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Abstract

Effects of exosomes present in human plasma on immune cells have not been examined in detail.
Immunological studies with plasma-derived exosomes require their isolation by procedures
involving ultracentrifugation. These procedures were largely developed using supernatants of
cultured cells. To test biologic activities of plasma-derived exosomes, methods are necessary that
ensure adequate recovery of exosome fractions free of contaminating larger vesicles, cell
fragments and protein/nucleic acid aggregates. Here, an optimized method for exosome isolation
from human plasma/serum specimens of normal controls (NC) or cancer patients and its
advantages and pitfalls are described. To remove undesirable plasma-contaminating components,
ultrafiltration of differentially-centrifuged plasma/serum followed by size-exclusion
chromatography prior to ultracentrifugation facilitated the removal of contaminants. Plasma or
serum was equally acceptable as a source of exosomes based on the recovered protein levels (in pg
protein/mL plasma) and TEM image quality. Centrifugation on sucrose density gradients led to
large exosome losses. Fresh plasma was the best source of morphologically-intact exosomes,
while the use of frozen/thawed plasma decreased exosome purity but not their biologic activity.
Treatments of frozen plasma with DNAse, RNAse or hyaluronidase did not improve exosome
purity and are not recommended. Cancer patients’ plasma consistently yielded more isolated
exosomes than did NCs’ plasma. Cancer patients’ exosomes also mediated higher immune
suppression as evidenced by decreased CD69 expression on responder CD4+ T effector cells.
Thus, the described procedure yields biologically-active, morphologically-intact exosomes that
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have reasonably good purity without large protein losses and can be used for immunological,
biomarker and other studies.
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Introduction

Exosomes are virus-sized vesicles, ranging from 20-100nm in size, and enveloped by a
phospholipid membrane (Thery et al., 2002). Formed within the endocytic compartments,
exosomes are released into the extracellular space via fusion of multivesicular bodies with
the cell surface membrane (Thery et al., 2002). They are produced by normal as well as
malignant cells and are present in all human body fluids, including blood (Hawari et al.,
2004; Graner et al., 2009), urine (Pisitkun et al., 2004), cerebrospinal fluid (Harrington et
al., 2009; Street et al., 2012) and ascites (Runz et al., 2007). Exosomes carry multiple
membrane-tethered, biologically-active molecules, and their molecular cargo mimics the
surface molecular profile of the mother cell (Skog et al., 2008; Mathivanan et al., 2010).
Vesicular content of exosomes includes nucleic acids, enzymes, soluble factors and a variety
of molecules derived from the cytosol of mother cells (Mathivanan and Simpson, 2009).
Tumor cells are avid exosome producers, and we have previously shown that these tumor-
derived exosomes, in contrast to exosomes produced by normal cells, exert
immunosuppressive effects, impairing survival and functions of adaptive and innate immune
cells (Taylor et al., 2003; Kim et al., 2005).

The nomenclature adopted for exosomes is based on their size and a mode of release from
mother cells, with vesicles ranging in diameter from 30-150nm and formed as intraluminal
vesicles by budding into multivesicular endosomes (MVES) considered to be exosomes. In
contrast, larger (200-500nm) vesicles which bud directly from the plasma membrane are
referred to as “microvesicles” (MVs) (Raposo and Stoorvogel, 2014). There is also some
evidence that microvesicles might have properties and functions distinct from exosomes
(Raposo and Stoorvogel, 2014).

Studies of exosomes have been largely performed using supernatants of cultured cells. This
is because in a cell culture, the origin of exosomes can be determined and because relatively
simple chemical composition of most culture media facilitates isolation of exosomes devoid
of ‘contaminating’ proteins, lipids and sugars. Human or animal serum used as a supplement
for cell cultures is generally ultracentrifuged prior to its use to remove “contaminating”
extracellular vesicles. Isolation of exosomes from plasma or other body fluids is more
complex for several reasons. First, the source of exosomes present in plasma is unknown, as
plasma contains a mix of exosomes derived from many different cells in varying
proportions. Second, plasma exosomes are ‘coated’ with proteins, glycoproteins or
glycolipids likely to cause their aggregation and a potential loss upon subsequent
centrifugation. Third, separation of exosomes derived from a specific cell type is a
considerable problem, as the vast majority of plasma exosomes originate from erythrocytes
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and platelets, and the desired exosomal fraction may represent only a small fraction of the
total (Vlassov et al., 2012; Witwer et al., 2013; Gyorgy et al., 2014; Van der Meel et al.,
2014).

Few attempts have been made to optimize exosome isolation from human plasma (Witwer et
al., 2013). The most commonly used technique to isolate exosomes relies on their physical
properties: because they are virus-size, they can only be isolated by ultracentrifugation and
have a characteristic buoyancy of 1.10 to 1.19 g/mL on continuous sucrose density gradients
(Thery et al., 2006; Keller et al., 2007). However, human body fluids represent complex
mixtures of many components, including vesicles of several different sizes, protein
complexes, protein-nucleic acid aggregates and subcellular fragments. Thus, isolation of
well-defined exosomal fractions free of “contaminating” vesicular and non-vesicular
components from human plasma for biologic studies is a challenging task. The tendency of
exosomes to form aggregates of varying sizes results in losses, which further complicate
their recovery.

We have previously used size-exclusion chromatography originally described by Taylor et
al. (Taylor et al., 2002) prior to ultracentrifugation to isolate purified exosomes from cell
supernatants or human plasma (Taylor et al., 2003; Kim et al., 2005). In this manuscript, we
show that application of this methodology following differential centrifugation of human
plasma and ultrafiltration results in increased purity and greater recovery of morphologically
and functionally intact exosomes. In view of increasing recognition of exosomes as
potentially useful biomarkers of disease, our goal was to obtain pure exosomal fractions and
to optimize their quantitative recovery from human fresh or banked plasma specimens.

Materials and Methods

1.1. Peripheral blood specimens

Buffy coats obtained from healthy volunteers were purchased from the Central Blood Bank
of Pittsburgh. Under an IRB-approved protocol (IRB #991206) venous blood samples were
obtained from cancer patients or normal controls (NC). All subjects signed an informed
consent prior to blood draws. Venous blood was collected into tubes with or without added
heparin. Heparinized blood was centrifuged on Ficoll-Hypaque gradients (GE Healthcare
Bioscience). PBMC were recovered, washed in AIM-V medium (Invitrogen, Grand Island,
NY, USA) and were immediately used for experiments. Plasma or serum was harvested and
either immediately used or aliquoted into 2mL vials and banked in liquid N until future use.

1.2. Exosome isolation

Exosomes were isolated from human plasma as previously described (Kim et al., 2005) with
the modifications that included differential centrifugation of plasma (1,000 x g for 10 min at
4°C and 10,000 x g for 30 min at 4°C) followed by ultrafiltration (0.22um filter; Millipore,

Billicera, MA, USA) and modified size-exclusion chromatography. If high lipid content was
present after the low-speed centrifugation (as evident by color), plasma was incubated for 2h
at 4°C, and the precipitated fat was removed by centrifugation at 1000 x g for 10min at 4°C.
A 9ml aliquot of plasma was applied to an A50m column (Bio-Rad Laboratories, Hercules,
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Ca, USA) packed with Sepharose 2B (Sigma-Aldrich, St. Louis, MO, USA), and the
exclusion volume fractions (#2 and #3, each 9mL) were retained, while fraction #1 was
discarded. Following ultracentrifugation (Figure 1), the exosome pellet was resuspended in
PBS and protein concentration was measured. Isolated exosomes were immediately used for
experiments or stored at 4°C. For a long-period storage, exosomes were frozen at —80°C.

1.3. Plasma specimens

Plasma obtained from cancer patients or NC was used fresh or subjected to one freeze/thaw
cycle (rapid freezing at —80°C for 1h and slow thawing at 4°C). In some experiments, after a
freeze/thaw cycle and prior to any exosome processing, deoxyribonuclease | (DN25, Sigma,
St. Louis, MO, USA) and ribonuclease A (R6513, Sigma) and/or heparinase ((75 Sigma
units; H2519) were added. In some experiments, ultrafiltration or size exclusion
chromatography were omitted.

1.4. Protein measurements

Aliquots (5-10uL) of isolated exosomes were dispensed into wells of a 96-well plate, and
the assay was performed as recommended by the manufacturer (Pierce BCA Protein Assay
Kit, Thermo Scientific, Rockford, IL-61105, USA). Total protein concentrations were
determined using a linear standard curve established with bovine serum albumin (BSA).

1.5. NanoSight

An aliguot (1uL) of isolated exosomes was diluted in PBS (at least 1:1000) to achieve a
uniform particle distribution, and 6 sequential measurements (1 min each) at 23°C (viscosity
0.89-0.92 cp) were performed according to the manufacturer’s directions (NanoSight,
Malvern Instruments Ltd, Malvern, UK). The instrument settings were: camera shutter 25—
32 ms, 24.98-24.99 frames/sec; drift velocity 5011 to 6970 nm/sec; analysis: blur auto,
detection threshold 5-6 multi, min track length auto and min expected size auto. At least 900
tracks were recorded per measurement.

1.6. Transmission Electron Microscopy (TEM)

TEM was performed at the Center for Biologic Imaging at the University of Pittsburgh. Two
different methods were used to visualize exosomes: (a) freshly-isolated exosomes were put
on a copper grid coated with 0.125% Formvar in chloroform. The grids were stained with
1% v/v uranyl acetate in ddH20 and the samples were examined immediately. (b) The
isolated exosomes were centrifuged using an airfuge at 100.000xg with 25 PSI for 45mins.
The pellet was fixed with cold 2.5% v/v glutaraldehyde in 0.1M PBS, rinsed in PBS,
dehydrated through a graded series of ethanol and embedded in Epon. Ultra-thin sections
(65nm) were stained with uranyl aetate and Reynold’s lead citrate. A JEOL 1011
transmission electron microscope was used for imaging.

1.7. Western Blots

Western blots were performed as described previously (Wieckowski et al., 2009). Exosome
samples were adjusted to the same protein content and boiled for 5mins in 5x Laemmli
buffer. Proteins were then separated by SDS-PAGE. The following antibodies were used to
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visualize the exosome cargo: Ab specific for the glycoprotein 11b/Illa that is found in
activated platelets (sc-53417, Santa Cruz, Biotechnologies, Santa Cruz, CA, USA); Abs
specific for exosomal markers TSG101 (ab30871, Santa Cruz Biotechnologies), CD81
(PA5-13582, Thermo Scientific, Pittsburgh, PA, USA); and Ab specific for the
housekeeping protein GAPDH (sc-25778, Santa Cruz Biotechnologies).

1.8. Flow cytometry

Isolated exosomes were captured on aldehyde sulfate-coated latex beads (Invitrogen, Grand
Island, NY, USA). Blocking of the beads with 0.5% w/v BSA was performed prior to
capture. The non-specifically captured exosomes were detected with anti-CD9-FITC Ab
(eBioSN4, eBioscience, San Diego, CA, USA) and mouse IgG1-FITC isotype (11-4714-42,
eBioscience).

Cells to be used for flow cytometry were washed and incubated in the dark for 20 min with
anti-CD4 (A07752, Beckman Coulter, Brea, CA, USA), anti-CD69 (555530, BD
Biosciences, San Jose, CA, USA) or anti-CD154 (12-1548, eBioscience) Abs at room
temperature. Isotypes were used for each experiment (mouse 1gG1-x-FITC, 555909, BD
Biosciences and 1gG1-x-PE, 12-4714, eBioscience). Cells were again washed, re-suspended
in flow buffer and analyzed using an EPICS XL-MCL or a Gallios flow cytometer
(Beckman Coulter). At least 5x10* events were collected, and the data were analyzed using
the Kaluza software (Beckman Coulter).

1.9. Density gradients

Isolated exosomes were placed on a continuous sucrose density gradient (0.25-2.5M). An
overnight ultracentrifugation was performed at 4°C as previously described (Montecalvo et
al., 2013). 1ml fractions with an increasing density were collected. The refractive index of
each fraction was measured (Fisher Scientific bench-type refractometer, Pittsburgh, PA,
USA). Next, each fraction was diluted in PBS and subjected to ultracentrifugation at
100,000 x g for 2h at 4°C. The pellets were re-suspended in a low volume of PBS and
Laemmli buffer was added prior to western blots.

1.10. Functional Studies

T-cell subsets were isolated via an immunoaffinity-based capture procedure using Miltenyi
beads as previously described (Saze et al., 2013). Negative selection to isolate CD4+ T cells
was followed by the separation of CD4+CD39+ and CD4+CD39neg T cells using anti-
CD39 Ab-coated Miltenyi beads by AutoMACS. The purity of the isolated cells was
determined by flow cytometry. The isolated T-cell subsets were activated (or not) by anti-
CD3/anti-CD28 antibody (Ab)-coated beads and 1L-2 (150U/ml) for 4h and co-incubated
with 50ug of isolated exosomes for 16h. Cells were harvested for flow cytometry, and the
frequency of CD69+ cells as well as CD69 expression (MFI) on the cell surface were
determined.

1.11. Statistics

The data are presented as mean values +/— SD or in form of boxplots. To determine
significance, a one-sided student t-test for homoscedastic values or a Wilcoxon signed rank
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test were used. A p-value of 0.05 was considered to be significant. The software used was R
(R Development Core Team (2008). R: A language and environment for statistical
computing. Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,
http://www.R-project.org).

2.1. Quality of exosomes recovered from human plasma

Exosomes isolated from freshly-harvested NC’s or cancer patients’ plasma, as illustrated in
Figure 1, were evaluated by western blots, flow cytometry, NanoSight and TEM (Figure 2).
Initially, to confirm exosome buoyancy, differential centrifugation, column chromatography
and ultracentrifugation of plasma exosomes were followed by their separation on a
continuous sucrose density gradient. This yielded distinct bands containing CD81 at the
densities of 1.15 to 1.20 g/ml (fractions 67, Figure 2A), as expected (Thery et al., 2006).
When sucrose gradients were omitted, the exosome recovery was considerably greater (e.g.,
360 vs 274 pg protein/mL plasma in a representative experiment) than that in fractions 67
recovered from the gradient. This loss of proteins upon sucrose gradient centrifugation likely
reflects the presence of protein aggregates and aggregated exosomes in ultracentrifuged
exosome fractions, as also seen by TEM (data not shown). To avoid exosome losses and
simplify exosome isolation, sucrose gradients were omitted in the subsequent experiments.

The ultracentrifuged, resuspended exosomes appear in TEM as well defined membrane-
bound vesicles ranging in size from 20-100 nm (Figure 2B). Flow cytometry of the isolated
exosomes captured on latex beads discriminated single beads from aggregated beads (Figure
2Cl). Upon gating on single beads (Figure 2CII), it was possible to quantitate exosomal
protein from the linear part of the curve generated by adding increasing concentrations of
PE-labeled anti-CD9 Ab to single beads carrying captured exosomes, as shown in Figure
2CII1I). The sigmoid curve reaches a plateau at the input of 4ug total exosomal protein/10uL
aliquot of beads. Examination of exosomes isolated from plasma of cancer patients in the
NanoSight instrument gave a broad peak corresponding to the mean particle size of 100nm,
with the range of 15-360 nm, and the total particle count of 5.6 x 1019/mL of plasma (Figure
2D).

2.2. Exosome recovery

Exosome recovery from fresh or frozen/thawed plasma specimens after sequential isolation
steps (Figure 1) was measured in ug protein normalized to 1ml of plasma. Tables 1-3
summarize the results for exosome recovery from plasma specimens of NC or patients with
cancer. Whenever ultrafiltration or size-exclusion chromatography was omitted, the total
protein levels in exosome fractions were significantly increased. Upon freezing/thawing NC
plasma protein concentrations were significantly higher than those in paired fresh
specimens. These protein levels were reduced after enzymatic treatments (see below).
Overall, there was no difference in protein levels of exosomes recovered from NC’s or
patients’ plasma compared to serum.
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Analyzing different ultracentrifuged exosome fractions collected after size-exclusion
chromatography columns by NanoSight, we confirmed that proteins with small molecular
weight eluting in fraction 4 can be removed with this technique. As shown in Table 3,
NanoSight measurements indicated that the particle count and protein concentrations were
considerably higher when sample ultrafiltration or column chromatography were omitted.
The limited size range in the last row of Table 3 is probably biased by the high dilution
needed for Nanosight-based analysis.

2.3. Differential centrifugation and ultrafiltration of plasma

Differential centrifugation at a low (2,000rpm) then at a high speed (10,000rpm) is
necessary to remove platelets, subcellular fragments and larger microvesicles from plasma
as previously emphasized (Raposo et al., 1996; Thery et al., 2006). In addition, ultrafiltration
using 0.2um bacterial filter was found to be necessary for removal of larger vesicles (above
200nm) and thrombocytes (~1-2um), which remain in plasma even after differential
centrifugation (Figure 3A). Apart from thrombocytes and microvesicles, other
“contaminating” elements such as lysosomes, mitochondria, nucleic acid-protein aggregates,
centrioles and even bacteria may be present in differentially-centrifuged plasma as seen by
TEM (data not shown). Ultrafiltration removes the majority of these “contaminants.”

2.4, Size-exclusion chromatography

Size exclusion chromatography was previously reported to improve the purity of exosomes
isolated from supernatants of cell lines (Taylor et al., 2003; Kim et al., 2005). We have
confirmed these earlier data and showed that the recovery and quality of plasma-derived
exosomes is also greatly improved by the use of size-exclusion chromatography. When size-
exclusion chromatography was omitted, exosomes appeared to be “dirty” by TEM relative to
“clean” exosomes preparations obtained after column chromatography (Figure 3B). The
“clean” exosomal preparations yielded significantly lower total protein concentrations after
ultracentrifugation than those seen in the “dirty” exosomal fractions (Figure 3C and Tables
1-3). These data show that size exclusion chromatography prior to ultracentrifugation is an
essential step for removing “contaminating” plasma protein and other small molecules from
preparations of plasma-derived exosomes.

2.5. Exosome isolation from serum vs. plasma

Freshly-harvested plasma vs. serum samples were compared as a source of exosomes. A
concern existed that a loss of exosomes trapped within the clot can occur when serum is
used. On the other hand, heparin in plasma could facilitate the formation of exosome-
heparin complexes and aggregation of exosomes as previously reported (Atai et al., 2013).
However no significant differences were observed in exosome recovery from paired serum
vs. plasma specimens obtained from 6 patients with cancer. Exosome microscopic
appearance was also comparable (Figure 4A). Since activation of the clotting cascade could
lead to platelets activation and release of “contaminating” granules, western blots were
performed to determine the presence of glycoproteins l1b/I11a (markers of platelet activation)
in isolated exosomes (Figure 4B). The levels of glycoproteins I1b/ll1a relative to the
exosomal GAPDH levels were somewhat higher in plasma than serum specimens. This was
not seen when the ratio of glycoproteins Ilb/ll1a to TSG101 was considered, possibly
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because TSG101 levels vary widely in exosomes isolated from plasma or sera of different
donors. Also, protein levels of exosome fractions recovered from serum vs plasma were not
significantly different (Figure 4C), although a higher SD for the serum values suggests that
clotting introduces substantial variability in exosome protein levels. In aggregate, based on
our data, we concluded that either serum or plasma were comparable sources of exosomes.
To avoid the variability due to a clot formation, we selected to utilize plasma specimens for
all further studies. To address a concern that heparin present in plasma might interfere with
the action of polymerases and thus impair the recovery of exosomal nucleic acids, we
compared the mRNA recovery from plasma- or serum-derived exosomes and found no
significant differences (data not shown).

2.6. Exosome isolation from fresh vs. frozen plasma

To determine whether banking, storage and freezing/thawing of plasma negatively affects
exosome isolation, we measured total protein recovery and evaluated exosome image quality
prior to and after freezing. Freshly-harvested exosomes were quite resistant to freeze/thaw
cycles. Once purified, no noticeable difference of their morphology by TEM was evident
after a single freeze/thaw (Figure 5A). On the other hand, the use of frozen plasma (i.e.,
plasma frozen after low-speed centrifugation) as a source of exosomes, yielded exosomes
containing numerous “contaminants”, which were difficult to remove completely. Long-
term storage (e.g., up to 7 yrs) of plasma at —80°C did not alter exosome morphology,
although it substantially increased protein/nucleic acid aggregation as indicated by high
background levels seen by TEM (see below). When total exosomal protein recovered from
the same volume of plasma before and after a single freeze/thaw was measured, lower
protein values were consistently seen in exosomes isolated from fresh, unfrozen plasma
(Figure 5B). This observation suggested that freezing of plasma leads to significant
enrichment of free proteins in exosomal fractions. TEM images of these exosomes (Figure
5C) suggest that freezing significantly increases the background, probably due to a loss of
disrupted vesicles or protein/nucleic acid leakage from damaged vesicles, without a
noticeable change in their morphology.

2.7. Removal of nucleic acid-protein or heparin-protein aggregates

Because plasma-derived exosomes, especially those isolated from frozen/thawed plasma
specimens, contained what appeared to be protein-nucleic acid aggregates by TEM, we
considered using DNAses and RNAses to remove these aggregates. Treatments of frozen/
thawed plasma after differential centrifugation with these enzymes as described in M&M in
part removed the background material, giving a clearer image of exosomes as seen in the
EM images of negatively stained preparations (Figure 6A) and concomitantly decreased
total protein levels (Figure 6B). Finally, treatments of plasma with hyaluronidase also
reduced the background staining and gave cleaner exosome images, but induced exosome
aggregation (Figure 6C). These experiments suggested that enzymatic treatments of plasma
designed to improve the quality and recovery of plasma-derived exosomes were only
partially effective, and because of the considerable cost of the enzymatic treatment/sample
were not applicable to routine exosome isolation from plasma.
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2.8. Functions of plasma-derived exosomes

The protocol for exosome isolation shown in Figure 1 was developed to obtain purified,
biologically-active exosomes from human plasma. To evaluate their functional competence,
exosomes isolated from fresh plasma of NC or patients with head and neck squamous cell
carcinoma (HNSCC) were co-incubated with activated CD4+ conventional T cells for 7h to
measure exosome immunosuppressive ability (Wieckowski et al., 2009; Whiteside, 2013).
These CD4+ T cells had a purity of at least 95%, and the frequency of CD69+ cells after
activation was 60%. Following co-incubation with exosomes, the frequency of CD4+CD69+
T-responder cells was measured by flow cytometry (Ruitenberg et al., 2011; Canavan et al.,
2012). As expected, cancer patients’ plasma-derived exosomes inhibited CD69 expression in
activated CD4+ responder T cells (40% remained CD69+). Exosomes isolated from NC’s
plasma were less suppressive, with 51% CD4+ responder T cells remaining CD69+ (Figure
7). TEX isolated from supernatants of a HNSCC cell line were most suppressive (30%
CD69+ T cells). These data show that the isolation procedure we describe allows for
isolation of functionally-competent exosomes from plasma of NC or patients with cancer. In
all instances, cancer patients’ specimens contained significantly more exosomal proteins
than those of NC (Figure 8).

Discussion

To be able to use exosomes from body fluids of humans for immunologic studies or as
potential biomarkers of prognosis, prediction of responses to therapies or survival, it is first
necessary to isolate them without losses as purified, biologically-active vesicles. A variety
of commercially-developed methods are currently available for exosome enrichment and
isolation (Witwer et al., 2013; Gyorgy et al., 2014; VVan der Meel et al., 2014). These
methods largely aim at isolation of exosomal nucleic acid, especially miRNA. Other
approaches use immunocapture of exosomes on beads coated with Abs specific for various
exosome markers (Clayton et al., 2001; Kim et al., 2012; Yoo et al., 2012). These methods
aim at a simplified, one-step method of exosome isolation that could be applied to large-
scale, high throughput biomarker-type studies. In contrast, studies of exosome biologic
activities such as, e.g., effects on functions of immune or non-immune cells, require
isolation from human plasma of exosomes recovered without substantial losses, free of
plasma proteins and nucleic acids, morphologically intact and functionally active. We have
evaluated and attempted to optimize such an isolation procedure and describe here its merits
and potential pitfalls. Importantly, human plasma or serum served as equally good sources
of exosomes based on recovery, purity, morphology and function.

Exosome isolation from fresh and especially from frozen human plasma (after low-speed
centrifugation) faces considerable difficulties, largely related to the potential
“contamination” with larger microvesicles, subcellular fractions, protein aggregates, protein-
nucleic acid aggregates or plasma proteins. Placing exosomes isolated by ultracentrifugation
on continuous sucrose gradients to take advantage of their characteristic buoyant density, as
conventionally done (Raposo et al., 1996; Thery et al., 2006), not only results in substantial
exosomal losses but also is labor-intensive. Differential centrifugation of plasma alone is not
adequate to remove various “contaminants.” A much “cleaner” plasma is obtained after
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ultrafiltration, and the subsequent application of such plasma to a size-exclusion
chromatography column is critical for removal of plasma proteins and other soluble
components. The void volume fractions collected by column chromatography are enriched
in relatively “clean” exosomes, at least when fresh plasma specimens serve as a source of
exosomes. The recovery, quality and functionality of exosomes purified from such plasma
or serum specimens were found to be adequate for immunological studies.

Most exosome studies performed today are retrospective and utilize specimens frozen/
thawed for months if not years (Witwer et al., 2013). Few if any prospective exosome-
related immunologic studies have been conducted so far. This is because of a need for
clinical results to be available for correlations with exosome molecular or functional
profiles. However, the use of banked frozen/thawed plasma or serum specimens for
exosome isolation presents some problems. When plasma is frozen immediately after low-
speed centrifugation, larger vesicles that are left behind as well as some exosomes are
disrupted or damaged during freezing and release nucleic acids and proteins. We showed by
TEM that even the differentially-centrifuged frozen/thawed plasma contains numerous
string-like aggregates, which surround exosomes. Removal of these aggregates by
enzymatic treatments with DNAse, RNAse or hyaluronidase in part reduced their presence
but tended to aggregate exosomes and did not significantly decrease the overall protein
content. Thus, attempts at improving exosome recovery from frozen/thawed plasma
specimens by enzymatic treatments were neither productive nor cost effective and are not
recommended. Based on our findings, we recommend the use of fresh plasma as a source of
exosomes whenever possible. If frozen plasma has to be used, it should be centrifugated at
low-speed and 10,000 x g, as well as ultrafiltrated before freezing. After thawing of plasma,
a second ultrafiltration and processing as indicated in Figure 1 greatly reduces
“contaminants” and allows for a recovery of immunologically-active exosomes.

Freezing of freshly isolated exosomes (i.e., after their recovery by ultracentrifugation) does
not alter exosomal morphology and does not seem to impair their function, as also
previously reported (Sokolova et al., 2011; Jayachandran et al., 2012). The exosome
resistance to freezing is probably due to the more balanced surface to volume ratio, as
compared to much larger cells or larger vesicles. We, therefore, recommend that if isolated
exosomes cannot be used within a few days, they are aliquoted and stored at —80°C for
future use.

Importantly, exosomes isolated from fresh or frozen-thawed plasma by the procedure shown
in Figure 1, have a characteristic morphology in TEM and range in diameter from 20 to
100nml. They also mediate biologic activity, e.g., immune suppression as shown by their
abilty to down-regulate CD69 expression on human activated CD4+ T cells. Consistently,
exosomes isolated from plasma of patients with cancer had higher protein levels/mL of
plasma than those isolated from plasma of normal donors (Figure 3). Exosomes isolated
from cancer patients’ plasma also induced higher suppression of CD69 expression than
those isolated from ND’s plasma.

In aggregate, it appears that biologically-competent, morphologically intact exosomes can
be successfully purified from fresh or frozen human plasma by the method we have
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described. The modifications introduced to the conventional exosome purification method as
previously described (Raposo et al., 1996; Thery et al., 2006; Bianco et al., 2007) are
necessary for processing human plasma, and potentially other body fluids, to remove non-
relevant plasma proteins without incurring losses in exosome recovery.
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Figure 1.
Schema of the isolation procedure for human plasma-derived exosomes.
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Figure 2.
Characterization of isolated exosomes. A) Western blot of isolated cancer plasma-derived

exosomes floated on a continuous sucrose gradient (0.25-2.5M). Exosomes expressing
CD81 are located in fractions 6—7. B) A representative TEM image of isolated exosomes.
Exosomes range in size from 20-80nm. C) Flow cytometry of exosomes captured on beads.
I. Ungated forward and side scatter of single and aggregated exosome-carrying beads. 1l. A
representative histogram of exosomes (16ug). Note a clear right-shift of the CD9-FITC
signal compared to the isotype control (light gray). The gate is set on single beads. I1l. A
sigmoidal curve defines the relationship of exosome input (ug protein) and MIF values for
the CD9-FITC signal. D) Exosomes isolated from plasma of a cancer patient were evaluated
by NanoSight. The plot shows a broad size distribution (mean 102nm, SD +46) and the
concentration of cancer exosomes (5.6x101%/ml of plasma). The data are means of 6
measurements + SE.
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Figure 3.
Effects of ultrafiltration and size-exclusion chromatography on isolated exosomes. A) TEM

images of plasma-derived exosomes from a representative NC of 5 examined. Note the
presence of thrombocytes in non-filtered plasma (upper image: low mag. and lower image:
high mag.) B) TEM of epon-embedded and sectioned exosomes from plasma of a
representative cancer patient isolated by size-exclusion chromatography (upper image) or
omitting chromatography (lower image). Note increased purity of the exosomal preparation
obtained after chromatography. C) Protein levels in exosomes isolated from plasma of
patients with cancer (n=3) * size-exclusion chromatography. The data are means + SE.
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Figure 4.
Comparison of serum-derived with plasma-derived exosomes. A) TEM of serum-derived

exosomes (upper image) or plasma-derived exosomes (lower image) obtained from the same
cancer patient. Note the similar morphology of the isolated exosomes. B) The presence of
platelet I1b/I11a complex in exosomes (10ug) derived from serum (S1, S2) versus plasma
(P1, P2) of two cancer patients as seen in a Western blot. An exosomal marker TSG101 and
a housekeeping protein GAPDH were used as loading controls. C) A box plot shows no
significant (N.S.) difference in total proteins of exosomal fractions isolated from paired
serum or plasma specimens of the same 6 patients with cancer. Note a considerably larger
SE in values for serum-derived exosomes than those isolated from plasma. The bar inside
the box indicates the median, the box shows interquartile range (25-75%) and whiskers
extend to 1.5 x the interquartile range.
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Figure 5.
Exosome quality and recovery before and after freezing of plasma. A) TEM of isolated

exosomes before (upper image) and after a single freeze/thaw cycle (lower image). B) The
increase in total protein levels of exosome fractions are higher when fresh plasma is frozen
after low-speed centrifugation than in plasma frozen after differential centrifugation. The
values are from 3 independent experiments with plasma of different NC. The data are
presented as box plots (see the legend to Figure 4). C) Differences in morphology of
exosomes in TEM (negative staining) from fresh (upper image) as compared to exosomes
from frozen plasma samples examined after differential centrifugation (lower image).
Plasma was obtained from a representative cancer patient. The arrows indicate exosomes
surrounded by exogenous material.
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Figure 6.
Enzymatic treatments of frozen/thawed plasma. A) TEM (negative staining) of a

representative frozen sample examined before (upper image) and after (lower image)
treatment with DNAse and RNAse. Note decrease in the background and also a considerable
loss of exosomes. B) Change in total exosomal protein levels £ enzyme treatment. A
representative experiment of 3 independent experiments performed with samples of different
NC. C) TEM (negative staining) of exosomes isolated from cancer patients’ plasma stored
frozen for 7 years: without enzymatic treatment (upper image) and after treatment with h
DNAse/RNAse or Heparinase (lower image).
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Figure 7.
Functional activity of isolated exosomes co-incubated with activated T effector cells. Flow

cytometry showing the differential suppressive effects of TEX, cancer patient’s plasma-
derived or NC exosomes on T effector cells (CD4+) represented by CD69-expression. Note
the higher suppressive effect of cancer plasma-derived exosomes vs. NC exosomes. The
curve in light gray represents the isotype control.
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Figure 8.
Levels of total protein in exosomes isolated as shown in Figure 1 from fresh plasma

specimens obtained from NC or HNSCC patients with active disease (AD) or no evident
disease after therapy (NED). n=3 for each group, * p<0.05 and ** p<0.01. These data are
presented as box plots (see the legend to Figure 4).
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Table 1

Protein levels in exosome fractions isolated from normal donors’ plasma =+ ultrafiltration/chromatography @

Isolation Protocol Protein B (ug/mL plasma)
+ ultrafiltration 86+7

No Chromatography

No ultrafiltration 14+3*

+ chromatography
+ ultrafiltration 4+4*

+ chromatography

aThe exosome isolation procedure is shown in Figure 1. Fresh plasma specimens were processed with or without ultrafiltration/chromatography
steps.

The data are means + SD from 3 independent experiments with plasma obtained from different normal donors. Asterisks indicate significant
differences (p < 0.01) in exosomal protein levels from those in exosomes isolated without size-exclusion chromatography.

J Immunol Methods. Author manuscript; available in PMC 2015 September 01.



yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Muller et al.

Table 2

Protein levels in exosome fractions isolated from fresh or frozen plasma of cancer patients @

Protein (ug/mL plasma)

Plasma Before Freezing 72+40 ]
Plasma After Freezing 199 + 63

Plasma After Freezing + enzymatic treatments 116 + 23

a . - . . . .
Exosomes were isolated as shown in Figure 1. Plasma obtained from cancer patients was processed fresh or was frozen after differential
centrifugation and thawed prior to processing.

The data are means + SD obtained in four independent experiments.

*
p<0.01
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