Journal of Visualized Experiments

Purification of High Yield Extracellular Vesicle Preparations Away from Virus

Article Type:
Manuscript Number:
Full Title:

Keywords:

Corresponding Author:

Corresponding Author's Institution:

Corresponding Author E-Mail:

Order of Authors:

Additional Information:

Question

--Manuscript Draft--

Invited Methods Article - JoVE Produced Video
JoVE59876R1
Purification of High Yield Extracellular Vesicle Preparations Away from Virus

extracellular vesicles, exosome, virus, purification, density gradient ultracentrifugation,
precipitation, EV-enriching nanoparticles

Fatah Kashanchi

UNITED STATES

fkashanc@gmu.edu
Catherine DeMarino
Robert A Barclay
Michelle L Pleet
Daniel O Pinto
Heather Branscome
Siddhartha Paul
Benjamin Lepene
Nazira El-Hage
Fatah Kashanchi

Response

Please indicate whether this article will be Standard Access (US$2,400)

Standard Access or Open Access.

Please indicate the city, state/province, Manassas, VA, USA
and country where this article will be
filmed. Please do not use abbreviations.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to access/download;Manuscript;59876_R1_RE.docx 2

1 TITLE:
2 Purification of High Yield Extracellular Vesicle Preparations Away from Virus
3
4  AUTHORS AND AFFILIATIONS:
5 Catherine DeMarino'*, Robert A. Barclay*, Michelle L. Pleet!, Daniel O. Pinto!, Heather
6 Branscomel?, Siddhartha Paul®, Benjamin Lepene® Nazira El-Hage®, Fatah Kashanchi?!
7
8 lLaboratory of Molecular Virology, School of Systems Biology, George Mason University,
9 Manassas, VA, USA
10  2American Type Culture Collection (ATCC), Manassas, VA, USA
11  3ATCC Cell Systems, Gaithersburg, MD, USA
12 4Ceres Nanosciences, Inc, Manassas, VA, USA
13 °Department of Immunology and Nano-medicine, Herbert Wertheim College of Medicine, Florida
14 International University, Miami, Florida, USA
15
16  *indicates equal contributions
17
18  Corresponding Author:
19  Fatah Kashanchi (fkashanc@gmu.edu)
20
21  Email Addresses of Co-authors:
22  Catherine DeMarino (cdemarin@gmu.edu)
23 Michelle L. Pleet (mpleet@gmu.edu)
24 Robert A. Barclay (rbarclay@gmu.edu)
25  Daniel O. Pinto (dpintol@gmu.edu)
26  Heather Branscome (hbranscome@atcc.org)
27  Siddahartha Paul (spaul@atcc.org)
28 Benjamin Lepene (blepene@ceresnano.com)
29 Nazira El-Hage (nelhage @fiu.edu)
30
31 KEYWORDS:
32  extracellular vesicles, exosome, virus, purification, density gradient ultracentrifugation,
33  precipitation, EV-enriching nanoparticles
34
35 SUMMARY:
36  This protocol isolates extracellular vesicles (EVs) away from virions with high efficiency and yield
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41  ABSTRACT:
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conventional ultracentrifugation methods. Our protocol contains three steps: EV precipitation,
density gradient separation, and particle capture. Downstream assays (i.e., Western blot, and
PCR) can be run directly following particle capture. This method is advantageous over other
isolation methods (i.e., ultracentrifugation) as it allows for the use of minimal starting volumes.
Furthermore, it is more user friendly than alternative EV isolation methods requiring multiple
ultracentrifugation steps. However, the presented method is limited in its scope of functional EV
assays as it is difficult to elute intact EVs from our particles. Furthermore, this method is tailored
towards a strictly research-based setting and would not be commercially viable.

INTRODUCTION:

Research centered around extracellular vesicles (EVs), specifically exosomes, a type of EV ranging
30-120 nm and characterized by the presence of three tetraspanin markers CD81, CD9, and
CD63, has largely been shaped by the development of methods to isolate and purify the vesicles
of interest. The ability to dissect multifaceted mechanisms has been hindered due to complex
and time-consuming techniques which generate samples composed of a heterogeneous
population of vesicles generated via different pathways with a wide range of contents, sizes, and
densities. While this is an issue for nearly all EV research, it is of particular importance when
studying EVs in the context of viral infection, as virions and virus-like particles (VLPs) can be
similar in diameter to the vesicles of interest. For example, the Human Immunodeficiency Virus
Type 1 (HIV-1) is approximately 100 nm in diameter, which is roughly the same size as many types
of EVs. For this reason, we have designed a novel EV isolation workflow to address these issues.

The current gold standard of EV isolation is ultracentrifugation. This technique makes use of the
various vesicle densities, which allows the vesicles to be separated by centrifugation with
differential sedimentation of higher density particles versus lower density particles at each stage
L2 Several low-speed centrifugation steps are required to remove intact cells (300—400 x g for
10 min), cell debris (~2,000 x g for 10 min), and apoptotic bodies/large vesicles (~10,000 x g for
10 min). These initial purifications are followed by high speed ultracentrifugation (100,000—
200,000 x g for 1.5-2 h) to sediment EVs. Wash steps are performed to further ensure EV purity,
however, this results in the reduction of the number of isolated EVs, thereby lowering total yield
3 4 This method’s utility is further limited by the requirement of a large number of cells
(approximately 1 x 102) and a large sample volume (> 100 mL) to achieve adequate results.

To address the growing concerns, precipitation of vesicles with hydrophilic polymers has become
a useful technique in recent years. Polyethylene glycol (PEG), or other related precipitation
reagents, allows the user to pull down the vesicles, viruses, and protein or protein-RNA
aggregates within a sample by simply incubating the sample with the reagent of choice, followed
by a single low-speed centrifugation® % >. We have previously reported that use of PEG or related
methods to precipitate EVs in comparison to traditional ultracentrifugation results in a
significantly higher yield®. This strategy is fast, easy, does not require additional expensive
equipment, is readily scalable, and retains EV structure. However, due to the promiscuous nature
of this method, the resulting samples contain a variety of products including free proteins,
protein complexes, a range of EVs, and virions thus requiring further purification to obtain the
desired population®? 78,
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To overcome the heterogeneity of EVs obtained from various precipitation methods, density
gradient ultracentrifugation (DG) is utilized to better separate particles based upon their density.
This method is carried out using a stepwise gradient using a density gradient medium, such as
iodixanol or sucrose, which allows for the separation of EVs from proteins, protein complexes,
and virus or virus-like particles (VLPs). It is important to note that, while it was once thought that
DG allowed for more precise separation of EV subpopulations, it is now known that sizes and
densities of various vesicles can overlap. For example, exosomes are known to have flotation
densities of 1.08-1.22 g/mL®, while vesicles isolated from the Golgi (COPI* or clathrin*) have
densities of 1.05-1.12 g/mL and those from the endoplasmic reticulum (COPII*) sediment at
1.18-1.25 g/mL¥* 2, Additionally, if one desires to compare exosomal fractions against fractions
containing viral particles, this may become more difficult depending upon the density of the virus
of interest—there are viruses other than HIV-1 that likely equilibrate at the same densities as
exosomal positive fractions?.

Finally, enrichment of EV preps for downstream visualization and functional assays is vital to EV
research. The use of EV-enriching nanoparticles, specifically, multi-functional hydrogel particles
that range 700-800 nm in diameter, are a critical step in achieving concentrated EV preps. They
possess a high affinity aromatic bait which encapsulated by a porous outer sieving shell to
promote selectivity. The nanoparticles utilized in this study include two distinct preparations with
different core baits (Reactive Red 120 NT80; and Cibacron Blue F3GA NT82) which have shown
to increase capture of EVs from various reagents and biofluids (see the Table of Materials)® 1°-
15 The particles offer easy enrichment of EVs from numerous starting materials including
iodixanol fractions, cell culture supernatant, as well as patient biofluids such as plasma, serum,
cerebral spinal fluids (CSF), and urine® 13,

The method presented here improves the efficiency of current EV purification techniques by
combining several technologies; EV precipitation, density gradient ultracentrifugation, and
particle capture, to streamline the workflow, reduce sample requirements, and increase yield to
obtain a more homogenous EV sample for use in all EV research. This method is particularly useful
in the investigation of EVs and their contents during viral infection as it includes a 0.22 um
filtration step to exclude large, unwanted vesicles and VLPs and separation of the total EV
population based on density to effectively isolate EVs from virions.

PROTOCOL:

1. Filtration and precipitation of extracellular vesicles (EVs)

1.1. To prepare the culture supernatant from infected or transfected cells (i.e., cell lines and/or
primary cells), culture approximately 10 mL of late-log cells for 5 days at 37 °C and 5% COzin

appropriate culture medium (i.e., RPMI or DMEM with 10% fetal bovine serum [FBS]).

NOTE: All culture medium reagents should be free of EVs, and can be either purchased (see Table
of Materials) or prepared in-house by pre-ultracentrifugation of serum at 100,000 x g for 90 min.



133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

This protocol has been successful for several commonly-used cell lines including: CEM, Jurkat,
293T, U937 (uninfected lines), U1, J1.1, ACH2, HUT102, MT-2 (HIV-1 and HTLV-1 infected lines),
multiple transfected cells, and primary myeloid and T-cells (both infected and uninfected);
however, this protocol can be used for any cell type, including those that require specialized
media or culture conditions. Density of cells may need to be optimized for different cell types. It
is recommended that the highest density be used with minimal cell death after 5 days.

1.2. Centrifuge the culture at 3,000 x g for 5 min to pellet cells and discard the pellet.

1.3. Filter the culture supernatant using a sterile 0.22 um filter and collect filtrate in a clean tube.

1.4. Add equal volume of PEG precipitation reagent (1:1 ratio) to filtered supernatant. Invert tube
several times to ensure a homogenous mixture.

NOTE: Do not vortex.
1.5. Incubate mixture at 4 °C overnight (O/N).

1.6. Centrifuge mixture at 1,500 x g for 30 min at room temperature (RT) to yield a
heterogeneous EV pellet.

NOTE: EV pellet should appear white or off-white in color.
1.7. Discard the EV-depleted culture supernatant.

1.8. Resuspend the EV pellet in 150—300 pL of 1x phosphate-buffered saline without calcium and
magnesium (PBS) and keep on ice.

2. Construction of a density gradient

2.1. Mix iodixanol density gradient medium with 1x PBS to create 11 different 1 mL density
fractions from 6 to 18% iodixanol in 1.2% increments in separate microcentrifuge tubes as shown
in Figure 1A.

2.2. Vortex each tube to mix.

2.3. Layer density fractions into a pre-cleaned and dry swinging bucket ultracentrifuge tube
starting with fraction #18 and ending with fraction #6 as indicated in Figure 1B.

NOTE: All tubes should be sanitized using a 10% bleach spray followed by followed by rinsing 3x
with deionized water and a final wash of sterile deionized water prior to loading of the gradient

fractions.

2.4. Add resuspended EV pellet (300 pL) to the top of the layered gradient in the ultracentrifuge
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tube.
2.5. Ultracentrifuge at 100,00 x g at 4 °C for 90 min.

2.6. Carefully remove the 1 mL fractions from the ultracentrifuge tube and transfer each fraction
into new microcentrifuge tubes.

3. Enrichment of EV fractions using nanoparticles
3.1. Create a 30% slurry of nanoparticles using equal volumes of NT80, NT82, and 1x PBS.
NOTE: The mixture should be vortexed prior to use to ensure homogeneity.

3.2. Add 30 pL of the slurry to each microcentrifuge tube containing the density fractions and
pipette/invert them several times to mix.

3.3. Rotate EV-enriching nanoparticle-containing density fraction microcentrifuge tubes O/N at
4 °C at approximately 20 rpm.

3.4. Centrifuge density fraction microcentrifuge tubes at 20,000 x g for 5 min at RT.
3.5. Discard the liquid and wash EV pellet twice with 1x PBS.

NOTE: Nanoparticle pellets can be frozen at -20 °C or immediately used for various downstream
assays (i.e., PCR, Western blot, mass spectrometry, and other assays).

4. Recommended preparation of nanopatrticle pellet for downstream assays

4.1. For RNA isolation

4.1.1. Resuspend the pellet in 50 pL of autoclaved deionized water treated with 0.001% diethyl
pyrocarbonate (DEPC) filtered through a 0.2 um filter and isolate RNA according to the kit
manufacturer’s protocol.

4.2. For gel electrophoresis

4.2.1. Resuspend the pellet directly in 15 pL of Laemmli buffer.

4.2.2. Heat sample 3x at 95 °C for 3 min. Vortex gently and spin down between each heat cycle.

4.2.3. Centrifuge sample for 15 s at 20,000 x g and load all eluted material directly onto the gel.

NOTE: For best results, limit the amount of particles loaded onto the gel and run the gel at 100 V
to ensure any remaining particles are contained to the wells.
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4.3. For trypsin digestion

4.3.1. Resuspend the pellet in 20 pL of urea prior to alkylation and trypsinization of sample.
Nanoparticles can be pelleted by a 14,000 x g centrifugation at RT for 10 min. Sample containing
the trypsinized peptide can be transferred into a clean collection tube.

REPRESENTATIVE RESULTS:

PEG precipitation increases EV yield.

Our combination approach to EV isolation is significantly more efficient in terms of EV recovery
as compared to traditional ultracentrifugation, as evident by the 90% reduction in the volume of
starting material required. Ultracentrifugation, the current gold standard in EV isolation, requires
approximately 100 mL of culture supernatant to produce an adequate EV prep for downstream
assays, whereas our novel protocol requires only 10 mL. This reduction is made possible through
the use of the PEG EV precipitation reagent which provides a significant increase in EV yield as
measured by nanotracking analysis (NTA). The results in Figure 2A, which have been previously
published®, indicate that when using 10 mL of culture supernatant PEG precipitation resulted in
the recovery of 7.27 x 10%° EVs, which was approximately 500-fold more than the number of EVs
recovered from the same starting material using ultracentrifugation (1.45 x 102). Increased
efficiency of the isolation of exosomes, a specific EV subtype, was also observed as evident by
increased levels of well-characterized exosome marker proteins, CD81, CD63, and CD9. Western
blot analysis comparing EV preps produced from either ultracentrifugation or EV precipitation
using a PEG precipitation reagent is shown in Figure 2B. These results show a 3,000-fold increase
in CD81, a 4-fold increase in CD63, and a 40-fold increase in CD9 as measured by densitometry
analysis. Taken together, these results suggest that the outlined protocol not only increases the
total EV yield but also enhances recovery of exosomes when compared to ultracentrifugation.

Characterization of EVs and separation of EVs away from HIV-1 virus

In order to characterize the vesicles present in each fraction following nanoparticle enrichment,
EVs were isolated from uninfected CEM or HIV-1 infected U1 cell culture supernatant using the
outlined protocol and characterized using western blot of each nanoparticle-enriched iodixanol
fraction. The data in Figure 3A show our previously published results which demonstrate the
presence or absence of three exosomal tetraspanins (CD81, CD63, and CD9) in each fraction (CEM
cells; top panel). The results indicate that exosomes, as defined by the presence of all three
tetraspanins within the fraction, are found in three distinct populations: Exo #1 which includes
fractions 10.8-12.0, Exo #2 which includes fractions 15.6—-16.8, and Exo#3 which includes only
the 18.0 fraction. Despite the presence of three distinct populations, the protocol cannot rule
out the possibility of the presence of additional types of EVs within each fraction. Furthermore,
these results do not definitively exclude the possibility that there are vesicles in these populations
that are positive for a combination of the tested tetraspanin markers. These EVs could then be
separated further by additional purification strategies.

The rapidly developing field of EV/exosome research has exploded since their discovery and has
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resulted in many newfound functions and applications for these vesicles. In particular, their role
as intracellular messengers in not only normal physiology but also in disease has led to the use
of significant resources to dissect the effects and utility of extracellular vesicles, specifically
exosomes, on recipient cells!®~*8, Numerous studies have implicated EVs in the pathogenesis of
a variety of infections, including HIV-1% 10.12. 13722 ‘However, the size similarity between EVs and
virions presents a potential obstacle in defining these EV-mediated mechanisms. To address this
concern, we have designed our protocol to implement a density gradient to effectively separate
EV populations from virions. To this end, cell culture supernatant from HIV-1 infected cells were
subjected to the presented protocol and analyzed by western blot for the presence of HIV-1 Gag
p24 to determine which fraction or fractions contained HIV-1 virions. The results shown in Figure
3A (middle panel) shows the localization of p24 in three independent conditions: in the absence
of an inducer, in the presence of an inducer (Phorbol 12-myristate 13-acetate; PMA), and in the
presence of PMA and combination antiretroviral therapy (cART), the standard treatment for HIV-
1. These data indicate that the HIV-1 virus is localized to fraction 16.8 as measured by the
presence of p24 and its uncleaved polyprotein Pr55. Furthermore, when cells are subjected to
CART, which includes Indinavir, a protease inhibitor which prevents the cleavage of Pr55 to p24,
no p24 was detected in any fraction. Instead, only Pr55 was detected and was present in the
16.8-18.0 fractions, indicating a shift of virus into more dense fractions. Similar results were
obtained using primary macrophages (lower panel). Although the described protocol results in
the co-sedimentation of Exo #2 and Exo #3 populations with virus, the Exo #1 population
(fractions 10.8-12.0) remained virus-free, allowing for downstream assays free of virus
contamination.

This type of separation of virus away from EVs allows us to address the possibility of pieces of
virus entering EVs or being secreted from infected cells as free protein. Results in Figure 3B
indicate that HIV-1 Nef protein can be found in the Exo #1 population in addition to the Exo #2
and Exo #3 populations. Nef also appears in the 6.0 fraction, indicating that Nef can be potentially
secreted from infected cells as a free protein and within an EV. Additionally, HIV-1 Vpr protein is
found in the 6.0 fraction while HIV-1 Tat protein is predominantly found in the 6.0 fraction, but
also appears in fractions 7.2-9.6. We are currently testing all fractions for the presence of Tat
protein by ELISA. These results indicate that both Tat and Vpr can be secreted from infected cells,
likely as free proteins, while Tat could also be incorporated into EVs. Collectively, these data
indicate that our method of EV isolation can successfully isolate exosomes (Exo #1) away from
HIV-1 virions (Exo #2 and #3) and that EVs from HIV-1-infected cells contain some HIV-1 proteins,
which may affect HIV-1 pathogenesis.

Characterization of EVs and separation of EVs away from other viruses.

To apply this protocol to other viral infection models, we have characterized vesicles from cells
infected with several different viruses. Figure 3C shows an illustration of previously obtained
vesicle and virus distributions following precipitation, separation, and enrichment according to
the described protocol. As previously shown in Figure 3A, exosomes (CD9*CD63*CD81*) are
present in three different populations (Exo #1, fractions 10.8—12.0; Exo #2, fractions 15.6 —16.8,
and Exo#3, 18.0 fraction) and HIV-1 virus localizes to the higher density 16.8 and 18.0 fractions
(lanes 10-11). Not surprisingly, when applying this protocol to characterize EVs released from
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Human T-lymphotropic virus Type 1 (HTLV-1), a retrovirus that is known to cause cancer in adults,
we observed results similar to that of HIV-1-related EVs. The third panel in Fig. 3C shows that the
HTLV-1 virus was primarily localized to the highest density fraction (18.0) and, to a lesser extent,
fractions 13.2-16.8 as evidenced by the presence of HTLV-1 matrix protein (p19). Furthermore,
we have previously found that the HTLV-1 transactivating protein, Tax, which is absent from the
HTLV-1 virion, is present within exosomes released from HTLV-1 infected cells'> 23, The data in
Figure 3C shows that Tax was present in the lower density fractions (6.0-12.0), two of which we
have shown to contain exosomes (10.8 and 12.0).

Next, we tested the isolation protocol in the context of larger and smaller viruses such as Ebola
virus (EBOV) and Zika virus (ZIKV), respectively, as HIV-1 and HTLV-1 virions are both retroviruses
and very similar in diameter. Using VLP as a surrogate biosafety level 2 (BSL-2) model of EBOV
assembly and exit, we found that VLP, which is approximately 1 um in length, localizes to the
highest density fraction (18.0) in the absence of 0.22 um filtration (middle panel, Figure 3C).
Moreover, when VP40, the EBOV matrix protein, is expressed at high levels, it is secreted from
the cell through several different mechanisms resulting in the presence of VP40 in every density
fraction, including those to which exosomes are localized'® 4. In contrast, ZIKV virions are
significantly smaller than HIV-1 virions, measuring approximately 40 nm in diameter. The
representative diagram in the bottom panel of Figure 3C shows the presence of ZIKV virions in
both low density (6.0-8.4) and high density (15.6—18.0) fractions, suggesting the presence of
both free virus and EV-encapsulated virus, respectively.

FIGURE AND TABLE LEGENDS:

Figure 1: Construction of an iodixanol density gradient. (A) Relative amounts of iodixanol and
PBS utilized to create each density fraction (Fraction #). The Fraction # denotes the percentage
of iodixanol included in each fraction. Their relative densities and placement in the gradient are
depicted from heaviest to lightest. (B) Placement of the density fractions (6.0—18) in
ultracentrifuge tube is shown (left side) as well as the location of the three EV populations (Exo
#1, Exo #2, Exo #3), Exo-like vesicles, and protein complexes.

Figure 2: PEG precipitation reagent increases EV yield. (A) To compare EV recovery, EVs were
isolated from 5 d HIV-1 infected monocyte (U1) culture supernatant (10 mL) using traditional
ultracentrifugation (100,000 x g) or PEG precipitation reagent (incubation at a 1:1 ratio). EVs from
both enrichment procedures were analyzed using nanotracking analysis to assess resulting EV
concentration as described in DeMarino, et al... NTA was measured at 11 independent positions
in technical triplicate. The blue bars represent an average of the 33 measurements + S.D.
Statistical significance was determined using a two-tailed Student’s t-test; ***p < 0.001. B. EVs
from 5-day CEM culture supernatant using either ultracentrifugation (UC) or PEG precipitation
followed by iodixanol density separation. Ultracentrifugation was performed using 100 mL of
culture supernatant (Lane 1) while PEG precipitation and subsequent iodixanol fractionation was
performed using 10 mL of culture supernatant (lane 2). The total EV pellet obtained from
ultracentrifugation and the 10.8 fraction from PEG/iodixanol separation were analyzed by
western blot for the presence of exosomal marker proteins (CD81, CD63, and CD9) with Actin as
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a control. For clarity, selected lanes from the same blot with identical exposures are shown in
panel B. This figure has been modified from DeMarino, et al.®.

Figure 3: Isolation of EVs away from viruses. (A) Five-day culture supernatants from uninfected
CEM cells (top panel), HIV-1 (Ba-L; MOI: 0.01) infected U1 cells (tPMA and *cART treatment;
middle panel) or HIV-1 infected primary macrophages (bottom panel) were incubated with PEG
precipitation reagent at 4 °C overnight. EVs were separated into fractions using an iodixanol
density gradient. EVs from all fractions were enriched using NT80/82 particles overnight at 4 °C.
CEM nanopellets were analyzed using western blot for the presence of exosomal marker proteins
CD81, CD63, and CD9. U1 (xPMA and +cART treatment) and HIV-1 infected primary macrophages
were analyzed for the presence of HIV-1 Gag protein (p24 and Pr55; cleaved and uncleaved HIV-
1 Gag polyprotein, respectively), as well as CD63. Blots were probed for actin as a control. True
exosome populations (CD81*CD63*CD9*) are outlined in red. This figure has been modified from
DeMarino, et al.? (B) Five-day culture supernatants from infected U1 cells were incubated with
PEG precipitation reagent at 4 °C overnight. EVs were separated into fractions using an iodixanol
density gradient. EVs from all fractions were enriched using NT80/82 particles overnight at 4 °C.
Fractions were run on a Western blot for the presence of HIV-1 Nef, Vpr, and Tat. Actin was used
as a control. True exosome populations (CD81*CD63*CD9*) are outlined in red as previously
defined in DeMarino, et al.® (C) Representative illustration of previously characterized EV
separation profiles from four different viruses: HIV-1, HTLV-1, EBOV, and ZIKV.

Figure 4: Protocol workflow. The novel workflow combines several techniques including
filtration, EV precipitation using PEG precipitation reagent, iodixanol density gradient separation,
and nanoparticle enrichment of EVs. Utilization of this protocol separates EVs from various
viruses and provides a small volume sample for downstream assays including gPCR, Western blot,
mass spectrometry, RNA sequencing, cytokine analysis, ELISA, and cell-based assays. This figure
has been modified from DeMarino, et al.®.

DISCUSSION:

The outlined method allows for enhanced EV yield and the separation of virus from EVs using a
combination approach to isolation. Relatively large quantities of starting material (i.e., cell
supernatant) can be filtered prior to EV isolation by precipitation, DG separation, and
nanoparticle enrichment, resulting in a final volume of ~30 L, allowing for immediate usage in a
variety of downstream assays. The use of nanoparticle enrichment is essential as, compared to
traditional ultracentrifugation, these EV-enriching nanoparticles have been shown to capture
vesicles more efficiently, yielding a greater than or equal to amount of vesicles from 1 mL of
culture supernatant compared to 10 mL of ultracentrifuged culture supernatant®. Overall, the
described protocol includes the combination of several well-known techniques and therefore
should present limited difficulties. However, the incorporation of EV-enriching nanoparticles
introduces a new technique which can require troubleshooting and/or modifications to achieve
desirable results depending on the downstream assay or biological target of interest. We
recommend that nanoparticles be incubated with filtered cell culture supernatants overnight. If
the target protein or RNA of interest is of low abundance in the model system, the protocol can
be adapted to increase the incubation period to ensure capture of the target. The utilization of
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nanoparticles in downstream assays can typically be accomplished by resuspending the pellet in
the desired sample buffer for each assay. For example, nanoparticles can be resuspended directly
in Laemmli buffer for western blot analysis. The captured material should then be more
efficiently eluted from the nanoparticles in SDS via heating and vortexing cycles. To achieve
adequate separation of protein, care should be taken to limit the amount of nanoparticles loaded
into the gel, and the gel should be run at approximately 100 V to ensure any remaining particles
are contained to the wells. Furthermore, for the visualization of low molecular weight proteins,
an overnight wet transfer achieves optimal results. Although the use of nanoparticles results in
significant enrichment of vesicle populations, additional steps must be taken to elute captured
material from the particles. Furthermore, elution of the material can potentially limit the utility
of EVs in downstream functional assays as many elution buffers can damage the integrity of the
EV membrane. Additional research is needed to engineer a strategy to allow for the removal of
intact vesicles from nanoparticles post incubation. Another disadvantage of these particles is the
current lack of characterization. The outer shell of the particle has been designed to exclude high
molecular weight molecules. However, specific targeting of the particles to EVs does not take
place, and as a result many confounding factors and background signals can potentially be
present in downstream assays.

The described method is primarily to be used for laboratory purposes. We have recently
developed alternate methods to expand the capabilities of our combination approach to
additional techniques for isolating EVs from small-scale, patient biofluids such as plasma and CSF
and large-scale, commercial EV production. For the isolation of EVs away from virus in patient
material we have incorporated the use of size exclusion chromatography (SEC) columns, which
are utilized in place of a density gradient. These columns are beneficial in that they are disposable
and therefore are ideal in high containment laboratories. However, SEC columns separate
particles according to size, therefore, it follows that this type of separation is only applicable for
the separation of large or very small viruses, such as EBOV (~1 um) or ZIKV (~40 nm), respectively,
from EVs or separation away from free protein. In terms of large-scale EV production, recent
advancements in filtration-based methods, namely tangential flow filtration (TFF), have allowed
for the efficient isolation of EVs from large sample volumes. TFF has historically been used for
the purification of nanosized biomolecules, including viruses, and through the optimization of
protocols this system has successfully been adapted for the isolation of EVs2% 2>, Briefly, during
the TFF process, sample fluid flows tangentially across the surface of a semi-permeable
membrane which selectively retains vesicles based on size and molecular weight, thus allowing
for the separation of EVs away from free proteins and other contaminating biomolecules?®. When
compared to ultracentrifugation, it has been reported that TFF results in higher vyields, less
aggregation, and reduces the lot-to-lot variability of EVs?’. Additionally, the use of TFF for the
good manufacturing practice (GMP)-grade isolation of EVs for therapeutic application has also
been reported?®. Due to its scalability and reproducibility, this technology offers great potential
for future EV research.

Viruses come in different sizes and densities, therefore depending upon the virus in question,
optimization of this protocol may be required. For very large viruses such as Ebola (~ 1 um or
larger in length), simple filtration can be utilized to remove the vast majority of virions and large



441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

contaminating bodies such as VLPs and apoptotic bodies'#. This allows for most of the separation
of virus away from EVs to be executable on the front end of purification. However, in the case of
smaller viruses such as enterovirus (~30 nm), Zika virus (~40 nm), hepatitis B virus (~42 nm),
hepatitis C virus (~55 nm), and others, the fraction in which virions sediment will need to be
determined before further downstream functional analyses. One cannot always approximate the
likely fraction of sedimentation based on particle diameter alone. For example, poliovirus, which
is 30 nm in diameter, is also known to be encapsulated in secretory autophagosomes?®=33, and
therefore is likely to be found on the right side of the gradient (denser fractions) rather than the
left (less dense fractions). While we have optimized this protocol in the case of HIV-1, HTLV-1,
and EBOV VLPs, additional viruses will need characterization to fine-tune the protocol for their
specific purification away from EVs.

The protocol outlined here (Figure 4) allows, for the first time, the user to separate EVs from virus
with enhanced efficiency and smaller volumes of starting material as compared to the gold
standard of EV isolation, ultracentrifugation. This method can be easily adapted to the conditions
at hand including varying sample sizes, required vyields, starting material type (i.e., culture
supernatant versus patient material), and various different viruses of different sizes.
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authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
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 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 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 loVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness 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
shall include 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 of 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 US$1,200 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
loVE’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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/G E OR G E Laboratory of Molecular Virology
O 10900 University Blvd., MS 1H8, Manassas, Virginia 20110

UNIVERSITY Phone: 703-993-9731; Fax: 703-993-4280

March 25th, 2019

Dear Dr. Dsouza,

We would like to take this opportunity to thank you for considering publication of our manuscript titled
“Purification of High Yield Extracellular Vesicle Preparations Away from Virus” in the Journal of Visualized
Experiments.

Both reviewers were favorable and considered the manuscript and described protocol very significant for the
field of extracellular vesicles research. They were excited about potential for the separation of extracellular
vesicles from virus, particularly RNA viruses such as HIV-1 and HTLV-1 which are similar in size to
extracellular vesicles. This method opens new avenues of research to investigate the roles of extracellular
vesicles in the pathogenesis of numerous viral infections, including HIV-1 which affects millions of individuals
worldwide. Below, we have responded to every comment from these reviewers. The editorial and reviewer
comments are in italics and our associated responses appear in bold.

Editorial Comments:

1. Protocol Detail: Please add a step to describe how cells were cultured and maintained; ensure that you
mention incubation conditions and culture media.

We thank the editor for bringing this to our attention. To clarify the culture conditions, we have added the
following to the Protocol section of the manuscript on lines 130-133 “To prepare culture supernatant (i.e. cell
lines and/or primary cell), culture approximately 10 mL of cells for 5 days at 37°C and 5% CO: in appropriate
culture medium. All culture medium reagents should be free of EVs, and can be either purchased or prepared in-
house by pre-ultracentrifugation of serum at 100,000 x g for 90 min.”

2. Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be
similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form (3-6
paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance with respect
to existing methods, 4) future applications and 5) critical steps within the protocol.

We are grateful to the editor for this comment and we feel that review of our discussion section has made
our paper stronger and more complete. We have reviewed the discussion to ensure it addresses all of the
topics listed including modifications, limitations, significance, and future applications. This can be found
on lines 376-451.

3. Figures: Please remove the text "DeMarino et al...Fig #" from all figures.

We had included these labels to aid the reviewers in referring to the appropriate figure during the review
process. We have now removed the text for final publication purposes.
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4. Commercial Language: JOVE is unable to publish manuscripts containing commercial sounding language,
including trademark or registered trademark symbols (TM/R) and the mention of company brand names before
an instrument or reagent. Examples of commercial sounding language in your manuscript are ExoMAX,
Nanotrap, ExoMAX Opti Enhancer, OptiPrep, ZetaView Nanotracking, ZetaView 8.04.02.

Thank you to the editor for bringing this to our attention. We have removed all commercial sounding
language from the manuscript/figures and replaced it will more general terms to describe the product
used. While we feel it is important to thoroughly describe the specific EV-enriching nanoparticles used in
the introduction section, rather than describing them as “Nanotraps” we have referred readers to the
“Table of Materials” in order for them to specifically reference the nanoparticles used in this study.

5. Please define all abbreviations at first use.

We appreciate this comment and have reviewed the manuscript to ensure that abbreviations are defined
at the appropriate place in the manuscript.

6. Please use standard abbreviations and symbols for SI Units such as uL, mL, L, etc., and abbreviations for
non-SI units such as h, min, s for time units. Please use a single space between the numerical value and unit.

We have reviewed all abbreviations and symbols in the manuscript to confirm that SI and non-SI units
adhere to standard practices and contain a space between the value and unit.

7. If your figures and tables are original and not published previously or you have already obtained figure
permissions, please ignore this comment. If you are re-using figures from a previous publication, you must
obtain explicit permission to re-use the figure from the previous publisher (this can be in the form of a letter
from an editor or a link to the editorial policies that allows you to re-publish the figure). Please upload the text
of the re-print permission (may be copied and pasted from an email/website) as a Word document to the
Editorial Manager site in the "Supplemental files (as requested by JOVE)" section. Please also cite the figure
appropriately in the figure legend, i.e. "This figure has been modified from [citation]."

We have uploaded the re-print permission text from Scientific Reports as a Word document to the
Editorial Manager site in the “Supplemental files (as requested by JoVE)” section. A copy of the
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permissions is shown below. Additionally, the text in the figure legends for Figures 2, 3, and 4 have been
changed to reflect the verbiage requested.

Reviewer #1:

We would like to thank this reviewer for all of the positive comments regarding our paper including: “This is an
important accomplishment as EVs are now considered to play an important factor in cell-cell communication
and affect viral pathogenesis... The authors innovatively use their original approach in combination with
common protocols to isolate a virus-free fraction of EVs... In general, the protocol is well described with
important small details that are necessary to reproduce the separation by the readers.”

Minor Concerns:

1. The authors refer to vesicles that carry three tetraspanins (CD81, CD63, and CD9) as "exosomes". However,
this is not a proven fact as some experts think that membrane vesicles can carry these proteins as well. Fig. 3
shows the presence of all three proteins, but since this represents a bulk analysis it cannot prove that all three
tetraspanins are present on the same vesicles.

We are grateful to the reviewer to brining this to our attention. We agree with this type of bulk analysis
that we cannot definitively prove that all three tetraspanins are present on the same vesicles. To bring
this to the attention of the reader we have included the following within the results section on lines 249-
258 which reads “The data in Fig. 3A show our previously published results which demonstrate the presence or
absence of three exosomal tetraspanins (CD81, CD63, and CD?9) in each fraction (CEM cells; top panel). The
results indicate that exosomes, as defined by the presence of all three tetraspanins within the fraction, are found
in three distinct populations: Exo #1 which includes fractions 10.8-12.0, Exo #2 which includes fractions 15.6—
16.8, and Exo#3 which includes only the 18.0 fraction. Despite the presence of three distinct populations, our
protocol cannot rule out the possibility of the presence of additional types of EVs within each fraction.
Furthermore, these results do not definitively exclude the possibility that there are vesicles in these populations
that are positive for a combination of the tested tetraspanin markers. These EVs could then be separated further
by additional purification strategies.”

2. As the authors mention, what they call pure EV fraction can contain elements of viruses. Some of these EVs
may be not different from what was earlier called "defective viruses™. It is worth mentioning this for the reader.

We thank this reviewer for asking these comments, as they are important, challenging, and require many
more experiments from multiple labs to properly address the issue. However, we believe that the wild-
type virus would have 2 copies of the genomic RNA (9.5 kb) with 4 copies of TARs and 2 env regions (as
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detected by PCRs). This population would be affected by cART since the protease inhibitor in CART
would affect Gag maturation, as the p24 is mostly missing and level of unprocessed Gag (Pr55) has
increased. Our EV preps in the middle of the iodixanol gradient do not have such a ratio, as they contain
mostly TAR and minimal env RNAs (DeMarino et al. Figure 1C-D).

Virus like particles (VLPs) in our system would not exist in the classical sense, since 100% of the cells are
already infected and the genome is still wild-type after CART (a shift from wild-type genomes is an effect
that would be seen from RT inhibitor effects at early stage of infection). VLPs by definition would be
missing parts or most of the genome in the classical sense, as described in the past by transfection of
multiple plasmids that make empty core shells (VLPs) without the genome.

An immature virus could be present in all of the fractions only if we started with a fresh infection and put
cells under some kind of a selective pressure (i.e., CART), but in our case the genome is already integrated
(latent cells) and the RT portion of the virus life cycle is not affected or regulated, therefore presence of
an immature virus without a selection pressure in these cells would not make sense.

3. When separating other viruses, the authors mention that that (15.6-18.0) fraction contained EV-encapsulated
Zika viruses. In my mind, density is not an ultimate proof of EV encapsulation of ZIKV.

We agree with the reviewers in that the presented data is not ultimate proof of EV encapsulation of
ZIKV. However, we have additional data supporting this conclusion from infectivity assays of primary
astrocytes and CCF-STTG1 astrocyte cell line. At this point, the manuscript containing these assays is
still in preparation.

Reviewer #2:

We would like to thank this reviewer for his/her thorough review of the manuscript and all of their constructive
comments. We feel that addressing these concerns and recommendations has helped to make the manuscript
stronger and clearer to the reader.

Major Concerns:

1. Neither differential ultracentrifugation nor velocity density gradients are separating particles in base of
buoyant densities (lines 70 and 94). This type of separation requires to be carried out for sufficient time to
allow particles to reach the part of the gradient with equivalent density. Instead, authors should state that
separation is based on different densities, sizes...

We thank the review for this clarification. We agree that these types of centrifugations separate the
particles based on density and separate particles by allowing the particles to localize to the fraction with
equivalent density. To clarify this distinction in the text we have edit the two phrases identified by the
reviewer in the introduction section. They now read as the following:

e Lines 71-74: “The current gold standard of EV isolation is ultracentrifugation. This technique makes
use of the various vesicle densities, which allows the vesicles to be separated by centrifugation with
differential sedimentation of higher density particles versus lower density particles at each stage '2..”

e Lines 94-98: “To overcome the heterogeneity of EVs obtained from various precipitation methods,
density gradient ultracentrifugation (DG) is utilized to better separate particles based upon their density.
This method is carried out using a stepwise gradient using a density gradient medium, such as iodixanol



or sucrose, which allows for the separation of EVs from proteins, protein complexes, and virus or virus-
like particles (VLPs).”

2. Authors compared precipitation of extracellular vesicles with ExoMax with a protocol using
ultracentrifugation and demonstrated that yield recovered is higher with the precipitation protocol. Only
comparison of first step with ultracentrifugation is done in the methodology described. However, authors state
over the manuscript that their 3-step protocol is advantageous over ultracentrifugation. As second step requires
UC, and no comparison between nanotrap capture and ultracentrifugation have been done, authors should limit
comparison to UC to the first step. In fact, necessity for nanotrap technology in the last step is not clear. Can
the authors explain better in the text why Nanotrap technology is better than other methods for
concentration/precipitation?

While it is difficult to directly quantitate the number of particles captured by Nanotraps, previous studies
from our lab (Anderson et al. 2018) have shown that Nanotrap particles can be used to concentrate EVs
at equal to or higher levels than those isolated from 10 times the amount of starting material obtained
from ultracentrifugation as measured by a CD81 ELISA assay (Panel B shown below). Specifically, in
this data, CD8L1 levels from EVs isolated from 1 mL of supernatant (Jurkat, CD8166, and HUT 102) was
equal to or greater than the CD81 signals obtained from EVs isolated from 10 mL of Jurkat supernatant
using ultracentrifugation. Furthermore, in comparison to unenriched culture supernatant, NT enriched
samples showed a 4-fold increase in AchE activity (Panel C) and removal of approximately 3.5x10°
vesicles post-trapping as measured by nanoFACS analysis of 300 uL of culture supernatant.
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To describe the advantage of these nanoparticles to the readers we have included a statement within the
discussion that illustrates the efficiency of these nanoparticles over ultracentrifugation and therefore the
overall increased efficiency of the outlined protocol on line 375-378 which reads “Overall, the described
protocol includes the combination of several well-known techniques and therefore should present limited
difficulties. However, the incorporation of EV-enriching nanoparticles introduces a new technique which can
require troubleshooting and/or modifications to achieve desirable results depending on the downstream assay or
biological target of interest. In comparison to traditional ultracentrifugation, these EV-enriching nanoparticles
have been shown to capture vesicles more efficiently, yielding a greater than or equal to amount of vesicles
from 1 mL of culture supernatant compared to 10 mL of ultracentrifuged culture supernatant *°.”



3. Figure 3A shows analysis by Western blot of fractions obtained after density gradient separation of
extracellular vesicles from different types of cells. CD9, CD81 and CD63 are only shown in fractions coming
from non-infected T-lymphoblastic cell line. In contrast, viral proteins are shown only in fraction coming from
infected promonocytic cells or infected primary macrophages. Definition of different types of vesicles based on
tetraspanin expression is done in a non-infected T-cell line and viral proteins are shown only in infected
monocyte/macrophages. Authors cannot assume that behavior of different vesicles and virus would be the same
independent of infectivity status or cell type. Specially, because CD63 is primary macrophages behaves
different that in non-infected CEM cells. Authors should add information for tetraspanins in infected
monocyte/macrophages cells. Or at least, comment this fact clearly in the text.

We thank the reviewer for this important distinction. Our EV isolation procedure was developed and
optimized using EVs and exosomes from CEM cells and for this reason the top panel of this figure shows
CEM cell EVs. We have validated these results in myeloid cell lines in an independent experiment. To
make this distinction more clear to the readers we have added text to clearly state the cell type used in the
top panel of the figure within the representative results section. Lines 246-254 now read “In order to
characterize the vesicles present in each fraction following nanoparticle enrichment, EVs were isolated from
uninfected CEM or HIV-1 infected U1 cell culture supernatant using the outlined protocol and characterized
using Western blot of each nanoparticle enriched iodixanol fraction. The data in Fig. 3A show our previously
published results which demonstrate the presence or absence of three exosomal tetraspanins (CD81, CD63, and
CD9) in each fraction (CEM cells; top panel). The results indicate that exosomes, as defined by the presence of
all three tetraspanins within the fraction, are found in three distinct populations: Exo #1 which includes
fractions 10.8-12.0, Exo #2 which includes fractions 15.6-16.8, and Exo#3 which includes only the 18.0
fraction.”

Minor Concerns:

1. In general for all the text and, particular, referring to figure 2, 1 will change the term exosomes for
extracellular vesicles because the presence of 3 tetraspanins in the preparation is not a guarantee for having all
the vesicles with the 3 proteins together (bona fide markers of exosomes). Particles shedding from plasma
membrane can contain also cd81, cd9....

We thank the review for their suggestion regarding the nomenclature used throughout the manuscript.
However, we believe these three populations (Exo#1, Exo#2, and Exo#3) contain exosomes as indicated by
the presence of CD81, CD63, and CD9. We do note within the results section that the presence of other
extracellular vesicles with similar densities, perhaps those that do not contain CD81, CD63, and CD9,
may be present in the populations due to the heterogenous nature of EVs and the fact that the presented
assay is a bulk analysis of the EV preparation using our described protocol. Additionally, nanotracking
analysis of each fraction suggests that that all fractions contain vesicles of approximately 100 nmin
diameter. These data imply that exosomes released from cells may vary in their densities and therefore
can localize to different fractions (i.e. 10.8-12.0 and 16.8).

We agree with the reviewer that the presence of 3 tetraspanins in the preparation does not guarantee that
vesicles in the Exo#1 may not possess all three EV markers on the same vesicle. In fact, we believe that
the EV preps are relatively heterogenous in that they contain vesicles which are only CD63+, vesicles that
are only CD9+, and vesicles that are only CD81+. Furthermore, the prep may contain vesicles which may
contain a number of combinations of these three markers. To clarify this to the reader we have modified
the results section, lines 246-258 to now read: “The data in Fig. 3A show our previously published results
which demonstrate the presence or absence of three exosomal tetraspanins (CD81, CD63, and CD?9) in each



fraction (CEM cells; top panel). The results indicate that exosomes, as defined by the presence of all three
tetraspanins within the fraction, are found in three distinct populations: Exo #1 which includes fractions 10.8—
12.0, Exo #2 which includes fractions 15.6-16.8, and Exo#3 which includes only the 18.0 fraction. Despite the
presence of three distinct populations, our protocol cannot rule out the possibility of the presence of additional
types of EVs within each fraction. Furthermore, these results do not definitively exclude the possibility that
there are vesicles in these populations that are positive for a combination of the tested tetraspanin markers.
These EVs could then be separated further by additional purification strategies.”

2. In the discussion, authors point SEC as an alternative to density gradients to purify EVs away from virus.
This methodology is based on size and probably can be only used when viral particles are very different in size
to the EVs which are the object of the study. The authors should explain this better or removed from discussion.

We are grateful to the review for bringing this to our attention. To better delineate the appropriate usage
of SEC columns for the isolation of EVs from viruses, we have added additional details which stipulate
that this method is appropriate for use in the context of large viruses who size varies greatly from the EV
population of interest. This is included in the discussion section on lines 412-418 and now reads “For the
isolation of EVs away from virus in patient material we have incorporated the use of size exclusion
chromatography (SEC) columns, which are utilized in place of a density gradient. These columns are beneficial
in that they are disposable and therefore are ideal in high containment laboratories. However, SEC columns
separate particles according to size, therefore, it follows that this type of separation is only applicable for the
separation of large or very small viruses, such as EBOV (1 um) or ZIKV (40 nm), respectively, from EVs or
separation away from free protein.”

We thank the reviewers for all of their constructive comments. We hope that you will now find this manuscript
suitable for publication in the Journal of Visualized Experiments. We look forward to moving on to video
production.

We thank you in advance for your time and efforts.

Sincerely,
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Fatah Kashanchi, Ph.D.

Laboratory of Molecular Virology

George Mason University

10900 University Blvd. 182C Discovery Hall
Manassas, VA 20110

Email: fkashanc@gmu.edu
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