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A B S T R A C T

Marek's disease (MD) is an alphaherpesvirus (Marek's disease virus, MDV)-induced pathology of chickens asso-
ciated with paralysis, immunosuppression, neurological signs, and T-cell lymphomas. MD is controlled in poultry
production via live attenuated vaccines. The purpose of the current study was to compare methods for precipi-
tating exosomes from vaccinated and protected chicken sera (VEX) and tumor-bearing chicken sera (TEX) for
biomarker analysis of vaccine-induced protection and MD lymphomas respectively. A standard polyethylene
glycol (PEG, 8%) method was compared to a commercial reagent (total exosome isolation reagent, TEI) for
exosome yield and RNA content. Although exosomes purified by PEG or TEI were comparable in size and
morphology, TEI-reagent yielded 3-4-fold greater concentration. Relative expression of 8 out of 10 G. gallus- and
MDV1-encoded miRNAs examined displayed significant difference depending upon the precipitation method
used. Standard PEG yields comparable, albeit lower amounts of exosomes than the TEI-reagent and a distinctive
miRNA composition.
1. Introduction

Cells produce various types of membrane enclosed vesicles into the
extracellular environment known as “extracellular vesicles (EVs)” that
differ in size, origin, and content (Neerukonda et al., 2017). Exosomes
(30–150 nm) are a subset of EVs that originate in late endosomes and carry
biologically-functional coding and non-coding RNA species (mRNA,
miRNA, rRNA, tRNAs, etc.), proteins, and lipids. Exosomes have been pu-
rified from a range of biological fluids including serum, urine, cerebrospi-
nal fluid (CSF), breast milk and saliva (Admyre et al., 2007; Alvarez et al.,
2012; Andreu et al., 2016; Medapati et al., 2017). Exosomal miRNA and
protein content reflect the physiological or pathological state of the origi-
nating cell and tissue, making them potentially useful as non-invasive
biomarkers for disease diagnosis and response to prophylaxis or therapy.

In a previous study, we compared the efficiency of Total Exosome
Isolation (TEI) reagent to “classical” ultracentrifugation (UC) procedure for
its ability to recover exosomes from the serum of Marek's Disease Virus
).
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(MDV)-infected chickens (Nath Neerukonda et al., 2019). Particles ob-
tainedusingTEI reagent andUCpurification procedureswere evaluated for
their size, concentration,morphology, andmiRNAcontent byNanoparticle
tracking analysis (NTA), Transmission electron microscopy (TEM) and
quantitative real time PCR (qRT-PCR) respectively. Although the particles
purified by either procedure conformed to exosome size range and
morphology,TEI reagent yielded greater particle concentrationwithhigher
miRNA content compared to UC (Nath Neerukonda et al., 2019).

Commercial exosome precipitation reagents such as ExoQuick™
(Systems Biosciences) and total exosome isolation reagent from InVi-
trogen™ (TEI) are popular because they are fast, easy to perform, require
small sample volumes, and do not involve long periods of ultracentrifu-
gation or specialized equipment (Rekker et al., 2014; Weng et al., 2016).
Commercial precipitation reagents employ volume-excluding polymers,
for instance, polyethylene glycol (PEG), dextrans, or polyvinyls, and are
expensive, especially for high sample number and/or volume (Rider
et al., 2016; Weng et al., 2016).
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As a less-expensive alternative using commonly-available reagents, we
characterized the efficiency of PEG and NaCl precipitation for the isolation
of exosomes from chicken serum. PEG/NaCl solution-based methods have
been in use for over five decades to precipitate and purify retrovirus par-
ticles, macro-analytes, and immunoglobulin (Ig) from a variety of starting
samples, including environmental water samples to complex biological
fluids such as culture supernatants and serum (Albertsson and Frick, 1960;
Atha and Ingham, 1981; Kohno et al., 2002; Lewis and Metcalf, 1988;
Polson et al., 1964). Since retroviruses and exosomes share similar bio-
physical, chemical and morphological properties, the PEG solution-based
precipitation strategy was recently adopted and modified to purify exo-
somes from largevolumesof culture supernatants,mouseplasma (C57BL/6
and C3H genetic background), human urine, human CSF and saliva (Rider
et al., 2016). Exosome preparations of the highest purity were obtained
upon overnight precipitation of HEK293T culture supernatant medium
with 8% PEG þ0.5 M NaCl followed by an ultracentrifugation wash (100,
000 x g) in PBS (Rider et al., 2016). This simple solution containing PEG
(Mn: 6000) costs less than 0.01 USD per mL of starting sample compared to
a commercial precipitation solution that costs 11.1 USD per mL of starting
sample (Rider et al., 2016). Furthermore, PEG is inexpensive and widely
available in routine diagnostic laboratories and can be used to collect
exosomes together into aggregates which are then precipitated by a low or
high speed centrifugation step (Fahie-Wilson and Halsall, 2008; Weng
et al., 2016).

In the current study, we compared the efficiency of 8% PEG þ0.5 M
NaCl (8% PEG) solution to the TEI reagent for its ability to precipitate
exosomes from the serum of MDV-infected and tumor-bearing chickens
(referred to as TEX) and from MD vaccinated and protected chickens
(referred to as VEX). Marek's disease (MD) in commercial poultry is caused
by virulent MDV-1 field strains and is controlled by application of live
attenuated vaccines. Gross lesions of MD affected poultry include uni- or
bilateral paralysis, profound immune suppression, and the rapid formation
of visceral or peripheral T-cell lymphomas. The transforming ability of
virulent MDV-1 strains is due to direct or indirect actions of viral primary
oncoprotein Meq and other gene products (Meq spliced products, vTR,
RLORF4, MDV-1 miRNAs) implicated in T-cell transformation (Jarosinski
et al., 2005, 2007; Trapp et al., 2006; Yao and Nair, 2014). In an effort to
advance serum exosome-based biomarker analysis and discovery in
MDV-vaccinated and MD-affected chickens, we tested the efficiency of 8%
PEG as a less expensive alternative to TEI reagent for serum exosome pu-
rification.We characterized the exosomes purified fromboth sources using
the two methods for their particle size, concentration, morphology and
miRNA content by nanoparticle tracking analysis (NTA), transmission
electron microscopy (TEM) and qRT-PCR, respectively.

2. Materials and methods

2.1. Serum samples

The serum samples used in this study were obtained from a trial
comparing the MD efficacy of commercial vaccines that has been
described, previously (Nath Neerukonda et al., 2019). Briefly, serum was
Table 1. Source of seruma exosome samples.

Bird Tag Treatment Group MD Status & sex

BL4250 CVI988-vaccinate Neg. (M)

BL4343 CVI988-vaccinate Neg. (F)

BL4254 CVI988-vaccinate Neg. (M)

FU5744 Unvaccinated contact þ (F, spleen tumo

FU5759 Unvaccinated contact þ (F, spleen tumo

FU5676 Unvaccinated contact þ (M, heart tumo

a Serum was obtained from commercial broiler chickens, provided as embryonated
CVI988 vaccines; NTA: Nanoparticle tracking analysis; TEM: transmission electron m
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obtained at the end of vaccine trial that included commercial broiler
chickens that were either unvaccinated (n ¼ 3) or vaccinated at one
day-of-age with a 1X commercial dose (~2,500 PFU) of CVI988 (Rispens)
vaccine. These treatment groups were placed in contact with two-week
old, MDV-1-inoculated (vv þ MDV, strain, TK2a-inoculated) “shedder”
chickens (Neerukonda et al., 2016, 2018). Data for the chicken serum
sources were given in Table 1.

The performance of the vaccine trial from which serum samples were
obtained was in accordance with University of Delaware Institutional
Animal Care and Use Committee (IACUC) protocol #64R-2016-0, SOP
#1 of MSP.

2.2. Exosome purification

Exosome precipitation was carried out via 8% PEG and TEI reagent
procedures. To avoid discrepancies due to inter-bird variations, serum
from each bird was subjected to both precipitation procedures (see
Table 1), simultaneously. Exosomes precipitated from the sera of CVI-
988-vaccinated and protected, and unvaccinated tumor-bearing
chickens are designated as Vaccinate Exosomes (VEX) and Tumor Exo-
somes (TEX), respectively.

Particle precipitation with 8% PEG solution was performed as
described previously by Rider et al. (2016). Serum (200 μl) was subjected
to centrifugation at 500 �g for 5 min to pellet cells followed by centri-
fugation at 2000 �g for 30 min to pellet cellular debris. Next, a centri-
fugation step was performed at 12,000 �g for 45 min to pellet
microvesicles and large apoptotic bodies, followed by the transfer of
supernatants to an equal volume of a 2X PEG solution (16% PEG þ1 M
NaCl) at 4 �C, to achieve the desired final concentration (8% PEGþ0.5 M
NaCl). PEG precipitation was performed by inversion, and incubation at 4
�C overnight (at least 12 h). The next day, samples were centrifuged in a
microcentrifuge at maximum speed, 15,000 rpm (Eppendorf, model
5424) for 1 h. The PEG supernatant solution was discarded and the
exosome-containing pellets were resuspended in exosome-free PBS. All
centrifugation steps were performed at 4 �C.

For the TEI method, exosomes were purified from 200 μl of serum
using 1/5th volume of TEI reagent (Invitrogen) according to manu-
facturer's recommendations, as described previously (Nath Neerukonda
et al., 2019).

2.3. Nanoparticle tracking analysis (NTA)

The concentration and size distribution profile of particles precipi-
tated via 8% PEG or TEI reagent were evaluated by tracking their
Brownian motion using a Nanosight nanoparticle tracking instrument
(NS300, Malvern, Worcestershire, UK) and analyzed with NTA 3.2 Dev
Build 3.2.16 software. The following post-acquisition analysis settings
were selected: minimum detection threshold 4, automatic blur, and
automatic minimum expected particle size. Samples were diluted 1:20
(VEX) or 1:100 (TEX) in PBS to obtain concentration profiles within the
detection range of the instrument. This dilution strategy allowed us to
achieve measured mean particle concentration 1.6–5.6 � 109 particles
miRNA NTA TEM

þ - -

þ - -

þ þ þ
r) þ - -

r) þ - -

r) þ þ þ

eggs by Mountaire Farms, Inc., Millsboro, DE used in a vaccine study comparing
icroscopy.
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per ml. For each sample, three 1 min videos were recorded and analyzed
in batch processing mode. Videos were recorded at camera level 12 with
minimum expected particle size, track length, and blur setting, all set to
default.
2.4. Transmission electron microscopy (TEM)

TEM was performed on negatively stained exosomes as previously
described (Nath Neerukonda et al., 2019). Essentially, for TEM analysis,
400 mesh, carbon-coated copper grids were glow-discharged with a
PELCO easiGlow™ system to render the surface of the grids hydrophilic.
Grids were briefly floated on drops of purified exosome-PBS suspensions,
washed by sequential placing on drops of water, and negatively-stained
with 2% uranyl acetate. Under the condition where silk-like PEG films
and vesicle overcrowding was observed upon negative staining of par-
ticles precipitated by either procedure, samples were further diluted
(1:10) and resuspended in particle free PBS to improve the resolution.

Air-dried grids were examined using a Zeiss Libra 120 transmission
electron microscope at 120 kV. Images were acquired with a Gatan
Ultrascan 1000 2k x 2k CCD camera in the bioimaging core at the
Figure 1. Size and Concentration of Exosomes Purified by 8% Polyethylene glycol (PE
concentration profiles of vaccinate exosome (VEX) particles (A, C and E) and tumor e
Error bars denote SEM.
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Delaware Biotechnology Institute at the University of Delaware. For each
set of analyses, at least 10 fields were imaged of exosomes, at two
magnifications, and representative images are shown.

2.5. Exosomal RNA isolation, reverse transcription and qRT-PCR analysis

Total RNA isolation, reverse transcription (RT) and qRT-PCR analyses
of selected Gallus gallus (gga-miR-) and MDV-1 (MDV1-miR-) miRNAs
were performed as described (Nath Neerukonda et al., 2019). No RT and
no template controls were included. The gga- and MDV1-miRs under
study were selected based on their significant and differential expression
in VEX relative to TEX as obtained upon Illumina high-throughput
sequencing of exosomal small RNAs from a previous independent MD
challenge study.

2.6. Data analysis

For statistical analyses, MS Excel and GraphPad Prism 5 (GraphPad
Software, CA, USA) were used. miRNA Ct values were presented as Ct
means � standard deviation (SD). To compare significant differences in
G) and Total Exosome Isolation precipitation (TEI) reagent. Size distribution and
xosome (TEX) particles (B, D, and F) purified by PEG and TEI reagent are shown.
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miRNA Ct values between VEX and TEX, comparative delta Ct method
and an unpaired t-test were used. For correlation analyses between pre-
cipitation methods, the Pearson's correlation coefficient was calculated.
The significance threshold was set to a fold change �2 (~1 threshold
cycle difference) with a p value � 0.05.

3. Results

3.1. Size and yield of particles precipitated by 8% PEG and TEI reagent kit

The size distribution profile of 8% PEG-precipitated VEX particles
displayed two narrow peaks with a mean particle diameter of 98.7 � 1.9
nm, and the maximum peak number of detected particles had a diameter
of 66.1� 3.2 nm (Figures 1A and 1B). The size distribution profile of TEI
reagent-precipitated VEX particles displayed one narrow peak and one
broader peak with an overall mean particle diameter of 159.9 � 3.2 nm
(Fig. 1A and B). A majority of TEI reagent-precipitated VEX particles
sized 79.1� 1.0 nm in diameter. The particle subset corresponding to the
broader peak comprised a majority of particles sized 195 nm in diameter.

The diameter of particles precipitated by either procedure is within
the size range of exosomes (30–150 nm), although the TEI reagent co-
precipitated slightly larger particles. Particle concentrations in 8%
PEG- and TEI reagent-precipitated VEX fractions were 1.74 and 5.64
billion per mL of serum, respectively, with a 3-fold higher yield by the
TEI-reagent (Figure 1C).

TEX fractions precipitated by either procedure harbored particle
concentrations well above the detection threshold of the instrument, and
had to be further diluted to reach the instrument detection limit (a 5-fold
higher dilution compared to VEX fractions; see methods). The size dis-
tribution profile of 8% PEG-precipitated TEX particles displayed one
narrow peak with a mean particle diameter of 109.1 � 5.1 nm (Fig. 1D
and E). A major proportion of particles had a diameter of 104.7� 4.0 nm.
Similarly, the size distribution profile of TEI reagent-precipitated TEX
particles displayed one narrow peak with a mean particle diameter of
96.1� 2.8 nm and a majority of particles having a diameter of 69.0� 1.1
nm. With respect to particle concentrations, TEI reagent again yielded 3-
fold higher number of particles per ml compared to 8% PEG, with an
actual concentration of 5.17 and 1.66 billion particles per ml respectively
(Figure 1F).
Figure 3. Visualization of VEX and TEX by TEM. The micrographs above show
representative fields of exosomes purified by 8% PEG (left) and TEI reagent
(right). The scale bar (lower left in each panel) shows 100 nm.
3.2. Particle visualization by TEM

Upon confirming that the size range of particles precipitated by both
the procedures conformed to that of exosomes, we performed TEM to
visualize the size and morphology of precipitated particles. Notably,
when the particles were negatively stained in their original PBS resus-
pensions, VEX and TEX particles precipitated by either procedure had a
spherical shape and appeared coated or held together by a silk-like PEG-
Figure 2. TEM of Concentrated TEX and VEX. The micrographs above show exosome
exosomes wrapped in silk-like PEG films (A) and as exosome aggregates (B). Bars in

4

film, as previously described (Fig. 2A and B (Weng et al., 2016),). Par-
ticles had a diameter of ca. 30–120 nm, confirming them as exosomes.

To free exosome aggregates from the PEG polymeric network and
improve the resolution, exosome suspensions were further diluted (see
methods) in PBS prior to negative staining. Particles precipitated by each
procedure displayed typical spherical morphology, although an aggre-
gation of dozens of exosomes was still observed (Figure 3). Collectively,
these findings indicate that both precipitation approaches allowed exo-
some purification in the form of exosome aggregates.

3.3. Exosomal miRNA analysis by qRT-PCR

Differences in miRNA content in exosomes precipitated by both the
procedures were assessed by qRT-PCR. Both precipitation procedures
allowed the detection of every investigated miRNA above the detection
limit (Ct < 35) (Table 2). Upon examining the raw Ct values, the miRNA
threshold detection levels were on average 2.21 cycles lower in TEI
reagent-precipitated VEX particles with an overall higher miRNA content
compared to 8% PEG-precipitated VEX particles (Table 2). On the other
hand, the average Ct value of examined miRNAs in 8% PEG-precipitated
TEX particles was 0.76 cycles higher than that of TEI reagent-precipitated
TEX particles (Table 2).
aggregates precipitated by 8% PEG (left) and TEI reagent (right). Note multiple
the lower left show TEM scale (200 nm).
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The most abundant miRNA detected in VEX and TEX precipitated by
either procedure was gga-miR-146b. While the least abundant miRNA
detected in VEX precipitated by 8% PEG was gga-miR-10b, in VEX
precipitated by TEI reagent, miR-2188 appeared to be the least abundant
and miR-10b remained the second least abundant miRNA (Table 2).
Overall, VEX miRNA expression trends displayed a strong and significant
correlation between the precipitated procedures (Figure 4A, Pearson r ¼
0.89, p < 0.0001). The least and second least abundant miRNAs in 8%
PEG precipitated TEX were gga-miR-27b and -10b, respectively. On the
other hand, whereas miR-27b remained to be the second least abundant
miRNA in TEI reagent precipitated TEX, gga-miR-10b appeared as the
least abundant. The miRNA expression trends in TEX precipitated by
either procedure demonstrated a strong correlation (Figure 4B, Pearson r
¼ 0.88, p < 0.0001).

In terms of differences in expression of MDV1 and G. gallus miRNAs
between 8% PEG- and TEI-precipitated fractions, TEI-precipitated VEX
fractions displayed greater abundance of all the miRNAs in the study with
their minimum thresholds of detection 0.85–4.72 cycles lower than that
of 8% PEG-precipitated fractions (Figure 4C). On the contrary, with the
exception of miR-99a and -27b, all the remaining miRNAs displayed
greater abundance in 8% PEG-precipitated TEX fractions and their cycle
thresholds were 0.44–2.79 cycles lower than that of TEI-precipitated TEX
fractions. These findings indicate that disease status may have an impact
on the efficiency of the method of choice. However, when we examined
miRNA abundance differences between VEX and TEX fractions precipi-
tated through 8% PEG, all miRNAs except miR-99a displayed greater
abundance in TEX with at least one threshold cycle difference that cor-
responds to a 2-fold difference in expression according to 2�ΔCt expres-
sion formula (Figure 4C). Among those greater in abundance in TEX,
miRs, -10b, -2188, -21, -M8, -M4 and –M12 displayed more than two
threshold cycles difference and the latter four miRNAs were also iden-
tified to be upregulated in TEX in a previous deep sequencing study of
VEX and TEX miRNAs.

On the other hand, differences in miRNA abundance between VEX
and TEX fractions obtained by TEI precipitation method were minimal
except miR-10b, which displayed greater abundance in VEX with one
threshold cycle difference (Figure 4C). All the remaining miRNAs dis-
played threshold cycle differences ranging between 0-0.43 and none of
expression trends correlated with those seen among 8% PEG-precipitated
fractions (Figure 4D). Altogether, our findings point to an overall greater
abundance of miRNAs in 8% PEG-precipitated fractions or in other
words, 8% PEG precipitation methodology yielded an appreciable dif-
ference in the miRNA abundance with a higher abundance of oncogenic
G. gallus (miR-21, -10b) and MDV-1 (-M4, -M8 and –M12) miRNAs
(Figure 4D).
Table 2. Exosomal miRNA Ct values (�SD) as Detected by qRT-PCR.

miRNA ID VEX

8% PEG TEI

gga-miR-146b-5p 21.84 � 0.51 20.74

MDV1-miR-M6-5p 26.17 � 0.58 25.31

gga-miR-99a-5p 26.24 � 1.19 25.23

gga-miR-21-5pa 26.85 � 1.04 24.18

MDV1-miR-M4-5p 27.40 � 0.16 25.13

MDV1-miR-M8-5pa 28.83 � 1.1 26.04

MDV1-miR-M12-3pa 29.37 � 0.73 26.43

gga-miR-2188-5p 30.41 � 0.50 28.20

gga-miR-27b-3pa 30.47 � 0.70 28.15

gga-miR-10b-5pa 33.54 � 0.85 28.83

Average Ct 28.11 � 3.02 25.9 �
a miRNA abundance differences in VEX were significant different between the pur
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4. Discussion

Current methods of exosome purification include most widely used
“classical” ultracentrifugation and commercial polymeric precipitation
reagents available through System Biosciences (ExoQuick™), Invitrogen
(TEI), and 101Bio (PureExo®) (Thery et al., 2006). Other methods based
on size [i.e. size-exclusion chromatography (Boing et al., 2014; de
Menezes-Neto et al., 2015; Lai et al., 2010)], filtration [ultrafiltration,
microfiltration (Heinemann et al., 2014; Jo et al., 2014; Merchant et al.,
2010) and dialysis (Musante et al., 2014)], affinity [i.e.
immune-magnetic beads (Clayton et al., 2001), substrate affinity chro-
matography (He et al., 2014) and microfluidic devices (He et al., 2014)]
have also been introduced for exosome purification. We previously re-
ported lower recovery of exosomes from the serum of MDV-infected
chickens upon ultracentrifugation compared to TEI reagent procedure
(Nath Neerukonda et al., 2019). Moreover, other exosome purification
methods based on size and affinity although currently implemented, are
limited to low throughput applications, require special equipment, and
have been demonstrated to have varying efficiency in terms of exosome
recovery (Alvarez et al., 2012; Andreu et al., 2016; Baranyai et al., 2015;
Caradec et al., 2014; Momen-Heravi et al., 2013; Royo et al., 2016a,
2016b; Tauro et al., 2012).

In the present study, we described a facile, inexpensive and effective
precipitation of exosomes from the serum of MDV-infected chickens
using the classic PEG/NaCl method. This precipitation procedure was
adapted from the procedure used to concentrate retroviruses and is
similar to the recently described “ExtraPEG” procedure used to purify
exosomes (Kohno et al., 2002; Rider et al., 2016). Aqueous PEG could
wrap hundreds of exosomes together, causing them to aggregate, so that
they can easily recovered by a single low speed centrifugation step (Weng
et al., 2016). Accordingly, upon negative staining and TEM visualization,
exosome aggregates and exosomes held together by silk-like PEG films
were observed with 8% PEG precipitated exosomes. This phenomenon
was also observed with TEI reagent-precipitated exosomes indicating a
similar mechanism of exosome wrapping to be the driving force for
exosome isolation.

Our TEM finding is in concordance with a recent study finding that
described one- or two-step PEG based precipitation of exosomes from the
HeLa supernatants achieved through a final 10% PEG solution without
any ionic salts (Weng et al., 2016). In that study, the authors found 10%
PEG or higher final concentration (Mn:10 kDa) to be more efficient in
exosome recovery compared to lower concentrations tested (5% or 7%).
Furthermore, field emission scanning electron microscopy and high
resolution TEM of 10% PEG precipitated fractions displayed exosome
aggregates coated with silk-like PEG films (Weng et al., 2016). In our
TEX

8% PEG TEI

� 0.52 20.36 � 0.89 20.8 � 1.07

� 0.01 24.82 � 0.71 25.53 � 0.94

� 0.11 26.13 � 0.04 25.38 � 0.64

� 0.46 22.26 � 0.01 24.40 � 1.47

� 0.36 25.21 � 0.08 25.53 � 0.96

� 0.38 24.13 � 0.12 26.04 � 0.57

� 0.59 25.40 � 0.33 26.01 � 0.81

� 0.54 28.90 � 0.22 28.89 � 1.23

� 0.31 29.38 � 0.09 28.20 � 0.46

� 0.58 29.34 � 0.44 29.95 � 0.44

2.24 25.32 � 2.85 26.08 � 2.43

ification methods.



Figure 4. Comparison of miRNA species abundance in VEX and TEX purified by 8% PEG and TEI reagent. Panels A and B show correlation analysis of miRNA species
abundance in VEX (A), TEX (B). Panel C shows the correlation of the normalized VEX to TEX ratio by species (C) between the exosome precipitation procedures.
Pearson correlation coefficient (r) is indicated for the comparison. Panel D shows the relative MDV-1 and chicken (G.gallus) miRNA expression in VEX compared to
TEX in 8% PEG-precipitated exosomes (black bars) and TEI-precipitated exosomes (grey bars). The names of cellular and MDV miRNAs and Ct values are given in
Table 2 qRT-PCR primer sequences are indicated in Nath Neerukonda et al. (2018). Error bars denote SEM. Asterisk (*) denotes significant difference in relative
expression level (p < 0.05).
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study we used slightly lower molecular weight PEG and a lower final PEG
concentration to successfully recover exosomes. The choice of critical
concentration of PEG required to effectively precipitate exosomes, so
they can be acquired by a centrifugation step, depends upon the nature of
starting solution (Weng et al., 2016).

In our study, we tested slightly lower final PEG concentration (8%), as
our starting point due to the viscosity of serum, as opposed less viscous
culture supernatant in other studies that employed 10% final PEG con-
centration (Weng et al., 2016). On the other hand, 20% final PEG (3350
Da) solution-based precipitation of exosomes from HEK293 supernatants
6

followed by lectin affinity chromatography was also demonstrated to
effectively precipitate EVs, including exosomes and ectosomes (Jackson
et al., 2017). In addition, 12% final PEG (6–8 kDa) solution was also
demonstrated to enrich for EVs, possibly larger ectosomes, from G-pro-
tein coupled receptor expressing stable cell lines (Medapati et al., 2017).
Together, these findings underscore that, in addition to exosomes,
PEG-based precipitation also enriches for other EVs.

The relative abundance of MDV-1- and gga-miRNAs in VEX compared
to TEX revealed clear differences depending on precipitation procedure
used. MDV-1-miR-M4, -M12 and –M8 belonging to the meq and LAT
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cluster miRNAs, respectively, and displayed 6-8-fold higher expression in
TEX compared to VEX obtained by 8% PEG, as described previously
(Nath Neerukonda et al., 2019). MDV-1-miR-M4 is an ortholog of cellular
miR-155, and MDV-1 mutants lacking miR-M4 or its seed sequence
mutated were severely attenuated in their ability to cause T-cell lym-
phomas in infected chickens, even though lytic replication per se was
largely unaffected (Yu et al., 2014; Zhao et al., 2011). Both
MDV-1-miR-M4 and –M12 located antisense to RLORF8 coding region
are highly expressed in MD lymphoblastoid cell lines and target RLORF8
3’ UTR (Parnas et al., 2014). Similarly, well known oncomiRs,
gga-miR-21 and -10b, displayed lower abundance in 8%
PEG-precipitated VEX fractions compared to TEX fractions. MicroRNA 21
(miR-21) is a ubiquitous oncomiR overexpressed in a myriad of carci-
nomas including lung, prostate, breast, pancreas, colon, head and neck,
stomach, esophagus, liver, etc., compared to normal adjacent tissues, and
it is the only miRNA that is consistently upregulated in all types of car-
cinomas (Asangani et al., 2008; Frezzetti et al., 2011; Ma et al., 2011; Si
et al., 2007). In addition, it is also upregulated in liquid cancers such as
leukemia (Fulci et al., 2007; Volinia et al., 2010), lymphomas (Lawrie
et al., 2007; Stik et al., 2013) and multiple myeloma (Pichiorri et al.,
2008). In MDA-MB-231 metastatic breast cancer cell line and SUM149
cell line transplanted tumors, miR-10b facilitated migration and metas-
tasis in vitro and in vivo respectively by targeting HoxD10 (Wang et al.,
2016). In the context of MD, a previous study investigating H4K4me3
and H3K27me3 chromatin marks in the bursas of 14-day old MD sus-
ceptible (L72) and resistant (L63) line of chickens with and without
infection with a partially attenuated vv þ MDV strain (648A) has re-
ported higher levels of H3K27me3 repressive mark around miR-10b in
the L63 line compared to L72, either with or without infection. At 10 dpi,
only infected birds from L63 line displayed higher levels of H3K27me3 at
miR-10b locus indicative of potential oncogenic functions of miR-10b
(Mitra et al., 2015). Finally, gga-miR-99a existed in relatively equiva-
lent proportions in 8% PEG- or TEI-precipitated VEX and TEX fractions.
Based on greater expression of MDV-1 meq (-M4, -12) and LAT (-M6,
-M8) cluster miRNAs and gga-miR-21 in PEG-precipitated TEX, we would
like to propose them to be serum exosomal biomarkers of MD lymphomas
in affected chickens.

With regards to miR-21 and -99a, one previous study indicated ex-
istence of these circulating miRNAs to a major proportion in non-
membrane bound fractions compared to vesicle fractions of healthy
human plasma, as Ago2-bound ribonucleoprotein complexes (RNPs)
(Arroyo et al., 2011). While we anticipate that 8% PEG may have
co-precipitated serum protein complexes, the potential existence of
Ago2-bound miRNAs in chicken serum remains to be investigated.

Although the TEI reagent appeared to have yielded 3-fold higher
number of particles compared to 8% PEG, this increase in yield did not
correlate with increased miRNA abundance levels, suggesting that TEI
reagent may have co-precipitated non-vesicle fractions that lacked
miRNAs to certain extent.

Taken together, our results indicate, while TEI reagent yielded a
greater number of particles compared to 8% PEG that correspond to
exosome size range, 8% PEG-precipitated exosome fractions contained
greater level of miRNAs. Whether these fractions comprise miRNAs in
vesicle or non-vesicle forms requires further investigation. Follow-up
studies will focus on Proteinase K treatment of serum samples prior to
exosome precipitation with 8% PEG and TEI reagent to evaluate the
existence and contribution of Ago2-bound miRNAs to observed miRNA
expression.
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