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ABSTRACT 

Many cancers utilize the programmed death ligand (PD-L1)/ programmed death-1 (PD-

1) pathway to avoid T-cell mediated immune destruction. The fact that PD-L1 transcripts 

are found in a wide array of cancer cells, but only a fraction has detectable levels of 

protein, highlights the need to better understand the post-transcriptional regulation of 

PD-L1. Here, we find that high levels of PD-L1 mRNA but low levels of protein in PC-3 

cells are not due to translational regulation or rapid degradation. Instead, PD-L1 is 

preferentially packaged and secreted in exosomes. Furthermore, exosomal PD-L1 

travels through the ER and Golgi complex and reaches the cell surface before entering 

the endosome system. Afterwards, PD-L1 is packaged into ceramide-dependent 

intraluminal vesicles (ILVs), which are secreted as exosomes in a Rab27a-dependent 

manner. Strikingly, we discovered that exosomal PD-L1 is capable of suppressing T cell 

activity in a co-culture assay. These findings provide critical insights into the regulation 

of PD-L1 and identify a novel mechanism for its delivery to PD-1. The results of this 

thesis may lead to new druggable targets in the PD-L1/PD-1 pathway as well as better 

companion diagnostics to identify likely responders to anti-PD-1/PD-L1 therapies. 
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Background 

As a consequence of improved nutrition and hygiene, along with the advancement of 

modern healthcare, life expectancy has dramatically increased in the past few 

generations [Finch 2009]. While key breakthroughs in addressing infectious diseases 

and reducing child mortality rates has undoubtedly vastly improved worldwide welfare, a 

longer life expectancy has also led to an increase in age-related diseases. Among the 

most common and devastating is cancer. 

 

More than one in three people will develop some form of cancer, which is the 

phenomenon where one’s own cells divide and grow in an uncontrollable manner 

[American Cancer Society 2016]. Hundreds of types of the disease exist and they 

manifest in many different organs of the body. Cancer has been exceedingly 

challenging to cure because of two main reasons. Firstly, it is difficult to avoid toxicities 

while targeting cancer cells because they are so similar the patient’s normal cells. 

Secondly, the cells that comprise a tumor constantly change and can often develop 

resistance to various therapies. Nonetheless, tremendous development and 

groundbreaking discoveries have been made in cancer therapies in the last century. 

 

While surgical removal of tumors has been performed for hundreds of years, it wasn’t 

until the 20th Century when chemicals were used to target rapidly dividing cancer cells 

[Mukherjee 2010]. Although clinical successes were achieved using these chemicals, 

their effects were also detrimental to healthy cells, and many patients suffered greatly 

under early chemotherapy [Mukherjee 2010]. With the discovery of oncogenes and 
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tumor suppressor genes, a better understanding of the mechanisms that drive cancer 

led to the development of novel therapies that targeted specific molecular pathways. 

New drugs like Trastuzumab, which blocks HER2/neu, and Imatinib that blocks BCR-

Abl, enjoyed unprecedented success, ignited the personalized medicine revolution, and 

led many to believe that finding the cure to cancer was imminent [Piccart-Gebhart 2005, 

Druker 2001]. However, scientists soon discovered that most cancers are not driven by 

monogenic mutations and many tumors can develop resistance to targeted therapies by 

exploiting alternative pathways [Garraway 2012]. Cancer biologists turn to harnessing a 

patient’s own cells to combat the tumor: cancer immunotherapy. 

 

Immuno-oncology 

The interplay between the immune system and tumor development has been studied for 

decades, but recent clinical successes in cancer immunotherapy has brought new 

interest in understanding the interactions between the tumor and immune system in 

addition to identifying novel druggable targets. The study of immuno-oncology has led to 

treatments such as cancer vaccines, CAR-T cells, and checkpoint inhibitors [Mellman 

2011].  Furthering our basic understanding of the mechanisms that underlie the 

intercellular interactions within a tumor, will likely lead to additional breakthroughs in 

novel immune-based therapies. 

 

Because cancer is most often associated with the accumulation of genetic aberrations, 

which result in the generation of neoantigens, tumors are frequently highly 

immunogenic, or able to provoke an immune response [Gubin 2015]. It is suggested 
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that immune surveillance is capable of identifying and eliminating the vast majority of 

aberrant cells that could progress to cancer, and only when cancer cells manage to 

avoid immune destruction can the tumor progress [Chen 2013]. Indeed, Robert 

Weinberg added, “Avoiding immune destruction” as an emerging hallmark to the original 

six hallmarks of cancer [Hanahan 2011]. 

 

To evade the immune system, cancer cells must break what Ira Mellman termed ‘The 

Cancer-Immunity Cycle,” which is the self-propagating, positive feedback loop that 

amplifies the adaptive immune response through the accumulation of immune-

stimulatory factors [Chen 2013]. As Mellman describes it, cancer cells first release 

neoantigens and proinflammatory factors into its microenvironment as the result of cell 

death. Dendritic cells capture the neoantigens and travel to the lymph nodes in order to 

present the antigens on cell surface MHCI and MHCII molecules to the T cells in 

combination with costimulatory factors. The T cells, in response, are primed and 

activated and become effector T cells targeting other cells expressing the specific 

neoantigens. These cytotoxic T lymphocytes (CTLs) then traffic through the blood 

vessels and infiltrate into the tumor bed through chemokine gradients. Once the CTL 

recognizes a cancer cell through the binding of the specific T cell receptor to its cognate 

antigen presented on MHCI of the target cell, the CTL will induce apoptosis in the 

cancer cell. The death of the target cancer cell propagates the Cancer-Immunity Cycle 

by releasing additional antigens and proinflammatory signals. 
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Each step of the Cancer-Immunity Cycle is tightly controlled by complex networks of 

stimulatory and inhibitory factors [Chen 2013]. For example the priming and activation of 

T cells is dependent on B7, from dendritic cells, to bind to CD28 on T cells [Esensten 

2017]. T cells express CTLA4, an alternative receptor for the B7 ligand, which acts as 

an inhibitory signal to prevent over-activation of the T cells [Buchbinder 2016]. Interferon 

gamma (IFN-gamma), on the other hand, is secreted by T cells, macrophages and 

natural killer (NK) cells in the tumor microenvironment, and has many effects promoting 

inflammation and anti-tumor activity [Schroder 2014]. However, in response to IFN-

gamma, normal cells will express programmed death ligand 1 (PD-L1), which binds to 

programmed cell death protein 1 (PD-1) on the T cells to suppress inflammatory activity 

and promote self tolerance [Pardoll 2012]. Cancer cells break the Cancer-Immunity 

Cycle and take advantage of the fine balance between immunogenicity and self-

tolerance, by amplifying immune inhibitory factors. The goal of cancer immunotherapy is 

to enhance immunity towards the tumor, reestablish the Cancer-Immunity Cycle, and 

use the patient’s own immune system to help destroy the cancer cells. 

 

Immunotherapy 

Currently, there are thousands of ongoing clinical trials involving cancer 

immunotherapy, many targeting different pathways simultaneously hoping for 

synergistic activity in reactivating cancer immunity. A vast majority of the therapies 

under development fall under three categories: cancer vaccine, adoptive T cell therapy, 

and checkpoint inhibitor [Mellman 2011].  
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Vaccines have brought tremendous medical benefit in the past and are relatively easy 

to deploy. Many efforts to activate the immune system to target cancer cells involve 

introducing cancer-specific antigens in combination with stimulatory factors. For 

example GVAX involves modifying the patient’s tumor cells to secrete granulocyte-

macrophage colony-stimulating factor (GM-CSF), an immune stimulatory cytokine, to 

immunize the patient against neoantigens present on the tumor [Nemunaitis 2005]. 

Sipuleucel-T, the only FDA-approved cancer vaccine, involves taking the patient’s 

dendritic cells, modifying them to express the antigen prostatic acid phosphatase (PAP) 

in addition to GM-CSF, and re-infusing the cells into the patient to target prostate cancer 

cells [Graff 2015]. Newer versions of cancer vaccines are being developed by 

companies like Aduro Biotech and Advaxis Immunotherapies. They use live Listeria 

monocytogenes bacteria, which activate the immune system, and modified them to 

express tumor antigens such as mesothelin to treat cancers like mesothelioma, gastric, 

and ovarian cancer [Le 2015]. Despite the efforts in using cancer vaccines to prime and 

activate the immune system, there has not been great efficacy translated into the clinic. 

This is potentially because other crucial steps of the Cancer-Immunity Cycle remain 

disrupted, and therefore these vaccines may prove more promising in future 

combination therapies. 

 

To circumvent issues with vaccination, adoptive T cell therapy was developed. Initially, 

tumor-infiltrating lymphocytes were simply removed from the immunosuppressive 

microenvironment and expanded ex vivo, before being reinfused back into the patient to 

target the cancer cells with more favorable numbers [Restifo 2012]. However, with 
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genetic engineering, many additional innovations were made. Autologous T cells can be 

genetically modified to express chimeric antigen receptors (CARs), which recognize 

tumor surface antigens such as CD19, and transduce stimulatory signals once bound 

[Chen 2013]. Because these T cells are engineered to recognize the cancer-specific 

antigen, this process bypasses the need for immunization. These engineered T cells 

can also be expanded ex vivo and reinfused into the patient in large numbers, thus 

potentially overwhelming the tumor’s mechanisms of immune suppression. Indeed, 

CAR-T therapy has been wildly successful in multiple cancer types such as diffuse large 

B-cell lymphoma and acute lymphoblastic leukemia [Kershaw 2013]. The T cells are so 

efficient at killing target cancer cells that, in a subset of patients, cytokine release 

syndrome represents a significant risk [Neelapu 2017]. However, CAR-Ts have seen 

limited efficacy in most solid tumors potentially due to difficulties for sufficient tumor 

infiltration [Xia 2017]. 

 

Immune checkpoints refer to the network of inhibitory signals in the Cancer-Immunity 

Cycle that typically tempers the immune response to reduce collateral damage to 

healthy cells. Because many of these inhibitory signals are induced and upregulated in 

cancer cells, there have been great efforts to develop checkpoint inhibitors in order to 

“release the brakes” of the immune system so that it may properly clear the cancerous 

cells. While many targets such as CD47 and IDO are beginning to show promise in 

clinical trials, CTLA-4 and PD-1 have multiple FDA-approved inhibitors on the market 

that exhibit remarkable results in many major cancer types [Pardoll 2012]. 
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CTLA-4 is the first immune checkpoint receptor to be targeted in the clinic. During T cell 

activation, CD28 is a receptor on the T cell that acts as an important co-factor when 

bound to its ligands B7.1 and B7.2 from the antigen-presenting cell [Smith-Garvin 2009]. 

CTLA-4 is a receptor that is also expressed on T cells and directly competes with CD28 

in binding B7.1 and B7.2. Not only does the ligand competition diminish CD28 signaling, 

CTLA-4 also propagates signals to enhance regulatory T cell immunosuppressive 

activity and downregulate helper T cell function [Buchbinder 2016]. The use of anti-

CTLA-4 antibodies has produced striking clinical responses in melanoma, and is in 

various stages of clinical trials for other cancers [Camacho 2015].  

 

PD-L1 

Programmed death ligand 1 (PD-L1) is first characterized ligand of the coinhibitory 

programmed death receptor 1 (PD-1). PD-L1 is expressed at low levels in a number of 

hematopoietic and nonhematopoietic cell types, as well as cells in sites of immune 

privilege such as the placenta, testes, and eye [Boussiotis 2016].  Furthermore, 

significant PD-L1 expression on nonhematopoietic cells can also be induced as a 

response to proinflammatory signals, such as TNF alpha, VEGF, and most notably, 

interferons (IFNs) [Ritprajak 2015]. The PD-1 receptor, on the other hand, is mostly 

expressed on activated mature T cells, as well as B cells and myeloid cells [Boussiotis 

2016]. The cytoplasmic tail of PD-1 contains an immunoreceoptor tyrosine switch motif 

(ITSM), which mediates negative regulatory signals [Chemnitz 2004]. Once bound to its 

ligand, PD-1 transduces signals through the recruitment of the phosphatase, SHP-2, 

which results in the inactivation of multiple signaling cascades, including PI3K/AKT and 
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MAPK pathways, ultimately acting as a negative regulator of the immune response 

[Patsoukis 2012, Parry 2005]. Because of its expression patterns, the PD-L1/PD-1 

pathway has a central role in maintaining self-tolerance and tempering inflammatory 

responses by suppressing the activity of effector T cells. Indeed, removal of PD-L1/PD-

1 in mouse models, has led to autoimmune diseases similar to lupus, arthritis, 

glomerulonephritis, and diabetes [Nishimura 1999, Keir 2006]. 

 

The PD-1 pathway is thought to affect multiple stages of the Cancer-Immunity Cycle. 

PD-L1 has been shown to inhibit TCR-mediated lymphocyte expansion and cytokine 

secretion as well as CD28-mediated co-stimulation [Freeman 2000, Yokosuka 2012]. In 

the periphery, many tumors express high levels of PD-L1, promoting the apoptosis of 

cytotoxic T lymphocytes [Dong 2002, Iwai 2002]. Prolonged exposure to antigens and 

PD-L1 leads to the progressive deterioration of effector T cell function until a state of 

immune exhaustion is reached. T cell exhaustion is often associated with the ineffectual 

control of cancer cells, therefore allowing the tumor to progress uninhibited [Wheery 

2015]. Interestingly, PD-L1 is also thought to enhance proliferation of PD-1-positive 

regulatory T cells to promote an immunosuppressive microenvironment [Francisco 

2009]. In addition to affecting T cells, PD-1 expression on tumor-associated 

macrophages and dendritic cells also plays important roles in immunosuppression 

during cancer progression [Brown 2003, Gordon 2017]. Cancer cells utilize many 

different pathways to enhance PD-L1 signal to suppress the various immune cells 

expressing PD-1. 
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The overexpression of PD-L1 in tumors can be attributed to two different reasons: 

adaptive versus constitutive immune resistance. Because many tumor types have high 

levels of infiltrated immune cells, the tumor microenvironment undergoes prolonged 

exposures of a wide array of proinflammatory signals [Pauken 2015]. As a natural 

response to these cytokines, especially IFN-gamma, cells will upregulate PD-L1 

expression through STAT3 [Taube 2012]. In addition to normal physiological responses, 

PD-L1 overexpression can also be driven by many oncogenic events. For example, 

activating epidermal growth factor receptor (EGFR) mutations promote PD-L1 

expression in lung cancer, and PTEN-mutated cancers upregulate PD-L1 through the 

PI3K/AKT pathway [Azuma 2014, Suzuki 2003]. Furthermore, in some lymphomas and 

lung cancers, aberrant ALK signaling drives PD-L1 expression through activating the 

transcription factor, STAT3 [Marzec 2008]. Additional factors like HIF-1 and NF-kB have 

also been implicated in driving PD-L1 transcription in tumor settings [Noman 2014, Fang 

2014]. 

 

PD-L1 transcripts have been found in a wide array of cancer cell lines, but only a 

fraction had detectable levels of surface or cytoplasmic PD-L1 protein [Sanmamed 

2014]. This suggests that in addition to transcriptional regulation, PD-L1 must also be 

translationally and/or post-translationally regulated. Indeed, it has been shown that 

blocking EGF-induced PD-L1 expression using PI3K/AKT inhibitors works at the 

translational level [Holets 2009]. PD-L1 is also regulated post-translationally. 
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After being translated on the endoplasmic reticulum (ER), PD-L1 is then heavily 

modified at four major N-glycosylation sites on its extracellular domain as it traverses 

through the ER and Golgi complex [Li 2016]. The glycosylation of PD-L1 is thought to 

stabilize the protein and antagonize glycogen synthase kinase 3β (GSK3β) binding. 

Deglycosylated PD-L1 will form a complex with GSK3β and β-TrCP, which induces PD-

L1 serine/threonine phosphorylation, polyubiquitination, and ultimately proteasome-

dependent degradation [Li 2016]. PD-L1 that remains glycosylated can also be further 

modified through acetylation, tyrosine phosphorylation and monoubiquitination [Horita 

2017]. The function of PD-L1 acetylation and tyrosine phosphorylation is not well 

understood, but there are multiple studies on the role of PD-L1 monoubiquitination. 

Initially, the timing of monoubiquitination after EGF stimulation was examined and 

discovered to precede the accumulation of total PD-L1 levels [Horita 2017]. Combined 

with data that showed blocking E1 ubiquitin-ligase inhibitor blocks PD-L1 accumulation, 

PD-L1 monoubiquitination is suggested to be required for protein stabilization [Horita 

2017]. However, there are clear caveats to this data, including the use of an ubiquitin 

ligase inhibitor that likely affects other pathways. While it may be a distinct modification 

in a different setting, stronger evidence actually suggests PD-L1 monoubiquitination is 

an important step for the lysosomal degradation pathway. STUB1, an E3 ubiquitin 

ligase, was discovered as a negative regulator of PD-L1 through a haploid genetic 

screen [Mezzadra 2017]. Deletion of STUB1 also resulted in an increase of PD-L1 

levels [Mezzadra 2017]. However, studies have no shown a direct modification of PD-L1 

by STUB1. 
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Perhaps more intriguing is the recent identification of CMTM6, a previously 

uncharacterized critical regulator of PD-L1 in a wide range of cancer cells [Mezzadra 

2017, Burr 2017]. CMTM6 is required for the efficient endocytic recycling back to the 

plasma membrane for PD-L1, and CMTM6 knockout results in PD-L1 trafficking to the 

late endosome and eventual degradation in the lysosome [Burr 2017]. It is suggested 

that CMTM6 may block the STUB1/monoubiquitin-dependent destabilization of PD-L1 

[Mezzadra 2017]. These post-translational modifications and trafficking of PD-L1 have 

been shown to play an important role in regulating tumor-specific T cell activity 

[Mezzadra 2017].  

 

Taken together, we have a good understanding that PD-L1 is transcriptionally controlled 

by many proliferative signaling pathways including the PI3K/AKT and MAPK cascades, 

and as a response to proinflammatory signals. Further translational control occurs 

through the former signaling cascades. Once produced, PD-L1 protein is heavily 

modified and travels through the ER and Golgi complex to the plasma membrane. At 

the plasma membrane, PD-L1 is continuously endocytosed and recycled back to the 

cell surface in a CMTM6-dependent manner. Deglycosylated PD-L1 will be 

polyubiquinated and degraded by the proteasome, while STUB1-dependent 

monoubiquitination leads to the lysosomal degradation of PD-L1. Despite this 

understanding, there are still a number of questions still remain. Perhaps the most 

important question in the clinic is why a proportion of tumors with low expression of PD-

L1 via staining still respond to anti-PD-L1/PD-1 therapy [Patel 2015]. This has made it 

difficult to predict responders using PD-L1 expression by immunohistochemistry and 
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suggests there are additional mechanisms in the PD-L1 pathway that we do not fully 

understand. We hypothesize that PD-L1 is being sorted and trafficked in a way that 

prevents detection from staining, yet still acts as a negative regulator on cytotoxic T 

lymphocytes. 

 

Membrane trafficking 

Once PD-L1 is translated on the ER, it travels to the plasma membrane via the Golgi 

apparatus through well-understood mechanisms. However, how PD-L1 is regulated 

through the endosome system after cell surface presentation has only recently been 

explored, and is not fully understood. 

 

The endocytic pathway plays a vital role in many aspects of the cell, including the tight 

regulation of signaling, molecular sorting, and degradation of many cellular components. 

Endocytosis refers to the internalization of fluids, extracellular molecules and cell 

surface components through the invagination of the plasma membrane, but the 

endosome system encompasses a prolific number of various membrane vesicles that 

are subject to complex sorting events, leading to a multitude of different fates. The two 

primary elements of the endosomal system are thought to be a recycling circuit for cell 

surface components and ligands, and a degradation pathway for hydrolyzing unneeded 

or unwanted molecules; however, an additional element of alternative secretion has 

been emerging as an exciting field of study.  
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Endocytosis occurs at the plasma membrane via a number of clathrin-dependent and 

independent pathways. Studies have shown that the majority of internalized cargo and 

fluid is recycled back out of the cells within an hour [Steinman 1983, Besterman 1983]. 

There are also multiple pathways of the recycling mechanism including the recycling 

endosomes as well as the retromers [Maxfield 2004, Burd 2014]. This carefully 

regulated recycling system allows for the tight control of the presence of surface 

molecules. For example, transferrin receptor (TfR) and its ligand transferrin (Tf), bound 

to iron, are rapidly internalized. Once in the early endosome, the iron is released and Tf 

and TfR are recycled back the plasma membrane to bind more free iron. The early 

endosome, which mainly derives from primary endocytic vesicles that fuse with each 

other, is recognized as the first sorting station in the endocytic pathway [Huotari 2011]. 

Although early endosomes can be heterogeneous in size, morphology, and 

composition, most early endosomes have two major structures: one tubular, and the 

other vacuolar [Miaczynska 2004, Lakadamyali 2006, Huotari 2011]. Most of the sub-

domains on the tubular structures include functions for molecular sorting, generating 

vesicles targeted to specific organelles, and recycling capabilities [Bonifacino 2006]. 

 

The vacuolar structure, on the other hand, is the precursor to the late endosome, and 

begins to accumulate molecular components of the degradation pathway [Huotari 2011]. 

Because the majority of the materials that undergo endocytosis are quickly recycled, a 

strict selection process occurs to transport specific cargo into the degradation pathway. 

An example of this mechanism is the epidermal growth factor receptor (EGFR). When 

the cytosolic domain of the EGFR is ubiquitinated, it along with its ligand, EGF, is 
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internalized, exits the recycling pathway, and enters the degradation pathway of the 

endosome [Miaczynska 2013]. 

 

A family of more than 60 GTPases, called Rab proteins, is vital for organizing and 

promoting the function of different endosomal compartments. Rab GTPases are turned 

“on” or “off” depending on whether it is bound to the GTP or the hydrolyzed GDP 

[Stenmark 2009]. A number of GTPase accelerating proteins (GAPs) and GTP 

exchange factors (GEFs) regulate Rab function by affecting the rate of GTPase activity 

and GTP loading, respectively [Barr 2011]. Once “on”, Rab proteins recruit effector 

proteins to function in a wide array of activities on the membrane of endosomes 

including tethering/docking vesicles, membrane fusion, and vesicle localization 

[Stenmark 2009]. Rab proteins in part manifest the identity of the organelle. For 

example Rab11, marks recycling endosomes whereas Rab5 is an important component 

of early endosomes [Stenmark 2009]. Indeed, the maturation event from early 

endosome to late endosome occurs when Rab5 recruits Rab7, leading to a transient 

hybrid Rab5/Rab7 endosome before Rab5 dissociates within minutes [Rink 2005]. 

 

Along with the Rab5 to Rab7 transition comes a number of changes during endosome 

maturation. The luminal pH drops, tubular extensions and related recycling activities are 

lost, and lysosomal hydrolases and certain membrane proteins are gained through 

transport from the Golgi [Bayer 1998, Luzio 2007, Huotari 2011]. Furthermore late 

endosomes move into the perinuclear region and the buoyant density decreases 

allowing for biochemical isolation [Huotari 2011]. Most mechanisms are related to the 
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preparation for lysosomal fusion and the degradation of endosomal contents. Perhaps 

most interesting is the increased formation of intraluminal vesicles (ILVs).  

 

Intraluminal vesicles form from the invagination of the limiting endosomal membrane. 

This is a critical step in the selective sorting of membrane-associated protein and free 

cytosolic cargo for degradation in lysosomes. In order to prevent degradation from 

lysosomal hydrolases, the limiting membrane of the late endosome has a protective 

glycocalyx, which is a coat of highly glycosylated proteins, such as LAMPs [Carlsson 

1988, Shulze 2008]. The ILVs however are devoid of the glycocalyx, and therefore 

proteins sorted onto these vesicles are much more easily accessible to the hydrolases. 

Furthermore, ILVs contain certain lipids that are thought to promote lipid hydrolysis 

[Kobayashi 1998]. 

 

There are multiple mechanisms to form ILVs. One of the major pathways uses the 

ESCRT complexes (ESCRT-0, -I, -II, -III) and a number of effector and accessory 

proteins such as Alix. The ESCRT machinery is recruited from the cytosol and facilitates 

both the physical invagination and pinching off from the limiting membrane, as well as 

selective cargo sorting into the ILVs [Babst 2005].  Ubiquitin-tagged cytosolic domains 

of membrane proteins, for example, can be directly recognized and recruited into the 

ILVs by ESCRT components [Raiborg 2002, Raiborg 2009]. Although the depletion of 

ESCRT machinery results in fewer ILVs, vesicles within the lumen of late endosomes 

still exist, suggesting alternative pathways to ILV formation [Stuffers 2009]. Indeed 

lipids, such as ceramide, in vitro have been shown to spontaneously induce formation of 
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internal vesicles in liposomes, independent of any protein complexes [Trajkovic 2008]. 

In cells, ceramide can produce ILVs that have selective cargo distinct from ESCRT-

dependent ILVs [Trajkovic 2008]. 

 

Although late endosomes were originally thought to only be a pathway for degradation, 

many new roles have emerged, leading to its characterization as another sorting hub in 

the endosome pathway. For example, ILVs can “back-fuse” to the limiting membrane of 

the late endosome to release cargo and recycle components to Golgi complex [van der 

Goot 2006]. Furthermore, late endosomes play an important role in some autophagic 

processes and will fuse with autophagosomes to form amphisomes, which have been 

implicated in the regulation of secretion and degradation [Colombo 2009, Patel 2013].  

Perhaps most strikingly, the late endosome can fuse with the plasma membrane, 

releasing its luminal contents to the extracellular space, and ILVs as extracellular 

vesicles called, exosomes.  

  

Extracellular vesicles / exosomes 

Extracellular vesicles have been discovered almost half a century ago in a wide array of 

tissues including cartilage, blood, and cultured cells [Anderson 1969, Crawford 1971, 

Trams 1981]. More recent studies have found extracellular vesicles in virtually all 

biological fluids and are secreted by nearly all cell types [Colombo 2014]. Despite its 

abundance, extracellular vesicles were originally thought to only be cellular debris or 

byproducts of routine secretion. However, in the past decade, there has been an 
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explosion of interest surrounding extracellular vesicles and their potential to act as 

mediators of intercellular signaling. 

 

Extracellular vesicles are highly heterogeneous in terms of size and morphology, as well 

as origin and biogenesis. These vesicles range from <30nm nanovesicles to apoptotic 

bodies a few microns in diameter. Because the nomenclature is still a matter of debate 

in the field, different groups have classified extracellular vesicles by their cell of origin 

(prostasomes, oncosomes), their size (nanovesicles, exosomes, microvesicles), or even 

by their function (argosomes, tolerosomes) [Colombo 2014]. However, scientists in the 

field have begun to come to a consensus that the most useful classification is by 

biogenesis. Ectosomes, also commonly referred to as microvesicles, originate from the 

budding/shedding of the plasma membrane, whereas exosomes come from the 

endosome pathway and are the secreted ILVs upon late endosome fusion to the plasma 

membrane. Nevertheless, because of the practical challenges in isolating exosomes 

from ectosomes from biological samples, the term “exosomes” have often been used 

interchangeably with “extracellular vesicles”. 

 

For the purposes of this dissertation, we will focus on bona fide exosomes derived from 

the endosome pathway. Although ILVs were thought to be a mechanism to enhance 

lysosome degradation for selected proteins, more and more studies have been 

published about how the secretion of these vesicles as exosomes play multiple 

important roles [Thery 2002, Tkach 2016]. Indeed, its secretion as a result of the fusion 

between late endosomes and the plasma membrane is a regulated process rather than 
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a chance event. A number of Rab proteins, including Rab11 and Rab35, regulate 

extracellular vesicle secretion [Savina 2002, Hsu 2010]. The most thoroughly studied 

Rab GTPase that control late endosome fusion to the plasma membrane and exosome 

release are Rab27a and Rab27b [Ostrowski 2010]. Interestingly, these two Rab27 

isoforms play different roles in the exosome pathway: Rab27b along with its effector 

protein Slac2b is responsible for the localization of the late endosome from the 

perinuclear region to the cell surface, whereas Rab27a recruits Slp4 to facilitate the 

docking and fusion with the plasma membrane [Ostrowski 2010]. Although the 

pathways of exosome secretion has been characterized, the mechanisms that decide 

whether a late endosome will fusion with a lysosome for degradation or with the plasma 

membrane for secretion is not yet well understood. 

 

The first clues that indicated exosomes may not merely be the byproduct of routine 

secretion or other cellular processes are the findings that the composition of exosomes 

is distinct from their cell of origin. Indeed many studies that have profiled the protein 

content of exosomes (which have been compiled in databases Exocarta, Vesiclepedia, 

and EVpedia) have suggested exosomes are enriched for certain proteins from the 

endosomes and cytosol, but depleted of proteins originating from the nucleus, 

mitochondria and Golgi complex [Mathivanan 2012, Kalra 2012, Kim 2013]. 

Furthermore, exosomes are enriched in certain lipids such as sphingomyelin, PS, and 

cholesterol [Laulagnier 2004b, Llorente 2013, Trajkovic 2008, Wubbolts 2003]. 

Exosomes are also enriched in many small RNA species and almost devoid of full-

length 18S and 28S ribosomal RNA. Many groups, including ours, have discovered that 
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certain miRNAs are selectively secreted in exosomes while others are retained in the 

cell [Valadi 2007, Colombo 2014, unpublished data]. Taken together, these data point to 

an active secretion process, where specific molecules are packaged, potentially for 

delivery to another cell. 

 

Much of the recent excitement in the exosome field has focused on the sorting and 

delivery of RNAs. Indeed mRNAs can be delivered to recipient cells via exosomes, and 

subsequently translated to produce functional protein [Lai 2015, Ridder 2015]. 

Furthermore, many groups have discovered functional transfer of miRNAs that 

downregulate reporters in cells that uptake the exosomes [Pegtel 2010, Montecalvo 

2012, Ismail 2013]. However, it is important to note that many of these experiments are 

performed using artificial cell culture systems with sensitive reporter systems and 

potentially non-physiological quantities of exosomes. One study suggested that a single 

exosome might not actually contain many miRNA molecules and will unlikely transfer 

meaningful signal under physiological conditions [Chevillet 2014]. Unlike miRNAs, 

proteins that act as signaling peptides can have amplified responses in recipient cells 

through signal cascades. Many studies have also found proteins in exosomes that act 

as mediators of intercellular communication.  

 

Some of the first functional studies in exosomes focused on the immune system. One 

group discovered that B cells secrete exosomes enriched in major histocompatibility 

complex class II molecules that stimulated specific CD4+ T cell clones [Raposo 1996]. 

Another group showed that exosomes derived from tumor peptide-pulsed dendritic cells 
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could suppress the growth of established tumors in vivo [Zitvogel 1998]. Following, a 

series of studies have shown that exosomes have a wide range of functions in the 

immune system including presenting antigens, promoting dendritic cell maturation, 

activating immune cells, and suppressing immune activation under different conditions 

[Robbins 2014]. 

 

Another focus of the field has been on exosomes secreted by cancer cells. Multiple 

groups, including ours, have discovered that various transformed cell types secrete 

more exosomes [Zhang 2015, unpublished data]. Furthermore, oncogenes such as 

Kras, Hras, and YB1 affect the selective sorting of cargo into exosomes [Demory 

Beckler 2013, Tauro 2013, Shurtleff 2016]. Functionally, tumor exosomes have been 

shown to affect many processes critical cancer progression. Melanoma exosomes were 

shown to educate bone marrow niches to promote migration to future sites [Peinada 

2012]. Autocrine signaling in the secretion of exosomes is critical for directional 

migration of cancer cells [Sung 2015]. Cancer exosomes can also transform 

surrounding fibroblasts in to a cancer-fibroblast state, which in turn support and 

enhance tumor progression [Webber 2010]. It has also been shown that interactions 

between tumor exosomes and endothelial cells lead to proangiogenic activities [Al-

Nedawi 2009]. 

 

Interestingly, inflammatory signals such as TNFα and IFN-gamma can also affect 

exosome composition in a number of cell types [Segura 2005, de Jong 2012, Kilpinen 

2013]. In fact, there have been many findings about how exosomes play an important 
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role in the intercellular communication between the tumor and immune cells. 

Neoantigen-loaded exosomes derived from tumors can be efficient taken up by antigen 

presenting cells such as dendritic cells. This leads to cross-presentation to tumor 

specific CTLs and the induction of an immune response [Wolfers 2001]. Moreover, 

these tumor-derived vesicles can be used as a vaccine in mice, and have proven 

effective in mediating antitumor activities through CD8+ T cells [Wolfers 2001, Andre 

2002]. However, a larger number of studies have suggested that exosomes derived 

from tumors play a role in immunosuppressing functions. Melanoma vesicles carrying 

FasL induces lymphocyte apoptosis as a mechanism of immune escape [Andreola 

2002]. Other vesicles enriched in TRAIL or galectin 9 has also been shown to promote 

T cell apotosis [Huber 2005, Klibi 2009]. Extracellular vesicles have been shown 

negatively regulate the immune response though antigen presenting cells. For example, 

vesicles derived from melanoma cells inhibit the MHC-II expression of macrophages 

[Poutsiaka 1985]. More recently, a series of papers have shown that tumor-released 

exosomes promote the differentiation and expansion towards myeloid-derived 

suppressor cells though a number of growth factors and RNAs [Xiang 2010, Chalmin 

2010, Liu 2010]. 

 

To summarize, exosomes were once thought to be the byproducts of routine cellular 

functions, but recently, many studies have published on selectively secreted cargo in 

exosomes acting as mediators of intercellular communication. Of note, exosomes play a 

significant role in immune tolerance and cancer progression. Indeed, many groups have 
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shown that cancer-derived vesicles to act as potent suppressors of inflammatory 

responses to enable the tumor to evade immune surveillance. 

 

The PD-L1/PD-1 pathway has a central role in maintaining self-tolerance in normal 

physiological settings, but has also been heavily exploited by tumors to overcome 

immune destruction. Although anti-PD-1/PD-L1 therapy has seen tremendous success 

in the clinic, most patients will either exhibit partial responses, or not respond to therapy 

at all. Furthermore, cellular protein expression of PD-L1 has not been a great indicator 

for treatment success, because PD-L1 high tumors often do not see benefit from anti-

PD-1/PD-L1 therapy while a number of PD-L1 low tumors will respond. More 

interestingly, only a fraction of PD-L1 mRNA-expressing cancer cells express high 

levels of PD-L1, highlighting a critical need for a better understanding of post-

transcriptional PD-L1 regulation. 

 

Summary of Approach and Findings 

To further our understanding of PD-L1 regulation in prostate cancer, we first compared 

cell lines from melanoma, where anti-PD-1/PD-L1 therapy has been very successful, to 

cell lines from prostate cancer, which has seen modest promise in these therapies. 

Surprisingly, the PD-L1 mRNA levels in several prostate cancer cell lines, PC-3 and 

DU-145 were much higher than that of our melanoma cell line, SK-Mel-28. Perhaps 

more intriguing is that the protein expression of PC-3 and DU-145 were similar and 

lower than SK-Mel-28, respectively. The discrepancy between mRNA and protein 

expression was not due to translational suppression or proteasome- and lysosome-
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dependent degradation. Using a developed exosome isolation protocol, PD-L1 was 

shown to be secreted in exosomes isolated from PC-3, DU-145, and SK-Mel-28 cell 

lines. Furthermore, PC-3 and DU-145 cells had much higher levels of exosomal PD-L1, 

which likely accounted for the elevated levels of mRNA expression. 

 

Using a series of biochemical and genetic approaches, the pathways by which PD-L1 

was sorted and packaged were characterized. PD-L1 was processed through the 

endoplasmic reticulum and Golgi complex before reaching the cell surface. After 

entering the endosome pathway, PD-L1 was then sorted into ceramide-dependent ILVs 

before being secreted by a Rab27a-dependent mechanism. Lastly, exosomal PD-L1 

was observed to be able to suppress T cell function using an in vitro co-culture assay. 

 

These findings further our basic understanding of intercellular communication and could 

have a tremendous impact in the clinic. Firstly, this study shows that direct cell-to-cell 

contact is not a requirement for transmembrane ligands to activate its target receptor. 

Furthermore, it supports the growing evidence that tumor-exosomes act as suppressors 

of immune functions in many different settings. Secondly, it may explain the biological 

basis of why immunohistochemistry staining of PD-L1 in tumor biopsies has not been an 

efficacious biomarker for anti-PD-1/PD-L1 therapies, and suggests potential promise in 

measuring exosomal PD-L1 in patient plasma. Lastly, this study identifies potential new 

targets in a pathway of PD-L1 sorting and localization that could dramatically enhance 

current anti-PD-1/PD-L1 therapies and other cancer immunotherapies.  
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Cell culture 

PC-3 cells were obtained from ATCC (CRL-1435). LnCaP (ATCC CRL-1740) and DU-

145 (ATCC HTB-81) cells were from D. Ruggero (UC San Francisco) and SK-Mel-28 

cells (ATCC HTB-72) were from R. Judson (UC San Francisco). Raji B cells, PD-L1 

overexpressing Raji B cells, Jurkat T cells, and PD-1 overexpressing Jurkat T cells were 

a gift from R. Vale (UC San Francisco). PC-3 cells were cultured in F-12K Medium 

supplemented with 10% fetal bovine serum and 1X penicillin/streptomycin mix. LnCaP 

and SK-Mel-28 cells were cultured in RPMI-1640 supplemented with 10% fetal bovine 

serum, 1X penicillin/ streptomycin mix, and L-glutamine. DU-145 cells were cultured in 

EMEM with 10% fetal bovine serum, 1X penicillin/streptomycin mix, and L-glutamine 

supplements added. All Raji and Jurkat cell lines were maintained in RPMI-1640 

medium supplemented with 10% fetal bovine serum, 10mM HEPES, 1X 

penicillin/streptomycin mix, and L-glutamine. Cell lines were regularly tested to be 

mycoplasma negative by PCR analysis. 

 

CRISPR-Cas9-mediated gene disruption 

CRISPR-Cas9-mediated gene disruptions were carried out by following the previously 

published protocol from the Feng lab [Ran 2013]. Briefly, sgRNA oligonucleotides were 

designed using the online CRISPR Design Tool (http://tools.genome-engineering.org). 

The oligonucleotides were phosphorylated, annealed, and cloned into the lentiviral 

expression vector, pSpCas9(BB)-2A-GFP (Addgene plasmid ID: 48138) to co-express 

Cas9. Guide pairs for each gene were co-transfected into PC-3 cells. Cells that received 

the plasmids were single-cell sorted by GFP into 96-well tissue culture plates. Clones 
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were genotyped by PCR and sequencing, and confirmed for protein knockout by 

immunoblotting. 

 

Antibodies 

Immunoblotting: 1:1000 Rabbit anti-PD-L1 (E1L3N(R), Cell Signaling Technology), 1: 

1000 Rabbit anti-Rab27a (D7Z9Q, Cell Signaling Technology), 1:1000 mouse anti-N-

SMase2 (G-6, Santa Cruz Biotechnology), 1:1000 rabbit anti-LC3B (ab48394, Abcam), 

1:1000 rabbit anti-HRS (D7T5N, Cell Signaling Technology), 1:1000 mouse anti-CD63 

(ab8219, Abcam), 1:5000 rabbit anti-GAPDH (D16H11, Cell Signaling Technology), 

1:1000 mouse anti-Ubiquitin (P4D1, Cell Signaling Technology) 

 

Immunofluorescence: 1:100 Rabbit anti-PD-L1 (ab213524, Abcam), 1:200 mouse anti-

EEA1 (1G11, eBioscience), 1:200 mouse anti-human CD107a (555798, BD 

Pharmingen), 1:200 mouse anti-CD63 (ab8219, Abcam) 

 

Flow cytometry: 1:100 PE mouse IgG2b k isotype control (MG2b-57, BioLegend), 1:100 

mouse anti-human CD274 (MIH1, eBioscience) 

 

qRT-PCR assay 

Quantitative reverse transcriptase PCR assays were performed to measure the 

expression of mRNA. Cells were washed with PBS and lysed in QIAzol (Qiagen) on the 

plates. RNA was then extracted using the miRNeasy Mini Kit (Qiagen) follow 

manufacturer’s directions. cDNA was synthesized using 500ng of total RNA with the 
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SuperScript-III cDNA kit using (Life Technologies) according to manufacturer’s 

instructions. qPCR was then performed on a 7900HT Fast Real-Time PCR System 

(Applied Biosystems). All data analyses were performed using the comparative Ct 

method and normalized to internal control, RPL7. 

 

Western blot analysis 

Cells were lysed in RIPA buffer supplemented with a protease inhibitor cocktail. Protein 

was quantified using the BCA method and unless otherwise noted, 30ug of protein were 

prepared for each lane. Western blots were run and transferred using the Biorad Mini-

protean system blocked using Odyssey blocking buffer. After overnight antibody 

staining, blots were washed, stained with Odyssey infrared secondary antibodies, and 

imaged using the Odyssey infrared imaging system (LI-COR). Quantification and 

analyses were performed using FIJI. 

 

Polysome analysis 

15 million cells were treated on the plates with 100ug/ml cycloheximide (CHX) for 2 

minutes at 37C, and washed in cold PBS + 100ug/ml CHX. Cells were then scraped and 

lysed in 20mM Tris, 150mM NaCl, 5mM MgCl2, 1% Triton x-100, 100ug/ml CHX, 1 mM 

DTT, and 20 U/ml SuperaseIn (Thermo Fisher Scientific AM2696). After pelleting debris 

at 12,000g for 10 minutes, the supernatants were loaded on a 10-50% continuous 

sucrose gradient in buffer (20mM Tris, 150mM NaCl, 5mM MgCl2, 100ug/ml CHX, 1 mM 

DTT) formed on a Gradient Master (Biocomp). Gradients were centrifuged at 200,000g 

for 3 hours at 4C using a Beckman-Coulter SW41 rotor. The polysome samples were 
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then fractionated on a Piston Gradient Fractionator (Biocomp). RNA measurements 

using UV were captured and samples were collected for the monosomes, light 

polysomes, and heavy polysome fractions. RNA was then extracted from each fraction 

for qRT-PCR analysis. 

 

Exosome isolation 

Conditioned media (~60ml, 48 hours) was collected from 30 million cells (unless 

otherwise noted). It was serially centrifuged to remove debris and large vesicular 

fragments at 700g for 5 minutes, 2000g for 20 minutes, and 12,000g for 40 minutes. 

Exosomes were then pelleted at 100,000g for 70 minutes, resuspended in 1 ml of D-

PBS and then pelleted again at 100,000g. This sample was used for most exosome 

experiments. Further purification was performed by resuspending the concentrated 

exosome pellet in 60% sucrose, 20mM Tris-HCl (pH7.4), and 137mM NaCl. Sucrose of 

the concentrations 40%, 20%, and 0% in Tris-HCl and NaCl were then layered on top in 

an ultracentrifuge tube (For Beckman-Coulter TLS-55 rotor). The discontinuous sucrose 

gradient was centrifuged on a Beckman-Coulter tabletop ultracentrifuge at 180,000g for 

16 hours, and then fractionated into 8 equal volumes by pipetting carefully. The 

fractions were either concentrated separately, or the 20-40% fractions were pooled and 

concentrated to represent the exosome “floated” sample. 

 

Nanoparticle tracking analysis 

200,000 cells were seeded in 6-well plates for 24 hours using media with fetal bovine 

serum replaced by KnockOut Serum Replacement (Thermo Fisher Scientific 
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108280028). Supernatants were collected and depleted of debris by serial centrifugation 

at 300g for 5 minutes, 2000g for 20 minutes, and 12,000g for 40 minutes. Nanoparticles 

in the media were then quantified and characterized using a Malvern NanoSight LM10 

device and analyzed through the NanoSight Nanoparticle Tracking Analysis software. 

 

Cell fractionation 

The cell fractionation protocol was modified from Ge et al. (2013) with the help of the 

Schekman laboratory. Briefly, cells were disassociated from the plate using TrypLE 

Express Enzyme (Thermo Fisher Scientific 12605010), pelleted and washed in 

“lysosome lysis buffer” (400mM sucrose, 10mM Tricine, 1mM EDTA, protease inhibitor 

cocktail, phosphatase inhibitor). Cells resuspended in 1.5X volume lysosome lysis 

buffer were then homogenized using 15 strokes on a isobiotec cell homogenizer loaded 

with a 12um clearance ball bearing. The homogenate was cleared of debris at 1000g 

yielding the supernatant as input. Serial spins then yielded the 3000g pellet, 25,000g 

pellet, 100,000g pellet and 100,000g supernatant. The 25,000g pellet was then 

resuspended in the 1.25M Sucrose in Golgi buffer (Millipore Sigma GL0010-1KT) with 

1.1M and .25M sucrose (in buffer) layered on top. The discontinuous sucrose gradient 

was then spun at 120,000g for 90 minutes. The interface between the 0.25M and 1.1M 

sucrose layers and the pellet was collected as the SucL and SucP fractions, 

respectively.  

 

Deglycosylation assays 
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Cells, disassociated using TrypLE Express Enzyme (ThermoFisher Scientific 

12605010), and isolated exosomes were lysed in RIPA Lysis and Extraction Buffer 

(Thermo Fisher Scientific 8990) plus protease inhibitor cocktail and N-ethylmaleimide to 

inhibit deglycosylation. Then the PNGase F (New England Biolabs P0704S) and Endo 

H (New England Biolabs P0702S) protocols were followed based on manufacturers 

instructions. 

 

Flow cytometry 

Cells were disassociated using TrypLE Express Enzyme (ThermoFisher Scientific 

12605010) to prevent degradation of surface proteins. Cells were then pelleted, washed 

in D-PBS, fixed in 4% PFA for 10 minutes and then washed again. Cell were then 

stained for surface expression of proteins on ice for 1 hour in D-PBS plus 2% FBS. After 

washing twice in PBS, the samples were measured on a BD LSR II and analyzed in 

FlowJo. 

 

Immunofluorescence 

4000 cells of indicated cell types were seeded in 8 well Millicell EZ Slides (EMD 

Millipore PEZGS0816) and incubated in 10ng/ml IFN-gamma for 48 hours. Cells were 

then washed with D-PBS, and fixed in 4% PFA for 10 minutes. The fixed cells were 

permeabilized in D-PBS with 0.25% Tween for 10 minutes, then blocked in D-PBS with 

0.25% Tween and 5% Bovine Serum Albumin. Samples were stained overnight with 

antibodies in blocking buffer at 4C. Washing is followed by 1-hour secondary antibody 

stain at room temperature and another round of washing. Wells were removed from the 



	 32	

chamber slide, and then ProLong Gold mounting media with DAPI (Thermo Fisher 

Scientific P36935) was used to preserve the stained cells. Samples were imaged on a 

Leica TCS SP8 white light confocal or Nikon CSU-22 spinning disk confocal, and 

analyzed in FIJI. 

 

Cell surface biotin assay 

A modified protocol from the Pierce Cell Surface Protein Isolation Kit was used (Thermo 

Fisher Scientific 89881): 50 million PC-3 cells in 6 X 15cm plates were washed with ice-

cold PBS. Four vials of Sulfo-NHS-SS-Biotin was dissolved in 100ml of ice-cold PBS, 

and added to the plates for 30 minutes at 4C. The PBS + Biotin was then collected, and 

fresh media was added to the cells for 30 minutes at 37C. The cells were then washed 

again with PBS and the collected PBS + Biotin was incubated again on the plates for 30 

minutes at 4C. Following, the plates were washed and 15ml of fresh media is added to 

the plate for 24 hours at 37C. Afterwards, exosomes were isolated from the cell-

conditioned media as previously described, and lysed in RIPA (Thermo Fisher Scientific 

8990) supplemented with a protease inhibitor cocktail. One plate of cells was also 

collected and lysed in RIPA supplemented with a protease inhibitor cocktail for control. 

After clarifying the supernatant with a 12,000g spin for 10 minutes, it was incubated with 

100uL of the NeutrAvidin Agarose beads for 1 hour. Following the manufacturers 

instructions for washing, the samples were then eluted in 100ul 1X Laemmli Loading 

Buffer (Biorad 1610747) supplemented with 2-Mercaptoethanol (Biorad 1610710) at 

90C. Samples were then tested for PD-L1 presence by immunoblotting. 
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Jurkat stimulation using Raji B cells with PC-3 exosomes 

PD-L1 overexpressing and wild type Raji B cells were pre-loaded with 30ng/ml SEE 

superantigen (Toxin Technology, Inc ET404) for 45 minutes at 37C. Then cells were 

washed and irradiated 10,000 rads prior to coculture. Exosomes were isolated from 48-

hour conditioned medium from 250 million PC-3 wild type or PD-L1 knock out cells, 

using previously described methods. 70,000 Jurkat and 17,000 Raji were cocultured 

with or without PC-3 exosomes in a 96-well flat-bottom plate in triplicate wells. After 24 

hours, supernatants were collected, and cleared of cell debris by a 5-minute spin at 

1000g. Human IL-2 was then quantified by ELISA (R&D Systems, #DY202-05). 

 

sgRNA target sequences 

PD-L1 (g1 forward), 5’-CACCGGGTTCCCAAGGACCTATATG-3’; PD-L1 (g1 reverse), 

5’-AAACCATATAGGTCCTTGGGAACCC-3’; PD-L1 (g2 forward), 5’-CACCGACA 

GAGGGCCCGGCTGTTGA-3’; PD-L1 (g2 reverse), 5’-AAACTCAACAGCCGGGCCCT 

CTGTC-3’; Rab27a (g1 forward), 5’-CACCGCCAAAGCTAAAAACTTGATG-3’; Rab27a 

(g1 reverse), 5’-AAACCATCAAGTTTTTAGCTTTGGC-3’; Rab27a (g2 forward), 5’-

CACCGCAACAGTGGGCATTGATTTC- 3’; Rab27a (g2 reverse), 5’-AAACGAAATCAAT 

GCCCACTGTTGC-3’; nSMase2 (g1 forward) 5’-CACCGGAGAAACGCAAAGGG 

AGCG-3’; nSMase2 (g1 reverse) 5’-AAACCGCTGCCCTTTGCGTTTCTCC-3’; 

nSMase2 (g2 forward) 5’-CACCGCGGTCCACCAGCCAGTAGCA-3’; nSMase2 (g2 

reverse) 5’- AAACTGCTACTGGCTGGTGGACCGC-3’; HRS (g1 forward) 5’-CACC 

GGGGCATACAAGGCGACGTGT-3’; HRS (g1 reverse) 5’-AAACACACGTCGCCTTG 
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TATGCCCC-3’; HRS (g2 forward) 5’-CACCGGTCGTTGACTTTCTTCTTGA-3’; HRS (g2 

reverse) 5’-AAACTCAAGAAGAAAGTCAACGACC-3’; 

 

  

qRT-PCR primers 

PD-L1, forward 5’-GGCATTTGCTGAACGCAT-3’, reverse 5’-CAATTAGTGCAGCC 

AGGT-3’; RPL7, forward 5’-GAACCATGGAGGGTGTAGAAGAG-3’, reverse 5’- GGCA 

AACTTCTTTCTCAGGCG-3’. 
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Chapter 3 

Results 
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PD-L1 protein does not correlate with transcription, translation, or degradation in 

aggressive prostate cancer cell lines. 

PTEN loss and activating Ras mutations, which lead to the overexpression of PD-L1, 

are common in prostate cancer, yet elevated expression of the protein has not been 

observed in many prostate tumors [Martin 2015]. To better understand PD-L1 regulation 

in prostate cancer, the mRNA transcripts of PD-L1 in multiple prostate cancer cell lines 

were compared to that of a melanoma cell line, SK-Mel-28. Strikingly, aggressive 

prostate cancer cell lines PC-3 and DU-145 expressed around 15-fold higher PD-L1 

transcripts when compared to SK-Mel-28 (Figure 1-1). A less aggressive prostate 

cancer cell line, LnCaP, however, expressed very low levels of PD-L1 mRNA (Figure 1-

1). Surprisingly, PD-L1 surface expression on PC-3 and DU145 cells was on average 

similar to the level of PD-L1 on SK-Mel-28 cells, (Figure 1-2). However, the PC-3 and 

DU145 cells were more heterogenous; a portion of the cells expressed significantly less 

surface PD-L1 and a fraction of cells presented much higher PD-L1 than SK-Mel-28 

(Figure 1-2). Although PC-3 and DU145 had much higher levels of PD-L1 transcripts, 

their protein expression of PD-L1 in whole cell lysates was not significantly different 

from that of SK-Mel-28 (Figure 1-3). This suggested a dramatic change in the role of 

post-transcriptional regulation of PD-L1 among these cell lines. LnCaP, on the other 

hand, had very low mRNA levels and undetectable PD-L1 protein (Figure 1-2, Figure 1-

3). 

 

To characterize a potential role for alternative post-transcriptional regulation in these 

cell lines, we first asked whether PD-L1 is being translationally suppressed in PC-3 cells 
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compared to SK-Mel-28. Using polysome analysis, the proportion of PD-L1 transcripts 

bound to single ribosomes, light polysomes, or heavy polysomes were measured as a 

surrogate for translational efficiency. Transcripts with more loaded ribosomes have 

been shown to be more efficiently translated [Ingolia 2009]. The proportion of PD-L1 

mRNA in each fraction was not significantly different between PC-3 and SK-Mel-28, 

which suggested that PD-L1 was not translationally suppressed in PC-3 cells or 

preferentially activated in SK-Mel-28 cells (Figure 1-4).  

 

We next asked whether PD-L1 was being rapidly degraded in PC-3 cells. PD-L1 had 

been reportedly degraded through the proteasome and the lysosome pathways 

(Supplemental Figure 1-1). Using the proteasome inhibitor, MG132, we showed PD-L1 

was not degraded by proteasomes at a higher rate in PC-3 cells when compared to SK-

Mel-28 (Figure 1-5). As a positive control, we noted that the accumulation of 

ubiquitinated proteins upon MG132 treatment was significant and similar between the 

cell lines. Bafilomycin A1 was used to inhibit the endosome/lysosome degradation 

pathway. Upon treatment, both PC-3 and SK-Mel-28 cells rapidly accumulated the 

control marker LC3B (Figure 1-6). Differences in the ratio of membrane-bound and free 

LC3B were likely due to cell type-specific basal autophagic flux. Strikingly, PD-L1 did 

not rapidly accumulate in PC-3 cells upon Bafilomycin A1 treatment (Figure 1-6). These 

data showed that the differences in PD-L1 protein/mRNA ratios between PC3 and SK-

Mel-28 could not be explained by either differential translation or degradation. 

 

PD-L1 is preferentially secreted into PC-3 exosomes 
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We next tested whether PC-3 cells were preferentially secreting PD-L1. Because PD-L1 

is a transmembrane protein, its release to the extracellular space would most likely be 

encapsulated on extracellular vesicles. Using serial centrifugation of cell-conditioned 

media, PC-3 cells were discovered to preferentially secrete PD-L1 in exosomes (Figure 

2-1). Whereas SK-Mel-28 also secreted PD-L1 through these vesicles, PC-3 cells 

secreted much more PD-L1, which likely accounted for the increased PD-L1 protein 

production but lack of accumulation in the cells.  

 

Many cell types upregulate PD-L1 as a response to immune factors such as IFN-

gamma as a mechanism of self-preservation [Keir 2008]. Interestingly, IFN-gamma 

increased PD-L1 secretion in the exosomes of PC-3 and SK-Mel-28 as well; however, 

this may simply be a result of increased overall cellular levels of PD-L1 (Supplemental 

Figure 2-1). Interestingly, low passage PC-3 cells secreted much more PD-L1 than high 

passage cells despite having similar levels of cellular PD-L1 (Supplemental Figure 2-2). 

Because some cell-surface PD-L1 heterogeneity existed among PC-3 cells, the 

reduction of PD-L1 secretion in a population over time may have been due to a gradual 

selection against certain cells that preferentially secreted PD-L1. Indeed, when PC-3 

cells that expressed high levels of PD-L1 were sorted from the heterogeneous pool, 

their PD-L1 levels remained high after a number of passages (Supplemental Figure 2-

3). 

 

Moving forward with low passage cells, we next asked whether the increase in PD-L1 

secretion in PC-3 cells was due to high levels of exosome secretion in comparison to 
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SK-Mel-28. Interestingly, PC-3 and SK-Mel-28 secreted similar numbers of extracellular 

vesicles (Figure 2-2). Furthermore, the particle size distributions between the cell lines 

were not significantly different (Figure 2-2). This suggests that PC-3 cells were not 

secreting more or bigger vesicles containing similar levels PD-L1, but were actually 

preferentially packaging and secreting PD-L1.  

 

Although our basic serial centrifugation protocol heavily enriched for exosomes, it was 

possible that the contamination from cellular debris or other extracellular vesicles like 

ectosomes, which do not originate from the endosome pathway, was responsible for the 

secretion of PD-L1. To determine whether PD-L1 was secreted via bona fide exosomes, 

a sucrose gradient was used to further purify and isolate exosome samples 

(Supplemental Figure 2-4). PD-L1 was highly expressed at the density (1.10 to 1.18 

g/ml), corresponding to exosomes (Figure 2-3). Furthermore, careful fractionation of the 

density gradients showed that PD-L1 co-localizes in the same fractions as the canonical 

exosome markers, CD63 and HRS (Figure 2-3).  

 

To further confirm that secreted PD-L1 originates from the endosome pathway, a 

genetic approach was used to block endosome secretion. Rab27a is a Rab GTPase 

responsible for the fusion of late endosomes to the plasma membrane. After knocking 

out Rab27a in PC-3 cells using CRISPR-Cas9 gene disruption, both CD63-marked 

exosomes and PD-L1 were no longer secreted into cell-cultured medium (Figure 2-4). 

These data showed that PD-L1 was secreted in endosome-derived exosomes, rather 

than other extracellular vesicles or cellular debris. 
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Exosomal PD-L1 is sorted through canonical secretion, endosome, and exosome 

pathways 

The discovery of exosomal PD-L1 raised many subsequent questions. We first asked 

whether PD-L1 was sorted into ILVs in a ceramide-dependent manner. Neutral 

sphingomyelinase 2 (nSMase2) is responsible for breaking down sphingomyelin into 

phosphocholine and ceramide. When treated with GW4869, a neutral sphingomyelinase 

inhibitor, PC-3 cells secreted about 50% less PD-L1 (Figure 3-1). However, GW4869 

may not be completely efficient at nSMase2 inhibition, potentially allowing low levels of 

ceramide to generate ILVs. Furthermore, many off-target effects of the drug may have 

skewed results. Therefore, a CRISPR-Cas9 gene disruption protocol was used to knock 

out nSMase2 in PC-3 cells. Remarkably, PC-3 cells absent of nSMase2 were not able 

to efficiently secrete PD-L1 and CD63-labeled exosomes (Figure 3-1). These data 

suggested that PD-L1 was packaged into ceramide-dependent ILVs. 

 

To confirm that PD-L1 is passing through the endosome pathway, a cell fractionation 

technique was used to separate cellular components (Supplemental Figure 3-1). PD-L1 

co-localized with endosome markers in PC-3 cells such as CD63 rather than other 

cellular components in different fractions (Figure 3-2). We next tested whether IFN-

gamma alters PD-L1 sorting, by determining PD-L1 distribution upon IFN-gamma 

treatment in PC-3 and SK-Mel-28 cells. As expected, PD-L1 expression increased upon 

IFN-gamma treatment (Supplemental Figure 3-2). However, IFN-gamma had little effect 

on PD-L1 distribution as protein in each fraction increased proportionally (Supplemental 
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Figure 3-2). The levels and distribution of Lamp2, which is a marker for late endosomes 

and lysosomes, was not affected by IFN-gamma treatment, which suggested that the 

increase in PD-L1 in the late endosome fractions was not due to an accumulation of 

endosomal compartments (Supplemental Figure 3-3). 

 

Although cell fractionation can enrich for certain cellular components in different 

fractions, immunofluorescence was used to determine precise cellular localization of 

PD-L1 and its co-localization with multiple endosome markers. High magnification 

images showed the majority of PD-L1 in wild-type PC-3 cells was localized near the 

surface of the cell, with a significant fraction that formed puncta internally as well 

(Supplemental Figure 3-4). Although many vesicles seemed to co-stain for PD-L1 and 

EEA1, an early endosome marker, or PD-L1 and CD63, a late endosome/exosome 

marker, much of PD-L1 co-localized to neither compartments (Supplemental Figure 3-

4). Interestingly, PD-L1 did not co-stain well with late endosome/lysosome marker, 

Lamp1. This suggested that most PD-L1 in PC-3 cells were continuously recycled to the 

plasma membrane or sorted for secretion, rather than degraded in the lysosome. 

However, immunofluorescence imaging only provided a snapshot in time, and may not 

have fully captured the flux of PD-L1 in the endosome system. 

  

Upon removal of Rab27a, PD-L1 no longer localized to the cell surface and instead 

aggregated in the perinuclear region (Supplemental Figure 3-4). Similarly, CD63 was 

also concentrated in the perinuclear region with the loss of Rab27a. This data fits our 

earlier finding that PD-L1 secretion relied on Rab27a-dependent mechanisms, similarly 
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as to CD63. The aggregated PD-L1 did not completely co-localize with CD63, which 

suggested that PD-L1 was likely secreted on both CD63-postive and –negative 

exosomes. Strikingly, PD-L1 expression was dramatically decreased in nSMase2 

knockout cell lines (Supplemental Figure 3-4). The loss of ceramide should only directly 

block the ILV packaging of PD-L1. However, there may have been a feedback 

mechanism that degraded the PD-L1 that was not packaged into ILVs. Alternatively, 

ceramide and other affected sphingolipids, could have contributed to secondary effects 

that downregulated PD-L1 at a transcriptional, translational, or post-translational level. 

 

Although PD-L1 was abundant on the surface of PC-3 cells, there has been evidence 

for direct Golgi to endosome trafficking, therefore potentially obviating the need for 

exosomal PD-L1 to travel to the cell surface. We next asked whether exosomal PD-L1 

was presented on the plasma membrane before it enters the endosome pathway. To 

this end, all cell surface proteins were labeled with biotin, and incubated the cells for 24 

hours to allow secreted exosomes to accumulate in the conditioned media 

(Supplemental Figure 3-5). Then, isolated exosomes were lysed and streptavidin-

conjugated beads were used to pull-down all labeled cell surface proteins from the 

exosomes mix. An immunoblot was used to show that exosomal PD-L1 was enriched in 

the biotin pull-down. This indicated that exosomal PD-L1 did indeed travel through the 

plasma membrane before being sorted into the endosome pathway (Figure 3-3). 

 

Finally, we asked whether all exosomal PD-L1 traveled through the endoplasmic 

reticulum and Golgi complex. PD-L1, like nearly all cell surface proteins, is heavily 
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glycosylated. As the protein travels through the ER and Golgi complex, the glycans 

undergo a tightly controlled remodeling of the sugar chains [Freeze 2010]. Certain 

properties of the differently processed glycans can be used to determine whether the 

protein has passed through a particular region of the membrane (Supplemental Figure 

3-6). PNGase F is a glycoamidase that can cleave all N-linked oligosaccharides. 

Because PD-L1 contained N-linked glycans, a size shift of more than 13 kilodaltons was 

visualized by immunoblotting after PNGase F treatment (Figure 3-4). Endo H is an 

endoglycosidase, and has restrictive enzymatic activity. Once proteins travel to the 

medial Golgi network, modifications to the glycan chain provides resistance to the Endo 

H endoglycosidase activity, whereas earlier N-linked glycans added in the ER or cis-

Golgi network remain sensitive (Supplemental Figure 3-6). All exosomal PD-L1 was 

resistant to Endo H whereas a small fraction of cellular PD-L1 that had not traveled to 

the medial-Golgi network was still sensitive to the Endo H endoglycosidase activity 

(Figure 3-4). These findings showed that all detectable PD-L1 in exosomes passed 

through the ER and at least to the medial-Golgi complex. Because the vast majority of 

proteins that reach the medial-Golgi complex is either secreted or will present on the 

plasma membrane, this further suggested that all exosomal PD-L1 reached the cell 

surface before entering the endosome compartment rather. 

 

In summary, these data showed that exosomal PD-L1 traveled through the ER and 

Golgi complex to the cell surface. It then entered the endosomes and became packaged 

inside ceramide-dependent ILVs, which was secreted as exosomes in a Rab27a-

dependent manner (Figure 3-5).  
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Exosomal PD-L1 suppresses the function of PD-1-expressing T cells 

Perhaps the most pressing and translational question is whether exosomal PD-L1 has a 

function in the immune resistance of tumors. To answer this question, a T cell co-culture 

assay from Hui et al. (2017) was adopted. This assay used Raji B cells, preloaded with 

SEE super antigen to stimulate Jurkat T cells. The Vale lab characterized PD-L1/PD-1 

signaling by creating additional cell lines: Raji B cells were made to overexpress PD-L1 

and Jurkat T cells overexpressed the receptor, PD-1. As a readout for their manuscript, 

Hui et al. showed that PD-L1 overexpressing Raji B cells can suppress PD-1 

overexpressing Jurkat T cells when in co-culture in comparison to control Raji B cells. 

To determine whether exosomal PD-L1 can signal through its receptor, PD-1, control 

Raji B cells and PD-1 overexpressing Jurkat T cells were co-cultured with exogenous 

PD-L1 on PC-3 exosomes (Figure 4-1). Strikingly, PC-3 exosomes dramatically 

decreased IL-2 secretion, which is an indicator of T cell function/activation, compared to 

the no-exosome control (Figure 4-2). The T cell suppression by exosomes was similar 

to co-culturing the same Jurkat T cells with Raji B cells that were made to 

overexpressed PD-L1 on the cell surface. To determine whether the PD-L1 on exosome 

was responsible for suppressing the T cells, exosomes from PD-L1 knockout PC-3 cells 

were used. Notably, using PD-L1 knockout exosomes completely rescued IL-2 secretion 

(Figure 4-2). These data showed that exosomal PD-L1 effectively bound to PD-1 on 

immune cells and suppressed immune activation. Furthermore, it indirectly showed that 

the ligand faced the correct orientation on the exosome membrane, because only the 

extracellular domain of PD-L1 could bind and signal through PD-1.  
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Conclusion 

Here, we first discovered an interesting phenomenon where a number of prostate 

cancer cell lines expressed high levels of PD-L1 transcripts compared to melanoma 

cells, yet cell surface and whole cell PD-L1 protein levels remained low. Furthermore, 

PD-L1 translation and protein degradation were not significantly lower in the prostate 

cancer cell lines. However, PD-L1 was preferentially secreted in exosomes of PC-3 

cells, which likely accounted for the discrepancy between cellular PD-L1 protein and 

transcript levels compared to SK-Mel-28. Strikingly, PD-L1 secretion was not a prostate 

cancer cell specific phenomenon, as SK-Mel-28 also produced exosomal PD-L1, 

although at lower levels. To gain a better understanding of how PD-L1 is sorted into 

exosomes, we found that exosomal PD-L1 was processed through the ER and Golgi 

complex to reach the cell surface. It then got endocytosed to the endosomes where PD-

L1 was packaged into ILVs and secreted on exosomes in a Rab27a-dependent manner. 

Finally, exosomal PD-L1 was functional and capable of suppressing T cell function in 

vitro using a co-culture system. These findings were not only immensely important for 

our understanding of basic cell biology and cell signaling, but also could have 

tremendous implications towards enhancing immuno-oncology for clinical applications. 

 

The secretion of PD-L1 alters our understanding of basic cell biology in two ways. First, 

it means that direct cell-to-cell interaction is not required for transmembrane ligands. 

Because PD-L1 is a transmembrane protein, it was traditionally thought to interact with 

cells expressing its receptor, PD-1, through direct cell-to-cell contact. This would 

indicate that in most scenarios, only infiltrating lymphocytes could be affected through 
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the PD-1/PD-L1 immune checkpoint pathway. However, the release of PD-L1 on 

exosomes not only represents a great amplification of available PD-L1 that can reach 

the PD-1 on each recipient cell, but also opens up the potential for long range signaling 

and immune resistance. Exosomal PD-L1 could be acting on different steps of the 

Cancer-Immunity Cycle such as reducing infiltration or potentially affecting T cell 

activation and expansion in the lymph nodes [Figure 5-1]. It is also interesting that most 

findings about exosomes as mediators of intercellular communication focus on the 

internal cargo of the vesicle. This centers on extracellular RNAs, such as miRNAs and 

mRNAs that could alter translation in recipient cells [Turchinovich 2012]. However, 

exosomes should perhaps also be viewed as an extension of the plasma membrane, by 

which a selective subgroup of the many the signaling peptides and lipids are secreted to 

both augment its signal and increase its range. Although some studies have suggested 

that other transmembrane proteins like MHC-II and FasL to be present and function on 

exosomes, the idea that exosomes act to magnify cell surface signaling has not fully 

taken hold [Raposo 1996, Androla 2002]. The roles that many other important 

membrane-limited signaling ligands – such as CTLA-4, and CD47 – may play on 

extracellular vesicles remain largely unexplored.  

 

Second, the secretion of PD-L1 gives us further evidence of how the endosome 

pathway is not only a regulatory system for the recycling of membranes and 

degradation of diverse cellular components, but also plays an important and active role 

in intercellular communication. While many groups have claimed to show exosomes can 

affect recipient cells, there have been three major flaws in most studies. First, most 
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groups do not distinguish exosomes from other extracellular vesicles, making it very 

difficult to dissect whether the endosome is truly playing a role in the secretion 

phenotype, or whether the observed phenomena are simply a result of plasma 

membrane blebbing. Second, many studies either do not identify the exosome cargo 

that acts on the recipient cell, or show how it is selectively packaged into the exosomes. 

As a result, it is unclear in most circumstances, whether the donor cells are actively 

secreting exosomes as a method of signaling, or the effects are simply a byproduct of 

other cellular functions. Lastly, most exosomal transfer studies are performed using 

artificial systems that are not under physiological conditions. Here, we have shown that 

PD-L1 is secreted on bona fide exosomes by the co-localization of common exosomes 

markers, as well as its dependency on Rab27a-mediated secretion. Furthermore, PD-L1 

is preferentially sorted into PC-3 exosomes, when compared to that of SK-Mel-28 cells. 

This suggests that PC-3 cells are actively secreting functional exosomal PD-L1 to evade 

immune destruction. Although exosomal PD-L1 is functional and could suppress T cell 

function in vitro, it is difficult to determine whether the amount of exosomes used were 

at physiologically relevant levels. To determine whether exosomal PD-L1 is functional 

under physiological conditions during prostate cancer progression, we are currently 

performing in vivo experiments in mice. 

 

The clinical impact of this discovery could also be tremendous for developing novel 

therapeutics and accurate biomarkers. Anti-PD-1/PD-L1 therapy has already seen 

striking clinical success in treating a number of cancer types including metastatic 

melanoma, non-small-cell lung carcinoma, metastatic renal cell carcinomas, and more 
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[Brahmer JR 2010, Topalian 2012, Chen 2015]. Although highly efficacious, the overall 

response rates typically still range from 10% - 40% with many patients not responding 

to the treatment. Because combination with anti-CTLA-4 has greatly increased 

response rates and overall survival in many clinical trials, a huge number of additional 

combination therapies are being tested with anti-PD-1/PD-L1 antibodies [Chen 2015]. 

Exosomal PD-L1 could be amplifying the immune-suppressing activities of the tumor, 

and therefore blocking either exosome secretion or PD-L1 packaging could dramatically 

enhance the anti-PD-1/PD-L1 therapies. Ashen mice, which have a spontaneous 

mutation in Rab27a, and therefore lack the ability to secrete exosomes, are viable and 

relatively healthy, suggesting a large therapeutic window in the inhibition of this pathway 

[Wilson 2000]. Further work on the secretion and processing of PD-L1 could lead to 

small molecule inhibitors, which would have many advantages over existing antibody 

therapies. 

 

A robust biomarker that can predict success for anti-PD-1/PD-L1 therapy would also be 

very important. Currently, measuring cellular levels of PD-L1 is not a great method for 

predicting patient response due to both technical and biological complications. Although 

patients who have cellular PD-L1 overexpression tend to fare better during anti-PD-

1/PD-L1 therapy, up to 17% of PD-L1-negative patients achieve clinical responses 

[Patel 2015]. Therefore, cellular expression of PD-L1 cannot work as an exclusionary 

predictive marker. However, this means many patients who would not ultimately 

respond to the therapy will be subject to an ineffective treatment with autoimmune 

toxicity. Because PD-L1 is preferentially secreted in some instances, exosomal PD-L1 



	 79	

may be suppressing T cell toxicity although cellular PD-L1 levels are low, possibly 

accounting for PD-L1-negative patient responses. Because, elevated levels of 

exosomes from cancers have been detected in patient plasma or serum in many 

settings, measuring exosomal PD-L1 in addition to cellular protein levels may prove to 

be more predictive for anti-PD-1/PD-L1 response [Melo 2015, Taylor 2008]. 

 

In summary, I have discovered a novel pathway by which PD-L1 is preferentially 

packaged and secreted via exosomes. This study not only furthers our understanding of 

how the endosome pathway is deeply connect to intercellular signaling, but also 

suggests a new role for transmembrane signaling peptides acting at a distance. 

Because exosomal PD-L1 can suppress T cell function, potential new therapies and 

biomarkers could result from the follow-up of this study. 

 

Future Perspectives 

The findings of my thesis open up many interesting and impactful questions. Three 

major areas of knowledge gap still remain. First, what are the mechanisms that 

preferentially deliver PD-L1 to the exosomes? Our findings characterize the path PD-L1 

takes to become secreted, but the mechanisms behind whether the PD-L1 will remain 

on the plasma membrane or become secreted are not well understood. There is 

evidence that CMTM6 directly binds to PD-L1 to maintain endosomal recycling and 

ubiquitination by STUB1 leads to lysosomal degradation [Mezzadra 2017, Burr 2017]. 

However, it is unclear whether the same proteins regulate secreted PD-L1. Interestingly 

some ILVs are dependent on ESCRT complexes, which have been shown to selectively 
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package ubiquitinated proteins [Raiborg 2002]. Although it has been shown that 

ceramide-dependent exosomes are capable of sorting cargo in ILVs independent of 

ESCRT complexes, it is unclear whether these two pathways are mutually exclusive for 

all packaged proteins. The ESCRT complexes may play an important role in the 

packaging of PD-L1 into ILVs. 

 

In addition to following up whether loss of CMTM6 and STUB1 will increase or decrease 

the secretion of PD-L1, respectively, it would also be interesting to test whether post-

translational modification other than ubiquitination affects its localization. PD-L1 

acetylation and tyrosine phosphorylation has been identified, yet its effects on the 

protein are completely unknown [Horita 2017]. Furthermore, the decision for the fate of 

each late endosome to fuse with the lysosome or plasma membrane is an essential 

question to the entire exosome field. A better understanding of endosome regulation 

would be critical for the understanding of PD-L1 secretion. 

 

Second, we know that PC-3 cells preferentially secrete PD-L1 in comparison to SK-Mel-

28, but the drivers for such a difference is unclear. In addition the mechanism of PD-L1 

sorting and packaging, it is important to understand which genetic aberrations or 

oncogenic drivers may connect to certain endosome sorting pathways that can alter PD-

L1 localization. Furthermore, it would be interesting to study whether the preferential 

secretion of PD-L1 is a general phenomenon beyond a few cancer cell lines. 
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Last, it is vital to develop a better understanding of the function of exosomal PD-L1. 

Although we showed that exosomal PD-L1 is capable of signaling through its receptor, 

PD-1 in a cell culture system, it is still unclear whether secreted PD-L1 has a role under 

physiological conditions. We are currently testing whether exosomal PD-L1 acts as an 

immune checkpoint and supports tumor proliferation in mouse studies. If it does, we 

also want to understand at which stages of the Cancer-Immunity Cycle exosomal PD-L1 

acts. For example, does exosomal PD-L1 only represent in amplification of signal in the 

local tumor microenvironment, or does it act as a systemic immune suppressant? How 

does it affect other immune cells that express PD-1 like macrophages and dendritic 

cells? 

 

Furthermore, it would be interesting to follow-up on additional immunosuppressive 

properties of exosomes. Perhaps cells secrete exosomes containing signals to 

suppress other immune cells like macrophages with CD47. Perhaps exosomes 

containing PD-L1 simultaneously present antigen through MHC:peptide complexes. 

There may even be a potential to harness the specific immunosuppression of exosomes 

for the treatment of autoimmunity.   

 

However, it is also entirely possible that exosomal PD-L1 has no effect in vivo because 

of potential limitations in concentration or its inability to be transported at a distance. 

Expelled PD-L1 could perhaps even be a mechanism of reducing cell surface PD-L1 

and actually increase the immunogenicity of the cell. A better understanding of the 
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functional consequences of exosomal PD-L1 in mice is critical for determining the 

clinical implications of such a discovery. 

 

In summary, exosomal PD-L1 represents the crossroads of exciting new mechanisms in 

cell biology and signaling, as well as important consequences in immuno-oncology. A 

fine characterization of the pathways behind PD-L1 sorting and packaging, in addition to 

the functional implications in vivo will lead to a better understanding of intercellular 

communication and could potentially lead to novel therapeutic targets and improved 

biomarkers, ultimately affecting the lives of many cancer patients. 



	 83	

 
  



	 84	

 

 

 

 

 

 

 

Chapter 5 

References 

 

  



	 85	

Al-Nedawi K, Meehan B, Kerbel RS, Allison AC, Rak J.	Endothelial expression of 
autocrine VEGF upon the uptake of tumor-derived microvesicles containing 
oncogenic EGFR. Proc Natl Acad Sci U S A. 2009 Mar 10;106(10):3794-9. 

 
American Cancer Society. Lifetime Risk of Developing or Dying from Cancer. March 

23, 2016. https://www.cancer.org/cancer/cancer-basics/lifetime-probability-of-
developing-or-dying-from-cancer.html 

 
Andre F, et al. Malignant effusions and immunogenic tumour-derived exosomes.	

Lancet. 2002 Jul 27;360(9329):295-305. 
 
Andreola G, et al. Induction of lymphocyte apoptosis by tumor cell secretion of FasL-

bearing microvesicles.	J Exp Med. 2002 May 20;195(10):1303-16. 
 
Azuma K, et al. Association of PD-L1 overexpression with activating EGFR 

mutations in surgically resected nonsmall-cell lung cancer. Ann Oncol 
2014;25:1935-40 

 
Barr F and Lambright DG. Rab GEFs and GAPs. Curr Opin Cell Biol. 2010 Aug; 

22(4): 461–470. 
 
Bayer N, Schober D, et al., Effect of bafilomycin A1 and nocodazole on endocytic 

transport in HeLa cells: implications for viral uncoating and infection J Virol 1997; 
72:9645-9655. 

 
Blank C, et al. Interaction of PD-L1 on tumor cells with PD-1 on tumor-specific T 

cells as a mechanism of immune evasion: implications for tumor immunology. 
Cancer Immunol Immunother (2005) 54: 307-314 

 
Boussiotis VA. Molecular and Biochemical Aspects of the PD-1 Checkpoint Pathway 

NEJM 2016; 375:1767-78 
 
Brown JA et al. Blockade of programmed death-1 ligands on dendritic cells 

enhances T cell activation and cytokine production. J Immunol. 2003 Feb 
1;170(3):1257-66. 

 
Buchbinder EI and Desai A. CTLA-4 and PD-1 Pathways: Similarities, Differences, 

and Implications of Their Inhibition. Am J Clin Oncol. 2016 Feb; 39(1): 98–106. 
 
Burd C, Cullen PJ. Retromer: a master conductor of endosome sorting.	Cold Spring 

Harb Perspect Biol. 2014 Feb 1;6(2). 
 
Burr ML et al., CMTM6 maintains the expression of PD-L1 and regulates anti-tumour 

immunity. Nature. 2017 Sep 7;549(7670):101-105 
 



	 86	

Camacho LH. CTLA-4 blockage with ipilimumab: biology, safety, efficacy, and future 
considerations. Cancer Medicine 2015, 4(5):661–672 

 
Carlsson SR, Roth J, Piller F, Fukuda M. Isolation and characterization of human 

lysosomal membrane glycoproteins, h-lamp-1 and h-lamp-2. Major 
sialoglycoproteins carrying polylactosaminoglycan. J. Biol. Chem., 263 (1988), 
pp. 18911-18919 

 
Chalmin F, et al. Membrane-associated Hsp72 from tumor-derived exosomes 

mediates STAT3-dependent immunosuppressive function of mouse and human 
myeloid-derived suppressor cells.	J Clin Invest. 2010 Feb;120(2):457-71 

 
Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL (2004) SHP-1 and SHP-2 

associate with immunoreceptor tyrosine-based switch motif of programmed death 
1 upon primary human T cell stimulation, but only receptor ligation prevents T cell 
activation. J Immunol 173:945–954 

 
Chevillet JR, et al. Quantitative and stoichiometric analysis of the microRNA content 

of exosomes. Proc Natl Acad Sci U S A. 2014 Oct 14; 111(41): 14888–14893. 
 
de Jong OG, Verhaar MC, Chen Y, Vader P, Gremmels H, Posthuma G, Schiffelers 

RM, Gucek M, van Balkom BW.	Cellular stress conditions are reflected in the 
protein and RNA content of endothelial cell-derived exosomes.	 J Extracell 
Vesicles. 2012 Apr 16;1. 

 
Demory Beckler M, et al. Proteomic analysis of exosomes from mutant KRAS colon 

cancer cells identifies intercellular transfer of mutant KRAS.	Mol Cell Proteomics. 
2013 Feb;12(2):343-55. 

 
Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, Roche PC, Lu J, 

Zhu G, Tamada K et al (2002) Tumor-associated B7-H1 promotes T-cell 
apoptosis: a potential mechanism of immune evasion. Nat Med 8:793–800 

 
Druker BJ et al. Efficacy and safety of a specific inhibitor of the BCR-ABL tyrosine 

kinase in chronic myeloid leukemia. N Engl J Med. 2001 Apr 5;344(14):1031-7. 
 
Esensten JH, Helou YA, Chopra G, Weiss A, Bluestone JA. CD28 Costimulation: 

From Mechanism to Therapy. Immunity. 2016 May 17;44(5):973-88 
 
Fader CM and Colombo MI. Autophagy and multivesicular bodies: two closely 

related partners. Cell Death and Differentiation (2009) 16, 70–78 
 
Fang W, Zhang J, Hong S et al. EBV-driven LMP1 and IFN-γ up-regulate PD-L1 in 

nasopharyngeal carcinoma: Implications for oncotargeted therapy. Oncotarget 
2014; 5: 12189–12202. 

 



	 87	

Finch CE. Evolution in health and medicine Sackler colloquium: Evolution of the 
human lifespan and diseases of aging: roles of infection, inflammation, and 
nutrition.	Proc Natl Acad Sci U S A. 2010 Jan 26;107 Suppl 1:1718-24 

 
Francisco, L.M. et al. PD-L1 regulates the development, maintenance, and function 

of induced regulatory T cells. J. Exp. Med. 206, 3015-3029 (2009) 
 
Freeman, G.J., et al. Engagement of the PD-1 immunoinhibitory receptor by a novel 

B7 family member leads to negative regulation of lymphocyte activation J. Exp. 
Med. 192, 1027-1034 (200) 

 
Freeze HH and Kranz C. Endoglycosidase and Glycoamidase Release of N-Linked 

Glycans. Curr Protoc Mol Biol. 2010 Jan; 0 17. 
 
Garraway LA and Janne PA. Circumventing cancer drug resistance in the era of 

personalized medicine. Cancer Discov. 2012 Mar;2(3):214-26. 
 
Graff JN and Chamberlain ED. Sipuleucel-T in the treatment of prostate cancer: an 

evidence-based review of its place in therapy. Core Evid. 2015; 10: 1–10. 
 
Gordon SR et al. PD-1 expression by tumour-associated macrophages inhibits 

phagocytosis and tumour immunity	Nature 2017; 545, 495–499 
 
Goswami S, et al. Immune Checkpoint Therapies in Prostate Cancer. Cancer J. 

2016 Mar-Apr; 22(2): 117–120. 
 
Gubin MM et al. Tumor neoantigens: building a framework for personalized cancer 

immunotherapy	J Clin Invest. 2015 Sep 1; 125(9): 3413–3421. 
 
Herbst, R.S., et al. A study of MPDL3028A, an engineered PD-L1 antibody in 

patients with locally advanced or metastatic tumors. J. Clin. Oncol. 31(suppl), 
3000 (2013) 

 
Holets LM, et al, Differentiation-induced Posttranscriptional Contorl of B7-H1 in 

Human Trophoblast Cells. Placenta. 2009 Jan; 30(1): 48–55. 
 
Horita H, et al. Identifying Regulatory Posttranslational Modifications of PD-L1: a 

focus on monoubiquitination. Neoplasia. 2017 Apr; 19(4): 346–353. 
 
Huber V, et al. Human colorectal cancer cells induce T-cell death through release of 

proapoptotic microvesicles: role in immune escape. Gastroenterology. 2005 
Jun;128(7):1796-804. 

 
Ingolia NT, Ghaemmaghami S, Newman JR, Weissman JS. Genome-wide analysis 

in vivo of translation with nucleotide resolution using ribosome profiling. Science. 
2009 Apr 10;324(5924):218-23. 



	 88	

 
Ismail N, Wang Y, Dakhlallah D, Moldovan L, Agarwal K, Batte K, Shah P, Wisler J, 

Eubank TD, Tridandapani S, Paulaitis ME, et al. Macrophage microvesicles 
induce macrophage differentiation and miR-223 transfer. Blood. 
2013;121(6):984–995. 

 
Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N (2002) Involvement of 

PD-L1 on tumor cells in the escape from host immune system and tumor 
immunotherapy by PD-L1 blockade. Proc Natl Acad Sci U S A 99:12293–12297 

 
Keir ME et al. Tissue expression of PD-L1 mediates peripheral T cell tolerance J Exp 

Med 2006;203:883-95 
 
Keir ME et al. PD-1 and its ligands in tolerance and immunity. Annu Rev Immunol. 

2008;26:677-704. 
 
Kershaw MH, Westwood JA, Darcy PK. Gene-engineered T cells for cancer therapy.	

Nat Rev Cancer. 2013 Aug;13(8):525-41. 
 
Kilpinen Lotta et al. Extracellular membrane vesicles from umbilical cord blood-

derived MSC protect against ischemic acute kidney injury, a feature that is lost 
after inflammatory conditioning	 J Extracell Vesicles. 2013; 2: 
10.3402/jev.v2i0.21927. 

 
Klibi J, et al. Blood diffusion and Th1-suppressive effects of galectin-9-containing 

exosomes released by Epstein-Barr virus-infected nasopharyngeal carcinoma 
cells. Blood. 2009 Feb 26;113(9):1957-66. 

 
Lai CP, et al., Visualization and tracking of tumour extracellular vesicle delivery and 

RNA translation using multiplexed reporters. Nat. Commun. 2015; 6, 7029. 
 
Le DT et al., Safety and survival with GVAX pancreas prime and Listeria 

Monocytogenes-expressing mesothelin (CRS-207) boost vaccines for metastatic 
pancreatic cancer.	J Clin Oncol. 2015 Apr 20;33(12):1325-33 

 
Li CW, Lim SO, Xia W, Lee HH, Chan LC, Kuo CW, Khoo KH, Chang SS, Cha JH, 

Kim T. Glycosylation and stabilization of programmed death ligand-1 suppresses 
T-cell activity. Nat Commun. 2016;7:1–11 

 
Liu Y, Xiang X, Zhuang X, Zhang S, Liu C, Cheng Z, Michalek S, Grizzle W, Zhang 

HG.	Contribution of MyD88 to the tumor exosome-mediated induction of myeloid 
derived suppressor cells.	Am J Pathol. 2010 May;176(5):2490-9 

 
Luzio JP, Pryor PR, Bright NA. Lysosomes: fusion and function. Nat Rev Mol Cell 

Biol 2007; 8:622-632 
 



	 89	

Martin AM, Nirschl TR, Nirschl CJ, et al. Paucity of PD-L1 expression in prostate 
cancer: innate and adaptive immune resistance. Prostate Cancer Prostatic Dis. 
2015;18:325–32. 

 
Marzec M et al., Oncogenic kinase NPM/ALK induces through STAT3 expression of 

immunosuppressive protein CD274 PNAS USA 105, 20852-20857 (2008). 
 
Maxfield KR McGraw TE. Endocytic recycling. Nature Reviews Molecular Cell 

Biology 5, 121–132 (2004). 
 
Mellman I. Endocytosis and molecular sorting. Annu. Rev. Cell Dev. Biol. 1996 

12:575-625. 
 
Mellman I. et al. Cancer immunotherapy comes of age. Nature. 2011 Dec 

21;480(7378):480-9. 
 
Melo SA, et al. Cancer exosomes perform cell-independent microRNA biogenesis 

and promote tumorigenesis. Cancer Cell. 2014;26(5):707–721. 
 
Mezzadra R et al., Identification of CMTM6 and CMTM4 as PD-L1 protein 

regulators. Nature. 2017 Sep 7;549(7670):106-110 
 
Miaczynska M. Effects of Membrane Trafficking on Signaling by Receptor Tyrosine 

Kinases. Cold Spring Harb Perspect Biol. 2013 Nov; 5(11): a009035. 
 
Montecalva A et al., Mechanism of transfer of functional microRNAs between mouse 

dendritic cells via exosomes. Blood. 2012 Jan 19;119(3):756-66. 
 
Mukherjee, S. The Emperor of All Maladies: A Biography of Cancer. New York: 

Scribner, 2010. Print. 
 
Neelapu SS et al., Chimeric antigen receptor T-cell therapy — assessment and 

management of toxicities.	Nat Rev Clin Oncol. 2017 Sep 19. 
 
Nemunaitis J. Vaccines in cancer: GVAX, a GM-CSF gene vaccine. Expert Rev 

Vaccines. 2005 Jun;4(3):259-74. 
 
Nishimura H et al. Development of lupus-like autoimmune diseases by disruption of 

the PD-1 gene encoding an ITIM motif-carrying immunoreceptor. Immunity 
1999;11:141-51 

 
Noman MZ, Chouaib S. Targeting hypoxia at the forefront of anticancer immune 

responses. OncoImmunology 2014; 3(e954463): 1–3. 
 
Parry RV, Chemnitz JM, Frauwirth KA, et al. CTLA-4 and PD-1 receptors inhibit T-

cell activation by distinct mechanisms. Mol Cell Biol 2005;25:9543-53 



	 90	

 
Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat 

Rev Cancer. 2012 Mar 22;12(4):252-64. 
 
Patel KK et al. Autophagy proteins control goblet cell function by potentiating 

reactive oxygen species production. EMBO J. 2013 Dec 11;32(24):3130-44 
 
Patsoukis N Brown J, Petkove V, Liu F, Li L, Boussiotis VA. Selective effects of PD-

1 on Akt and Ras pathways regulate molecular components of the cell cycles and 
inhibit T cell proliferation. Sci Signal 2012;5:ra46 

 
Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and cancer. 

Trends Immunol. 2015 Apr;36(4):265-76. 
 
Pegtel DM et al., Functional deliversy of viral miRNAs via exosomes. Proc Natl Acad 

Sci U S A. 2010 Apr 6; 107(14): 6328–6333. 
 
Peinado H et al. Melanoma exosomes educate bone marrow progenitor cells toward 

a pro-metastatic phenotype through MET.	Nat Med. 2012 Jun;18(6):883-91 
 
Piccart-Gebhart MJ et al. Trastuzumab after Adjuvant Chemotherapy in HER2-

Positive Breast Cancer	N Engl J Med 2005; 353:1659-1672 
 
Poutsiaka DD, Schroder EW, Taylor DD, Levy EM, Black PH.	Membrane vesicles 

shed by murine melanoma cells selectively inhibit the expression of Ia antigen by 
macrophages.	J Immunol. 1985 Jan;134(1):138-44. 

 
Raiborg C, Bache KG, Gillooly DJ, Madshus IH, Stang E, Stenmark H. Hrs sorts 

ubiquitinated proteins into clathrin-coated microdomains of early endosomes. Nat 
Cell Biol. 2002 May;4(5):394-8. 

 
Raiborg C, Stenmark H. The ESCRT machinery in endosomal sorting of 

ubiquitylated membrane proteins.	Nature. 2009 Mar 26;458(7237):445-52. 
 
Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief CJ, 

Geuze HJ. B lymphocytes secrete antigen-presenting vesicles.	J Exp Med. 1996 
Mar 1;183(3):1161-72. 

 
Restifo NP, Dudley ME, Rosenberg SA. Adoptive immunotherapy for cancer: 

harnessing the T cell response.	Nat Rev Immunol. 2012 Mar 22;12(4):269-81. 
 
Ridder K et al, Extracellular vesicle-mediated transfer of functional RNA in the tumor 

microenvironment. OncoImmunology 2015; 4, e1008371 
 



	 91	

Ritprajak P Azuma M. Intrinsic and extrinsic control of expression of the 
immunoregulatory molecule PD-L1 in epithelial cells and squamous cell 
carcinoma. Oral Oncol 2015;51:221-8 

 
Robbins PD and Morelli AE. Regulation of Immune Responses by Extracellular 

Vesicles.	Nat Rev Immunol. 2014 Mar; 14(3): 195–208. 
 
Sanmamed MF and Chen L. Inducible Expression of B7-H1 (PD-L1) and Its 

Selective Role in Tumor Site Immune Modulation. Cancer J. 2014 Jul-Aug; 20(4): 
256–261. 

 
Schroder K et al. Interferon-gamma: an overview of signals, mechanisms and 

functions. J Leukoc Biol. 2004 Feb;75(2):163-89 
 
Schulze H, Kolter T, Sandhoff K. Principles of lysosomal membrane degradation: 

Cellular topology and biochemistry of lysosomal lipid degradation. Biochim 
Biophys Acta. 2009 Apr;1793(4):674-83. 

 
Segura E, Nicco C, Lombard B, Véron P, Raposo G, Batteux F, Amigorena S, Théry 

C. ICAM-1 on exosomes from mature dendritic cells is critical for efficient naive 
T-cell priming.	Blood. 2005 Jul 1;106(1):216-23. 

 
Shurtleff MJ, Temoche-Diaz MM, Karfilis KV, Ri S, Schekman R. Y-box protein 1 is 

required to sort microRNAs into exosomes in cells and in a cell-free reaction.	
Elife. 2016 Aug 25;5. pii: e19276. 

 
Smith-Garvin JE, et al. T Cell Activation. Annu. Rev. Immunol. 2009. 27:591–619 
 
Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nature Reviews 

Molecular Cell Biology 10, 513–525 (2009) 
 
Sung BH Ketova T, Hoshino D, Zijlstra A, Weaver AM	Directional cell movement 

through tissues is controlled by exosome secretion.	 Nat Commun. 2015 May 
13;6:7164. 

 
Suzuki A et al. Keratinocyte-specific Pten deficiency results in epidermal 

hyperplasia, accelerated hair follicle morphogenesis and tumor formation Cancer 
Res 2003;63:674-81 

 
Taube, J. M. et al. B7-H1 expression co-localizes with inflammatory infiltrates in 

benign and malignant melanocytic lesions: implications for immunotherapy. Sci. 
Transl. Med. 2012 

 
Tauro BJ, et al. Oncogenic H-ras reprograms Madin-Darby canine kidney (MDCK) 

cell-derived exosomal proteins following epithelial-mesenchymal transition. Mol 
Cell Proteomics. 2013 Aug;12(8):2148-59. 



	 92	

 
Taylor DD, Gercel-Taylor C. MicroRNA signatures of tumor-derived exosomes as 

diagnostic biomarkers of ovarian cancer. Gynecol Oncol. 2008;110(1):13–21. 
 
Thery C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and function.	

Nat Rev Immunol. 2002 Aug;2(8):569-79. 
 
Tkach M, Thery C. Communication by Extracellular Vesicles: Where We Are and 

Where We Need to Go. Cell. 2016 Mar 10;164(6):1226-1232. 
 
Webber J, Steadman R, Mason MD, Tabi Z, Clayton A. Cancer exosomes trigger 

fibroblast to myofibroblast differentiation. Cancer Res. 2010 Dec 1;70(23):9621-
30. 

 
Wheery EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat 

Rev Immunol 2015; 15:486-99. 
 
Wilson SM, Yip R, Swing DA, O'Sullivan TN, Zhang Y, Novak EK, Swank RT, 

Russell LB, Copeland NG, Jenkins NA.	A mutation in Rab27a causes the vesicle 
transport defects observed in ashen mice.	Proc Natl Acad Sci U S A. 2000 Jul 
5;97(14):7933-8. 

 
Wolfers J et al., Tumor-derived exosomes are a source of shared tumor rejection 

antigens for CTL cross-priming.	Nat Med. 2001 Mar;7(3):297-303. 
 
Xia AL, Wang XC, Lu YJ, Lu XJ, Sun B. Chimeric-antigen receptor T (CAR-T) cell 

therapy for solid tumors: challenges and opportunities.	 Oncotarget. 2017 Jul 
18;8(52):90521-90531. 

 
Xiang X, et al. Induction of myeloid-derived suppressor cells by tumor exosomes. Int 

J Cancer. 2009 Jun 1;124(11):2621-33. 
 
Yokosuka T et al., Programmed cell death 1 forms negative costimulatory 

microclusters that directly inhibit T cell receptor signaling by recruiting 
phosphatase SHP2. J Exp Med. 2012 Jun 4;209(6):1201-17 

 
Zhang, X., Yuan, X., Shi, H. et al. J Hematol Oncol (2015) 8: 83. 

https://doi.org/10.1186/s13045-015-0181-x 
 
Zitvogel L, Regnault A, Lozier A, Wolfers J, Flament C, Tenza D, Ricciardi-

Castagnoli P, Raposo G, Amigorena S. Eradication of established murine tumors 
using a novel cell-free vaccine: dendritic cell-derived exosomes.	Nat Med. 1998 
May;4(5):594-600. 

  



	 93	

 




