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Abstract

Immunotherapy has emerged as a key pillar of cancer treatment. To build upon the recent
successes of immunotherapy, intense research efforts are aimed at a molecular understanding of
anti-tumor immune responses, identification of biomarkers of immunotherapy response and
resistance, and novel strategies to circumvent resistance. These studies are revealing new insight
into the intricacies of tumor cell recognition by the immune system, in large part through Major
Histocompatibility Complexes (MHCs). Though tumor cells widely express MHC-I, a subset of
tumors originating from a variety of tissues also express MHC-II, an antigen presenting complex
traditionally associated with professional antigen presenting cells (APCs). MHC-11 is critical for
antigen presentation to CD4+ T-lymphocytes, whose role in anti-tumor immunity is becoming
increasingly appreciated. Accumulating evidence demonstrates that tumor-specific MHC-11
associates with favorable outcomes in patients with cancer, including those treated with
immunotherapies, and with tumor rejection in murine models. Herein, we will review current
research regarding tumor-enriched MHC-I1 expression and regulation in a range of human tumors
and murine models, and the possible therapeutic applications of tumor-specific MHC-I1.
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Introduction

Recent advances in cancer therapy have shown clear benefits to targeting the immune

system. Immune checkpoint inhibition (ICI) and other forms of immunotherapy have led to
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impressive gains in survival for many patients, including those with metastatic disease:2.
Despite these successes, most cancer patients treated with immunotherapy experience
intrinsic or acquired resistance, and many have immune-related adverse events34. There are
very few currently approved therapies to augment responsiveness to ICI and clinically useful
biomarkers of response or resistance to target patients to appropriate treatment regimens. As
novel immunotherapies and immunotherapy combinations are developed, understanding
different facets of the anti-tumor immune response, including how tumors are recognized by
T cells, may yield new insights and therapeutic applications.

ICI efficacy requires tumor antigens to be recognized by T cells. This critical step is
mediated by Major Histocompatibility Complex (MHC): T Cell Receptor (TCR)
interactions. MHC-class | (MHC-I) molecules are expressed by most nucleated cells and
primarily present endogenously-derived peptide antigens to CD8+ T cells. MHC-class 1l
(MHC-I1) molecules are predominantly expressed by professional antigen presenting cells
(pAPCs) such as dendritic cells (DCs), B cells and macrophages, and primarily present
exogenously-derived peptide antigens to CD4+ T cells. Though cytotoxic CD8+ T cells are
thought to be the primary effector cell type in the success of ICI, and thus, a major focus of
immuno-oncology research, CD4+ T cells play critical roles in supporting CD8+ T cell
activation, generation of memory T cells, and are now recognized as being necessary for an
effective response to IC19-13,

Despite the constitutive expression pattern of MHC-I1 on pAPCs, many other cell types,
including some tumors, are capable of expressing MHC-1114, Tumor-specific MHC-II
expression (tsMHC-11) may increase recognition of a tumor by the immune system, and
therefore may play an important role in immunotherapy. TSMHC-II has been associated with
superior prognosis, improved response to ICI in humans and increased tumor rejection in
murine models®=22, Herein, we will review the association of tsMHC-II with outcomes in
human tumors, the functional consequences of tsSMHC-I1 upregulation in murine models,
mechanisms of regulation of tsMHC-II, and the possible clinical applications of future
research on tsSMHC-II, including its development as a biomarker of response to
immunotherapy, and therapeutic tsMHC-11 upregulation as a possible treatment strategy in
cancer.

The MHC-Il pathway

MHC-II is a heterodimer consisting of an alpha and a beta chain. In humans, there are
multiple MHC-II isotypes: HLA-DR, HLA-DP, and HLA-DQ?3. MHC proteins are highly
polymorphic, allowing for diversity of presented peptides within the population?4.
Interestingly, MHC-1I may be able to bind a higher diversity of peptides than MHC-I, which
could be therapeutically exploited to increase the likelihood tumor neoantigen recognition
by T cells?526, As compared to MHC-I, which binds peptides 8-10 amino acids in length,
MHC-II binds peptides greater than 13 amino acids, and accommodates peptide side chains
within its binding pocket25, two traits that increase MHC-I1 peptide diversity.

Though constitutively expressed primarily by mature pAPCs, MHC-11 expression can be
induced in a range of cell types, often due to inflammatory signaling processes. Expression
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of MHC-II and its related machinery is driven by the transcriptional master regulator Class
Il Transactivator (CIITA). Although CIITA does not directly bind DNA, its scaffolding
activity recruits the necessary transcription factors at transcriptional start sites of MHC-I1
related genes. CIITA is necessary and sufficient for induction of a fully functional MHC-II
pathway?27:28 and, in some cases, for moderate MHC-1 induction2%:30. Importantly, CIITA is
essential for MHC-I1 induction by interferon-gamma (IFN-y)3L. CIITA expression is
governed by four distinct promoters, leading to transcripts with differing first exons and
distinct CIITA isoforms. Promoters | (pl) and H1 (plll) drive constitutive MHC-II expression
in DCs and B cells, respectively32. Promoter 1V (pIV) is inducible with IFN-y stimulation in
many cell types33. There is some evidence that plll may be inducible with IFN-y in
endothelial cells and fibroblasts, but this inducibility appears to be weaker than that of
plV34:35 The function of promoter 11 is not well described and does not appear to be highly
utilized in any human tissue36. Consistent with this observation, promoters I, 111, and IV are
more highly conserved between mouse and human32. Although CIITA isoforms derived
from pl, plll, and plV all drive expression of MHC-I1 and related machinery, the isoform
derived from pl is transcriptionally the most potent activator of the MHC-11 gene, perhaps
explaining the high density of MHC-11 molecules on DCs’.

IFN-y induction of MHC-I1 expression occurs by the following mechanism (Figure 1A):
IFN-7y binds to its receptor at the cell surface, inducing activation of Janus Activated
Kinases (JAK)-1 and JAK2, intracellular tyrosine kinases that phosphorylate on the
transcription factor Signal Transducer and Activator of Transcription-1 (STAT1). Once
phosphorylated, STAT1 dimerizes and translocates to the nucleus, where it binds to cis-
acting GAS elements in the promoter regions of IFN responsive genes, including CIITA.
Notably, CIITA upregulation does not occur following IFN-y stimulation in JAK1- or
STAT1-deficient cells, suggesting that JAK/STAT signaling is indispensable for IFNy-
mediated MHC-I1 induction383%. Once bound to the GAS element, STAT1 is stabilized by
interaction with the ubiquitous transcription factor USF-1 that binds to nearby E-box
elements in the CIITA promoter32:33, The transcription factor interferon regulatory factor-1
(IRF-1) is also potently induced by IFN-y, and like STAT1, loss of IRF-1 impairs IFN-y-
mediated CIITA induction. Mutagenesis assays demonstrated that the GAS element, E box
and the IRF-1 binding site of pIV are each essential for IFNy-inducible CIITA expression33,
Once CIITA is upregulated and transported to the nucleus, it acts as a scaffold, attracting
RFX family transcription factors to the start sites of MHC-II related genes. Many RFX
family proteins are ubiquitously expressed regardless of MHC-11 status or cell type,
indicating that MHC-I1 expression is generally regulated at the level of CIITA expression3’.

Following CIITA-mediated expression of MHC-II related machinery, MHC-II alpha and beta
chains assemble in the endoplasmic reticulum (ER) in complex with the MHC class 11-
associated invariant chain (li, CD74). li occupies the peptide-binding groove of MHC-II to
prevent peptide loading within the ER. In the absence of li, MHC-11 may be loaded with
endogenously-derived ER peptides, or may be retained in the ER as a misfolded
protein®-43, Like other membrane bound proteins, MHC-II is transported via vesicles which
bud from the ER. li targets MHC-II containing vesicles to acidic endosomes, where MHC-11
is loaded with exogenously-derived antigens acquired through endocytosis, or with antigens
produced within vesicles (e.g., from endosomally-localized microbes). MHC-I1-containing
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vesicles may also fuse with autophagosomes, allowing for cross presentation of
endogenously-derived peptides**. In acidic vesicles, li is degraded into a short fragment
called the class Il-associated invariant chain peptide (CLIP). If MHC-II fails to bind peptide
in the endosome, it is degraded in the acidic environment. Release of CLIP and binding of
peptide antigen is catalyzed by the co-chaperone HLA-DM. HLA-DM also catalyzes the
release of weakly bound peptides, ensuring that only strongly bound peptide:MHC-II
(pMHC-11) complexes reach the cell surface. In some cells types such as splenic B cells,
thymic epithelial cells and certain DC lineages, this process is aided by another co-
chaperone, HLA-DO, which antagonizes the binding of peptides to MHC-II, further
ensuring that only strong pMHC-11 bonds can form3745, MHC-I1 complexes are stable only
when antigen-loaded, and importantly, only stable MHC-I1 complexes remain at the cell
surface?®. Once on the cell surface, pPMHC-11 complexes can be recognized T-lymphocytes,
primarily CD4+ T cells. There is some evidence that CD8+ T cells may recognize MHC-II
in the absence of CD4+ T-cells (e.g., due to CD4 knockout, or advanced HIV infection)?*’,
although the implications of this are unclear.

Comparison between MHC-Il and MHC-I

Though both MHC-1 and MHC-II present peptide antigen to T cells, there are many
differences in their structure and function (Figure 1B). Unlike the heterodimeric MHC-II,
MHC-I consists of a single polymorphic alpha chain which associates with the non-
polymorphic beta-2-microglobulin (B2M). MHC-I canonically presents endogenously
produced antigens, which are generated by the proteasome and shuttled by TAP1/TAP2
transporter proteins into the ER, where MHC-I is loaded with peptide. MHC-I is typically
constitutively expressed by all nucleated cells, including cancer cells. In most tissues, MHC-
I expression is not controlled by a master regulator, in contrast to MHC-II regulation by
CIITA. However, in certain immune cells, particularly T cells, NOD-like receptor family
CARD domain containing 5 (NLRCS5) acts as a master transcriptional regulator of MHC-I
and related machinery8:49. Though generally constitutively expressed, MHC-I expression is
inducible by IFN-y and NF-xB pathway activation#8:0,

Despite the near ubiquitous expression pattern of MHC-1, some cancer cells may lose MHC-
| expression as a mechanism of immune escape. Although loss of MHC-1 expression is a
trigger for NK-mediated cell killing, many tumors are able to evade immunosurveillance
without expression of MHC-I. Loss of MHC-I expression, often mediated by loss of p2M,
has been reported as a mechanism of resistance to anti-PD-1 therapy®1:52. Interestingly,
some tumors which lose expression of MHC-I may retain expression of MHC-11, though the
functional significance of this is unclear?2. Likewise, several melanoma cell lines which do
not express MHC-11 in response to IFN-v still express high levels of MHC-11°. These
observations suggest that MHC-I and MHC-I1 are independently regulated in cancer and that
expression of MHC-1 and MHC-1I may have independent implications for cancer
immunotherapy.
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CD4+ T cells in cancer immunotherapy

TSMHC-1I may play a role in stimulation of CD4+ T cell subsets, which have diverse
functions in immunity. T helper 1 (Th1) CD4+ cells secrete IFN-y and other activating
cytokines, while regulatory T cells (Tregs) suppress immunity and inflammation, playing a
central role in tolerance®3. Other CD4+ T cell subsets such as Th2 and Th17 have less clear
roles in anti-cancer immunity, with both pro- and anti- tumor effects reported®3, and are
reviewed more comprehensively elsewhere®3-56, Importantly, CD4+ T cells have been
shown to recognize cancer-associated antigens and, in some instances, recognize a wider
array of antigens than CD8+ T cells®’=59. This may be due to the greater repertoire of
antigens which can be presented on MHC-11 and may be functionally significant for tumors
which have fewer candidate neoantigens?®. Intriguingly, a recent report showed that
mutations predisposed for MHC-I11 presentation are negatively selected during
tumorigenesis. Notably, selective pressure against MHC-I1-restricted neoantigens was
stronger than that against MHC-I restricted neoantigens, indicating that CD4+ T cell
immunosurveillance is an important suppressor of cancer development and progression®0.
Additionally, CD8+ T cells cannot generate an effective, long-lasting memory response
without CD4+ help®761, As evidence of this, response to anti-PD-1 therapy, which is
thought to reinvigorate CD8+ cytotoxic T cell responses, requires CD4+ T cells in several
murine models!3. Additionally, therapeutic adoptive cell transfer of CD4+ T cells is an
emerging concept with promising results2-64, Complete melanoma regressions have been
documented following infusion of CD4+ T cells specific for a melanoma-associated antigen
(BRAF-VB00E or NY-ESO-1)6263, Recent work in CAR-T based therapies also
demonstrated improved responses when CD8+:CD4+ T cell ratios are controlled for optimal
T cell help®-57_ In addition to their role as helper T cells, CD4+ T cells can be directly
cytotoxic and tumoricidal in some instances!1:68-70, These data, generated in a variety of
immunotherapy modalities, demonstrate that CD4+ T cells are active and critical players in
anti-tumor immunity. Thus, novel strategies to enhance CD4+ T cell activation may produce
tangible benefits.

An unresolved consideration is what effect, if any, tsMHC-11 has on CD4+ Tregs. Tregs are
abundant in many tumors and can be potently suppressive’1:72, Tregs also require T cell
receptor (TCR) stimulation by MHC-11 to maintain their suppressive activity’3. However,
the favorable association of tsMHC-11 with improved immune-mediated outcomes would
suggest that tsMHC-11 may fail to activate Tregs, though robust evidence for this is lacking.
In murine tumors transduced with C//TA, no increase in the Treg marker FoxP3 was seen’4.
Treg infiltration in MHC-I1+ human tumors has not been robustly assessed.

An intriguing open question related to tsSMHC-I1 is whether or not CD4+ T cells require
classical co-stimulation (/.e. via CD80 and CD86) in all cases for initial priming of naive
cells and/or subsequent reactivation, or if non-classical co-stimulatory molecules may
substitute. Canonically, T cell activation requires signal 1 (MHC:T cell receptor binding)
and signal 2 (co-stimulation with CD80/86 binding to CD28). Signal 1 in the absence of
signal 2 may lead to anergy or T cell tolerance’®. Tumor cells typically do not express
CD80/8676; however, many co-stimulatory receptors beyond CD80/86 have been identified
(reviewed in Reference’®). Some tumor cells express non-classical co-stimulatory molecules
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which may be sufficient to activate certain subsets of T cells1#76. An example is CD70, a
member of the tumor necrosis factor super family 7 expressed by renal cell carcinoma and
other tumor types. CD70 binds to CD27 on T cells and can induce lymphocyte proliferation
or apoptosis’’. 0X40-ligand, another co-stimulatory receptor, is expressed by some
glioblastomas and other tumors’8. T cells in the tumor microenvironment (TME) may also
receive co-stimulation from adjacent, juxtaposed immune cells®® or may have been
previously primed and activated in the tumor draining lymph node prior to trafficking to the
tumor site. Requirements for additional co-stimulation in previously educated T cells are
unclear. The role of various co-stimulatory factors in anti-tumor immunity merits further
study.

MHC-Il in human cancers

Expression of MHC-I1 and related pathway components by cancer cells has been seen in a
variety of human tumors including: melanomal®22.79, breast cancerl’-80-88 colorectal
cancer89.90 ovarian cancer®::92, prostate cancer®3, classic Hodgkin lymphoma?!, glioma®4,
and non-small cell lung cancer® (Figure 2). Notably, this includes many solid tumors where
the tissue of origin does not ordinarily express MHC-1I molecules. Several studies, in
multiple cancer types, have found an association between tsMHC-11 and favorable
prognosis. TSMHC-I1 expression has been associated with improved progression-free (PFS)
and overall survival (OS) in melanoma and classic Hodgkin lymphoma patients treated with
anti-PD-1/anti-PD-L1, but not anti-CTLA-41521.22.79 1mportantly, these studies used
immunohistochemistry (IHC) and co-staining with a tumor specific marker (e.g. SOX-10 for
melanoma) to delineate tsSMHC-I1 versus MHC-I1 expressed by infiltrating immune cells or
stroma. TsSMHC-I1 did not predict survival in an unselected cohort of melanoma patients,
suggesting a specificity of tsMHC-I1 toward immune-mediated tumor outcomes in
melanomal®. In a study of 681 triple negative breast cancer (TNBC) patients, approximately
30% had some degree of tsMHC-I1 positivity by IHC on treatment-naive resection
specimens, and tsSMHC-11 was correlated with better disease-free survival (DFS) in patients
with lymph node metastases following adjuvant radiotherapy and/or chemotherapy’. In
another study using RNA-sequencing of 47 TNBC tumors, MHC-I1 pathway genes were the
most strongly correlated with improved PFS. High expression of a 13 gene composite of the
pathway (including C//TA, CD74, HLA-DPA1, HLA-DPBI, HLA-DPB2, HLA-DQAI,
HLA-DRBI1, HLA-DRB5, and HLA-DRBS6) as well as C//TA or CD74 alone was
significantly correlated with improved PFS. This finding was validated in an independent
publicly-available Affymetrix microarray dataset8®. A limitation of this study is the use of
RNA-sequencing, which does not inform on which cell types express the MHC-I1-related
genes of interest. IHC analysis of 112 unselected primary breast cancers showed that tumors
positive for HLA-DR, li, and HLA-DM had significantly better PFS and OS than tumors
negative for HLA-DR or expressing HLA-DR without li and HLA-DM. A significant
limitation of this study is the lack of stratification by subtype and small sample size in
individual groups: only 9 tumors expressed all three molecules®2. A separate group found
that HLA-DMB RNA expression was correlated with improved survival in 38 cases of
advanced-stage serous ovarian cancer. Immunofluorescence performed on a subset of tumors
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from this cohort showed that HLA-DR staining was present on both the epithelial cancer
cells and infiltrating CD8+ T cells®L.

In addition to survival, tsSMHC-II has been associated with higher number of both CD4+ and
CD8+ tumor infiltrating lymphocytes (TILs), absence of lymphovascular invasion, increased
formation of tertiary lymphoid structures, upregulation of genes associated with IFN-y
pathway activation (including CD274 which encodes PD-L1)1791, and higher levels of
IFNG, IL2 and /L12mRNA (Th1 cytokines)82. /L4, /110, and TGFBI mRNA (Th2
cytokines) did not differ by tsMHC-I1, suggesting a skewing toward Th1 polarization®2.
Taken together, these data suggest that increased expression of MHC-II or related pathway
components by tumor cells (or in the bulk tumor population) is associated with better
prognosis and enhanced anti-tumor immunity. This leads to the hypothesis that strategies to
increase tsSMHC-I1 may be therapeutic, particularly in combination with immunotherapies.

Another intriguing study in breast cancer raises the possibility of such a therapeutic
application. Targeted next-generation sequencing was performed on 74 clinically defined
TNBC tumors who all had residual disease burden in the breast following neoadjuvant
chemotherapy, which is the group at highest risk for disease recurrence following surgery.
Ras/MAPK pathway alterations and a high transcriptional MEK signature were significantly
assoicated with low TIL burden. A high MEK signature was further associated with low
tumor specific MHC-1, MHC-II and PD-L1. Inhibition of the Ras/MAPK pathway increased
anti-PD-1 sensitivity in mouse models of breast cancer and increased MHC-1 and MHC-II
expression in mouse and human breast cancer cell lines. These data suggest that MEK
inhibition may be a means of sentizing breast tumors to anti-PD-1/anti-PD-L1 therapies via
upregulation of tumor specific antigen presentation, but stop short of establishing a causal
link between the two80. Clinical trials are underway testing combinations of MEK inhibitors
with anti-PD-L1 therapy in metastatic breast cancer.

TsMHC-11 may be a clinically useful biomarker of a T cell-inflamed tumor, as MHC-II
upregulation is downstream of IFN-y, and tsSMHC-I1 can be measured by IHC, a technique
which is routinely used clinically and is more efficient than RNA-sequencing for an IFN-y
signature96. Though PD-L1 can also be measured by IHC, its use as a biomarker is
complicated by multiple available assays, imperfect concordance between assays and mixed
results in clinical trials, with robust responses to anti-PD-1/anti-PD-L1 seen in some patients
with no or low PD-L1 expression®7-%. Notably, tsMHC-II may also be regulated
independently of IFN-y. Not all tsMHC-I1 expression can be explained solely as a
byproduct of IFN-y and immune activation, as many melanoma cell lines grown /n vitroin
the absence of any immune stimuli express high levels of MHC-11. Melanoma cell line-
specific MHC-11 expression can be categorized by three phenotypes: 1) constitutive
expression, 2) no/low baseline expression with IFN-y inducible population, and 3) no
baseline expression with no induction with IFN-y15:8485 The inducible IFN-y phenotype
has also been replicated in a patient derived xenograft (PDX) model of melanoma,
suggesting that inducible MHC-I1 expression is likely a phenotype of human tumors /n vivo,
not only cultured cells®. Importantly, whether tsMHC-I1 serves as a biomarker of IFN-y
response is distinct from a possible functional role of tsMHC-I1 itself in augmenting an
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immune response. Many studies in murine model systems have investigated the functional
role of tsMHC-II through genetic manipulation, summarized below.

Consequences of tsMHC-Il upregulation in murine models

Correlative associations in human tumors do not establish causality, and thus, the use of
animal models is required to experimentally delineate the role of tsMHC-1I. TSMHC-II in
mouse models has been studied by multiple groups, with most finding that transduction of
tumor cells with ectopic MHC-I1 or CIITA increases immune-mediated tumor
rejection1899-102 However, some contrasting reports have shown that MHC-I1 or CIITA has
no effect or, in some cases, accelerates tumor growth193-105, These studies and possible
hypotheses for their conflicting results are summarized below and in Table 1.

In the majority of studies, transduction of tumor cells with Ciitaincreased tumor rejection
and led to resistance to challenge with parental cells in mouse models of breast cancer,
sarcoma, lung cancer, and colon cancer!8100.101,106,107 '|n 3 mouse model of breast cancer,
Ciita+ clones with the highest surface expression of MHC-I1 were rejected at the highest
ratel8, while depletion studies revealed that both CD4+ and CD8+ T cells, but not B-cells or
natural killer (NK) cells, were necessary for tumor rejection. Furthermore, splenocytes
harvested from animals that rejected Ciita+ tumor cells produced significantly more IFN-y
when stimulated ex vivo than control tumor bearing animals, suggesting systemic immune
activation18. Surprisingly, mice rejecting Ciita+ tumors were immunized against re-
challenge with parental (Ciita-) tumor cells, which could be conferred to tumor-naive mice
through co-injection of parental tumor cells with CD4+ or CD8+ splenocytes harvested from
mice rejecting Ciita+ tumor cells!07. Anti-CD80 and anti-CD86 blocking antibodies were
used to test the importance of co-stimulation in MHC-I1 induced tumor rejection. Mice
treated with the co-stimulation blocking antibodies failed to reject an MHC-I1-transduced
sarcoma line, which was rejected by control mice. Transduction of the sarcoma line with
CD&6 abrogated tumor growth and provided resistance to re-challenge with parental tumors
similarly to transduction of MHC-11198, These results suggest that, as expected, co-
stimulation can augment anti-tumor immunity, but that at least in some cases, tumor cells
themselves do not need to express CD86 in order to elicit an immune response. Notably,
depletion of DCs or macrophages had no impact on the ability of mice to reject Ciita+ tumor
cells, raising the possibility that MHC-11+ tumor cells act as APCs to prime anti-tumor
immunity107. This is a surprising result, given the widely accepted crucial nature of
lymphatic pAPCs in initiating an adaptive immune response. As macrophages and DCs were
not simultaneously depleted, it is possible that these cell types have redundancy in their
functions. Furthermore, the role of B cells was not assessed. It is also possible that only the
small quantity of residual DCs or macrophages which survived depletion are necessary to
carry out their function.

Not all studies of tsMHC-II in murine models have shown increased immunogenicity. In a
mouse model of lung cancer, single cell clones from a Ciitatransduced population grew
more aggressively in mice when cell surface MHC-I1 was highest. The polyclonal cell line
and clones with low MHC-I1 expression grew more slowly than the parental line. A
confounding variable in this model was that transduction with Ciita also increased MHC-I
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expression which was hypothesized to decrease NK cell-mediated surveillance, although
characterization of the tumor immune infiltrate was not reported103. Another study reported
that, while transduction of mouse sarcoma cells with MHC-11 alone increased tumor
rejection, combined transduction with MHC-1I and invariant chain, or transduction with
Ciita abrogated MHC-I1-mediated rejection94. Although not directly reported, it is possible
that high expression of li or H2-M (the mouse analog of human HLA-DM) and li (via
CIITA) led to insufficient presentation of endogenous antigens, producing a blunted
immunologic response20.

There are a number of factors that may account for the discrepancies noted above in terms of
whether ectopic MHC-11 or Ciita expression by tumor cells enhances anti-tumor immunity.
A likely confounding variable is the uncertainty about which tumor associated antigens are
capable of being presented on MHC-II in each model system. Elution and characterization
of antigens bound to MHC-11 remains difficult. Mouse tumor cell lines are also variable in
terms of number of mutations and therefore number of candidate neoantigens. Because
MHC-II canonically presents exogenously derived peptides, the mechanism and efficiency
of loading of endogenously-derived peptides is unclear. This may depend on the degree of
autophagy carried out in a given cell line under particular conditions*4. Published studies
also differ in the number of tumor cells injected, the injection site, and the mouse strains
used — all of which could have immunologic consequences. Tumor model and mouse strain
may also affect the expression of non-classical co-stimulatory molecules’®, many of which
have not been extensively studied in cancer. It is also difficult to compare levels of
expression of MHC-11 and pathway components induced by ectopic expression across
studies. In a small cohort of unselected melanoma patients, tsSMHC-I1 was not associated
with survival, but has been associated with improved response to anti-PD-1/anti-PD-L11°,
leading to the possibility that some MHC-11+ murine models generate inflammation, leading
to rapid T cell suppression via PD-1/PD-L1. Thus, ICI therapy may be required to unmask
the pro-immunogenic effect of tsMHC-I1. An intriguing but underexplored hypothesis is that
induction of tsSMHC-I1 may lead to selective pressure to upregulate immunoinhibitory
molecules on TILs, such as Lymphocyte Activation Gene 3 (LAG-3; an immunoinhibitory
receptor which binds MHC-II) and others.

Finally, there are a variety of novel proposed mechanisms by which tsMHC-11 exerts
immunogenic effects (Figure 3). Ciita+ tumor cells which either express a model antigen or
are pulsed with model antigen peptide or protein can activate antigen specific-transgenic
CDA4+ T cells, showing that tsMHC-11 can be directly recognized by CD4+ T cells /in
vitrot8:109 One report described MHC-I1-containing exosomes derived from MHC-11+
tumor cells which were immunostimulatory?19; a finding consistent with the contrasting role
of PD-L1-loaded exosomes that has been recently reported!!l. However, independent
validation of these mechanisms is lacking at his time.

Regulation of MHC-II expression in cancer cells

As reviewed above, MHC-I1 expression can be regulated at the level of IFN-y-driven Ciita
expression, but some tumor cells are deficient in their IFN-y responsel®. There are multiple
pathways which may interact with and modulate MHC-11 expression in cancer cells. JAK/
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STAT signaling is indispensable for MHC-II upregulation38:39, and JAK mutations are
known to contribute to blunted interferon signaling and immunotherapy resistancel12.113,
Another intriguing example is MHC-11 suppression by RAS/MAPK activation in breast
cancer, which can be therapeutically reversed by MEK inhibition®. In contrast, MAPK
activation in HLA-DR+ melanoma lines activated C//7TA promoter plll, a promoter activated
primarily in B cells14. The opposite effects of MAPK on HLA-DR expression in these two
studies8%-114 may be explained by different tumor models (breast vs melanoma) or by
differential mechanisms of regulation for constitutive, inducible, or stably null expression of
MHC-II. Some melanoma cell lines which constitutively express HLA-DR have aberrant
CIITA expression driven from pl11115 or aberrant constitutive activation of plV, which has
not been shown to be constitutively active in any other context!16. Other tumor cells regulate
inducible HLA-DR expression at pIV of C//TA, like other cell types'1’. In addition to IFN-
v, type | interferons, GM-CSF, IL-4 and TNF-a are known to upregulate MHC-11 on
dendritic cells118-120, Conversely, IL-10 downregulates MHC-11 expression on pAPCs!21,
However, the effect of these cytokines on tsSMHC-11 is not known.

Inducible HLA-DR expression may also be modulated by retinoblastoma (Rb)
protein122-124 some cells can induce C//TA expression with IFN-y stimulation, but not
produce functional MHC-II at the cell surface. In some instances where Rb function is lost
through genomic deletion or mutation, the defect from CIITA to cell-surface MHC-1I can be
rescued by reconstitution of functional Rb protein. However, in other cell types in which
CIHTA induction itself is defective in response to IFN-y, Rb reconstitution does not result in
full MHC-I1 expression122-125_ These results suggest that expression of MHC-I1 at the cell
surface may be regulated by CIITA and also at the post-CIITA level (e.g., by Rb).

Tumor cells may also select for mechanisms to downregulate MHC-I1 expression. For
example, genomic alterations in C//TA are common in Hodgkin Lymphoma and primary
mediastinal large B-cell lymphoma and are associated with reduced tsSMHC-I11
expression126-128 Other non-genomic mechanism of silencing C//TA have also been found.
Small cell lung cancer and neuroblastoma overexpress L-myc, N-myc, and human achaete-
scute complex homologue-1 (HASH-1) which can bind to promoter IV of CIITA and repress
the transcriptional response to IFN-y 95129, Epigenetic silencing may also be a mechanism
of repression of MHC-I1 expression in human tumors30. Repression of MHC-11 expression
by tumor cells may be a mechanism of immune evasion, through avoiding recognition by
anti-tumor CD4+ T cell subsets. Given the favorable association of tsMHC-11 expression
with response to immunotherapy, downregulation of tsMHC-II may contribute to resistance
to ICI.

Therapeutic implications of tsMHC-Il and future directions

TsMHC-11 associates with improved prognosis, including in response to ICI, increased TILs,
and pro-inflammatory interferon signaling in human tumors. Murine models suggest that
there may be a causative relationship between tsSMHC-11 expression and increased
immunogenicity. TSMHC-I1 may be a clinically actionable biomarker of response to ICI and
novel strategies to upregulate tsMHC-I1 may improve response to immunotherapies.
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Currently, there are very few clinically used biomarkers to predict response to
immunotherapies and to target patients to single versus double agent regimens3%, TsSMHC-
Il expression correlates with response to anti-PD-1/anti-PD-L1 in melanoma and classic
Hodgkin lymphomal521.22.79 Therefore, expression of tsMHC-11 may portend a high
likelihood of response to single agent anti-PD-1/anti-PD-L1, rendering the addition of anti-
CTLA-4, and the consequent increased likelihood of immune-related adverse events,
unnecessary. Conversely, absence of tsMHC-I1 suggests a lower probability of response to
single agent anti-PD-1/anti-PD-L1 and a higher likelihood of additional benefit with
combination anti-PD-1/anti-PD-L1 and anti-CTLA-4. Furthermore, novel immune
checkpoint inhibitors, such as those which target LAG-3, are currently in development. As
LAG-3 is an inhibitory receptor which binds to MHC-11132, it is reasonable to posit that
tSMHC-I1 may exert a selective pressure to upregulate LAG-3 in the TME and therefore may
be an appropriate biomarker for anti-LAG-3 therapies33. However, this hypothesis requires
further study.

TsMHC-I1I has been studied in murine models as a possible tool in anti-tumor vaccines.
Inoculation with non-viable tumor cells that express MHC-I1 protected mice from challenge
with parental tumor cells103:107.134.135  An intriguing area of future research is therapeutic
upregulation of MHC-I11. Given the murine studies which find that upregulation of tsMHC-II
often leads to tumor rejection, it is reasonable to hypothesize that upregulation of tsMHC-11
in human tumors will enhance anti-tumor immunity and increase sensitivity to immune
checkpoint blockade, but this remains to be rigorously tested. Likewise, endogenous
antigens presented by tsSMHC-I1 and the direct effect of tsMHC-I1 on antigen-specific CD4+
T cells are unknown. One hurdle in this space is a lack of sufficient understanding of what
regulates MHC-I11 expression in the diverse landscape of human tumors and what prevents
tsSMHC-I1 expression. Studies in divergent tumor types and phenotypes have alternately
shown that MEK inhibition upregulates® or downregulates1* MHC-11 expression. An
intriguing possibility for therapeutic upregulation of MHC-I1 lies in epigenetic modifiers
which have been shown to upregulate MHC-11 expression in human and murine ovarian
cancer cell lines, as well as ovarian cancer PDX models?2. Other strategies to upregulate
tsSMHC-I1 are actively being investigated.

Summary & Conclusions

MHC-II is necessary for the activation of CD4+ T cells, which play diverse and crucial roles
in anti-tumor immunity. Although MHC-I1 is canonically expressed by pAPCs, its
expression is also noted on wide range of tumor cells. TSMHC-I1 has been associated with
better patient outcomes, either overall or in response to immunotherapy with anti-PD-1/anti-
PD-L1 agents. Upregulation of tsSMHC-I1 and related pathway components often, but not
always, leads to enhanced tumor rejection in murine models. TSMHC-II may be
constitutively expressed, inducible with IFN-y, or stably null. Each of these phenotypes may
be the consequence of distinct molecular events. TSMHC-I11 holds promise as a biomarker of
inflamed tumors and a higher likelihood of response to anti-PD-1/anti-PD-L1 agents and
may be more easily translated as a predictive biomarker into clinical practice than other
parameters. Finally, upregulation of tsMHC-1I may be a novel means of enhancing anti-
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tumor immune responses. Further study on the regulation of MHC-II expression in tumors
and the functional effects of tsMHC-II may yield new insights into cancer immunotherapy.
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Figure 1: Pathway of | FN-y mediated upregulation of tsSMHC-I1.
A) IFN-vy binds to the IFN-y receptor (IFNGR) leading to JAK1/2 phosphorylation. JAK1/2

phosphorylates STAT1 which translocates to the nucleus and cooperates with other
transcription factors, like IRF-1 to activate promoter IV of CIITA. CIITA is then translated
and returns to the nucleus (not shown) where it acts as a scaffold for RFX family members
and drives transcription of MHC-II related genes such as HLA-DR, DP, DQ, invariant chain
(i), and HLA-DM. MHC-II alpha and beta chains are assembled and complexed with i in
the endoplasmic reticulum. MHC-I1 bound to li and associated with HLA-DM bud off in a
vesicle. li targets this vesicle to the acidic endosomal compartment. In the acidic
environment, li is degraded to CLIP. HLA-DM catalyzes the release of CLIP and binding of
antigen. Stabilized peptide:MHC-II complexes translocate to the cell surface where MHC-I1
can present antigen to CD4 T cells. B) MHC-I is generally constitutively expressed.
Cytosolic proteins are degraded by the proteasome into peptide antigens. These antigens are
loaded into the ER by TAP1/TAP2 transporter proteins where they can be loaded onto the
assembled MHC-1 alpha chain and p2M complex. This complex is transported through the
Golgi (not shown) to the cell surface where it can present peptide antigens to CD8+ T cells.
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Figure 2: Cancer typeswhich have been shown to expressMHC-I 1.

anti-PD-1/PD-L1152272 =

Colorectal Cancer
Expression of tsMHC-11%%%¢

\ Prostate Cancer

Expression of tsMHC-11%3

A diverse subset of human tumors has been shown to express MHC-I1. Those tumor types,

and the outcomes associated with tsMHC-II are shown here.

Clin Cancer Res. Author manuscript; available in PMC 2020 April 15.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Axelrod et al. Page 23

@ Exosome secretion

y/

Direct tsMHC-1:TCR
interaction

TCR

Cancer Cell o3
»
- =

@ Antigen secretion

Figure 3: Mechanisms of tsMHC-I|-mediated immunostimulation.
Mechanisms by which tsMHC-I1 has been proposed to affect immunity. 1) Cancer cells

expressing MHC-11 may secrete exosomes which can be immunostimulatory. 2) tsMHC-I1
may directly interact with CD4+ T cells to affect polarization and activation. 3) Cancer cells
may secrete antigens which can be endocytosed and presented by pAPCs.

Clin Cancer Res. Author manuscript; available in PMC 2020 April 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Axelrod et al.

Effect of tsSMHC-11 in murine models

Table 1:

Page 24

Tumor Site(s) of Origin

MHC-II induced by
transduction of

tsMHC-11 associated with

Ref(9)

Breast, sarcoma, lung,
colon

IFNG, MHC-1I (AX), Ciita

Tumor rejection and/or inhibited growth

18,100,101,106-108

Breast, lung, colon Ciita Resistance to challenge with parental cells 18,107
Lung Ciita Increased tumor growth (only in high MHC-II expressing 103
clones)
Sarcoma, Lung MHC-11 and li or Ciita No change in tumor growth 28,103,104
Breast, Lung IFNG, Ciita Vaccination with killed tumor cells leads to resistance to re- | 100.103107,134,135
challenge with parental
Breast Cifta IFN-y production by splenocytes 18
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