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Mechanisms of Lysosome Mediated Immune Evasion and Regulatory 

Mechanisms of Major Histocompatibility Complex Class I in Pancreatic Ductal 

Adenocarcinoma 

Anthony Venida 

ABSTRACT 

Pancreatic ductal adenocarcinoma (PDAC), a malignancy refractory to most therapies 

including immune checkpoint blockade (ICB) therapy, utilizes diverse mechanisms to 

evade immune clearance. One mechanism involves reduced presentation of tumor 

specific antigens by Major Histocompatibility Complex Class I (MHC-I) to immune cells. 

Many cancers alter MHC-I expression via genetic or epigenetic silencing; however, 

changes in MHC-I trafficking can also profoundly influence antigen presentation at the 

cell surface and is a previously underappreciated mechanism of MHC-I regulation in 

cancer.  

My dissertation uncovers a role for enhanced autophagy and lysosome function in 

immune evasion through selective targeting of MHC-I molecules for degradation. Prior 

studies have shown that highly aggressive PDAC cells and tumors upregulate autophagy, 

an evolutionarily conserved self-recycling pathway that is hijacked by cancer cells to 

sustain metabolic fitness. In addition to the metabolic benefits tumor cells receive, 

autophagy and lysosomal activity have utilized these processes to gain a growth 

advantage by facilitating degradation and recycling of diverse intracellular materials. My 

data demonstrate that MHC-I molecules are selectively targeted for lysosomal 

degradation through an autophagy-dependent mechanism that involves the autophagy 

cargo receptor NBR1. PDAC cells display reduced MHC-I cell surface expression and 
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instead demonstrate predominant localization within autophagosomes and lysosomes. 

Notably, autophagy inhibition restores cell surface MHC-I expression, enhances anti-

tumor CD8+ T cell responses in vitro and in vivo, and importantly, sensitizes PDAC tumors 

to dual immune checkpoint blockade (ICB). Our data on immune evasion add to the 

growing list of cell-autonomous functions of the autophagy and lysosome system in 

supporting PDAC tumorigenesis.  

To identify the distinct molecular mechanisms of MHC-I regulation in PDAC, we combined 

a whole-genome CRISPRi screen and Turbo-ID proximity-dependent proteomics to 

determine regulators and interactors of MHC-I, respectively. From these two datasets, 

101 overlapping candidates were identified, many of which were related to post-

translational modification (PTM), trafficking machinery, and kinase regulation. The gene 

candidates likely control MHC-I by diverting plasma membrane localization to degradative 

organelles. Several gene candidates associated with E3 ubiquitin ligase and kinase 

signaling were validated and show increased plasma membrane when knocked down or 

pharmacologically inhibited. Using these two datasets as a resource of MHC-I regulation 

can help identify PDAC-specific mechanisms that facilitate altered trafficking of MHC-I. 

Findings from this study will lead to a better understanding of PDA pathophysiology and 

have the potential to inform the development of rational combination therapies that restore 

MHC-I cell surface localization, thereby rendering PDA cells more susceptible to 

immunotherapy. In particular, results from this research project will help to determine the 

causes of aberrant intracellular localization of MHC-I and can help explain how MHC-I is 

unable to traffic normally. These studies also lay the foundation for mechanisms of 

immune evasion in other aggressive cancers. 
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Pancreatic Ductal Adenocarcinoma 

Pancreatic ductal adenocarcinoma (PDAC), the most common cancer of the pancreas, is 

among the most lethal of cancers with approximately 60,000 patients diagnosed yearly. 

Despite significant progress understanding the initiation, disease progression, and 

pathology of this disease, the 5-year survival remains at 10% (Siegel et al., 2021; Rahib 

et al., 2021). Several unique features of PDAC, including near universal activating 

mutations in the Kras oncogene, rewired cellular metabolism, and a tumor suppressive 

microenvironment, contribute to its aggressive nature and reduced response to 

chemotherapy and immunotherapy (O’Reilly et al., 2019; Ying et al., 2016; Jones et al., 

2008; Bardeesy et al., 2002). A better understanding of PDAC pathophysiology and the 

underlying molecular properties that make this an aggressive cancer is necessary to 

inform the development of therapeutics and new treatments. 

Classical Features of Pancreatic Ductal Adenocarcinoma 

A three-tier classification of well-defined microscopic precursor lesions termed pancreatic 

intraepithelial neoplasia (PanIN) characterizes the evolution of normal pancreatic 

epithelium to fully transformed PDAC (Figure 1.1a). This step-wise development of low-

grade PanIN-1 and PanIN-2 to high grade PanIN-3 are associated with genetic and 

histologic progression (Ryan et al., 2014). In postmortem examinations of PDAC patients, 

low-grade PanIN-1 are readily detectable in non-diseased pancreas, whereas higher 

grade PanIN lesions are characteristically detected next to established adenocarcinomas 

or in regions of non-tumor bearing pancreas from patients that have familial predisposition 

to the disease (Canto et al., 2012). Greater than 90% of patients acquire activating 

mutations in the KRAS oncogene that drive malignant transformation and progression 
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from PanIN to PDAC and eventual metastasis (Figure 1.1b). As tumor formation 

progresses, deletion and mutational inactivation of TP53, CDKN2A, and SMAD family 

member 4 (SMAD4) tumor suppressors are detected with greater incidence in PanIN-2 

and PanIN-3 lesions, supporting a genetic progression of pancreatic oncogenesis driven 

by KRAS mutations (Yachida and Iacobuzio-Donahue, 2013). In both genetically 

engineered mouse (GEM) models and human PDAC cell lines, elimination of mutant 

KRAS results in arrested proliferation and cell death. Tumor regression in GEM models 

are observed, highlighting KRAS as the subject of many preclinical trials and 

investigations (Ying et al., 2012; Singh et al., 2009).  

Developing a clinical drug targeting oncogenic KRAS has historically remained elusive, 

but novel approaches to drug discovery and advances in technology recently have been 

successful at blocking oncogenic signaling using small molecules. FDA approval of the 

first-in-class KRAS-G12C inhibitor for non-small-cell lung cancer (NSCLC) in 2021 marks 

a major milestone in targeted therapies for patients with KRAS mutations (Dafna Bar-Sagi 

et al., 2020; Ostrem et al., 2013). Though recent advances in the development of KRAS 

inhibitors have made their way to the clinic for lung cancer, therapies for PDAC patients 

remain overwhelmingly low since KRAS-G12C mutations are rare. 90% of PDAC patients 

primarily harbor KRAS G12D and KRAS G12V mutations that are difficult to target due to 

the chemical intractability of the protein, with chemistries much different than KRAS-G12C 

(Nagasaka et al., 2021). Uncovering additional targetable vulnerabilities of PDAC cells is 

necessary to address this unmet need. 

Several studies that link rewiring of metabolic pathways downstream of oncogenic KRAS 

with increased tumor growth have led to new insights into PDAC cellular metabolism 
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(Kimmelman, 2015). Activation of these pathways may be linked to the complex tumor 

microenvironment characterized by a dense stromal compartment, low microvascular 

density, and intratumoral hypoxia (Neesse et al., 2011; Dias Carvalho et al., 2017; 

Encarnacion-Rosado and Kimmelman 2021) (Figure 1.1c). PDAC cells secrete a number 

of growth factors, such as fibroblast growth factor 2 and transforming growth factor beta 

1 (TGFβ1), that promote collagen synthesis and activation of cancer-associated 

fibroblasts, namely pancreatic stellate cells (PSC). The stroma consists of PSCs, 

extracellular matrix components, and hyaluronic acid that can positively and negatively 

contribute to the growth and survival of tumor cells (Neesse et al., 2013; Weniger et al., 

2018). 

Additionally, multiple types of inflammatory cells – including macrophages, plasma cells, 

mast cells, and lymphocytes – contribute to the anti-tumor immune landscape of 

pancreatic cancer (Figure 1.1c). The immunosuppressive inflammatory program from 

these immune cells support tumorigenesis through paracrine cross-talk with tumor cells 

(Vonderheide and Bayne, 2013). The heterogeneous infiltrate of stromal cells and 

inflammatory immune cells co-evolves with the reprogramming of pancreatic epithelial 

cells as they undergo transformation during Pan-IN formation and disease progression 

(Hingorani, 2014; Lee, Perera et al., 2014; Ozdemir et al., 2014; Rhim et al., 2014). For 

example, immunosuppressive regulatory T cells and Gr1+CD11b+ myeloid cells are 

recruited to the stroma during the early stages of tumor formation, blocking T-cell-

mediated anti-tumor immunity. Tumor cells produce cytokines such as granulocyte-

macrophage colony-stimulating factor to recruit these immunosuppressive cells 

(Pylayeva-Gupta et al., 2012). The microenvironment of PDAC plays a complex role in 
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promoting tumor growth and metastasis and concurrently, can serve as a physical barrier 

to therapeutic delivery (Feig et al., 2012). 

Rewiring of PDAC cell metabolism and the establishment of an immunosuppressive 

microenvironment throughout tumorigenesis contribute to the complex biology and 

therapeutic resistance of this deadly tumor. Understanding how these cancer cells 

function at a mechanistic level will provide insight into its pathogenesis and shed light on 

how it affects other cells in the tumor microenvironment. This dissertation aims to address 

tumor cell intrinsic properties of PDAC cells that allow them to evade an immune 

response, thrive in the tumor microenvironment, and become resistant to conventional 

therapies. 

Cellular Metabolism: Autophagy and Lysosome function in PDAC 

Overview of the Autophagy Process 

Macroautophagy (herein referred to as autophagy) is an evolutionarily conserved 

mechanism used by cells to maintain homeostasis. This is a tightly regulated process that 

relies on cellular machinery (briefly reviewed below) to maintain normal proteostasis by 

turning over superfluous macromolecules, damaged organelles, and aged proteins that 

are targeted to the lysosome for degradation. In normal cell homeostasis, catabolism of 

cytoplasmic constituents via autophagy is important for proliferative, developmental, and 

inflammatory signals that can alter cell state (Kimmelman 2011). Additionally, products 

generated following degradation of these substrates can be recycled for use in energy 

production and other biosynthetic reactions important for tissue homeostasis and cellular 

quality control (Levine and Kroemer 2008; Mizushima et al., 2008). When it was first 

discovered over 50 years ago, autophagy was initially thought to be a nonspecific bulk 
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degradation process (De Duve and Wattiaux 1966), but recent work has shown that 

specificity of individual cargos via the engagement of autophagic cargo receptors is also 

possible (Zaffagnini and Martens 2016). 

During the process of autophagy, a double-membrane vesicle, called the 

autophagosome, encapsulates cytoplasmic content, such as protein aggregates or 

damaged cellular organelles. Autophagosomes rely on trafficking machinery to fuse with 

lysosomes to degrade cargo material (He and Klionsky, 2009; Mizushima et al., 2008). 

Work done by many groups have established at least seven steps in the autophagic 

pathway, with conserved autophagy genes (ATG genes) promoting the first five steps, 

while other endosomal genes common to lysosomal pathways regulating the last two 

steps. In step one, the Unc-51-Like Kinase (ULK) protein kinase complex regulates 

initiation of autophagic vesicle (AV) formation (Kumar et al., 2019). Once the ULK 

complex is activated, the VPS34 lipid kinase complex prepares the membrane for 

curvature during step two by forming phosphatidylinositol 3-phosphate (PI3P) on 

membranes (Behrends C et al., 2010). During step three, the lipid 

phosphatidylethanolamine (PE) is conjugated to LC3 protein family members attached to 

AV membranes through a complex ubiquitin-like conjugation system (Walczak et al. 2013; 

Ichimura et al., 2000). In step four, docking sites on LC3 serve as regions where 

autophagy receptors can bring their cargo to the AVs. These cargo receptors help provide 

selectivity to the autophagic process by allowing substrates to preferentially bind to 

specific receptors (Gatica et al., 2018). Step five involves maturation of the AV followed 

by AV-lysosome fusion (Shibutani and Yoshimori, 2014; Nakamura and Yoshimori, 2017). 
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In the final step, autophagic cargo are degraded in the lysosome, with recycled contents 

exiting via transporters to fuel cell growth (Kimmelman and White, 2017). 

In the context of cancer biology, autophagy has been shown to play dual roles in both 

tumor promotion and suppression, regulating proliferation and the development of cancer 

cells (Rao et al., 2014). Dysregulated expression of the autophagic machinery 

components and autophagy cargo receptors in both tumor and non-tumor cells have been 

linked to carcinogenesis and tumor maintenance (Amaravadi et al. 2019). Importantly, 

activation of cytoprotective autophagy has been observed after cancer therapy 

administration (Rebecca and Amaravadi 2016). Understanding the distinct molecular 

mechanisms of autophagy regulation in tumors will aid in the development of novel 

therapies and strategies to treat cancer patients. 

The Role of Autophagy in in PDAC Metabolism: Host and Tumor Cell Autophagy 

Influence Tumor Growth 

PDAC cells are characterized by aberrant upregulation of several cellular trafficking 

pathways, such as macropinocytosis and autophagy, that help to sustain metabolic 

homeostasis and cellular fitness (Figure 1.2a). As discussed above, autophagy is a 

regulated catabolic pathway that degrades and recycles cellular organelles and 

macromolecules, whereas macropinocytosis is an endocytic pathway that non-

specifically uptakes extracellular material. Both of these pathways converge on the 

lysosome, an acidic organelle in the cell that contains many digestive enzymes, which 

degrades incoming cargo material and facilitates recycling of digestion products back to 

the cytoplasm (Davidson and Vander Heiden, 2017; Perera and Zoncu, 2016). Several 

studies have established autophagy and lysosome activity as essential for maintenance 
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of metabolic homeostasis and tumor growth in PDAC cells (Yang et al., 2011, 2014; 

Perera et al., 2015). 

During the earliest stages of tumorigenesis, autophagy has been shown to limit growth 

(Qu et al., 2003; Yang et al., 2011; Kimmelman 2011); however, several groups have 

established that the process of autophagy favors tumor progression by allowing the cells 

to cope with environmental and intracellular stresses, such as nutrient shortage and 

hypoxia (Amaravadi et al., 2019). In the latter context, autophagy inhibition has been 

shown to improve therapeutic outcomes for advanced cancer patients. In a Kras-driven 

Trp53+/- pancreatic cancer model, autophagy inhibition via Atg5 deletion impaired 

premalignant lesion progression to invasive cancer. In the context of wild-type Kras mice, 

Atg5 deletion in the pancreas did not lead to tumorigenesis (Yang et al., 2014).  

More recent studies focusing on the effects of genetic autophagy inhibition in both host 

and tumor cells have been investigated using more complex mouse models. Acute, 

systemic deletion of mouse Atg7 in both host and tumor cells of RAS-driven cancers 

induced greater regression than autophagy deleted only in tumor cells (Yang et al., 2018; 

Karsli-Uzunbas et al., 2014). Results of these studies suggest a role for host autophagy 

in promoting tumor growth. Consistent with this idea, in a model of mutant Kras-driven 

PDAC, pancreatic cancer relies on support from the stromal compartment to support 

tumor growth. Pancreatic stellate cells utilize autophagy to secrete alanine, a non-

essential amino acid, that is taken up by tumor cells and used to fuel mitochondrial 

metabolism (Sousa et al., 2016). Tumor dependence on exogenous alanine fuels the 

tricarboxylic acid (TCA) cycle and shifts dependency away from glucose and serum-

derived nutrients, which are limited in the pancreatic tumor microenvironment. The 
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cooperative metabolic needs between pancreatic stellate cells and cancer cells highlights 

the essential role of metabolic scavenging in PDAC and reliance on tumor cell intrinsic 

and extrinsic autophagy. 

Under acute inhibition, where autophagy can be regulated temporally and spatially in 

Kras-driven PDAC mouse models, tumor regression was significantly promoted (Yang et 

al., 2018). The Kimmelman lab developed a mouse model using a dominant negative 

Atg4b mutant under the control of a tetracycline-inducible promoter, allowing autophagy 

to be finely tuned in both host and tumor cells. Their model allows for the acute and 

reversible inhibition of autophagy, similar to drug therapy. In an autochthonous mouse 

model of PDAC, tumor regression was observed even under intermittent autophagy 

inhibition, suggesting that anti-autophagy therapies may not need to be continuously 

given in the clinic. This study emphasizes the contribution of autophagy in both tumor 

cell-intrinsic and host - tumor cell-extrinsic mechanisms that contribute to tumor 

maintenance. Importantly, results from these studies can direct ongoing clinical trials and 

aid in drug-development initiatives. 

The Importance of Lysosomal Catabolism in PDAC 

Increased Lysosomal Biogenesis and Activation in PDAC 

Pancreatic tumors must deal with severe metabolic stress in a hypovascular and hypoxic 

microenvironment by upregulating endocytic and scavenging pathways that converge on 

the lysosome (Perera and Bardeesy, 2015; Bardeesy and DePinho, 2002). Induction of 

the MiT/TFE transcription factors (MITF, TFE3, and TFEB) coordinate nutrient 

scavenging, lysosome biogenesis, and lysosomal function to drive PDAC pathogenesis 

by recycling building blocks necessary for the production of new metabolites, 
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maintenance of energy homeostasis, and support of macromolecule synthesis (Perera et 

al., 2015). In human PDAC cells, the MiT/TFE proteins are constitutively localized to the 

nucleus, driving expression of lysosomal catabolic and autophagic genes that are 

essential for tumor growth. Inactivation of these transcription factors leads to defective 

lysosomal function, downregulation of lysosome and autophagy genes, and dysregulated 

autophagic flux and degradation of proteins via macropinocytosis. Importantly, 

knockdown of MiT/TFE factors in vitro and in in vivo PDAC mouse xenograft models 

impair cellular proliferation and tumor growth, respectively (Perera et al., 2015) (Figure 

1.2c-d). Regulation of lysosomal function allows for the fine-tuning of metabolic processes 

that allow these tumor cells to survive in an austere tumor microenvironment. 

Building on the discovery that lysosomes serve as a regulatory hub for cellular processes 

critical for the course of tumor progression (Perera and Zoncu, 2016), studying lysosomal 

biology and how this degradative organelle shapes tumor cell fitness will be important to 

identify tumor cell vulnerabilities. In addition to serving as an organelle critically important 

for macromolecular recycling, the lysosome functions as an important node for metabolic 

reprogramming, pro-growth signaling, and vesicle trafficking (Lawrence and Zoncu 2019). 

Transmission electron microscopy show a 12-fold increase in lysosomal biogenesis in 

treatment-naïve PDAC specimens compared to normal pancreatic tissue (Perera et al., 

2015) (Figure 1.2b). The marked increase in autophagy function and lysosome number 

provides new metabolites and energy to support macromolecule synthesis necessary for 

cellular function. Metabolomic studies revealed that the use of lysosome inhibitors or 

knockdown of the MiT/TFE proteins – master transcriptional regulators of lysosome gene 

expression (Martina et al., 2014; Roczniak-Ferguson et al., 2012; Settembre et al., 2012, 
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2011; Haq et al., 2011; Sardiello et al., 2009) -  displayed a significant decrease in 

intracellular levels of amino acids, indicating PDA-specific functions in maintaining amino 

acid stores via lysosome activation (Perera et al., 2015). 

Targeted Protein Degradation in PDAC Lysosomes 

An equally important adaptation cancer cells utilize is the selective removal of targeted 

proteins via lysosomal degradation pathways to remodel the cellular proteome. Recent 

studies have shown that specific cargo can be targeted for degradation via sequestration 

within autophagosomes in a process called selective autophagy (Mancias et al., 2014; 

Mathew et al., 2014; Amaravadi et al., 2019). Additionally, autophagy ensures improved 

tumor cell function and can influence malignant progression by clearance of misfolded 

proteins in response to ER stress and removal of damaged organelles (Tameire et al., 

2015; Rao et al., 2014). Metabolically recycling building blocks and transforming the 

proteomic landscape contributes to the aberrant features of PDAC and confers a survival 

advantage to the tumor. 

In addition to a significant increase in the number of lysosomes in PDAC cells, qualitative 

differences between non-transformed and tumor lysosomes endow pro-oncogenic 

properties to cancer cells at a functional and structural level (Yamamoto and Venida et 

al., 2020; Gupta et al., 2021). Recent work from the Perera lab utilized a method to rapidly 

purify intact lysosomes from cells utilizing lysosome specific membrane tags (Zoncu et 

al., 2011) to study the differences between lysosomes in non-transformed control cells 

versus PDAC cells. Profiling of immuno-isolated lysosomes captured from PDAC and 

non-PDAC cells via mass spectrometry-based proteomic analysis identified key 

differences in the lysosomal elutes between control and PDAC cells. Consistent with 
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increased rates of vesicular trafficking to the lysosome and increased rates of autophagy 

in PDAC, gene ontology enrichment analysis revealed metabolism, cell adhesion, vesicle-

mediated trafficking, and endocytosis as enriched biological processes. Furthermore, 

autophagy-related proteins, such as LC3B and GABARAP2, and autophagy receptors, 

such as NBR1, SEC62, and SQSTM1, were enriched in lysosomal PDAC elutes (Gupta 

et al., 2021). This highlights the importance of studying lysosomes as it can inform the 

biology of pancreatic cancer. 

Immunosuppressive Mechanisms and Tumor Microenvironment in PDAC 

General Mechanisms of Immune Evasion in Cancer 

One of the major hallmarks of cancer includes the role of the immune system as 

regulators of tumor development and progression (Hanahan and Weinberg, 2011). Tumor 

cells have evolved numerous strategies to avoid immune recognition, allowing these cells 

to bypass clearance and proliferate at an undivided rate. One such strategy includes 

downregulation of pathways involved in antigen presentation, such as dysregulation of 

the major histocompatibility complex-I (MHC-I) proteins and transporter associated with 

antigen processing protein (TAP) (Garrido et al., 1997; Hicklin et al., 1999; Johnsen et 

al., 1999). Loss of tumor antigen recognition by effector T-cells has also been observed 

as a result of genetic instability and constant cell division. Cells that have lost the ability 

to present neoantigens undergo positive selection in a process termed “cancer 

immunoediting” (Dunn et al., 2002). Another strategy utilized by tumor cells and cells of 

the tumor microenvironment to induce an immune privilege state includes secretion of 

immunosuppressive molecules and/or modulation of immunoregulatory molecule 

expression. The secretion of immunosuppressive cytokines, such as IL-6, IL-10, TGFβ, 
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TNFα, or VEGF, have been linked to tumor development and progression (Lind et al., 

2004; Lin et al., 2002; Fisher et al., 2014; Matsuda et al., 1994). Immunoregulatory 

molecules, such as immune checkpoint regulators of the B7 family (PD1, PDL1, B7-1, 

B7-2, CTLA4), are overexpressed in cancer to induce T cell anergy (Ribas and Wolchok 

2018). 

The establishment of an immunosuppressive tumor microenvironment is orchestrated by 

the two major mechanisms listed above – i) inhibition of anti-tumor immune cells such as 

CD4+ cells, CD8+ cells, natural killer (NK) cells; and ii) activation and recruitment of 

immunosuppressive cells such as regulatory T cells (Tregs), myeloid-derived suppressor 

cells (MDSCs), and anti-inflammatory macrophages (M2) (Gonzalez et al., 2018; Galon 

and Bruni 2020). While lysosomal function has been shown to contribute to PDAC cellular 

fitness, the poor antigenic and immunogenic landscape also plays a critical role in evading 

an immune response in pancreatic cancer. 

Cell intrinsic and tumor microenvironmental mechanisms that lead to an 

immunosuppressive PDAC landscape 

PDAC remains one of the most immune-resistant tumor types, making this cancer 

incredibly difficult to treat. While surgery and adjuvant chemotherapy can achieve long-

term survival, only a small minority of patients with resectable tumors respond (Conroy et 

al., 2018). Unfortunately, PDAC is almost completely refractory to FDA-approved 

immunotherapies, with the exception of microsatellite instability (MSI) high tumors that 

comprise <1% of patients. A large part of this insensitivity to therapy is evasion of host 

immunity via cell-intrinsic mechanisms and cell-extrinsic factors from the tumor 

microenvironment. There is increasing evidence that mutant KRAS drives 
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immunosuppressive mechanisms within the tumor microenvironment in addition to its 

canonical oncogenic role (Collins et al., 2012). Mutant KRAS prevents both innate and 

adaptive anti-tumor immune responses by several mechanisms such as regulating 

expression of checkpoint molecules, such as CD47 and PDL1, (Casey et al., 2016; 

Coelho et al., 2017) and establishing a desmoplastic microenvironment, activated stromal 

cells, and suppressive immune cells through a paracrine network (Dias Carvalho et al., 

2018). In mouse models of pancreatic cancer, several groups have shown that tumor 

microenvironment evolution precedes invasive cancer formation. For example, PanIN 

lesions in KrasLSL.G12D/+;Pdx-1-Cre (KC) mice are infiltrated by myeloid-derived 

suppressor cells (MDSCs), regulatory T cells (Treg), and immunosuppressive tumor-

associated macrophages (TAMs) (Clark et al., 2007). Additionally, as PanINs progress to 

later stage and higher-grade lesions, type I conventional dendritic cells (cDC1) that are 

important for priming Teffector cells progressively become dysregulated and decrease in 

number (Hegde et al., 2020).  

Another factor that has been shown to determine immune reactivity in cancer is overall 

antigenic strength. In the spontaneous KrasLSL.G12D/+; Trp53R172H/+; Pdx-1-Cre (KPC) 

mouse model, the features of immune editing and immunosurveillance are not observed 

in the absence of strong antigens expressed by tumor cells (Evans et al., 2016). This 

result can be reversed by engineering tumor cells to express a strong, foreign antigen 

leading to tumor rejection and T cell memory, even without the use of immune checkpoint 

blockade. In human PDAC tumors, several groups have shown that prediction of 

immunogenicity via neoantigen quality metrics correlate with patient survival (Richman et 

al., 2019; Balachandran et al., 2017). Several studies indicate that an immune response 
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in PDAC can be harnessed to generate functional anti-tumor T cells despite decreased 

antigenicity, suggesting other mechanisms that likely contribute to the non-immunogenic, 

“cold” tumor of pancreatic cancer (Schmitz-Winnenthal et al., 2005; Bear et al., 2020). 

The Effect of Autophagy on Tumor Immunity 

Autophagy can either promote or suppress cancer development depending on the cell, 

tissue type, and stage of tumor. Several studies have shown that autophagy can modulate 

the functions of immune cells and production of cytokines (Guan-Min Jiang et al. Mol 

Cancer 2019). Evidence in favor of an anti-tumorigenic role of autophagy has been 

described in systemic immunity and hematopoiesis. In apoptotic tumor cells, autophagy 

has been reported to be necessary for immunogenic cell death and recognition by the 

immune system (Michaud et al., 2011). Additionally, autophagy has been shown to be 

important in priming tumor-specific CD8+ T cells and essential in activation of effector and 

memory T-cells (Uhl et al., 2009; Xu et al., 2014). Finally, autophagy has been shown to 

support improved tumor immune responses by stimulating tumor antigen cross-

presentation in highly context-dependent circumstances (Li et al., 2012). 

However, activation of autophagy has also been associated with tumor-protective roles 

in cancer immunity (Figure 1.3). In melanoma, upregulation of autophagy in tumor cells 

due to a hypoxic tumor microenvironment limited cell death induced by immune cells. 

Upon treatment with hydroxychloroquine, a lysosomal inhibitor, T-cell killing was 

enhanced (Noman et al., 2011). Additionally, genetic or pharmacological inhibition of 

components of the autophagy cascade has been shown to augment antitumor immunity. 

Genetic inhibition of BECN1 in cancer enhances infiltration of T cells and NK cells into 

the immune microenvironment (Mgrditchian et al., 2017). Inhibiting autophagy in 
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pancreatic tumors in the dominant-negative Atg4b mouse model revealed an influx of 

antitumor macrophages (Yang et al., 2018). In support of the previous finding, the use of 

chloroquine derivatives to inhibit lysosomal function has been shown to enhance 

antitumor immunity by switching macrophage polarization from M2 to M1, enabling an 

effective cytotoxic T cell response in the tumor (Chen et al., 2018; Frazier et al., 2017). 

In the context of the adaptive immune response, autophagy can attenuate the activity of 

CD8+ T cells and NK cells. Lysosomal activity limited the anticancer effectiveness of CD8+ 

T cells in melanoma (Khazen et al., 2016). Additionally, inactivation of T cell autophagy 

via Atg5 or Atg7 deletion resulted in enhanced tumor rejection in syngeneic mouse 

models of breast and prostate cancer (DeVorkin et al., 2019). In T-cell mediated immunity, 

elimination of target cells can only occur when they recognize tumor specific antigens 

present on MHC-I, the primary receptor for antigen presentation to CD8+ T cells. 

Intriguingly, upregulation of tumor specific autophagy and lysosome gene signatures was 

found to correlate with reduced CD8+ T cell infiltration (Balachandran et al., 2017; Li et 

al., 2018). Additionally, autophagy-related genes are enriched in a subset of liver 

metastases that have reduced expression of MHC-I (Pommier et al., 2018; Chang and 

Campoli, 2005). In PDAC, mutations causing MHC-I are rarely found despite the frequent 

downregulation of MHC-I expression. Therefore, tumor cells likely evolve different 

mechanisms to regulate MHC-I in order to reduce antigen presentation and promote 

immune evasion (Waddell et al., 2015; Pommier et al., 2018; Ryschich et al., 2005; 

Pandha et al., 2007). 



 17 

Focus of Dissertation: Mechanisms of Lysosome Mediated Immune Evasion and 

Regulatory Mechanisms of MHC-I in PDAC 

My dissertation focuses on addressing a critical gap linking a direct role for autophagy 

and the lysosome in modulating MHC-I and antigen presentation as a way of facilitating 

immune evasion in pancreatic cancer. In chapter two, I present data that uncover a role 

for enhanced autophagy and lysosome function in anti-tumor immunity by selectively 

targeting MHC-I molecules for degradation. PDA cells display reduced MHC-I cell surface 

expression and instead, demonstrate predominant localization within autophagosomes 

and lysosomes. Notably, autophagy inhibition restores surface MHC-I levels, leading to 

improved antigen presentation, enhanced anti-tumor T cell response, and reduced tumor 

growth in syngeneic hosts. In chapter three, I present data investigating the distinct 

molecular mechanisms that govern MHC-I regulation in PDAC using a CRISPRi screen 

to identify regulators and a proximity biotinylation assay to identify MHC-I interactors. 

Throughout this dissertation, I will discuss the implications of this work and how results 

from these studies will lead to a detailed molecular understanding of the underlying 

properties of PDA cells and potentially other aggressive cancers that lead to reduced 

MHC-I mediated antigen presentation. This work can help identify combination therapy 

strategies that could be effective in PDAC. 
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Figure 1.1. Characteristic features and the tumor evolution of pancreatic ductal 
adenocarcinoma. A, Step-wise, three-tier classification of tumor progression in PDAC 
from normal pancreatic epithelium to fully transformed cancer. This multi-stage 
progression is characterized by well-defined microscopic precursor lesions called 
pancreatic intraepithelial neoplasia (PanIN). With each increasing stage, the tumor 
upregulates a number cellular processes that contribute to the aggressiveness of the 
cancer and complexity of the microenvironment. (Figure re-printed from Perera and 
Bardeesy 2015). B, List of genetic mutations observed in PDAC. KRAS mutations early 
during tumorigenesis drive malignant transformation. As the tumor progresses, 
inactivation of tumor suppressors drives disease progression. Activating mutations in 
green and inactivating mutations in red. C, Normal pancreatic tissue versus PDAC. 
Overall composition of the hypoxic tumor microenvironment in PDAC characterized by 
desmoplasia and the recruitment of inflammatory and immune cells that contribute to anti-
tumor immunity and tumorigenesis. Secreted factors, stromal cells, and a rich 
extracellular matrix composed of collagen and fibronectin affect the growth and survival 
of tumor cells (Figure made with BioRender). 

  



 20 

 

Figure 1.2. Lysosomal degradation pathways and reliance on the MiT/TFE factors 
for PDAC tumor growth. A, The processes of autophagy and macropinocytosis 
converge on the lysosome, an organelle that contains many digestive enzymes involved 
in waste removal and degradation of cellular substrates. Both autophagy and 
macropinocytosis are evolutionarily conserved mechanisms that degrade and recycle 
intracellular and extracellular material, respectively. B-D, data from Perera et al., 2015 
investigating the transcriptional control of autophagy-lysosome function in pancreatic 
cancer metabolism. B, Transmission electron micrographs that compares lysosomal 
abundance and composition in normal pancreas versus treatment naïve PDAC primary 
patient samples. Data indicate 12 times more lysosome abundance in PDAC patients. C, 
Knockdown of indicated MiT/TFE transcription factors in a panel of PDAC cell lines 
decreases in vitro colony-formation. D, Knockdown of TFE3 in a in vivo subcutaneous 
xenograft mouse model impaired tumor growth in Panc1 cells.  
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Figure 1.3. Effects of autophagy inhibition in host-tumor cell interactions. In addition 
to the modulatory effects autophagy inhibition has on tumor cells, non-cancer cells in the 
tumor microenvironment undergo extensive changes when systemic autophagy is 
inhibited. Several groups have described anti-tumor effects upon autophagy inhibition in 
immune and stromal cells independent of tumor cell inhibition. In addition to the tumor-
protective roles of immune cells described in the text, inhibition of autophagy in the 
stromal compartment has been shown to decrease the nonessential amino acid alanine 
supply coming from pancreatic stellate cells (Sousa et al., 2016) and blunt the activation 
of the cancer-associated fibroblast phenotype (Valenica et al., 2014). (Figure adapted 
from Amaravadi et al., 2019). 
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Abstract 

Immune evasion is a major obstacle for cancer treatment. Common mechanisms of 

evasion include impaired antigen presentation caused by mutations or loss of 

heterozygosity of MHC-I, which has been implicated in resistance to immune checkpoint 

blockade (ICB) therapy (Rooney et al., 2015; McGranahan et al., 2017; Rodig et al., 

2018). However, in PDAC, which is resistant to most therapies including ICB (O’Reilly et 

al., 2019), mutations that cause loss of MHC-I are rarely found (Waddell et al., 2015) 

despite the frequent downregulation of MHC-I expression (Ryschich et al. 2005; Pandha 

et al., 2007; Pommier et al., 2018). Here we show that, in PDAC, MHC-I molecules are 

selectively targeted for lysosomal degradation by an autophagy-dependent mechanism 

that involves the autophagy cargo receptor NBR1. PDAC cells display reduced 

expression of MHC-I at the cell surface and instead demonstrate predominant localization 

within autophagosomes and lysosomes. Notably, inhibition of autophagy restores surface 

levels of MHC-I and leads to improved antigen presentation, enhanced anti-tumor T cell 

responses and reduced tumor growth in syngeneic host mice. Accordingly, the anti-tumor 

effects of autophagy inhibition are reversed by depleting CD8+ T cells or reducing surface 

expression of MHC-I. Inhibition of autophagy, either genetically or pharmacologically with 

chloroquine, synergizes with dual ICB therapy (anti-PD1 and anti-CTLA4 antibodies), and 

leads to an enhanced anti-tumor immune response. Our findings demonstrate a role for 

enhanced anti-tumor immune response. Our findings demonstrate a role for enhanced 

autophagy or lysosome function in immune evasion by selective targeting of MHC-I 

molecules for degradation, and provide a rationale for the combination of autophagy 

inhibition and dual ICB as a therapeutic strategy against PDAC. 
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Background 

The immune system displays the power to regulate tumor biology by eliciting an adaptive 

and innate immune response. While productive immunosurveillance allows leukocytes to 

recognize transformed cells and elicit anti-tumor immunity, cancers have developed 

sophisticated mechanisms to promote their growth in a process called “cancer 

immunoediting” (Schreiber et al., 2011). To evade immune detection, tumors undergo 

positive selection for cells that have either lost the ability to present neoantigens or are 

capable of inducing an immunosuppressive microenvironment (Beatty et al., 2015; 

Hanahan & Weinberg, 2011). Recent advances in immunotherapy have led to remarkable 

tumor remissions and revolutionized cancer treatment, but despite many successes, not 

all tumors respond equally (Spranger et al., 2016). The heterogeneous response of 

cancers to immuno-therapy regimens suggests the existence of multiple mechanisms for 

evasion of the immune system. 

Several well-characterized mechanisms of immune evasion have been described, 

including alterations of signaling pathways that confer cancer-survival advantages, 

changes in tumor cell metabolism that impact tumor infiltrating lymphocytes, and 

importantly, altered regulation of cell surface proteins (Spranger et al., 2018). 

Downregulation of MHC-I proteins and mutation of HLA alleles can lead to loss of 

antigenicity, prohibiting malignant cells to present antigenic peptide and recruit tumor-

specific T cells to elicit a cytotoxic response. HLA dysfunction allows for the selection of 

tumor cells that no longer present antigen and are therefore immune to cytotoxic T cell 

activity, thereby enabling subsequent tumor progression and metastasis. In 

approximately 20-60% of solid malignancies such as breast, lung, melanoma, and renal 
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cancers, downregulation of MHC-I proteins correlates with poor clinical prognosis (Chang 

& Campoli, 2005). Modification of MHC-I expression can occur through impaired 

epigenetic, transcriptional, and post-transcriptional levels of antigen presentation 

machinery in human tumors (Campoli & Ferrone, 2008). In the absence of genetic and 

epigenetic changes, altered trafficking can function as an alternative mechanism to 

downregulate MHC-I protein levels in cancer cells (Algarra et al., 2000). Thus, alterations 

in cellular trafficking may be a previously underappreciated mechanism of MHC-I 

regulation in cancer. 

Results 

MHC-I is enriched in lysosomes of PDAC cells and displays reduced cell surface 

expression 

Human PDAC cell lines expressed heterogeneous levels of total MHC-I protein (Figure 

1A), and notably, exhibited a punctate cytoplasmic distribution of MHC-I that co-localized 

with lysosomes (Figure 1B). By contrast, non-transformed human pancreatic ductal 

epithelial (HPDE) cells showed predominant localization of MHC-I on the plasma 

membrane (Figure 1B). Indeed, MHC-I molecules were highly enriched in PDAC 

lysosomes as compared to HPDE lysosomes (Figure 1C, Extended Data Figure 1A, B). 

Moreover, lysosomal inhibition resulted in accumulation of MHC-I within lysosomes, 

which confirms that MHC-I is actively routed to the lysosome for degradation (Figure 1D). 

A substantial fraction of the MHC-I puncta also co-localized with the increased autophagy 

levels in PDAC (Yang et al., 2011, 2014; Perera et al., 2015) (Figure 1E). Notably, similar 

phenotypes were observed in several non-small-cell lung cancer (NSCLC) cell lines. Non-

transformed bronchial epithelial cells (BEAS-2B) show extensive membrane localization 
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of MHC-I. In contrast, H441 and A549 NSCLC lines show significant intracellular 

localization of MHC-I that co-localizes with autophagosomes and lysosomes, similar to 

PDAC (Extended Data Figure 1C, D). There is heterogeneity, as some lines show 

predominantly membrane localization (HCT116 and H358).  

Flow cytometry-based analysis of total intracellular versus plasma membrane MHC-I 

confirmed a higher relative abundance of intracellular MHC-I in most PDAC cell lines 

(Figure 1F). Similarly, surface levels of MHC-I were lower in PDAC cells derived from a 

genetically engineered mouse model (GEMM) of PDAC (Yang et al., 2018) than in normal 

pancreas cells (Extended Data Figure 1E). Furthermore, immunofluorescence staining 

revealed that all human PDAC tumors analyzed contained considerable regions with 

intracellular MHC-I localization (Figure 1G, Extended Data Figure 1F), supporting our in 

vitro findings. To assess this, we have developed a sensitive immunofluorescence 

approach that can localize the expression of MHC-I selectively in tumor cells, which are 

co-stained with cytokeratin 19 to distinguish ductal structures. Tumors were more 

heterogeneous than the cell lines, with the extent of intracellular MHC-I staining in ductal 

structures ranging from 20% to 50%. Nonetheless, given that all tumors analyzed had 

significant regions of intracellular staining, we predict this would ultimately render them 

resistant to immune checkpoint blockade (which is what is observed in human patients). 

Together, these data suggest that MHC-I molecules are reduced at the cell surface and 

predominantly localized within autophagosomes and lysosomes in PDAC.  

Autophagy inhibition increases the levels and plasma localization of MHC-I 

Autophagy inhibition by ATG3 and ATG7 knockdown as well as lysosomal inhibition with 

V-ATPase inhibitor bafilomycin A1 (BafA1) increased total and plasma membrane MHC-
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I levels in PDAC cells (Figure 2A, B, Extended Data Figure 2 A-I). Notably, lysosomal 

inhibition with BafA1 or chloroquine increased levels of MHC-I proteins but did not affect 

those involved in antigen processing and presentation, which suggests that autophagy 

inhibition would not impair these steps. Quantitative proteomics analysis on human PDAC 

cells treated with CQ show consistent increase in MHC-I molecules upon lysosomal 

inhibition, while ERAP1, ERAP2, TAP1, TAP2, and TAPBP were not affected, which was 

confirmed by western blot analysis (Extended Data Figure 2K, L). Similar phenotypes 

were also observed in several NSCLC cell lines. Accordingly, H441 and A549 cells 

demonstrate MHC-I increases upon pharmacologic and genetic inhibition of autophagy 

(Extended Data Figure 2M-O). 

Previous studies have revealed non-canonical functions for a subset of autophagy 

proteins in alternative trafficking pathways such as LC3-associated phagocytosis (LAP) 

(Cunha et al., 2018) and endocytosis (LANDO) (Heckmann et al., 2019). Knockdown of 

FIP200, which is required for autophagy but not for LAP or LANDO, led to an increase in 

MHC-I levels (Extended Data Figure 3A-C). Similarly, knockdown of ATG14, ATG13, or 

ULK1, all required for autophagy but dispensable for LAP, increased surface MHC-I levels 

(Extended Data Figure 3D-J). By contrast, no obvious increase in surface MHC-I was 

observed after knockdown of RUBICON, which is required for LAP and LANDO but not 

for autophagy (Extended Data Figure 3K, L). Collectively, these data suggest a specific 

role for macroautophagy in the trafficking of MHC-I to the lysosome. 

NBR1 mediates selective autophagy of MHC-I 

Autophagy was originally discovered as a non-selective degradation pathway; however, 

autophagy can selectively degrade target molecules using autophagy cargo receptor 
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proteins such as p62/sequestosome 1, TAX1BP1, NDP52, optineurin (OPTN), NCOA4, 

and NBR1, that bind to and recruit substrates to autophagosomal membranes (Kirkin et 

al., 2009). To identify autophagy receptor protein(s) involved in MHC-I degradation in 

PDAC cells, we generated a proximity biotinylation assay in which the C terminus of HLA-

A was fused to the biotin ligase TurboID (Branon et al., 2018) and Flag (HLA-A-TrID). 

After addition of biotin, HLA-A-TrID covalently tags endogenous proteins within a few 

nanometers of the ligase with biotin (Extended Data Figure 4A, B). Among the autophagy 

receptors tested, only NBR1 showed significant biotinylation, indicating that NBR1 

interacts with MHC-I (Figure 2C). Furthermore, immunofluorescence revealed more 

frequent co-localization between NBR1 and MHC-I in PDAC cells relative to HPDE cells 

(Figure 2D). NBR1 has been shown to interact with and target ubiquitylated substrates 

for degradation (Kirkin et al., 2009). Indeed, MHC-I is poly-ubiquitylated in PDAC cells 

(Figure 2E, Extended Data Figure 4C), whereas LC3B is not ubiquitylated and EGFR is 

mono-ubiquitylated, as previously described (Mosesson et al., 2003). Accordingly, NBR1 

lacking its ubiquitin-associated (UBA) domain was unable to co-localize with MHC-I, 

despite retaining localization with LC3B (Figure 2F, Extended Data Figure 4D). Finally, 

NBR1 knockdown increased total and plasma membrane MHC-I levels in PDAC cells 

(Figure 2G, H, Extended Data Figure 4E, F), confirming a role for NBR1 in MHC-I 

regulation. Together, these data demonstrate that surface MHC-I is decreased in PDAC 

via an NBR1-mediated autophagy-lysosomal pathway. 

Autophagy inhibition enhances anti-tumor immunity 

CD8+ cytotoxic T cells have crucial roles in anti-tumor immunity. We hypothesized that 

reduced surface levels of MHC-I on PDAC cells may facilitate their evasion from CD8+ T 
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cells, which recognize tumor antigens presented by MHC-I. To test this, we used mouse 

PDAC cells derived from C57BL/6 mice and engineered them to express a doxycycline 

(Dox)-inducible dominant-negative mutant of ATG4B (ATG4B(C74A)), which potently 

inhibits autophagy (Yang et al., 2018; Fujita et al., 2008). Dox treatment efficiently 

inhibited autophagy and increased surface MHC-I levels (Extended Data Figure 5A, B). 

To address whether this mechanism is exclusive to MHC and/or other APC components, 

we assessed the change in levels of 9 proteins in the immunological synapse (highlighted 

with underlines) as well as a panel of other plasma membrane proteins upon autophagy 

inhibition in mouse PDAC cells expressing Dox-inducible mTurquoise2-tagged 

ATG4B(C74A). Only MHC-I proteins (H-2Kb, H-2Db) increase their cell surface expression 

in response to autophagy inhibition, whereas immune inhibitory molecules that bind and 

suppress the function of tumor-infiltrating CD8+ T cells, including PD-L1, Galectin-9, and 

CD155, showed insignificant changes upon dox treatment (Extended Data Figure 5C). 

These data support a specific mechanism that links surface MHC-I levels and autophagy. 

 

To evaluate antigen presentation, the model neoantigen ovalbumin (OVA) was expressed 

in mouse PDAC cells carrying Dox-inducible ATG4B(C74A) (Extended Data Figure 5D). 

Dox treatment increased surface expression of both MHC-I and OVA-derived peptide 

SIINFEKL bound to H-2Kb, confirming enhanced peptide presentation (Figure 3A, B, 

Extended Data Figure 5E, F). OVA-specific CD8+ T cells (OT-I cells) co-cultured with 

PDAC cells pre-treated with Dox showed higher proliferation and expression of IFN-γ and 

TNF than those co-cultured with non-pre-treated PDAC cells (Figure 3C, Extended Data 

Figure 5G, H). Accordingly, Dox-treated PDAC cells showed reduced viability after co-
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culture with OT-I cells (Figure 3D), indicating enhanced T-cell-mediated tumor cell killing. 

Notably, these effects were MHC-I specific, as a H-2Kb-SIINFEKL blocking antibody 

partially inhibited OT-I proliferation and rescued PDAC cell viability in the setting of 

autophagy inhibition (Figure 3C, D). Collectively, these results indicate that tumor-specific 

inhibition of autophagy leads to increased antigen presentation, which enhances CD8+ T 

cell proliferation, activation, and tumor cell killing in vitro. 

To test the effect of autophagy inhibition on anti-tumor immune responses in vivo, mouse 

PDAC cells expressing Dox-inducible mStrawberry (mSt) or mSt-ATG4B(C74A) (4B) 

(Extended Data Figure 6A) were orthotopically transplanted into syngeneic (C57BL/6) 

mice. Autophagy-inhibited cells (4b) formed smaller tumors with higher MHC-I expression 

than control cells (mSt), while PD-L1 expression was unchanged (Figure 3E-G, Extended 

Data Figures 6B-F, 7K). Moreover, autophagy-inhibited tumors (4B) exhibited a significant 

increase in infiltrating CD8+ T cells and a decrease in myeloid-derived suppressor cells, 

a major immunosuppressive cell type in PDAC tumors (Li et al., 2018) (Figure 3H, 

Extended Data Figure 6G-J). Similarly, knockdown of ATG7 resulted in a significant 

reduction in tumor burden and an increase in tumor-infiltrating T cells (Extended Data 

Figure 6K-N). Notably, there was a significant correlation between smaller tumor sizes 

and increased CD8+ T cell infiltration (Extended Data Figure 6O), supporting a role of T 

cell immunity in control of autophagy-deficient tumors. Similar results were obtained in 

liver metastasis model – mice injected with autophagy-inhibited cells (4B) exhibited lower 

metastatic burden, higher MHC-I expression on cancer cells, and more tumor-infiltrating 

CD8+ T cells than mice injected with control cells (mSt) (Figure 3I-L, Extended Data Figure 
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6P-T). Together, these results confirm that autophagy-inhibition restores surface levels 

of MHC_I on cancer cells and enhances anti-tumor T cell response in vivo. 

Notably, antibody-mediated CD8+ T cell depletion restored the growth of autophagy-

inhibited tumors (4B) (Figure 3m, Extended Data Figure 7A-C), confirming the role of 

CD8+ T cells in the tumor control. We also find that mice deficient for CD103+ dendritic 

cells (Batf3-/-) (Hildner et al., 2008), which have pivotal roles in CD8+ T cell priming (Broz 

et al., 2014) and recruitment into tumors (Li et al., 2018; Spranger et al., 2017), showed 

almost complete loss of tumor-infiltrating CD8+ T cells (Figure 3N, Extended Data Figure 

7D-F). Accordingly, growth of autophagy-inhibited tumors (4B) was restored in Batf3-/- 

mice (Figure 3O). These results indicate that the anti-tumor effects of tumor-specific 

autophagy inhibition are mediated, at least in part, by CD8+ T cells, and this process 

requires CD103+ dendritic cells. 

Finally, to confirm the effect of increased MHC-I expression after autophagy inhibition on 

tumor growth in vivo, cell surface levels of MHC-I were depleted by knockdown of beta-2 

microglobulin (B2M), a crucial component of the MHC-I complex (Extended Data Figure 

7G). B2M knockdown led to MHC-I depletion in vivo, decreased the number of CD8+ T 

cells in autophagy-inhibited tumors (4B), and rescued the growth of autophagy-inhibited 

tumors (4B) (Figure 3P-R, Extended Data Figure 7H-K). We also found that tumor-

infiltrating CD103+ DCs, which are increased in autophagy-inhibited tumors (4B), were 

decreased after B2M knockdown (Extended Data Figure 7F, J). This is in line with a recent 

study showing that MHC-I-restricted antigen-recognition by CD8+ T cells can trigger 

activation of dendritic cells, which further augments recruitment of CD8+ T cells into the 

tumor (Dangaj et al., 2019). Overall, these data indicate that increased surface expression 
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of MHC-I on PDAC cells after tumor-specific inhibition of autophagy is a prerequisite for 

increased CD8+ T cell infiltration and tumor cell killing. 

Basal autophagy flux levels determine immunogenicity of PDAC cells 

Our data led us to hypothesize that basal autophagy flux might determine the 

immunogenicity of PDAC cells. Mouse PDAC cells grown as organoids (Boj et al., 2015) 

exhibited considerable heterogeneity in autophagy flux (measured as the ratio of green 

to red fluorescent protein signal, GFP/RFP), which closely resembled that of orthotopic 

tumors (Extended Data Figure 8A-B). Taking advantage of this heterogeneity, PDAC cells 

with the lowest and highest 20% of GFP/RFP ratio were isolated as autophagy-high 

(AThi) and autophagy-low (ATlo) cells (Extended Data Figure 8C). Transcriptome 

analysis confirmed upregulation of autophagy or lysosome related genes and the 

MiT/TFE transcription factors, master regulators of autophagy or lysosome gene 

expression (Perera et al., 2015), in the AThi population (Extended Data Figure 8D-E). 

Notably, AThi and ATlo cells derived from a clonal population showed a similar 

transcriptional profile (Extended Data Figure 8F), suggesting that diversities in basal 

autophagy flux arise not from genetic variations but instead from heterogeneous 

expression of the autophagy lysosome gene program (Perera et al., 2015). 

Consistent with the cell-autonomous roles of autophagy in PDAC (Yang et al., 2011, 

2014), ATlo cells exhibited reduced clonogenic capacity in vitro (Extended Data Figure 

8G-H), which is a similar result to the decreased clonogenic growth of ATG4B(C74A)-

expressing cells (Extended Data Figure 8L). After orthotopic transplantation into 

syngeneic mouse hosts, ATlo cells gave rise to smaller tumors than AThi cells (Extended 

Data Figure 9A). Notably, this was reproduced using cells sorted from a clonal population 
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(Extended Data Figure 9B), which suggests that tumor-cell intrinsic factors account for 

the observed phenotypes rather than differences in retroviral-vector integration sites or 

copy numbers of the reporter. Furthermore, ATlo-derived tumors exhibited higher MHC-I 

expression and more tumor-infiltrating CD8+ T cells, which inversely correlated with tumor 

weight, compared to AThi-derived tumors (Extended Data Figure 9C-F). This growth 

advantage of AThi-derived tumors was lost in nude mice (Extended Data Figure 9G), 

confirming a role of T cells in the suppression of ATlo-derived tumors. In the liver 

metastasis model, mice injected with ATlo cells in the spleen exhibited lower metastatic 

burden and higher MHC-I expression on PDAC cells than mice injected with AThi cells 

(Extended Data Figure 9H-J). CD8+ T cells tended to accumulate around PDAC cells with 

low-autophagy flux, whereas CD8+ T cells were scarce around PDAC cells with high-

autophagy flux (Extended Data Figure 9K). These results, along with the data in 

autophagy inhibition models, indicate that autophagy is a crucial determinant of 

immunogenicity in PDAC cells. 

Autophagy inhibition sensitizes PDAC to dual ICB 

PDAC is refractory to ICB (O’Reilly et al., 2019). To test whether inhibition of autophagy 

might sensitize PDAC to ICB, we treated established syngeneic orthotopic tumors with 

anti-PD-1 antibody alone or dual ICB (anti-PD-1 and anti-CTLA4 antibodies). Consistent 

with a recent clinical trial (O’Reilly et al., 2019), control tumors (mSt) did not respond to 

either treatment. By contrast, autophagy-inhibited tumors (4b) responded significantly to 

dual ICB (Figure 4A-C), but not to anti-PD1 antibody alone (Extended Data Figure 10A-

C). To determine the activation status of these T cells, we measured the surface 

expression of Tim3 and PD1, markers indicative of T-cell exhaustion. Tumor-infiltrating 
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CD8+ T cells were categorized into three groups: PD1+Tim3+, PD1+Tim3-, and PD1-Tim3-

. It has been reported that PD1+Tim3+ double positive cells represent the most severely 

exhausted or dysfunctional phenotype, while PD1+Tim3- single positive cells exhibit 

partial dysfunction (Sakuishi et al., 2010). CD8+ T cells in autophagy-inhibited tumors 

displayed reduced double positive cells and an increase in single positive cells, 

suggesting that CD8+ T cells in autophagy-inhibited tumors are less exhausted and retain 

greater function than severely dysfunctional PD1+TIM3+ cells26. These results indicate 

that tumor-specific autophagy inhibition sensitizes PDAC tumors to dual ICB. 

 

Finally, we assessed the translatability of our findings to systemic autophagy inhibition 

using chloroquine – a clinically available anti-malarial agent that inhibits acidification of 

the lysosome and has been used to inhibit autophagy in patients (Munster et al., 2002; 

Karasic et al., 2019; Zeh et al., 2020). Treatment with lysosomal inhibitors chloroquine or 

BafA1 increased surface levels of MHC-I in mouse PDAC cells in vitro (Extended Data 

Figure 10H). Chloroquine treatment also increased surface expression of MHC-I, but not 

PD-L1, in orthotopic tumors (Extended Data Figure 10L-K). However, chloroquine 

monotherapy failed to significantly reduce tumor weight or increase the infiltration of T 

cells (Extended Data Figure 10L, M), possibly due to the unfavorable pharmacokinetics 

of this drug in vivo (Munster et al., 2002). Notably, the combination of chloroquine and 

dual ICB exerted potent anti-tumor activity (Figure 4E-I) and a reduction in autophagy flux 

was confirmed in chloroquine-treated tumors (Figure 4J, Extended Data Figure 10N). 

Moreover, tumors treated with chloroquine plus ICB exhibited increased infiltrations of 

CD8+ T cells (Figure 4K) and an increase in the number of functional PD+TIM3-CD8+ T 
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cells (Extended Data Figure 10O). Overall, these data indicate that autophagy inhibition, 

either in cancer cells alone or systematically, sensitizes PDAC tumors to dual ICB therapy 

(Figure 4L).  

 

Discussion 

Our results suggest that autophagy is a crucial regulator of immunogenicity in PDAC cells. 

This is in line with a recent study that showed that the lysosomal pathway is strongly 

correlated with reduced infiltration of CD8+ T cells in human PDAC (Markosyan et al., 

2019). In addition, autophagy-related genes are enriched in MHC-I negative PDAC cells 

that reside in liver metastasis (Pommier et al., 2018), also suggesting a role for autophagy 

as a negative regulator of MHC-I. Given the critical roles for the autophagy and lysosome 

system in supporting PDAC metabolism and growth (Yang et al., 2011; Perera et al., 

2015), our data on immune evasion add to the growing list of cell-autonomous and non-

cell-autonomous functions of the autophagy and lysosome system in PDAC pathogenesis 

(Yang et al., 2014, 2018). 

We found that systemic autophagy inhibition by chloroquine, as well as tumor-specific 

autophagy inhibition, sensitizes PDAC to dual ICB. In addition, recent evidence accounts 

for the improved therapeutic effects of systemic autophagy inhibition. First, host 

autophagy supports tumor growth by providing nutrients (Sousa et al., 2016; Katheder et 

al., 2017; Poillet-Perez et al., 2018). Second, loss of autophagy proteins or chloroquine 

treatment increases surface levels of MHC-I in dendritic cells, leading to enhanced CD8+ 

T cell response in models of virus infection (Loi et al., 2016). Also, autophagy inhibition 

directly enhances anti-tumor activity of CD8+ T cells (DeVorkin et al., 2019). Finally, loss 
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of LAP, a process also inhibited by chloroquine, polarizes tumor-associated macrophages 

into a tumor-suppressive phenotype (M1), promoting anti-tumor T cell responses (Cunha 

et al, 2018). In line with these, clinical trials have shown that hydroxychloroquine, a 

derivative of chloroquine, has activity in patients with PDAC (Karasic et al., 2019; Zeh et 

al., 2020). Whether the addition of ICB would be synergistic remains to be determined. 

In this study, we focused on CD8+ T cells, given their direct interaction with MHC-I on 

cancer cells. However, we also observed changes in other immune cells such as myeloid-

derived suppressor cells, CD4+ T cells and CD103+ dendritic cells after inhibition of 

autophagy. Investigating how these and changes in other immune cell types are 

mediated, such as the potential involvement of secreted proteins from PDAC cells after 

autophagy inhibition, will be important subjects of future work. 

Despite the evidence mentioned above and previous work demonstrating that inhibition 

of autophagy does not impair anti-tumor adaptive immunity (Starobinetes et al., 2016), 

autophagy inhibition has been reported to affect some aspects of the immune system 

such as memory formation in virus-specific CD8+ T cells and CD4+ T cell priming by 

dendritic cells (Xu et al., 2014; Lee et al., 2010) and may impair chemotherapy-induced 

immunogenic cell death (Michaud et al., 2011). Therefore, further studies will be needed 

to define more subtle aspects of the immune response after autophagy inhibition and how 

to best combine autophagy or lysosome blockade with cytotoxic and immune-based 

therapies. For example, deeper insights into the potential effect of basal immunogenicity 

(Moral et al., 2020) on response to autophagy inhibition, the differences in mutational 

burden in mouse and human tumors (Ward et al., 2016), the effect of potential dominant 

antigens in experimental systems, and the heterogeneity described here in terms of MHC-
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I expression in patients will probably contribute to the successful clinical translation of our 

findings. Importantly, the mechanistic insights described here about how autophagy can 

promote immune evasion, provide strong rationale to pursue these studies with the 

ultimate goal of developing new therapeutic approaches for patients with PDAC. 
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Figure 2.1. MHC-I is enriched in lysosomes of PDAC cells and displays reduced cell 
surface expression. A, Levels of MHC-I (HLA-A, -B, -C) in HPDE and human PDAC cell 
lines. B, Left, localization of MHC-I (green) relative to LAMP1-positive (red) lysosomes. 
Scale bars, 20 μm. Right, the percentage co-localization (n = 14-20 fields). C, Presence of 
MHC-I in immune-isolated lysosomes. D, Accumulation of MHC-I in immune-isolated 
lysosomes after treatment with lysosome inhibitors E64d and pepstatin A (pep) for 6 h. E, 
Left, localization of MHC-I (green) relative to LC3B-positive (red) autophagosomes. Scale 
bars, 20 μm. Right, the percentage co-localization (n = 14-20 fields). F, Flow cytometry-
based analysis of intracellular versus plasma membrane (PM) MHC-I levels. Graph shows 
higher intracellular MHC-I relative to plasma membrane MHC-I in PDAC cells (n = 9 
replicates pooled from 3 independent experiments per cell line). Data are mean + s.d. G, 
Top, intracellular localization of MHC-I (green) in CK19-positive (red) ducts from a 
specimen from a patient with PDAC. Scale bars, 20 μm. Bottom, the percentage of ducts 
showing intracellular MHC-I localization. A representative of at least two independent 
experiments is shown in A, C, D. For box-and-whisker plots (B, E), center lines indicate 
median values and whiskers represent minimum and maximum values. P values were 
determined by unpaired two-tailed t-tests. NS, not significant. See Supplementary Figure 
1 for gel source data. 
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Figure 2.2. NBR1 promotes MHC-I trafficking to the lysosome through an 
autophagy-dependent pathway. A, Effect of short hairpin RNA (shRNA)-mediated 
ATG3 knockdown on levels of HLA-A, HLA-B, and HLA-C in human PaTu8902 cells. B, 
Flow cytometry-based quantification of plasma membrane levels of MHC-I (HLA-A, -B, -
C) (PaTu8902, n = 9, 8, 9; KP4, n = 9 per group; data pooled from three independent 
experiments) after shRNA-mediated ATG3 knockdown. C, Left, KP4 cells expressing 
HLA-A-TrID were labelled with 10uM biotin for 30 min. Biotinylation of proteins was 
detected after streptavidin pull down. Asterisk denotes self-biotinylation of HLA-A-TrID. 
IP, immunoprecipitation. Right, enrichment for each receptor (n = 4 independent 
experiments). D, Localization of MHC-I (red) relative to GFP-NBR1 (green) in HPDE and 
PaTu8902 cells. Arrowheads show examples of co-localization. Scale bars, 20 μm. Graph 
shows quantification of co-localization (HPDE, n = 23 fields; PaTu8902, n = 20 fields). E, 
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Endogenous ubiquitylated proteins were affinity captured from PaTu8902 cells with 
UBQLN1-UBA-conjugated beads. Arrowheads indicate MHC-I polyubiquitylation. 
Treatment of affinity-captured samples for 1 h with purified deubiquitylating enzyme 
USp2-cc (+) to induce deubiquitylation leads to loss of MHC-I polyubiquitylation. Control 
proteins: LC3B (no ubiquitylation) and EGFR (mono-ubiquitylation). F, Left, endogenous 
MHC-I co-localizes with wild-type (WT) GFP-NBR1 but not GFP-NBR1 lacking its UBA 
domain (dUBA). Right, quantification of co-localization (GFP-NBR1; n = 17 fields; GFO-
NBR1 dUBA; n = 14 fields). Scale bars, 20 μm and 10 μm (inset). G, Effect of shRNA-
mediated NBR1 knockdown on levels of MHC-I. H, Flow cytometry-based quantification 
of plasma membrane MHC-I (n = 9 replicates from three independent experiments) after 
NBR1 knockdown. A representative of at least two independent experiments is shown in 
A, E, G. Data are mean + s.d. (B, C, H). Box-and-whisket plots are as in Figure 1. P 
values were determined by unpaired two-tailed t-tests. See Supplementary Figure 1 for 
gel source data. 
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Figure 2.3. Autophagy inhibition enhances anti-tumor T cell response. A, B, Surface 
H-2Kb (A) and H-2Kb-SIINFEKL (B) measured by flow cytometry. Mouse PDAC cells 
expressing OVA and Dox-inducible mTurquoise2-ATG4B(C74A) were grown as organoids 
and treated with or without Dox (1μg ml-1) for 96 h (n = 4 per group). MFI, mean fluorescent 
intensity. C, D, Co-culture of OT-I cells with HY19636 cells shown in A and B. After 48 h, 
OT-I proliferation was measured by CFSE dilution (n = 4 per group) (C) and PDAC cell 
viability was measured by Cell-Titer Glo (n = 6 per group) (D). E-R, HY15549 cells carrying 
Dox-inducible mStrawberry (mSt) or mSt-ATG4B(C74A) (4B) were orthotopically (E-H, M-
R) or intrasplenically (I-L) injected into syngeneic mice (C57BL/6). The expression of MHC-
I and PD-L1 on PDAC cells (F, G, J, K, P) and tumor-infiltrating CD8+ T cells (H, L, N, Q) 
quantified by flow cytometry. E-H, Orthotopic tumors obtained on day 20 (mSt, n = 8; 4B, 
n = 7). I-L, Livers obtained on day 15 (n = 4 per group). E, I, Weight of tumors (E) and livers 
(I). F-H, J-L, Flow cytometry analysis. M, Weight of tumors after treatment with isotype 
control IgG or neutralizing monoclonal antibody against CD8 (n = 7 per group). N, O, 
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Tumors in wild-type or Batf3-/- knockout (KO) mice (n = 8, 4, 8 and 5; left to right). N, 
Quantification of CD8+ cells. O, Tumor weight. P-R, Tumors expressing control shRNA 
(Scr) or shRNA against B2m (n = 8 per group), collected on day 20. P, Q, Flow cytometry 
analysis. R, Tumor weight. Data are mean + s.d. (A-D) or s.e.m. (E-R). n indicates 
biological replicates (A-D) or individual mice (E-R). For A-M, P-R, experiments were 
performed at least twice and representative data of one experiment are shown. P values 
were determined by unpaired two-tailed t-tests. 
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Figure 2.4. Autophagy inhibition sensitizes PDAC to dual ICB. A-D, Mice bearing 
orthotopic tumors (HY15549) expressing Dox-inducible mSt or 4B received isotype control 
IgG or dual ICB (anti-PD1 and CTLA4 monoclonal antibodies; mAb) (n = 7 per group). A, 
Study design. B, C Images (B) and weight (C) of tumors. D, Quantification of tumor-
infiltrating CD8+ T cells by flow cytometry. E-K, Mice bearing orthotopic tumors (HY15549) 
expressing the GFP-LC3-RFP reporter received chloroquine (CQ) and ICB (n = 8 per 
group). E, Study design. Q24h, every 24 hours. F, G, images (F) and (G) of tumors. No 
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macroscopic tumor was identified in three mice receiving chloroquine plus dual ICB (#3, 5, 
and 6). H, Response rates from two independent experiments. Response is defined as 
more than 80% reduction in tumor weights as compared with control tumors (PBS + IgG). 
N/A, not applicable. I, Representative hematoxylin and eosin (H&E) images of the pancreas 
undergoing tumor regression (#6). White dashed line indicates tumor remnants. Scale 
bars, 250 and 100 μm (inset). J. Autophagy flux represented by GFP/RFP ratio per 20 x 
field (n = 49, 39, 47, and 54; left to right). Increased GFP/RFP ratio indicates reduced 
autophagy flux. K, Quantification of tumor-infiltrating CD8+ T cells by flow cytometry (n = 8, 
8, 8, and 5; left to right). L, In PDAC cells, surface MHC-I is downregulated by active 
degradation through the autophagy-lysosome system, contributing to the primary 
resistance to ICB. NBR1 binds to MHC-, facilitating its trafficking to autophagosomes (left). 
Inhibition of autophagy or the lysosome restores surface MHC-I expression, leading to 
enhanced anti-tumor T cell immunity and improved response to ICB (right). Data are mean 
+ s.e.m. (C, D, G, K) or s.d. (J). n indicates individual mice (C, D, G, K) or individual 20x 
fields (J). All experiments were performed twice and representative data of one experiment 
are shown. P values were determined by unpaired two-tailed t-tests. 
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Extended Data Figure 2.1e. Heterogeneous distribution of MHC-I in KRAS-mutant 
cancers. A, Immuno-isolation of intact lysosomes from HPDE and PDAC cell lines showing 
absence of non-lysosome markers as indicated. EE, early endosome; ER, endoplasmic 
reticulum; lyso, lysosome; mito, mitochondria. B, High-power images showing MHC-I-
positive, LAMP1-positive (arrowheads), MHC-I-positive, LAMP1-negative (arrows) and 
MHC-I-negative, LAMP1-positive (asterisk) puncta. Scale bars, 5 μm. C, D, Top, 
localization of MHC-I (green) relative to LAMP1-positive (red) lysosomes (BEAS-2B, n = 
14; A549, n = 17; H441, n = 15; H358 n = 13; HCT116, n = 13) (c) or LC3B-positive (red) 
autophagosomes (BEAS-2B, n = 18; A549, n = 17; H441, n = 20; H358 n = 12; HCT116, n 
= 15) (D) in the indicated cell lines. Bottom, quantification of percentage co-localization. 
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Cell lines indicated in red show significantly increased co-localization relative to BEAS-2B 
cells, and cell lines indicated in blue show a modest increase (H358) or no difference 
(HCT116). Data are mean + s.d. (C, D). Scale bars, 20 μm and 10 μm (inset). E, Flow 
cytometry-based analysis of surface MHC-I (H-2) in mouse normal pancreas (C57Bl/6) and 
mouse PDAC cells grown as organoids. Top, isotype-subtracted geometric MFI. Each dot 
represents different mice (n = 4). Data are mean + s.e.m. Middle, representative flow 
cytometry plots. Bottom, representative images of organoids. F, Immunofluorescent 
staining images from a patient in Figure 1G showing intracellular localization of MHC-I 
(green) in CK29-positive (red) ducts. Scale bar, 20 μm. A representative of at least two 
independent experiments is show in A and E. P values determined by unpaired two-tailed 
t-tests (C-E). See Supplementary Figure 1 for gel source data. 
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Extended Data Figure 2.2e. Inhibition of autophagy and lysosomes restores MHC-I 
levels and plasma membrane localization. A, Immunofluorescence staining of MHC-I 
after shRNA-mediated ATG3 knockdown. Scale bars, 50 μm. B, Representative flow 
cytometry plots for PaTu8902 cells after knockdown of ATG3 (related to Fig. 2b) and 
ATG7 (see also D). Representative plots from D and Fig. 2b are shown. C, Effect of ATG7 
knockdown on MHC-I (HLA-A, -B, -C) expression in PaTu8902 cells. D, Flow cytometry-
based quantification of plasma membrane levels of MHC-I (HLA-A, -B, -C) after ATG7 
knockdown (n = 9 replicates from three independent experiments). E, 
Immunofluorescence staining of MHC-I following ATG7 knockdown. Scale bars, 50 μm. 
F, G, Surface MHC-I levels after knockdown of ATG3 (F) or ATG7 (G) in mouse PDAC 
cells. Left, knockdown efficiency was confirmed by immunoblots. Middle, cell surface 
levels of MHC-I (H-2Kb,Db) measured by flow cytometry (n = 8 replicates from two 
independent experiments). Right, representative flow cytometry plots are shown. H, 
Treatment of KP4 cells with 150 nM BafA1 for the indicated times causes an increase in 
levels of HLA-A, -B. I, Flow cytometry-based quantification of plasma membrane MHC-I 
in the indicated cell lines after treatment with BafA1 for 16 h (n = 9 replicates from three 
independent experiments). J, Surface MHC-I (H-2) levels measured by flow cytometry. 
Mouse PDAC organoids were established from Atg5+/+ and Atg5-/- KPC cells. n = 4 
biological replicates. Data are representative of three independent experiments. Right, 
representative flow cytometry plots. K, Effect of BafA1 treatment on the expression levels 
of antigen presentation machinery. L, Quantitative proteomics analysis of Panc1 cells that 
were treated with chloroquine (10 μM) for the indicated periods. n = 3 biological replicates. 
M, Effect of BafA1 treatment on expression levels of MHC-I in the indicated cell lines. Cell 
lines denoted in green show a significant change across all HLA isoforms after BafA1 
treatment. N, O, Effect of ATG3 knockdown in H441 cells on total MHC-I (N) and plasma 
membrane MHC-I (O) as measured by flow cytometry-based quantification (n = 9 
replicates from three independent experiments). A representative of at least two 
independent experiments is shown in A–C, E–H, J, K, M, N. Data are mean ± s.d. P 
values were determined by unpaired two-tailed t-tests. See Supplementary Figure 1 for 
gel source data.  
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Extended Data Figure 2.3e. Inhibition of macroautophagy, but not LAP/LANDO, 
restores MHC-I levels. Knockdown mediated by shRNA (A–J) or siRNA (K, L) of FIP200, 
ATG14, ATG13 and ULK1, but not RUBICON, increased MHC-I levels in PDAC cells. A, 
D, G, I, K, Knockdown efficiency was confirmed by immunoblot (A, I, K) and qPCR (D, 
G). Data are mean ± s.d. from three biological replicates per group (D, G). A, E, Whole-
cell abundance of MHC-I was assessed by immunoblot. C, Immunofluorescence staining 
of MHC-I (green) and LAMP2 (red). Scale bars, 50 μm. B, F, H, J, L, Cell-surface MHC-I 
levels were measured by flow cytometry (B, F, n = 9; H, J, n = 12; L, n = 16). Data are 
pooled from at least three independent experiments. Data are mean ± s.d. A–F, 
PaTu8902 cells (human). G–L, HY15549 cells (mouse). A representative of at least two 
independent experiments is shown in A, C, E, I and K. P values determined by unpaired 
two-tailed t-tests. See Supplementary Figure 1 for gel source data.   
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Extended Data Figure 2.4e. The UBA domain of NBR1 is required for interaction 
with MHC-I. A, Proximity-dependent biotinylation catalyzed by HLA-A–TrID. After 
addition of biotin, TurboID catalyzes the formation of biotin-5′-AMP anhydride, which 
enables covalent tagging of endogenous proteins with biotin within a few nanometers of 
the ligase. Related to Figure 2c. B, HLA-A–TrID was stably expressed in KP4 cells. Cells 
were treated with 10 μM of exogenous biotin for 30 min. After labelling, cells were lysed 
and biotinylated proteins were enriched with streptavidin conjugated beads. Biotinylated 
proteins were detected using streptavidin–HRP (B) or with antibodies against the 
indicated proteins (see Fig. 2c). Asterisks indicates ligase self-biotinylation. C, 
Endogenous ubiquitylated proteins were affinity captured from PaTu8902 cells with 
UBQLN1 UBA conjugated beads. Treatment of affinity captured samples for 1 h with 
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purified Usp2-cc (+) to induce deubiquitylation leads to loss of ubiquitylation. Related to 
Figure 2e. D, PaTu8902 cells stably expressing wild-type NBR1 (GFP–NBR1, n = 19 
fields) or lacking the UBA domain (GFP–NBR1 dUBA, n = 16 fields) were co-stained for 
endogenous LC3B. Graph shows quantification of the percentage co-localization. Box-
and-whisker plots as in Fig. 1. Scale bars, 20 μm (inset 10 μm). Related to Figure 2f. E, 
Effect of NBR1 knockdown on respective HLA-A, -B and -C levels in PaTu8902 cells. 
Note that blotting images for NBR1 and tubulin are the same as in Figure 2g. F, 
Immunofluorescence staining of MHC-I after NBR1 knockdown. Scale bars, 50 μm. A 
representative of at least three independent experiments is shown in B, C, E, F. See 
Supplementary Fig. 1 for gel source data.  
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Extended Data Figure 2.5e. Autophagy inhibition restores MHC-I expression, 
leading to enhanced anti-tumor T cell response in vitro. A, B, Autophagy flux (A) and 
cell-surface MHC-I levels (B) in PDAC cells measured by flow cytometry. Mouse PDAC 
cells expressing the GFP–LC3–RFP reporter and Dox-inducible mTurquoise2-
ATG4B(C74A) were grown as organoids for 8 days and treated with Dox (1 μg ml-1) for 
the indicated hours. A, Autophagy flux represented by GFP/RFP ratio. Note that 
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increased GFP/RFP ratio indicates reduced autophagy flux. B, Cell surface MHC-I (H-
2Kb) levels. Representative flow cytometry plots are shown. Data are mean ± s.d. n = 3 
biological replicates. Data are representative of at least four independent experiments. C, 
Fold changes of respective molecules on the cell surface quantified by flow cytometry. 
HY15549 cells expressing Dox-inducible mTurquoise2-tagged ATG4B(C74A) were 
grown as organoids for 8 days and treated with or without Dox (1 μg ml-1) for 72 h. Positive 
surface expression of each molecule was confirmed using respective isotype controls. 
Molecules found in immunological synapses are underlined. TFRC, transferrin receptor. 
independent experiments are shown. D–F, Mouse PDAC cells expressing OVA and 
carrying Dox-inducible mTurquoise2-ATG4B(C74A) were grown as organoids and 
treated with or without Dox (1 μg ml-1) for 96 h. Related to Figure 3a, b. D, Autophagy 
inhibition was confirmed by immunoblot. mTurquoise2-ATG4B(C74A) or endogenous 
ATG4B were detected by anti-ATG4B antibody. E, F, Flow cytometry plots for H-2Kb (E) 
and H-2Kb-SIINFEKL (F). Representative plots from Figures 3a, b are shown. Grey, 
isotype control. G, Representative flow cytometry plots of the OT-I cells co-cultured with 
mouse PDAC cells from Figure 3c. H, Quantitative reverse transcription PCR (qRT–PCR) 
analysis of OT-I cells that were co-cultured with PDAC cells for 48 h. Related to Figure 
3c. Data are mean ± s.d. n = 3 biological replicates. For G and H, Dox(+) or Dox(−) 
indicates that PDAC cells were grown with or without Dox (1 μg ml-1) before co-culture. 
Dox was not added in co-culture. A representative of at least three independent 
experiments is shown in D–G. ****P < 0.0001, unpaired two-tailed t-tests. See 
Supplementary Figure 1 for gel source data.  
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Extended Data Figure 2.6e. Autophagy inhibition modulates anti-tumor immunity 
in both orthotopic and liver metastasis. A, Immunoblots showing autophagy inhibition 
in mSt-ATG4B(C74A)-expressing cells. Mouse PDAC cells carrying Dox-inducible mSt or 
4B were treated with Dox (1 μg ml-1) for the indicated days. mSt or mSt-ATG4B(C74A) 
was detected by anti-RFP antibody. A representative of two independent experiments is 
shown. B–J, Related to Figure 3e–h. Mouse PDAC cells shown in A were orthotopically 
transplanted into syngeneic (C57BL/6) mice. HY15549 cells (mSt, n = 8; 4B, n = 7) and 
HY19636 cells (n = 8 per group) were injected. B, Study design. C, Images of tumors at 
end point. D–G, HY19636 tumor weight (D), cell surface MHC-I levels (E) and PD-L1 
levels (F) on PDAC cells and tumor-infiltrating CD8+ T cells (G) measured by flow 
cytometry. H, I, Representative H&E staining (H) and immunofluorescent staining (I) of 
HY15549 tumors (mSt, n = 8; 4B, n = 7). Scale bars, 100 μm. J, Quantification of tumor-
infiltrating immune cells by flow cytometry (HY15549, n = 8 and 7; HY19636, n = 8 per 
group). Gating strategies are shown in Extended Data Figure 7k and Supplementary 
Table 2. MDSC, myeloid-derived suppressor cells; Treg, T regulatory cells; TAM, tumor-
associated macrophages. K–O, Autophagy-inhibition by shRNA-mediated ATG7 
knockdown elicits similar anti-tumor T cell responses. K, Immunoblots for ATG7, LC3 and 
β-actin in PDAC cells (HY15549) expressing shRNAs against GFP or ATG7. A 
representative of at least two independent experiments is shown. L–O, Mouse PDAC 
cells shown in K were orthotopically transplanted into syngeneic mice (n = 7 per group). 
L, Images of tumors collected on day 22. M, Tumor weight. N, Tumor-infiltrating immune 
cells as measured by flow cytometry. O, Correlation between CD8+ T cell frequency 
among CD45+ cells and tumor weight. P–T, Related to Figure 3i–l. Autophagy inhibition 
modulates anti-tumor immunity in metastatic tumors in the liver. Mouse PDAC cells 
(HY15549) carrying Dox-inducible mSt or 4B were injected into the spleen of syngeneic 
(C57BL/6) mice that were pre-fed with a Dox-containing diet (n = 4 per group). PDAC 
cells were pre-treated with Dox (1 μg ml-1) for 7 days before injection. P, Study design. Q, 
Images of the liver. R, S, Representative images of H&E staining (R) and 
immunofluorescent staining (S) (n = 4 per group). Scale bars, 200 μm (R) and 100 μm 
(S). T, Quantification of immune cells in the liver metastasis as measured by flow 
cytometry. Data are mean ± s.e.m. n indicates individual mice. P values were determined 
by unpaired two-tailed t-tests (D–G, J, M, N, T) and Pearson correlation analysis (O). See 
Supplementary Figure 1 for gel source data.  
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Extended Data Figure 2.7e. Tumor regression after autophagy inhibition is rescued 
by depletion of CD8+ T cells or ablation of cell surface MHC-I. A–C, Related to Figure 
3m. HY15549 cells with Dox-inducible mSt or 4B were orthotopically injected into 
C57BL/6 mice and fed with Dox-containing diet starting on day 5, and then received 
intraperitoneal injection of anti-CD8 or isotype control IgG (n = 7 per group). A, Study 
design. B, Images of tumors. C, Tumor-infiltrating leukocytes as quantified by flow 
cytometry. D–F, Related to Figure 3n, o. HY15549 cells with Dox-inducible mSt or 4B 
were orthotopically injected into C57BL/6 mice (WT) or Batf3−/− mice (KO) (n = 8, 4, 8 
and 5). D, Study design. E, Images of tumors. F, Quantification of tumor-infiltrating 
leukocytes by flow cytometry. G–J, Related to Figure 3p–r. HY15549 cells carrying Dox-
inducible mSt or 4B were stably transfected with lentiviral vectors expressing control 
shRNA (shScr, solid line) or shRNA against B2m (shB2m, dashed line). G, Cell surface 
MHC-I as measured by flow cytometry. Cells were treated with IFNγ (200 U ml-1) for 24 
hours before flow cytometry analysis. Representative data from three independent 
experiments are shown. H–J, Cells shown in G (4 × 104 cells) were orthotopically 
transplanted into syngeneic (C57BL/6) mice that were pre-fed with Dox diet (n = 8 per 
group). H, Study design. I, Images of tumors. J, Tumor-infiltrating leukocytes as quantified 
by flow cytometry. K, Gating strategies for flow cytometry analysis of tumors used in this 
study. See also Supplementary Table 2. Data are mean ± s.e.m. n indicates individual 
mice. P values determined by unpaired two-tailed t-tests. 
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Extended Data Figure 2.8e. Separation of PDAC cells with distinct autophagy flux 
using the GFP-LC3-RFP reporter. Heterogeneity in basal autophagy flux was explored 
using mouse PDAC cells (HY15549) expressing the GFP–LC3–RFP reporter. A, B, 
HY15549 cells were grown as organoids or transplanted into C57BL/6 mice to form 
orthotopic tumors. A, Autophagy flux, as represented by GFP/RFP ratio, was measured 
by flow cytometry. Atg5-/- mouse embryonic fibroblasts (MEF) with the GFP–LC3–RFP 
reporter (black) was used as a control. Representative flow plots from three independent 
experiments are shown. B, Representative fluorescent images of orthotopic tumors. Cells 
with high autophagy flux show GFP–LC3 puncta formation (inset, arrowhead) and a 
decrease in total GFP-fluorescent signals, displaying red appearance in the merged 
image. Scale bars, 100 μm. C–H, Mouse PDAC organoids were dissociated into single 
cells and sorted into autophagy-high (AThi) or -low (ATlo) cells according to the GPF/RFP 
ratio. C, Sorting strategies. D, Top KEGG pathways enriched in AThi cells compared to 
ATlo cells. Gene set enrichment analysis (GSEA) was performed using RNA sequencing 
(RNA-seq) data from sorted AThi and ATlo cells (n = 2 and 3 biologically independent 
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samples), showing enrichment of the autophagy–lysosome gene signatures in AThi cells 
as compared with the ATlo cells. FDR, false discovery rate; NES, normalized enrichment 
score; Nom., nominal. E, F, Relative mRNA expression of autophagy and lysosome-
related genes in the respective populations sorted from pooled populations (E) or a single-
cell derived clone (F). n = 3 technical replicates. Representative results from four (E) and 
two (F) independent sorting experiments are shown. G–I, Clonogenic potential of sorted 
AThi and ATlo cells (G, H) and PDAC cells with Dox-inducible ATG4B(C74A) (AY6284) 
(I). Representative data from at least two independent experiments are shown. n = 4 (G) 
and n = 3 (I) per group. Data are mean ± s.d. (E–I). P values were determined by unpaired 
two-tailed t-tests.	
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Extended Data Figure 2.9e. Basal autophagy flux determines immunogenicity of 
PDAC cells. Mouse PDAC cells (HY15549) expressing the GFP–LC3–RFP reporter were 
sorted into AThi and ATlo cells (Extended Data Fig. 8c) and injected into the pancreas 
(A–G) or the spleen (H–K) of C57BL/6 mice (A–F, H–K) or nude mice (G). Cells were 
sorted from pooled populations except for (B). A, B, Tumor weight on day 21. AThi and 
ATlo cells were sorted from either pooled populations (A) (n = 9 and 10) or a single-cell 
derived clone (B) (n = 10 per group). C–E, Tumors shown in A were analyzed. C, Cell 
surface MHC-I levels on PDAC cells measured by flow cytometry. D, Correlation between 
MHC-I levels on PDAC cells and tumor weight. E, Representative images of H&E (left) 
and immunofluorescent staining (right). Scale bars, 100 μm. F, Quantification of tumor-
infiltrating immune cells by flow cytometry (n = 8 per group). Orthotopic tumors obtained 
on day 21 were analyzed. G, Orthotopic tumors in nude mice obtained on day 19 (n = 8 
and 7). H–K, Liver metastasis model. H, Study design. I, J, Weight of livers (i) and cell 
surface MHC-I levels on PDAC cells measured by flow cytometry (J) on day 17 (n = 5 per 
group). K, Representative immunofluorescence images of livers obtained on day 9 (n = 3 
per group). Frozen sections were stained with anti-CD8a antibody and DAPI. In these 
merged images, cells with high autophagy flux appear as red, reflecting the relative loss 
of GFP-fluorescence and lower GFP/RFP ratio, whereas cells with low autophagy flux 
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appear as yellow to green, reflecting high GFP/RFP ratio. In the enlarged images, CD8a+ 
cells were indicated by white arrowheads. Scale bars, 100 μm. For A, C–F and I–K, 
experiments were performed at least twice and representative data of one experiment are 
shown. Data are mean ± s.e.m. (A–C, F, G, I, J). n indicates individual mice. P values 
were determined by unpaired two-tailed t-tests (A–C, F, G, I, J) and Pearson correlation 
analysis (D). 
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Extended Data Figure 2.10e. Autophagy inhibition synergizes with dual ICB. A–C, 
Anti-PD1 antibody treatment did not affect tumor growth in either control or autophagy-
inhibited tumors. Mice bearing orthotopic PDAC tumors (HY15549) carrying Dox-
inducible mSt or 4B were treated with Dox beginning on day 5 and received either isotype 
control IgG or anti-PD1 antibody (n = 7, 8, 8 and 7 per group). A, Study design. B, C, 
Images (B) and weight (C) of tumors. D–G, Related to Fig. 4a–d. Mice bearing orthotopic 
PDAC tumors (HY15549) expressing Dox-inducible mSt or 4B were treated with Dox 
beginning on day 5 and received either isotype control IgG or dual ICB (anti-PD1 and 
CTLA4 antibodies) (n = 7 per group). D, E, Representative images of 
immunofluorescence staining (D) and H&E staining €. Scale bars, 100 μm. F, G, 
Quantification of tumor-infiltrating immune cells by flow cytometry. H, Cell surface MHC-I 
(H-2Kb,Db) levels measured by flow cytometry. Mouse PDAC cells were treated with 
chloroquine or BafA1 at the indicated concentrations for 48 h (n = 4). Mouse PDAC cells 
were grown in 2D culture (chloroquine) or as organoids (BafA1). Representative results 
from at least three independent experiments are shown. i–m, Mice bearing orthotopic 
PDAC tumors expressing the GFP–LC3–RFP reporter were treated with PBS or 
chloroquine beginning on day 5 (n = 7 vs 6 for HY15549 and n = 8 vs 8 for HY19636). i, 
Study design. j, Images of tumors. k, Cell surface MHC-I and PD-L1 levels on PDAC cells 
measured by flow cytometry. l, Tumor weight. m, Quantification of tumor-infiltrating 
immune cells by flow cytometry. n, Representative fluorescence images of tumors 
expressing the GFP–LC3–RFP reporter from Fig. 4j. Numerical values represent mean 
fluorescent intensity of each field. o, Quantification of tumor-infiltrating immune cells by 
flow cytometry (n = 8, 8, 8 and 5; left to right). Tumors in Fig. 4k were analyzed. Data are 
mean ± s.e.m. (c, f, g, k–m, o) or ± s.d. (h). n indicates individual mice (c, f, g, k–m, o) 
or biological replicates (h). Except for the orthotopic implantation of HY19636 cells ( j–
m), all experiments were performed at least twice and representative data of one 
experiment are shown. ****P < 0.0001, unpaired two-tailed t-tests.	 
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Materials and Methods 

Cell culture  

The cell lines PaTu-8988T, KP4, MiaPaca2, Panc 2.03, PaTu-8902, Panc1, AsPc1, 

HupT3 and A549 were obtained from the American Type Culture Collection (ATCC) or 

the DSMZ. H441, H358, HCT116 and BEAS-2B were provided by E. Collisson. HPDE 

was provided by M. Tsao (Liu et al., 1998). Cells were cultured in the following media: 

PaTu-8988T, KP4, MiaPaca2, PaTu-8902, Panc1, AsPc1 and BEAS-2B in DMEM 

supplemented with 10% FBS; Panc 2.03 and HupT3 in RPMI with 10% FBS; HPDE cells 

were cultured in keratinocyte serum-free (KSF) medium supplemented by epidermal 

growth factor and bovine pituitary extract (Life Technologies, Inc.), supplemented with 1% 

penicillin and streptomycin (Gibco). Cell lines were regularly tested and verified to be 

mycoplasma negative using Myco- Alert Detection Kit (Lonza) or via PCR.  

Primary mouse PDAC cell lines were established from pancreatic tumors in respective 

GEMMs as described previously (Yang et al., 2018). HY15549 and HY19636 cells were 

established from female KPC mice (p48-cre+ (p48 is also known as Ptf1a) KrasLSL-G12D/+, 

Trp53lox/+) (Bardeesy et al., 2006) that were fully back-crossed into a C57BL/6 

background. The other cell lines were derived from the following mice (Yang et al., 2014, 

2018): Atg5+/+ KPC cells, Pdx1-cre+, KrasLSL-G12D/+, Trp53lox/+, Atg5+/+ mice; Atg5-/- KPC 

cells, Pdx1-cre+, KrasLSL-G12D/+, Trp53lox/+, Atg5lox/lox mice; AY6284 cells, p48-cre+, KrasLSL-

G12D/+, Trp53lox/+, RosaLSL-rtTA, mSt-ATG4B(C74A) mice (Yang et al., 2018). All mouse 

PDAC cells were maintained in DMEM (Corning) supplemented with 10% FBS (Atlanta 

Biologicals, S11550H) and 1% penicillin and streptomycin (Gibco).  
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Cells were grown in a humidified incubator with 5% CO2 at 37° C. Cultures were routinely 

verified to be negative for mycoplasma. Cell lines were authenticated by fingerprinting, 

and low passage cultures were carefully maintained in a central lab cell bank.  

Constructs  

GFP–NBR1 and GFP–NBR1 dUBA were provided by J. Debnath. LysoTag TMEM192-

mRFP-3xHA (TMRHA) was generated by subcloning the cDNA of TMEM192 (Origene) 

together with monomeric red fluorescent protein (mRFP) and 3× haemagglutinin (HA) tag 

into the NheI and EcoRI sites of pLJM1 lentiviral vector. HLA-A-TurboID-Flag (HLA-A–

TrID) was generated by subcloning the cDNA of HLA-A (Addgene plasmid, 85162) into 

the EcoRI and NotI sites of the TurboID pLVX vector (gift from R. Zoncu). pMXs GFP–

LC3–RFP was a gift from N. Mizushima (Addgene, plasmid 117413). For Dox-inducible 

expression of ATG4B(C74A), mTur- quoise2 or mStrawberry was fused to ATG4B(C74A) 

and inserted into either pSLIK-Hygro (used for in vitro studies) (Addgene, plasmid 25737) 

or pINDUCER20 (used for in vivo studies) (Addgene, plasmid 44012), using the Gateway 

Cloning system (Thermo Fisher Science). For the generation of OVA-expressing cells, 

the cOVA fragment was cloned from pCI-neo-cOVA (Addgene, plasmid 25097), fused 

with 2A peptide and mStrawberry sequences using NEBuilder HiFi DNA Assembly 

Cloning Kit (New England BioLabs) according to manufacturer’s instruction, and inserted 

into the EcoRI and SalI sites of pBabe-zeo (Addgene, plasmid 1766) to generate pBabe-

cOVA-2A-mStrawberry. Stable cOVA expression was confirmed and monitored with 

mStrawberry fluorescence.  

 



 79 

shRNAs  

shRNA vectors (pLKO.1 puro) were obtained from the Sigma MISSION TRC shRNA 

library. The sequences and RNAi Consortium clone IDs for the shRNAs used are as 

follows:  

shATG3#1 (human): 5′-GATGTGACCATTGACCATATT-3′ (TRCN00001 48120); 

shATG3#2 (human): 5′-GCTGTCATTCCAACAATAGAA-3′ (TRCN0000147381); 

shATG7#1 (human): 5′-CCCAGCTATTGGAACAC TGTA-3′ (TRCN0000007587); 

shATG7#2 (human): 5′-GCCTGCTGAG GAGCTCTCCAT-3′(TRCN0000007584); 

shNRB1#1(human):5′-GCTTCAT AGTTATTTGGCATT-3′ (TRCN0000123159); 

shNBR1#2 (human): 5′-GCAGCATTTGTGGATGAGAAT-3′ (TRCN0000123160); 

shNBR1#3 (human): 5′GCCAGGAACCAAGTTTATCAA-3′ (TRCN0000123161); 

shFIP200#1 (human): 5′- GCACTCTTTAACACATTCTTT-3′ (TRCN0000 013523); 

shFIP200#2 (human): 5′- GCTGTGAATGAGTTTGTAATA-3′ (TRCN0000013524); 

shATG14#1 (human): 5′-CCATAGAACTTGGTCA TGTTT-3′ (TRCN0000144080); 

shATG14#2 (human): 5′-GATCAATTAC AACCACTGCAT-3′ (TRCN0000145367); 

shAtg3#1 (mouse): 5′-CATATCA CAACACAGGTATTA-3′ (TRCN0000247440); 

shAtg3#2 (mouse): 5′- GTACATCACTTACGACAAATA-3′ (TRCN0000247442); 

shAtg7#1 (mouse): 5′-TTCTGTCACGGTTCGATAATG-3′ (TRCN0000305991);  

shAtg7#2 (mouse): 5′- GCCAACATCCCTGGATACAAG-3′ (TRCN0000 375444); 

shAtg7#3 (mouse): 5′- TCTTACCCTGCTCCATCAAGA-3′ (TRCN0000375421);  

shB2m (mouse): 5′-CCAGTTTCTAATATGCTATAC-3′ (TRCN0000295705);  

shAtg13#1 (mouse): 5′-TGAAGTCTCTTCTCGCT ATTA-3′ (TRCN0000277121); 
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shAtg13#2 (mouse): 5′-GACATACCTTTCG CCATGTTT-3′ (TRCN0000176029); 

shUlk1#1 (mouse): 5′-CGCTTCTTT CTGGACAAACAA-3′ (TRCN0000319764), 

shUlk1#2 (mouse): 5′-CGCTT CTTTCTGGACAAACAA-3′ (TRCN0000028768);  

shGFP: 5′-TGCCCGACA ACCACTACCTGA-3′ (TRCN0000072186). shGFP and shScr 

(Addgene, plasmid #17920) were used as controls.  

siRNAs  

The short interfering RNAs (siRNAs) used in this study are: siNC (silencer negative 

control #1 siRNA, Thermo, 13778030), siRubicon #1 (s104762, Ambion), and siRubicon 

#2 (s104763, Ambion). Cells were transfected with siRNAs using Lipofectamine RNAi 

Max Transfection Reagent (Life Technologies).  

Retroviral and lentiviral transduction  

For the transfection of pMXs GFP-LC3-RFP (Zaizuka et al., 2016) and pBabe-cOVA- 2A-

mStrawberry, retrovirus was produced by co-transfection of HEK293FT cells with a 

retroviral vector and the packaging plasmids pHit60 and VSVG at a 0.5:0.25:0.25 ratio. 

For the transfection of lentiviral vectors (pSLIK-hygro, pINDUCER20 and pLKO.1-puro), 

lentivirus was produced by co-transfection of HEK293FT cells with a lentiviral vector and 

the packaging plasmids psPAX2 (Addgene, plasmid 12260) and pMD2.G (Addgene, 

plasmid 12259) at a 0.5:0.25:0.25 ratio. Transfection was performed using Lipofectamine 

3000 Reagent (Thermo Fisher Scientific) according to manufacturer’s instructions. The 

viral supernatant was collected 48 h after transfection, filtered through a 0.45-μm filter, 

and used for infection together with Polybrene reagent (EMD Millipore). Cells expressing 
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Dox-inducible constructs were sorted for positive fluorescent expression after Dox 

treatment to select inducible cells, and then sorted for no fluorescent expression after Dox 

withdrawal to remove cells with leaking expression, as described previously (Pommier et 

al., 2018).  

Immunofluorescence  

Human cell lines were cultured for two days on coverslips coated with fibronectin. After 

two PBS washes, cells were fixed and permeabilized with #% paraformaldehyde in PBS 

for 15 min at room temperature or ice-cold methanol for 5 min at −20° C. 

Paraformaldehyde-fixed cells were permeabilized with 0.1% saponin in OBS. Samples 

were then blocked with 5% normal goat serum for 15 min at room temperature before 

incubation with primary antibodies (Supplementary Table 1) overnight at 4° C. After 

washing three times with PBS, cells were incubated in secondary antibody at room 

temperature for 20 min. Slides were mounted on glass slides using DAPI Fluoromount-G 

(0100-20, SouthernBiotech) and imaged on a Zeiss Laser Scanning Microscope (LSM) 

710 using a 63× objective. Image processing and quantification were performed using 

ImageJ.  

Lysosome immunoprecipitation  

For lysosome immunoprecipitation experiments, HPDE and human PDAC cell lines stably 

expressing TMRHA were ruptured and intact lysosomes from 1–2 mg of total protein per 

sample was immunoprecipitated using HA-conjugated Dynabeads as previously 

described (Zoncu et al., 2011; Abu-Remaileh et al., 2017).  
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Poly-ubiquilin UBA affinity capture  

Cells were washed twice with ice-cold PBS and lysed in lysis buffer (50 mM Tris-HCl pH 

7.5, 150 mM NaCl, 1% NP-40, 10 mM N-ethylmaleimide) supplemented fresh with 

protease inhibitor cocktail. Lysates were incubated at 4° C for 15 min and clarified by 

centrifugation at 20,000 x g at 4° C for 15 min. Samples were quantified by BCA Protein 

Assay Kit and diluted to 1 mg ml-1 with dilution buffer (50 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 5 mM EDTA, protease inhibitor). Approximately 1–1.5 mg of protein lysates were 

incubated with 50 μl of Ubiquilin 1 Tandem UBA Agarose (BostonBiochem AM-130) 

overnight at 4° C. Samples were then washed three times in High Salt Wash Buffer (50 

mM Tris-HCl pH 7.5, 250 mM NaCl, 0.5% NP-40) and once with 10 mM Tris-HCl, pH 7.5. 

Samples were eluted by adding Laemmli buffer and incubating at 65  C for 15–20 min.  

For DUB digestions, affinity captured material was washed once with DUB digestion 

buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 20 mM dithiothreitol). Liquid was removed 

and beads were resuspended in 20 ml of DUB digestion buffer and 5 mg of USP2 catalytic 

domain (Usp2cc; BostonBiochem E-506) for 1 h with gentle shaking at 30° C. Beads were 

washed once in high-salt wash buffer and once with 10 mM Tris-HCl, pH 7.5, before 

eluting affinity captured material by adding Laemmli buffer and incubating at 65° C for 15 

min.  

Proximity biotinylation  

Human PDAC cells stably expressing HLA-A–TrID were cultured in DMEM supplemented 

with 10% dialyzed FBS (DMEM + dFBS) for 48 h. Cells were incubated with 10 μM biotin 
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(Sigma) and incubated at 37° C for 30 min. Media was replaced with DMEM + dFBS and 

incubated at 37° C for a further 2–3  h. For negative controls, we omitted exogenous 

biotin. Cells were then washed twice in ice-cold PBS and lysed in ice-cold lysis buffer (1% 

Triton X-100, 130 mM NaCl, 2.5 mM MgCl2, 2 mM EGTA, 25 mM HEPES pH 7.4, 

supplemented fresh with protease inhibitor cocktail) for 30 min on ice. Samples were 

clarified by centrifugation at 13,300 rpm for 10 min at 4° C. Protein content was measured 

using BCA Protein Assay Kit (Life Technologies 23227). Then, 1–2 mg of protein lysates 

were incubated with 50 μl of Dynabeads MyOne Streptavidin C1 (Life Technologies) 

overnight. The beads were washed twice in wash buffer 1 (2% SDS in distilled H2O), 

once in wash buffer 2 (0.1% deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM EDTA, 

and 50 mM HEPES, pH 7.5), once in wash buffer 3 (250 mM LiCl, 0.5% NP-40, 0.5% 

deoxycholate, 1 mM EDTA, and 10 mM Tris, pH 8.1), and twice in wash buffer 4 (50 mM 

Tris, pH 7.4, and 50 mM NaCl). Washes were performed at room temperature for 5 min 

with gentle agitation. Samples were eluted in Laemmli buffer and boiled at 95° C. 

Quantification of biotinylation activity was measured as intensity of each lane in the ±biotin 

immune-precipitation condition divided by the corresponding intensity of the ligase 

expression band in the input. The +biotin ratios were then normalized to the −biotin control 

ratio and to background.  

Organoid culture  

Normal pancreatic organoids from mice were established as previously described (Boj et 

al., 2015; Matsuura et al., 2019) with slight modifications. In brief, pancreas was har- 

vested from female C57BL/6 mice (4–10 weeks of age), mechanically minced with 
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scissors, and digested with 1 mg ml-1 collagenase P (Sigma), 4 mg ml-1 Dispase II 

(Sigma), 10 mM HEPES (Thermo Fisher Scientific), 1% FBS, 1 mg ml-1 Trypsin Inhibitor 

from Soybean (Sigma) in DMEM for 20 min at 37° C. Digested tissues were embedded 

in Matrigel (Corning, 356231) and cultured in Advanced DMEM (Thermo Fisher Scientific) 

supplemented with 200 mM l-glutamine (Thermo Fisher Scientific), 10 mM HEPES 

(Thermo Fisher Scientific), 1% Antibiotic-Antimycotic (Thermo Fisher Scientific), 500 ng 

ml-1 recombinant mouse r-spondin-1 (Peprotech), 50 ng ml-1 recombinant murine EGF 

(Peprotech), 100 ng ml-1 recombinant mouse noggin (Peprotech), 1 μM jagged-1 (188-

204) (AnaSpec, AS-61298), 100 μg ml-1 trypsin inhibitor from soybean (Sigma), and 10 

μM Y-27632 (Enzo). Two days before analysis, culture media was replaced with DMEM 

supplemented with 10% FBS. PDAC organoids were generated by embedding mouse 

PDAC cell lines in Matrigel and were grown in DMEM with 10% FBS. For the dissociation 

of organoids for further assays, organoids were digested with TrypLE (Thermo Fisher, 

A1217701) solution at a 2× concentration for 20 min at 37° C, followed by filtration through 

a 40-μm nylon strainer.  

Quantitative proteomics  

Quantitative mass spectrometry-based proteomics was performed as previously 

described (Paulo et al., 2015; Biancur et al., 2017) based on the SL-TMT workflow 

(Navarrete-Perea et al., 2018). In brief, cells were lysed in a lysis buffer (200 mM HEPES 

pH 8.5, 8 M urea, 1x Complete Protease Inhibitor Cocktail (Roche), 1 × PhosStop 

(Roche)) and homogenized by passing through a 21-gauge needle. Lysates were 

collected by centrifuging at 20,000 x g for 5 min at 4° C, followed by disulfide bond 
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reduction with 5 mM dithiothreitol at 37° C for 25 min and alkylation with 10 mM 

iodoacetamide at room temperature for 30 min in the dark. Chloroform–methanol 

precipitation of protein was performed, followed by protease digestion in HEPES buffer 

(200 mM, pH 8.5). Each sample containing 100 μg protein was digested at a 1:100 

protease-to-protein ratio with LysC protease at room temperature overnight, followed by 

digestion with trypsin at 37° C for 6 h. Approximately 50 μg of peptides from each sample 

was labelled with 100 μg TMT reagent which were dissolved in anhydrous acetonitrile to 

achieve a final concentration of 30% (v/v). TMT-labelled samples were acidified, vacuum 

centrifuged to near dryness and subjected to C18 SPE (Sep-Pak, Waters). Samples were 

subjected to basic pH reversed-phase HPLC. Data were obtained with Orbitrap Fusion 

mass spectrometer (Thermo Fisher Scientific) coupled with a Proxeon EASY-nLC 1000 

LC pump (Thermo Fisher Scientific). Peptide separation was done using a custom 

Accucore C18 resin (2.6 μm, 100 Å, Thermo Fisher Scientific) column for 3 h using a 

gradient of 6–30% acetonitrile in 0.125% formic acid with a flow rate of 300 nl min-1. All 

analysis involved an MS3-based TMT method as previously mentioned (McAlister et al., 

2014) and mass spectra were processed as described earlier (Paulo et al., 2015).  

Tumor cell and OT-I cell co-culture experiment  

Mouse PDAC cells stably expressing OVA and carrying Dox-inducible mTurquoise2-

ATG4B(C74A) were grown as organoids, treated with or without Dox (1 μg ml-1 ) for 96 h. 

Organoids were dissociated into single cells, which were then incubated with either anti-

H-2Kb-SIINFEKL antibody (clone 25-D1.16, BioXCell, BE0207) or isotype control (clone 

MOPC-21, BioXCell, BE0083) at 100 μg ml-1 for 30 min at 4° C. Total splenocytes were 
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harvested from OT-I mice and CD8+ T cells were enriched using Dynabeads Untouched 

Mouse CD8 Cells (Invitrogen, 11417D) following manufacturer’s instructions. Isolated 

CD8+ T cells were labelled with 10 μM CFSE (BioLegend) for 10 min at room temperature 

in the dark, washed three times with RPMI-1640 supplemented with 10% FBS. Ten 

thousand PDAC cells and forty thousand CD8+ cells were seeded in 96-well plates and 

cultured in 100 μl 50% DMEM and 50% RPMI-1640 supplemented with 10% FBS, 10 ng 

ml-1 recombinant murine IL-2 (Peprotech), 27.5 μM 2-mercaptoehanol (Gibco), and 100 

μg ml-1 of respective antibodies. After 48 h, CD8+ T cells were harvested and stained with 

anti-CD8a antibody (AF647, clone 53-6.7, BioLegend) and DAPI, and proliferation was 

analyzed by CFSE dilution using flow cytometry. After removal of CD8+ T cells, the 

viability of remaining PDAC cells was measured by CellTiter-Glo (Promega).  

Clonogenic assay  

For 2D clonogenic assays (Yang et al., 2011), cells were plated in 6-well plates at 300 

cells per well in 2 ml DMEM supplemented with 10% FBS. After 7 days, colonies were 

fixed with 80% methanol, stained with 0.2% crystal violet, and counted. For 3D clonogenic 

assay, single cells were sorted directly into 384-well round bottom Ultra-Low Attachment 

plates (Corning 3830) and grown in DMEM supplemented with 10% FBS and 2% Matrigel 

(Corning 356231). After 10 days, the number of wells with spheroids was counted.  

Mice  

Female 8–10-week-old C57BL/6 mice or NCr nude (B6NTac, Taconic) mice were used 

for allograft experiments. OT-I transgenic mice (003831) and Batf3-/- mice (013755) were 



 87 

purchased from Jackson Laboratory. All mice were bred and maintained in the animal 

facility of the New York University School of Medicine. All animal procedures were 

approved by the New York University School of Medicine Institutional Animal Care and 

Use Committee (IACUC) under protocol numbers IA16-00507 and IA16-01331.  

Mouse experiments  

Orthotopic and intrasplenic injections of PDAC cells were performed as described 

previously (Sousa et al., 2016; Soares et al., 2014). In brief, mice were anaesthetized by 

an intraperitoneal injection of ketamine and xylazine. A small incision was made on the 

upper left quadrant of the abdomen, and either the pancreas or the spleen was 

externalized. For orthotopic injection, cells were suspended in 20 μl of Matrigel (Corning 

356231):HBSS (1:1) solution and injected into the pancreatic tail with insulin syringes (29-

gauge needle, BD 324702). Approximately 1 × 104 HY15549 cells or 2 × 104 HY19636 

cells were injected unless otherwise indicated. For intrasplenic injection, 1 × 106 cells 

were suspended in 100 μl HBSS and then drawn into an insulin syringe (28-gauge needle, 

BD 329461), which was pre-loaded with 200 μl HBSS. The externalized spleen was 

divided by ligating clips (Teleflex, 002200), and cells were injected into the hemispleen. 

After injection, splenic vein was ligated with ligating clips (Teleflex, 001200) at the hilum 

of the spleen, and then the hemispleen was removed. After the procedures, the 

peritoneum was closed with a 3-0 VICRYL VIOLET suture (Ethicon, J311H), and the skin 

was closed using the BD AutoClip Wound Closing System (BD). For some experiments, 

mice were fed with Dox-containing diet (625 mg kg-1) for the indicated period. Mice were 
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euthanized at the indicated time points and tumors or the liver were collected after trans-

cardiac perfusion with PBS.  

For CD8+ T cell depletion, mice received intraperitoneal injection of anti-mouse CD8a 

antibody (200 μg, clone 53-6.7, BE0004-1) or isotype control (200 μg, clone 2A3, 

BE0089). For immune checkpoint blockade experiments, mice received intraperitoneal 

injection of anti-mouse PD-1 antibody (200 μg, clone RMP1-14, BE0146) and anti-mouse 

CTLA-4 antibody (200 μg, BE0131), or rat IgG2a isotype-matched control (200 μg, clone 

2A3, BE0089) and polyclonal Syrian hamster IgG (200 μg, BE0087). All antibodies used 

in in vivo experiments were obtained from BioXCell. For chloroquine treatment, mice 

received intraperitoneal injection of chloroquine solution in PBS at 60 mg kg-1 or PBS 

every day starting day 4 or 5 after tumor cell implantation. Mice were randomly assigned 

to specific treatment groups at the beginning of treatment.  

All experiments were carried out in a clean conventional facility, where mice were housed 

in pre-packaged disposable irradiated cages, and fed with irradiated diet and acidified 

water. Microisolator cages were located on ventilated racks. No tumors in the mice 

exceeded IACUC-defined maximum diameters of >2 cm. Sample sizes were determined 

based on our preliminary experiments and no sample size calculation was done. Blinding 

was not performed as the investigator needed to know the treatment groups in order to 

perform study. Tumor weights (an objective measurement) were measured only at the 

study endpoints after mice were euthanized and tumors were harvested.  
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Flow cytometry  

For surface and intracellular MHC-I staining of human cell lines, cells were stained with 

Alexa Fluor 488-conjugated anti-human HLA-A, -B, -C antibody (BioLegend, clone 

W6/32) at a 1:75 dilution for 45 min at 4° C in the dark and washed with PBS plus 2% 

FBS and 2 mM EDTA (FACS buffer). Cells were then fixed and permeabilized before 

staining with phycoerythrin (PE)-conjugated anti-human HLA-A,-B,-C antibody 

(BioLegend, clone W6/32) at a 1:75 dilution for 45 min at room temperature and washed 

with FACS buffer. For cell surface molecule staining of mouse cells, single-cell 

suspensions were prepared as described above. Cells were washed with FCM buffer 

(HBSS containing 1% FBS, 1 mM EDTA, and 10 mM HEPES) and stained with antibodies 

(Supplementary Table 1) at 4° C in the dark for 20 min. Dead cells were depleted by DAPI 

staining.  

For the immunophenotyping of tumors, tissues were mechanically minced with scissors, 

and then digested in DMEM containing 1 mg ml-1 collagenase IV (Gibco), 100 μg ml-1 

DNase I (Roche), 1% FBS, 10 mM HEPES, 2% Antibiotic-Antimycotic (Thermo Fisher 

Scientific) for 40 min at 37° C in the dark with gentle agitation every 10 min. Digested 

tissues were then washed twice in DMEM containing 10% FBS, filtered through a 40-μm 

nylon mesh strainer (Corning). Cells were suspended in ACK Lysing Buffer (Thermo 

Fisher Scientific), incubated for 10 min at 4° C in the dark to remove red blood cells. Cells 

were washed twice in FCM buffer and counted. Cells were stained with Zombie Aqua Fix- 

able Viability Kit (BioLegend) and blocked with anti-mouse CD16 and CD32 antibody 

(mouse BD Fc Block, clone 2.4G2, BD Bioscience). One million cells were incubated with 
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appropriate antibodies (Supplementary Table 1) diluted in FCM buffer at 4° C in the dark 

for 40 min. Cells were then washed twice with FCM buffer and analyzed or further fixed 

in 2% PL solution (PBS containing 0.1 M l-lysine (Sigma) and 2% paraformaldehyde (Ted 

Pella)) (Hirata et al., 2018) at 4° C in the dark overnight. Intracellular staining was 

performed using Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Cells 

were analyzed on a BD LSR Fortessa or a BD LSR-II UV and analyzed by FlowJo 

software (FlowJo, LLC, v.10.4). Gating strategies were described in Extended Data Fig. 

7k and Supplementary Table 2.  

Cell sorting  

Mouse PDAC cells (HY15549) expressing the GFP–LC3–RFP reporter were grown as 

organoids for 8 days, collected and dissociated into single cells as mentioned above. 

Cells were sorted on MoFlo XDP (Beckman Coulter) based on the GFP/RFP ratio as 

described in detail elsewhere (Gump et al., 2014a; 2014b). The purity of cells after sorting 

was confirmed by post-sort analyses and was usually >90%.  

Histology and immunohistochemistry  

For formalin-fixed paraffin-embedded (FFPE) sections, tissues were fixed in 10% buffered 

formalin, and embedded in paraffin. Five-micrometer-thick FFPE sections were used for 

H&E staining. For immunohistochemical staining, FFPE sections were deparaffinized, 

rehydrated and incubated in boiling 10 mM pH 6.0 citrate buffer for 20 min for antigen 

retrieval. To visualize the GFP–LC3–RFP reporter signal or mStrawberry/mSt-

ATG4B(C74A) expression in PDAC cells, tissues were fixed in 2% PL solution at 4° C 
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overnight, incubated in PBS containing 30% sucrose, and embedded in Tissu-Tek OCT 

compound (Sakura Finetek) on dry ice (Hirata et al., 2018). For immunohistochemical 

staining, 7-μm frozen sections were washed with Tris-buffered saline (pH 7.4) containing 

0.05% Tween-20 (TBS-T), blocked with TBS-T containing 5% goat serum for 1 hr at room 

temperature, and stained with primary antibodies (Supplementary Table 1) at 4° C 

overnight, followed by incubation with fluorescent-conjugated secondary antibodies 

(1:400, Supplementary Table 1) at room temperature for 1 h. Sections were counter 

stained with 4 μg ml-1 Hoechst 33342 (Thermo Fisher) and mounted in ProLong Diamond 

Antifade Mountant (Thermo Fisher Scientific, P36970). Fluorescent images were 

obtained with Leica DM6 and analyzed using LAS X software (v.2.0.0.14332.2). Bright 

light images were obtained with a Leica DM2000 bright-field microscope.  

For the measurement of the GFP/RFP signal ratio, frozen sections as prepared above 

were washed with TBS-T three times and coverslips were mounted with ProLong 

Diamond Antifade Mountant. Slides were dried at 4° C overnight. Fluorescence images 

were obtained from at least four random fields per tumor with a 20× objective lens. 

Greyscale, raw-image files (16-bit) were analyzed using ImageJ Software to obtain mean 

intensities of GFP and RFP signals.  

Primary human PDAC specimens (Supplementary Table 3) were generated under 

Institutional Review Board (IRB)-approved protocol 18-25787 at UCSF. Sections were 

co-stained with antibodies against CK-19 (1:300) and HLA-A,B (1:300) (Supplementary 

Table 1). An average of 28 ducts per sample from 9 patient specimens was imaged based 

on expression of CK-19 to ensure analysis of tumor epithelia. The corresponding MHC-I 
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localization per CK-19 positive ductal structure was classified as intracellular if greater 

than 50% of the staining displayed a non-membrane, punctate distribution.  

Quantitative reverse-transcription PCR  

Total RNA was extracted using TRIzol (Thermo Fisher Scientific) and PureLink RNA Mini 

Kit (Thermo Fisher Scientific), and then reversed transcribed using Superscript Vilo IV 

(Thermo Fisher Scientific) with oligo-dT primers. Quantitative PCR was performed with 

SYBR Green Supermix (Bio-Rad) on the CFX96 real-time PCR machine (Bio-Rad). The 

quantity of mRNA was calculated using the ΔCt method and normalized by the GAPDH, 

Actb, or 36B4 (also known as Rplp0)  genes for humans or mice, respectively. Sequences 

for qPCR primers are listed in Supplementary Table 4.  

Transcriptome analysis  

RNA-seq libraries were prepared using the Illumina TruSeq Stranded mRNA library 

preparation kit according to manufacturer’s instructions by the NYU Genome Technology 

Center. The libraries were pooled and sequenced as 50-base, single-end reads on an 

Illumina HiSeq 4000 using high output mode (v4 chemistry). The raw fastq reads were 

aligned to mm10 mouse reference genome using STAR aligner (Dobin et al., 2013). Fastq 

Screen was used to check for any contaminations in the samples and Picard 

RnaSeqMetrics was used to obtain the metrics of all aligned RNA-seq reads. 

featureCounts was used to quantify the gene expression levels (Lioa et al., 2014). FPKM 

(fragments per kilobase of transcript per million fragments mapped) data were used as 

input for gene set enrichment analysis (GSEA) (Subramanian et al., 2005).  
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Immunoblotting  

Cells were lysed in cell lysis buffer (Cell Signaling Technology, 9803) supplemented with 

protease inhibitor (Thermo Fisher Scientific, A32953) and phosphatase inhibitor 

(PhosSTOP, Sigma Aldrich, 04906837001). Proteins were separated on 12% or 4–20% 

Mini-PROTEAN TGX Precast Protein Gels by SDS PAGE electrophoresis and transferred 

to onto PVDF membranes (IPVH00010, EMD Millipore) or nitrocellulose membranes (GE 

Healthcare Amersham Protran NC Rolls, Fisher, 10600000). Membranes were blocked 

in 5% non-fat dry milk (Blotting-Grade Blocker, Bio-Rad, 1706404) dissolved in TBS-T for 

1 h and incubated overnight at 4° C with primary antibodies (Supplementary Table 1). 

Membranes were washed three times with TBS-T and incubated with secondary 

antibodies for 1 h at room temperature: anti-rabbit IgG, horseradish peroxidase (HRP)-

linked (Cell Signaling Technology, 7074), anti-mouse IgG, HRP-linked (Cell Signaling 

Technology, 7076). Images were obtained by chemiluminescence (Bio-Rad 1705061) 

using a ChemiDoc (Bio-Rad).  

Statistical analysis  

Statistical analysis was performed using Graphpad Prism 7.0 (Graph-Pad). Results are 

expressed as mean ± s.d. unless otherwise indicated. For each box-and-whisker plot, 

center line is the median and whiskers represent the minimum and maximum values.  

Data availability  

RNA-seq data have been deposited to the Gene Expression Omnibus (GEO) data 

repository with accession number GSE145766. Source Data are provided for all 
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experiments. Other data that support the findings of this study are available on request 

from the corresponding author upon reasonable request.  
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Abstract 

Major histocompatibility complex I (MHC-I) is a critical molecule for anti-tumor immunity 

that is frequently dysregulated in cancer. Endogenous antigen presentation by MHC-I on 

tumor cells is necessary for recognition by CD8+ T cells and subsequent clearance. 

Defects in MHC-I expression leads to impaired antigen presentation, immune evasion 

and/or resistance to immune checkpoint blockade (ICB) therapy. Pancreatic ductal 

adenocarcinoma (PDAC), a deadly malignancy with dismal patient prognosis, shows 

frequent downregulation of MHC-I, abrogating MHC-I expression independent of genetic 

mutations. Identification of cell autonomous pathways specific to PDAC are necessary to 

elucidate the underlying biology preventing MHC-I from reaching the plasma membrane 

to present antigens and elicit an immune response. In this study, we combined a whole-

genome CRISPRi screen and Turbo-ID proximity-dependent proteomics to determine 

regulators and interactors of MHC-I, respectively. 101 overlapping candidates were 

identified from the two datasets, many of which were related to known pathways of MHC-

I expression and others that present novel ways to regulate MHC-I. Interestingly, several 

hits related to trafficking machinery and post-translational modification were identified, 

such as ubiquitylation by HERC4, an E3 ligase, that has previously not been reported to 

regulate MHC-I in cancer. HERC4 overexpression in PDAC was observed across multiple 

cell lines and knockdown of this gene led to increased expression, validating the screen 

candidate. Utilizing these two datasets as a resource of MHC-I regulation can identify 

PDAC-specific mechanisms that facilitate altered trafficking of MHC-I and consequently, 

modulation of an anti-tumor response. Deeper investigation into the screen hits may 
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provide novel candidates for which new therapeutic strategies could be developed for 

combating this deadly disease. 

Background 

PDAC, a malignancy refractory to most therapies including immune checkpoint blockade 

(ICB) therapy, utilizes diverse mechanisms to evade immune clearance. One mechanism 

involves reduced presentation of tumor specific antigens by MHC-I to immune cells. Many 

cancers alter MHC-I expression via genetic or epigenetic silencing, however changes in 

MHC-I trafficking can also profoundly influence antigen presentation at the cell surface 

and is a previously underappreciated mechanism of MHC-I regulation in cancer. Selective 

targeting of MHC-I molecules for degradation via the autophagy and lysosome pathway 

has recently been described (Yamamoto, Venida. et al., 2020). High proportions of MHC-

I are trapped intracellularly with autophagosomes and lysosomes. Notably, autophagy or 

lysosome inhibition restores surface MHC-I levels, leading to improved antigen 

presentation, enhanced anti-tumor T cell response, and reduced tumor growth in 

syngeneic hosts (Yamamoto, Venida. et al., 2020). These findings add to a growing list 

of works that support tumor cell intrinsic properties in regulating antigen presentation and 

promoting immune evasion (DeVorkin et al., 2019; Chen et al., 2018; Yang et al., 2018; 

Pommier et al., 2018; Frazier et al., 2017; Wei et al., 2016; Karsli-Uzunbas et al., 2014; 

Baginska et al., 2013; Noman et al., 2014; Pandha et al., 2007).  

Post-translational modifications (PTM) have been shown to regulate protein functions 

involved in cell cycle, survival, and proliferation in cancer cells (Zheng et al., 2019; 

Sharma, et al., 2019). These critical molecular events alter protein conformation by 

regulating their localization, stability, interactions with other proteins, hydrophobicity, and 



 107 

ultimately, their function (Zamaraev et al., 2017). Consequently, these modifications will 

affect cellular signaling events that serve as regulatory mechanisms involved in 

tumorigenesis, immune responses, cell cycle progression, DNA repair, and apoptosis 

(Han et al., 2018). PTM modifications of MHC-I have led to loss of antigen presentation 

in cancer by various mechanisms, including sterically hindering MHC-I interaction with T 

cells (Jongsma et al., 2020), altering the peptide-binding groove (Cruz et al., 2017), and 

causing mislocalization of MHC-I for degradation via endoplasmic-reticulum-associated 

degradation (Wang et al., 2020). 

Technological advances in genetic screening tools, such as CRISPR-Cas9 genome 

editing, have allowed researchers to uncover novel protein regulators and molecular 

players in a range of biological processes. The expansion of this toolkit has allowed for 

the elucidation of gene function in diseased states and permits mechanistic discovery that 

lead to promising drug targets and therapeutics. With the development of CRISPR 

interference (CRISPRi), groups have been able to probe genome function in a wide range 

of diseases, such as cancer and neurodegeneration. CRISPRi fuses a KRAB effector 

domain, that functions as a transcriptional repressor, with a deactivated Cas9 nuclease 

(dCas9) to achieve repression of a targeted gene (Gilbert et. al., 2013; Horlbeck et. al., 

2016). Pooled genetic screens targeting the entire human genome have been developed 

to interrogate mechanistic biology.  

Here, we used the CRISPRi system to perform a comprehensive genome-wide screen in 

human PDAC cells to identify novel regulators of MHC-I surface expression. In parallel, 

we combined a proximity-labeling proteomic approach to identify interactors of MHC-I. By 

overlaying the two datasets, we were able to narrow the candidates that modulate MHC-
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I expression down to 101 and identified several novel regulators in PDAC. Interestingly, 

enrichment analysis revealed several signaling pathways, protein PTMs, and trafficking 

machinery as significant pathways controlling surface MHC-I expression. Our data 

provide a resource for understanding regulation of MHC-I expression and provides new 

clues how these antigen presenting molecules are diverted from the plasma membrane. 

Results 

Whole genome CRISPRi screen identifies novel regulators of MHC-I in PDAC 

PaTu8902 human PDAC cells were engineered to stably express dCas9 (dCas8902) for 

a genome-wide CRIPSRi-mediated suppression screen. dCas8902 cells were validated 

to test if the stable line could repress transcription robustly using knockdown of a targeted 

gene. A lentiviral sgRNA library comprised of five sgRNAs per gene that target ~20,500 

human genes and ~10,000 negative control sgRNAs were transduced in dCas8902. Cells 

were stained with a fluorescently conjugated HLA-A, B, C antibody after lentiviral infection 

and sorted into the bottom 30% (MHC-I low) and top 30% (MHC-I high) of successfully 

selected and stained cells (Extended Figure 3.1A-C). Deep sequencing of each sgRNA 

in a pooled population of knockout cells from the MHC-I low and MHC-I high populations 

were analyzed to identify novel regulators of MHC-I in PDAC. Cells were divided into two 

groups: i) negative regulators of genes that suppress antigen presentation via MHC-I 

(blue); ii) positive regulators of genes required for antigen presentation via MHC-I 

(orange) (Figure 3.1A). 

Gene candidates from the top 25 negative regulators revealed metabolic and 

transcriptional pathways leading to an MHC-I high phenotype (Figure 3.1B-C). 

Differentially expressed genes analyzed through Enrichr and DAVID (Kuleshov et al., 
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2016; Chen et al., 2013; Huang et al., 2009), web-based tools that provide bioinformatic 

enrichment analysis organized into gene-set libraries and pathway visualizations, 

revealed pyrimidine and purine metabolism as regulators of MHC-I. Interestingly, several 

groups have published that targeting nucleotide metabolism and disrupting the balance 

of purines and pyrimidines can regulate immune suppression and antigen presentation 

(Keshet et al., 2020; Mastelic-Gavillet et al., 2019). As expected, pathways related to RNA 

regulation (spliceosome and RNA degradation) and antigen processing and presentation 

were among the top enriched terms from the 25 most significant hits from the MHC-I 

positive regulators (Figures 3.1B, D).  

Knockdown of autophagic machinery genes have been shown to increase cell surface 

expression of MHC-I in PDAC (Yamamoto, Venida et al. Nature 2020). As expected, 

knockdown of genes related to autophagy led to an MHC-I high phenotype and serve as 

negative regulators of MHC-I in pancreatic cancer (Figure 3.1E). Analysis from Figure 1E-

F takes all gene candidates identified from the CRISPRi screen. Additionally, silencing of 

antigen presentation genes via CRISPRi led to an MHC-I low phenotype, confirming that 

this screen is targeting specific genetic modifiers of plasma membrane MHC-I expression 

rather than non-specific genes. Among the hits from this knockout screen were genes 

encoding E3 ubiquitin ligases, and signaling pathways related to immune responses, 

metabolism, DNA damage, and metastasis (Figure 3.1F). Of the ubiquitin ligases and 

ubiquitin-like modifiers in the CRISPRi screen that were statistically significant as putative 

MHC-I negative regulators, seven have been implicated in innate immunity, antigen 

processing and presentation and MHC-I regulation: three members of the MARCH 

ubiquitin ligases MARCH2, MARCH8, and MARCH9 (Nathan and Lehner, 2008; Eyster 
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et al., 2011); WWP2 (Alix et al., 2020); PELI2 (Humphries et al., 2018; Hu and Sun 2016); 

and two members of the small ubiquitin-like modifier (SUMO) pathway SUMO2, 

UBA2/SAE2 (Loureiro et al., 2006; Lamsoul et al., 2005). 

It has been shown that lysosomal targeting of cell surface transmembrane proteins 

requires their post-translational modification by E3 ubiquitin ligases which conjugate 

ubiquitin molecules to their cytoplasmic tails, leading to their removal from the cell surface 

and subsequent degradation in the lysosome (Komander & Rape, 2012). Overexpression 

of ubiquitin ligases have been observed in patients with pancreatic cancer and contribute 

to carcinogenesis (Zhang et al., 2008), PDAC cancer growth (Deng et al., 2021), and 

metastasis (Li et al., 2021). This finding suggests that upregulation of E3 ubiquitin ligases 

is a potential PDA-specific event which may cooperate with the autophagy/lysosome 

system to regulate expression of MHC-I on the plasma membrane. 

Discovery of novel regulators of MHC-I in PDAC using proximity dependent 

biotinylation proteomics and CRISPRi screening 

Proximity labeling was employed to map out the MHC-I interactome in PDAC. To identify 

interactors of MHC-I, the C terminus of HLA-A was fused to a Flag tag and TurboID 

(Branon et al., 2018), an engineered biotin ligase that converts ATP into a reactive 

intermediate that covalently labels proximal proteins within a 10nm radius (Figure 3.2A). 

KP4 human PDAC cells were engineered to express the HLA-A-TurboID-Flag (8902 HLA-

A-TrID) construct and quantitative mass spectrometry was performed to identify positive 

proximity interactors. Proteomic analysis revealed 2888 biotinylated proteins as 

significantly enriched from streptavidin conjugated beads. By overlaying the 633 MHC-I 

high hits from the CRISPRi screen as regulators with the 2388 candidates identified from 
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the proximity biotinylation proteomics as interactors, we found 101 overlapping hits 

(Figure 3.2B). Hierarchical clustering on enriched terms using Metascape revealed 

enrichment of pathways related to cell cycle, RNA metabolism, translation, cellular 

transport, and autophagy (Figure 3.2C). In order to infer more biologically interpretable 

results, Metascape applies an algorithm called MCODE (Bader and Hogue, 2003) to 

automatically extract protein complexes embedded in the large network as seen in the 

figure as a network plot. Of particular note were genes related to kinases, trafficking 

machinery, and E3 ubiquitin ligases – all of which have been generally implicated in MHC-

I regulation (Paulsson et al., 2002; Brutkiewicz, 2016; Bartee et al., 2004). 

Of the 101 overlapping hits, several known regulators of MHC-I were identified, including 

trafficking machinery control and kinase regulation of MHC-I surface expression (Figure 

3.2D). Given that trafficking of MHC-I molecules within a cell is a dynamically regulated 

process (Machy et al., 1987; Basha et al., 2008; Wang et al., 2008), it is possible that key 

regulators of membrane trafficking are preventing plasma membrane expression of MHC-

I. Both COPI coat complex subunits (COPA, COPB1, COPB2, COPG2) and Rab 

GTPases (RAB1A, RABGAP1L) have been identified from the two datasets as regulators 

of MHC-I. Importantly, both family of proteins have been implicated in MHC-I trafficking. 

COPI has been shown to mediate retrograde transport of MHC-I molecules from the Golgi 

apparatus to the endoplasmic reticulum (Paulsson et al., 2002) and Rab GTPases have 

been identified as MHC-I regulators in trafficking vesicles (Zou et al., 2009; Zerial and 

McBride, 2001). The complex route of MHC-I trafficking implies that it can be captured at 

several locations – ER, plasma membrane, endosome – and re-routed to the lysosome 

for degradation.  
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Additionally, the MAPK pathway has been established as a negative regulator of MHC-I 

expression by various groups. In melanoma, esophageal, and gastric cancers, ERK 

inhibition results in an increase of MHC-I molecules (Brutkiewicz et al., 2016). 

Additionally, MAPK signaling has been show in vivo to suppress components of MHC-I 

and the antigen presentation machinery (Brea et al., 2016). Using two inhibitors that target 

different parts of the MAPK signaling pathway, we show that inhibition of MEK1/2 and 

ERK1/2 lead to increased total and plasma membrane protein levels of MHC-I in PDAC 

after 24 hours of treatment (Figure 3.3 A-C). The ~35 amino acid cytoplasmic-tail of MHC-

I contains two conserved phosphorylation sites, Tyrosine-320 and Serine-335, which 

have been previously linked to MHC-I trafficking in immune cells (Guild and Strominger, 

1984; Santos et al., 2004; Lizee et al., 2005). Upon MAPK pathway inhibition induces 

rapid upregulation of surface MHC-I expression in BRAF mutant melanoma cell lines. A 

point mutation on the serine-335 phosphorylation site (S335A) of the MHC-I tail abolishes 

cell surface increase of MHC-I as seen in WT cells (Bradley et al., 2015). Because several 

kinases involved in the MAPK signaling pathway have been identified in our CRISPRi and 

proteomic datasets (ARAF, BRAF, MAPK), it’s possible that direct phosphorylation by any 

of these related kinases may regulate MHC-I expression. Generating MHC-I variants with 

mutations at the two conserved phosphorylation sites, tyrosine-320 and serine-335, or 

suppressing individual kinases will be critical to address the possibility of kinase 

regulation of MHC-I protein stability and localization. 

E3 ubiquitin ligase HERC4 mediates MHC-I plasma membrane expression 

Identification of E3 ubiquitin ligases from the overlapping datasets warrants special 

attention since we previously showed that MHC-I is post-translationally modified with 
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ubiquitin, tagging it for capture and degradation via the autophagy-lysosome pathway 

(Yamamoto and Venida et al., 2020). However, the precise mechanism underlying how 

and why MHC-I is ubiquitylated in PDAC remains unclear. Ubiquitylation of proteins is 

mediated by E3 ubiquitin ligases, which directly conjugates ubiquitin molecules to a target 

substrate. Trafficking of several proteins to the lysosome is facilitated by E3 ligase 

dependent ubiquitylation (Eyster et al., 2011; Bartee et al., 2004). Over 600 putative E3 

ubiquitin ligases have been identified and have key roles in endocytosis, signal 

transduction, DNA repair, and immune signaling (Komander and Rape, 2012). 

Four overlapping E3 ubiquitin ligases were identified from the CRISPRi and Biotinylation 

datasets (HERC4, WWP2, TRAF2, ZNF598). Using an online analysis tool that queries 

genes based on a similarity metric to find putative functional paralogs and Gene Ontology 

pathways (GeneAnalytics, Gene Set Analysis), HERC4 ubiquitin ligase has been 

putatively linked to immunity, antigen processing and presentation, and regulation of 

MHC-I or MHC-II. In several tumor types, HERC4 has been shown to regulate protein 

stability of tumor suppressors via ubiquitylation and control tumorigenic activities (Sala-

Gaston et al., 2020). In breast cancer and hepatocellular carcinoma, pro-tumorigenic 

roles have been described. Knockdown of HERC4 in human breast cancer cells 

dramatically suppresses their proliferative and migratory capacity, leading to decreased 

tumor growth (Zhou et al., 2013; Xu et al., 2019). In hepatocellular carcinoma, HERC4 is 

overexpressed and contributes to the proliferation and migration of these tumor cells 

(Zheng et al., 2017). We investigated whether HERC4 regulates MHC-I protein stability 

and surface expression in PDAC. 
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PDAC cells expressed varying levels of HERC4 at the protein and transcript level 

compared to the non-transformed human pancreatic ductal epithelial (HPDE) control cell 

line (Figure 3.4 A). Similar to what was observed from whole cell lysates, KP4, PaTu8902, 

and Panc1 cells had the highest transcript expression levels relative to HPDE cells 

(Figure 3.4 B). To validate that HERC4 is a negative regulator of MHC-I from the CRISPRi 

screen, sgRNAs were designed to silence transcription in dCas8902 cells (Figure 3.4 C). 

Knockdown of HERC4 using two different guides increased plasma membrane levels of 

MHC-I (Figure 3.4 D). Additionally, less polyubiquitylation of MHC-I was observed upon 

HERC4 knockdown (Figure 3.4 E-F). Though not completely absent, ubiquitylation of 

MHC-I could be controlled by other ubiquitin ligases identified in the CRISPRi screen and 

TurboID proteomics. Single or simultaneous knockdown of these other E3 ligases or the 

use of a small-molecule inhibitor against the ubiquitin-activating enzyme (E1) will be 

important to address the role of ubiquitylation on MHC-I localization. 

Discussion 

Our results from the whole-genome CRISPRi screen and proximity-labeling proteomics 

identifies both known and novel MHC-I regulators, many of which were related to 

signaling pathways, post-translational modifications, and trafficking machinery. A likely 

hypothesis based on the enrichment analysis between the two datasets is the diversion 

of MHC-I plasma membrane expression via trafficking machinery and regulation of protein 

stability through post-translational modifications. It’s possible that kinases related to 

MAPK or mTOR signaling may either directly control MHC-I localization or indirectly 

through regulation of phosphoproteins involved in MHC-I degradation. 
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The cytoplasmic tail of MHC-I proteins is highly conserved across HLA-A, B, and C 

allotypes (Burr et al., 2013). I have identified a maximum of three Lysine residues in the 

C-terminal tail of HLA-A, which could be ubiquitylated. By employing site-directed 

mutagenesis, Flag-tagged single and combination Lysine to Arginine mutants of HLA-A 

expressed in PDAC cells will be critical to determine the extent of ubiquitin regulation of 

MHC-I protein stability. Alternative ubiquitin conjugation mechanisms are also a 

possibility. For example, ubiquitin can be conjugated to non-lysine residues such as 

cysteine via a thioester bond and serine or threonine residues via an ester bond 

(Komander and Rape, 2013). Systematically mutating conserved cysteine, serine, and 

threonine residues within the C-terminal tail of MHC-I will address the possibility of 

ubiquitin conjugation to MHC-I. 

As ubiquitylation of proteins via E3 ligases has been described as a primary mechanism 

to regulate protein stability, it comes as no surprise that several appeared from the screen 

and proteomic dataset. Overexpression of ubiquitin ligases has been described in cancer, 

however a broader function for E3 ligase regulation of MHC-I in cancer and PDAC has 

not been fully explored. Evidence from this study suggests conjugation of ubiquitin 

molecules to MHC-I for targeted degradation via E3 ligase as a probable possibility. In 

addition to HERC4 regulation of MHC-I described above, the MARCH family of ligases 

have been implicated as critical regulators of immune responses by targeting viral 

proteins and immunoreceptors for polyubiquitylation and degradation in professional 

antigen-presenting cells (Nathan and Lehner, 2008; Visser Smith et al., 2009). For 

example, MARCH proteins were previously shown to ubiquitylate MHC-II in dendritic cells 

(Shin et al., 2006). In the context of cancer, one study showed that MARCH8 
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overexpression has been linked to growth of esophageal tumors (Singh et al., 2017). My 

preliminary data suggest that several members of the MARCH ligases are upregulated in 

a number of PDAC cell lines (FIGURE 4A). Importantly, my preliminary data demonstrate 

that knockdown of MARCH8 in KP4 and MiaPaca PDA cell lines restored MHC-I surface 

expression with no effect in HPDE cells. This result suggests that E3 ligase upregulation 

is a potential PDA-specific event which functions to regulate expression of MHC-I on the 

plasma membrane. 

In line with PTM regulation of MHC-I, several genes related to SUMOylation were 

significantly enriched from the MHC-I high phenotype in the CRISPRi screen (SAE1, 

UBA2, SUMO2, SENP7, SENP5). SUMOylation results in the addition of the small protein 

SUMO to its targeted substrate, regulating protein structure, intracellular localization, and 

protein-protein interactions (Hendriks and Vertegaal, 2016). In an aggressive PDAC 

subtype characterized with MYC amplification and several components of the SUMO 

pathway, it was shown that MYC hyperactivity in PDAC was connected to an increased 

sensitivity to SUMO inhibition (Biederstadt et al., 2020). In data not shown, UBA2, the 

SUMO E1 activating enzyme, was shown to be overexpressed in several PDAC cell lines 

compared to HPDE. Both genetic inhibition of UBA2 and general inhibition of 

SUMOylation using a small molecule inhibitor resulted in an increase of MHC-I at the 

plasma membrane. Similar to ubiquitylation, proteins are SUMOylated at lysine residues. 

The crosstalk between ubiquitylation and SUMOylation may play a critical role in MHC-I 

regulation by redirecting MHC-I molecules from the plasma membrane to degradative 

organelles like the lysosome or proteasome. Both post-translational modifications play 

critical roles in protein trafficking, stability, signaling, and transcriptional regulation. These 



 117 

processes ultimately control a number of biological processes important in cancer, such 

as cell migration and survival (Wei and Lin, 2012). Though SUMOylation historically has 

not been described as an important PTM for degradation, accumulating evidence 

suggests SUMOylation primes proteins for ubiquitination and subsequent degradation 

(Kumar et al., 2017). Studying the interplay between both SUMOylation and ubiquitination 

will be important to determine MHC-I protein fate as deregulation in these two processes 

may lead to aberrant activity and immune evasion. 

Similar to proteins involved in post-translational modification in PDAC, another likely 

hypothesis is kinase regulation of MHC-I protein stability. Proteins related to signaling 

pathways such as MAPK and several components of the mTOR complex (mTOR, 

LAMTOR1, LAMTOR2, LAMTOR3, RPTOR, RagA) were significantly enriched as genes 

suppressing antigen presentation via MHC-I. While direct regulation of MAPK signaling 

on the Serine-335 residue on the MHC-I cytoplasmic tail has been described above 

(Bradley et al., 2015), kinase regulation of phosphoproteins indirectly involved in MHC-I 

degradation is another possibility. One hypothesis involves regulation of ubiquitin ligase 

activity by direct phosphorylation. Phosphorylation has been shown to cause allosteric 

activation on E3 ligases (Gallagher et al., 2006) and can regulate E2 activity (Wood et al., 

2005). The second hypothesis focuses on phosphodegrons, a recognition signal for 

substrate binding of an E3 ligase induced upon phosphorylation (Rogers et al., 1986). 

Phosphodegron motifs can provide an additional means of control in proteins that are 

ubiquitylated in a phosphorylation-dependent manner. The final hypothesis is related to 

phosphorylation-dependent control of substrate localization mediated by interaction with 

an E3 ligase. Several groups have shown that phosphorylation can regulate subcellular 



 118 

re-localization of substrates, allowing it to interact with its target E3 ligase for 

ubiquitylation (Besson et al., 2006; Nakayama and Nakayama, 2006). Phosphorylation of 

the MHC-I tail by either MAPK or mTOR could re-localize MHC-I to an alternate 

subcellular compartment, allowing ubiquitylation by an E3 ligase and subsequent 

degradation. Kinase regulation of MHC-I via phosphorylation-dependent ubiquitination, 

phosphodegron, or subcellular re-localization in PDAC may play a significant role in 

protein turnover. Additionally, results from the two datasets can reveal how ubiquitination 

is regulated – a process that has been historically understudied and poorly understood. 

This study serves as a resource to identify the underlying biology preventing MHC-I from 

reaching the plasma membrane and eliciting an anti-tumor response in PDAC cells. While 

autophagy and lysosome suppression are capable of increasing surface MHC-I, it only 

remedies the problem and does not tell us why MHC-I is unable to traffic normally. The 

ability to use unbiased screening and proteomic technologies to understand protein 

function, probe gene regulation, and study protein-protein interaction has revolutionized 

our ability to uncover mechanisms and therapeutic strategies for human diseases. 

Results from these findings help to determine the causes of aberrant intracellular 

localization of MHC-I in one of the world’s most lethal diseases – pancreatic cancer. The 

ultimate goal is to identify new nodes that can be targeted to more efficiently restore 

plasma membrane MHC-I. These studies also lay the foundation for understanding 

mechanisms of immune evasion in other aggressive cancers and highlights the 

importance of studying tumor-cell intrinsic properties that contribute to a pro-tumorigenic 

landscape. 
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Figure 3.1. Whole genome CRISPRi screen to identify novel regulators of MHC-I in 
PDAC. A, Schematic of genome-wide CRISPRi screen in PaTu8902 PDAC cells 
fluorescently labeled with an MHC-I antibody. Cells were sorted into two groups: top 30% 
indicated as MHC-I high or negative regulators (blue) and bottom 30% indicated as MHC-
I low or positive regulators (orange). B-D, Gene candidates from the top 25 negative 
regulators and bottom 25 positive regulators from the CRISPRi screen. B, Volcano plot 
highlighting the top and bottom 25 significant hits from the MHC-I high and MHC-I low 
gene candidates, respectively, using the KEGG 2021 PATHWAY Database (human). C-
D, Enrichment analysis using Enrichr and DAVID (Kuleshov et al., 2016; Chen et al., 
2013; Huang et al., 2009) to analyze the 25 gene candidates from the 25 most significant 
hits in the MHC-I high (C) and MHC-I low (D) groups. Genes in the volcano plot 
corresponding to enriched terms related to MHC-I high (metabolism and RNA 
polymerase) and MHC-I low (RNA regulation, antigen processing and presentation, and 
protein export) are indicated below the tables. E, Enriched pathways taken from all gene 
candidates identified in the CRISPRi screen. F, Candidates from signaling pathways and 
E3 ubiquitin ligase genes that suppress antigen presentation via MHC-I. 
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Figure 3.2. Proximity dependent biotinylation proteomics combined with CRISPRi 
screening to identify novel regulators of MHC-I in PDAC. A, Proximity-dependent 
biotinylation catalyzed by HLA-A–TrID. After addition of biotin, TurboID catalyzes the 
formation of biotin-5′-AMP anhydride, which enables covalent tagging of endogenous 
proteins with biotin within a few nanometers of the ligase. Biotinylated proteins were 
enriched with streptavidin conjugated beads and sent off for mass spectrometry. B, Venn 
diagram of statistically significant candidate hits identified from the CRISPRi screen 
(green) and proximity biotinylation proteomics (blue). 101 candidates were shared 
between the two datasets.  C, Visualization of functional enrichment analysis results using 
Metascape identified 101 gene candidates from the overlayed hits identified in the 
CRISPRi screen and HLA-A-TrID proteomics. Network of enriched terms are colored by 
cluster ID, where nodes that share the same cluster ID are typically close to each other. 
D, Candidates from the E3 ligase family, kinase pathways, and trafficking machinery 
genes that function as negative regulators of MHC-I.  
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Figure 3.3. Inhibition of the MAPK signaling pathway restores surface expression 
of MHC-I 24 hours post-treatment. A, Total levels of HLA-A, B, C 3- and 24-hours post-
treatment with MAPK inhibitors. Trametinib is a kinase inhibitor against MEK1 and MEK2 
and SCH772984 is a kinase inhibitor against ERK1 and ERK2. B-C, Flow cytometry-
based analysis shows treatment with an upstream (B) and downstream (C) MAPK 
inhibitor restores MHC-I surface expression at 24 hours. 
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Figure 3.4. E3 ubiquitin ligase HERC4 is overexpressed in PDAC and mediates 
plasma membrane expression of MHC-I. A, Protein level of HLA-A, B, C in HPDE and 
human PDAC cell lines from whole cell lysates. B, Transcript levels in HPDE and human 
PDAC cell lines. C, Knockdown levels of HERC4 following CRISPRi mediated knockdown 
in dCas8902 cell line using two different sgRNAs. D, Flow cytometry-based analysis 
measuring MHC-I levels at the plasma membrane. E-F, Knockdown levels following 
knockdown (E). Endogenous ubiquitylated proteins were affinity captured from dCas8902 
cells with UBQLN1-UBA-conjugated bead (F) and knockdown confirmed in (E). 
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Extended Figure 3.1e. Cell sorting procedure and layout for whole genome CRISPRi 
screen in dCas8902 PDAC cells. A, Schematic of protocol. Cells were stained with an 
AF488 HLA-A, B, C for one hour, washed, and fixed with 4% PFA. Cells were then sorted 
on BD LSRFortessa Cell Analyzers. B, Control dCas8902 cells vs dCas8902 cells 
infected with whole genome CRISPRi library five days after puromycin selection (red box). 
C, Histogram showing sorted cell populations based on HLA-A, B, C surface staining. 
HLA-I low corresponds to the bottom 30% and HLA-I high corresponds to the top 30%. 
 

 

 

  



 125 

Materials and Methods 

Cell culture 

The cell lines PaTu-8988T, KP4, MiaPaca2, PaTu-8902, Panc1, PSN1, CAPAN-I, HPAC, 

HPAF-II, and YAPC were obtained from the American Type Culture Collection (ATCC) or 

the DSMZ. HPDE was provided by M. Tsao (Liu et al., 1998). Cells were cultured in the 

following media: PaTu-8988T, KP4, MiaPaca2, PaTu-8902, Panc1, CAPAN-I, HPAC, and 

HPAF-II in DMEM supplemented with 10% FBS; Panc 2.03 and HupT3 in RPMI with 10% 

FBS; PSN-1 and YAPC cells were cultured in RPMI 1640 supplemented with 10% FBS; 

HPDE cells were cultured in keratinocyte serum-free (KSF) medium supplemented by 

epidermal growth factor and bovine pituitary extract (Life Technologies, Inc.), 

supplemented with 1% penicillin and streptomycin (Gibco). Cell lines were regularly 

tested and verified to be mycoplasma negative using Myco- Alert Detection Kit (Lonza) or 

via PCR. Cells were grown in a humidified incubator with 5% CO2 at 37° C. 

CRISPR vectors 

Lentiviral vectors were utilized to express the sgRNAs and CRISPRi protein in human 

PDAC cells as described previously (Gilbert et al., 2014). The CRISPRi protein (dCas9-

BFP-KRAB) was expressed from the EF-1α promoter. The sgRNA vector encodes a 

fluorescent protein (BFP) T2A puromycin N-acetyl transferase gene as well as an sgRNA 

driven by the mouse U6 promoter driven by the EF-1α promoter. To generate the 

lentivirus, HEK293T cells were used. Packaging vectors used were pCMV-dR8.91 and 

pMD2-G. LT1 transfection reagent (Mirus MIR2300) was used for transfection. 
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Construction of stable cell lines for CRISPRi 

Polyclonal cells expressing dCas9-BFP-KRAB fusion proteins driven from the EF-1α 

promoter were generated by viral transduction followed by three rounds of fluorescence-

activated cell sorting. PDAC cancer CRISPRi lines are denoted as dCas8902. 

Whole genome CRISPRi screen 

To perform this CRISPRi screen, the human CRISPRi V2 Top5 sgRNA library was gifted 

from Luke Gilbert’s lab at UCSF (Horlbeck et al., 2016). This whole genome sgRNA library 

targets 18,905 human genes with five sgRNAs per transcription start site. Cells were 

grown at a minimum library coverage of 500x for genome-scale screens. Libraries of 

sgRNA expression constructs are lentivirally transduced into mammalian genomes, using 

conditions where each cell integrates only one sgRNA construct. Cells were collected five 

days after puromycin selection and harvested cells were processed for next-generation 

sequencing. Genomic DNA was isolated from frozen cell pellets. PCR of sgRNA-

containing fragments was performed to amplify and append Illumina sequencing 

adapters. During the amplification, Illumina 5’ and Illumina 3’ adapters were added to the 

3’ and 5’ end of the sgRNA cassette. To purify the product, PCR clean-up was performed 

and relative sgRNA abundance was determined by next-generation sequencing as 

previously described (Gilbert et al., 2014; Horlbeck et al., 2016). Data were analyzed 

using publicly available code (https://github.com/mhorlbeck/ScreenProcessing).  
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Poly-ubiquilin UBA affinity capture  

Cells were washed twice with ice-cold PBS and lysed in lysis buffer (50 mM Tris-HCl pH 

7.5, 150 mM NaCl, 1% NP-40, 10 mM N-ethylmaleimide) supplemented fresh with 

protease inhibitor cocktail. Lysates were incubated at 4° C for 15 min and clarified by 

centrifugation at 20,000 x g at 4° C for 15 min. Samples were quantified by BCA Protein 

Assay Kit and diluted to 1 mg ml-1 with dilution buffer (50 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 5 mM EDTA, protease inhibitor). Approximately 1–1.5 mg of protein lysates were 

incubated with 50 μl of Ubiquilin 1 Tandem UBA Agarose (BostonBiochem AM-130) 

overnight at 4° C. Samples were then washed three times in High Salt Wash Buffer (50 

mM Tris-HCl pH 7.5, 250 mM NaCl, 0.5% NP-40) and once with 10 mM Tris-HCl, pH 7.5. 

Samples were eluted by adding Laemmli buffer and incubating at 65° C for 15–20 min.  

For DUB digestions, affinity captured material was washed once with DUB digestion 

buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 20 mM dithiothreitol). Liquid was removed 

and beads were resuspended in 20 ml of DUB digestion buffer and 5 mg of USP2 catalytic 

domain (Usp2cc; BostonBiochem E-506) for 1 h with gentle shaking at 30° C. Beads were 

washed once in high-salt wash buffer and once with 10 mM Tris-HCl, pH 7.5, before 

eluting affinity captured material by adding Laemmli buffer and incubating at 65° C for 15 

min.  

Proximity biotinylation  

Human PDAC cells stably expressing HLA-A–TrID were cultured in DMEM supplemented 

with 10% dialyzed FBS (DMEM + dFBS) for 48 h. Cells were incubated with 10 μM biotin 
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(Sigma) and incubated at 37° C for 30 min. Media was replaced with DMEM + dFBS and 

incubated at 37° C for a further 2–3 hours. For negative controls, we omitted exogenous 

biotin. Cells were then washed twice in ice-cold PBS and lysed in ice-cold lysis buffer (1% 

Triton X-100, 130 mM NaCl, 2.5 mM MgCl2, 2 mM EGTA, 25 mM HEPES pH 7.4, 

supplemented fresh with protease inhibitor cocktail) for 30 min on ice. Samples were 

clarified by centrifugation at 13,300 rpm for 10 min at 4° C. Protein content was measured 

using BCA Protein Assay Kit (Life Technologies 23227). Then, 1–2 mg of protein lysates 

were incubated with 50 μl of Dynabeads MyOne Streptavidin C1 (Life Technologies) 

overnight. The beads were washed twice in wash buffer 1 (2% SDS in dH2O), once in 

wash buffer 2 (0.1% deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM EDTA, and 50 

mM HEPES, pH 7.5), once in wash buffer 3 (250 mM LiCl, 0.5% NP-40, 0.5% 

deoxycholate, 1 mM EDTA, and 10 mM Tris, pH 8.1), and twice in wash buffer 4 (50 mM 

Tris, pH 7.4, and 50 mM NaCl). Washes were performed at room temperature for 5 min 

with gentle agitation. Samples were eluted in Laemmli buffer and boiled at 95° C. 

Quantification of biotinylation activity was measured as intensity of each lane in the ±biotin 

immune-precipitation condition divided by the corresponding intensity of the ligase 

expression band in the input. The +biotin ratios were then normalized to the −biotin control 

ratio and to background.  

Quantitative proteomics 

Quantitative mass spectrometry-based proteomics was performed as previously 

described (Paulo et al., 2015; Biancur et al., 2017) based on the SL-TMT workflow 

(Navarrete-Perea et al., 2018). In brief, cells were lysed in a lysis buffer (200 mM HEPES 
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pH 8.5, 8 M urea, 1x Complete Protease Inhibitor Cocktail (Roche), 1 × PhosStop 

(Roche)) and homogenized by passing through a 21-gauge needle. Lysates were 

collected by centrifuging at 20,000g for 5 min at 4° C, followed by disulfide bond reduction 

with 5 mM dithiothreitol at 37° C for 25 min and alkylation with 10 mM iodoacetamide at 

room temperature for 30 min in the dark. Chloroform–methanol precipitation of protein 

was performed, followed by protease digestion in HEPES buffer (200 mM, pH 8.5). Each 

sample containing 100 μg protein was digested at a 1:100 protease-to-protein ratio with 

LysC protease at room temperature overnight, followed by digestion with trypsin at 37° C 

for 6 h. Approximately 50 μg of peptides from each sample was labelled with 100 μg TMT 

reagent which were dissolved in anhydrous acetonitrile to achieve a final concentration 

of 30% (v/v). TMT-labelled samples were acidified, vacuum centrifuged to near dryness 

and subjected to C18 SPE (Sep-Pak, Waters). Samples were subjected to basic pH 

reversed-phase HPLC. Data were obtained with Orbitrap Fusion mass spectrometer 

(Thermo Fisher Scientific) coupled with a Proxeon EASY-nLC 1000 LC pump (Thermo 

Fisher Scientific). Peptide separation was done using a custom Accucore C18 resin (2.6 

μm, 100 Å, Thermo Fisher Scientific) column for 3 h using a gradient of 6–30% acetonitrile 

in 0.125% formic acid with a flow rate of 300 nl min-1. All analysis involved an MS3-based 

TMT method as previously mentioned (McAlister et al., 2014) and mass spectra were 

processed as described earlier (Paulo et al., 2015).  

Flow cytometry  

For surface and intracellular MHC-I staining of human cell lines, cells were stained with 

Alexa Fluor 488 anti-human HLA-A, -B, -C antibody (BioLegend, clone W6/32) at a 1:75 
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dilution for 45 min at 4° C in the dark and washed with PBS plus 2% FBS and 2 mM EDTA 

(FACS buffer). Cells were then fixed and permeabilized before staining with phycoerythrin 

(PE)-conjugated anti-human HLA-A, -B, -C anti- body (BioLegend, clone W6/32) at a 1:75 

dilution for 45 min at room temperature and washed with FACS buffer. For cell-surface 

molecule staining of mouse cells, single-cell suspensions were prepared as described 

above. Cells were washed with FCM buffer (HBSS containing 1% FBS, 1 mM EDTA, and 

10 mM HEPES) and stained with antibodies (Supplementary Table 1) at 4° C in the dark 

for 20 min. Dead cells were depleted by DAPI staining.  

Cell sorting  

Human dCas8902 expressing dCas9-BFP-KRAB fusion proteins driven from the EF-1α 

promoter were grown for 5 days following puromycin selection after infection with the 

whole-genome library. Cells were dissociated with TryLE, stained with an HLA-A, B, C 

AF488 antibody, fixed with 4% PFA, and sorted on BD LSRFortessa Cell Analyzers. Two 

cell populations were collected: MHC-I high (top 30%) and MHC-I low (bottom30%). 

Quantitative reverse-transcription PCR  

Total RNA was extracted using PureLink RNA Mini Kit (Thermo Fisher Scientific), and 

then reversed transcribed using Superscript Vilo IV (Thermo Fisher Scientific) with oligo-

dT primers. Quantitative PCR was performed with SYBR Green Supermix (Bio-Rad) on 

the CFX96 real-time PCR machine (Bio-Rad). The quantity of mRNA was calculated 

using the ΔCt method and normalized by the GAPDH, Actb, or 36B4 (also known as 

Rplp0) genes for humans or mice, respectively. 
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Immunoblotting  

Cells were lysed in cell lysis buffer (Cell Signaling Technology, 9803) supplemented with 

protease inhibitor (Thermo Fisher Scientific, A32953) and phosphatase inhibitor 

(PhosSTOP, Sigma Aldrich, 04906837001). Proteins were separated on 12% or 4–20% 

Mini-PROTEAN TGX Precast Protein Gels by SDS PAGE electrophoresis and transferred 

to onto PVDF membranes (IPVH00010, EMD Millipore) or nitrocellulose membranes (GE 

Healthcare Amersham Protran NC Rolls, Fisher, 10600000). Membranes were blocked 

in 5% non-fat dry milk (Blotting-Grade Blocker, Bio-Rad, 1706404) dissolved in TBS-T for 

1 h and incubated overnight at 4° C with primary antibodies (Supplementary Table 1). 

Membranes were washed three times with TBS-T and incubated with secondary 

antibodies for 1 h at room temperature: anti-rabbit IgG, horseradish peroxidase (HRP)-

linked (Cell Signaling Technology, 7074), anti-mouse IgG, HRP-linked (Cell Signaling 

Technology, 7076). Images were obtained by chemiluminescence (Bio-Rad 1705061) 

using a ChemiDoc (Bio-Rad).  
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