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ABSTRACT OF THE DISSERTATION 

 

 

Effect of Extracellular Survivin and Lymphoma Exosomes on Natural Killer Cells  

by 

Heather R. Ferguson Bennit 

Doctor of Philosophy, Graduate Program in Biochemistry 

Loma Linda University, September 2017 

Dr. Nathan R. Wall, Chairperson 

 

Tumors alter their microenvironment to promote survival using methods such as 

angiogenesis promotion, growth signals, and immune suppression. The immune system 

becomes unresponsive to transformed neoplastic cells through a variety of methods 

including T cell suppression, increased myeloid-derived suppressor cells (MDSCs), and 

reduced natural killer (NK) cell activity. NK cells have inherent killing capabilities and 

thus are among the first responders in recognizing and destroying abnormal cells. 

However, many types of cancers inhibit the surveillance and cytotoxic abilities of NK 

cells by releasing exosomes, vesicles that can modulate the tumor microenvironment 

(TME) and intercellular communication for the purpose of enhancing tumor malignancy. 

These 30-150 nm sized lipid bound vesicles are secreted by many cell types, including 

immune cells and tumor cells, and the specific protein, lipid, mRNA and miRNA 

contents contribute to the complex intercellular communication occurring between 

malignant and normal cells.  Cancer patients often have increased numbers of exosomes 

circulating through their body, including patients with hematological malignancies, such 

as lymphoma. The focus of this research was to determine the interactions between B cell 

lymphoma exosomes and NK cells, and characterize the resultant effects on NK cell 
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function. A specific objective of this research was to determine whether Survivin, an 

Inhibitor of Apoptosis protein recently found to be localized within exosomes, has a role 

in modulating NK cells similar to previous findings of T cell modulations.  We report that 

lymphoma exosomes have low levels of internalization into NK cells, and no detectable 

presence of immune modulating proteins MICA/B or TGF-β. Exposure of NK cells to 

lymphoma exosomes did not result in observable changes in degranulation or cytotoxic 

ability.  However, treatment with recombinant Survivin protein was able to decrease 

NKG2D receptor levels in NK cells stimulated with target cells, and decrease protein 

levels of TNF-α, IFN-γ, perforin, and Granzyme B. A better understanding of the 

underlying processes by which Survivin or exosomes suppress immune cells in the TME 

may pave the way to more efficacious immunological therapies against cancer.
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CHAPTER ONE 

PERIPHERAL BLOOD CELL INTERACTIONS WITH CANCER-DERIVED 

EXOSOMES AFFECT IMMUNE FUNCTION  
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Kabagwira, and Nathan R. Wall 
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Abstract 

Cancer-derived exosomes are constitutively produced and secreted into the blood 

and biofluids of their host patients providing a liquid biopsy for early detection and 

diagnosis.  Cancer exosomes influence biological mechanisms that are beneficial to the 

tumor cells where they are produced and the microenvironment in which these tumors 

exist.  Accumulating evidence suggests that exosomes transport proteins, lipids, DNA, 

mRNA, miRNA and long noncoding RNA (lncRNA) for the purpose of cell-cell and cell-

extracellular communication.  These exosomes consistently reflect the status as well as 

identity of their cell of origin and as such may conceivably be affecting the ability of a 

functional immune system to recognize and eliminate cancer cells.  Recognizing and 

mapping the pathways in which immune suppression is garnered through these tumor-

derived exosomes (TEX) may lead to treatment strategies in which specific cell 

membrane proteins or receptors may be targeted, allowing for immune surveillance to 

once again help with the treatment of cancer. This chapter focuses on how cancer 

exosomes interact with immune cells in the blood. 

 

 

Key Words:  exosome, non-Hodgkin’s lymphoma, B cell 
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Exosomes are small 30-150 nm sized extracellular vesicles (EVs) important in the 

intercellular communication between cells(Thery et al., 2002, Ratajczak et al., 2006, Iero 

et al., 2008, Bobrie et al., 2012).  Communication can occur both by transfer of nucleic 

acids and proteins, or by binding cell-surface receptors and inducing cell signaling 

pathways(Feng et al., 2010, Kalluri, 2016).  Both normal and tumor cells release 

exosomes, although tumor derived exosomes (TEX) have been the subject of a wide 

range of studies.  TEX have been shown to be involved in many aspects of the tumor 

microenvironment (TME) including immune suppression(Thery et al., 2009, Zhang & 

Grizzle, 2011), antigen presentation(Wolfers et al., 2001, Mallegol et al., 2005, Hao et 

al., 2007, Zeelenberg et al., 2008, Zeelenberg et al., 2011), a means of acquiring 

chemotherapeutic resistance(Shedden et al., 2003, Safaei et al., 2005, Khan et al., 2009, 

Wang et al., 2014, Yu et al., 2016), as biomarker reservoirs(Skog et al., 2008, Taylor & 

Gercel-Taylor, 2008, Mitchell et al., 2009, Welton et al., 2010, Keller et al., 2011, Hong 

et al., 2014a, Turay et al., 2016), inducers of angiogenesis(Deregibus et al., 2007, 

Kawamoto et al., 2012, Kosaka et al., 2013), and vehicles of niche preparation for 

metastasis(Graves et al., 2004, Hood et al., 2011, Luga et al., 2012, Peinado et al., 2012, 

Suetsugu et al., 2013) (Figure 1).   However, modes and mechanisms of uptake are not 

completely understood.  Cells appear to internalize EVs through several endocytic 

pathways, including clathrin- and caveolin-dependent endocytosis, phagocytosis, and 

lipid raft–mediated internalization.  It is likely that cells utilize multiple routes to take up 

EVs, depending on the proteins, glycoproteins, and lipids found on the surface of the 

vesicles and the target cell itself(Mulcahy et al., 2014).  Numerous studies show   
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Figure 1.  Cancer Exosomes Influence the Tumor Microenvironment. Tumor-derived 

exosomes (TEX) function in favor of metastasis, support angiogenesis, confer 

chemoresistance and promote immune-suppression and cellular proliferation.  Exosomes 

from tumor cells were found to release functional biomolecules into the tumor 

microenvironment (TME) thereby affecting the biology of cancer. 
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proficient uptake of TEX by endothelial cells(Nazarenko et al., 2010, Rana et al., 2012, 

Paggetti et al., 2015), epithelial cells(Obregon et al., 2009), fibroblasts(Clayton et al., 

2004), myeloid precursors in bone marrow(Peinado et al., 2012, Paggetti et al., 2015), 

mesenchymal stem cells(Paggetti et al., 2015), and other tumor cells(Franzen et al., 

2014) (Figure 2). 

Cancer cell uptake of exosomes has been well documented and studies even show 

that TEX can preferentially associate with cancer cells(Parolini et al., 2009, Smyth et al., 

2014).  Multiple groups have demonstrated that labeled tumor exosomes can be taken up 

by tumor cells.  Endocytic pathways are utilized by ovarian cancer cells to internalize 

exosomes from the SKOV3 ovarian cancer cell line(Escrevente et al., 2011), by 

glioblastoma cells(Svensson et al., 2013), and by bladder cancer cells as demonstrated by 

dose and time dependent uptake of PKH26 labeled bladder exosomes(Franzen et al., 

2014).  Treatment with heparin can partially block the active and specific mechanism of 

uptake, implicating receptor-mediated endocytosis involving heparin sulfate 

proteoglycans (HSPGs)(Franzen et al., 2014).  HSPGs were also shown to be critical in 

the internalization of glioblastoma exosomes by glioblastoma cells(Christianson et al., 

2013).  Other tumor types have demonstrated exosome uptake, such as colorectal cancer 

exosomes into lung cancer cells(Chiba et al., 2012) and breast cancer exosomes into 

breast cancer cell lines(O’Brien et al., Riches et al., 2014), although mechanisms 

underlying the uptake were not addressed. 

Diffuse large B cell lymphoma (DLCL), an aggressive form of lymphoma 

representing over 40% of adult lymphoma patients, has not until recently been 

investigated. In an attempt to close the gap in knowledge concerning lymphoma TME  
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Figure 2.  Uptake of TEX by Cells in the Tumor Microenvironment.  Cancer cells release 

exosomes which are taken up by other cancer cells, endothelial cells, epithelial cells, 

fibroblasts, bone marrow myeloid precursor cells, and mesenchymal stem cells.  Exosomes 

from tumor cells were found to release functional biomolecules (protein, RNA, miRNA) 

into many cell types. 
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immunosuppression, normal human peripheral blood leukocytes were treated with 

PKH67-labeled lymphoma exosomes and monitored for uptake by measuring 

fluorescence at different time points using flow cytometry and fluorescent microscopy. 

Results show that of the four populations examined, B cells and monocytes demonstrated 

uptake of PKH67 labeled lymphoma exosomes, while T cells and NK cells displayed 

significantly less uptake(Ferguson Bennit et al., 2017).   

As TEX have exhibited multiple forms of influence within the immune system, 

immune cells have also been investigated regarding their ability to interact with 

exosomes.  Macrophages exhibit specialized capacity for internalizing exosomes, 

although they typically reside within tissue, not in circulation.  Their blood counterpart, 

monocytes, also appear to have a relatively high level of exosome internalization.  

Consequently, numerous investigations have focused on exosomal interactions with these 

myeloid-derived cell types.  Macrophages have been shown to internalize exosomes from 

both normal(Lässer et al., 2011) and malignant sources(Chow et al., 2014), with differing 

effects.  Macrophages exposed to breast cancer exosomes, but not normal exosomes, 

activated NF-B pathways and released pro-inflammatory cytokines like IL-6 and TNF-

α, possibly due to TLR2 interacting with palmitoylated protein ligands on the 

exosomes(Chow et al., 2014).  There are reports of multiple ways macrophages use to 

interact with exosomes, such as CD169 (SIAGLEC) to bind exosomes carrying sialic 

acids, as seen with B cell-derived exosomes expressing α2, 3-linked sialic 

acids(Saunderson et al., 2014).  Macrophages also utilize a dynamin-dependent 

phagocytic pathway to internalize vesicles(Barrès et al., 2010, Feng et al., 2010).  

Leukemia exosomes were found to be efficiently internalized via phagocytosis by 



www.manaraa.com

8 

macrophages, while non-phagocytic cells such as T cells show few intracellular 

exosomes, with most interaction being with surface-attached vesicles(Feng et al., 2010). 

Monocytes also utilize phagocytic mechanisms to internalize exosomes, perhaps 

relying on tetraspanin targeting, as was shown by Rana et al(Rana et al., 2012).  Vesicle 

internalization by monocytes can induce changes such as production of cytokines like 

TNF-α, which has important downstream ramifications on T cells(Danesh et al., 2014).  

Like macrophages and monocytes, other cells of the myeloid lineage such as neutrophils 

and dendritic cells (DCs) have the ability for exosome uptake.  As one of the major 

infiltrators of the TME, neutrophil interactions with exosomes have been of interest.  

Investigations in leukemia demonstrate communication between tumor cells and 

neutrophils, transferring genomic DNAs (gDNAs) of the BCR/ABL hybrid gene from 

K562 cells to normal neutrophils(Cai et al., 2013) and even promoting leukemia 

tumorigenesis in rats(Cai et al., 2014). 

Early investigations in the exosome field recognized follicular DCs as interactors 

with exosomes(Morelli et al., 2004), and even though no specific receptors had been 

demonstrated yet, it seemed that alpha 4-integrin on B cell-derived exosomes was 

important(Wubbolts et al., 2003). Integrin complexes with CD9 and CD81 tetraspanins, 

externalized phosphatidylserine (PS), and CD11a (LFA-1)/ICAM-1 interactions all 

participate in the binding and uptake processes of DCs(Morelli et al., 2004, Segura et al., 

2007).  Uptake can be through endocytic mechanisms(Xie et al., 2010), including 

phagocytosis(Bastos-Amador et al., 2012) and DCs may be even more efficient than 

macrophages at picking up exosome-sized particles(Sheng et al., 2011, Czernek et al., 

2015). DCs are affected by their interactions with vesicles. Uptake of mast cell exosomes 
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can induce immature DCs to acquire antigen presenting capacity to T cells(Skokos et al., 

2003), and CD11b+ and CD11c+ cells in mice began releasing IL-6 and TNF-α and 

upregulated CD86 and MHC class II after exposure to exosomes(Sheng et al., 2011). 

Uptake of TEX by immature DCs can block maturation and promote induction of 

myeloid-derived suppressor cells(Yu et al., 2007, Xiang et al., 2009). 

In addition to antigen presenting cells (APCs) like macrophages and DCs, B cells 

are also capable of internalizing exosomes. B lymphocytes interact with exosomes 

containing MHC class II and ICAM-1 from mature DCs and acquire the ability to prime 

naïve T cells and trigger antigen-specific effector responses(Segura et al., 2005a, Segura 

et al., 2005b). B cells may need specific surface proteoglycans (HSPGs) such as 

syndecans and glypicans to aid exosome uptake. It was demonstrated that chronic 

lymphocytic leukemia (CLL) exosomes can be internalized via active uptake by various 

benign cell populations found in the TME such as endothelial cells, myeloid cells, bone 

marrow mesenchymal stem cells, and even some leukocytes. However, CLL B cells 

themselves did not show uptake of labelled exosomes – possibly due to a lack of surface 

HSPGs(Paggetti et al., 2015). In a separate study however, malignant B cell exosomes 

showed a natural specificity for B lymphocytes.  Mantle cell lymphoma (MCL) exosomes 

were efficiently internalized by both healthy and diseased B lymphocytes utilizing a 

cholesterol dependent pathway independent of clathrin and caveolin(Hazan-Halevy et al., 

2015). Very little uptake was recorded in bone marrow stroma cell lines, T cell leukemia 

cells, or NK cells.   

While effector cells such as T cells and NK cells are less equipped to internalize 

vesicles, there is still evidence for a variety of interactions with exosomes. T lymphocytes 
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are affected by exosomes from APCs harboring antigen in MHC class I and II molecules, 

and constitute an important aspect of immune system communication(Raposo et al., 

1996, Arnold & Mannie, 1999). The mechanisms of T cell internalization or binding of 

exosomes from APCs have been posited to involve the T cell receptor (TCR), CD28, and 

LFA-1 (CD11a)(Hwang & Ki, 2011). Activated T cells use LFA-1 (leukocyte function-

associated antigen-1) for binding of DC exosomes containing MHC class II(Nolte-'t Hoen 

et al., 2009).  This LFA-1/ICAM interaction is critical for priming of naïve T cells by 

exosomes from mature DCs(Segura et al., 2005a). CD4+ T cells can internalize DC 

exosomes and stimulate antigen-specific CD8+ CTL while overcoming Treg suppression, 

with a resultant shift in immune responses(Hao et al., 2007). In contrast to T cell priming 

effects of exosomes, tumor exosomes (TEX) can also suppress T cells. Surface ligands 

such as TGF-β1, TRAIL, PD-L1, FasL result in exosome-mediated cell death(Chen et al., 

2010, Stenqvist et al., 2013, Wang et al., 2016).  

Evidently, despite low exosome internalization, T cells are still subject to 

exosome-mediated effects. Likewise, even with little uptake, NK cells are influenced 

through exosomal interactions. NK cell cytotoxicity is frequently seen to be inhibited 

after exposure to exosomes derived from solid tumors and even EBV-immortalized B 

cells. It has been surmised that MICB and TGF-β1 expressed on exosomes are 

responsible(Clayton & Tabi, 2005, Clayton et al., 2008, Ashiru et al., 2010).  One 

mechanism is through the downregulation of NK activating receptor NKG2D, as 

exemplified by plasma exosomes from AML patients(Hong et al., 2014a). In contrast to 

TEX, DEX can promote NK activation and proliferation through copresentation of 

NKG2DL with IL-15Ra(Viaud et al., 2009). Some studies have found evidence of NK 
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cell uptake of exosomes in a time dependent fashion, perhaps utilizing PS located on 

vesicle membranes as demonstrated in ovarian cancer model(Keller et al., 2009). 

There have been few studies investigating uptake of exosomes by peripheral 

blood cell populations. In one study, rat pancreatic adenocarcinoma exosomes could be 

taken up by all leukocyte subpopulations examined, with CD11b+ cells demonstrating 

higher internalization than T or B cells(Zech et al., 2012). At this time there is only one 

other publication addressing peripheral blood uptake of lymphoma exosomes - a study by 

Hazan-Halevy et al., looking at MCL exosomes and their preferential uptake by B 

lymphocytes(Hazan-Halevy et al., 2015).  In this study, it was shown that exosomes 

isolated from a MCL cell line, when administered to B lymphocytes, NK cells, and 

various T lymphocytes, preferentially internalized into B lymphocytes.   

TEX have shown immunosuppressing properties and are involved in regulating 

peripheral tolerance in cancer patients. AML and solid tumor patients downregulated 

CD3 zeta and JAK3 expression in activated T cells(Taylor et al., 2003, Kim et al., 2006), 

mediated FasL apoptosis of CD8+ T cells(Huber et al., 2005, Kim et al., 2006), and 

promoted Treg conversion and proliferation(Wieckowski et al., 2009). After exposure to 

TEX, Tregs expressed IL-10, TGF-β1, CTLA-4, Granzyme B/perforin and had enhanced 

suppressor activity(Szajnik et al., 2010, Hong et al., 2014a). AML TEX were positive for 

TGF-β1 and could decrease NK cell cytotoxic activity, inducing Smad phosphorylation 

and NKG2D downregulation(Hong et al., 2014a, Hong et al., 2014b).  Another study 

investigating TEX from mesothelioma cells effect on lymphocyte responses to IL-2 

revealed inhibition of proliferation in all unfractionated lymphocytes, with CD4+ T cells 
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being most sensitive. Treg function was enhanced, while NK cell cytotoxic ability was 

directly inhibited, possibly through TGF-β1 dependent mechanisms(Clayton et al., 2007). 

Exosomes have been relatively well-studied in EBV-positive transformed human 

B cell lines, as these cells constitutively produce large numbers of MVBs and MHC class 

II molecules(Raposo et al., 1996, Escola et al., 1998, Dolcetti, 2015).  The WSU-DLCL2 

B cell lymphoma cell line used in our own study(Ferguson Bennit et al., 2017) as a 

source of exosomes, is EBV-free. This may be of interest because the virus has been 

known to hijack and alter exosomes in infected cells. The internalization and subsequent 

effects of these exosomes may involve viral factors, such as latent membrane protein 

(LMP). One group examined epithelial uptake of exosomes from EBV-infected B 

lymphocytes and found uptake was through a dynamin and caveolae-dependent process, 

and type III latency-derived exosomes were able to induce proliferation and upregulation 

of ICAM-1 in recipient cells(Nanbo et al., 2013).  LMP-1 was also harbored on 

exosomes from a Burkitt’s lymphoma cell line, and could mimic CD40 signaling to 

induce stimulatory changes in the B cells that efficiently bound them(Gutzeit et al., 

2014).  LMP-1 can also produce an immunosuppressive effect by inhibiting T cell 

proliferation and NK cytotoxicity(Dukers et al., 2000). Furthermore, EBV-infected cells 

can produce exosomes with FasL capable of inducing apoptosis in surrounding 

cells(Ahmed et al., 2015).  

Exosomes are important mediators and regulators of cellular communication.  

Although they are involved in active immunosuppression and can facilitate tumor 

progression, they are also a good source of tumor antigens.  Therefore, until a more full 

understanding of the interplay between the tumor microenvironment and the exosome 
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occurs, effective strategies to mobilize the immune system as an effective anticancer 

modality will be limited.  Recognizing the luminal and surface contents of the exosome is 

not enough to design exosome-associated therapy; understanding the communication 

patterns is also essential.  Moreover, identifying which exosome populations are 

communicating and which are providing additional ligands or receptors in order to 

facilitate communication will prove necessary to potentiate the immune response. 
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Abstract 

Exosomes are nano-sized lipid vesicles secreted into blood and other body fluids, 

and serve as vehicles for intercellular communication. Despite being an important 

component of the tumor microenvironment, exosomal targeting and uptake into recipient 

cells are still not fully understood. Few studies have looked at lymphoma exosomes and 

their interactions with circulating blood cells.  In this work we examine the exosomal 

uptake distribution among peripheral blood leukocytes (PBL) using vesicles derived from 

a diffuse large B cell lymphoma cell line, WSU-DLCL2.  Lymphoma cells survive, 

proliferate and are protected from the cytotoxic effects of chemotherapy agents by 

soluble factors or by direct contact with inflammatory and stromal cells within the tumor 

microenvironment (TME).  In an attempt to close the gap in knowledge concerning 

lymphoma TME immunosuppression, we have treated normal human peripheral blood 

leukocytes with PKH67-labeled lymphoma exosomes and monitored the uptake by 

measuring fluorescence at different time points using flow cytometry and fluorescent 

microscopy. Our results show that of the four populations examined, B cells and 

monocytes demonstrated uptake of PKH67 labeled exosomes, while T cells and NK cells 

displayed significantly less. 

 

Key Words:  exosome, non-Hodgkin’s lymphoma, B cell 
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Introduction 

Diffuse large B cell lymphoma (DLCL) is an intermediate grade and the most 

common form of non-Hodgkin lymphoma (NHL), affecting 40-50% of adult lymphoma 

patients in the United States(Solimando et al., 2016).  Chemokines, cytokines, and 

growth factors are critical for the growth and survival of these malignant B 

cells(Grivennikov et al., 2010).  In addition, specific oncogenes such as c-Myc have been 

shown to have proliferation regulatory ability in malignant B cells both ex vivo and in 

vivo(Miller et al., 2012).  The cross talk between the tumor microenvironment and the 

DLCL cells is mainly mediated by direct cell-to-cell interactions but has recently been 

shown to be facilitated through extracellular vesicle trafficked soluble factors(Khan et al., 

2015, Valenzuela et al., 2015). 

Exosomes are small 30-150 nm sized extracellular vesicles important in the 

intercellular communication between cells (Thery et al., 2002, Ratajczak et al., 2006, Iero 

et al., 2008, Bobrie et al., 2012). Communication can occur both by transfer of nucleic 

acids and proteins, or by binding cell-surface receptors and inducing cell signaling 

pathways. Both normal and tumor cells release exosomes, although tumor-derived 

exosomes (TEX) have been the subject of a wide range of studies. TEX have been shown 

to be involved in many aspects of the TME including immune suppression (Thery et al., 

2009, Zhang & Grizzle, 2011), antigen presentation (Wolfers et al., 2001, Mallegol et al., 

2005, Hao et al., 2007, Zeelenberg et al., 2008, Zeelenberg et al., 2011), a means of 

acquiring chemotherapeutic resistance (Shedden et al., 2003, Safaei et al., 2005, Khan et 

al., 2009, Wang et al., 2014, Yu et al., 2016), as biomarker reservoirs (Skog et al., 2008, 

Taylor & Gercel-Taylor, 2008, Mitchell et al., 2009, Welton et al., 2010, Keller et al., 
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2011, Hong et al., 2014a, Turay et al., 2016), inducers of angiogenesis (Deregibus et al., 

2007, Kawamoto et al., 2012, Kosaka et al., 2013), and vehicles of niche preparation for 

metastasis (Graves et al., 2004, Hood et al., 2011, Luga et al., 2012, Peinado et al., 2012, 

Suetsugu et al., 2013).  

However, modes and mechanisms of uptake are not completely understood.  Cells 

appear to internalize exosomes through several endocytic pathways, including clathrin- 

and caveolin-dependent endocytosis, phagocytosis, and lipid raft–mediated 

internalization. It is likely that cells utilize multiple routes to take up exosomes, 

depending on the proteins, glycoproteins, and lipids found on the surface of the vesicles 

and target cell itself (Mulcahy et al., 2014). Numerous studies show proficient uptake of 

TEX by endothelial cells (Nazarenko et al., 2010, Rana et al., 2012, Paggetti et al., 

2015), epithelial cells (Obregon et al., 2009), fibroblasts (Clayton et al., 2004), myeloid 

precursors in bone marrow(Peinado et al., 2012, Paggetti et al., 2015), mesenchymal 

stem cells(Paggetti et al., 2015), and other tumor cells (Franzen et al., 2014). 

There have been few studies investigating uptake of exosomes by peripheral blood cell 

populations. Zech et al. found that rat pancreatic adenocarcinoma exosomes could be 

taken up by all leukocyte subpopulations examined, with CD11b+ cells demonstrating 

higher internalization than T or B cells(Zech et al., 2012). At this time there is only one 

other publication addressing peripheral blood uptake of lymphoma exosomes - a study by 

Hazan-Halevy et al. looking at MCL exosomes and their preferential uptake by B-

lymphocytes(Hazan-Halevy et al., 2015). Diffuse large B cell lymphoma (DLCL), an 

aggressive form of lymphoma representing over 40% of adult lymphoma patients, has not 

been investigated. It is therefore important to investigate these interactions between the 



www.manaraa.com

28 

lymphoma cells and the TME in order to find and exploit new prognostic factors and to 

design new therapeutic approaches. 

 

Materials and Methods 

Cell Culture 

Human lymphoma cell lines WSU-DLCL2 and WSU-FSCCL were developed at 

Wayne State University and are EBV-negative(Al-Katib et al., 2009). Cell lines were 

grown in RPMI 1640 media supplemented with 10% USDA-sourced heat-inactivated 

fetal bovine serum (FBS) (Mediatech, Manassas, VA), 4 mM L-glutamine, 0.1 mg/ml 

streptomycin, and 100 units/ml penicillin and incubated at 37°C and 5% CO2.  Trypan 

blue staining was used to measure cell density (confluent at 1x106/ml) and viability 

(above 90%).  

Peripheral blood from healthy apheresis blood donors were obtained from the Life 

Stream Blood Bank (San Bernardino, CA) according to our approved Loma Linda 

University IRB protocols. The red blood cells were lysed using an ACK lysis buffer 

containing 8.3g/L NH4Cl, 1g/L KHCO3, and 1.8 ml 5% EDTA and centrifuged for 5 

minutes at 1,500 rpm at 4°C in a Beckman Coulter Allegra X-15R centrifuge, equipped 

with a SX4750 rotor to obtain a pellet of peripheral blood leukocytes (PBL). These were 

allowed to rest overnight before exosome treatment at 5x106/ml complete RPMI, with or 

without 100 IU/ml IL-2. This study, in its entirety, was approved by Loma Linda 

University’s institutional review board. 
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Exosome isolation 

Lymphoma cells were cultured for 24 hours in media depleted of exosomes from 

fetal bovine serum (FBS, Hyclone, Logan, UT) by overnight ultracentrifugation at 

100,000 x g. The cell conditioned medium (CM) was subjected to serial centrifugation, 

removing cells (300 × g, 5 min) and removing non-cellular debris (2000 × g for 10 min). 

The supernatant was then centrifuged at 10,000 × g for 30 min. Exosomes were isolated 

with the commercially available ExoQuick-TC™ (System Biosciences, Mountain View, 

CA) at a 1:5 ratio of reagent to CM and incubated overnight at 4°C.  A low speed spin at 

1500 x g for 30 minutes was sufficient to pellet the precipitated vesicles. Exosome pellets 

were resuspended in 40-70 μl PBS and protein quantified by BCA protein assay 

(Pierce/Thermo Scientific, Rockford, IL). Size of the vesicles was examined using 

dynamic light scattering (DLS) with a Nicomp N3000 nanoparticle sizing instrument 

(Particle Sizing Systems, Port Richey, FL).  

 

Uptake of Exosomes 

The exosome pellet, obtained from ExoQuick isolation, was labeled with PKH67 

Green Fluorescent Cell Linker Kit (Sigma Aldrich, St Louis, MO) as per manufacturer's 

protocol, with modifications.  Briefly, exosomes in PBS corresponding to 200 µg were 

added to 250 l of diluent C. As a control, the same volume of PBS was also added to 

250 l of diluent C (no exosome control) and processed in parallel. The exosome 

suspension was added to an equal volume of 2X PKH67 dye mixture, and mixed well for 

4 minutes. The dye reaction was stopped by addition of 9 ml of media depleted of bovine 

exosomes by ultracentrifugation and then spun for 90 minutes at 110,000 x g using an 
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SW41 rotor.  The pellet was washed in PBS with a second ultracentrifugation. The 

PKH67-labelled vesicles were incubated either with PBL for 1 hour, 4 hours, or 24 hours 

for dose –curve experiments or with NK cells for 30, 60, or 240 minutes. Cells were 

washed with PBS, stained with surface marker antibodies, and fixed in 2% 

paraformaldehyde before proceeding with further analysis by flow cytometry or 

microscopy. 

 

Flow Cytometry 

Antibodies directed against the following markers and directly labeled with 

indicated fluorophore were used to stain PBLs for flow cytometry analysis:  CD3-PE, 

CD1a-PE (Becton, Dickinson (BD) Biosciences, San Diego); CD14-APC (M5E2),) 

(BioLegend, San Diego, CA); CD56-APC (MY31, Tonbo Bioscience, San Diego, CA); 

and CD19-APC (H1B19). Live cell exosome binding was distinguished from dead cells 

using fixable viability dye eFluor 780 (eBioscience, Grand Island, NY).  Cells were run 

on MACSQuant Analyzer (Miltenyi Biotec, Auburn, CA) and data analyzed using 

FlowJo software (Tree Star, Ashland, OR).  The percentage of cells positive for PKH67+ 

exosomes was determined for each cell population. The gating strategies used to assess 

uptake of PKH67-labeled exosomes by leukocyte populations are shown in 

Supplementary Figures 2 and 3. 

 

Microscopy 

Samples were spun onto poly-L-lysine slides using StatSpin CytoFuge 2 

(Beckman Coulter) set at 800 rpm for 4 minutes. One drop of mounting medium 
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containing 4′,6-diamidino-2-phenylindole (DAPI) stain to visualize nuclear structures 

(Vectashield, Vector Laboratories, Burlingame CA) was placed onto the glass slide 

before adding glass coverslip and sealing with nail polish.  Slides were imaged using a 

fluorescence light microscope (Keyence BIOREVO BZ7000) and a Zeiss LSM 710 NLO 

confocal microscope. 

 

Statistical Analysis 

All the quantitative data of this study were expressed as the mean ± SD and 

statistical analysis was conducted using GraphPad Prism software v.5.01 for Windows 

(San Diego, CA). To test for statistical significance, nonparametric two-tailed Mann–

Whitney analysis was performed.  Comparisons between groups were performed using 

student’s t-test with probability p <0.05 considered to indicate a statistically significant 

difference. Each experiment was repeated at least twice to assess the level of 

reproducibility. 

 

Results 

Cellular Uptake Characterization of DLCL2 Exosomes 

Exosome uptake by peripheral blood cells was measured using flow cytometry 

and fluorescent microscopy, with demonstrated uptake differing between cell lineages 

and in a dose and time dependent manner. Specifically, to study the uptake of lymphoma-

derived exosomes by peripheral blood leukocytes, vesicles were isolated from the 

conditioned media from the WSU-DLCL2 cell line. Vesicle size was evaluated by 
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dynamic light scattering (DLS) and confirmed to be consistently in the reported range of 

exosomes (30-150 nm) (Supplementary Figure 1). 

The exosomes were labeled with a lipophilic dye, PKH67 after which 25, 50, 100, 

200 or 400 µg of these exosomes were incubated with peripheral blood leukocytes 

(PBLs) for 1, 4 and 24 hours. Internalization by confocal microscopy was performed and 

analyzed.  Exosomal internalization was observed as early as 1 hour post incubation with 

longer incubation times and higher concentrations resulting in higher accumulation of 

exosomes inside the cells (Figure 1). 

To study the kinetics of exosome accumulation, we performed quantitative flow 

cytometry.  PKH67 labeled DLCL2-exosomes were incubated with PBLs and the 

fluorescence intensity was detected.  Uptake was most prominent by B cells and myeloid-

derived cells and less so in T cells and NK cells (Figure 2). The uptake of exosomes 

from healthy B cells was rapid in the higher exosome concentrations, with 28% positive 

after 1 hour at 400 g/ml (Figure 2A and 2B) and increasing to 69% at 24 hours at 400 

g/ml (Figure 2B). Cell specificity for uptake of DLCL2-derived exosomes was further 

studied in a single experiment using B cells (CD19+), T cells (CD3+), NK cells (CD56+)  

and monocytes (CD14+) (Figure 2C).  Compared to B cells where 28% to 70% of cells 

showed exosome uptake in the 400 g/ml exosomes over the 24 hour study, NK cells, 

monocytes and T cells only maximized 6, 8 and 3 % uptake respectively (Figure 2C). 

After a second independent experiment was concluded, CD19+ B cells and CD14+  
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Figure 1.  Peripheral blood leukocytes take up DLCL2 exosomes.  Peripheral blood 

leukocytes were treated with DLCL2 exosomes (25-400 µg/ml) and harvested at 1, 4, and 

24 hours. Cells were cytospun onto poly-L-lysine coated slides. Microscopy images 

acquired with BIOREVO BZ7000 fluorescent microscope (Keyence), 20X magnification. 

Nucleic acids are stained with DAPI (blue), and exosome bind and internalization is 

visualized with PKH67 (green). Cells without the addition of exosomes were used as a 

negative control. Several fields were analyzed for each labeling condition, and 

representative results are presented. The data are representative of two independent 

experiments.  
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Figure 2.  Uptake of PKH67 labeled exosomes in a time- and dose-dependent manner. 

DLCL2 exosomes were labeled with PKH67 and then added to peripheral blood cells for 

various lengths of time (1, 4, and 24 hours) and treatment amounts (25, 50, 100, 200 and 

400 ug/ml). As measured by flow cytometry, the uptake of labeled exosomes proceeded in 

a time- and dose-dependent fashion. A.) Uptake of PKH67 labeled exosomes after 4 hours 

by CD19-APC cells (red).  Microscopy images acquired with Zeiss LSM 710 NLO 

confocal microscope. 60X magnification.  B.) Representative flow cytometry data of 

CD19+ cells.  C.) Graphical representation of the percentage of PKH+ cells in each of the 

four lineages derived from one donor: B cells (CD19+), monocytes (CD14+), NK cells 

(CD56+), and T cells (CD3+). D.) Combined data from two separate experiments depicting 

the disparity in uptake between each cell population. Results are expressed as mean ± SD. 
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monocytes maximized near 40% in the 400 g/ml incubation while CD3+ T cells and CD 

56+ NK cells only proved to be able to uptake near 10% (Figure 2D). 

The specificity of DLCL2 exosomes was further tested using exosomes derived 

from FSCCL and HeLa cells.  Co-culture of B cells and NK cells with 200 g/ml PKH67 

labeled DLCL2, FSCCL and HeLa-derived exosomes for 1 hour and 4 hour time points 

showed very similar results as were previously recorded using DLCL2 exosome (Figure 

3).  In this study B cells were able to rapidly and preferentially take up PKH67 stained 

DLCL2, FSCCL and HeLa cell derived exosomes in a time dependent manner while the 

NK cells were significantly less capable of this internalization. Four hours post 

incubation, 22% ±8, 20% ± 10, and 12% ± 9 of B cells had taken up DLCL2, FSCCL and 

HeLa exosomes respectively (Figure 3). 

 

Discussion 

Although the spleen, liver and lymph nodes take up the majority of exosomes 

produced by organs and hematopoietic cells, plasma and other body fluids still contain 

large quantities of exosomes(Srinivasan et al., 2016). Cancer cells in particular secrete 

large quantities of TEX, which can be found in peripherally circulating blood(Sun & Liu, 

2014). Consequently, blood cells are exposed to many exosomes from both normal and 

malignant cells(De Toro et al., 2015), which play key roles in modulating the immune 

system(Iero et al., 2008).  While previous studies have investigated exosomal interactions 

with leukocytes in lymphoid organs, such as antigen presenting cells (APCs) in the 

spleen(Morelli et al., 2004) and follicular dendritic cells (DCs) in the lymph  
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Figure 3.  Differences in uptake by NK cells and B cells is not unique to DLCL2 

exosomes.  DLCL2, FSCCL and HeLa cell-derived exosomes were labeled with 

PKH67 and then added to peripheral blood for 1 and 4 hours at 200 µg/ml. As 

measured by flow cytometry, the uptake of labeled exosomes proceeded in a time- and 

dose-dependent fashion as before in lymphocyte lineage B cells but not the NK cells. 
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nodes(Denzer et al., 2000, Wubbolts et al., 2003), there is less work done regarding 

uptake of exosomes by peripheral blood cell populations.  

In this study, we tested the hypothesis that some populations of white blood cells 

will be more receptive to interacting with B cell lymphoma exosomes, and therefore will 

be more vulnerable to tumor microenvironment modulating effects of these vesicles. In 

an attempt to close the gap in knowledge concerning lymphoma TME 

immunosuppression, we have treated normal human PBLs with PKH67-labeled 

lymphoma exosomes and monitored uptake by measuring fluorescence at different time 

points using flow cytometry and fluorescent microscopy. We expected to observe a 

disparity in exosome uptake between blood cells of lymphoid and myeloid lineages that 

we hypothesized was perhaps due to myeloid derived cells such as monocytes and 

macrophages, being better equipped for exosome uptake than lymphocytes such as B 

cells, T cells, and NK cells.  However, this was not what we observed with B cells being 

the most effective and efficient at TEX uptake. 

Our data is not consistent with previous studies, which show a disparity in uptake 

between myeloid derived cells and lymphocytes(Zech et al., 2012, Danesh et al., 2014). 

We demonstrated that NK and T cells have lower levels of internalization than 

monocytes and B cells. In our study model, B cells showed a high level of uptake, 

possibly due to the B cell origin of the lymphoma exosomes, supporting the idea of 

uptake specificity given the exosomes were collected primarily from cells originating 

from B cell lymphoma disease. These findings are in line with those of Hazan-Halevy et 

al.(Hazan-Halevy et al., 2015) and Gutzeit et al.(Gutzeit et al., 2014) concerning B cells 

and Riches et al. in their work with breast tissue(Riches et al., 2014).  In this study, we 
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observed that DLCL2 exosomes were taken up rapidly and preferentially into CD19+ B 

lymphocytes and CD14+ monocytes. Only a small percentage of T cells and NK cells 

showed internalization or binding to exosomes, even after 24 hour incubations.  We 

further investigated if the origin of the exosome would influence the preference or rate of 

uptake on the peripheral cell (Figure 3). Exosomes were taken from two lymphoma cell 

lines (DLCL2 and FSCCL) and from the cervical cancer cell line HeLa.  In our hands 

there was little difference recorded in exosomal uptake.  This may indicate that the 

uptake is controlled by something specific to the exosome rather than the cell of origin.  

The mechanisms of uptake into B lymphocytes remain to be elucidated, whether it 

be caveolin, clathrin, cholesterol, lipid-raft, or receptor-mediated endocytosis, or 

something completely novel and not proposed. In this work we have demonstrated a 

natural preference of TEXs to B cells, further supporting the concept of targeting therapy 

to this lymphocyte population. However, to fully appreciate and dissect the mechanism, 

many more cell line-derived as well as patient procured exosomes, from varying 

pathologies will need to be investigated, a process that has only just begun in our 

laboratory. By understanding the structure and marker/receptor profiles on the exosome, 

the cell of origin as well as the recipient cell’s membranes as well as the protein, RNA 

and DNA contents from within the exosome will further the ability to regulate the role of 

the TEX in the pathobiology of hematologic malignancies and to identify novel 

therapeutic approaches. 

In addition to the indirect effects of exosomes through interactions with APCs, 

and the limited ability of NK cells and T cells for exosome uptake, these cell populations 

seem to have a wide variety of responses to direct exposure to exosomes.  Whether these 
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responses are the result of surface interactions rather than uptake, or due to secondary 

effects from other cells which more readily internalize exosomes is not always apparent. 

There has been evidence for both possibilities, and it is likely that exosomes interacting 

with lymphocytes deliver signals by direct surface contact more frequently than 

internalization(Clayton et al., 2004, Hwang & Ki, 2011). The surface interactions 

between exosomes and recipient cells can occur via membrane-bound activating or 

inhibitory proteins which directly signal through relevant receptors and initiating 

downstream pathways.  TEXs are enriched in proteins specialized for surface 

interactions, such as integrins, MHC class I and II molecules, co-stimulatory molecules 

(CD40, CD86), various growth factor receptors, such as EGFR (epidermal growth factor 

receptor) or HER-2 (human epidermal growth factor receptor 2), death receptor ligands 

such as FasL (Fas ligand), TRAIL (tumor-necrosis-factor-related apoptosis-inducing 

ligand) or PD-L1 (programmed cell death ligand 1) and inhibitory factors such as PGE2 

(prostaglandin E2).  Therefore uptake is not necessary for a cell to be altered by 

exosomes, and may likely be the case for changes induced by exosomes in T cells and 

NK cells. In fact, much of the immune suppression mediated by TEX occur through 

surface molecules such as FasL, TGF-β1, and IL-10(Szajnik et al., 2010, Szczepanski et 

al., 2011, Whiteside, 2013). 

Perhaps an equally important aspect could be that exosome uptake have 

downstream direct and indirect effects on PBLs. Through producing cytokines like TNF-

α, presenting antigen on MHC I and II, and providing co-stimulatory signals via 

CD80/CD86 and CD40(Skokos et al., 2003, Danesh et al., 2014), many of the exosomal 

effects observed in T and NK cells may be an indirect result from primary changes 
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induced in macrophages, monocytes, B cells, and DCs which actually internalize the 

vesicles.  Uptake of exosomes induce monocytes to produce TNF-α(Danesh et al., 2014), 

macrophages and DCs capture and present antigen to T cells(Skokos et al., 2003), and B 

cells can be activated by antigen-carrying exosomes with subsequent Th1 cell 

stimulation(Qazi et al., 2009).  Antigen-bearing TEX seem to require uptake and 

processing by DCs before they can efficiently stimulate a specific CTL response(Wolfers 

et al., 2001, Dai et al., 2005). The exosomes from DCs carry MHC I, MHC II, CD80 and 

CD86, and are therefore equipped to elicit T cell activation through surface 

interactions(Viaud et al., 2010).  

To summarize, in the present study, we characterized DLCL2 cell line derived 

exosomes on different PBL populations showing that there is preference of targeted 

uptake.  However, it is still not clear whether exosomes are still inducing cellular 

signaling pathways in the T cell and NK cells through direct cell to cell contact.  From 

these findings, we hope a better understanding of tumor cell/TME communication may 

result, further leading to increased knowledge of how the tumor cells communicates with 

and manipulates the TME.  Through understanding these signaling pathways, we may 

better prepare therapeutic modalities to enhance immune cell surveillance and killing of 

these tumors which up to now seem immune. 
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Supplementary Figure 1.  Size Distribution of WSU-DLCL2 Exosomes. Number-weight 

distribution of EV size using dynamic light scattering (DLS) analysis with Nicomp BZ3000 

instrument.  Sample was read every minute for 30 minutes, with a calculated average 

diameter of 117 nm. One representative diameter histogram is shown. 
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Supplementary Figure 2. Gating Strategy to Assess Binding of PKH67-labeled Exosomes 

to PBL Populations. Antibodies specific to human T cells (CD3+), NK cells (CD56+), B 

cells (CD19+), and monocytes (CD14+) were used to identify populations within the 

peripheral blood leukocytes (PBLs). One representative dot plot is shown from two 

independent experiments 
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Supplementary Figure 3.  Internalization of PKH67-labeled exosomes by healthy PBL.  

Leukocytes were assayed by flow cytometry using specific antibodies to B Lymphocytes 

(APC-anti-CD19), T lymphocytes (PerCP-anti-CD3), NK cells (PE-anti-CD56) and 

monocytes (PeCy7-anti-CD14). Representative dot plots are shown for each cell 

population. 
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Abstract 

Natural killer (NK) cells have inherent abilities to kill target cells and are among 

the first responders in recognizing and destroying infected or transformed cells. However, 

many types of cancers inhibit the surveillance and cytotoxic abilities of NK cells by 

releasing exosomes, vesicles that can modulate the tumor microenvironment and 

intercellular communication for the purpose of enhancing tumor malignancy. Recently, 

cancer cell exosomes have been found to contain Survivin, an inhibitor of apoptosis 

(IAP) protein that prevents cell death and decreases immune response of lymphocytes. 

The purpose of this study is to explore the effect of Survivin and lymphoma-derived 

exosomes, which contain Survivin, on the immune functions of NK cells, such as the 

production and release of cytokines and cytotoxic granules. NK cells were obtained from 

the peripheral blood of healthy donors, and treated with pure Survivin protein, or 

exosomes from two lymphoma cell lines, DLCL2 and FSCCL. RNA was isolated from 

NK cell samples for measurement by PCR, and intracellular flow cytometry was used to 

determine protein expression. Degranulation capacity, cytotoxicity, and levels of NK cell 

activating receptor NKG2D were also assessed. Lymphoma exosomes were examined for 

size and protein content. This study established these lymphoma exosomes contained 

Survivin and FasL, but were negative for MICA/B and TGF-β.  Treatment with exosomes 

did not significantly alter NK cell functionality, but extracellular Survivin was seen to 

decrease NKG2D levels and the intracellular protein levels of perforin, Granzyme B, 

TNF-α and IFN-γ. 
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Introduction 

The active role of the tumor microenvironment (TME) in tumor pathogenesis has 

recently been gaining intense scrutiny as it can be responsible for delivering signals for 

clonal expansion, drug resistance, metastatic migration, and immune modulation.  Cancer 

development is not an autonomous process but depends on surrounding non-malignant 

components such as fibroblasts, microvasculature, stroma, mesenchymal cells, and 

immune cells. Interaction between tumors and their surrounding environment occurs via 

direct contact, soluble factors, and material exchange. One method that has received 

much interest in the preceding decade is small bilayer lipid vesicles known as exosomes, 

or more generally, as extracellular vesicles (EVs). These endosomally derived 30-150 nm 

vesicles contain proteins, lipids, and nucleic acids like miRNA, mRNA (Ratajczak et al., 

2006, Valadi et al., 2007), and even DNA (Cai et al., 2014, Kahlert et al., 2014) that can 

be sent into the extracellular environment and delivered to recipient cells either locally or 

systemically. Most tissue and immune cell types have been shown to produce exosomes, 

but tumor cells seem to produce increased numbers (Kim et al., 2005, Taylor & Gercel-

Taylor, 2008, Ohno et al., 2013, Turay et al., 2016). These tumor-derived exosomes 

(TEX) have a myriad of effects within the TME and beyond, with resulting enhanced 

malignant potential, niche preparation for metastasis, and angiogenesis (Peinado et al., 

2012, Rak & Guha, 2012). Importantly, TEX can have many influences on immune cells, 

resulting in both activation and suppression of tumor immunity (Clayton et al., 2007, 

Clayton et al., 2008, Bu et al., 2011, Taylor & Gercel-Taylor, 2011, Filipazzi et al., 

2012).   

Natural killer (NK) cells are important in the surveillance and eradication of 

virally infected and malignantly transformed cells, and are susceptible to suppression in 
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the TME (Fernández-Messina et al., 2010, Wada et al., 2010). TEX carrying ligands such 

as FasL, TGF-β, IL-10 and NKG2DL are implicated in the downregulation of T cell and 

NK cell activity (Andreola et al., 2002, Raffaghello et al., 2004, Clayton & Tabi, 2005, 

Huber et al., 2005, Bianco et al., 2007, Yoshimura & Muto, 2011). As NK cells form the 

first line of defense and are ready to kill without prior activation, their function is critical 

to controlling spontaneous tumorigenesis of epithelial and lymphoid malignancies 

(Smyth et al., 2000, Guerra et al., 2008). NK cell activation is based on a complex 

interplay of their inhibitory and activating receptors. Healthy cells display MHC class I 

proteins on their surface which bind to inhibitory KIRs (Killer-cell Immunoglobulin-like 

receptor) on NK cells to prevent activation.  Stressed cells often lose MHC class I and 

upregulate ligands such as MICA/B (MHC class I-related chains [MIC] A/B) and ULBPs 

(UL16 binding proteins) which bind to activating receptor NKG2D (Natural Killer Group 

2D receptor) (Lanier, 2008, Brenner et al., 2010, Belting et al., 2015).  Ligand binding 

stimulates downstream signaling to activate cytokine production of IFN-γ and TNF-α, 

and degranulation to release cytolytic proteins such as perforin and Granzyme B.  These 

proteins initiate apoptosis in the target cell by opening pores in the target cell membranes 

and cleaving cellular proteins.  The cytolytic functionality of NK cells can be inhibited by 

TEX through decreased release of perforin (Liu et al., 2006) and overexposure to soluble 

MICA/B with subsequent downregulation of the NKG2D receptor (Clayton & Tabi, 

2005, Oppenheim et al., 2005, Clayton et al., 2008, Chitadze et al., 2013, Reiners et al., 

2013).  

Exosomes as a vehicle for immune suppression can act through multiple 

modalities, such as surface ligands like FasL, PD-L1, and TGF-β, and content such as 
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miRNAs and proteins (Whiteside, 2017). In our lab, we discovered tumor-derived 

exosomes contain Survivin (Khan et al., 2011, Valenzuela et al., 2015), an anti-apoptotic 

protein that is generally found in the cytoplasm, mitochondria and nucleus of cancer cells 

(Fortugno et al., 2002). When this cancer-specific member of the Inhibitor of Apoptosis 

(IAP) family of proteins is found in the extracellular compartment, we have shown 

evidence of increased resistance to treatment, invasive potential, and proliferative 

capacity in surrounding cells (Khan et al., 2009). Additionally, extracellular Survivin can 

act upon T cells to skew their behavior towards Th2 and decrease CD8+ T cell activity 

(Jutzy et al., 2013). It is unclear whether other immune cell populations, such as NK 

cells, are also able to be affected by Survivin or exosomes from lymphoma cells. In this 

study, we investigate the influence of exosomes from lymphoma cell lines and Survivin 

on NK cell function. Our results indicate that conditioning of NK cells by extracellular 

Survivin-containing exosomes had little effect on NKG2D receptor levels, degranulation 

capacity, or cytolytic potential. However, while mRNA levels of NK cell proteins were 

not consistently affected, protein levels of IFN-γ, TNF-α, Perforin and Granzyme B were 

decreased as a result of treatment with recombinant Survivin protein. 

 

Materials and Methods 

Cell Culture 

Human lymphoma cell lines WSU-DLCL2 and WSU-FSCCL were a kind gift 

from Dr. Ayad Al-Katib at Wayne State University (Detroit, MI)(Al-Katib et al., 2009). 

Cell lines were grown in RPMI 1640 media supplemented with 10% USDA-sourced 

heat-inactivated fetal bovine serum (FBS) (Mediatech, Manassas, VA), 4 mM L-
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glutamine, 0.1 mg/ml streptomycin, and 100 units/ml penicillin and incubated at 37°C 

and 5% CO2.  Trypan blue staining was used to measure cell density (confluent at 

1X106/ml) and viability (above 90%).  

 

NK Cell Isolation and Culture 

Natural killer (NK) cells were prepared from freshly collected plasma apheresis 

peripheral blood obtained from healthy donors at the Life Stream Blood Bank (San 

Bernardino, CA), in accordance to LLU IRB protocols.  Peripheral blood was prepared as 

described previously (Ferguson Bennit et al., 2017).  NK cells were obtained from the 

total lymphocyte fraction by negative immunomagnetic cell separation using either 

EasySep or RosetteSep negative selection kit (STEMCELL, Vancouver, BC) or MACS 

magnetic NK Cell Isolation kit (Miltenyi Biotec, Auburn, CA). The purity of the NK cell 

population was determined by flow cytometric analysis and ranged from 85-95%, with all 

kits showing comparable performance in obtaining CD3-/CD56+ NK cells (greater than 

90% purity and viability).  NK cells were cultured at a high density of 5 × 106 cells/well 

in 6-well non-pyrogenic polystyrene culture plates overnight in RPMI 1640 media 

(Mediatech Inc. Manassas, VA, USA), supplemented with 10% FBS (Hyclone, Logan, 

UT), 1 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, and 100 U/ml 

human recombinant IL-2 before use in experiments. 

 

Exosome Isolation 

Lymphoma cells were cultured for 24-48 hours in media depleted of exosomes 

from fetal bovine serum (FBS, Hyclone, Logan, UT) by overnight ultracentrifugation at 
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100,000 x g. Exosomes were isolated using previously described methods (Valenzuela et 

al., 2015) from conditioned medium after serial centrifugation with commercially 

available ExoQuick-TC™ (System Biosciences, Mountain View, CA). Exosome pellets 

were resuspended in 40-70 μl PBS and either used immediately for experiments or stored 

at −80˚C. The quantity of exosomal protein was determined by BCA protein assay 

(Pierce/Thermo Scientific, Rockford, IL).  The size and concentration of exosomes 

isolated using ExoQuick was determined using nanoparticle tracking analysis (NTA) with 

a NanoSight NS300 instrument (NanoSight, Malvern Instruments Ltd, Malvern, UK).  

Samples were diluted 1:100 in PBS.  Five sequential measurements of 60 seconds each 

were recorded at a flow rate of 20 µl/minute. The instrument was set to a detection 

threshold of 8 and 25 frames per second. Analysis was performed on software NTA 3.2 

Dev Build 3.2.16. 

 

Flow Cytometry Antibodies 

Antibodies and other reagents used were: Intracellular Fixation and 

Permeabilization Buffer kit, fixable viability dye e-Fluor 780, CD56 PerCP-eFluor 710, 

MICA/B Alexa Fluor 488, CD69 PE-Cy7 (eBioscience, Grand Island, NY); CD16 PE, 

CD56 PE (BD Biosciences, San Jose, CA); CD3 FITC, IFN-γ PE-Vio770, TNF-α PE-

Vio770, CD107a FITC (Miltenyi Biotec, Auburn, CA); CD3 PE-Cy7, CD3 FITC, CD56 

APC (MY31) (Tonbo Bioscience, San Diego, CA); Perforin Pacific Blue, Granzyme B 

Pacific Blue, NKG2D APC (BioLegend, San Diego, CA); Survivin Alexa Fluor 647 (Cell 

Signaling Technology, Danvers, MA). Data was collected on a Miltenyi MACSQuant 
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Analyzer flow cytometer (Miltenyi Biotec, Auburn, CA) and analyzed using FlowJo 

v10.0.8p software (Tree Star, Ashland, OR). 

 

Flow Cytometry Analysis of Exosomes 

Purified exosomes (200 μg) were incubated with 10 μl of 4-μm-diameter 

aldehyde/sulfate latex beads (Invitrogen, Eugene, OR) in PBS for one hour at room 

temperature with gentle agitation. After washing with PBS, samples were blocked with 

200 mM glycine for 30 minutes, and washed again. Beads were incubated with the 

following antibodies for 30 minutes: anti–CD63 (Millipore, Billerica, MA), anti-CD9 

(BD Biosciences, San Jose, CA), anti-HLA-A,B,C (BioLegend, San Diego, CA), anti-

TSG101 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-HSP70 (Novus Biologicals, 

Littleton, CO), anti-LAMP-1 (Miltenyi Biotec, Auburn, CA), anti-MICA/B (eBioscience, 

Grand Island, NY), anti-CD81 (ProSci, Fort Collins, CO), anti-TGF-β (Peprotech, Rocky 

Hill, NJ), anti-FasL (Boster, Pleasanton, CA).  Staining with secondary antibodies for 30 

minutes followed, using goat-anti-rabbit Alexa Fluor 488 (Invitrogen, Euguene, OR) and 

goat-anti-mouse FITC (Becton Dickinson, Franklin Lakes, NJ). A “bead-only” control, as 

well as isotype-matched antibody controls were also prepared. Samples were washed 

twice, fixed with 1% paraformaldehyde and analyzed using a MACSQuant Analyzer and 

FlowJo software. Single beads were gated for fluorescence analysis. 

 

Degranulation Assay 

NK cell degranulation was evaluated by staining for CD107a (LAMP-1) during 

NK cell stimulation. Briefly, peripheral blood mononuclear cells (PBMCs) were treated 
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for 24 hours either with or without IL-2 (100 U/ml) and exposed to either 0, 0.1, or 1.0 

µg/ml of recombinant Survivin (Abcam, Cambridge, MA). Cells were then incubated in 

96-well round bottom plates for 6 hours with PMA (10 ng/well) and Ionomycin (50 

ng/well) as a positive control for activation, K562 cells (5X105/well) for targeted 

stimulation, or media as a negative control. Monensin (3 µM, Sigma Aldrich, St. Louis, 

MO) was added after the first hour to inhibit Golgi transport and prevent both release of 

cytokines (for intracellular detection) and to prevent acidification of endocytosed vesicles 

containing CD107a antibody. The anti-CD107a-FITC antibody (Miltenyi Biotec, Auburn, 

CA) or isotype control were added before NK cells were stimulated to allow binding to 

the degranulation marker as granules were exocytosed. Surface and intracellular staining 

was performed prior to flow cytometry, and analysis performed on the CD3-/CD56+ 

gated population.  

 

NKG2D Receptor Expression 

PBMCs obtained from healthy volunteers were co-incubated with isolated 

exosomes or Survivin to determine the percentage of NK cells (CD3-/CD56+) expressing 

the natural cytotoxicity receptor NKG2D on the cell surface, as previously described 

(Hong 2014). Briefly, PBMCs were activated with IL-2 alone or with additional 

stimulation of PMA/Ionomycin or K562 cells and co-incubated with exosomes (10 µg 

protein/ml) or Survivin (0-1 µg/ml) for 24 h at 37°C.  Cells were then stained with APC-

conjugated NKG2D antibody (BioLegend, San Diego, CA) and run on a MACSQuant 

flow cytometer (Miltenyi Biotec, Auburn, CA). The frequency of NKG2D+ cells were 

measured from the gated CD3-/CD56+ NK cells. The data are expressed as %NKG2D+ 
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cells/total CD3-CD56+ cells. The mean fluorescence intensity (MFI) of NKG2D on NK 

cells was also recorded. PBMC incubated in medium without exosomes were used as 

controls.  

 

Cytotoxicity Assay 

To determine cell-specific killing capacity of NK cells, the release of cytoplasmic 

lactate dehydrogenase (LDH) from lysed target K562 (erythroleukemia) cells was 

measured using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega, 

Fitchburg, WI), according to the manufacturer’s instructions. Briefly, NK cells isolated 

from healthy donors were incubated overnight at 5X106/ml in complete RPMI1640 media 

with 100 IU/ml IL-2. NK cells were then treated for 24 hour with either 10 µg/ml 

Survivin protein (Abcam, Cambridge, MA), exosomes from lymphoma cells (10-50 µg 

/ml), or media for control. A range of effector to target ratios from 20:1, 10:1, 5:1, 2.5:1, 

1.25:1, 0.625:1 were used, and the target K562 cells were added at 10,000 cells/well. 

After four hours of incubation at 37°C, the LDH containing media was transferred to a 

separate plate and absorbance read at 490 nm with a Bio-Tek µQuant microplate reader.  

The percentage of specific lysis was calculated according to a standard equation, specific 

lysis (%) = (experimental release – effector spontaneous release – target spontaneous 

release)/(target maximum release – target spontaneous release) X 100.  

  

Western Blot 

Western blotting was performed as previously described (Valenzuela et al., 2015). 

Membranes were immunostained using the following antibodies: rabbit polyclonal anti-
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Survivin (1:500-1000, Novus Biologicals, Littleton, CO); rabbit monoclonal anti-XIAP, 

anti-cIAP1, anti-cIAP2, rabbit polyclonal anti-β-actin (1:500-1000, Cell Signaling 

Technology, Danvers, MA); mouse polyclonal anti-LAMP-1 (1:500, BioLegend, San 

Diego, CA); mouse monoclonal anti-Granzyme B (OriGene, Rockville, MD); and rabbit 

polyclonal anti-Perforin (Boster, Pleasanton, CA).  Goat anti-mouse and goat anti-rabbit 

Dylight 800 secondary antibodies (Thermo Scientific, Waltham, MA) were used at a 

1:10,000 dilution. Immunoreactive bands were detected using the Odyssey imaging 

system (LI-COR Biosciences, Lincoln, NE). β-actin or LAMP-1 were used as loading 

controls for either cell lysates or exosomal protein, respectively. 

  

PCR 

Perforin, Granzyme B, TNF-α and IFN-γ mRNA expression was evaluated by 

PCR from magnetically sorted NK cells treated either with Survivin protein or 

lymphoma-derived exosomes or an untreated control. Cells were resuspended in 500 µL 

TRI Reagent Solution (Ambion, Grand Island, NY) and RNA was extracted according to 

the manufacturer’s protocol. RNA concentration was measured using Nanodrop 2000c 

(Thermo Fisher Scientific, Waltham, MA). Single-strand cDNA was synthesized using 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) 

according to manufacturer's instructions. PCR amplification was performed with Thermo 

Scientific Maxima Hot Start PCR Master Mix (2X) (Thermo Scientific, Grand Island, 

NY) using 200 ng of cDNA. PCR thermal cycles were performed with Eppendorf 

Mastercycler gradient thermal cycler using the following conditions: 2 min at 94°C, 

followed by 34-38 cycles of 30 s at 95°C, 45 s at annealing Tm, and 1 min at 72°C, 
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followed by a final extension time of 10 min at 72°C. The primer pairs were designed 

with Primer-BLAST (NCBI) and synthesized by IDT (Integrated DNA Technologies, 

San Diego, CA). Sequences for each primer pair are listed in Table 1. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) housekeeping gene was used as control.  The PCR 

products were analyzed on a 1% agarose gel by electrophoresis in the presence of 

ethidium bromide and visualized with UV light.   

 

Real-time qRT-PCR Analysis 

NK cell RNA was prepared as described previously. Target genes perforin, 

granzyme B, IFN-γ and TNF-α were quantified by real-time PCR using the CFX96 

system (Bio-Rad Laboratories, Hercules, CA). GAPDH was used as the reference gene 

for normalization. Reactions were performed in triplicate with a 25-μL mixture 

containing cDNA samples, primers, and iQ Sybr Green supermix (Bio-Rad Laboratories, 

Hercules, CA). The relative amount of mRNA in experimental cells was calculated using 

2−ΔΔCT method and CFX manager software (Bio-Rad Laboratories, Hercules, CA). 

 

Statistical Analysis 

Data are expressed as the mean ± SE (standard error) and statistical analysis were 

conducted using GraphPad Prism software v.5.01 for Windows (San Diego, CA). 

Comparisons between groups were performed using student’s t test and one-way 

ANOVA with Dunnett’s multiple comparison test, post hoc. Probability of p <0.05 was 

considered to indicate a statistically significant difference. Each experiment was repeated 

at least three times to assess the level of reproducibility. 
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Table 1. PCR primer sequences for cytokine and cytotoxic granule proteins.  

Target gene 

NCBI 

Reference 

Sequence 

Primer sequence 
Tm 

(°C) 

Amplicon 

size (bp) 

IFN-γ NM_000619.2 
Sense 5'-CTGTTACTGCCAGGACCCAT-3' 

Anti-sense 5'-GCATCTGACTCCTTTTTCGC-3' 
59 412 

TNF-α NM_000594.3 
Sense 5'-GTCCTCTTCAAGGGCCAAGG-3' 

Anti-sense 5'-CAGACTCGGCAAAGTCGAGA-3' 
57 258 

Perforin NM_005041 
Sense 5'-TGGTGGACTACACCCTGGAA-3' 

Anti-sense 5'-CACCTGGCATGATAGCGGAA-3' 
57 561 

Granzyme B NM_004131.4 
Sense 5'-GGCAGATGCAGGGGAGATCA-3' 

Anti-sense 5'-TACAGCGGGGGCTTAGTTTG-3' 
59 729 

GAPDH NM_002046.5 
Sense 5'-ACGGATTTGGTCGTATTGGGCG-3' 

Anti-sense 5'-CTCCTGGAAGATGGTGATGG-3' 
60 212 

 

Base pairs (bp), Melting temperature (Tm).  
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Results 

Isolated exosomes were evaluated for size using nanoparticle tracking analysis 

(NTA) with a NanoSight NS300 (Malvern Instruments Ltd, Malvern, UK). Mean DLCL2 

vesicle diameter was 137 nm (+/- 56 nm), with a mode of 114 nm. Mean FSCCL vesicle 

size was 156 nm (+/- 63 nm), with a mode of 128 nm (Figure 1A).  We also evaluated 

the lymphoma exosomes for several protein markers using flow cytometry and Western 

blotting. Our data showed these lymphoma vesicles did not strongly express CD63, 

LAMP-1, CD9, or TSG101. However, there was detection of MHC class I and CD81. As 

a control, protein expression from exosomes derived from normal human plasma were 

used. These plasma vesicles were positive for CD63, TSG101, HSP70, and MHC class I 

(Figure 1B and C). 

It was previously established that exosomes from an aggressive diffuse large cell 

lymphoma (WSU-DLCL2) cell line contained Survivin (Valenzuela et al., 2015). We 

wanted to confirm the presence of exosomal Survivin in WSU-FSCCL, an indolent 

follicular small cleaved cell lymphoma cell line. Western blot confirmed these B cell 

lymphoma cell lines express cellular and exosomal Survivin, in addition to other IAPs 

(Figure 2A). It was also determined that sublethal amounts of stress due to treatment 

with etoposide (0.1 µM) did not alter IAP expression levels. PCR results were 

inconsistent in what IAPs were detectable, and often negative. Housekeeping genes β-

actin and GAPDH were used as loading controls (Figure 2B). 

Survivin in the extracellular space has be previously shown to be taken up by T 

cells and elicit effects such as decreased proliferation, decreased cytolytic capabilities of 
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Figure 1.  Size and Protein Markers of Exosomes Derived from WSU-DLCL2 and WSU-

FSCCL Lymphoma Cell Lines. (A). Sizing analysis of lymphoma exosomes was 

performed with the NanoSight NS300. Mean size for exosomes was 137 nm (+/- 56 nm) 

for DLCL2 and 156 nm (+/- 63 nm) for FSCCL. (B) For analysis of expression of surface 

molecules, 200 μg of exosomes were incubated with 10 μl of 4-μm-diameter 

aldehyde/sulfate latex beads and stained with antibodies. Only the population containing 

single beads was gated and analyzed. Red = isotype, green = plasma exosomes, blue = 

DLCL2 exosomes and orange = FSCCL exosomes. (C) Mean fluorescence intensity (MFI) 

of exosome staining was compared with exosomes stained with an isotype control and 

exosomes from plasma.  
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Figure 2.  Lymphoma cells and exosomes contain Survivin and other IAP proteins. (A) 

Western blot showing IAPs contained in cell lysates and exosomes. Cells were treated with 

sublethal amounts of etoposide (0.1 μM) for 24 hours. GAPDH and β-actin were used as 

controls. (B) RT-PCR analysis of mRNA content in cells and exosomes. 

  

A 

B 
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CD8+ T cells, and a skewing of the cytokine profile to that of a Th2 population (Jutzy et 

al., 2013). As NK cells are frequently found to be inhibited in the TME, we investigated 

whether extracellular Survivin, or lymphoma exosomes containing Survivin, would also 

modify NK cell function.  

A well-recognized mechanism by which NK cells are inhibited in the TME is 

through interference with the activating receptor NKG2D.  Soluble and exosomal release 

of the NKG2D ligand MICA/B has been shown to reduce NKG2D expression on NK 

cells (Hedlund et al., 2011). We therefore examined whether lymphoma exosomes 

carried MICA/B (Figure 3), and if exposure to these exosomes or extracellular Survivin 

protein would alter NKG2D levels.  Analysis of exosome-coated aldehyde beads by flow 

cytometry did not detect expression of MICA/B, although the parent lymphoma cells did 

express this NKG2D ligand (Figure 3A).  Investigation of NKG2D levels on NK cells 

did not find significant changes after exposure to exosomes or Survivin, except in the NK 

cell group activated by a classical target, erythroleukemia cell line K562 (Zamai et al., 

1998). In this group there was a noticeable decrease in NKG2D levels after treatment 

with Survivin protein compared to media control (Figure 3B), although the mechanism 

by which this occurs is yet to be determined. 

To evaluate whether mechanisms other than NKG2D downregulation might be 

contributing to inhibition of NK cell function, we tested degranulation levels of NK cells 

after conditioning with Survivin or lymphoma exosomes.  Activated NK cells mobilize 

cytosolic granules containing perforin and Granzyme B to the plasma membrane for 

release, or degranulation. This process exposes the lysosomal membrane glycoproteins 

CD107a, also known as LAMP-1, which can be used as a measurement of NK cell   
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Figure 3.  NKG2DL are present on lymphoma cells but not exosomes, and treatment with 

Survivin protein decreases NKG2D expression. (A) Lymphoma cells express MICA/B (an 

NKG2DL), but exosomes from these two lymphoma cell lines did not.  Red = isotype, blue 

= DLCL2, orange = FSCCL. (B) NKG2D expression on NK cells (CD56+) after treatment 

with Survivin (0-1.0 μg/ml).  NK cells were activated by IL-2 (100 U/ml) and K562 target 

cells, and treated with Survivin for 24 hours. The receptor expression was assessed by mean 

fluorescence intensity (MFI) measured by fluorescent staining with NKG2D-APC 

antibody. MFI was normalized to an untreated group and data are presented as mean (± 

SEM) of three independent experiments (* is p<0.05), Survivin treatment versus untreated 

control.   
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activation or inhibition (Alter et al., 2004).  As expected, there were higher levels of 

degranulation in the NK cell group activated with IL-2, and increased degranulation in 

NK cells that were activated with PMA/Ionomycin and K562 cells. However, no 

significant changes were seen upon treatment with Survivin (Figure 4) or exosomes (data 

not shown).  

NK cell function can also be affected by the levels of its cytotoxic granule 

proteins and cytokines, as seen for example, in the TME of multiple myeloma where 

inhibition of NK cell activity occurred via lower levels of perforin and Granzyme B, 

despite unchanged degranulation (Sarkar et al., 2013).  Therefore, we next determined 

whether levels of perforin, Granzyme B, or cytokines TNF-α or IFN-γ would be affected 

by exposure of NK cells to lymphoma exosomes or Survivin protein. We treated NK cells 

with either exosomes (10 or 50 μg/ml) or Survivin protein and investigated protein levels 

by intracellular flow cytometry (Figure 5A).  Protein levels were not affected by 

activation with PMA/Ionomycin or K562 activation (data not shown). Exosomes were 

not able to exert a noticeable effect upon intracellular protein levels. However, treatment 

with extracellular Survivin protein consistently decreased protein amounts. We also used 

Western blot analysis to compare protein levels of perforin and Granzyme B in NK cells 

treated with Survivin protein (Figure 5B). 

In addition to measuring protein levels, we also investigated mRNA expression of 

perforin, Granzyme B, TNF-α and IFN-γ. We found that treatment of NK cells with 

lymphoma exosomes or extracellular Survivin for 24 hours did not result in consistent 

alterations to levels of RNA by either block RT-PCR (Figure 6A) or real time qRT-PCR 

(Figure 6C).  



www.manaraa.com

71 

 

 

 

 

 

 

 

 

 

Figure 4.  Degranulation of NK cells affected by IL-2 and activation by PMA and K562, 

but not by Survivin. PBMCs from healthy donors (n=7) were treated with recombinant 

Survivin protein (0-1.0 μg/ml) with or without IL-2 for 36 hours. Degranulation activity of 

the gated CD56+ NK cell population was measured after 6 hour stimulation by PMA and 

Ionomycin, K562 target cells, or media control using flow cytometry.  Data presented as 

% of total gated NK cells that were CD107a-FITC +.  
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Figure 5.  Survivin decreases NK cell intracellular protein levels of perforin, Granzyme B, 

TNF-α and IFN-γ. (A) CD3- CD56+ NK cells were treated with extracellular Survivin 

protein or lymphoma exosomes for 24 hours. Expression of perforin, Granzyme B, TNF-α 

and IFN-γ were measured by intracellular flow cytometry (n=5). Two concentrations of 

exosomes were investigated (10 μg and 50 μg). MFI was normalized to an untreated group 

and data are presented as mean (± SEM) of five independent experiments (* is p<0.05, ** 

is p<0.01), Survivin treatment versus untreated control.   

 (B) Protein levels of NK cells after treatment with Survivin by Western blot analysis. (C) 

Densitometry by ImageJ and normalized to β-actin (n=4). 
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As a test of functionality, we investigated the cytotoxic potential of NK cells by 

measuring their ability to lyse K562 target cells. NK cells were treated with 10 μg/ml 

recombinant Survivin for 24 hours prior to performing the lactate dehydrogenase release 

assay. NK effector cells were mixed with K562 target cells at various ratios, and the 

percentage of specific lysis was calculated.  As shown in Figure 7, exposure to Survivin 

did not alter NK cell cytotoxic potential.   

 

Discussion 

The ability of tumors to avoid immune attack is critical for cancer development and 

metastasis, but the mechanisms responsible have yet to be fully elucidated. Cancer 

exosomes have emerged as mediators of immune suppression facilitating tumor survival. 

In this work, we studied the influence of lymphoma-derived exosomes and extracellular 

Survivin on NK cells. We hypothesized that tumor-derived exosomes containing Survivin 

would affect NK functionality similarly to previous findings concerning T cell 

suppression by extracellular Survivin (Jutzy et al., 2013).  Although Survivin and other 

IAPs are present in lymphoma-derived exosomes, we found little observable difference in 

NK cells functionality after exposure to these exosomes. Conversely, extracellular 

Survivin treatment did decrease NK cell intracellular protein expression of perforin, 

Granzyme B, TNF-α and IFN-γ. This is perhaps due to a concentration effect, as the 

mixed contents of exosomes may dilute or overpower the influence of Survivin delivered 

exosomally as opposed to treatment by pure protein.  While an effect on NK cell protein 

is seen with Survivin by itself, the effect is lost by dilution into exosomes. Therefore, 

Survivin in the  
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Figure 6. Lymphoma exosomes and Survivin had no consistent effect on mRNA levels of 

NK cell cytokines and granules. (A) ImageJ density analysis of block RT-PCR bands did 

not show statistical significance in mRNA levels after 24 hours treatment with lymphoma 

exosomes (10 μg and 50 μg) or Survivin (n=5). (B) Block RT-PCR amplicon products from 

NK cells from one donor run on 1% agarose gel. (C) Gene expression (ΔΔCq) was 

measured using real time qRT-PCR performed with a Bio-Rad CFX (n=5).  



www.manaraa.com

75 

 

 

 

 

 

 

 

 

NK cell-specific lysis

20
:1

10
:1 5:

1

2.
5:

1

1.
25

:1

0.
6:

1

0

20

40

60

80

100
Control

Survivin

E:T ratio

%
 c

y
to

to
x
ic

it
y

 
 

Figure 7.  Survivin treatment had no effect on NK cell cytotoxicity. NK cell cytolytic 

capacity against target K562 cells was measured via lactate dehydrogenase (LDH) release 

at serial dilutions of the effector to target (E:T) ratio from 20:1 to 0.625:1. NK effector 

cells were activated overnight with IL-2 (100 U/ml) and treated with 10 μg/ml Survivin for 

24 hours before being co-incubated with K562 cells for 4 hours.   
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TME sourced from necrosing tumor cells may show more effects than exosomal Survivin 

due either to concentration or uptake issues, as NK cells have not been shown to 

efficiently uptake exosomes (Ferguson Bennit et al., 2017). 

The lack of effects on NK cell functionality after exposure to lymphoma-derived 

exosomes could result from several factors. For example, lymphoma exosomes may not 

contain sufficient quantities of modulating proteins. Examination by Western blot and 

flow cytometry showed very low amounts of FasL, TGF-β, or MICA/B associated with 

these vesicles. There is literature support for NK cells being affected by tumor exosomes 

that harbor these proteins (Szczepanski et al., 2011). Ovarian exosomes from cell lines 

and patients have shown variable surface expression of NKG2DL (MICA/B, ULBP1-3) 

with concomitant ability to downregulate NKG2D on PBMCs, decrease degranulation, 

and inhibit cytotoxicity (Labani-Motlagh et al., 2016). Although leukemia and 

lymphoma-derived exosomes have been reported to immunosuppress cytotoxic activity 

of NK cells by binding NKG2D receptors (Hedlund et al., 2011), it is possible the EVs 

obtained from the two cell lines examined in this work are lacking key modulatory 

proteins. Actual exosome protein expression is highly dependent on the cell of origin. 

While members of the tetraspanin family CD9, CD63 and CD81 are often presented as 

“exosome markers,” this is not a binding condition.  Early studies found CD63 to be low 

in exosomes compared to cells, while CD81 was enriched ten-fold (Escola et al., 1998). 

CLL exosomes, for example, have been shown to be low in CD63 and CD81 (Paggetti et 

al., 2015), but high in CD20, HLA-DR, Hsp72 and XIAP. A study examining several B 

cell lymphoma cell lines found no CD9 expression, and variable CD63 and CD81 levels 

(Oksvold et al., 2014). Another common marker involved in exosome biogenesis is 
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TSG101, whose levels have been known to vary widely in exosomes from plasma of 

different donors, as well as to be in the lumen of exosomes (Kalra et al., 2013, Muller et 

al., 2014).  These findings highlight the importance of choosing markers for EV 

phenotyping carefully, and recognizing the diversity in exosomes from different cellular 

origins.  Characterization of the exosomes used in this study found their size to be within 

the accepted exosome range of 50-150 nm and in agreement with results from CLL 

exosomes noted to be 70-200 nm (Paggetti et al., 2015).  In this study, surface 

phenotyping revealed low CD63, CD9 and TSG101 expression, and moderate levels of 

CD81 and FasL. These lymphoma exosomes were also high in MHC class I markers, but 

had no detectable TGF-β and MICA/B. Low exosomal levels of TGF-β and MICA/B 

may partly explain the observed inability of these vesicles to decrease NKG2D 

expression on NK cells (Clayton et al., 2008, Berchem et al., 2016).  

Another factor may be found in the uptake capabilities of NK cells for these 

exosomes. Previous studies have shown that NK cells have limited capacity for EV 

internalization (Hazan-Halevy et al., 2015, Ferguson Bennit et al., 2017). However, T 

cells also exhibit low uptake ability (Muller et al., 2017) and yet are still affected by EVs 

in a variety of capacities including cytotoxicity, cytokine release, proliferation and 

activation (Whiteside, 2017).  It should also be considered that K562 target cells are Fas 

negative, so if NK cells are being modulated in their FasL expression this would not elicit 

a change in the cytotoxicity assay (Yu et al., 2009).  

While Survivin did not have a significant effect on transcripts associated with NK 

cell activity, the functional proteins were decreased, perhaps through a post translational 

mechanism. This may have an inhibitory influence on the ability of cancer-associated NK 
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cells to eliminate tumor cells. The Survivin-induced decrease in perforin and Granzyme 

B may result in granules that are less effective, even if the degranulation process itself is 

unchanged.  

Decreased cytokine levels after conditioning with extracellular Survivin may 

hinder NK cell ability to communicate with other cells in the TME. TNF-α is an 

important inflammatory cytokine for the activation of neutrophils, macrophages, and 

lymphocytes with roles in cell proliferation, differentiation, necrosis, apoptosis, and 

cytokine induction (van Horssen et al., 2006). IFN-γ has a significant anti-tumor 

influence within the TME.  It can slow the cell cycle of cancer cells, induce apoptosis, 

inhibit angiogenesis, and is a critical macrophage activating agent (Ikeda et al., 2002, 

Schroder et al., 2004).  IFN-γ upregulates MHC class I molecules to promote antigen 

presentation and immune surveillance, promotes Th1 responses, and initiates a 

chemokine directed recruitment of other immune cells (Zaidi & Merlino, 2011).  An 

essential role of NK cells in the early anti-tumor response is the rapid production of IFN-

γ. Therefore, Survivin-induced reduction of IFN-γ may contribute to the suppression 

CTL- and NK-cell–mediated immune responses central to tumor immune escape.  The 

immunomodulating effects of Survivin that reduce IFN-γ are in line with the previous T 

cell study which reported skewed immune responses away from Th1 cell-mediated 

cytotoxicity (Jutzy & Wall, 2017).  Beyond its function in cell cycle and apoptosis, 

Survivin is establishing roles in the extracellular environment of enhancing tumor 

progression and immune suppression. This interaction with the immune system is 

complex and warrants further exploration.  
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The finding that Survivin can lower important proteins for NK cell function, 

while not being able to elicit a noticeable decrease in the actual killing ability of the NK 

cells against target cells implies that Survivin in the TME may be one component in a 

multifactorial inhibition of NK cells, with other entities also involved in the crippling of 

NK cell anti-tumor responses. Thus, anti-Survivin therapies and anti-TEX therapies may 

be useful as part of a combination attack against cancer. Continuing to dissect and 

understand the contribution of exosomes to immune modulation is crucial for prevention 

of tumor escape, harnessing the patients’ own anti-tumor immune responses, and 

discovering novel therapies. 
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CHAPTER FOUR 

CONCLUSION 

TEX play a key role in tumor progression, from promoting metastatic 

characteristics, angiogenesis, niche preparation, survival, and chemoresistance (Tickner 

et al., 2014). They also exert a variety of detrimental effects on immune cells, including 

apoptosis of activated T cells, upregulation of Treg activity(Szajnik et al., 2010), 

impairment of monocyte differentiation into dendritic cells (Iero et al., 2008, Wieckowski 

et al., 2009), and accumulation of myeloid-derived suppressor cells (Xiang et al., 2009). 

Extracellular vesicles also contribute significantly to NK cell suppression via NKG2DL 

and TGF-β (Boissel et al., 2006, Szczepanski et al., 2011, Hilpert et al., 2012).  

NK cells are innate immune effector cells important in surveillance and 

destruction of cancer due to their ability to recognize and kill tumor cells in a direct way 

independent of prior sensitization and without MHC-restrictions. NKG2D is a critical 

activating receptor for anti-tumor immune surveillance (Smyth et al., 2005), and its 

stress-inducible ligands MICA/B and ULBPs are often expressed on cancer cells. Tumors 

can evade the NKG2D ligand-receptor pathway by secretion of soluble and exosomal 

NKG2DL leading to receptor inhibition (Mincheva-Nilsson & Baranov, 2014).   

NK cell suppression in the TME has been observed in many hematological 

malignancies like AML and CLL (Pierson & Miller, 1996, Costello et al., 2002, Fauriat 

et al., 2007).  Studies on exosomes and B cell lymphoma are few, especially regarding 

interactions with NK cells. Therefore it was of interest to further explore the impact of 

exosomes in lymphoma, as a more complete understanding of the underlying processes 

may pave the way to more efficacious immunological therapies against cancer. In this 
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research work, we were particularly interested in the interactions of DLCL2 lymphoma 

exosomes with peripheral blood populations.  Previous literature investigating exosome 

interactions with immune cells have reported that myeloid derived populations like 

neutrophils, monocytes, macrophages and DCs utilize multiple approaches for uptake, 

from phagocytosis to ligand binding.  B cells have also been reported to be able to bind 

and internalize exosomes from DCs or malignant cells. However, T lymphocytes and NK 

cells have not been observed to have great ability to internalize exosomes, although there 

is extensive evidence for their being affected by exosomes. It is likely that these effector 

cells are susceptible to receptor-ligand binding induced alterations, especially by FasL, 

TGF-β, PD-L1, NKG2DL. We found that uptake was most efficient in B cells and 

myeloid derived cells, with over 40% of cells being positive for exosome internalization 

after 24 hours. In comparison, T cells and NK cells were less than 10% positive for 

uptake of exosomes. These findings align with other reports of exosomal internalization 

(Hazan-Halevy et al., 2015, Muller et al., 2017).  

Analysis of lymphoma exosome protein content revealed an absence of TGF-β 

and MICA/B, and the presence of FasL and Survivin.  Extracellular Survivin has been 

previously found to interact with T cell populations to promote a cancer permissive 

environment through inhibition of CD8+ T cell function and proliferation, as well 

skewing the cytokine profile to that of a Th2 surveillance response instead of a cytotoxic 

one (Jutzy et al., 2013). Therefore, we investigated what contribution Survivin may have 

in the NK cell modifications frequently observed in tumor settings.  Treatment with 

recombinant Survivin protein was able to decrease NKG2D receptor levels in NK cells 

stimulated with target cells, and decrease protein levels of TNF-α, IFN-γ, perforin, and 
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Granzyme B.  Exposure of NK cells to lymphoma exosomes did not result in observable 

changes in degranulation, cytotoxic ability, or protein and mRNA levels of perforin, 

Granzyme B, and cytokines. The findings of this work contribute to a better knowledge 

of the repertoire of lymphoma exosomal contents and their potential immune modulating 

contributions. This may open new possibilities for the use of NK cells in immunotherapy 

against lymphoma and other hematological malignancies.  

Although recent advances in cancer immunotherapies have ignited much 

enthusiasm and hope for patients and oncologists, therapeutic outcomes are often 

disappointing in many clinical trials. Cancer cell modulation of the TME is a critical 

factor in switching from a tumor-destructive environment to a tumor-promoting one that 

favors immunosuppressive immune cell populations such as MDSCs and Tregs.  Immune 

cells capable of anti-tumor actions such as NK cells and T cells are frequently inhibited. 

TME mechanisms that impair NK cell anti-tumor function are detrimental to the success 

of monoclonal antibody immunotherapies that depend on NK-mediated killing strategies.  

As exosomes play a significant role in NK cell suppression, further research on the 

exosomes derived from B cell lymphoma was warranted. The findings of this work 

contribute to a better knowledge of the repertoire of exosomal contents and their potential 

immune modulating contributions. This will open new possibilities for the use of NK 

cells in immunotherapy against lymphoma and other hematological malignancies.  

The future directions of this project include looking at changes in the proteome 

and transcriptome of NK cells upon conditioning with Survivin and lymphoma exosomes. 

These arrays would give a wider view of the extent of changes that occur when NK cells 

in the TME are exposed to lymphoma derived exosomes and extracellular Survivin, as 
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well as elucidate pathways and mechanisms utilized by Survivin to elicit the decreases in 

NK cell proteins. A further characterization of lymphoma exosomes from cell lines and 

patient samples might also reveal significant information as to the mechanism of immune 

suppression in this disease.  As this study used NK cells from healthy donors, who had a 

wide degree of variability in their immune status and NK cell responses, it might also be 

helpful to repeat some experiments, particularly the mRNA investigations, with an NK 

cell line such as NK92. Additionally, we would like to explore the effects of extracellular 

Survivin on other cell populations in the TME, such as DCs and monocytes.  

  



www.manaraa.com

90 

References 

Ahmed W., Philip P.S., Attoub S. and Khan G. (2015). Epstein–barr virus-infected cells 

release fas ligand in exosomal fractions and induce apoptosis in recipient cells via 

the extrinsic pathway. Journal of General Virology 96, 3646-3659. 

 

Al-Katib A.M., Sun Y., Goustin A.S., Azmi A.S., Chen B., Aboukameel A. and 

Mohammad R.M. (2009). Smi of bcl-2 tw-37 is active across a spectrum of b-cell 

tumors irrespective of their proliferative and differentiation status. J Hematol 

Oncol 2, 8. 

 

Alter G., Malenfant J.M. and Altfeld M. (2004). Cd107a as a functional marker for the 

identification of natural killer cell activity. Journal of Immunological Methods 

294, 15-22. 

 

Andreola G., Rivoltini L., Castelli C., Huber V., Perego P., Deho P., Squarcina P., 

Accornero P., Lozupone F., Lugini L., Stringaro A., Molinari A., Arancia G., 

Gentile M., Parmiani G. and Fais S. (2002). Induction of lymphocyte apoptosis by 

tumor cell secretion of fasl-bearing microvesicles. The Journal of Experimental 

Medicine 195, 1303-1316. 

 

Arnold P. and Mannie M. (1999). Vesicles bearing mhc class ii molecules mediate 

transfer of antigen from antigen-presenting cells to cd4+ t cells. Eur J Immunol 

29, 1363-1373. 

 

Ashiru O., Boutet P., Fernández-Messina L., Agüera-González S., Skepper J.N., Valés-

Gómez M. and Reyburn H.T. (2010). Natural killer cell cytotoxicity is suppressed 

by exposure to the human nkg2d ligand mica*008 that is shed by tumor cells in 

exosomes. Cancer Research 70, 481-489. 

 

Barrès C., Blanc L., Bette-Bobillo P., André S., Mamoun R., Gabius H.-J. and Vidal M. 

(2010). Galectin-5 is bound onto the surface of rat reticulocyte exosomes and 

modulates vesicle uptake by macrophages. Blood 115, 696-705. 

 

Bastos-Amador P., Perez-Cabezas B., Izquierdo-Useros N., Puertas M.C., Martinez-

Picado J., Pujol-Borrell R., Naranjo-Gomez M. and Borras F.E. (2012). Capture 

of cell-derived microvesicles (exosomes and apoptotic bodies) by human 

plasmacytoid dendritic cells. J Leukoc Biol 91, 751-758. 

 

Belting L., Hömberg N., Przewoznik M., Brenner C., Riedel T., Flatley A., Polić B., 

Busch D.H., Röcken M. and Mocikat R. (2015). Critical role of the nkg2d 

receptor for nk cell-mediated control and immune escape of b-cell lymphoma. 

European Journal of Immunology 45, 2593-2601. 

 

Berchem G., Noman M.Z., Bosseler M., Paggetti J., Baconnais S., Le cam E., Nanbakhsh 

A., Moussay E., Mami-Chouaib F., Janji B. and Chouaib S. (2016). Hypoxic 



www.manaraa.com

91 

tumor-derived microvesicles negatively regulate nk cell function by a mechanism 

involving tgf-β and mir23a transfer. Oncoimmunology 5, e1062968. 

 

Bianco N., Kim S.-H., Morelli A. and Robbins P. (2007). Modulation of the immune 

response using dendritic cell-derived exosomes. In: Immunological tolerance,  

Fairchild P. (ed). Humana Press. pp 443-455. 

 

Bobrie A., Krumeich S., Reyal F., Recchi C., Moita L.F., Seabra M.C., Ostrowski M. and 

Théry C. (2012). Rab27a supports exosome-dependent and -independent 

mechanisms that modify the tumor microenvironment and can promote tumor 

progression. Cancer Research 72, 4920-4930. 

 

Boissel N., Rea D., Tieng V., Dulphy N., Brun M., Cayuela J.-M., Rousselot P., Tamouza 

R., Le Bouteiller P., Mahon F.-X., Steinle A., Charron D., Dombret H. and 

Toubert A. (2006). Bcr/abl oncogene directly controls mhc class i chain-related 

molecule a expression in chronic myelogenous leukemia. The Journal of 

Immunology 176, 5108-5116. 

 

Brenner C.D., King S., Przewoznik M., Wolters I., Adam C., Bornkamm G.W., Busch 

D.H., Röcken M. and Mocikat R. (2010). Requirements for control of b-cell 

lymphoma by nk cells. European Journal of Immunology 40, 494-504. 

 

Bu N., Wu H., Sun B., Zhang G., Zhan S., Zhang R. and Zhou L. (2011). Exosome-

loaded dendritic cells elicit tumor-specific cd8+ cytotoxic t cells in patients with 

glioma. J Neurooncol 104, 659-667. 

 

Cai J., Han Y., Ren H., Chen C., He D., Zhou L., Eisner G.M., Asico L.D., Jose P.A. and 

Zeng C. (2013). Extracellular vesicle-mediated transfer of donor genomic DNA to 

recipient cells is a novel mechanism for genetic influence between cells. Journal 

of Molecular Cell Biology 5, 227-238. 

 

Cai J., Wu G., Tan X., Han Y., Chen C., Li C., Wang N., Zou X., Chen X., Zhou F., He 

D., Zhou L., Jose P.A. and Zeng C. (2014). Transferred bcr/abl DNA from k562 

extracellular vesicles causes chronic myeloid leukemia in immunodeficient mice. 

PLoS ONE 9, e105200. 

 

Chen L.M., Liu B., Zhao H.B., Stone P., Chen Q. and Chamley L. (2010). Il-6, tnfalpha 

and tgfbeta promote nonapoptotic trophoblast deportation and subsequently 

causes endothelial cell activation. Placenta 31, 75-80. 

 

Chiba M., Kimura M. and Asari S. (2012). Exosomes secreted from human colorectal 

cancer cell lines contain mrnas, micrornas and natural antisense rnas, that can 

transfer into the human hepatoma hepg2 and lung cancer a549 cell lines. 

Oncology Reports 28, 1551-1558. 

 



www.manaraa.com

92 

Chitadze G., Bhat J., Lettau M., Janssen O. and Kabelitz D. (2013). Generation of soluble 

nkg2d ligands: Proteolytic cleavage, exosome secretion and functional 

implications. Scandinavian Journal of Immunology 78, 120-129. 

 

Chow A., Zhou W., Liu L., Fong M.Y., Champer J., Van Haute D., Chin A.R., Ren X., 

Gugiu B.G., Meng Z., Huang W., Ngo V., Kortylewski M. and Wang S.E. (2014). 

Macrophage immunomodulation by breast cancer-derived exosomes requires toll-

like receptor 2-mediated activation of nf-κb. Scientific Reports 4, 5750. 

 

Christianson H.C., Svensson K.J., van Kuppevelt T.H., Li J.-P. and Belting M. (2013). 

Cancer cell exosomes depend on cell-surface heparan sulfate proteoglycans for 

their internalization and functional activity. Proceedings of the National Academy 

of Sciences 110, 17380-17385. 

 

Clayton A. and Tabi Z. (2005). Exosomes and the mica-nkg2d system in cancer. Blood 

Cells, Molecules, and Diseases 34, 206-213. 

 

Clayton A., Mitchell J.P., Court J., Mason M.D. and Tabi Z. (2007). Human tumor-

derived exosomes selectively impair lymphocyte responses to interleukin-2. 

Cancer Research 67, 7458-7466. 

 

Clayton A., Turkes A., Dewitt S., Steadman R., Mason M.D. and Hallett M.B. (2004). 

Adhesion and signaling by b cell-derived exosomes: The role of integrins. The 

FASEB Journal. 

 

Clayton A., Mitchell J.P., Court J., Linnane S., Mason M.D. and Tabi Z. (2008). Human 

tumor-derived exosomes down-modulate nkg2d expression. The Journal of 

Immunology 180, 7249-7258. 

 

Costello R.T., Sivori S., Marcenaro E., Lafage-Pochitaloff M., Mozziconacci M.-J., 

Reviron D., Gastaut J.-A., Pende D., Olive D. and Moretta A. (2002). Defective 

expression and function of natural killer cell–triggering receptors in patients with 

acute myeloid leukemia. 

 

Czernek L., Chworos A. and Duechler M. (2015). The uptake of extracellular vesicles is 

affected by the differentiation status of myeloid cells. Scand J Immunol 82, 506-

514. 

 

Dai S., Wan T., Wang B., Zhou X., Xiu F., Chen T., Wu Y. and Cao X. (2005). More 

efficient induction of hla-a*0201-restricted and carcinoembryonic antigen (cea)–

specific ctl response by immunization with exosomes prepared from heat-stressed 

cea-positive tumor cells. Clinical Cancer Research 11, 7554-7563. 

 

Danesh A., Inglis H.C., Jackman R.P., Wu S., Deng X., Muench M.O., Heitman J.W. and 

Norris P.J. (2014). Exosomes from red blood cell units bind to monocytes and 



www.manaraa.com

93 

induce proinflammatory cytokines, boosting t-cell responses in vitro. Blood 123, 

687-696. 

 

De Toro J., Herschlik L., Waldner C. and Mongini C. (2015). Emerging roles of 

exosomes in normal and pathological conditions: New insights for diagnosis and 

therapeutic applications. Front Immunol 6, 203. 

 

Denzer K., van Eijk M., Kleijmeer M.J., Jakobson E., de Groot C. and Geuze H.J. (2000). 

Follicular dendritic cells carry mhc class ii-expressing microvesicles at their 

surface. J Immunol 165, 1259-1265. 

 

Deregibus M.C., Cantaluppi V., Calogero R., Lo Iacono M., Tetta C., Biancone L., Bruno 

S., Bussolati B. and Camussi G. (2007). Endothelial progenitor cell–derived 

microvesicles activate an angiogenic program in endothelial cells by a horizontal 

transfer of mrna. Blood 110, 2440-2448. 

 

Dolcetti R. (2015). Cross-talk between epstein-barr virus and microenvironment in the 

pathogenesis of lymphomas. Seminars in Cancer Biology 34, 58-69. 

 

Dukers D.F., Meij P., Vervoort M.B.H.J., Vos W., Scheper R.J., Meijer C.J.L.M., 

Bloemena E. and Middeldorp J.M. (2000). Direct immunosuppressive effects of 

ebv-encoded latent membrane protein 1. The Journal of Immunology 165, 663-

670. 

 

Escola J.-M., Kleijmeer M.J., Stoorvogel W., Griffith J.M., Yoshie O. and Geuze H.J. 

(1998). Selective enrichment of tetraspan proteins on the internal vesicles of 

multivesicular endosomes and on exosomes secreted by human b-lymphocytes. 

Journal of Biological Chemistry 273, 20121-20127. 

 

Escrevente C., Keller S., Altevogt P. and Costa J. (2011). Interaction and uptake of 

exosomes by ovarian cancer cells. BMC Cancer 11, 1-10. 

 

Fauriat C., Just-Landi S., Mallet F., Arnoulet C., Sainty D., Olive D. and Costello R.T. 

(2007). Deficient expression of ncr in nk cells from acute myeloid leukemia: 

Evolution during leukemia treatment and impact of leukemia cells in ncrdull 

phenotype induction. 

 

Feng D., Zhao W.-L., Ye Y.-Y., Bai X.-C., Liu R.-Q., Chang L.-F., Zhou Q. and Sui S.-F. 

(2010). Cellular internalization of exosomes occurs through phagocytosis. Traffic 

11, 675-687. 

 

Ferguson Bennit H.R., Gonda A., Oppegard L., Chi D.P., Khan S. and Wall N.R. (2017). 

Uptake of lymphoma-derived exosomes by peripheral blood leukocytes. Blood 

and Lymphatic Cancer: Targets and Therapy 7, 9-23. 

 



www.manaraa.com

94 

Fernández-Messina L., Ashiru O., Boutet P., Agüera-González S., Skepper J.N., Reyburn 

H.T. and Valés-Gómez M. (2010). Differential mechanisms of shedding of the 

glycosylphosphatidylinositol (gpi)-anchored nkg2d ligands. Journal of Biological 

Chemistry 285, 8543-8551. 

 

Filipazzi P., Bürdek M., Villa A., Rivoltini L. and Huber V. (2012). Recent advances on 

the role of tumor exosomes in immunosuppression and disease progression. 

Seminars in Cancer Biology 22, 342-349. 

 

Fortugno P., Wall N.R., Giodini A., O'Connor D.S., Plescia J., Padgett K.M., Tognin S., 

Marchisio P.C. and Altieri D.C. (2002). Survivin exists in immunochemically 

distinct subcellular pools and is involved in spindle microtubule function. Journal 

of Cell Science 115, 575-585. 

 

Franzen C.A., Simms P.E., Van Huis A.F., Foreman K.E., Kuo P.C. and Gupta G.N. 

(2014). Characterization of uptake and internalization of exosomes by bladder 

cancer cells. BioMed Research International 2014, 619829. 

 

Graves L.E., Ariztia E.V., Navari J.R., Matzel H.J., Stack M.S. and Fishman D.A. (2004). 

Proinvasive properties of ovarian cancer ascites-derived membrane vesicles. 

Cancer Research 64, 7045-7049. 

 

Grivennikov S.I., Greten F.R. and Karin M. (2010). Immunity, inflammation, and cancer. 

Cell 140, 883-899. 

 

Guerra N., Tan Y.X., Joncker N.T., Choy A., Gallardo F., Xiong N., Knoblaugh S., Cado 

D., Greenberg N.R. and Raulet D.H. (2008). Nkg2d-deficient mice are defective 

in tumor surveillance in models of spontaneous malignancy. Immunity 28, 571-

580. 

 

Gutzeit C., Nagy N., Gentile M., Lyberg K., Gumz J., Vallhov H., Puga I., Klein E., 

Gabrielsson S., Cerutti A. and Scheynius A. (2014). Exosomes derived from 

burkitt’s lymphoma cell lines induce proliferation, differentiation, and class-

switch recombination in b cells. The Journal of Immunology 192, 5852-5862. 

 

Hao S., Bai O., Li F., Yuan J., Laferte S. and Xiang J. (2007). Mature dendritic cells 

pulsed with exosomes stimulate efficient cytotoxic t-lymphocyte responses and 

antitumour immunity. Immunology 120, 90-102. 

 

Hazan-Halevy I., Rosenblum D., Weinstein S., Bairey O., Raanani P. and Peer D. (2015). 

Cell-specific uptake of mantle cell lymphoma-derived exosomes by malignant 

and non-malignant b-lymphocytes. Cancer Letters 364, 59-69. 

 

Hedlund M., Nagaeva O., Kargl D., Baranov V. and Mincheva-Nilsson L. (2011). 

Thermal- and oxidative stress causes enhanced release of nkg2d ligand-bearing 



www.manaraa.com

95 

immunosuppressive exosomes in leukemia/lymphoma t and b cells. PLoS ONE 6, 

e16899. 

 

Hilpert J., Grosse-Hovest L., Grünebach F., Buechele C., Nuebling T., Raum T., Steinle 

A. and Salih H.R. (2012). Comprehensive analysis of nkg2d ligand expression 

and release in leukemia: Implications for nkg2d-mediated nk cell responses. The 

Journal of Immunology 189, 1360-1371. 

 

Hong C.-S., Miller L., Whiteside T.L. and Boyiadzis M. (2014a). Plasma exosomes as 

markers of therapeutic response in patients with acute myeloid leukemia. 

Frontiers in Immunology 5. 

 

Hong C.S., Muller L., Boyiadzis M. and Whiteside T.L. (2014b). Isolation and 

characterization of cd34+ blast-derived exosomes in acute myeloid leukemia. 

PLoS One 9, e103310. 

 

Hood J.L., San R.S. and Wickline S.A. (2011). Exosomes released by melanoma cells 

prepare sentinel lymph nodes for tumor metastasis. Cancer Research 71, 3792-

3801. 

 

Huber V., Fais S., Iero M., Lugini L., Canese P., Squarcina P., Zaccheddu A., Colone M., 

Arancia G., Gentile M., Seregni E., Valenti R., Ballabio G., Belli F., Leo E., 

Parmiani G. and Rivoltini L. (2005). Human colorectal cancer cells induce t-cell 

death through release of proapoptotic microvesicles: Role in immune escape. 

Gastroenterology 128, 1796-1804. 

 

Hwang I. and Ki D. (2011). Receptor-mediated t cell absorption of antigen presenting 

cell-derived molecules. Frontiers in bioscience : a journal and virtual library 16, 

411-421. 

 

Iero M., Valenti R., Huber V., Filipazzi P., Parmiani G., Fais S. and Rivoltini L. (2008). 

Tumour-released exosomes and their implications in cancer immunity. Cell Death 

& Differentiation 15, 80-88. 

 

Ikeda H., Old L.J. and Schreiber R.D. (2002). The roles of ifng in protection against 

tumor development and cancer immunoediting. Cytokine and Growth Factor 

Reviews 13, 95-109. 

 

Jutzy J.M. and Wall N.R. (2017). Modulation of t lymphocytes by tumor-released 

survivin J Cancer Biology and Therapeutics 1, 160-173. 

 

Jutzy J.M.S., Khan S., Asuncion-Valenzuela M.M., Milford T.-A.M., Payne K.J. and 

Wall N.R. (2013). Tumor-released survivin induces a type-2 t cell response and 

decreases cytotoxic t cell function, in vitro. Cancer Microenvironment 6, 57-68. 

 



www.manaraa.com

96 

Kahlert C., Melo S.A., Protopopov A., Tang J., Seth S., Koch M., Zhang J., Weitz J., 

Chin L., Futreal A. and Kalluri R. (2014). Identification of double-stranded 

genomic DNA spanning all chromosomes with mutated kras and p53 DNA in the 

serum exosomes of patients with pancreatic cancer. Journal of Biological 

Chemistry 289, 3869-3875. 

 

Kalluri R. (2016). The biology and function of exosomes in cancer. J Clin Invest 126, 

1208-1215. 

 

Kalra H., Adda C.G., Liem M., Ang C.-S., Mechler A., Simpson R.J., Hulett M.D. and 

Mathivanan S. (2013). Comparative proteomics evaluation of plasma exosome 

isolation techniques and assessment of the stability of exosomes in normal human 

blood plasma. PROTEOMICS 13, 3354-3364. 

 

Kawamoto T., Ohga N., Akiyama K., Hirata N., Kitahara S., Maishi N., Osawa T., 

Yamamoto K., Kondoh M., Shindoh M., Hida Y. and Hida K. (2012). Tumor-

derived microvesicles induce proangiogenic phenotype in endothelial cells via 

endocytosis. PLoS ONE 7, e34045. 

 

Keller S., Ridinger J., Rupp A.-K., Janssen J. and Altevogt P. (2011). Body fluid derived 

exosomes as a novel template for clinical diagnostics. Journal of Translational 

Medicine 9, 86. 

 

Keller S., König A.-K., Marmé F., Runz S., Wolterink S., Koensgen D., Mustea A., 

Sehouli J. and Altevogt P. (2009). Systemic presence and tumor-growth 

promoting effect of ovarian carcinoma released exosomes. Cancer Letters 278, 

73-81. 

 

Khan S., Bennit H.F. and Wall N.R. (2015). The emerging role of exosomes in survivin 

secretion. Histol Histopathol 30, 43-50. 

 

Khan S., Jutzy J.M., Aspe J.R., McGregor D.W., Neidigh J.W. and Wall N.R. (2011). 

Survivin is released from cancer cells via exosomes. Apoptosis 16, 1-12. 

 

Khan S., Aspe J.R., Asumen M.G., Almaguel F., Odumosu O., Acevedo-Martinez S., De 

Leon M., Langridge W.H. and Wall N.R. (2009). Extracellular, cell-permeable 

survivin inhibits apoptosis while promoting proliferative and metastatic potential. 

Br J Cancer 100, 1073-1086. 

 

Kim J.W., Wieckowski E., Taylor D.D., Reichert T.E., Watkins S. and Whiteside T.L. 

(2005). Fas ligand–positive membranous vesicles isolated from sera of patients 

with oral cancer induce apoptosis of activated t lymphocytes. Clinical Cancer 

Research 11, 1010-1020. 

 



www.manaraa.com

97 

Kim S.H., Bianco N., Menon R., Lechman E.R., Shufesky W.J., Morelli A.E. and 

Robbins P.D. (2006). Exosomes derived from genetically modified dc expressing 

fasl are anti-inflammatory and immunosuppressive. Mol Ther 13, 289-300. 

 

Kosaka N., Iguchi H., Hagiwara K., Yoshioka Y., Takeshita F. and Ochiya T. (2013). 

Neutral sphingomyelinase 2 (nsmase2)-dependent exosomal transfer of 

angiogenic micrornas regulate cancer cell metastasis. Journal of Biological 

Chemistry 288, 10849-10859. 

 

Labani-Motlagh A., Israelsson P., Ottander U., Lundin E., Nagaev I., Nagaeva O., Dehlin 

E., Baranov V. and Mincheva-Nilsson L. (2016). Differential expression of 

ligands for nkg2d and dnam-1 receptors by epithelial ovarian cancer-derived 

exosomes and its influence on nk cell cytotoxicity. Tumor Biology 37, 5455-

5466. 

 

Lanier L.L. (2008). Up on the tightrope: Natural killer cell activation and inhibition. Nat 

Immunol 9, 495-502. 

 

Lässer C., Seyed Alikhani V., Ekström K., Eldh M., Torregrosa Paredes P., Bossios A., 

Sjöstrand M., Gabrielsson S., Lötvall J. and Valadi H. (2011). Human saliva, 

plasma and breast milk exosomes contain rna: Uptake by macrophages. Journal of 

Translational Medicine 9, 1-8. 

 

Liu C., Yu S., Zinn K., Wang J., Zhang L., Jia Y., Kappes J.C., Barnes S., Kimberly R.P., 

Grizzle W.E. and Zhang H.-G. (2006). Murine mammary carcinoma exosomes 

promote tumor growth by suppression of nk cell function. The Journal of 

Immunology 176, 1375-1385. 

 

Luga V., Zhang L., Viloria-Petit Alicia M., Ogunjimi Abiodun A., Inanlou 

Mohammad R., Chiu E., Buchanan M., Hosein Abdel N., Basik M. and Wrana 

Jeffrey L. (2012). Exosomes mediate stromal mobilization of autocrine wnt-pcp 

signaling in breast cancer cell migration. Cell 151, 1542-1556. 

 

Mallegol J., van Niel G. and Heyman M. (2005). Phenotypic and functional 

characterization of intestinal epithelial exosomes. Blood Cells, Molecules, and 

Diseases 35, 11-16. 

 

Miller D.M., Thomas S.D., Islam A., Muench D. and Sedoris K. (2012). C-myc and 

cancer metabolism. Clin Cancer Res 18, 5546-5553. 

 

Mincheva-Nilsson L. and Baranov V. (2014). Cancer exosomes and nkg2d receptor–

ligand interactions: Impairing nkg2d-mediated cytotoxicity and anti-tumour 

immune surveillance. Seminars in Cancer Biology 28, 24-30. 

 



www.manaraa.com

98 

Mitchell P., Welton J., Staffurth J., Court J., Mason M., Tabi Z. and Clayton A. (2009). 

Can urinary exosomes act as treatment response markers in prostate cancer? 

Journal of Translational Medicine 7, 4. 

 

Morelli A.E., Larregina A.T., Shufesky W.J., Sullivan M.L., Stolz D.B., Papworth G.D., 

Zahorchak A.F., Logar A.J., Wang Z., Watkins S.C., Falo L.D., Jr. and Thomson 

A.W. (2004). Endocytosis, intracellular sorting, and processing of exosomes by 

dendritic cells. Blood 104, 3257-3266. 

 

Mulcahy L.A., Pink R.C. and Carter D.R.F. (2014). Routes and mechanisms of 

extracellular vesicle uptake. Journal of Extracellular Vesicles 3, 

10.3402/jev.v3403.24641. 

 

Muller L., Simms P.E., Hong C.-S. and Whiteside T.L. (2017). Human tumor-derived 

exosomes (tex) regulate treg functions via cell surface signaling rather than 

uptake mechanisms. OncoImmunology in press. 

 

Muller L., Hong C.-S., Stolz D.B., Watkins S.C. and Whiteside T.L. (2014). Isolation of 

biologically-active exosomes from human plasma. Journal of Immunological 

Methods 411, 55-65. 

 

Nanbo A., Kawanishi E., Yoshida R. and Yoshiyama H. (2013). Exosomes derived from 

epstein-barr virus-infected cells are internalized via caveola-dependent 

endocytosis and promote phenotypic modulation in target cells. Journal of 

Virology 87, 10334-10347. 

 

Nazarenko I., Rana S., Baumann A., McAlear J., Hellwig A., Trendelenburg M., Lochnit 

G., Preissner K.T. and Zöller M. (2010). Cell surface tetraspanin tspan8 

contributes to molecular pathways of exosome-induced endothelial cell activation. 

Cancer Research 70, 1668-1678. 

 

Nolte-'t Hoen E.N., Buschow S.I., Anderton S.M., Stoorvogel W. and Wauben M.H. 

(2009). Activated t cells recruit exosomes secreted by dendritic cells via lfa-1. 

Blood 113, 1977-1981. 

 

O’Brien K., Rani S., Corcoran C., Wallace R., Hughes L., Friel A.M., McDonnell S., 

Crown J., Radomski M.W. and O’Driscoll L. Exosomes from triple-negative 

breast cancer cells can transfer phenotypic traits representing their cells of origin 

to secondary cells. European Journal of Cancer 49, 1845-1859. 

 

Obregon C., Rothen-Rutishauser B., Gerber P., Gehr P. and Nicod L.P. (2009). Active 

uptake of dendritic cell-derived exovesicles by epithelial cells induces the release 

of inflammatory mediators through a tnf-α-mediated pathway. The American 

Journal of Pathology 175, 696-705. 

 



www.manaraa.com

99 

Ohno S.-i., Takanashi M., Sudo K., Ueda S., Ishikawa A., Matsuyama N., Fujita K., 

Mizutani T., Ohgi T., Ochiya T., Gotoh N. and Kuroda M. (2013). Systemically 

injected exosomes targeted to egfr deliver antitumor microrna to breast cancer 

cells. Mol Ther 21, 185-191. 

 

Oksvold M.P., Kullmann A., Forfang L., Kierulf B., Li M., Brech A., Vlassov A.V., 

Smeland E.B., Neurauter A. and Pedersen K.W. (2014). Expression of b-cell 

surface antigens in subpopulations of exosomes released from b-cell lymphoma 

cells. Clinical Therapeutics 36, 847-862.e841. 

 

Oppenheim D.E., Roberts S.J., Clarke S.L., Filler R., Lewis J.M., Tigelaar R.E., Girardi 

M. and Hayday A.C. (2005). Sustained localized expression of ligand for the 

activating nkg2d receptor impairs natural cytotoxicity in vivo and reduces tumor 

immunosurveillance. Nature Immunology 6, 928-937. 

 

Paggetti J., Haderk F., Seiffert M., Janji B., Distler U., Ammerlaan W., Kim Y.J., Adam 

J., Lichter P., Solary E., Berchem G. and Moussay E. (2015). Exosomes released 

by chronic lymphocytic leukemia cells induce the transition of stromal cells into 

cancer-associated fibroblasts. Blood 126, 1106-1117. 

 

Parolini I., Federici C., Raggi C., Lugini L., Palleschi S., De Milito A., Coscia C., Iessi 

E., Logozzi M., Molinari A., Colone M., Tatti M., Sargiacomo M. and Fais S. 

(2009). Microenvironmental ph is a key factor for exosome traffic in tumor cells. 

Journal of Biological Chemistry 284, 34211-34222. 

 

Peinado H., Aleckovic M., Lavotshkin S., Matei I., Costa-Silva B., Moreno-Bueno G., 

Hergueta-Redondo M., Williams C., Garcia-Santos G., Ghajar C.M., Nitadori-

Hoshino A., Hoffman C., Badal K., Garcia B.A., Callahan M.K., Yuan J., Martins 

V.R., Skog J., Kaplan R.N., Brady M.S., Wolchok J.D., Chapman P.B., Kang Y., 

Bromberg J. and Lyden D. (2012). Melanoma exosomes educate bone marrow 

progenitor cells toward a pro-metastatic phenotype through met. Nat Med 18, 

883-891. 

 

Pierson B.A. and Miller J.S. (1996). Cd56+bright and cd56+dim natural killer cells in 

patients with chronic myelogenous leukemia progressively decrease in number, 

respond less to stimuli that recruit clonogenic natural killer cells, and exhibit 

decreased proliferation on a per cell basis. Blood 88, 2279. 

 

Qazi K.R., Gehrmann U., Domange Jordö E., Karlsson M.C.I. and Gabrielsson S. (2009). 

Antigen-loaded exosomes alone induce th1-type memory through a b cell–

dependent mechanism. Blood 113, 2673-2683. 

 

Raffaghello L., Prigione I., Airoldi I., Camoriano M., Levreri I., Gambini C., Pende D., 

Steinle A., Ferrone S. and Pistoia V. (2004). Downregulation and/or release of 

nkg2d ligands as immune evasion strategy of human neuroblastoma. Neoplasia 6, 

558-568. 



www.manaraa.com

100 

 

Rak J. and Guha A. (2012). Extracellular vesicles – vehicles that spread cancer genes. 

BioEssays 34, 489-497. 

 

Rana S., Yue S., Stadel D. and Zöller M. (2012). Toward tailored exosomes: The 

exosomal tetraspanin web contributes to target cell selection. The International 

Journal of Biochemistry & Cell Biology 44, 1574-1584. 

 

Raposo G., Nijman H.W., Stoorvogel W., Liejendekker R., Harding C.V., Melief C.J. and 

Geuze H.J. (1996). B lymphocytes secrete antigen-presenting vesicles. The 

Journal of Experimental Medicine 183, 1161-1172. 

 

Ratajczak J., Miekus K., Kucia M., Zhang J., Reca R., Dvorak P. and Ratajczak M.Z. 

(2006). Embryonic stem cell-derived microvesicles reprogram hematopoietic 

progenitors: Evidence for horizontal transfer of mrna and protein delivery. 

Leukemia 20, 847-856. 

 

Reiners K.S., Kessler J., Sauer M., Rothe A., Hansen H.P., Reusch U., Hucke C., Kohl 

U., Durkop H., Engert A. and von Strandmann E.P. (2013). Rescue of impaired 

nk cell activity in hodgkin lymphoma with bispecific antibodies in vitro and in 

patients. Mol Ther 21, 895-903. 

 

Riches A., Campbell E., Borger E. and Powis S. (2014). Regulation of exosome release 

from mammary epithelial and breast cancer cells – a new regulatory pathway. 

European Journal of Cancer 50, 1025-1034. 

 

Safaei R., Larson B.J., Cheng T.C., Gibson M.A., Otani S., Naerdemann W. and Howell 

S.B. (2005). Abnormal lysosomal trafficking and enhanced exosomal export of 

cisplatin in drug-resistant human ovarian carcinoma cells. Molecular Cancer 

Therapeutics 4, 1595-1604. 

 

Sarkar S., Germeraad W.T.V., Rouschop K.M.A., Steeghs E.M.P., van Gelder M., Bos 

G.M.J. and Wieten L. (2013). Hypoxia induced impairment of nk cell cytotoxicity 

against multiple myeloma can be overcome by il-2 activation of the nk cells. 

PLoS ONE 8, e64835. 

 

Saunderson S.C., Dunn A.C., Crocker P.R. and McLellan A.D. (2014). Cd169 mediates 

the capture of exosomes in spleen and lymph node. Blood 123, 208-216. 

 

Schroder K., Hertzog P.J., Ravasi T. and Hume D.A. (2004). Interferon-γ: An overview 

of signals, mechanisms and functions. Journal of Leukocyte Biology 75, 163-189. 

 

Segura E., Amigorena S. and Théry C. (2005a). Mature dendritic cells secrete exosomes 

with strong ability to induce antigen-specific effector immune responses. Blood 

Cells, Molecules, and Diseases 35, 89-93. 

 



www.manaraa.com

101 

Segura E., Guérin C., Hogg N., Amigorena S. and Théry C. (2007). Cd8+ dendritic cells 

use lfa-1 to capture mhc-peptide complexes from exosomes in vivo. Journal of 

Immunology 179, 1489-1496. 

 

Segura E., Nicco C., Lombard B., Véron P., Raposo G., Batteux F., Amigorena S. and 

Théry C. (2005b). Icam-1 on exosomes from mature dendritic cells is critical for 

efficient naive t-cell priming. Blood 106, 216-223. 

 

Shedden K., Xie X.T., Chandaroy P., Chang Y.T. and Rosania G.R. (2003). Expulsion of 

small molecules in vesicles shed by cancer cells: Association with gene 

expression and chemosensitivity profiles. Cancer Research 63, 4331-4337. 

 

Sheng H., Hassanali S., Nugent C., Wen L., Hamilton-Williams E., Dias P. and Dai Y.D. 

(2011). Insulinoma-released exosomes or microparticles are immunostimulatory 

and can activate autoreactive t cells spontaneously developed in nonobese diabetic 

mice. The Journal of Immunology 187, 1591-1600. 

 

Skog J., Wurdinger T., van Rijn S., Meijer D.H., Gainche L., Curry W.T., Carter B.S., 

Krichevsky A.M. and Breakefield X.O. (2008). Glioblastoma microvesicles 

transport rna and proteins that promote tumour growth and provide diagnostic 

biomarkers. Nat Cell Biol 10, 1470-1476. 

 

Skokos D., Botros H.G., Demeure C., Morin J., Peronet R., Birkenmeier G., Boudaly S. 

and Mecheri S. (2003). Mast cell-derived exosomes induce phenotypic and 

functional maturation of dendritic cells and elicit specific immune responses in 

vivo. J Immunol 170, 3037-3045. 

 

Smyth M.J., Thia K.Y.T., Street S.E.A., MacGregor D., Godfrey D.I. and Trapani J.A. 

(2000). Perforin-mediated cytotoxicity is critical for surveillance of spontaneous 

lymphoma. The Journal of Experimental Medicine 192, 755-760. 

 

Smyth M.J., Swann J., Cretney E., Zerafa N., Yokoyama W.M. and Hayakawa Y. (2005). 

Nkg2d function protects the host from tumor initiation. Journal of Experimental 

Medicine 202, 583-588. 

 

Smyth T.J., Redzic J.S., Graner M.W. and Anchordoquy T.J. (2014). Examination of the 

specificity of tumor cell derived exosomes with tumor cells in vitro. Biochimica 

et Biophysica Acta (BBA) - Biomembranes 1838, 2954-2965. 

 

Solimando A.G., Ribatti D., Vacca A. and Einsele H. (2016). Targeting b-cell non 

hodgkin lymphoma: New and old tricks. Leuk Res 42, 93-104. 

 

Srinivasan S., Vannberg F.O. and Dixon J.B. (2016). Lymphatic transport of exosomes as 

a rapid route of information dissemination to the lymph node. Sci Rep 6, 24436. 

 



www.manaraa.com

102 

Stenqvist A.C., Nagaeva O., Baranov V. and Mincheva-Nilsson L. (2013). Exosomes 

secreted by human placenta carry functional fas ligand and trail molecules and 

convey apoptosis in activated immune cells, suggesting exosome-mediated 

immune privilege of the fetus. J Immunol 191, 5515-5523. 

 

Suetsugu A., Honma K., Saji S., Moriwaki H., Ochiya T. and Hoffman R.M. (2013). 

Imaging exosome transfer from breast cancer cells to stroma at metastatic sites in 

orthotopic nude-mouse models. Advanced Drug Delivery Reviews 65, 383-390. 

 

Sun Y. and Liu J. (2014). Potential of cancer cell-derived exosomes in clinical 

application: A review of recent research advances. Clin Ther 36, 863-872. 

 

Svensson K.J., Christianson H.C., Wittrup A., Bourseau-Guilmain E., Lindqvist E., 

Svensson L.M., Mörgelin M. and Belting M. (2013). Exosome uptake depends on 

erk1/2-heat shock protein 27 signaling and lipid raft-mediated endocytosis 

negatively regulated by caveolin-1. Journal of Biological Chemistry 288, 17713-

17724. 

 

Szajnik M., Czystowska M., Szczepanski M.J., Mandapathil M. and Whiteside T.L. 

(2010). Tumor-derived microvesicles induce, expand and up-regulate biological 

activities of human regulatory t cells (treg). PLoS ONE 5, e11469. 

 

Szczepanski M.J., Szajnik M., Welsh A., Whiteside T.L. and Boyiadzis M. (2011). Blast-

derived microvesicles in sera from patients with acute myeloid leukemia suppress 

natural killer cell function via membrane-associated transforming growth factor-

β1. Haematologica 96, 1302-1309. 

 

Taylor D.D. and Gercel-Taylor C. (2008). Microrna signatures of tumor-derived 

exosomes as diagnostic biomarkers of ovarian cancer. Gynecologic Oncology 

110, 13-21. 

 

Taylor D.D. and Gercel-Taylor C. (2011). Exosomes/microvesicles: Mediators of cancer-

associated immunosuppressive microenvironments. Semin Immunopathol 33, 

441-454. 

 

Taylor D.D., Gerçel-Taylor Ç., Lyons K.S., Stanson J. and Whiteside T.L. (2003). T-cell 

apoptosis and suppression of t-cell receptor/cd3-ζ by fas ligand-containing 

membrane vesicles shed from ovarian tumors. Clinical Cancer Research 9, 5113-

5119. 

 

Thery C., Zitvogel L. and Amigorena S. (2002). Exosomes: Composition, biogenesis and 

function. Nat Rev Immunol 2, 569-579. 

 

Thery C., Ostrowski M. and Segura E. (2009). Membrane vesicles as conveyors of 

immune responses. Nat Rev Immunol 9, 581-593. 

 



www.manaraa.com

103 

Tickner J.A., Urquhart A.J., Stephenson S.-A., Richard D.J. and O'Byrne K.J. (2014). 

Functions and therapeutic roles of exosomes in cancer. Frontiers in Oncology 4. 

 

Turay D., Khan S., Osterman C.J.D., Curtis M.P., Khaira B., Neidigh J.W., Mirshahidi 

S., Casiano C.A. and Wall N.R. (2016). Proteomic profiling of serum-derived 

exosomes from ethnically diverse prostate cancer patients. Cancer investigation 

34, 1-11. 

 

Valadi H., Ekstrom K., Bossios A., Sjostrand M., Lee J.J. and Lotvall J.O. (2007). 

Exosome-mediated transfer of mrnas and micrornas is a novel mechanism of 

genetic exchange between cells. Nat Cell Biol 9, 654-659. 

 

Valenzuela M., Ferguson Bennit H., Gonda A., Diaz Osterman C., Hibma A., Khan S. 

and Wall N. (2015). Exosomes secreted from human cancer cell lines contain 

inhibitors of apoptosis (iap). Cancer Microenvironment 1-9. 

 

van Horssen R., ten Hagen T.L.M. and Eggermont A.M.M. (2006). Tnf-α in cancer 

treatment: Molecular insights, antitumor effects, and clinical utility. The 

Oncologist 11, 397-408. 

 

Viaud S., Théry C., Ploix S., Tursz T., Lapierre V., Lantz O., Zitvogel L. and Chaput N. 

(2010). Dendritic cell-derived exosomes for cancer immunotherapy: What's next? 

Cancer Research 70, 1281-1285. 

 

Viaud S., Terme M., Flament C., Taieb J., André F., Novault S., Escudier B., Robert C., 

Caillat-Zucman S., Tursz T., Zitvogel L. and Chaput N. (2009). Dendritic cell-

derived exosomes promote natural killer cell activation and proliferation: A role 

for nkg2d ligands and il-15rα. PLoS ONE 4, e4942. 

 

Wada J., Onishi H., Suzuki H., Yamasaki A., Nagai S., Morisaki T. and Katano M. 

(2010). Surface-bound tgf-β1 on effusion-derived exosomes participates in 

maintenance of number and suppressive function of regulatory t-cells in 

malignant effusions. Anticancer Research 30, 3747-3757. 

 

Wang J., Hendrix A., Hernot S., Lemaire M., De Bruyne E., Van Valckenborgh E., 

Lahoutte T., De Wever O., Vanderkerken K. and Menu E. (2014). Bone marrow 

stromal cell–derived exosomes as communicators in drug resistance in multiple 

myeloma cells. Blood 124, 555-566. 

 

Wang R., Xu A., Zhang X., Wu J., Freywald A., Xu J. and Xiang J. (2016). Novel 

exosome-targeted t-cell-based vaccine counteracts t-cell anergy and converts ctl 

exhaustion in chronic infection via cd40l signaling through the mtorc1 pathway. 

Cell Mol Immunol. 

 



www.manaraa.com

104 

Welton J.L., Khanna S., Giles P.J., Brennan P., Brewis I.A., Staffurth J., Mason M.D. and 

Clayton A. (2010). Proteomics analysis of bladder cancer exosomes. Molecular & 

Cellular Proteomics 9, 1324-1338. 

 

Whiteside T.L. (2013). Immune modulation of t-cell and nk (natural killer) cell activities 

by texs (tumour-derived exosomes). Biochemical Society Transactions 41, 245-

251. 

 

Whiteside T.L. (2017). Exosomes carrying immunoinhibitory proteins and their role in 

cancer. Clinical & Experimental Immunology. 

 

Wieckowski E.U., Visus C., Szajnik M., Szczepanski M.J., Storkus W.J. and Whiteside 

T.L. (2009). Tumor-derived microvesicles promote regulatory t cell expansion 

and induce apoptosis in tumor-reactive activated cd8+ t lymphocytes. The Journal 

of Immunology 183, 3720-3730. 

 

Wolfers J., Lozier A., Raposo G., Regnault A., Thery C., Masurier C., Flament C., 

Pouzieux S., Faure F., Tursz T., Angevin E., Amigorena S. and Zitvogel L. 

(2001). Tumor-derived exosomes are a source of shared tumor rejection antigens 

for ctl cross-priming. Nat Med 7, 297-303. 

 

Wubbolts R., Leckie R.S., Veenhuizen P.T., Schwarzmann G., Mobius W., 

Hoernschemeyer J., Slot J.W., Geuze H.J. and Stoorvogel W. (2003). Proteomic 

and biochemical analyses of human b cell-derived exosomes. Potential 

implications for their function and multivesicular body formation. J Biol Chem 

278, 10963-10972. 

 

Xiang X., Poliakov A., Liu C., Liu Y., Deng Z.-b., Wang J., Cheng Z., Shah S.V., Wang 

G.-J., Zhang L., Grizzle W.E., Mobley J. and Zhang H.-G. (2009). Induction of 

myeloid-derived suppressor cells by tumor exosomes. International Journal of 

Cancer 124, 2621-2633. 

 

Xie Y., Bai O., Zhang H., Yuan J., Zong S., Chibbar R., Slattery K., Qureshi M., Wei Y., 

Deng Y. and Xiang J. (2010). Membrane-bound hsp70-engineered myeloma cell-

derived exosomes stimulate more efficient cd8+ ctl- and nk-mediated antitumour 

immunity than exosomes released from heat-shocked tumour cells expressing 

cytoplasmic hsp70. Journal of Cellular and Molecular Medicine 14, 2655-2666. 

 

Yoshimura A. and Muto G. (2011). Tgf-β function in immune suppression. In: Negative 

co-receptors and ligands,  Ahmed R. and Honjo T. (eds). Springer Berlin 

Heidelberg. pp 127-147. 

 

Yu D.-d., Wu Y., Zhang X.-h., Lv M.-m., Chen W.-x., Chen X., Yang S.-j., Shen H., 

Zhong S.-l., Tang J.-h. and Zhao J.-h. (2016). Exosomes from adriamycin-

resistant breast cancer cells transmit drug resistance partly by delivering mir-222. 

Tumor Biology 37, 3227-3235. 



www.manaraa.com

105 

 

Yu M., Shi W., Zhang J., Niu L., Chen Q., Yan D., Liu T., Jing W., Jiang X., Wei F., Yin 

B., Zhang W., Li Q. and Li Z. (2009). Influence of reverse signaling via 

membrane tnf-α on cytotoxicity of nk92 cells. European Journal of Cell Biology 

88, 181-191. 

 

Yu S., Liu C., Su K., Wang J., Liu Y., Zhang L., Li C., Cong Y., Kimberly R., Grizzle 

W.E., Falkson C. and Zhang H.-G. (2007). Tumor exosomes inhibit 

differentiation of bone marrow dendritic cells. Journal of Immunology 178, 6867-

6875. 

 

Zaidi M.R. and Merlino G. (2011). The two faces of interferon-γ in cancer. Clinical 

Cancer Research 17, 6118-6124. 

 

Zamai L., Mariani A.R., Zauli G., Rodella L., Rezzani R., Manzoli F.A. and Vitale M. 

(1998). Kinetics of in vitro natural killer activity against k562 cells as detected by 

flow cytometry. Cytometry 32, 280-285. 

 

Zech D., Rana S., Buchler M. and Zoller M. (2012). Tumor-exosomes and leukocyte 

activation: An ambivalent crosstalk. Cell Communication and Signaling 10, 37. 

 

Zeelenberg I.S., Ostrowski M., Krumeich S., Bobrie A., Jancic C., Boissonnas A., 

Delcayre A., Le Pecq J.-B., Combadière B., Amigorena S. and Théry C. (2008). 

Targeting tumor antigens to secreted membrane vesicles in vivo induces efficient 

antitumor immune responses. Cancer Research 68, 1228-1235. 

 

Zeelenberg I.S., van Maren W.W.C., Boissonnas A., Van Hout-Kuijer M.A., Den Brok 

M.H.M.G.M., Wagenaars J.A.L., van der Schaaf A., Jansen E.J.R., Amigorena S., 

Théry C., Figdor C.G. and Adema G.J. (2011). Antigen localization controls t 

cell-mediated tumor immunity. The Journal of Immunology 187, 1281-1288. 

 

Zhang H.G. and Grizzle W.E. (2011). Exosomes and cancer: A newly described pathway 

of immune suppression. Clin Cancer Res 17, 959-964. 

 

  



www.manaraa.com

106 

APPENDIX A 

BIOGRAPHICAL SKETCH 

 

Heather R. Ferguson Bennit    Ph.D. Candidate 

 

24530 University Ave 

Loma Linda, CA 92354 

Cell phone: (509) 540-4963 

hferguson@llu.edu 

 

Education/Training 

Loma Linda University, Loma Linda, CA MD 2016-2020 Medicine 

Loma Linda University, Loma Linda, CA Ph.D 2010-2016 Biochemistry 

Walla Walla University, College Place, WA BSc. 2006-2010 Bioengineering 

 

Research Experience 

September 2010 – 2016  PhD Candidate, Department of Biochemistry  

Center for Health Disparities and Molecular Medicine, Loma Linda University  

Research Advisor: Dr. Nathan R. Wall 

Dissertation title: Effect of Extracellular Survivin and Lymphoma Exosomes on 

Natural Killer Cells 

June – August 2009  NSF funded Undergraduate Research Experience, Department of 

Chemistry   

Bourns College of Engineering, University of California, Riverside, CA 

Research Advisor: Dr. Quan Cheng 

Bioengineering research project developing novel surface interface for study of 

transmembrane proteins using surface plasmon resonance 

April – June 2009  Undergraduate directed research, Department of Biology 

 Walla Walla University, College Place, WA 



www.manaraa.com

107 

Research Advisor: Dr. Joan Redd 

Investigated the effects oral administration of turmeric had on in vitro T cell 

proliferation rates of mice splenocytes, specifically T cells post stimulation with 

mitogen.  

 

Publications 

Manuscripts 

Khan S, Ferguson Bennit H, Turay D, Perez M, Mirshahidi S, Yuan Y, Wall NR. Early 

diagnostic value of Survivin and its alternative splice variants in breast cancer.  BMC 

Cancer. 2014;14:176. 

Khan S, Ferguson Bennit H, Wall NR. The emerging role of exosomes in survivin 

secretion. Histol Histopathol. 2015 (30); 43-50. Review.  

Khan S, Ferguson Bennit H, Valenzuela MMA, Turay D, Diaz Osterman CJ, Moyron 

RB, Esebanmen GE, Ashok A, Wall NR. Localization and up regulation of Survivin in 

cancer health disparities: a clinical perspective. Biologics: Targets and Therapy, 9:57-67, 

2015. Review 

Valenzuela MMA, Ferguson Bennit H, Gonda A, Diaz Osterman CJ, Hibma A, Khan S, 

Wall NR. Exosomes secreted from human cancer cell lines contain inhibitors of apoptosis 

(IAP).  Cancer Microenvironment, 8(2):65-73, 2015.  

Diaz Osterman CJ, Lynch JC, Leaf P, Gonda A, Ferguson Bennit H, Griffiths D, Wall 

NR. Curcumin Modulates pancreatic adenocarcinoma cell-derived exosomal function. 

PLoS One, 10(7), 2015. 

Diaz Osterman CJ, Gonda A, Stiff TR, Sigaran U, Valenzuela MMA, Ferguson Bennit 

H,  Moyron RB, Khan S, Wall NR. Curcumin Induces Pancreatic Adenocarcinoma Cell 

Death via Reduction of the Inhibitors of Apoptosis. Pancreas. 2016; 45(1):101-109.  

Ferguson Bennit H, Gonda A, Oppegard LJ, Chi DP, Khan S, Wall NR. Uptake of 

lymphoma-derived exosomes by peripheral blood leukocytes. Blood and Lymphatic 

Cancer: Targets and Therapy, 7:9-23, 2017.  

 

Abstracts 

Ferguson Bennit H, Gonda A, Chi D, Oppegard L, Licero J, De Leon M, Khan S, Wall 

NR. Effects of Survivin and lymphoma cell-derived exosomes on natural killer cell 

function. AACR Special Conference: The Function of Tumor Microenvironment in 

Cancer Progression, San Diego, January 2016 



www.manaraa.com

108 

Ferguson Bennit H, Valenzuela MMA, Jutzy JMS, Khan S, Wall NR. B-cell lymphoma 

derived exosomes are reservoirs of Inhibitors of Apoptosis. AACR, April 2014 

Ferguson Bennit H, Valenzuela MMA, Wall NR. Survivin is released from B-cell 

lymphomas through exosomes. NSRF April 2012 

Diaz-Osterman CJ, Ferguson HR, Valenzuela MMA, Khan S, Wall NR. Curcumin 

suppresses pancreatic cancer growth by targeting survivin. Gordon Conference, 2013. 

Diaz-Osterman C, Ferguson HR, Valenzuela MMA, Khan S, Wall NR. 6-gingerol and 

curcumin suppress pancreatic cancer growth by targeting the inhibitors of apoptosis. 

AACR Conference on Pancreatic Cancer: Progress and Challenges, June 2012 

Sigaran U, Diaz Osterman CJ, Stiff TR, Ferguson HR, Valenzuela MMA, Khan S, Wall 

NR.  Curcumin induces pancreatic cancer cell death by targeting the inhibitor of 

apoptosis proteins. 13th Annual Health Disparities Research Symposium, August 7, 2013, 

Loma Linda University. 

Diaz-Osterman C, Ferguson H, Valenzuela MMA, Khan S, Wall NR. 6-gingerol and 

curcumin suppress pancreatic cancer growth by targeting the inhibitors of apoptosis. 

Fifteenth Annual Basic Sciences Research Symposium, October 29, 2012, Loma Linda 

University. 

 

Public Presentations 

Poster presentation at AACR TME conference, San Diego 2016 

Poster presentation at Southern California Flow Cytometry Summit, Irvine CA 2015 

Oral presentation at CHDMM Chalk Talk, March 2014 

Poster Presentation at AACR National meeting, San Diego (2014) 

Poster presentation at Annual Postgraduate Conference, Loma Linda University (2013, 

2015) 

Poster presentation for Annual Basic Sciences Research Symposium, Loma Linda 

University (2011, 2012) 

Poster presentation at National Student’s Research Forum at UTMB, Galveston TX 

(2012) 

Presented poster of research results for faculty and students at University of California, 

Riverside (2009) 

Presented poster at Murdock Conference 2009 in Spokane, WA 

  



www.manaraa.com

109 

Manuscripts in Preparation 

Ferguson Bennit HR, Gonda A, McMullen JR, Kabagwira J, Wall NR. Peripheral blood 

cell interaction of cancer-derived exosomes affect immune function. (Review) 

Ferguson Bennit HR, Gonda A, Oppegard L, Chi David, Licero J, Asuncion Valenzuela 

MM, Jutzy JMS, De Leon M, Khan S, Wall NR. Natural killer cell phenotype and 

functionality affected by exposure to extracellular Survivin and lymphoma-derived 

exosomes.  

Nicholas D, Garcia-Perez D, Sorensen D, Ferguson Bennit H, Langridge W, De Leon 

M. Fatty acids, inflammation, and type 2 diabetes. Review 

 

Mentorship Experiences 

Research Mentor 

Laura Oppegard, 1st year Medical student (2015) 

David Chi, 1st year Medical student (2015) 

James McMullen, 1st year PhD student (2015) 

Abby Hibma, 2nd year medical student (2013) 

Amber Gonda, 2nd year PhD student (2013) 

Ron Moyron, 1st year PhD student (2013) 

Naomi Jackson, 1st year PhD student, Big Brother/Big Sister program 2013-2014 

Sonia Whang, 1st year PhD student (2012) 

 

Professional Memberships 

2012-2017 American Association for Cancer Research (AACR) 

2010-2017 American Physician Scientist Association (APSA) 

2011-2017 Southern California Flow Cytometry Association 

2015-2017 International Society for Extracellular Vesicles (ISEV) 

2014-2017 American Society of Clinical Oncology (ASCO) 

2007-2010 Engineers Without Borders (EWB) 

2006-2010 Society of Women Engineers (SWE) 

 



www.manaraa.com

110 

Volunteer and Leadership Experiences 

2017-2018 School of Medicine Class of 2020 Senator  

2016  Interviewer for potential participants of ABC Summer Research Program 

2014-2015 MD/PhD Representative for Basic Science Student Council  

2014 Treasurer for St Baldrick’s Foundation for Pediatric Cancer Event, Loma 

Linda University  

2013  Basic Science Symposium Steering Committee, Student Representative 

2012-2014 Academic Affairs Vice President for Basic Science Student Council 

2011-2012 Secretary for Basic Sciences Student Council 

2006-2009 Secretary of local chapter of Engineers Without Borders 

 

Honors 

2010-2015  Graduate Student Stipend Award 

2013  Dean’s Award for Excellence for Best Written Comprehensive Exam 

2010  Completed Bachelor of Science with summa cum laude honors 

2006-2009 Dean’s List of Distinguished Students (GPA over 3.75) every quarter  

2006  James R. Hoffa Memorial Scholarship 

2006  High School Valedictorian 

 


	Loma Linda University
	TheScholarsRepository@LLU: Digital Archive of Research, Scholarship & Creative Works
	9-2017

	Effect of Extracellular Survivin and Lymphoma Exosomes on Natural Killer Cells
	Heather R. Ferguson Bennit
	Recommended Citation


	tmp.1517423326.pdf.oEw5o

