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36 ABSTRACT:
37  Embryonic stem cells (ESCs) are pluripotent stem cells capable of self-renewal and differentiation
38 into all types of embryonic cells. Like many other cell types, ESCs release small membrane
39 vesicles, such as exosomes, to the extracellular environment. Exosomes serve as essential
40 mediators of intercellular communication and play a basic role in many (patho)physiological
41  processes. A granulocyte-macrophage colony-stimulating factor (GM-CSF) functions as a cytokine
42  to modulate the immune response. The presence of GM-CSF in exosomes has the potential to
43  boost their immune-regulatory function. Here, a GM-CSF was stably overexpressed in the murine
44  ESC cell line ES-D3. A protocol was developed to isolate high-quality exosome-enriched
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extracellular vesicles (EVs) from ES-D3 cells overexpressing GM-CSF. Isolated exosome-enriched
EVs were characterized by a variety of experimental approaches. Importantly, significant
amounts of GM-CSF were found to be present in exosome-enriched EVs. Overall, GM-CSF-bearing
exosome-enriched EVs from ESCs might function as cell-free vesicles to exert their immune-
regulatory activities.

INTRODUCTION:

ESCs are derived from the blastocyst stage of a preimplantation embryo?. As pluripotent stem
cells, ESCs have the capability to self-renew and differentiate into any type of embryonic cell. Due
to their remarkable developmental potential and long-term proliferative capacity, ESCs are
extremely valuable for biomedical research®. Current research efforts have largely focused on
the therapeutic potential of ESCs for a variety of major pathological disorders, including diabetes,
heart disease, and neurodegenerative diseases?*.

Mammalian cells, including ESCs, are known to release vesicles with variable sizes to the
extracellular environment, and these EVs possess many physiological and pathological functions
due to their role in intercellular communication®. Among different subtypes of EVs, exosomes are
small membrane vesicles released from various cell types into the extracellular space upon fusion
of intermediate endocytic compartments, multivesicular bodies (MVBs), with the plasma
membrane®. Exosomes have been reported to mediate intercellular communication and are
critically involved in many (patho)physiological processes’. Exosomes inherit some biological
functions from their own parental cells, because exosomes contain biological materials acquired
from the cytosol, including proteins and nucleic acids. Thus, the associated antigens or factors
stimulating the immune response specific for a given disease are encapsulated in the exosomes
from particular types of cells®. This paved the way for clinical trials exploring tumor-derived
exosomes as an anti-cancer vaccine®®.

A GM-CSF is a cytokine secreted by different types of immune cells'!. Emerging evidence
demonstrates that GM-CSF activates and regulates the immune system and plays an essential
role in the antigen-presenting process*?. For instance, a clinical report suggests that GM-CSF
stimulates the immune response to tumors as a vaccine adjuvant®3. Several GM-CSF-based cancer
immunotherapy strategies to exploit the potent immune-stimulatory activity of GM-CSF have
been investigated in clinical trials**. Among these, a cancer vaccine composed of irradiated GM-
CSF-secreting tumor cells has shown some promise in advanced melanoma patients by inducing
cellular and humoral antitumor responses and subsequent necrosis in metastasized tumors®.

Because the exosomes derived from ESCs possess similar biological activities as the original ESCs,
maybe GM-CSF-carrying exosomes from ESCs could function as cell-free vesicles to regulate the
immune response. In this paper, a detailed method to produce high-quality exosome-enriched
EVs from ESCs expressing GM-CSF is described. These exosome-enriched EVs have the potential
to serve as immune-regulatory vesicles to modulate the immune response.

PROTOCOL:
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1. Culturing ES-D3 cells

1.1. To generate exosome-free fetal bovine serum (FBS), load FBS into an ultracentrifuge and
centrifuge at 100,000 x g for 16 h at 4 °C. Following centrifugation, collect serum supernatant as
exosome-free FBS for culturing the murine ESC cell line ES-D3 and acquiring exosome-enriched
EVs.

1.2. Before plating the ES-D3 cells, coat 15 cm tissue culture dishes using gelatin (0.1%) at room
temperature for 30 min.

1.3. Following a previously described protocol?®, culture the ES-D3 cells without feeder layer cells
in the gelatin-coated 15 cm tissue culture dishes. The ES-D3 cell culture medium is composed of
DMEM, exosome-free FBS (15%), nonessential amino acids (0.1 mM), L-glutamine (2 mM), B-
mercaptoethanol (0.1 mM), penicillin (50 units/mL), streptomycin (50 pg/mL), and leukemia
inhibitory factor (LIF; 100 units/mL). Culture ES-D3 cells at 37 °Cin a 5% CO; humidified incubator.

1.4. Once the ES-D3 cells reach around 90% confluency in 15 cm tissue culture dishes, remove
the medium by aspiration. Wash the cells using trypsin (5 mL; 0.05%). Add trypsin (5 mL) to the
dishes and incubate at 37 °C for 5 min. Collect the cells from the dishes.

1.5. Add fresh culture medium (5 mL) to the collected cells to inactivate the trypsin. Centrifuge
the cells at 390 x g for 5 min. Resuspend the cells in fresh medium and determine the cell number
using a hemocytometer.

1.6. For passaging cells, plate the ES-D3 cells (5 x 10°) in a gelatin-coated (0.1%) 15 cm tissue
culture dish with fresh medium (15 mL) and culture for 3 days before subculturing the cells.

1.7. To collect the cell culture supernatant for isolation of exosome-enriched EVs, plate the ES-
D3 cells (1 x 107) in a gelatin-coated (0.1%) 15 cm tissue culture dish with fresh medium (15 mL)
for 3 days prior to collecting cell culture supernatant.

2. Generation of GM-CSF expression plasmid

NOTE: Generate the transfection plasmid pEF1a-mGM-CSF-IRES-hrGFP to overexpress GM-CSF
in ES-D3 cells. In this plasmid, expression of murine GM-CSF cDNA along with the marker protein
humanized Renilla reniformis GFP (hrGFP) is driven by the human polypeptide chain elongation
factor 1a (EF1la) promoterl”18,

2.1. Generate the vector backbone.
2.1.1. Digest the plasmid pEF1a-FD3ER-IRES-hrGFP (20 ug of DNA) using the restriction enzyme

EcoRI (100 units) at 37 °C for 2 h to generate two DNA fragments: the vector backbone (6.0 kb)
and FD3ER insert (2.5 kb).
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2.1.2. Transfer 50% of digested plasmid DNA (10 pg) into one 1.5 mL microcentrifuge tube and
treat with alkaline phosphatase (20 units) at 37 °C for 1 h. Resolve both untreated and
dephosphorylated DNA using agarose gel electrophoresis (2%).

2.1.3. Purify the vector backbone DNA fragments (6.0 kb) using a DNA gel extraction kit . While
the untreated vector backbone will serve as the empty vector (pEFla-IRES-hrGFP), the
dephosphorylated vector backbone will be used to generate GM-CSF-expressing plasmid (pEFla-
MGM-CSF-IRES-hrGFP).

2.2. Generate the GM-CSF cDNA insert.

2.2.1. Digest the plasmid pMSCV-mGM-CSF-IRES-EGFP® (20 pg) using the restriction enzyme
EcoRI (100 units) at 37 °C for 2 h to produce two DNA fragments: the vector backbone (6.5 kb)
and the murine GM-CSF cDNA insert (474 bp).

2.2.2. Resolve the digested DNA through agarose gel electrophoresis (2%). Purify the murine GM-
CSF cDNA fragment (474 bp) using a DNA gel extraction kit.

2.3. Generate the expression plasmids.
2.3.1. Set up 2 ligation reactions (10 pL total volume) using a DNA ligation kit.

2.3.1.1. To generate the empty vector pEF1la-IRES-hrGFP, ligate the untreated vector backbone
from step 2.1.3 (6.0 kb; 500 ng).

2.3.1.2. To generate pEF1la-mGM-CSF-IRES-hrGFP, ligate the following DNA fragments: (1) the
dephosphorylated vector backbone from step 2.1.3 (6.0 kb; 500 ng) and (2) the mGM-CSF cDNA
fragment generated in step 2.2.2 (474 bp; 200 ng).

2.3.2. Ligate at 25 °C for 5 min. Transform ligated DNA into DH5a competent E. coli cells. Plate
the transformed E. coli cells on LB-agar plates containing carbenicillin (50 pug/mL).

2.3.3. Purify plasmids from single E. coli colonies using a DNA isolation kit. Validate the identities
of the plasmids by DNA sequencing.

3. Generation of ES-D3 cells overexpressing GM-CSF

NOTE: Transfect the ES-D3 cells with the plasmid pEF1a-mGM-CSF-IRES-hrGFP to overexpress
GM-CS. Cotransfect the plasmid pBabe-Neo into ES-D3 cells to facilitate selection of stably
transfected cells'®20,

3.1. Transfect the plasmids into the ES-D3 cells.

3.1.1. Plate the ES-D3 cells (1.4 x 10°) in a gelatin-coated (0.1%) 10 cm tissue culture dish with



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

culture medium (10 mL) for transfection. Culture plated ES-D3 cells at 37 °C for 24 h.

3.1.2. Prepare two plasmid mixtures in 1.5 mL microcentrifuge tubes: (1) pEF1a-IRES-hrGFP (28
ug, vector control) with pBabe-Neo (4 pg) and (2) pEF1a-mGM-CSF-IRES-hrGFP (28 ug, expressing
GM-CSF) with pBabe-Neo (4 ug). Carry out transfection using a transfection kit following the
manufacturer’s protocol.

3.1.3. Add transfection medium (1 mL) and transfection reagent (64 uL) to each tube containing
the plasmid mixtures and incubate at room temperature for 5 min.

3.1.4. Add the transfection mixtures to respective 10 cm dishes of ES-D3 cells. Incubate at 37 °C
for 5 h.

3.1.5. Replace the medium in 10 cm dishes with fresh culture medium (10 mL). Incubate at 37 °C
for 24 h.

3.2. Generate bulk populations of stably transfected ES-D3 cells.

3.2.1. Remove the medium from transfected ES-D3 cells. Wash the cells with trypsin (2 mL;
0.05%). Add trypsin (2 mL) and incubate at 37 °C for 5 min. Transfer the cells to a 15 mL
centrifuge tube and add 2 mL of fresh culture medium to neutralize trypsin. Centrifuge at 390 x
g for 5 min.

3.2.2. Resuspend the transfected cells in fresh culture medium (10 mL). Evaluate the fluorescence
intensity of GFP in transfected ES-D3 cells using fluorescence-activated cell sorting (FACS),
following manufacturer’s protocol.

3.2.3. Transfer the transfected cells into two 10 cm dishes containing fresh culture medium (10
mL). Add neomycin (0.5 mg/mL) to eliminate untransfected cells.

3.2.4. Continue culturing the transfected cells in culture medium containing neomycin (0.5
mg/mL). When the transfected ES-D3 reach 90% confluency, transfer cells to 15 cm tissue culture
dishes again. Repeat the procedure for 2 weeks.

3.3. Generate clones of stably transfected ES-D3 cells.

3.3.1. Once bulk populations of stably transfected ES-D3 cells are generated, collect the cells as
before. Determine the cell numbers using a hemocytometer. Centrifuge the cells at 390 x g for 5

min. Resuspend the cells (1 x 107 cells/mL) in fresh culture medium.

3.3.2. Filter the cells through a sterile 40 um cell strainer. Purify GFP-positive ES-D3 cells using
FACS, following manufacturer’s protocol.

3.3.3. Plate a single sorted ES-D3 cell into one well of a gelatin-coated (0.1%) 96-well tissue
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culture plate containing parental ES-D3 cells (1 x 10%) in neomycin-free medium (200 pL). Co-
culturing transfected ES-D3 cells with their untransfected parental counterparts ensures that
stably transfected single ES-D3 cells survive and proliferate as a single clone.

3.3.4. Culture the cells for 48 h, and then add neomycin (0.5 mg/mL) to 96-well plates to eliminate
untransfected parental ES-D3 cells.

3.3.5. Continue culturing the GFP-positive ES-D3 cells in 96-well tissue culture plates with
medium containing neomycin (0.5 mg/mL) for 1 week. Transfer clonal ES-D3 cell lines to gelatin-
coated (0.1%) 6 cm tissue culture dishes with culture medium (5 mL) containing neomycin (0.5
mg/mL) for 1 week.

3.3.6. Determine the intensity of GFP fluorescence in each of transfected ES-D3 cell clones using
FACS, following manufacturer’s protocol. Select the ES-D3 clones expressing either GM-CSF or
the empty vector with high levels of green fluorescence.

3.3.7. Determine the amounts of GM-CSF secreted by ES-D3 cells using a murine GM-CSF ELISA
kit, following manufacturer’s protocol.

4. Isolation of exosome-enriched extracellular vesicles

4.1. Culture the ES-D3 cells (1 x 107) in 15 cm tissue culture dishes for 72 h at 37 °C. Collect the
cell culture supernatant. Store collected supernatant at 4 °C up to 1 week to maintain exosomal
integrity.

4.2. Centrifuge the cell culture supernatant at 5,000 x g for 60 min at 4 °C using a centrifuge to
sediment large cell fragments.

4.3. Collect the supernatant and centrifuge at 100,000 x g for 90 min at 4 °C using an
ultracentrifuge.

4.4. Remove the supernatant. Gently rinse each pellet twice with phosphate-buffered saline (PBS;
1 mL) to remove residual culture supernatant.

4.5. Resuspend each pellet in PBS. Quantify exosome-enriched EVs by their protein content®.

4.5.1. Measure the protein concentration of exosome-enriched EVs with a bicinchoninic acid
(BCA) assay. The expected yield of exosome-enriched EVs from ES-D3 cells is approximately 4 ug
protein/mL of cell culture supernatant. Resuspend the exosome-enriched EVs in PBS (protein
concentration: ~6 pg/uL). Store the exosome-enriched EVs at -80 °C.

5. Characterization of exosome-enriched extracellular vesicles by transmission electron
microscopy
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NOTE: Investigate the composition and the structure of the exosome-enriched EVs isolated from
ESCs using transmission electron microscopy (TEM)>.

5.1. Fix the exosome-enriched EVs (3—5 pg/uL) with a final concentration of 2% EM grade
paraformaldehyde at room temperature for 2 h.

5.2. Load fixed samples (10 uL) onto copper grids with carbon support film. Incubate the samples
with copper grids for 1 min, and then drain the grids with filter paper.

5.3. Stain the grids with a staining solution following manufacturer's protocol.

5.4. Transfer the grids to a piece of filter paper using tweezers. Allow the grids to dry overnight
at room temperature.

5.5. Acquire electron microscopy images using a transmission electron microscope (50,000x
magnification), following manufacturer’s protocol.

6. Evaluation of exosome-enriched extracellular vesicles by western blot analysis

6.1. Prepare whole cell extracts.

6.1.1. Remove the medium from ES-D3 cells cultured in 15 cm dishes. Wash the cells with trypsin
(5 mL; 0.05%). Add trypsin (5 mL) to the cells. Incubate at 37 °C for 5 min. Collect the cells and
add fresh culture medium (5 mL) to neutralize trypsin. Centrifuge the cells at 390 x g for 5 min.

Resuspend the cells in PBS.

6.1.2. Determine cell numbers using a hemocytometer. Centrifuge the cells again at 390 x g for 5
min. Resuspend the cells in SDS-PAGE loading buffer containing 0.5% SDS (5,000 cells/pL).

6.1.3. Sonicate the samples for 10 s using a sonicator with 10% amplitude (wattage: 500 W;
ultrasonic frequency: 20 kHz). Heat the samples at 100 °C for 5 min.

6.2. Prepare the lysates of exosome-enriched EVs.

6.2.1. Resuspend the exosome-enriched EVs in SDS-PAGE loading buffer containing 0.5% SDS at
a concentration of 1.2 pg/uL.

6.2.2. Sonicate the samples for 10 s using a sonicator with 10% amplitude (wattage: 500 W;
ultrasonic frequency: 20 kHz). Heat the samples at 100 °C for 5 min.

6.3. Detect proteins by Western blot.

6.3.1. Load whole cell extracts (10 pL; 5,000 cells/uL) and exosome-enriched EV lysates (10 pL;
1.2 pg/uL) into each well of a Bis-Tris PAGE gel (4—20%). Transfer proteins onto polyvinylidene
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fluoride (PVDF) membranes.

6.3.2. Incubate membranes with appropriate primary and secondary antibodies. Dilute
antibodies (at the concentrations indicated below) in blotting buffer containing PBS, Tween-20
(0.2%), and nonfat dry milk (10% w/v).

6.3.2.1. Use the following primary antibodies: anti-Annexin V (200 ng/mL), anti-CD81 (50 ng/mL),
anti-Flotillin-1 (200 ng/mL), anti-cytochrome c (100 ng/mL), anti-protein disulfide isomerase (200
ng/mL), anti-GAPDH (33 ng/mL), and anti-Oxphos COX IV-subunit IV (600 ng/mL).

6.3.2.2. Use the following secondary antibodies: peroxidase-conjugated goat anti-rabbit IgG (20
ng/mL) and peroxidase-conjugated goat anti-mouse IgG (20 ng/mL).

6.3.3. Detect proteins using an enhanced chemiluminescence detection kit.
7. Determining GM-CSF concentrations in exosome-enriched extracellular vesicles by ELISA

NOTE: Evaluate the amounts of GM-CSF in exosome-enriched EVs by ELISA using a kit for murine
GM-CSF, following manufacturer’s protocol with some modifications.

7.1. Coat the ELISA plate with capture antibody. Treat exosome-enriched EVs (0.6 ug) in PBS alone
or PBS + 0.05% Tween-20 (100 pL) at room temperature for 30 min. Add treated samples to the
coated ELISA plate and incubate at room temperature for 1 h. Wash the plate with PBS alone or
PBS + 0.05% Tween-20.

7.2. Add detection antibody to the samples. Incubate at room temperature for 1 h. Wash the
plate with PBS alone or PBS + 0.05% Tween-20. Add Avidin-HRP to the samples. Incubate at room
temperature for 30 min. Wash the plate with PBS alone or PBS + 0.05% Tween-20.

7.3. Determine the concentrations of GM-CSF in exosome-enriched EVs by measuring the
absorbance at 450 nm on a microplate reader.

REPRESENTATIVE RESULTS:

GM-CSF is overexpressed in murine ESCs.

To stably overexpress GM-CSF in ES-D3 cells, murine GM-CSF cDNA was cloned into a transfection
vector to generate the expression vector pEF1a-mGM-CSF-IRES-hrGFP (Figure 1A). GM-CSF was
overexpressed in ES-D3 cells by transfection, and about 20% of transiently transfected ES-D3 cells
were GFP-positive. Cell clones stably overexpressing GM-CSF or the empty vector control were
acquired by FACS. As shown in Figure 1B, the GFP fluorescence intensity of a GM-CSF-expressing
ES-D3 cell line or an ES-D3 cell line expressing the empty vector was much higher than that of
their parental counterparts. An ELISA assay was carried out to evaluate the GM-CSF
concentrations in the cell culture supernatant of different cell lines (Figure 2). ES-D3 cells
expressing GM-CSF produced markedly higher levels of GM-CSF in the cell culture supernatant
than their empty vector control. Furthermore, the amount of GM-CSF generated by GM-CSF-
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expressing ES-D3 cells was similar to that of STO fibroblasts expressing GM-CSF, as reported
previously'®.

Exosomes are enriched in extracellular vesicles derived from murine ESCs.

Vector control and GM-CSF-expressing ES-D3 cell cultures were expanded, and cell culture
supernatant was collected. EVs were isolated after several steps of centrifugation. Single EVs
were first evaluated by TEM (Figure 3). As shown in the TEM images, isolated EVs contained
vesicles of different sizes, which is commonly observed in exosomal preparations®. Importantly,
the diameters of the individual vesicles were 30-100 nm, consistent with earlier reports
describing exosomes?!. Furthermore, the presence of exosomes in EVs was examined by Western
blotting (Figure 4). The expression of exosomal markers, including CD81, annexin V, and Flotillin-
1, was markedly enhanced in EVs isolated from ES-D3 cells compared with corresponding whole
cell extracts (WCE). Importantly, the presence of other subcellular compartment markers in ES-
D3-derived EVs was not detected, including (1) the endoplasmic reticulum (ER) marker protein
disulfide isomerase (PDI), (2) the mitochondrial markers cytochrome c and COX IV-subunit IV, and
(3) the cytosolic marker GAPDH. Overall, these data demonstrate that exosomes were highly
enriched in EVs derived from ES-D3 cells.

GM-CSF is localized inside exosome-enriched extracellular vesicles isolated from ESCs.

To determine whether exosome-enriched EVs contain GM-CSF molecules, ELISA assay was
conducted to evaluate the levels of GM-CSF in exosome-enriched EVs acquired from ES-D3 cells
with or without GM-CSF expression (Figure 5). To further investigate GM-CSF protein localization
within exosome-enriched EVs, the GM-CSF levels were quantitated in exosome-enriched EVs
under different washing conditions by ELISA. For this purpose, the detergent Tween-20 (0.05%)
was first employed to permeabilize the exosomal membranes, and ELISA assays were carried out
in the buffers with or without 0.05% Tween-20. Because Tween-20 is known to reduce protein-
protein interactions, the background GM-CSF levels detected in the control EVs were significantly
reduced by Tween-20 in the washing buffer. In contrast, GM-CSF levels in the EVs of GM-CSF-
expressing cells were significantly increased by Tween-20. These results demonstrate that
Tween-20-induced exosomal membrane permeabilization makes GM-CSF molecules inside the
vesicles accessible for antibody recognition, providing evidence that the majority of exosomal
GM-CSF molecules are localized inside the lumen of isolated vesicles.

FIGURE LEGENDS:

Figure 1. Exogenous GM-CSF is stably overexpressed in ES-D3 cells.

(A) The schematic diagram of the plasmid for overexpressing murine GM-CSF in ES-D3 cells, in
which an EFlo promoter drives GM-CSF expression and hrGFP serves as an expression marker.
(B) Fluorescence intensity of GFP in GM-CSF-expressing ES-D3 cells or their empty vector control
counterparts was determined by FACS.

Figure 2. ES-D3 cells overexpressing GM-CSF produce high levels of GM-CSF.
GM-CSF concentrations in the medium of the indicated cells were measured by ELISA. The data
are presented as mean % standard deviations (mean % SD) of three independent ELISA
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measurements: **p < 0.001, NS = not significant, ANOVA with Tukey’s multiple comparison test.

Figure 3. ES-D3-derived extracellular vesicles are examined by transmission electron
microscopy.

Extracellular vesicles were prepared from ES-D3 cells transfected with the plasmid expressing
GM-CSF or its empty vector counterpart. Arrows indicate individual vesicles. Scale bar = 100 nm.

Figure 4. Exosomal markers are highly concentrated in extracellular vesicles isolated from ES-
D3 cells.

The amounts of markers for exosomes, endoplasmic reticulum (ER), mitochondria, and cytosol in
the indicated whole cell extracts (WCE) and EVs were evaluated by Western blotting. PDI =
protein disulfide isomerase. Molecular weights markers (kD) are on the left.

Figure 5. Evaluation of GM-CSF levels in exosome-enriched extracellular vesicles.

The levels of GM-CSF in the indicated exosome-enriched EVs were determined under different
ELISA conditions. Exosome-enriched EVs were pretreated with or without 0.05% Tween-20. ELISA
was carried out using washing buffer containing either PBS only or PBS + 0.05% Tween-20. The
data are presented as the mean + SD of three independent ELISA assays. *p < 0.05, **p < 0.005,
ANOVA with Tukey’s multiple comparison test.

DISCUSSION:

This study shows a highly efficient method of producing exosome-enriched EVs carrying the
immune-stimulatory protein GM-CSF, which can be employed to study the immune-modulatory
effects of exosome-enriched EVs. Several studies suggest that exosomes exhibit immune-
regulatory and anti-tumor functions??. Thus, exosomes from ESCs expressing GM-CSF might also
possess biological activities that regulate the immune response. In this protocol, exogenous
murine GM-CSF was stably overexpressed in murine ES-D3 cells by transfection (Figure 1).
Importantly, significant amounts of GM-CSF were detected in exosome-enriched EVs isolated
from ES-D3 cells overexpressing GM-CSF (Figure 5).

This data suggest that almost all GM-CSF resides within exosome-enriched EVs. As a cytokine, the
majority of GM-CSF protein is secreted extracellularly!’. Like other exosomal cargo material (e.g.,
mMRNAs, miRNAs, and proteins), GM-CSF molecules in the cytosol are encapsulated in the
intraluminal vesicles (ILVs) of multivesicular bodies (MVBs)®23. Upon fusion of MVBs with the
plasma membrane, GM-CSF-carrying ILVs are released into the extracellular space.

An important step in this protocol is to effectively overexpress GM-CSF in murine ES-D3 cells
(Figure 2). Earlier efforts to achieve this goal by retroviral infection largely failed, likely because
of the suppression of retroviral gene expression at the transcriptional levels in ESCs?*. Among
several viral and cellular promoters examined, the human EFla promoter showed the most
robust activity in ES-D3 cells. Importantly, transgene expression under the control of the EFla
promoter remained stable following long-term cell culture of transfected ES-D3 cells. To express
exogenous GM-CSF in another cell type, further studies are needed to evaluate the efficiency of
various promoters. The application of this method to isolate GM-CSF-bearing exosome-enriched
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EVs can be expanded to other stem cell types as well as tumor cells engineered to express various
cytokines. Like GM-CSF, most cytokines are secreted extracellularly?®. Therefore, a possible
limitation of this approach is that the amount of a given cytokine accumulated in exosome-
enriched EVs is too low to exhibit its biological activity. For a particular cytokine, new studies
need to be carried out to optimize its protein level and biological activity in exosome-enriched
EVs.

The most critical hurdle in this study is generating ES-D3 clones overexpressing GM-CSF. To
maintain the pluripotential state and promote cell proliferation in vitro, murine ESCs are
generally cultured in the presence of feeder cells?®. To acquire exosomes exclusively from ESCs,
a feeder-cell-free protocol to culture ESCs?’ was employed. In this study, ES-D3 cells were
cultured in gelatin-coated dishes using medium supplemented with LIF. The plate efficiency and
proliferation of single clones of ES-D3 cells under this culture condition were extremely low,
making it very challenging to generate ES-D3 clones from single cells. The addition of the
conditional medium obtained from parental ES-D3 cells failed to rescue the proliferation
deficiency of plated single ES-D3 cells. To overcome this limitation, single ES-D3 cells
overexpressing GM-CSF were plated along with parental ES-D3 cells. This plating approach
improved the viability of GM-CSF-expressing single ES-D3 clones, facilitating clonal proliferation
and expansion. Once transfected, single ES-D3 clones apparently attached to tissue culture
plates. They proliferated regardless of the presence of other ES-D3 cells, as parental ES-D3 cells
were eliminated 48 h after being plated, allowing only transfected single ES-D3 cells to grow.

Overall, a protocol to successfully generate exosome-enriched EVs carrying GM-CSF from ESCs
with the potential to stimulate the immune response in different disease conditions was
developed. Furthermore, our recently published study demonstrates that GM-CSF-bearing
exosome-enriched EVs from ESCs can serve as a cell-free prophylactic vaccine against cancer?®.
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performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11 JOVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945,9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the nght, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to loVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author's institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the hke.

12. Indemnification. The Author agrees to indemnify
loVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney's
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold toVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author's expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and casts related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13, Fees. To cover the cost incurred for publication,
IoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
resuit in a U551,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not recewed by the
completion of filming, production and publication of the
Maternials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
loVE's successors and assignees. This Agreement shall he
governed and construed by the internal laws of the
Commanwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an ariginal signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission

CORRESPONDING AUTHOR
Name: .
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Department:
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Institution:
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Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney's
fees, arising out of any breach of any warranty or other
representations contained heregin. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author's institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
1oVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
starilization, lack of ¢leanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author's expense. All indemnifications provided herein
shallinclude JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US51,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement,

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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We thank the editor and the reviewers for their comments. The manuscript has been revised to
address the critiques raised by the editor and the reviewers as much as possible. The specific
concerns are addressed below.

EDITORIAL COMMENTS:
1. “Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammatical errors.”

Responses:
We have thoroughly proofread the manuscript to eliminate any spelling or grammatical errors.

2. “Significant portions show significant overlap with previously published work. Please re-write
the text indicated in red in the attached document to avoid this overlap”.

Responses:
As requested, we have re-written the indicated text to avoid the overlap.

3. “Please split long steps (e.g., 2.2.2, 2.3) up.”

Responses:

Following the reviewer’s suggestion, we have re-written the “PROTOCOL” section to split long
steps in the revised manuscript.

4. “Please note that your protocol will be used to generate the script for the video, and must
contain everything that you would like shown in the video.”

4.1.“1.3, 5.1.1: Describe trypsinization. Mention trypsin volume added, incubation duration and
temperature, and how trypsin is neutralized.”

Responses:

The information about trypsinization has been provided in the revised manuscript (lines 139-
143 in page 3; line 306 in page 6 — line 309 in page 7).

4.2.“1.4, 1.5, 2.1: mention gelatin%"

Responses:

We have added the information in the revised manuscript (line 145 in page 3; line 149 in page
3; line 202 in page 4).

4.3. “2: cite a reference for plasmid use. Cite a reference that describes co-transfection
procedure.”

Responses:

For the details of plasmid construction, we have added a new sub-section “Generation of GM-
CSF expression plasmid” in the “PROTOCOL” section. A reference (#20) describing co-
transfection experiment has also been added to the revised manuscript (line 199 in page 4).

4.4.“2.3,2.4: Describe the flow cytometry steps in greater detail.”
Responses:

*


https://www.editorialmanager.com/jove/download.aspx?id=1076280&guid=cea7c59e-c0b0-432a-b337-9b16f20545d3&scheme=1
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We have added the detailed information about flow cytometer experiments in the revised
manuscript (lines 238-243 in page 5).

4.5, “5.1.2: mention SDS concentration.”

Responses:
The information has been incorporated into the revised manuscript (line 312 in page 7).

4.6. “5.1.3: mention sonication amplitude (in Watts) and frequency (Hz).”

Responses:
We have added the information in the revised manuscript (lines 315 and 322 in page 7).

4.7.“6.2: What are the antibody concentrations?”

Responses:

The information about the antibody concentrations has been added to the revised manuscript
(lines 332-339 in page 7).

5. “please highlight ~2.5 pages or less of text (which includes headings and spaces) in yellow, to
identify which steps should be visualized to tell the most cohesive story of your protocol steps.”

Responses:
We have highlighted the text to be visualized in the revised manuscript.

6. “JoVE articles are focused on the methods and the protocol, thus the discussion should be
similarly focused.”

Responses:
We have revised the “Discussion” section to fit the requirements of JoVE.

7. “References: Please spell out journal names”

Responses:
Journal names have been added to the revised manuscript.

8. “locate and replace all commercial sounding language in your manuscript .“
Responses:

Commercial sounding language has been replaced with generic names in the revised
manuscript.

9. “1) Please revise the table of the essential supplies, reagents, and equipment. ........
2) List all items in alphabetical order sort by name.”

Responses:
“Table of Materials” has been revised as required in the revised manuscript.

COMMENTS FROM PEER-REVIEWERS:
REVIEWER #1:
Major Concerns:



1. “Last lines of the abstract: "Overall, GM-CSF-bearing exosomes from ESCs might serve as an
alternative prophylactic vaccine against cancer". This is a big claim, since authors have not
tested these exosomes, it is not realistic to make this claim. Authors have only detected GM-SCS
in exosomes, detection itself cannot guarantee the application as alternative vaccine unless its
potential is tested.”

Responses:

Following the reviewer’s suggestion, we have revised the manuscript accordingly. In the revised
manuscript, we state that “GM-CSF-bearing exosome-enriched EVs from ESCs might function as
cell-free vesicles to exert their immune regulatory activities.” at the end of the “Abstract”
section. Importantly, we recently published a report showing that GM-CSF-bearing exosome-
enriched EVs from ESCs can serve as a cell-free prophylactic vaccine against cancer, which is
described in the “Discussion” section of the revised manuscript (lines 481-483 in page 10).

2. “Page 4. Isolation of exosomes: authors have not used filters below size range of exosomes,
which means, it is highly likely that other population of extracellular vesicles (EVs), e.g.
microvesicles (up to 1000nm) can also be presented in EV pellets. If true, then why authors
prefer to use exosomes instead of EVs. In such experimental settings, MISEV 2018 guidelines
suggest using general term EVs. | suggest authors to consult this position paper and cite it in
appropriate (PMID: 30637094).”

Responses:

As the reviewer suggested, we have defined our exosomal preparations as exosome-enriched
extracellular vesicles (EVs) in the revised manuscript. The publication mentioned by the
reviewer (reference #5) is also cited multiple times in the revised manuscript (line 98 in page 2,
lines 278 and 287 in page 6, line 379 in page 8).

3. “Again, as mentioned above, authors cannot claim their isolates represent only exosomes.
Better to apply general term EVs. Follow the guidelines by MISEV 2018.”

Responses:
As mentioned above, we have made appropriate changes in the revised manuscript.

Minor Concerns:
4. “"GM-CSF in title: avoid abbreviations which are uncommon for readers. Write full name.”

Responses:
Following the reviewer’s suggestion, we have added full name of GM-CSF in the title.

4

5. “Culturing ES-D3 cells. Avoid uncommon abbreviations in headings. Write full name”.

Responses:
As required by the reviewer, we have revised the manuscript accordingly.

6. “Page 3, section 1.3. cell reach confluence, collect cell.... Write the % of confluence,”
Responses:

We have provided the information about the confluency of ES-D3 cells in the revised
manuscript (line 139 in page 3).



7. “Page 3, line 147: Provide the source of plasmid. Whether constructed in lab or purchased
from? In case it was constructed in lab, write the protocol.”

Responses:

A new sub-section (Generation of GM-CSF expression plasmid) has been added to the
“PROTOCOL” section to describe the construction of GM-CSF expression plasmid.

8. “Page 3, line 150. Transfection was carried for "how many hours'?

Responses:

We have provided more detailed information about transfection in the revised manuscript
(lines 215-216 in page 4).

9. “section 2.3: mention if the media was changed during 2 weeks' time period, or indicate if
cells behaved normally inspite of deprivation of nutrients over two weeks

period.”

Responses:

Following the reviewer’s suggestion, we have provided more detailed information about cell
culture in the revised manuscript (lines 253-256 in page 5).

10. “Page 5.3........ How much was ug of exosome lysate in 10 ul from each sample?”

Responses:
The information has been added to the revised manuscript (line 326 in page 7).

11. “Figure 1: what was the transfection efficiency.”

Responses:

The information about the transfection has been added to the “REPRESENTATIVE RESULTS”
section of the “revised manuscript (line 365 in page 8).

REVIEWER #2:

Minor Concerns:

“The authors state that GM-CSF-bearing exosomes derived "might serve as an alternative
prophylactic vaccine against cancer." To show that exosomal GM-CSF fits the above criterion,
the authrs need to demonstrate its biologic activity in vitro, perhaps using a reported cell line
that is GM-CSF-dependent or by delivery of GM-CSF-carrying exosomes to monocytes and show
the capability of these recipient cells to differentiate into DCs.”

Responses:

As mentioned in the responses to #2 major concern from the Reviewer #1, we have revised the
statement about the potential of GM-CSF-bearing exosome-enriched extracellular vesicles (EVs)
in the manuscript. Now we claim that these exosome-enriched EVs have the potential to serve
as immune regulatory vesicles to modulate immune responses.



