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Abstract

Molecular events activating the phosphoinositide-3 kinase (P13K) pathway are frequently detected
in human tumors and the activation of PI3K signaling alters numerous cellular processes including
tumor cell proliferation, survival, and motility. More recent studies have highlighted the impact of
PI13K signaling on the cellular response to interferons and other immunologic processes relevant to
anti-tumor immunity. Given the ability of interferon (IFN)-y to regulate antigen processing and
presentation and the pivotal role of major histocompatibility complex (MHC) class | (MHCI) and
I1 (MHCII) expression in T-cell mediated anti-tumor immunity, we sought to determine the impact
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of PI3K signaling on MHCI and MHCI|I induction by IFN-y. We found that the induction of cell
surface MHCI and MHCII molecules by IFN-y is enhanced by the clinical grade PI3K inhibitors
dactolisib and pictilisib. We also found that PI3K inhibition increases STAT1 protein levels
following IFN-vy treatment and increases accessibility at genomic STAT1 binding motifs.
Conversely, we found that pharmacologic activation of PI3K signaling can repress the induction of
MHCI and MHCII molecules by IFN-y and likewise the loss of PTEN attenuates the induction of
MHCI, MHCII, and STAT1 by IFN-y. Consistent with these /n vitro studies, we found that within
human head and neck squamous cell carcinomas, intra-tumoral regions with high phospho-AKT
immunohistochemical (IHC) staining had reduced MHCI IHC staining. Collectively, these
findings demonstrate that MHC expression can be modulated by PI3K signaling and suggest that
activation of PI3K signaling may promote immune escape via effects on antigen presentation.

INTRODUCTION

The development of small molecule kinase inhibitors to counter aberrant growth factor
signaling within human tumors has been a major advancement in the treatment of cancer (1).
In addition to targeting the intrinsic enzymatic activity of growth factor receptor tyrosine
kinases (RTKs) such as the epidermal growth factor receptor (EGFR) and other members of
the human EGFR (HER2-4) family, two RTK-downstream pathways that have received
significant attention in this regard are the mitogen-activated protein kinase (MAPK) pathway
and the phosphoinositide 3-kinase (P13K) pathway (2, 3). The major paradigm driving the
development of these inhibitors has centered on the role of these pathways in tumor cell
autonomous processes such as the regulation of cellular proliferation, apoptosis, and
metastasis. However, a growing number of studies have highlighted the immunologic impact
of oncogenic signaling and underscored the need to understand how these pathways and the
medications designed to inhibit them influence processes governing cell-mediated anti-
tumor immunity (4).

A Kkey process regulating anti-tumor immunity and the response to immune-based therapy is
the presentation of peptide antigens by major histocompatibility class I (MHCI) and class Il
(MHCII) molecules (5, 6). This notion is supported by the fact that tumors frequently down
regulate the expression of MHCI and/or MHCII molecules and that generally speaking, a
loss of MHC expression is associated with a poor prognosis and/or a worse response to
immunotherapy (7). Conversely, high MHCI and/or MHCII expression is typically
associated with an improved clinical response to immunotherapy (7, 8). Given the above
paradigms, it is important to fully understand how oncogenic signaling and the small
molecule kinase inhibitors used to inhibit this signaling alters the expression of MHCI and
MHCII molecules. In contrast to prior studies linking EGFR/HER and MAPK signaling to
MHC expression, the impact of PI3K signaling on MHC expression is largely undefined (9,
10). This is intriguing given the fact that the PI3K pathway has been implicated in mediating
resistance to some of the effects of interferon (IFN)-y a potent inducer of both MHCI and
MHCII expression (11). As such, we sought here to determine if PI3K activation and/or
inhibition could influence the ability of IFN-y to modulate MHC expression. We provide
evidence that PI13K inhibition augments whereas PI3K activation represses the induction of
MHC molecules by IFN-y in some cellular contexts.
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MATERIALS AND METHODS

Cell lines, chemical reagents and cytokines

SqCCY/Y1 cells were a gift from Dong Shin (Winship Cancer Institute, Atlanta Georgia)
and HaCaT cells were purchased from AddexBio (San Diego, CA). FaDu and Detroit 562
cells were purchased from the ATCC (Manassas, VA) and used for experiments immediately
after thawing at less than 20 passages. The above cells were grown in Dulbecco’s Modified
Eagle Medium with 1 g/L D-glucose and L-Glutamine (ThermoFisher Scientific, Waltham,
MA) with 10% fetal bovine serum at 5% CO2 without antibiotics. SQCC/Y1 and HaCaT
cells were validated by short tandem repeat analysis at the Emory Integrated Genomics Core
and mycoplasma testing was performed multiple times using a commercially available PCR-
based assay per manufacture instruction over the time of these experiments (Millipore
Sigma, St. Louis, MO). HCT116 colon carcinoma cells and HCT116 cells lacking PTEN
were purchased from Horizon Discovery (Cambridge, United Kingdom) and were grown in
RPMI 1640 Medium with L-glutamine (ThermoFisher Scientific, Waltham, MA) with 10%
fetal bovine serum at 5% CO2 without antibiotics. Dactolisib (NVP-Bez235) was purchased
from LC Laboratories (Woburn, MA). Pictilisib (GDC-0941) was purchased from Selleck
Chemical (Houston, TX). SC79 was purchased from (Millipore Sigma, St. Louis, MO). VO-
OHPIC was purchased from Tocris (Minneapolis, MN). All small molecules were dissolved
in dimethylsulfoxide and stored at — 80 degrees C until use. Interferon-y purchased from
PeproTech (Rocky Hill, NJ).

Antibodies and Flow cytometry

MHC class | antibody clone G46-2.6 (Figure 1A) was purchased from Becton Dickinson
(Franklin Lakes, NJ) and clone W6/32 (used in all other flow cytometry figures) was
purchased from Biolegend (San Diego, CA). MHC class Il antibody clone L203 (Figures
1A) was purchased from R & D Systems (Minneapolis, MN), and L243 (used in all other
figures) purchased from Biolegend (San Diego, CA). Antibodies recognizing total STAT1,
phospho-STAT1-Y701, phospho-STAT1-S727, total AKT, phospho-AKT-S473, phospho-
AKT-T308, and PTEN were all purchased from Cell Signaling (Danvers, MA). Antibodies
against MHC class | (clone EMR8-5) used for immunohistochemistry were purchased from
MBL (Woburn, MA) and that for phospho-AKT-S473 from Abcam (Cambridge, United
Kingdom).

Real-time RT-PCR

RNA isolation was carried out as previously described and reverse transcription was carried
out using AzuraQuant cDNA synthesis kit from Azura Genomics (Raynham, MA) according
to manufacturer instructions. Real-time PCR was performed on the Bio-Rad CFX96
platform using SYBR green and analyzed using Bio-Rad CFX Maestro software (Hercules,
CA). All primers were purchased from Real TimePrimers.com (Elkins Park, PA).

Western blotting and western blot quantification

Whole cell protein lysates were prepared as previously described or using denaturing lysis
buffer followed by column homogenization per manufacturers’ instructions (101BI10O,
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Mountainview, CA) (12). SDS-PAGE was performed using Bio-Rad Criterion Stain Free
Gels (Hercules, CA) and after electrophoresis stain-free gels underwent activation using
ultraviolet radiation on the ChemiDOC XRS+ platform to allow for visualization and
quantification of protein loading. Total protein was quantified from the gel and/or the blot
following transfer per manufacturer instructions. Chemiluminescence signals from bands of
the expected sizes were detected and quantified on the ChemiDOC XRS+ platform and
normalized to the corresponding total protein loaded from the corresponding sample.

The ATAC-seq assay was performed as detailed previously (13). Briefly, 50,000 cells were
resuspended in 25 pl Transposition Reaction (1x TD Buffer, 2.5 pl Tn5, 0.02% Digitonin,
0.1% Tween-20) and incubated for 60 min at 37°C. DNA was purified and PCR amplified
using Nextera Indexing Primers (Illumina) and HiFi Polymerase (Kapa Biosystems).
Libraries were sequenced at the Yerkes Genomics Core at the Emory Vaccine Center. Raw
sequencing reads were mapped to the hg19 version of the human genome using Bowtie with
the default parameters (14). Enriched accessible loci were identified by MACS2 and
differentially accessible regions (DAR) determined between sample groups with edgeR (15,
16). Reads mapping to peaks were annotated and reads per million (rpm) normalized using
custom R/Bioconductor scripts. For PCA analysis the vegan package in R/Bioconductor was
used with Z-score normalized DAR as input. STAT1 motifs in DAR were identified using
HOMER (17). All data processing scripts are available upon request. ATAC-seq data has
been deposited in the NCBI GEO data base accession # GSE137719.

Mining of TCGA databases

TCGA genomic and RNA-seq expression data was accessed using cBioportal
(www.chioportal.org) (18, 19). Datasets used included the Head and Neck Squamous Cell
Carcinoma (TCGA-HNSC, Provisional), Lung Squamous Cell Carcinoma (TCGA-LUSC,
PanCancer), Pancreatic Adenocarcinoma (TCGA-PAAD, PanCancer), and Colon
Adenocarcinoma (TCGA-COAD, PanCancer). Spearman and Pearson correlations between
PTEN, PIK3CA and HLA genes were assessed using co-expression queries at
cBioportal.org. Mutation, copy-number, and Z-score normalized RNAseq data for TCGA
LUSC and PAAD were downloaded from cBioPortal and analyzed in R to generate violin
plot distributions and compute p-values of differential HLA gene expression between cases
with PTEN or PIK3CA alteration, and cases with no alterations in either gene.

Immunohistochemistry

Immunohistochemistry (IHC) was performed as previously reported and slide scanning was
performed at the Emory Winship Core Pathology Laboratory (12). Formalin fixed paraffin
embedded de-identified archived tumor samples were stained using antibodies against MHC
class I (clone EMR8-5) and phospho-AKT-S473 (Abcam, catalogue number ab81283).
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PI3K inhibitors enhance the induction of MHC class | and Il molecules by IFN-y in epithelial

cells.

To understand the impact of PI3K inhibition on the induction of MHCI and MHCII by IFN-
¥, we used SqCC/Y1 oral carcinoma cells as a model for squamous cell carcinoma of the
head and neck (SCCHN) (20). To inhibit PI3K signaling, we used dactolisib, a dual PI3K /
mammalian (also referred to as mechanistic) target of rapamycin (mTOR) inhibitor (also
referred to as NVP-BEZ235) (21). We found that 0.5 pM dactolisib increased the average
mean fluorescence intensity (MFI) for MHCI following IFN-y (Figure 1A). In contrast, the
impact of dactolisib on MHCII expression was not significantly different in these
experiments and varied in other experiments depending on the cell line used and the
conditions of the experiments (data not shown) (Figure 1A) (22). Since dactolisib inhibits
mTOR in addition to being a pan-PI3K inhibitor, we also examined the impact of another
PI3K inhibitor, pictilisib (also referred to GDC-0941), on the induction of MHCI and
MHCII by IFN-vy (23). We included treatments with rapamycin, a canonical mTOR inhibitor
to further define the roles of PI3K and mTOR on the induction of MHCI and MHCII by
IFN-y. We found that like dactolisib, pictilisib could enhance the induction of MHCI
induction by IFN-y (Figure 1A). Consistent with a prior study examining the effect of
rapamycin on a murine model of head and neck squamous cell carcinoma (HNSCC), in our
model, rapamycin augmented the induction of MHCI by IFN-+y though to a lesser extent
than either of the PI3K inhibitors (Figure 1A) (24). In addition to MHCI, pictilisib
repeatedly augmented MHCII induction (Figure 1B). In contrast to MHCI where rapamycin
had a slight enhancing effect on pictilisb, rapamycin attenuated the ability of pictilisib to
enhance MHCII induction to levels that approximated those of dactolisib. As expected for a
PI3K inhibitor, dactolisib decreased levels of phosphorylated AKT-S473 as determined by
western blotting (Figure 1B) as did pictilisib (Figure 1E). These results suggest that PI3K
activity and/or mTOR activity can modulate the induction of MHCI and MHCII by IFN-y in
some cellular contexts.

To further define the impact of pictilisib on MHC induction, a time course was conducted
over 96 hours. As shown in Figure 1C, in the presence of pictilisib there were sustained
increases in cell surface levels of MHCI and MHCII over the entire course of the
experiment. To better define the roles of mMTOR in MHCI and MHCII induction, we repeated
experiments using a pan mTOR inhibitor AZD8055 and a PDK1 inhibitor BX795. As shown
in Figure 1D and as we observed with rapamycin, AZD8055 by itself augmented MHCI
levels following IFN-y and did not alter the effect of pictilisib on MHCI induction. In
contrast and like rapamycin, AZD8055 attenuated the impact of pictilisib on MHCII levels.
The PDKZ1 inhibitor BX795 had no effect on MHCI or Il induction. As shown in Figure 1E,
dactolisib, pictilisib and AZD8055 reduced levels of phospho-AKT-S473. In contrast to the
changes seen in MHCI and/or MHCII we observed no significant changes in EGFR
expression with these treatments (Figure 1F).

To determine the impact of pictilisib on MHCI/MHCII induction in other cellular models,
we performed similar studies on Fadu cells which are derived from a tumor of the
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hypopharynx, HaCaT cells, an immortalized epidermal keratinocyte cell line, and Detroit
562 cells which are derived from a pharyngeal metastatic tumor and harbor an activating
mutation in PIK3CA (25-27). Pictilisib augmented the induction of MHCII in all cell lines
as measured by average MFI and/or the percentage of cells expressing the MHCII gene
HLA-DR (Figure 1G). In contrast, the impact of pictilisib on MHCI induction was less
robust though still significant in FaDu and HaCaT cells. These results support the notion that
inhibition of PI3K using pictilisib can alter the ability of IFN-y to induce genes involved in
antigen presentation.

Signal transducer and activator of transcription 1 (STAT1) is a key regulator of both MHCI
and MHCII expression and both STAT1 transcriptional activity and expression are increased
by IFN-y (28-31). Interestingly, STAT1 expression has been reported to be repressed by
signaling mediated by oncogenic RAS which is upstream of PI3K signaling (32, 33).
Therefore, we tested the impact of PI3K inhibition using pictilisib on STAT1 induction by
IFN-y and found that pictilisib increased the induction of total STAT1 by IFN-y with
concomitant increases in phospho-STAT1-Y701 and S727 (Figure 2A and 2B). These results
suggest that in some contexts, PI3K signaling can act as a negative regulator of STAT1
expression. This underscores the complex interplay between the PI3K pathway and given
that prior results have shown that the PI3K pathway phosphorylates STAT1 at serine 727; a
modification that has been reported to be required for STAT1 to be fully active as a
transcriptional regulator (34).

Pictilisib increases accessibility at genomic STAT1 consensus sequences.

The cellular response to IFN-y involves changes in transcription that are associated with
changes in chromatin structure (35, 36). To better define the impact of PI3K inhibition on
this aspect of the cellular response to IFN-y, we performed ATAC-seq on SqCC/Y1 cells
treated with vehicle (DMSO) and pictilisib alone or in the presence of IFN-y (37). ATAC-
seq provides information about chromatin structure because the transposase used in this
assay can access genomic DNA and place DNA linkers preferentially in regions of open
chromatin (which are typically transcriptionally active) whereas this is less probable in
regions with more compact chromatin. Principal component analysis of differentially
accessible regions (DAR) highlights the impact of pictilisib on the response to IFN-y
(Figure 3A). Although there is small variation between cells treated with DMSO and
pictilisib alone, in the presence of IFN-vy the variation is more pronounced. Importantly, and
in line with our data showing that pictilisib increases STAT1 induction by IFN-y, pictilisib
treatment leads to significantly increased chromatin accessibility at regions surrounding
STAT1 binding consensus sequences as revealed by ATAC-seq footprinting (Figure 3B and
3C). Thus, PI3K inhibition not only augments the induction of STAT1 by IFN-y but in
addition alters the changes to chromatin structure induced by IFN-y including those at
STAT1 binding sites.

Pharmacologic activation of PI3K signaling represses the induction of MHCI and MHCII by

IFN-y.

The above results whereby PI3K inhibitors increase MHC levels suggest that PI3K signaling
has a repressive effect on the induction of MHCI and/or MHCII by IFN-vy. To further
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explore this notion, we examined how the activation of PI3K signaling impacts the induction
of MHC molecules by IFN-y. Because AKT is a key downstream effector of PI3K
signaling, we employed a pan-AKT activator (named SC79) in our assay. SC79 binds to the
pleckstrin homology domain of AKT and promotes its phosphorylation and activation by
upstream kinases (38). We found that SC79 had the opposite effect of the PI3K inhibitors
and repressed both MHCI and MHCII induction by IFN-y in SqQCC/Y1 cells (Figure 4A).
As expected, SC79 promoted AKT phosphorylation at serine 473 and threonine 408 (Figure
4B). To complement these studies and activate PI3K signaling via a different mechanism, we
targeted the activity of phosphatase and tensin homolog (PTEN), a pivotal negative regulator
of PI3K signaling and a well-defined tumor suppressor (39). For these studies we used a
PTEN inhibitor, VO-OHpic, which is a 3-hydroxypicolinate vanadium complex that inhibits
the phosphatase activity of PTEN (40). As we observed with the AKT activator SC79, the
PTEN inhibitor VO-OHpic repressed the induction of MHCI and MHCII by IFN-y (Figure
4C). As expected, the PTEN inhibitor VO-OHpic activated PI3K signaling and promoted the
phosphorylation of AKT at serine 473 and threonine 308 (Figure 4D).

Loss of PTEN represses the induction of MHCI and MHCII by IFN-y.

While the above pharmacologic studies targeting PI3K, AKT, and PTEN suggest that PI3K
signaling can modulate MHCI and MHCII induction, we next sought to further assess these
interactions using a genetic model. To this end, we assessed how the loss of PTEN
expression would influence MHCI and MHCII induction by IFN-y using commercially
available parental HCT116 colon carcinoma cells and HCT116 cells that were rendered
PTEN null by CRISPR/Cas9 gene editing (41). As expected, the HCT116 cells lacking
PTEN showed evidence of increased PI3K signaling as measured by AKT phosphorylation
at serine 473 and threonine 308 (Figure 4E). We confirmed that parental HCT116 cells and
those lacking PTEN expressed both chains of the IFN-y receptor complex (Figure 4F). In
addition, while both cell lines expressed the same level of the EGFR, we repeatedly
observed lower surface MHCI levels in untreated HCT116 cells lacking PTEN (Figure 4F).
Consistent with our prior findings, the induction of MHCI and MHCII by IFN-y was
attenuated in HCT116 cells lacking PTEN at three different IFN-y concentrations and at 24,
48, and 72 hour time points after IFN-y treatment (Figure 4G). We also examined the impact
of PTEN loss on SQCC/Y1 cells. While some PTEN expression remains, the decrease in
PTEN lead to an increase in AKT phosphorylation (Figure 4H). In addition, the ability of
IFN-vy to induce MHC class Il expression was significantly decreased in SqQCC/Y1 cells with
decreased levels of PTEN though there were only small differences in MHCI induction
(Figure 41). In addition, the ability of pictilisib to enhance MHCII induction was lost in
SqCC/Y1 cells with reduced PTEN expression. Taken together, these results demonstrate
that activation of PI3K signaling can repress the induction of MHCI and/or MHCII by IFN-
v and alter the ability of PI3K inhibition to augment MHC induction.

Loss of PTEN predominantly impacts the expression of HLA-B.

While the loss of PTEN in HCT116 cells impacted basal MHCI expression and the
induction of MHCI and MHCII by IFN-y, the effect was most pronounced on MHCII
induction and more modest on the induction of MHCI. While all three MHCI genes (HLA-
A, B and C) are upregulated by IFN-v, there are gene-specific differences in their
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transcriptional regulation and the expression status a single MHCI gene may have important
clinical implications in the setting of immunotherapy or resistance to immunotherapy (7, 42,
43). To determine if the loss of PTEN has MHCI gene-specific effects, we assessed the
expression of HLA-A, B, and C protein separately by western blot in untreated and IFN-y
treated HCT116 cells and those lacking PTEN. As shown in Figure 5A and 5B, the loss of
PTEN had the most marked impact on HLA-B protein expression and its induction by IFN-

Y-

Loss of PTEN represses the induction of STAT1 by IFN-y.

Given the increase in STAT1 protein induction that we observed in the presence of the PI3K
inhibitor pictilisib, we examined how the loss of PTEN would influence

STAT 1phosphorylation and its induction by IFN-y in parental HCT116 cells and those
lacking PTEN. As shown in Figure 5C, there were no differences between parental HCT116
and HCT116 PTEN knockout cells with regards to STAT-1 tyrosine 701 phosphorylation 90
minutes following IFN-vy treatment. In contrast, when we assessed STAT1 levels 48 hours
after IFN-y treatment, STAT1 levels were reduced in HCT116 cells lacking PTEN (Figure
5D). Interestingly, the lack of PTEN had a more prominent impact on the induction of the
full length STAT1 protein (STAT1-a) as compared to the induction of STAT1-p which lacks
the carboxy-terminal transactivation domain of 38 amino acids.

Effects of PTEN loss on MHC steady state mRNA levels.

To assess if the loss of PTEN impacts MHC and STAT1 expression at the mRNA level, real-
time reverse transcriptase (RT)-PCR was performed on untreated and IFN-y-treated parental
HCT116 cells and those lacking PTEN. We also examined the expression of the key
transcriptional co-activators of MHCI and MHCII known as NLRC5 and CIITA respectively
(44, 45). With respect to MHCI genes, we found that the lack of PTEN had the largest
impact on steady state mMRNA levels of HLA-B, a smaller impact on HLA-A and no
significant impacts on HLA-C or NLRC5 (Figure 5E). This pattern is similar to what we
observed at the protein level where the loss of PTEN had the greatest impact on HLA-B
expression and less of an effect on HLA-A and HLA-C. The lack of PTEN also had a
significant impact on the induction of STAT1 and the MHCII gene HLA-DR as well as its
co-activator CHITA, which drives MHCII expression (46). These findings suggest that some
of the effects of PTEN loss on the response to IFN-+y are due to changes in steady state
mRNA levels of IFN-y-regulated genes.

To further define the interplay between PI3K/PTEN and MHC expression, we examined
public databases containing genomic and RNA-seq data in SCCHN. As expected from the
data outlined above, there were positive correlations between MHC class | and Il expression
with PTEN expression and negative correlations between MHC and PIK3CA expression
(Figure 5F). However, we found no differences in MHC levels between SCCHN tumors with
genetic alterations in PTEN or PIK3CA and tumors lacking alterations in these genes. In
contrast, when we extended our analysis to include other cancers, we found that in both
pancreatic cancer and squamous cell carcinoma (SCC) of the lung tumors with alteration in
PTEN or PIK3CA had statistically significant lower expression levels of HLA-A, B and C
(Figure 5G). With regards to colon carcinoma and consistent with our data using HCT116
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cells, we found a positive correlation between PTEN expression and the expression of the
MHCII gene HLA-DRA (Figure 5H).

Intra-tumoral regions with high levels of phospho-AKT have decreased MHCI staining.

The above studies provide evidence that there’s an inverse relationship between PI3K
signaling and MHC expression. To further explore these interactions /in vivo, we used
immunohistochemistry (IHC) to asses MHCI protein expression and the expression of
phosphorylated AKT-S473 (p-AKT) as a marker of activated PI3K signaling in squamous
cell carcinomas of the head and neck. As shown in the panels within Figure 6, while MHCI
expression is readily seen, there is regional variation of MHCI staining intensity within
tumor nodules with regions of high MHCI staining intensity as well as areas with less MHCI
staining intensity. Importantly, in tumors from different patients, we repeatedly observed that
the staining pattern of phospho-AKT appeared as an inverse image of that for MHC class I.
Namely, regions with the highest MHCI staining had low to no detectable phospho-AKT
staining and conversely, regions with high phospho-AKT staining had conspicuously lower
levels of MHCI staining (compared to other regions within the tumor). Thus, intra-tumoral
regions with increased PI3K signaling are associated with a decrease in MHCI protein
expression.

DISCUSSION

In this study, we examined the impact of inhibition and activation of the PI3K pathway on
the expression of MHC class | and 1l molecules and their induction by IFN-y, a cytokine
that plays a pivotal role in immune surveillance, anti-tumor immunity, and the response to
immunotherapy (47, 48). Using human cell lines and archived squamous cell carcinomas of
the head and neck, we demonstrate that activation of PI3K signaling is associated with a
repression of MHC expression/induction. Importantly, during the time our manuscript was
under review, two groups (Marijt et al., and Sivaram et al.) published studies that support our
findings. In these studies, murine model systems were used demonstrating that: (1) PI3K
activation (through low oxygen and/or glucose) can repress STAT1 signaling and MHCI
induction/expression and (2) PI3K-mediated changes in MHCI levels can functionally
impact T cell infiltration into tumors and anti-tumor immunity (49, 50). Collectively, our
work and the work of these authors support a broader model of the PI3K pathway that links
P13K signaling to MHC expression (Figure 7). Given the frequency of PI3K signaling
alterations in human cancer and the pivotal role of MHC expression in anti-tumor immunity,
moving forward it will be critical to define PI3K-MHC interactions and develop approaches
to reverse the repressive effects of PI3K signaling on MHC expression (2, 51).

In contrast to the PI13K pathway, several prior studies have demonstrated that EGFR/HER
activity and the activity of enzymes in the MAPK pathway (such as BRAFVY600E angd
MEK1/2) can influence MHC expression. For example, expression of HER2 and
BRAFV600E have been reported to downregulate MHCI levels in breast cancer and
melanoma respectively and with regards to gastric cancer, an inverse correlation between
MAPK activation (as measured by levels of phosphorylated extracellular signal-related
kinase (ERK)) and MHCI has been reported (10, 22, 52-54). These studies are supported by
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a recent RNA. screen for HLA-regulating kinases where MAP2K1 (MEK), the EGFR and
RET were validated as negative regulators of MHC expression (55). Conversely, EGFR,
HER2, and MAPK inhibitors have been shown to increase levels of MHCI and/or MHCII
expression (56). Our data combined with that of Marijt el al. and Sivaram et al. add to these
studies and now demonstrate that in some contexts, PI3K signaling can also influence MHCI
and/or MHCII induction.

Tumor cell MHC expression is pivotal to host anti-tumor immunity and the response to
immune-based therapies such as immune checkpoint blockade (57). At present it is unclear
if changes in MHCI and/or MHCII expression/induction mediated by PI3K signaling are
functionally relevant to anti-tumor immunity in humans. However, our data supports other
observations whereby activating events in PI3K signaling are associated with mechanisms of
immune escape and/or resistance to the effects of IFN-y (48, 58, 59). For example, prior
studies have shown that the loss of PTEN can alter the anti-proliferative and cytotoxic
effects of IFN-y in lung and gastric carcinoma models (11, 59). Our work supports these
observations and suggests that the loss of PTEN also represses the ability of IFN-y to induce
MHCI and/or MHCII expression. Moreover, our study suggests that in some contexts there
are MHCI gene-specific effects of PTEN loss since in HCT116 cells we observed that the
induction of HLA-B was the most sensitive (vs. HLA-A and HLA-C) to PTEN loss. In
addition, the impact of PTEN loss may not be apparent in the absence of IFN-vy. Indeed, the
two MHC genes impacted the most by PTEN loss (HLA-B and HLA-DR) in our study were
the ones whose expression was most induced by IFN-vy.

STAT1 is downstream of IFN-y and plays a complex yet critical role in anti-tumor immunity
through its ability to regulate the expression of genes with immunologic function including
those within the MHC (60). STAT1 control of MHCII was previously shown to be mediated
by direct binding to the CIITA promoter and CIITA levels correlate with the levels of all
MHCII genes (61). In a similar manner, STAT1 also regulates NLRC5 expression which is a
key regulator of MHCI genes (62). IFN-y regulates STAT1 function through the action of
Jak kinases which phosphorylate STAT1 thereby promoting dimerization and nuclear
translocation. In addition, IFN-y induces the expression of STAT1 (and other members of
the STAT family such as STAT?2) via regulatory regions within the STAT1 promoter and
more distal elements (31, 63). Our studies implicate the PI3K pathway as a negative
regulator of STAT1 expression since inhibition of PI3K increased whereas activation of
PI13K signaling repressed STAT1 levels following IFN-y treatment. This is consistent with
prior studies demonstrating that RAS, which is upstream of PI3K, can repress STAT1
expression (32). Moreover, other studies have shown that oncogenic signaling can influence
the phosphorylation and functions of STAT1 via effects on phosphatases such as SHP2 (64).
Another intriguing aspect of STAT1 biology centers on the role of unphosphorylated STAT1
which has been shown to have effects on gene expression that are distinct from those of
phosphorylated STAT1 (65). Thus, through their ability to alter STAT1 expression and/or
phosphorylation, PI3K signaling may disrupt the cellular response to cytokines and in doing
so cell-mediated anti-tumor immunity.

It is worth noting that multiple groups, including our own, have shown that the effects of
kinase inhibitors are variable and not universal with some cells responding to kinase
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inhibitors with increases in MHC expression whereas in other cells, the same inhibitors have
no effect on MHC expression/induction (10, 22). Indeed, in a previous study, none of the ten
melanoma cell lines tested responded to dactolisib with increases in MHC expression (22).
Similar findings were found by Sivaram et al. where an AKT inhibitor increased MHCI
levels in only three of eight human pancreatic carcinoma cell lines (49). These differences
may reflect differences in cell lineage, signaling and/or the status of driver mutations.
Likewise, the study by Peng et al., failed to detect any impact of PTEN loss on MHC
expression in human melanoma. Interestingly, the recent study by Marijt demonstrates that
in B16 melanoma cells PI3K inhibitors can reverse MHCI repression by mediated in
response to low oxygen and glucose. Thus, metabolic state may influence the impact of
P13K signaling on MHCI expression.

In contrast to the variable effects on MHCI induction observed using different cell lines, the
impact of PI3K inhibition and activation on MHCII induction was more consistent in our
study. Indeed, in all the malignant cell lines used, PI3K inhibition doubled the number of
MHCII positive cells and/or the levels of MHCII on the cell surface. Conversely, using
several pharmacologic and genetic approaches/models, PI13K activation decreased the
induction of MHCII by 50% or more. To our knowledge these effects of PI3K signaling on
MHCII induction in human cancer cells have not been previously reported despite the fact
that tumor cell MHCII expression is being increasingly recognized for its relevance to anti-
tumor immunity (57, 66, 67). Along these lines, in the study Sivaram et al., the authors
found that anti-tumor immunity against pancreatic tumors lacking PIK3CA required CD4+
T cells (in addition to CD8+ T cells) further implicating potential roles for tumor cell
MHCII expression (49). These findings with MHCII may be due to the fact that in contrast
to MHCI expression which is regulated by multiple signaling pathways, in most epithelial
cells MHCII expression is regulated/induced almost exclusively by IFN-y signaling (68).
Moving forward it will be important to determine what governs PI3K-MHC interactions and
the response to PI3K inhibition within human cell lines, tumors and tissues.

In summary, we provide additional evidence that the PI3K pathway can regulate MHC
expression and/or induction by IFN-y within human tumor cells and that within human
SCCHN there’s an inverse relationship between phospho-AKT and MHCI expression. These
findings extend the mechanisms through which the activation of PI3K signaling within
tumor cells may influence T-cell mediated anti-tumor immunity and adds to the list of ways
that the P13K pathway can alter how cells respond to IFN-y (39). Given their key roles in
mediating responses to immunotherapy, it will be important to more precisely define how
alterations within the PI13K pathway impact cellular responses to IFNs and the induction
and/or expression of MHC molecules.
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Figure 1. PI3K inhibitorsaugment theinduction of MHCI and MHCII moleculesby IFN-y.
A., SQCC/Y1 cells were treated with vehicle (DMSO), dactolisib (0.5 mM), pictilisib (0.5

mM), rapamycin (1 mM), or both pictilisib and rapamycin alone or with IFN-y (0.5 ng/ml)
as indicated. Cell surface MHC class I and class 11 were analyzed by flow cytometry 48
hours later. The y-axes represent average mean fluorescence intensity (MFI) or averaged
percent MHC class Il positive (HLA-DR) cells from two independent experiments. B.,
Western blots of whole cell lysates from SqCC/Y1 cells treated with EGF (10 ng/ml for 15
minutes) or for 24 hours with vehicle (DMSO) or dactolisib (0.5 mM). C., Experiments were
performed as indicated in panel A using 100 ng/ml of IFN-y at the time points indicated. D.,
SqCC/Y1 cells were treated with vehicle (DMSO) alone or IFN-y (0.5 ng/ml) plus vehicle,
dactolisib (0.5 mM), pictilisib (0.5 mM), AZD8055 (0.5 mM), or Bx-795 and cell surface
MHC class | and Il analyzed 48 hours later. E., Western blots from SqCC/Y1 cell lysates
treated for 60 minutes with the indicated inhibitors (all 0.5 mM). F., Cell surface expression
of the EGFR from cells shown in D. G., FaDu, HaCaT, and Detroit 562 cells were treated as
above using IFN-y (0.1 ng/ml for HaCaT and FaDu and 0.5 ng/ml for Detroit 562) and
MHC class I and 11 analyzed 48 hours later. The y-axes represent averages for two (Detroit
562) or three (HaCaT and FaDu) experiments. (*, p<0.05, **, p<0.01, ***, p<0.005, ****
p<0.0001, 2way ANOVA)

Mol Cancer Res. Author manuscript; available in PMC 2020 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chandrasekaran et al.

e

A. ~
o o o
< < c
nw u u
OO0 w

w s mmy | Total STAT1

1

- phospho-STAT1-Y701

phospho-STAT1-5727

3uipeon

IFN-y - +  +

8.0x107 -

6.0x107

4.0x107 4

2.0x107

TOTAL STAT1

0-

2.5x107

2.0x107 4

1.5x107 4

1.0x107 4

5.0x105

1.0x108

8.0x107 4

6.0x107 4

4.0x107 4

2.0x107 4

phospho-STAT1-S727 phospho-STAT1-Y701

o.
DMSO +
pictilisib
[FN-y

Page 19

%k %k %k %k

* %k %k

+
+
+ +

Figure 2. The PI3 kinaseinhibitor pictilisib augments STAT 1 protein induction by | FN-y.
A., SqQCC/Y1 cells were treated with vehicle (DMSO) alone, vehicle plus IFN-y (1 ng/ml) or

pictilisib (0.5 mM) plus IFN-y. Whole cell lysates were prepared 24 hours after the addition
of IFN-y and total-STAT1, phospho-STAT1-Y701 and phospho-STAT1-S727 protein
expression analyzed by western blot. Total protein loading on a representative blot is shown
in the bottom panel. B., Averaged total-STAT1 (top panel), phospho-STAT1-Y701 (middle
panel) and phospho-STAT1-S727 signal intensities (bottom panel) from four experiments are
shown normalized to total protein. (*, p<0.05, ***, p<0.001, **** p<0.0001, adjusted P

values using 1way ANOVA).
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Figure 3. The PI3 kinase inhibitor pictilisib augments chromatin accessibility at STAT1 binding

sites.

SqCC/Y1 cells were treated with vehicle (DMSO) alone, vehicle plus IFN-y (100 ng/ml),
pictilisib alone (0.5 mM) or pictilisib plus IFN-y. Forty-eight hours after IFN-y treatment,
chromatin accessibility was assessed using ATAC-seq. A., Principle component analysis of
differentially accessible regions (DAR) between the four treatment groups. Circles represent
95% confidence intervals for each group. B. Histogram of chromatin accessibility in each
group at STAT1 consensus motifs located in DAR. 100bp surrounding each motif is shown.
RPM, reads per million. C., Box plots summarizing accessibility at STAT1 motifs from B.
Significance determined by two-tailed Student’s T-test.
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Figure 4. Activation of PI3K signaling repressestheinduction of MHC moleculesby | FN-y.
A., SqQCC/Y1 cells were treated with IFN-y plus vehicle (DMSO) or plus SC79 (4 mg/ml)

and cell surface MHC class | (left panel) and MHC class |1 (right panel) measured by flow
cytometry 48 hours later. The y-axes represent the averaged mean fluorescence intensity
(MHCI) or the averaged % of MHC class Il-positive cells from two experiments. B.,
Representative western blots of whole cell lysates from SqCC/Y1 cells treated for 30
minutes with DMSQO, dactolisib, or SC79 (4 mg/ml). Total protein loading is shown in panel
on right. C., SqQCC/Y1 oral carcinoma cells were treated with IFN-y plus vehicle (DMSO) or
plus VO-OHpic (voohpic, 25 or 50 mM) and cell surface MHC class | (left panel) and MHC
class 1l (right panel) measured by flow cytometry 48 hours later. D., Representative western
blots of whole cell lysates from SqCC/Y1 cells treated for 24 hours with DMSO or VO-
OHpic. Total protein loading is shown in panel on right. E., Western blots showing
expression of PTEN, total AKT, and phospho-AKT in HCT116 cells and HCT116 cells
lacking PTEN (HCTPTENKD). Total protein loading is shown in panel on right. F., Top
panels, representative histograms of HCT116 (solid line) and HCTPTENKD cells (dashed
line) stained with antibodies against IFN-yR1, IFNyR2 or left unstained (gray filled).
Bottom panels, HCT116 (solid line) and HCTPTENKD (dashed line) cells stained with
antibodies against MHC class | (HLA-ABC) or the EGFR. G., Flow cytometric data from
HCT116 cells (black bars) or those lacking PTEN (gray bars) which were treated with IFN-
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vy at the concentrations indicated along the x-axis. Cell surface MHC class | (left side) and 11
(right side) were measured 24 (top panels), 48 (middle panels) and 72 (bottom panels) hours
later. The y-axis for MHC class | represents averaged mean fluorescence intensity from three
experiments and that for MHC class 11 represents the averaged % HLA-DR positive cells
from three independent experiments. H., Western blots of parental SqQCC/Y1 cells and those
with reduced PTEN expression (SqCC/Y1 PTENKD). I., Top panels, SQqCC/Y1 and
SqCC/Y1 PTENKD cells were treated with IFN--y at the concentrations indicated and MHC
class I and Il expression measured 48 hours later. Bottom panels, SqCC/Y1 and SqCC/Y1
PTENKD cells were treated with vehicle (DMSO), IFN-y (0.5 ng/ml) plus vehicle, or IFN-y
plus pictilisib (0.5 mM) and surface MHC class | and 11 levels measured 48 hours later. The
y-axes represent averaged values for three experiments. (*, p<0.05, **, p<0.01, *** p<0.005
and **** < 0.001 adjusted P values using 2way ANOVA).
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Figure 5. Impact of PTEN loss of the expression of MHC class| genesand STAT1in HCT116
cells.

A., HCT116 cells and HCT116 cells lacking PTEN (HCTPTENKD) were left untreated or
treated with IFN-y (IFNG, 1ng/mL) and whole cell lysates prepared 24 hours later. The y-
axis represents averaged, HLA-A, HLA-B and HLA-C values from 3 experiments and are
normalized to total protein and are expressed relative to untreated parental HCT116 cells.
(**, p<0.01, **** p<0.0001, adjusted p values from 2way ANOVA). B., Representative
western blots are shown for HLA-A, HLA-B and HLA-C protein expression and total
protein loading for HLA-B western blot. C., STAT1 phosphorylation was assessed 90
minutes after IFN-y treatment (5 ng/ml) of HCT116 and HCTPTENKD cells and was
quantified by western blot. Values are normalized to total STAT1-a and represent the average
of three replicate experiments. Representative western blots of STAT1-Y701 and total
STAT1 are shown. D., Quantification of STAT1-a and STAT1-b protein levels in HCT116
cells (black bars) or HCTPTENKD cells (gray bars) treated with IFN--y at the concentrations
indicated along the x-axis for 48 hours. STAT1-a and STAT1-b expression are normalized to
total protein. The y-axis represents averages from three experiments. Right panel,
representative STAT1 western blots and protein loading. Error bars represent the standard
deviation. (***, <0.001 adjusted P values using 2way ANOVA). E., Analysis of steady state
mMRNA levels in HCT116 and HCTPTENKD cells treated with IFN-y (4 ng/ml). Expression
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of the genes indicated was measured using quantitative real-time RT-PCR. Values are
normalized to beta glucuronidase and are expressed relative to untreated parental HCT116
cells. Values shown represent averages from three experiments. Error bars represent the
standard deviation. (*, p<0.05, **, p < 0.01, **** p<0.0001 using students t-test). F., TCGA
RNA-seq data from squamous cell carcinoma of the head and neck showing correlation of
expression between HLA-A, HLA-B and HLA-C with PTEN or PIK3CA. G., TCGA RNA-
seq data from lung squamous cell carcinoma and pancreatic adenocarcinoma showing violin
plots of HLA-A, HLA-B and HLA-C mRNA in patients with mutations or copy number
changes in PTEN or PIK3CA (blue) compared to patients without those genetic alterations
(yellow). H., TCGA colorectal carcinoma RNA-seq data showing correlation between PTEN
MRNA expression and HLA-DRA expression.
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Figure 6. I nver seimmunohistochemical staining of MHC class| and phospho-AKT-S473in
human sgquamous cell carcinoma.

Squamous cell carcinomas of the head and neck were stained for MHC class | (top panels of
each example) and phospho-AKT-S473 (bottom panels of each example). Regions of lower
staining (black outline) of MHCI correspond to regions of highest phospho-AKT staining
(yellow outlines) and vice versa. In some images, such regions are indicated using double
headed arrows. Areas of stroma are indicated with brackets in some of the tumor images.
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Figure 7. Model of PI3K regulation of MHC expression.
Top panel, PI13K-activated signaling can occur via upstream activating events, activating

mutations in PIK3CA, or via low glucose/oxygen levels as reported by Marijt et al. In
addition, PTEN loss or inhibition as well as activation of AKT can activate PI3K signaling.
In some settings, these events can have a repressive effect on the expression of MHC
molecules and/or their induction by IFN-y possibly by attenuating the ability of IFN-y to
increase STAT1 protein levels and/or phosphorylation. Decreases in MHC levels may hinder
CD8+ and/or CD4+ T-cell activation, tumor recognition, and anti-tumor immunity. Bottom
panel, in the setting of PI3K inhibition using PI3K inhibitors such as dactolisib or pictilisib,
or the loss of PIK3CA as recently reported by Sivaram et al., the repressive effects of PI3K
signaling on MHC expression are diminished. This allows for increased MHC expression
and/or induction by IFN-y possibly mediated by increases in STAT1 protein levels and/or
phosphorylation. The increases in MHC expression may promote CD4+ and/or CD8+
activation and anti-tumor immunity. mTOR inhibition by dactolisib, rapamycin or AZD8055
does not alter the impact of PI3K inhibition on MHCI levels and by itself can enhance
MHCI levels induced by IFN-y though mTOR inhibition attenuates the ability of PI3K
inhibitors to enhance MHCII induction.
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