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ABSTRACT

Acute lymphocytic leukemia (ALL) is a pre-B cell malighancy characterized by rapid
disease progression. To combat this disease’s poor prognosis, innovative therapies are currently
being developed. Cell-based therapy, like chimeric antigen receptor (CAR)-T cell
immunotherapy, modifies patients’ own T cell receptors to specifically attack cancer-specific
antigens and spare non-cancerous cells. Rather than focusing solely on cell surface biomarkers,
the current antigens targeted by most CAR-T cell immunotherapies, this project seeks to explore
the insight given by exosomes. Exosomes, extracellular microvesicles with a size of 30-150 nm,
are key players in extracellular communication, including tumor formation and metastasis [1].
Exosomes are abundantly distributed in the bodily fluids, with an average of around 10!
exosomes (as compared to 107 leukocytes) per mL of blood [1,2]. Thus, it was hypothesized that
exosome surface biomarkers’ concentration gradients could lead CAR-T cells to cancerous cells.
Past research has determined that CAR-T cells produce their own exosomes with significant
therapeutic effects, but the interaction of cancer-derived exosomes with CAR-T cells and their
associated exosomes is not yet well understood [3]. This research focused on comparing the
surface biomarker expression of CD44, CD47, and CD19 on cancerous and non-cancerous cells
and their associated exosomes. CD44 expression was lowered in cancerous vs. non-cancerous
cells and their associated exosomes, so it is not recommended as a CAR-T cell target. CD47 was
identified as a cell surface biomarker for ALL, indicating that it has the potential to be a CAR-T
therapy target. Finally, the CD19 expression results validate the current CAR-T therapies that
target CD19 antigens, and they also indicate that exosome surfaces have more differential

expression of CD19 than cell surfaces [4].
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Chapter 1

Introduction

Section 1.1 introduces the biological and physical frameworks that govern this project.
Acute lymphocytic leukemia is the disease of interest, CAR-T therapy is the treatment of interest,
and exosomes are the hypothesized means of improving existing treatments. The objectives of
this thesis project are detailed in Section 1.2. Subsequently, Section 1.3 provides a summary of

the organization of the remaining sections of this thesis.

1.1 Background

Acute lymphocytic leukemia (ALL) cannot be understood without knowledge of the
various types of leukocytes. Lymphocytes differentiate into B cells, T cells, and natural killer
(NK) cells, while myocytes differentiate into erythrocytes, neutrophils, macrophages, and more
[5]. More details about ALL are discussed in Section 1.1.1. Although ALL is a disease within the
immune system, it can be treated with immunotherapy like CAR-T therapy, which is described in
more detail in Section 1.1.2. To improve upon existing immunotherapies, additional antigens
must be identified. Since exosomes are key conduits of extracellular communication, including

metastasis, they are the focus of this thesis and are introduced more thoroughly in Section 1.1.3.

1.1.1 Acute Lymphocytic Leukemia (ALL)

Acute lymphocytic leukemia (ALL) is a rapidly progressing malignancy originating in

lymphocytes. Its acute progression is characterized by the presence of 20% or more blasts in



peripheral blood samples [6]. It is a priority to discover new treatments for ALL because it is the
most common pediatric leukemia, and 80% of patients with ALL are children [6]. While there are
existing therapies for ALL, including both induction and consolidation chemotherapy regimens
and tyrosine kinase inhibitors (TKIs), these only yield long-term remission for 30-40% of adult
patients [7]. For this reason, improved treatment options are necessary.

Current therapies are designed for either Philadelphia chromosome-positive (Ph+) ALL
or Philadelphia chromosome-negative (Ph-) ALL [6]. The Philadelphia chromosome is the result
of a common mutation involving a reciprocal translocation of an oncogene and a breakpoint
cluster region, and it is found in 20-30% of ALL patients [8]. The distinction between these two
forms of ALL is significant because Ph+ ALL is characterized by more aggressive disease
progression and a higher likelihood of remission [8]. TKI-based combination therapies have
found to be more effective in treating Ph+ leukemia than traditional chemotherapy, but they are

not recommended for treatment of most Ph- leukemias [8].

1.1.2 CAR-T Therapy

Chimeric antigen receptor (CAR)-T cell therapy is a personalized immunotherapy where
individual patients’ own T cells are modified to specifically target and kill cancer cells [9]. This is
done by designing CAR domains that bind specifically to cancer-associated antigens on the
surfaces of cancer cells [9]. Then, these designed CAR molecules are conjugated to each patient’s
T cells (Figure 1-1A) [9]. Finally, the modified cells are reinfused into the patient’s bloodstream,
where the CAR molecules attach to cancer cell antigens and enable the associated T cells to kill
the cancer cells (Figure 1-1B) [9]. This treatment is desirable because it reduces the non-specific
cell killing caused by chemotherapy and reduces the chance of cell rejection by the host since the

cells are derived from the individual being treated [9].
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Figure 1-1: CAR-T Cell Principles.

Multiple CAR-T therapies have already been developed for ALL, but all five FDA-
approved treatments target the CD19 antigen [7]. These successes validate the potential of CAR-
T therapy to kill cancer cells and even lead to remission, but more antigens need to be identified.
This is because more longitudinal studies have found that patients who initially achieve remission
from CAR-T therapy are at a high risk of relapsing soon after remission [10]. While there are
many potential reasons for this high relapse rate, low CAR-T cell persistence in vivo and immune
escape (where the relapse is CD19 negative) are two of the most discussed causes [10]. The
discovery of more ALL-specific antigens could help mitigate immune escape effects and make

CAR-T therapy more accessible to patients with different genetic backgrounds.

1.1.3 Exosomes

Exosomes are extracellular microvesicles of 30-150 nm in diameter [1]. While the
contents of these vesicles were once considered to be only cellular waste, exosomes are now

understood to play a major role in extracellular communication, including cancer metastasis [1].



1.1.3.1 Biological Origin & Properties

Extracellular vesicles can be delineated into two broad categories based on their method
of formation: ectosomes and exosomes [11]. As shown in Figure 1-1, exosomes form from
endosomes rather than directly from the plasma membrane [11]. Exosomes are abundant in
lymph, blood, and urine. An average of around 10! exosomes (as compared to 107 leukocytes) is
found in each mL of blood [1,2]. This far-reaching distribution is due in part to exosomes’ small

size of 30-150 nm [1].
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Figure 1-2: Exosome Formation in Contrast to Ectosome Formation.

Due to their origin within endosomes, exosome membranes express higher levels of
endosome-associated tetraspanins such as CD9, CD63, and CD81 [12]. Thus, CD9, CD63, and
CD81 are considered pseudo markers for exosomes. The presence of these tetraspanins was
monitored throughout experimentation since their expression indicates that exosomes (rather than

any other type of extracellular vesicle) were isolated and analyzed.



1.1.3.2 Isolation Principles

Exosomes are unique in their size and origin, so they can be isolated through a variety of
different methods. Differential ultracentrifugation (DUC) is the most common means of exosome
isolation, since it can yield large volumes of exosomes with few reagents [13]. However, this
method is instrument-dependent and contamination prone [13]. Other mainstream exosome
isolation methods include chromatography, ultrafiltration, and precipitation-based methods [13].
However, chromatographic methods require many purification steps for low volume yields,
ultrafiltration yields the same exosome-sized contaminations as DUC, and precipitation-based
methods can lead to membrane fusion [13].

Thus, immunoaffinity capture methods are gaining popularity because they can yield
relatively pure exosomes in few steps [13]. These methods utilize knowledge of exosome pseudo
markers. Antibodies that bind to these pseudo markers are attached to either stationary surfaces or
larger beads, and exosomes are specifically pulled out of solution as their antigens bind to these
antibodies [13,14]. In this project, beads were utilized to isolate exosomes due to their specificity

and their ability to be visualized via flow cytometry.
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Figure 1-3: Interaction Between Exosomes and Tim4-Conjugated Beads.



The beads utilized for this project targeted phosphatidyl serine (PS) surface antigens on
exosomes [14]. Tim4 receptors on the polystyrene beads bound specifically to the PS ligands on
exosomes, effectively isolating the exosomes from the rest of the solution (Figure 1-3) [14]. The
beads were magnetic, which facilitated their retrieval, but their primary use was their size of 2.8
um [14]. Due to their size, the beads were large enough to be processed in the flow cytometer.
Thus, fluorescent-conjugated antibodies were added to the bead-exosome complexes, which

fluoresced based on the exosomes’ relative expression of the antigen of interest (Figure 1-3).

1.1.3.3 Relationship with Cancer Progression & Treatment

Previous research indicates that tumor-derived exosomes can increase chemotherapeutic
resistance [15]. Other studies show that cancer-derived exosomes promote cancer growth by
upregulating T-regulatory cells and activating macrophages with fibronectin to create a pro-
inflammatory environment [16]. Even outside these direct immune effects, tumor exosomes can
promote metastasis by activating oncogenic signaling pathways, promoting genetic exchange
between cells, and enabling angiogenesis [16]. A T cell migration assay conducted by Farnaz
Naeemikia showed that T cells derived from peripheral blood mononuclear cells (PBMC)
migrated toward cancer-derived exosomes significantly more than non-cancer-derived exosomes
(Figure 1-4). These results indicate significant interaction between healthy T cells and cancer-

derived exosomes.
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Figure 1-4: T Cell Migration Toward Exosomes. (Credit: Farnaz Naeemikia)

Cancer-derived exosomes only represent one component of the cancer microenvironment,
though. It has been determined that CAR-T cells produce their own exosomes with significant
therapeutic effects, but the interaction of cancer-derived exosomes with CAR-T cells and their
associated exosomes is not yet well-characterized [3]. Without the conjugated CAR molecule,
CD8+ T cells are known to produce exosomes containing cytotoxic proteins like granzymes and
perforin [17]. CD4+ T cell-derived exosomes produce cytokines to facilitate extracellular
communication, and the number of CD4+ T cell-derived exosomes can significantly vary in

correlation with different disease processes [17].

1.2 Objective

The primary objective of this thesis is to characterize exosomes in the cancer
microenvironment. This thesis focuses specifically on the relative surface antigen expression
between cancer-derived and non-cancer-derived exosomes. Knowledge of the biomarker
differences between exosome types is directly useful in distinguishing between cancer-derived

and non-cancer-derived exosomes in future in vitro research. The further implications of this



research stem from the hypothesis that exosome surface biomarkers could serve as additional
targets for CAR-T cell therapy whose concentration gradients could lead CAR-T cells to
cancerous cells. Thus, the secondary objective of this thesis is to evaluate whether any discovered
biomarker differences between cancer-derived and non-cancer-derived exosomes are significant

enough to warrant future in vivo research for CAR-T therapy development.

1.3 Thesis Organization Summary

This thesis is comprised of four chapters. The first chapter introduces background
information that drives a deeper understanding of the project and its biomedical context. The
second chapter details the materials and methods utilized during experimentation. The third
chapter describes the experimental results, which show how biomarker expression varied on
cancer-derived and non-cancer-derived cell surfaces and exosome surfaces. It also provides a
discussion of the implications of these results. The fourth and final chapter summarizes

conclusions and outlines future directions informed by this project.



Chapter 2

Materials & Methods

The following materials and methods yielded the results discussed in Chapter 3. Sections
2.1 and 2.2 detail cell culture and cell counting, which were useful in all experiments. The

methods detailed in Section 2.3 directly yielded the results shown in Chapter 3.

2.1 Cell Culture

BV-173 and LICO D-23 cell lines were cultured. BV-173 cells are Philadelphia
chromosome-positive undifferentiated blast cells derived from a patient with acute leukemia [18].
Thus, these BV-173 cells were cultured to represent acute lymphocytic leukemia cells during
future experimentation. LICO D-23 cells are B cells derived from 23 different healthy human cell
lines, which were combined because they each shared a clumped cell type [19]. These
spontaneously immortalized cells were cultured to represent healthy B cells during future
experimentation.

Each cell line was cultured in 15-centimeter tissue treated dishes. The dishes were placed
in an incubator with a constant temperature of 37°C and a constant CO, concentration of 5%. The
cells were cultured in RPMI-1640 medium with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Exosome-depleted FBS was used before exosome isolation experiments. Before
passaging or freezing, cells and media were pipetted into 15 mL centrifuge tubes and centrifuged
for 5 min at 500 relative centrifugal force (RCF) before supernatants were aspirated. Cells were
frozen in a -80°C freezer in the culture medium described above with an additional 10% dimethyl

sulfoxide (DMSO).
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2.2 Cell Counting

After cell cultures were centrifuged and the cells were resuspended in medium, 10 uL of
this cell suspension would be pipetted into a microcentrifuge tube. If this suspension was highly
concentrated with cells, 20-80 puL of phosphate-buffered saline (PBS) was pipetted into the
microcentrifuge tube to dilute the sample. Regardless of whether the solution was diluted, 10 uL
of Trypan Blue solution would be added to the cells in the microcentrifuge tube. If a dilution was
performed with PBS, the dilution factor was calculated by dividing the final volume of solution in

the tube by the initial volume of cell suspension (10 pL).

1 mm

—
1 mm

Figure 2-1: Improved Neubauer Hemocytometer for Cell Counting.

Cells were counted using a hemocytometer with Improved Neubauer ruling [20]. Using
10x magnification, the number of cells in each of the four boxes highlighted in Figure 2-1 was
counted and recorded. The average number of cells in each 1 mm? box (Box 1, Box 2, Box 3, and
Box 4 in Figure 2-1) was multiplied by 10* to determine the number of cells in 1 mL of the cell
suspension being evaluated [20]. When the initial cell suspension was diluted, the value was also

multiplied by the dilution factor to determine the correct cell concentration.



11

2.3 Flow Cytometry

In order to determine the expression of exosome pseudo markers and three biomarkers of
interest on cell surfaces and exosome surfaces, flow cytometry was utilized. Section 2.3.1
explains the cell surface staining process. However, exosomes (with a size of 30-150 nm) are
significantly smaller than B cells and undifferentiated blast cells (both with a size of 8-10 um), so
they cannot be detected through traditional flow cytometry methods [1,21]. Thus, Section 2.3.2
explains how exosomes can be collected via Tim4-conjugated beads, which are large enough to
be visualized in a flow cytometer with their diameter of 2.8 um [14]. Section 2.3.3 details the

post-staining flow cytometry steps that led to the results for both cell and exosome samples.

2.3.1 Cell Surface Staining

The biomarker expression on the surfaces of both LICO D-23 cells and BV-173 cells was
analyzed using the same staining method. A sample of each cell line was created by counting
cells and resuspending in PBS to yield a final concentration of 5 million cells/mL. Next, 200 uL
of blocking buffer (5% bovine serum albumin (BSA) in PBS) were added to 100 pL of
resuspended cells in a 1.5 mL microcentrifuge tube and left to incubate at room temperature for
20 minutes. The blocking buffer was subsequently removed after 5 minutes of centrifugation at
1500 RCF.

When staining with CD19 and CD44, 1 mL of blocking buffer and 2 uL of fluorescent-
conjugated antibody solution were mixed in with the cells and left to incubate for 30 minutes.
Then, the cells were washed 3 times with PBS and the staining was complete. For CD47, this
process was completed first with the primary CD47 antibody, then repeated (including the 3 wash

steps) with the secondary antibody before staining was complete.
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2.3.2 Exosome lIsolation & Staining via PS-Conjugated Beads

Source LICO D-23 cells and BV-173 cells were each seeded at a concentration of 1-2
million cells/mL and cultured in RPMI-1640 medium with 10% exosome-depleted FBS for 48
hours. Next, the cells and supernatants of each cell type were pipetted into separate 10 mL
centrifuge tubes. Each underwent a series of centrifugation steps to remove any cells and larger
debris that would interfere with the exosome-bead binding process. The initial solution was
centrifuged for 5 minutes at 300 RCF, then the supernatant of that step was centrifuged for 20
minutes at 100 RCF, then the supernatant of that step was centrifuged for 30 minutes at 20000
RCF. All centrifugation steps were performed at 4°C.

Next, the exosomes were isolated from this solution using the FUJIFILM PS Capture™
Exosome Flow Cytometry Kit. The supernatant of the 10000 RCF centrifugation was combined
with exosome capture beads according to the manufacturer’s instructions. For 1 hour, the beads
and exosomes were incubated, stirring every 20 minutes. Subsequently, the exosome-bound beads
were washed 3 times with a washing buffer + exosome binding enhancer solution, as instructed
by the manufacturer. These exosome-bound beads were stored overnight at 4°C.

Once the exosomes were bound to the beads, they were able to be stained in preparation
for flow cytometric analysis. When staining with CD19 and CD44, 5 uL of fluorescent-
conjugated antibody solution were added to the exosome-bound beads and left to incubate for 1
hour, stirring every 20 minutes. Then, the cells were washed 3 times with the washing buffer +
exosome binding enhancer solution and the staining was complete. For CD47, this process was
completed first with the primary CD47 antibody, then repeated (including the 3 wash steps) with

the secondary antibody to complete the exosome isolation and staining process.
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2.3.3 Flow Cytometric Analysis

The fluorescence of each of the stained samples was analyzed using the Attune™ NxT
Flow Cytometer. Cell surface and exosome surface experiments were performed separately, so
gating was only performed once per experiment using the negative control, unstained cells or
exosomes. Figure 2-2A shows the first gating strategy used to define the group of interest, non-
aggregated cells or beads. The side scatter vs. forward scatter graph was utilized to find this non-
aggregated group of events, and the gate was created so that only the events within the gate were
plotted on future graphs. Fluorescence intensity gates were then created, starting just above the

highest fluorescence intensity measured in the negative control, as shown in Figure 2-2B.

A. Initial Gating for Non-Aggregated Beads B. Initial Gating for Fluorescence Intensity
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Figure 2-2: Two Main Gating Strategies for Flow Cytometric Analysis.

When each stained experimental sample was analyzed, the number of events at each
fluorescence intensity was compared to its respective negative control. CD9 and CD44 antibodies
were conjugated with PE, CD63 & CD19 with FITC, and CD63 with APC. The secondary
antibody for CD47 was conjugated with AlexaFluor 546, which has the same properties as PE.
Compensation was added to clarify the difference between FITC and PE signals. Mean

fluorescence intensity (MFI) was also calculated within the Attune™ NXT software.
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Chapter 3

Biomarker Expression

The expression of three selected biomarkers—CD44, CD47, and CD19—was evaluated
both on cell surfaces and on exosome surfaces. The differences in biomarker expression were
compared between cancerous cells, cancer-derived exosomes, hon-cancerous cells, and non-
cancer-derived exosomes. Section 3.1 shows the detection of exosome pseudo markers. Sections
3.2, 3.3, and 3.4 investigate the relative expressions on cell and exosome surfaces of CD44,

CD47, and CD19, respectively. Section 3.5 explores further points of discussion.

3.1 Exosome Pseudo Marker Expression

Exosome pseudo markers CD9, CD81, and CD63 were utilized to ensure that exosomes
were successfully collected and analyzed through flow cytometry [12]. Since each exosome
sample expressed these pseudo markers, the other detected biomarkers (CD44, CD47, and CD19)
were proven to be on exosome surfaces rather than other extracellular vesicle or cell surfaces
(Figure 3-1).

The non-cancerous LICO D-23 cell-derived exosomes consistently yielded lower
fluorescence intensities for all three pseudo markers compared to the cancerous BV-173 cell-
derived exosomes (Figure 3-1). Even when the source cell concentration was doubled for both
cell types, the non-cancer-derived exosomes still expressed lower levels of exosome pseudo
markers (Figure 3-1). Thus, these results indicate that LICO D-23 cells produce fewer exosomes
than BV-173 cells. This finding is consistent with other recent research showing that cancerous

cells release significantly more exosomes than non-cancerous cells [22].
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Exosome Pseudo Marker Expression
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Figure 3-1: Exosome Pseudo Marker Expression in Bead-Isolated Exosome Samples.

Exosome pseudo marker expression was verified in each exosome surface marker
experiment, but the finding that the cancerous cells released more exosomes than the non-

cancerous cells was a useful secondary result.

3.2CD44

Cluster of Differentiation 44 (CD44) is a cell surface marker that is associated with many
different cancer types. In ALL particularly, CD44 is associated with an increase in lymphoblast
circulation, which contributes to leukemic cell spread [23]. The results of this experimentation

showed CD44 as being expressed more highly in the non-cancerous cells and their associated
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exosomes than the cancerous cells and their associated exosomes, which was not initially
predicted. There are two possible explanations for these unexpected results: time-dependent

CDA44 upregulation and high CD44 concentration in the LICO D-23 cell line [19,24].

3.2.1 Cell Surface CD44

CD44 was found to be highly expressed on both cancerous and non-cancerous cell
surfaces, as detected by flow cytometry. 77% of the analyzed cancerous cells and 86% of the
analyzed non-cancerous cells were measured to be CD44-positive as compared to a non-stained
negative control (Figure 3-2A). The mean fluorescence intensity for the cancerous cell sample
was lower than the mean fluorescence intensity for the non-cancerous cell sample when

compared to the same negative controls (Figure 3-2B).
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Figure 3-2: Flow Cytometric Detection of CD44 on Cell Surfaces.
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These results were surprising because CD44 is a common cancer biomarker that was
predicted to be upregulated in the cancerous cell line [23]. The first possible explanation for this
result is that the cancerous cell line, BV-173, simply does not always upregulate CD44 [24]. This
is possible because surface levels of CD44 change in response to intracellular and extracellular
signaling cascades [24]. However, since the BV-173 cells’ CD44 levels were not just equal, but
less than, the LICO D-23 cells’ CD44 levels, it seems that there is another explanation for this
finding. LICO D-23, despite not being a cancerous cell line, could upregulate CD44 compared to
BV-173. Since CD44 is known to be present on all types of leukocytes, it is likely that many
different B cell lines would have significant levels of CD44 present on their surfaces [25]. One
reason CD44 could be upregulated in LICO D-23 specifically, though, is because the LICO D-23
cell line was created from various lines selected specifically for their clumped cell types [19].
CD44 is known to be involved in adhesive cell-cell and cell-matrix interactions, so it could be
participating in the clumping of the LICO D-23 cells [25]. This could be responsible for the

higher measured levels of CD44 in the LICO D-23 cells as compared to the BV-173 cells.

3.2.2 Exosome Surface CD44

CD44 was found to be expressed more highly on the non-cancer-derived exosome
surfaces than the cancer-derived exosome surfaces (Figure 3-3). This result agrees with the
finding that CD44 was expressed more highly on the non-cancerous cell surfaces than the
cancerous cell surfaces. The difference in fluorescence intensity between the two different types
of exosomes was heightened by increasing the exosome source cell concentration from 1 million

cells/mL to 2 million cells/mL, which reinforces the validity of the result (Figure 3-3).
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Figure 3-3: Flow Cytometric Detection of CD44 on Exosome Surfaces.

Since exosomes are derived from endosomes, many of their surface biomarkers are found
on the cell surface. However, some of the original surface biomarkers expressed on the
microvesicles” membranes are enriched and others are excluded by the Endosomal Sorting
Complexes Required for Transport (ESCRTS) [16,26]. Thus, the finding that CD44 is expressed
more highly in the non-cancerous-derived exosomes than the cancerous-derived exosomes, just as
on their associated cell surfaces, indicates that CD44 is useful for intercellular signaling
especially for the LICO D-23 cells. This especially corresponds with the hypothesis that LICO D-
23 cells express more CD44 because the protein is associated with the formation of cell clumps,

which would be facilitated by intercellular signaling [19,25].

3.3 CD47

Exosome surface CD47 has been shown to increase exosomes’ immune escape ability
[27]. Additionally, anti-CD47 antibodies have been found to be therapeutic in treating ALL in

humans [28]. Thus, the levels of CD47 expressed on cancer-derived and non-cancer-derived
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exosomes were measured via flow cytometry. Contrary to hypothesized, CD47 was expressed
more highly in non-cancer-derived exosomes than cancer-derived exosomes, even though CD47

was overexpressed on cancerous cell surfaces as expected.

3.3.1 Cell Surface CD47

CDA47 was found to be highly expressed on both cancerous and non-cancerous cell
surfaces. Of the analyzed cancerous cells, 91% were measured to be CD47-positive as compared
to a non-stained negative control (Figure 4-2A). Only 52% of the analyzed non-cancerous cells
were measured to be CD47-positive compared to an analogous negative control (Figure 4-2A).
Thus, the mean fluorescence intensity for the cancerous cell sample was higher than the mean
fluorescence intensity for the non-cancerous cell sample (Figure 3-4B).
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Figure 3-4: Flow Cytometric Detection of CD47 on Cell Surfaces.
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These results aligned with the expectation that CD47 would be upregulated in cancerous
cells due to its role in the immune escape mechanism. CD47 is additionally known to inhibit
other leukocytes’ phagocytosis pathways, to induce apoptosis of other lymphocytes, and to block
monocytes’ cytokine release [27]. Notably, the fluorescence peaks had a smaller spread than the
CD44 and CD19 cells’ peaks. This indicates low variability in expression between cells of the
same type. Overall, the clear overexpression of CD47 on cancerous cell surfaces in comparison to
non-cancerous cell surfaces indicates that CD47 is a potential target for CAR-T therapy that

should be explored through further research.

3.3.2 Exosome Surface CD47

CDA47 was expressed more highly on non-cancer-derived exosomes than cancer-derived
exosomes (Figure 3-5). This trend is the opposite of the trend in the cell surface samples. The
difference in CD47 expression between exosome types was slightly more significant when the

source cell concentration was increased, just as with the CD44 samples (Figure 3-5).
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Figure 3-5: Flow Cytometric Detection of CD47 on Exosome Surfaces.
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CDA47 is clearly highly expressed in both cancer-derived and non-cancer-derived
exosomes. The percent increase in fluorescence due to CD47 was higher than that of CD19 and
CD44, indicating that CD47 was expressed highly on exosomes of both origins. This is feasible
because CDA47 is known to play a role in adaptive immunity and is a common surface marker on
B cells [29]. Although these results were unexpected, they could indicate that the non-cancerous
cells were specifically producing exosomes with higher CD47 expression than their average cell
membrane expression. However, there is also a chance of error in these results. For example, the
washing of the secondary antibody could have been insufficient in these trials (because CD44 and
CD19 did not require secondary antibody), causing a higher apparent concentration of CD47.

Future research is needed to validate or refute these results.

3.4 CD19

Cluster of Differentiation 19 (CD19) is a surface antigen known to be highly expressed
on malignant B cells due to its role in B cell development [4]. CD19 is also one of the earliest
CAR targets to have been utilized in CAR-T cell therapeutics [4]. As predicted, CD19 was more
highly expressed in both the cancer-derived BV-173 cells and their associated exosomes

compared to the non-cancerous control cells.

3.4.1 Cell Surface CD19

Flow cytometric analysis showed that CD19 is highly expressed on both cancerous and
non-cancerous cell surfaces. 94% of the analyzed cancerous cells and 85% of the analyzed non-
cancerous cells were measured to be CD19-positive as compared to a non-stained negative

control (Figure 3-6A). The mean fluorescence intensity for the cancerous cell sample was higher



than the mean fluorescence intensity for the non-cancerous cell sample, as expected (Figure 3-

6B).
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Figure 3-6: Flow Cytometric Detection of CD19 on Cell Surfaces.

The multi-peak distribution in Figure 3-6A was unexpected. One explanation for this
finding is that a specific subset of the BV-173 cells expressed CD19 more highly than another
subset. CD19’s active participation in a host of signaling pathways—including Src, Ras, Abl,

PI3K, and MHC class I1-mediated signaling—indicates that its surface expression can be

modulated in response to changing intracellular states [30].
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Overall, these results indicate that both cancerous and non-cancerous cells express CD19,

but that cancerous cells express CD19 more highly than non-cancerous cells. The cancerous cells’

upregulation of CD19 compared to other cell types is also well documented, which is why it was

selected as a CAR-T therapy target [4]. CD19 is also a reliable marker for all B cells, though,

since non-cancerous B cells express it in increasing concentrations across their stages of
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development [30]. Since BV-173 cells maintain the phenotype of undifferentiated blast cells, the

upregulated CD19 is more significant because if the cells were not cancerous, they would be
predicted to have lower CD19 expression compared to the more developed LICO D-23 cells

[18,30].

3.4.2 Exosome Surface CD19

In agreement with the cell surface findings, CD19 was expressed more highly on the
cancer-derived exosome surfaces than the non-cancer-derived exosome surfaces (Figure 3-7). As
observed strongly with CD44 and weakly with CD47, the difference in antigen expression
between the two exosome samples increased with an increase in source cell concentration from 1
million cells/mL to 2 million cells/mL (Figure 3-3). The agreement of the results yielded from
two different experimental conditions reinforces the overarching concept of CD19 upregulation in

cancerous exosomes.
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Figure 3-7: Flow Cytometric Detection of CD19 on Exosome Surfaces.

While elevated cell surface expression of CD19 is a well-known biomarker for ALL,

much less is known about the relative expression of exosomes on exosome surfaces. The higher
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expression of CD19 on cancer-derived exosomes in comparison to non-cancer-derived exosomes
could be due to random chance in the formation of exosomes from endosomes, but it is possible
that ESCRT-mediated exosome generation also played a role in this CD19 upregulation [16,26].
Since CD19 facilitates B cell expansion in a complex of other tetraspanins, its mobilization on
exosomes could lead to a wider radius of cancerous cell proliferation [30]. Additionally, these
results indicate that exosome-based detection mechanisms could enable more accurate

comparisons between cancerous and non-cancerous microenvironments.

3.5 Discussion

The exosome pseudo marker results indicate that the cancerous cells produced more
exosomes than the non-cancerous cells. This effect could be favorable for CAR-T therapy if the
CAR target is highly expressed on exosomes. In this case, the T cells could theoretically follow
the exosome concentration gradient to the source cell [31]. Current research has shown that
exosomes themselves are useful vehicles of targeted drug delivery because of their high binding
specificities [32]. Thus, increased concentration of cancer-derived exosomes compared to non-
cancer-derived exosomes could be useful in assisting CAR-T cells in locating the cancer-derived
exosomes’ cancerous cells of origin. Exosome secretion would not need to be artificially
enhanced because the known methods of enhancing exosome secretion in vivo include hypoxia,
low pH, and other conditions already associated with the tumor microenvironment [33]. Applying
these methods in vivo would increase treatment toxicity more than increasing the CAR-T cells’
ability to bind to tumor-specific antigens in the cancer microenvironment [33].

However, a higher concentration of cancer-derived exosomes also impairs all cancer
therapeutics because cancer-derived exosomes are known to promote cancer growth and inhibit

immune function [15,16,22]. Thus, an alternative cancer therapy technique could focus on
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inhibiting exosome expression from cancerous cells. There are many currently available
compounds that inhibit the release of extracellular vesicles, including calpeptin [34]. Treatments
utilizing this exosome release-inhibiting mechanism would likely inhibit cancer cell
communication more significantly than healthy cell communication because cancerous cells
release more exosomes [22,34].

It is crucial to contextualize the cancer-derived exosomes, though. These exosomes are
just one element of the cancer microenvironment, and they are constantly interacting with other
exosomes [35]. The interactions between T cell-derived exosomes and cancer-derived exosomes
are not well characterized yet, but they must be studied before broad exosome-affecting methods
like exosome release inhibition are employed. Coculture of T cells and cancerous cells is critical,
as it can reveal the extent of the synergistic effects between these two different exosome types.
Current research indicates that exosomes interact with each other physically and through
chemical signaling to relay messages [35]. For this reason, more must be known about the
interaction between exosomes of cancerous and healthy immune origin and whether they are
agonistic or antagonistic—which likely varies with different intracellular and extracellular

conditions—with respect to each other.
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Chapter 4

Conclusions & Future Directions

4.1 Conclusions

Exosomes were isolated and detected via flow cytometry, as evidenced by the detection
of exosome pseudo markers in each exosome sample. Additionally, these exosome pseudo
markers, which are highly expressed on exosomes of all origins, were detected at higher levels in
the cancer-derived exosome samples compared to the non-cancer-derived exosome samples [12].
This indicates that the cancerous cells released more exosomes than the non-cancerous cells, an
observation that agrees with recent research and has significant clinical implications, especially in
cancer metastasis [22]. Additionally, a higher source cell concentration yielded more significant
differences in exosome biomarker expression (for CD44, CD47, and CD19) between the two
exosome types. This informs future protocols by demonstrating the concentration dependence of
these flow cytometric assays.

CD44 was found to be more highly expressed in both non-cancerous cells and non-
cancer-derived exosomes than cancerous cells and cancer-derived exosomes. One explanation for
these results is that CD44 could be upregulated in LICO D-23 because the cell adhesion-
promoting properties of CD44 could be participating in the characteristic clumping of the LICO
D-23 cells [25]. These results show agreement between the cell surface and the exosome surface,
which implies increased validity and implies that CD44 is useful in extracellular communication,
at least between LICO D-23 cells. Future research should be conducted with other non-cancerous

cell types to elucidate the cause of these results.
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CDA47 was upregulated on cancerous cell surfaces compared to non-cancerous cell
surfaces, as expected. This finding is reinforced by the existing knowledge of CD47’s role in
immune escape from existing cancer therapies [27]. However, an unexpected result was also
encountered: CD47 was downregulated on cancer-derived exosome surfaces compared to non-
cancer-derived exosome surfaces. While there are many explanations for this result, the leading
explanations are either a secondary antibody washing error or a selection of CD47-upregulated
regions during the formation of LICO D-23 exosomes. Due to its clear upregulation on cancer
cell surfaces, CD47 is still recommended for future research as a CAR-T therapy target.

CD19 was found to be more highly expressed in both cancerous cells and cancer-derived
exosomes. These results were in agreement with the current research indicating that CD19 was
upregulated in cancerous cells, and they also validate the current CAR-T therapies that target
CD19 antigens [4,18,30]. With the higher source cell concentration, the difference in CD19
expression between cancer-derived and non-cancer-derived exosomes was more significant than
that between the cancerous and non-cancerous cells. This indicates that exosome-based CD19
detection could be more sensitive when comparing cancerous vs. non-cancerous B cells than a

cell-based biomarker detection test.

4.2 Future Directions

The knowledge of the antigen differences between cell types developed in this thesis will
be useful in distinguishing between cancer-derived and non-cancer-derived exosomes in future
research. For future in vitro research, more cancerous exosome biomarkers should be identified to
create a distinct profile of cancer-derived exosomes that contrasts with non-cancer-derived
exosomes. Once this profile is completed, it can be used to identify exosomes’ cells of origin

when they are isolated from coculture experiments. For example, if cancerous and non-cancerous
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B cells are cocultured, exosomes could be isolated and identified based on their cells of origin.
Studying these exosomes and their contents will lead to significant advancements in the
understanding of the cancer microenvironment and the role exosomes play in cancer development
and progression.

Additionally, biomarkers should be identified to distinguish T cell-derived exosomes
from B cell-derived exosomes so that T cells and cancerous cells can be cocultured. T cell-
derived exosomes are known to have therapeutic efficacy, but there is little knowledge of how
cancer-derived exosomes interact with T cell-derived exosomes [17]. Exosomes are known to
create chemotherapeutic resistance, so it is hypothesized that they could play an active role in
resistance to immunotherapy, whether through immune escape or another mechanism [15,27].
Since Farnaz Naeemikia found that T cells migrated significantly more towards cancerous
exosomes than non-cancerous exosomes, one future plan is to extend this work by co-culturing T
cells with cancer cells in the presence of additional exosomes. If the addition of cancer-derived
exosomes significantly impacts the killing capability of the T cells, the hypothesis of an active
exosome response would be supported. In this case, future CAR-T therapies could focus on
limiting cancerous T cell interactions with exosomes. Analysis of this killing assay would be

combined with that of the biomarkers to guide future CAR-T research and development.
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