodeficient mice were most often rejected when transplanted into
immunocompetent mice, and hence were immunogenic, whereas in contrast, tumors from
wild-type animals would generally grow upon similar transplantation [2]. Thus, the adaptive
immune system nips many cancers in the bud, and those tumors that become clinically
evident are ones that have evolved to evade these host defenses. Evidence suggests that the
adaptive immune system in humans is similarly involved in immune surveillance and control
of cancers.
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CD8 T lymphocytes are the most important adaptive immune defense against cancers. These
immune cells recognize cancers when they detect antigenic peptides bound to MHC |
molecules on the surface of tumor cells [3]. This MHC | antigen presentation pathway (Fig.
1) operates in all cells. In this pathway, proteasomes and immunoproteasomes hydrolyze
endogenous proteins as part of normal cellular catabolism, and in this process create a
library of oligopeptides derived from the polypeptides synthesized in cells [4, 5]. A fraction
of these peptides is transferred into the ER by a dedicated peptide transporter, TAP, and once
in this location may be further trimmed by the ER aminopeptidases, ERAP1 and/or ERAP2
[5-7]. With the aid of ER chaperones, such as Tapasin, MHC | molecules bind peptides of
the correct length and sequence, and the resulting complexes are then transported to the cell
surface for display to CD8 T cells [5, 6, 8]. The expression of all these antigen presentation
components can be upregulated when cells are stimulated by type | and especially type 2
interferons [9]. This antigen presentation pathway allows CD8 T cells to detect and then
eliminate cells that are synthesizing antigenic proteins, such as ones with mutated sequences
in cancers [3, 5]. Additional molecules that participate in and regulate the MHC I antigen
presentation pathway are being discovered and will be discussed in sections below.

The majority of the MHC | antigen presentation components, including immunoproteasome
subunits, TAP, Tapasin, ERAP1/2, MHC | molecules (heavy chains + 32M), and IFN
receptors and their signaling components, are not required for cellular viability or
proliferation. The consequence of losing any of these components is a reduction in the
function of the pathway and the display of MHC | molecules on the cell surface. Therefore,
cancers can escape control by CD8 T cells through genetic deletions, mutations, and/or
epigenetic silencing of antigen presentation components. In fact, this is a very common
occurrence in cancer as evidenced by the finding that a majority of human cancers have
depressed levels of MHC | molecules on their cell surfaces [3]. Where examined, this is
often clinically significant as it is associated with a worse prognosis [3]. Moreover, reduced
MHC | expression can be associated with resistance of cancers to T cell-based cancer
immunotherapies (check point blockade or adoptive transfer of anti-tumor CD8 T cells).

Here we review various mechanisms by which cancers inactivate the MHC | pathway, and in
some cases, the potential to reverse such defects. We focus primarily on the recent literature

and refer readers interested in a more comprehensive understanding of older publications to

a recent review [3].

Loss or inactivation of MHC | Structural Genes

It has previously been recognized that cancers can inactivate MHC | structural genes and
that the resulting MHC 1V tumors are more resistant to immunotherapy [3]. Recent studies
have confirmed and extended these observations. Maximal heterozygosity in MHC | alleles
in melanoma and other cancers was correlated with improved outcomes to checkpoint
blockade immunotherapy, whereas somatic loss of heterozygosity (LOH) had the opposite
effect [10]. Presumably, the presence of more MHC I alleles allows greater presentation

of tumor antigens, and LOH is a consequence of immunoselection against alleles that

are presenting tumor antigens, which then allows immune evasion. Consistent with this,
LOH can be frequent in cancers and affect immunotherapy. For example, recent analyses
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found that loss of heterozygosity (LOH) in MHC | genes occurred in 40% of NSCLCs

[11], and that this was associated with poorer responses to checkpoint blockade [12].
Similarly, recent studies have documented that LOH of MHC | in melanoma [13], renal

cell carcinoma [14], metastatic breast cancer [15], and myeloma [16] was associated with
resistance to checkpoint blockade or adoptive T cell therapy. LOH, mutations and deletions
in the MHC I light chain gene (32M) in melanomas, which reduce expression of all MHC

I molecules, also impairs responses to checkpoint blockade [13]. Inactivating mutations in
MHC I structural genes also occur [3]. Correcting the structural loss of MHC | genes to
improve immunotherapy would require gene therapy or editing of all cancer cells in patients,
which is currently not a practical therapeutic option.

Loss of MHC | Expression Through Transcriptional and Epigenetic Regulation

There are multiple transcription factors, including NLRCS5, IRF1/IRF2, and NFKB, that
drive expression of MHC | molecules, and/or their associated antigen presentation pathway
genes. Loss of these factors was known to occur in some cancers and affect responses to
immunotherapy [3]. Recent studies have extended such observations. NLRC5 expression in
cancers was found to positively correlate with expression of MHC I, CD8+ T cell activation
markers and better survival [17, 18]. In contrast, loss of NLRCS5 expression was correlated
with reduced expression of MHC | genes and impaired responses to immunotherapy

[17, 18]. Reductions in NLRC5 expression in cancers can occur by epigenetic silencing
through promoter methylation, coding region mutations, and loss of gene copy number. In
multiple cancers, NLRC5 methylation negatively correlated with NLRC5 expression and
MHC I pathway gene expression [17]. Similarly, NEDD4 Binding Protein 1(N4BP1)- and
TNFAIP3-interacting protein 1 (TNIP1)-dependent suppression of NF-kB [19], or loss of
NF-kB and interferon regulatory factor 1 (IRF1), resulted in loss of MHC | expression [19,
20]. Chemotherapy-induced activation of NF-xB upregulated MHC | antigen presentation,
and improved immunotherapy responses in otherwise resistant tumors [21]. IRF2 expression
was also discovered to be required for transcription of several antigen presentation pathway
components [22]. A reduction of IRF2 transcripts was found in multiple human cancers.
Loss of IRF2 reduced MHC | expression and antigen presentation [22], and such defects
could be reversed by inducing IRF1 expression, which binds to the same gene regulatory
elements as IRF2 [22].

On the other side of the coin, MHC I pathway genes can be a target for epigenetic
regulation, e.g., silencing through promoter methylation [23]. Loss of the histone
dimethyltransferase WHSC1 in cancers can reduce transcription of antigen presentation
pathway components, resulting in decreased MHC | expression and immunotherapy
resistance [24]. Cell linage specific transcriptional repression of MHC 1, as occurs in tissue
specific quiescent stem cells, is controlled by the polycomb repressive complex 2 (PRC2)
and the cancers developing from these lineages are MHC 1'% [25]. There has been interest
in restoring MHC | expression in cancers by reversing epigenetic silencing with drugs.
Several recent studies have reduced resistance to immunotherapy by adding such agents, e.g.
DNA methyltransferase inhibitors and histone deacetylase 6 inhibitors [26-28].
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Post-Transcriptional MHC Loss via Non-coding RNA Silencing

MicroRNAs (miRNAS) can affect gene expression via RNA interference and silencing [29].
In melanomas, miR-200a-5p was found to bind to the TAP1 peptide-transporter’s 3’-UTR,
reducing the transcripts levels, and thereby limiting peptide supply and downregulating
MHC I expression [30]. Similarly, in esophageal adenocarcinoma cell lines, miRNAs
miR-125a-5p and miR-148a-3p bind to the 3’-UTR regions of TAP2 peptide transporter
and MHC | mRNAs respectively, resulting in downregulation of MHC I levels and impaired
cytotoxic T cell killing. In esophageal cancer patient biopsies, TAP2 expression inversely
correlates with miR-125a-5p expression [31]. Additionally, in /n vivo colorectal cancer
models, miR-27a was shown to target the 3’-UTR of the chaperone calreticulin, and levels
of this miRNA inversely correlated with MHC | expression, infiltration of CD8+ T cells and
cytotoxic activity /n vivo [32]. For further information and earlier studies, we refer readers to
the recent review articles [3, 29, 33].

Post-Translational Loss of MHC | function

Recent studies have revealed that MHC | antigen presentation can be affected through
post-translational mechanisms. One novel and interesting mechanism arises from the loss

of activity of the enzyme signal peptide peptidase-like 3 (SPPL3) [34]. In the absence of
SPPL3 catalytic activity, glycosphingolipids (GSLs) shield MHC | molecules on the cell
surface in ways to somehow impair the ability of MHC | molecules to interact with and
stimulate CD8 T cells. Lower SPPL3 levels correlates with poor outcome in glioma patients,
and anti-tumor responses were improved after pharmacological inhibition of GSL synthesis
in glioma cell lines [34].

Optimal stimulation and activation CD8+ T cells also requires clustering of MHC |

on the plasma membrane, which is promoted by tetraspanin-5 (Tspan5). Some cancers
downregulated Tspan5 expression and the loss of Tspan5 reduces the size of the MHC
I nanoclusters, resulting in impaired CD8 T cell stimulation [35]. This defect could be
reversed by re-clustering MHC | molecules with anti-32M antibodies.

Loss of MHC | through degradation

Some tumors may reduce MHC | levels by degrading their MHC | molecules. One

recent example involves staphylococcal nuclease and tudor domain containing 1 (SND1)
oncoprotein, which interacts with MHC | molecules in the ER and targets them for
degradation via the endoplasmic reticulum (ER)-associated degradation (ERAD) pathway
[36]. Tumor cells that overexpress SND1 degrade their MHC | molecules, and thereby
escape immune recognition through reduced MHC I levels [36]. This phenotype can be
reversed via pharmacological inhibition of proteasomal degradation and the ERAD pathway
[36].

Recently, pancreatic cancer cells were found to reduce their levels of MHC | molecules
through autophagy [37]. In this example, the ubiquitin-binding autophagy receptor NBR1
targeted MHC | molecules for degradation in autophagosomes. Such loss of MHC |

could be reversed by systemic administration of chloroquine, which inhibits intravesicular
proteolysis, and such treatment enhanced the effect of checkpoint blockade in otherwise
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immunotherapy refractory pancreatic cancers [37]. Some tumors also use autophagy to
degrade the NLRCS5 transcription factor needed for MHC | expression (see above) [38].

In yet another mechanism, some breast cancers overexpress MAL2, a transmembrane
protein involved in protein endocytosis, which then accelerates the endocytosis and
degradation of surface MHC | molecules [39]. This results in an MHC 1'®V phenotype and
impaired killing by CD8 T cells [39].

MHC Loss as a Result of the Changes in Cellular Signaling and Stress

MHC I expression was downregulated as a consequence of elevated mitochondrial fission

in a number of different cancer cells [40]. This reduction in MHC | molecules was
secondary to mitochondrial fission in cancer cells causing oxidative stress and an unfolded
protein response (UPR). It was suggested that the UPR reduced antigen presentation by
upregulating the aminopeptidase tripeptidyl peptidase 2, which then destroyed antigenic
peptides needed for antigen presentation [40]. Inhibition of dynamin-related protein-1-
dependent mitochondrial fission in cancer cells, reversed the oxidative stress and UPR
responses, restored MHC | antigen presentation, and immune control of transplanted tumors
[40]. Hypoxia similarly downregulates MHC | expression in cancer cells /n vivoand in vitro
[41].

MHC | expression and antigen presentation are regulated by certain cytokines. Signaling
through type | and type |1 interferon receptors strongly upregulates almost all of the
components of the MHC | pathway and results in increased MHC | molecule expression
and antigen presentation. Cancers can lose responsiveness to such stimulation by losing
or inactivating their IFN receptors and their downstream Jak/STAT signaling components.
When this occurs, cancers can drop their levels of MHC I and also fail to upregulate the
pathway in response to IFNs that are made during immune responses. This has been seen,
e.g. in melanomas and is associated with resistance to checkpoint blockade [42]. Conversely,
IFN-signaling signatures in melanomas are correlated with responsiveness to checkpoint
blockade [43]. However, surprisingly, and difficult to reconcile with these earlier results,
a recent in vivo CRISPR screen across multiple cancers came to the opposite conclusion.
IFN-signaling in cancers impaired responsiveness to checkpoint blockade and did so by
inducing MHC class 1a and 1b molecules, which then inhibited immune responses by
engaged NK inhibitory receptors both on CD8 T and NK cells [44].

There are other recent examples of signaling alterations in cancers that affect MHC |
expression. In refractory melanomas, mammalian target of rapamycin (mTOR), Rho family
GTPase B (RhoB GTPase), Wnt and Mitogen-activated protein kinase (MAPK) pathways
negatively correlate with MHC | expression [45]. In immune evasive lung adenocarcinomas,
reduced levels of 5" AMP-activated protein kinase or AMPK pathway results in lower
expression BZMand MHC | [46].

CONCLUSIONS

The MHC I antigen presentation pathway allows CD8 T cells to find and eliminate cancer
cells. Since this pathway is not required for cell viability or growth, tumors frequently evade
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immune control by losing or inactivating components of this pathway. In different studies,
and depending on the cancer type, MHC | loss has been seen on average in about 40-70% of
cases [3, 47]. Such immune evasion allows tumors to progress and also to become resistant
to CD8 T cell-based immunotherapies. The molecular changes that cripple the MHC |
pathway might be useful as biomarkers to identify patients that are likely to have poor
responses to immunotherapy, and future studies are needed to examine this further. Although
cancers can impair the MHC | pathway in a large number of different ways, there are subsets
of cancer patients that will share the same lesions and some of these lesions are potentially
reversible or could be bypassed. Investigating how to do this therapeutically is a high
priority for future research. Where successful, one could imagine a future of personalized
medicine, where a patient’s MHC | pathway lesions are defined and then agents that reverse
the defect, if available, would be co-administered with immunotherapy.
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Highlights

. Cancers often escape immune control by inactivating their presentation of
antigens on MHC | molecules.

. Such immune evasion can arise from lesions in multiple antigen presentation
components, and at multiple levels (in structural genes, transcription, post-
transcriptional, post translational mechanisms).

. Loss of MHC | antigen presentation often leads to resistance to CD8 T
cell-based immunotherapy.

. Some antigen presentation defects in cancers may be reversible.
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Figure-1:

Tt?e MHC | antigen presentation pathway. Cytosolic and nuclear proteins are degraded

by proteasomes and immunoproteasomes into oligopeptides. Some of these peptides are
then translocated into the endoplasmic reticulum (ER) by the TAP transporter. In the ER,
ERAPs may further trim these oligopeptides, and then ones of the right length and sequence
bind to MHC | molecules within a peptide-loading complex, which contains Tapasin, TAP,
calreticulin, and ERP57. Peptide-loaded MHCI molecules are then transported to the cell
surface for display to CD8+ T cells. Created with BioRender.com.
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Figure-2:
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Cancer immune evasion through loss of MHC | antigen presentation. MHC | antigen
presentation may be lost or downregulated as a result of loss of, or inactivating mutations

in MHC | and R2M structural genes; loss or downregulation of transcriptional factors;
inhibitory epigenetic modifications; non-coding RNA silencing; post translational loss of
MHC I molecules through degradation; MHC | shielding or loss of MHC nanoclustering;
and other reasons such as changes in the cellular signaling or stress. Loss of MHC |

antigen presentation often leads to resistance to CD8 T cell-based immunotherapy and tumor
immune evasion. Created with BioRender.com.
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