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ABSTRACT

MHC-II is known to be mainly expressed on the surface of antigen-presenting cells. Evidence
suggests MHC-II is also expressed by cancer cells and may be associated with better
immunotherapy responses. However, the role and regulation of MHC-II in cancer cells remain
unclear. In this study, we leveraged data mining and experimental validation to elucidate the
regulation of MHC-II in cancer cells and its role in modulating the response to immunotherapy.
We collated an extensive collection of omics data to examine cancer cell-intrinsic MHC-II
expression and its association with immunotherapy outcomes. We then tested the functional
relevance of cancer cell-intrinsic MHC-II expression using a syngeneic transplantation model.
Lastly, we performed data mining to identify pathways potentially involved in the regulation of
MHC-II expression, and experimentally validated candidate regulators. Analyses of pre-
immunotherapy clinical samples in the CheckMate 064 trial revealed that cancer cell-intrinsic
MHC-II protein was positively correlated with more favorable immunotherapy outcomes.
Comprehensive meta-analyses of multiomics data from an exhaustive collection of data
revealed that MHC-II is heterogeneously expressed in various solid tumors, and its expression
is particularly high in melanoma. Using a syngeneic transplantation model, we further
established that melanoma cells with high MHC-II responded better to anti—PD-1 treatment.
Data mining followed by experimental validation revealed the Hippo signaling pathway as a
potential regulator of melanoma MHC-II expression. In summary, we identified the Hippo
signaling pathway as a novel regulator of cancer cell-intrinsic MHC-II expression. These findings
suggest modulation of MHC-II in melanoma could potentially improve immunotherapy response.
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Synopsis
High cancer-intrinsic expression of MHC-II is associated with better immunotherapy responses
and clinical outcomes. Multiomic analyses and gene editing experiments demonstrate that

MHC-II expression is regulated by the Hippo signaling pathway in melanoma.

Introduction

The major histocompatibility complex class Il (MHC-II) molecule is essential for stimulating
CD4+ T cell-dependent immune responses (1). It is highly expressed on the surface of
professional antigen-presenting cells (APCs) such as dendritic cells, B cells, macrophages, and
thymic epithelial cells (2,3). By loading endosome/lysosome-processed antigenic peptides on
MHC-II, APCs can interact with antigen-specific CD4+ T cells and induce their
activation/differentiation (2-4). Evidence has revealed that cancer cells can also express MHC-II,
especially when stimulated by inflammatory cytokines such as IFNy (5,6). In addition, cancer
cell-intrinsic MHC-II expression is reported to be associated with better responses to immune
checkpoint blockade (ICB) treatment in patients with melanoma or classic Hodgkin lymphoma
(7-9). Furthermore, the presence of intratumoral cytotoxic CD4+ T cells in patients with
metastatic bladder cancer was positively correlated with anti-PD-L1 response (4). Together,
these studies implicate cancer cell-intrinsic MHC-Il as a potential modulator of antitumor
immunity and immunotherapy response. However, it is unclear whether cancer cell-intrinsic

MHC-II results in more favorable immunotherapy outcomes.

The class Il transactivator (CIITA) transcription factor is known as a major regulator of MHC-II
gene expression (3,5,10). Several studies ectopically overexpressed CIITA in mouse cancer
cells, which led to increased cancer cell-intrinsic MHC-II expression and elevated sensitivity to
anti—-PD-1 treatment (11,12). However, ectopic overexpression of CIITA might exceed

biologically relevant quantities. It remains unclear whether the natural variation in cancer cell-
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intrinsic MHC-II expression leads to differential anti-tumor immune response. Furthermore,
although CIITA is an important regulator of MHC-II expression, other factors affecting cancer

cell-intrinsic MHC-II expression remain to be determined (13,14).

To better understand the role and regulation of MHC-II in cancer cells, we herein thoroughly
profiled and analyzed MHC-II expression using multiomics data derived from large collections of
cancer cells and patient samples. Our analyses revealed a positive correlation between cancer
cell-intrinsic MHC-II protein abundance and immunotherapy outcomes in patients with
melanoma. Examination of human cancer cell lines showed that MHC-II is highly expressed in
skin cancer cells compared to other solid tumor types. To elucidate the role of cancer cell-
intrinsic MHC-II in modulating immunotherapy response, we evaluated in vivo the anti—PD-1
response of isogenic melanoma cells with high or low MHC-II expression. Our results showed
that MHC-II-high melanoma cells exhibited a more favorable anti—-PD-1 response. Furthermore,
data mining followed by experimental validation revealed the Hippo signaling pathway as a
regulator of MHC-II in melanoma. Our study implicates the important role of MHC-II in the
immunotherapy response and suggests the Hippo signaling pathway as a potential means of

modulating its expression.

Materials and Methods

Data curation

To examine cancer cell-intrinsic MHC-II expression and its regulation, we collated an extensive
collection of omics data from data consortia and published studies (Table 1). For pan-cancer
human cancer cell lines, we only included cohorts with sample sizes larger than 500. For
melanoma datasets, we included cohorts with sample sizes larger than 50 or cohorts that have
multiplex omics data profiled. Specifically, we collected and curated human cancer cell line data

from DepMap (15), comprising 1362 RNA-Seq and 367 mass spectrometry profiles (16). RNA-
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Seq profiles of 675 human cancer cell lines were collected from the Kilijina study (E-MTAB-2706)
(17) and 54 melanoma cell lines from the Tsoi study (GSE80829) (18). Proteomic and
phosphoproteomic data of six melanoma cancer cell lines were collected from the Gao study
(GSE162270) (19). We also integrated orthogonal proteomic and epigenomic data of melanoma
cell lines to examine potential regulators of cancer cell-intrinsic MHC-II. Specifically, we
collected transcriptome and chromatin accessibility data from the Verfaillie study (GSE60666)
(20), where RNA-Seq and FAIRE-Seq were profiled for ten melanoma cell lines. The Verfaillie
study (GSE60666) (20) also provided RNA-Seq profiles of three melanoma cell lines with
TEADs (TEAD1, TEAD2, TEAD3, TEAD4) knockdown (KD) and their matched controls.
Specifically, siRNA-mediated gene knockdown experiments were performed for the TEADs KD
(20). Furthermore, to examine cancer cell-intrinsic MHC-II’s role in clinical samples, we utilized
data from CheckMate 064, a randomized phase 2 study (NCT01783938) evaluating the
sequential combination of nivolumab followed by ipilimumab, or the reverse sequence of
ipilimumab followed by nivolumab, in patients with histologically confirmed unresectable stage lll
or stage IV melanoma (21). In additional to RNA-Seq data, immunohistochemistry (IHC) was
also used to quantify the percent of cancer cells expressing MHC-II using the markers of HLA-
DP, HLA-DQ, HLA-DR, and SOX10 (8). Moreover, we collected human melanoma single-cell
RNA-Seq (scRNA-Seq) (22) dataset to evaluate the correlation between cancer cell-intrinsic

MHC-II expression and T-cell infiltration.

Cell lines and cloning of sgRNAs for CRISPR validation

Cell lines A375 (human melanoma) and B16F10 (mouse melanoma) were purchased from the
American Type Culture Collection (ATCC) and authenticated using standard short tandem
repeat analysis in 2019. Both cell lines were cultured in Dulbecco's Modified Eagle Medium

(DMEM, Corning #10013CV) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich
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#F2442), 1% L-glutamine (Life Technologies #25030164), and 1% penicillin and streptomycin
(Life Technologies #15140163). Both cell lines were routinely screened for Mycoplasma
infection using the MycoAlert Mycoplasma Detection Kit (Lonza), and used within four passages

in culture after thawing.

We cloned four gRNAs targeting each of the genes: CIITA, NF2, AMOTL1, AMOTL2, LATST1,
LATS2, RUNX1, and CBFB into the LentiCRISPRv2-Puro construct following a previously
established protocol (23). Briefly, gRNAs for each gene were individually cloned into the
lentiCRISPRv2-Puro vector purchased from Addgene (Plasmid #52961). DNA oligos for gRNA
cloning were purchased from Invitrogen. The sequences of gRNAs are listed in Table 2.We
produced lentivirues by lipofectamine 3000 transfection reagent (Invitrogen #L3000015) and

transduced A375 cells in the presence of 8ug/ml polybrene (Millipore #TR10003G).

Flow cytometry

We performed fluorescence-activated cell sorting (FACS) of A375 cells treated under the
indicated conditions to quantify HLA-DR. A375 cells were dissociated by enzyme-free Hanks
dissociation buffer (Life Technologies # 13150016), washed with Phosphate-buffered saline
(PBS, Corning # MT21040CV)-2%FBS, and incubated with DAPI (1:10,000 dilution, Life
Technologies) and anti-HLA-DR (clone L243, BioLegend, 1:200 dilution) for 1 hour on ice. Cells
were then washed and resuspended in PBS-2%FBS and analyzed on the BD LSR-Fortessa
instrument. FACS data were analyzed by FlowJo. For separation of MHC-II-high and -low
B16F10 cells, we first treated the cells with 10ng/ml IFNy (Peprotech #315-05) for 48 hours, and
FACS-sorted the cells into MHC-II-high and -low subpopulations based on their I-A/I-E (mouse
MHC-II) expression (by anti-mouse I-A/I-E, clone M5/114.15.2, BioLegend). The cells that
showed higher MHC-II than the untreated B16F10 population were sorted as MHC-II-high cells,

whereas the cells that showed comparable MHC-II with untreated B16F10 were sorted as MHC-
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lI-low cells. The MHC-I abundance of B16F10 cells was measured by flow cytometry using anti-

mouse H2-Kb (clone AF6-88.5, BioLegend).

Mice

All mice were housed in standard cages in the Dana-Farber Cancer Institute Animal Resources
Facility (ARF). All animal procedures were carried out in accordance with the ARF Institutional
Animal Care and Use Committee (IACUC) protocol and with the approval of IACUC. All murine
experiments were performed in compliance with institutional guidelines as approved by the
IACUC of Dana-Farber Cancer Institute. Mice were euthanized using CO, inhalation. Wild-type

C57BL/6 recipient mice were purchased from Charles River Laboratories.

We transplanted 4x10° MHC-II-high or -low B16F10 cells per site subcutaneously into the left
and right flanks of 6-8 week-old male C57BL/6 mice (2 sites/mouse, 10 mice/group). From day 3
post-transplantation, we treated mice intraperitoneally with control IgG (clone 2A3, BioXCell,
100ug per mouse) or anti—-PD-1 (clone 1A12, BioXCell, 100ug per mouse) every 3rd day for a
total of 4 treatments. We monitored tumor growth, and the maximum tumor diameter permitted

of 20mm was not exceeded.

Data processing and statistical analyses

For each sample, the transcriptomic profile was log,(1+TPM) transformed. Pearson’s correlation
was performed to investigate associations between MHC-II expression and biomarkers and
pathways. Adjusted p-values were retrieved and reported for each biomarker and pathway. To
make reliable and robust immune cell infiltration estimations, we utilized Immunedeconv (24), an
R package that integrates state-of-the-art algorithms for immune deconvolution, including
TIMER (25), xCell (26), CIBERSORT (27), EPIC (28), quanTlseq (29), and MCPcounter (30).

Although each algorithm has unique properties and strengths (24), immune infiltration
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estimations supported by multiple algorithms provide more confident results. To make reliable
immune infiltration estimations, we used six state-of-the-art algorithms, hoping to identify

immune cell types consistently inferred by various algorithms.

Differentially expressed or top-ranked genes were selected for pathway enrichment studies. The
pathway enrichment for each sample was evaluated by single sample gene set enrichment
analysis (ssGSEA) (31). The MHC-I signature is comprised of HLA-A, HLA-B, HLA-C, and B2M
genes, and the MHC-II signature contains CIITA, CD74, HLA-DMA, HLA-DMB, HLA-DOA, HLA-
DOB, HLA-DPA, HLA-DPB, HLA-DQA, HLA-DQB, HLA-DRA, and HLA-DRB genes. To identify
genes/pathways correlated with cancer-intrinsic MHC-II expression, we used 10 melanoma cell
lines that have matched transcriptomic and epigenomic data; 6 melanoma cell lines that have
matched proteomics and phosphoproteomics data; 33 melanoma cell lines that have matched
proteomics and transcriptomic data (Table 1). In each data cohort, we first evaluated proteomic
or transcriptomic MHC-II abundance for each sample using ssGSEA (31). With MHC-II
expression derived, we further used Pearson correlation to calculate each phosphopeptide’s
association with the MHC-Il expression. For these analyses, we examined their top enriched
pathways and focused on the ones that were consistently enriched across different analyses. To
identify gene expression programs associated with MHC-II expression, we curated three
independent melanoma cell line cohorts that were profiled by RNA-seq (n=83; n=54; n=53;)
(Table 1). In each melanoma cell line cohort, we also calculated each gene’s Pearson
correlation with the calculated MHC-II expression. Genes significantly (FDR<0.05) correlated
with MHC-II expression were selected for pathway enrichment studies. For these three analyses,
we examined their top genes/pathways and particularly focused on the ones that were

significant in all cohorts.
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Statistical analyses were performed using R3.6 and GraphPad Prism8. The growth of primary
tumors was analyzed using two-way ANOVA with multiple comparisons. When analyzing
scRNA-seq data, we used pseudobulk method as it was reported to produce fewer false
positives compared to other single-cell methods (32). Unpaired Student’s t-test, or unpaired two-
sided Mann—Whitney test were used as indicated for comparisons between two groups.
Kaplan—Meier overall survival curves were used to estimate survival in different comparison
groups. Cox proportional hazards regression analysis was used to test the significance of the
associations. All p-values are two-sided, and statistical significance was evaluated at 0.05.

Corrections for multiple testing were performed with the false discovery rate (FDR).

Data availability

CCLE data is available at the https://depmap.org/portal/ccle/ data portal. CheckMate 064

(NCTO01783938) is available through a direct application from Bristol Myers Squibb (BMS). All
other data are publicly available at Array Express or Gene Expression Omnibus (GEO) with

accession codes of E-MTAB-2706, GSE80829, GSE162270, GSE60666, and GSE72056.

Results

High cancer cell-intrinsic MHC-Il is associated with favorable immunotherapy outcomes
It was reported that cancer cell-intrinsic MHC-II expression is positively correlated with
immunotherapy response (7,8). Inspired by these studies, we asked what underlies this
correlation by examining the immune infiltration of MHC-II-high and MHC-II-low tumors.
Specifically, we curated CheckMate 064 (21), a clinical trial of nivolumab given sequentially with
ipilimumab (regimen switched in week 13) in subjects with advanced or metastatic melanoma.
Biopsies in CheckMate 064 were collected prior to immunotherapy, and both cancer cell-
intrinsic MHC-I and MHC-II protein abundances were quantified by IHC (8). Consistent with the

original publication (8), we found that high MHC-II protein in pre-immunotherapy samples was
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associated with better patient immunotherapy response, 25-week progression free survival

(PFS), and overall survival (OS) (Fig. 1A-B).

To further examine the correlations between cancer cell-intrinsic MHC protein and immune
infiltration, we computationally inferred the tumor immune infiltration using expression profiles
measured on the bulk tumors. Tumor immune infiltration was inferred using six state-of-the-art
immune deconvolution algorithms for robust results (Materials and Methods). We further
correlated the cancer cell-intrinsic MHC-I/Il expression with inferred immune infiltration. In
accordance with previous studies, cancer cell-intrinsic MHC-I protein was highly associated with
CD8+ T-cell infiltration (Fig. 1C) (Supplementary Table S1). We also found that cancer cell-
intrinsic MHC-II protein was positively correlated with CD8+ T cell, CD4+ T cell, and B-cell
infiltration (Fig. 1D) (Supplementary Table S2). Notably, this correlation between the inferred
T-cell infiltrates and the MHC-II protein is even stronger within the ICB responders (Fig. S1A,
Supplementary Table $3-S4), raising the possibility that it might be associated with a pro-
inflammatory anti-tumor response. To further test our hypothesis, we curated a single-cell RNA-
seq dataset (22), which profiled not only immune cells, but also 4,645 cancer cells from 19
melanoma patient tumors. Using this dataset, we confirmed that the MHC-II expression of
cancer cells is significantly correlated with number of T cells in the sample (Fig. S1B). We next
examined whether MHC-II protein was correlated with MHC-I protein. From the CheckMate 064
study, where MHC-I and MHC-II proteins were profiled by IHC, we did not observe a significant
correlation between these two MHC complexes (Pearson correlation p=0.25) (Fig. S1C). This

suggests that MHC-Il expression is not simply a natural consequence of MHC-I expression.

MHC-Il is highly expressed in skin cancer cells and associated with immunotherapy

response

10
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We next wondered whether the expression of cancer cell-intrinsic MHC-II is a common
phenomenon across cancer types. Due to the lack of quantified cancer cell-intrinsic gene
expression in published clinical cohorts, we examined the MHC-II expression in cancer cell lines
using data from multiple data consortia and published studies (Table 1). Leveraging these
curated data, we first investigated the roles and patterns of cancer cell-intrinsic MHC-II. We
performed transcriptome analyses on human cancer cell lines from the Cancer Cell Line
Encyclopedia (CCLE) (15) and observed variable MHC-Il expression across cancer types.
Specifically, MHC-II is highly expressed in hematologic cancers, including leukemia, lymphoma,
and myeloma (Fig. 2A). In addition, MHC-II is also expressed in multiple solid tumor cancer
types, among which skin cancer has the highest expression (Fig. 2A). The high expression of
MHC-II in skin cancer cells was also confirmed in the Kilijina study (17), an independent cohort
with 675 profiled cell lines (Fig. 2B). To further examine whether these observations were
consistent with protein abundance, we curated 367 cell lines from the CCLE, where protein
expression was measured by mass spectrometry. Using this dataset, we consistently observed
a high MHC-II protein expression in the skin cancer cell lines (Fig. S1D), which was correlated
with high MHC-II gene transcription (p=6.2e-13) (Fig. 2C). The high correlation between MHC-II
mMRNA and protein was observed in most cancer types (Fig. S1E). Together, analyses of the
transcriptomic and proteomic data suggest that the MHC-II is heterogeneously expressed in

solid tumor cancer cells, with the highest expression in skin cancer.

Based on these analyses, we asked whether cancer cell-intrinsic MHC-II expression influences
ICB response, or is merely a biomarker for intratumoral immune infiltration. B16F10 is a widely
used syngeneic melanoma model for testing cancer immunotherapy. It can be induced to
express MHC-II by treatment with IFNy, showing good potential to examine the effects of MHC-
Il on immunotherapy response. We first sorted B16F10 cells into MHC-II-high and -low

subpopulations based on their IFNy-induced MHC-II expression. We noted that the MHC-II-high

11
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cells showed higher MHC-II but similar MHC-I compared to MHC-II-low cells (Fig. S2). We then
expanded the sorted cells and tested their response to anti-PD-1 in vivo (Fig. 3A). MHC-II-high
cells showed a significant response to anti—-PD-1, whereas MHC-Il-low cells showed no
response (Fig. 3B). These results suggest that in this model, anti-PD-1 response mainly comes
from the MHC-II-high cells. Previous studies tested the effects of cancer cell-intrinsic MHC-II by
ectopically expressing CIITA (11,12), even beyond biologically relevant quantities. In contrast,
our study addressed this question by separating isogenic cells according to natural variation in
MHC-II abundance, confirming the relationship between cancer cell-intrinsic MHC-Il and

immunotherapy response.

Cancer cell-intrinsic MHC-Il expression is associated with the Hippo signaling pathway
We then asked what regulates cancer cell-intrinsic MHC-II expression. Although multiple studies
have explored the regulation of cancer cell-intrinsic MHC-II expression by CI/ITA (3,5,10), other
genes regulating cancer cell-intrinsic MHC-II expression remain undetermined. To identify other
potential regulators, we curated proteomic, transcriptomic, and epigenomic data from multiple
collections of melanoma cell lines. Using mass spectrometry data from the CCLE, we examined
the top genes associated with MHC-II protein abundance in melanoma (Fig. 4A). Major
components of the MHC-II pathway, including CD74, HLA-DR, HLA-DP, and HLA-DM genes,
were among the top associated genes. Other genes, including NF2, PTPN14, and TAOK2, were
also among the top-ranked genes (Fig. 4A), and a common theme shared by these genes is
that they participate in the Hippo signaling pathway. NF2 is a well-established tumor suppressor,
and loss of NF2 increases the Hippo pathway activity (33-35). PTPN14 is another established
upstream regulator of the Hippo pathway and exerts its function through an interaction with
YAP1, a major effector of the Hippo pathway. (36-38) Copy number loss for the TAOK family is

also reported to be a major cause of elevated Hippo pathway activity (39).
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The Hippo signaling pathway plays an important role in regulating tissue growth during
development and regeneration. Upstream signals, including NF2 and AMOTL1/2, activate
downstream kinases such as large tumor suppressor 1/2 (LATS1 and LATS2), which
phosphorylate YAP/TAZ, major effectors of the Hippo signaling cascade, to prevent them from
entering the nucleus (40-46). When in the nucleus, YAP/TAZ bind to transcription factors, such
as the TEAD protein family, to promote the expression of genes related to cell proliferation and
apoptosis (41-46). As the Hippo signaling pathway is heavily regulated by phosphorylation, we
examined which phosphopeptides are most correlated with MHC-II by curating publicly available
(phospho)proteome data from melanoma cells (19).The top positively/negatively correlated
genes were enriched for the Hippo signaling pathway (Fig. 4B-C), suggesting that the

phosphorylation of the Hippo signaling pathway is associated with MHC-II in melanoma cells.

RUNX1 is a member of the core-binding factor family of transcription factors. With its binding
partner CBFB, RUNX1 transcriptionally inhibits YAP/TAZ expression (47-51). The interaction of
RUNX1 with its co-factors is also among the top pathways enriched by MHC-II-correlated
phosphoproteins (Fig. 4C). In addition to the proteomic analyses, we performed transcriptomic
analyses to identify the gene expression programs associated with MHC-Il expression in the
cancer cells. Using the transcriptome profiles of 191 melanoma cell lines curated from 3
published studies (15,17,18), we evaluated the correlations between MHC-Il mRNA and each
gene’s expression. RUNX1 was also among the top associated genes with MHC-II expression
in these studies (Fig. 4D). Together, these analyses suggest that RUNX1 and its binding
partner CBFB might have the potential to inhibit YAP/TAZ resulting in enhanced cancer cell-

intrinsic MHC-II expression.

Cancer cell-intrinsic MHC-Il expression is regulated by the Hippo signaling pathway
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Based on the correlations observed above, we sought to use orthogonal data to test the
association between Hippo signaling pathway and MHC-II expression. Specifically, we curated
ten melanoma cell lines where both transcriptome and open chromatin regions had been
profiled (20). Consistent with the transcriptomic and proteomic data above, both transcription
and chromatin accessibility of MHC-Il were higher in cells with elevated chromatin accessibility
of Hippo signaling pathway genes (p < 0.001) (Fig. 5A). This raised the possibility of Hippo
signaling pathway regulation of MHC-II at the transcriptional level and prompted us to analyze
published transcriptomic data on Hippo pathway perturbation. We curated a study that profiled
gene expression in the MM047 melanoma line when all four TEADs (TEAD1, TEAD2, TEADS,
TEAD4) were simultaneously knocked down with siRNAs (Fig. 5B) (20). Indeed, the
simultaneous KD of TEADs significantly increased the expression of MHC-II, supporting the
Hippo-mediated regulation of MHC-II transcription (Fig. 5C). MHC-I mRNA abundance, however,

remained the same after TEADs perturbation (Fig. 5C).

We further experimentally validated the effect of Hippo signaling pathway perturbation on MHC-
Il expression using CRISPR-mediated single-gene knockouts targeting NF2, AMOTL1/2,
LATS1/2, RUNX1, and CBFB in the human melanoma cell line A375. CIITA, a master regulator
of MHC-II, was also knocked out as a positive control (Fig. 6A). Consistent with our
computational prediction, deletion of NF2, AMOTL2, LATS2, RUNX1, and CBFB significantly
decreased MHC-II expression (Fig. 6B), confirming that MHC-II is regulated by the Hippo
signaling pathway in melanoma cells. The Hippo signaling pathway is known to regulate multiple
cellular processes, including cell proliferation, differentiation, and cell death, through inhibiting

YAP/TAZ. Our study reveals a novel role of this pathway in cancer MHC-II expression (Fig. 6C).
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Discussion

Multiple studies have identified cancer cell-intrinsic MHC-II expression and its association with
better anti-tumor immune response (4,7,8). However, it is unclear how widely MHC-II is
expressed in solid tumor cancer cells and whether the natural variation of MHC-Il abundance in
cancer cells has causal effects in the anti-tumor immune response. Moreover, it remains elusive
how MHC-II expression is regulated in cancer cells. We attempted to address these questions
by leveraging comprehensive data mining to predict the putative regulators and targeted

experiments to validate our predictions.

We systematically characterized the cancer cell-intrinsic MHC-II expression landscape and
found heterogeneous expression across cancer types, with the highest expression among solid
tumors found in skin cancer. Comparison of the in vivo anti—-PD-1 response of MHC-II-high and
MHC-Il-low isogenic cancer cells suggested that higher cancer cell-intrinsic MHC-II expression
may potentiate immunotherapy. Computational analyses of publicly available multiomic data
followed by experimental validation revealed the potential role of the Hippo signaling pathway in
regulating cancer cell-intrinsic MHC-II expression in melanoma. The Hippo pathway is known to
be a key regulator of tissue growth (40-42). Multiple studies have proposed inhibition of
YAP/TAZ or TEAD as a cell-autonomous approach to suppress tumor growth (52-54). Other
studies reported that upstream kinases of the Hippo pathway can suppress PD-L1 expression
(55). In addition, our study suggests that modulating the Hippo signaling pathway might have an
additional benefit for improving antigen presentation via upregulating MHC-II, thereby
sensitizing cancer cells to anti-tumor immunity. These findings raise the possibility of improving
immunotherapy response by modulating cancer cell-intrinsic MHC-II through activating the

Hippo signaling pathway.
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Our analyses of CCLE data suggest that skin cancer has the highest MHC-II expression, but
MHC-II can also be expressed in other cancer types. For example, Oh et al. found that MHC-II-
expressing bladder cancer cells can be killed by intratumoral CD4+ cytotoxic T cells (4).
Johnson et al. and Eddine et al. found that enforced expression of CIITA can elevate MHC-II
expression in cancer cells and sensitize them to CD4+ T cell-driven cytotoxicity (11,12). These
studies comport with our finding that cancer cell-intrinsic MHC-II expression is a critical factor for
anti-tumor immune response and suggest future endeavors toward targeting cancer cells
through enhancing cancer cell-intrinsic MHC-II expression. Future studies are also needed to

validate whether Hippo signaling pathway regulates MHC-II in other solid tumor cancer cells.

One caveat of our study is the low sensitivity of proteomic data we curated for association
studies. 8,100 proteins were detected in mass-spectrometry data (19), which limits the power of
identifying protein signaling events associated with MHC-II expression. In addition,
phosphorylation of proteins may be poorly reflected in RNA-Seq data, limiting the ability to
integrate proteomic and genomic data. Another caveat is the small sample size of several public
studies, such as the phosphoproteome cohort (n=6). Nevertheless, we identified the Hippo
pathway to be strongly correlated with MHC-II expression and validated its regulatory function.
This does not exclude other regulators, which need to be systematically probed by future

experiments such as CRISPR screens.

In summary, we integrated data mining and experimental validation to assess the function and
regulation of cancer cell-intrinsic MHC-II expression. We revealed that high expression of MHC-
Il is associated with better immunotherapy responses, and MHC-II expression can be regulated
by the Hippo signaling pathway in melanoma. Our findings raised the possibility of modulating

the Hippo signaling pathway to enhance MHC-II expression and potentiate immunotherapy.
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Future studies are needed to address the effects of modulating the Hippo signaling pathway on

immunotherapy response in vivo and in the clinic.
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Tables and Figure legends

Table 1. Multiomics data derived from large collections of cancer cells and patient samples.

Knockdown (KD); immunohistochemistry (IHC); TEAD1, TEAD2, TEAD3, TEAD4 (TEADs)

Source Data type Sample Description
size
CCLE DepMap(15) RNA-Seq 1362 human cancer cell
line
Klijina et ArrayExpress: RNA-Seq 675 human cancer cell
al.(17) E-MTAB-2706 line
Tosietal.(18) | GEO: RNA-Seq 54 melanoma cell line
GSE80829
Verfaillie etal. | GEO: RNA-Seq; 10 melanoma cell line
(20) GSE60666 FAIRE-Seq
Gao etal.(19) | GEO: Mass Spec 6 melanoma cell line
GSE162270 (phospho)proteome
CCLE DepMap(15) Mass Spec 367 human cancer cell
proteome line
Verfaillie et al. | GEO: RNA-Seq after 6 melanoma cell line
(20) GSE60666 TEADs KD
Weber et al. BMS RNA-seq; 93 melanoma samples
(21) (NCT01783938)(21) | IHC of cancer cell from human clinical
Rodig et al. (8) | Rodig et al. (8) specific MHC-I and trial
MHC-II
Tirosh et al. GEO: scRNA-Seq 4645 cells | melanoma samples
(22) GSE72056 from 19
patients
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Table 2. gRNA sequences for different genes.

Gene dgRNA sequences

CIITA ACACTCACTCCATCACCCGG, CCACATGAGGACACCTCCGA,

CAGCAGCAAGAGCCTGGAG, CCAGTACATGTGCATCAGG

NF2 CTTGGTACGCAGAGCACCG, GAGATGGAGTTCAATTGCG,

ACCCCAGTGTTCACAAGCG, GAGGAGGCTGAACGCACGA

AMOTL1 | CAGCCTCAGCAGAACAACG, ATGGTGGAGATATTAACAG,

ATGAATAAACCTGCCTCGG, CTCGTTACCCCATACTCAG

AMOTL2 | CGGCGCCATCGAGGACCAG, GCCCACTCGCAGTACTATG,

ATGAGCTAGTACAACATGA, AGGCTGCAAGACTTCAACC

LATS1 CAGCCATCTGCTCTCGTCG, TAACACTCCTTACTTGAGG,

TTGATTAGGAGGATTCATG, CTTCTGCTTTACAAACAGG

LATS2 CCAGCAGAAGGTTAACCGG, TAGGACGCAAACGAATCGC,

GAGCCGCAAAAGCGCCAAG, TTGCTGATGTACTCCAGGG

RUNX1 GCAGTGGAGTGGTTCAGGG, ACTTCGACCGACAAACCTG,

TGATCGTAGGACCACGGTG, AGATGATCAGACCAAGCCC

CBFB GAGTCTGTGTTATCTGGAA, AGTCGACATACTCTCGGCT,

CTGCCTCACCTCACACTCG, CCGACTTACGATTTCCGAG

Figure Legends

Fig. 1 High cancer cell-intrinsic MHC-ll is associated with favorable immunotherapy
outcomes (A) Quantification of cancer cell-intrinsic MHC-II protein in each of the immune-
checkpoint blockade (ICB) response group or progression free survival (PFS) group. Box plots
represent the quartiles of protein abundance. (B) Kaplan—Meier overall survival curves for
cancer cell-intrinsic MHC-II-high and -low groups. The cohorts were split into high and low
groups using a cutoff of MHC-II >1%. (C-D) Rank plot of the correlation coefficients for all
inferred immune cell infilirates and the associated cancer cell-intrinsic MHC-I (C) and MHC-II (D)
protein. Cancer cell-intrinsic MHC protein was quantified by immunohistochemistry (IHC).
[Please include the statistical test used to calculate p-val in 1A]

22

2202 J9qUIBA0N 80 UO Jasn awoy Jo Asienun ezuaides Aq 1pd-1220-22-110/9v b€ L 2E/L220-22-HID"9909-92€Z/8S | | 01/10p/Pd-ojoiE/SaI|0uNLULILBoUED/BI0"s|BLINO[IOEE//:dRY WOl papeojumod



651

652

653

654

655

656

657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673

674

Fig. 2 MHC-Il is highly expressed in skin cancer cell lines. (A) MHC-Il mRNA in a diverse
panel of 1,362 human cancer cell lines from the Cancer Cell Line Encyclopedia (CCLE). Cancer
cell lines were grouped by cancer type. (B) MHC-Il mRNA in a diverse panel of 675 human
cancer cell lines from the Kilijina study. (C) The correlation between MHC-Il mRNA and protein
in skin cancer cell lines. The protein was quantified by mass spectrometry. [Please include the

statistical test used to calculate p-val in 2C]

Fig. 3 Cancer cell-intrinsic MHC-Il expression affects immunotherapy response. (A)
lllustration of the in vivo experiment design. Longitudinal tumor size of MHC-II-high or -low
B16F 10 tumors treated with control IgG or anti—-PD-1 (2 sites/mouse, 10 mice/group). 4x10°
B16F 10 cells (MHC-II-high or -low sorted cells) were transplanted subcutaneously into
syngeneic recipient mice. From day 3 post-transplantation, recipient mice were treated with
control IgG or anti—-PD-1 every 3rd day for a total of 4 doses. (B) Tumor size and recipient
survival was monitored. Mean + SEM is shown for each group at each time point. (**P < 0.01,
***P < 0.001; Two-way ANOVA with Benjamini-Hochberg post-hoc test).

Fig. 4 Cancer cell-intrinsic MHC-Il expression is associated with the Hippo signaling
pathway. (A) Volcano plot of all genes associated with MHC-II protein abundance in melanoma
cell lines. Statistical significance (logsoadjusted p-value) was plotted against correlation
coefficients between gene and MHC-II protein abundance. (B) Rank plot of the correlation
coefficients for all phosphopeptides associated with MHC-II protein abundance.
Phosphopeptides and protein abundance were measured by mass spectrometry. (C) Gene set
enrichment using the significant genes from (B). (D) Venn diagram of genes significantly
associated with MHC-II mRNA in melanoma cell lines from the CCLE (n=83), Klijina (n=54), and

Tsoi (n=53) studies.
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Fig. 5 Cancer cell-intrinsic MHC-Il expression is affected by the Hippo signaling pathway.
(A) Histogram, density plot, and heatmap of transcription and chromatin accessibility of MHC-II
and Hippo signaling pathway genes. Read density across transcription start sites (TSS) within
2kb of HLA-DRA gene and hippo signaling pathway genes were evaluated. (B) Quantification of
TEADs mRNA in control and TEADs knocked down groups. TEAD1, TEAD2, TEAD3, TEAD4
were knocked down simultaneously with siRNAs. (C) Quantification of MHC-I and MHC-II
MRNA in control and TEADs knocked down groups. [Please include the statistical test used to

calculate p-val in 5B-C]

Fig. 6 Cancer cell-intrinsic MHC-Il expression is regulated by the Hippo signaling
pathway. (A) Representative plots of HLA-DR from flow cytometry. A375 cells were transduced

with a plasmid encoding Cas9 and sgRNA targeting the control AAVS1 region or CI//TA followed

by MHC-II quantification. The “Neg” group represents A375 cells incubated without anti-HLA-DR.

(B) Validation of potential MHC-II regulators (4 sgRNAs per gene during virus production). (C)

lllustration of the Hippo signaling pathway in regulating MHC-II in melanoma cells.
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