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The human EBV-transformed lymphoblastoid cell line (LCL), obtained by infecting peripheral blood
monocular cells with Epstein—Barr Virus, has been extensively used for human genetic, pharmacoge-
nomic, and immunologic studies. Recently, the role of exosomes has also been indicated as crucial in the
crosstalk between EBV and the host microenvironment. Because the role that the LCL and LCL exosomal
cargo might play in maintaining persistent infection, and since little is known regarding the non-coding
RNAs of LCL, the aim of our work was the comprehensive characterization of this class of RNA, cellular
and viral miRNAs, and cellular IncRNAs, in LCL compared with PBMC derived from the same donors. In
this study, we have demonstrated, for the first time, that all the viral miRNAs expressed by LCL are also
packaged in the exosomes, and we found that two miRNAs, ebv-miR-BART3 and ebv-miR-BHRF1-1, are

Keywords:
Epstein—Barr virus
Lymphoblastoid cell lines

miRNA
IncRNA more abundant in the exosomes, suggesting a microvescicular viral microRNA transfer. In addition,
Exosomes IncRNA profiling revealed that LCLs were enriched in IncRNA H19 and H19 antisense, and released these
through exosomes, suggesting a leading role in the regulation of the tumor microenvironment.
© 2016 Published by Elsevier Ireland Ltd.
Introduction EBV is capable of driving B lymphocyte proliferation both in vitro

The Epstein—Barr virus (EBV) is a ubiquitous y-herpes virus that
establishes life-long persistent infection in over 90% of the adult
population worldwide, though usually without symptoms [68].
Once infection occurs, it is never cleared, residing in a subset of B
lymphocytes for the lifetime of the host [6]. Latent EBV infection is
associated with a wide range of human malignancies, including
Burkitt's lymphoma, nasopharyngeal carcinoma, post-transplant
lymphoproliferative disease, Hodgkin's lymphoma, and gastric
carcinoma [35].

Abbreviations: LCL, lymphoblastoid cell lines; EBV, Epstein—Barr virus; PBMC,
peripheral blood mononuclear cells; ncRNA, non-coding RNA; miRNA, micro-RNA;
IncRNA, long non-coding RNA.
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to form immortalized cell lines, and in vivo when immune sur-
veillance is inadequate [47].

Human EBV-transformed lymphoblastoid cell lines (LCL) are
obtained by infecting peripheral blood mononuclear cells (PBMC)
with EBV [57]. For the last few decades, this method has been
successfully used, and LCL exhibit advantages, being easy to pre-
pare and to maintain in vitro. In addition, they also exhibit chro-
mosomal stability, with a minimal somatic mutation rate in
continuous culture [55], and provide an unlimited source of bio-
molecules (DNA, RNA, or proteins). LCLs are widely used as a
promising model system for human genetic, pharmacogenomic,
and immunologic studies [9,37,39,60,65,67,72—74,76], and the
applicability of LCLs for various clinical phenotypes is emerging
[80,81].

Though LCLs are commonly used in various research fields, some
concerns have been raised about their extensive use because of
possible genetic changes during LCL generation, maintenance, and
immortalization.

Please cite this article in press as: A. Gallo, et al., Global profiling of viral and cellular non-coding RNAs in Epstein—Barr virus-induced
lymphoblastoid cell lines and released exosome cargos, Cancer Letters (2016), http://dx.doi.org/10.1016/j.canlet.2016.12.003
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For these reasons, to better characterize LCLs, many scientists
have investigated biological and genetic features of these cell lines,
focusing on identifying variations of EBV genes and microRNAs
during the lytic cycle and latency, and their influence on the host [69].

Particular attention has been paid to the changes in cellular gene
expression during the EBV-driven tumorigenesis [39], comparing
gene expression profiles of LCLs at late (p < 160) passage compared
with early passage (p4) [7,38], but little is known about the
contribution of non-coding RNA (ncRNA) to LCL generation.

ncRNAs are functional RNA molecules that are transcribed but
not translated into proteins, which regulate gene expression at the
transcriptional and post-transcriptional levels. Among these,
cellular microRNA (miRNA) and long non-coding RNA (IncRNA)
have been studied in depth.

EBV was the first virus known to encode miRNAs [75], which
regulate host cellular pathways [18,36,64]|. Moreover, it has been
demonstrated that exosomes secreted by LCLs contained both viral
and human cellular miRNA [58,78], in addition to EBV proteins
[51,53].

The aim of our work was a comprehensive characterization of
LCLs to identify variations in the expression levels of EBV latent and
lytic genes, cellular and viral miRNAs, and cellular IncRNAs in LCL
compared with PBMC derived from the same donors.

Because it has been postulated that interactions between EBV
and host microenvironment are relevant for the establishment of
EBV latent infection in B cells [12,16], we characterized the ncRNA
cargo contained within exosomes released in vitro by LCL, in order
to shed light on possible and different mechanisms by which LCL
could act in a paracrine way.

Materials and methods
Generation of viable EBV stock

EBV-transformed B95-8 marmoset cell line (85011419, Sigma—Aldrich Co., USA)
was used for EBV stock preparation. The cells were seeded in RPMI-1640 (Lonza,
Basel, Switzerland), 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham,
MA, USA), 200 mM glutamine (Sigma—Aldrich Co.) After 7 days, confluent cultures
of B95-8 appeared straw yellow in color and were split. The FBS concentration in the
medium was then decreased to 5%, and to 2% subsequently. Finally the culture su-
pernatant was collected by centrifugation and filtered through 0.22 uM filter (Mil-
lipore, Bedford, MA) to obtain EBV crude stock. The filtrate was aliquoted and stored
— at 80 °C for long-term storage.

Samples and cell lines

Human blood samples, used in the present study for PBMC isolations and LCL
derivations, came from healthy volunteers. This study was approved by our in-
stitute's Ethics Committee, and informed consent obtained from all the voluntary
participants. The anonymous blood donors received oral and written information
about the possibility that their blood would be used for research purposes. PBMC
were isolated from whole blood samples by centrifugation at 1800xg for 28 min in
BD Vacutainer CPT™ Cell Preparation Tube with Sodium Citrate (Becton Dickinson,
Franklin Lakes, NJ). LCL were established by infecting fresh or thawed PBMC samples
(typically 1—2 x 107) with EBV-concentrated cell culture supernatant from B95-8
[54] in RPMI-1640 (Lonza, Basel, Switzerland) supplemented with 10% fetal
bovine serum (Hyclone FBS, Thermo Fisher Scientific, Waltham, MA, USA), 2 mM -
glutamine (Lonza) and 800 ng/ml cyclosporine A (Sandimmum, Novartis Pharma,
Basel, Switzerland) to inhibit T lymphocyte proliferation. The B-cell blasts were split
weekly for 1 month at a 1:2 ratio. LCL derivation was confirmed by cytofluorimetric
analyses, evaluating the cell population positivity (>80%) for CD19 (345791, BD
Biosciences, Franklin Lakes, NJ) and CD20 (335811, BD Biosciences) antigens, and the
cell population negativity for CD3 (552852, BD Biosciences) by Flow Cytometer
(FACS Calibur, BD Biosciences).

Purification of exosomes from culture media

Exosomes were purified from supernatant through differential centrifugation,
according to [21,22,46]. The conditioned supernatants were centrifuged at 1500xg
for 10 min. The collected supernatant was centrifuged again at 17,000xg for 15 min,
and the supernatant was spun again in an ultracentrifuge at 1,60,000xg for 1 h. All
centrifugations were done at 4 °C.

The pelleted particles were washed and re-suspended in Qiazol (Qiagen, Ger-
many) for RNA extraction, or in RIPA buffer (Thermo Fisher Scientific, Rockford, USA)
for Western blot analysis or in PBS for Nanosight analysis.

NanoSight

Concentrations and size distribution were measured by Nanoparticle Tracking
Analysis (NanoSight NS300, Malvern Instruments, Westborough, MA) at the ALFA-
TESTIab (Cinisello Balsamo, Italy). Briefly, samples were diluted in phosphate buff-
ered saline (PBS) 1:4000, manually injected into the instrument and videos acquired
at ambient temperature. The measurement of exosome concentration performed in
this study calculates particle size on a particle-by-particle basis in 5 videos to pro-
vide accuracy and statistics for each analysis.

Western blot

Purified exosomes or cells were treated with RIPA buffer and protease inhibitors
(Protease Inhibitor Cocktail Set II, 539132, Calbiochem, EMD Chemicals, Merck KGaA,
Darmstadt, Germany), and protein concentration was determined by Qubit® 3.0
Fluorometer (Life Technologies). Proteins were separated on 4—12% SDS—PAGE gel
(Thermo Fisher Scientific, Rockford, USA) and transferred to PVDF membranes.
Membranes were blotted overnight with antibodies against Alix (2171, Cell Signaling
Technology, Denvers, CO, USA), or CD81 (sc-166028, Santa Cruz Biotechnology, Santa
Cruz, CA), or GAPDH (sc-25778, Santa Cruz Biotechnology). The membranes were
washed and incubated with anti-mouse (7076) or anti-rabbit (7074) HRP-
conjugated secondary antibodies, purchased from Cell Signaling Technology. The
signal was captured using a ChemiDoc XRS (BioRAD, CA).

RNA extraction. Reverse transcription (RT) and qPCR

Total RNA was isolated from LCL, PBMC, and exosomes using the miRNeasy Mini
Kit (Qiagen), according to the manufacturer's instructions.

Analysis of EBV-encoded mRNAs

Expression of viral mRNA was quantified by TagMan RT-PCR using ABI PRISM
7900 Fast instrument (Applied Biosystem, Thermo Fisher Scientific, Waltham, MA,
USA) with the primer/probe combinations listed in Table 1. Total RNA was reverse-
transcribed using High-Capacity cDNA Reverse Transcription Kit (Life Technologies,
Thermo Fisher Scientific), according to manufacturer's instructions. cDNA was
subsequently analyzed by qPCR. GAPDH was used as a reference gene for the relative
quantification, assessed by 2784CT cajculation for each mRNA. All test samples were
run in duplicate, and template-negative reactions served as controls.

EBV miRNA profiling

The viral profiling for EBV-miRNA expression was done using the Custom Taq-
Man® Array MicroRNA Cards (Life Technologies, Thermo Fisher Scientific), which
includes 44 EBV miRNA in a 384-well format. Assay IDs are listed in Table 2. Total
RNA was first reverse-transcribed with the Multiplex RT pool set (Life Technologies,
Thermo Fisher Scientific) through a reverse transcription (RT) step using the Taq-
Man® MicroRNA Reverse Transcription Kit (Life Technologies, Thermo Fisher Sci-
entific). The RT products were subsequently amplified with sequence-specific
primers using the Applied Biosystems 7900 HT Real-Time PCR system according to
the manufacturer's protocol. For each miRNA, the expression level was determined
by the equation 2784CT The heat map was generated using the ACT obtained from
the amplification of all the 44 viral miRNAs with quantitative RT-PCR.

TagMan low-density arrays (TLDA) for miRNAs profiling

MicroRNA profiling of samples was done with TagMan Array Human MicroRNA
panels A and B (Life Technologies, Thermo Fisher Scientific) to analyze 754 human
miRNAs. Reverse transcription and pre-amplification were done following the
manufacturer's instructions (Life Technologies, Thermo Fisher Scientific). QRT-PCR
was performed with the Applied Biosystems 7900 HT Real-Time PCR system. For
each miRNA, the expression level was determined by the equation 278ACT, Gene
Expression Suite software (v1.0.4) and Data Assist software (v 3.01) (Life Technol-
ogies, Thermo Fisher Scientific) were further used to process the array data.

LncRNA expression profiling

The expression of 90 IncRNAs was identified using the LncProfiler™ qPCR Array
Kit (SABiosciences, System Biosciences, Mountain View, CA). RNA from cells (n = 4
per each group) were reverse transcribed using RT? First Strand Kit (SABiosciences,
Qiagen, Valencia, CA), according to the manufacturer's instructions. QRT-PCR was
performed (SABiosciences RT? qPCR Master Mix, Qiagen), and the cycle number at
which the reaction crossed a threshold (Ct) was determined for each IncRNA. GAPDH
was used as a reference gene for the relative quantification, assessed by 2-24CT
calculation for each IncRNA.

Data analysis and statistical analysis

Data processing and analysis were done with tools from RQ-manager (v1.2, Life
Technologies, Thermo Fisher Scientific), Expression Suite software (v1.0.4, Life
Technologies, Thermo Fisher Scientific), Microsoft Excel and Prism GraphPad V5.0d
software (GraphPad Software, CA). Heat maps were constructed using DataAssist
software (v3.01, Life Technologies, Thermo Fisher Scientific).

Statistical significance of observed differences among different experimental
groups was calculated using a two-tailed unpaired Student's t-test. P-values of <0.05

Please cite this article in press as: A. Gallo, et al., Global profiling of viral and cellular non-coding RNAs in Epstein—Barr virus-induced
lymphoblastoid cell lines and released exosome cargos, Cancer Letters (2016), http://dx.doi.org/10.1016/j.canlet.2016.12.003
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Table 1
Primers and Probes for Lytic and Latent EBV Genes.
Target Forward Reverse Probe
BHRF1 GCAGGACATTGTGTTGTAACCAG TAATGTAGACCAGCCGCCCT CTACTCCTTACTATGTTGTGGACCTGTCAGTTCGTG
BZLF1 CCCAAGCCTGGATGTTGACT GAAGCAGGCGTGGTTTCAAT CATTATCCCCCGGACACCAGATGTTTTACA
BLLF1 AGAATCTGGGCTGGGACGTT ACATGGAGCCCGGACAAGT AGCCCACCACAGATTACGGCGGT
EBNA1 AGGATGCGATTAAGGACCTTGTT CCATCGTCAAAGCTGCACAC TGACAAAGCCCGCTCCTACCTGCAATA
EBNA2 CGGCAACCCCTAACGTTTC GGGAAGAGAATGGGAGCCTC CCAATACATGAACCGGAGTCCCATAATAGCC
EBNA3A GTGGCACTTGAGCGACCAG TAATGCCAGAAGTTTCCCCG TTACCCCAAGCCAGTTCGTCCGG
EBNA3B GGGCACATTCCATATCAGCC CTCTCGGTGGTGTCTGCATG ACCAACGGGTCCTGCTACCATGCTGT
EBNA3C CAAGGTGCATTTACCCCACTG GGGCAGGTCCGTGAGAACT CATTAATGCCACCACGCCAAAAAGGC
LMP1 TCCTCCTGTTTCTGGCGATTT GGGAGTCATCGTGGTGGTGT AATCTGGATGTATTACCATGGACAACGACACA
LMP2A CCGTCACTCGGACTATCAAC TGAGATGAGTCATCCCGTGGA TCATTCCCGTCGTGTTGCAATCCCAAGTACAG
EBER AGGACCTACGCTGCCCTAGAG AACCACAGACACCGTCCTCAC AGCCACACACGTCTCCTCCCTAGCAAA
BARTSs GCCTGGCGGACTTCATTCT TCTCCTGTAACCACCTGGCG ACAGTCCCGAGACCGGCTCCG

were considered to be statistically significant. In the Figures, * and ** indicate sta-
tistical significance at p < 0.05 and 0.01, respectively.

Results
EBV miRNA and gene expression profile in LCL and PBMC

The autologous LCL were obtained after infection of the B cells
by EBV released from the marmoset cell line B95-8, as described by
Miller et al. [53].

Cytofluorimetric analyses confirmed that cells from LCL showed
expression of typical B-cell surface markers (CD19 and CD20), while
the marker for T-cell (CD3) was absent (data not shown), thus
ascertaining the purity of growing cultures.

In order to confirm that the obtained cell lines contained the
genetic arrangement of EBV B95-8 strain, we checked for the
presence of viral miRNAs. Fig. 1A shows the heat map relative to the
viral miRNA expression levels, normalized to U6 snRNA, in PBMC
isolated from healthy individuals (n = 4) and autologous LCL
(n = 4). As expected, PBMC of healthy volunteers did not express
any EBV miRNA, while in the autologous LCL, of 44 miRNA, only a
part of them were amplified (EBV- miR-BHRF1-1, miR-BHRF1-2 and
miR-BHRF1-3 of the BHRF cluster, ebv-BART1-3p, BART1-5p,
BART2-5p, BART3, BART3*, BART4 and BART15 of the BART cluster)
(Table S1). These results are consistent with the deletion of 12 Kb in
the BamHI-A region carried from the B95.8 strain [70].

We also evaluated the expression level of the viral genes, of both
the lysis and latency phases, in PBMC (n = 4) and autologous LCL

Table 2
Assay IDs for EBV miRNAs.

Assay name Assay ID Assay name Assay ID
ebv-miR-BART1-3p 464048_mat ebv-miR-bart13* 006990
ebv-miR-bart1-5p 197199_mat ebv-miR-bart14 006386
ebv-miR-bart2-3p 006174 ebv-miR-bart14* 005811
ebv-miR-bart2-5p 197238_mat ebv-miR-bart16 006319
ebv-miR-BART3 004578_mat ebv-miR-bart17-3p 008119
ebv-miR-BART3* 004432_mat ebv-miR-bart17-5p 008216
ebv-miR-bart4 005623 ebv-miR-bart18-3p 008473
ebv-miR-bart5 197237_mat ebv-miR-bart18-5p 008081
ebv-miR-bart5* 006342 ebv-miR-bart19-3p 197235_mat
ebv-miR-bart6-3p 008317 ebv-miR-bart19-5p 006693
ebv-miR-bart6-5p 005531 ebv-miR-bart20-3p 007266
ebv-miR-bart7* 005711 ebv-miR-bart20-5p 006851
ebv-miR-bart8 008211 ebv-miR-bart21-3p 006186
ebv-miR-bart8* 197196_mat ebv-miR-bart21-5p 006882
ebv-miR-bart9 007435 ebv-miR-bart22 006609
ebv-miR-bart9* 006884 ebv-miR-bhrf1-1 007757
ebv-miR-BART10 004421_mat ebv-miR-bhrf1-2 197239_mat
ebv-miR-bart11-3p 197210_mat ebv-miR-bhrf1-2* 006088
ebv-miR-bart11-5p 005755 ebv-miR-bhrf1-3 197221_mat
ebv-miR-bart12 005725 RNU48 001006
ebv-miR-bart13 005446 U6 snRNA 001973

(n = 4). As shown in Fig. 1B, both lytic and latency genes were
highly expressed in the autologous LCL, while PBMC showed no
expression of viral transcripts (Table S2).

Host PBMC cell miRNome significantly changes after EBV infection

To study the effect of EBV infection on the miRNA expression
profile (miRNome) of PBMC cells, we analyzed miRNA expression
by gRT-PCR arrays in human PBMC isolated from healthy in-
dividuals (n = 4) and autologous LCL (n = 4). The transformation of
the B cells into LCL driven by the EBV B95.8 strain created a
very specific pattern of miRNAs (Supplementary Tables S3 and S4),
as shown in Fig. 1C and D. The samples clustered strongly and,
among the analyzed miRNAs, some presented a presence/absence
pattern.

Among 754 human miRNAs on the arrays (panels A and B), 24
were significantly up-regulated (Table 3), while 50 were down-
regulated (Table 4) in LCL compared with PBMC.

Analysis of differentially expressed IncRNAs in LCL and PBMC

Since many studies have shown that IncRNAs play key roles in
several diseases, including cancer [23,41], we investigated the
possible role of IncRNAs in the process of transformation of PBMC
into LCL driven by B95.8 EBV. We used the LncProfiler™ gqPCR to
check the expression of 90 IncRNAs in human PBMC isolated from
healthy individuals and autologous LCL. Of the 90 IncRNAs tested,
we selected only those (14) with a clearly distinguishable single-
peak melting (Tm). Among these, only 4 showed a significant dif-
ferential pattern between the two groups (Fig. 1E, Supplementary
Table S5). Indeed, 7SL, H19, H19 antisense (p < 0.01) and p53
mRNA (p < 0.05) showed a higher expression in the autologous LCL
when compared with the PBMC.

Characterization of the exosome cargo released from autologous LCL

Communication between cells and the microenvironment
through exosome-mediated transfer of proteins, microRNA, or
mRNA to the recipient cells has been shown by multiple means
[51,58].

To determine the miRNA repertoires of exosomes secreted by
LCL, we first isolated exosomes from cell supernatants through a
series of ultracentrifugation steps.

The medium used to culture the LCL contains 10% fetal bovine
serum, and, even if in a very low percentage, the serum exosomal
cargo might affect the output of the experiment. Indeed, it has been
demonstrated that FBS also contains several regulatory RNA spe-
cies, including mRNA, miRNA, rRNA, and snoRNA, which might
interfere with the downstream RNA analysis and lead to false re-
sults and interpretation [79].

Please cite this article in press as: A. Gallo, et al., Global profiling of viral and cellular non-coding RNAs in Epstein—Barr virus-induced
lymphoblastoid cell lines and released exosome cargos, Cancer Letters (2016), http://dx.doi.org/10.1016/j.canlet.2016.12.003
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Fig. 1. A. Expression profile of EBV-specific microRNAs in LCL (n = 4) and PBMC (n = 4) samples. Expression data of 44 viral miRNAs were obtained with Custom TagMan® Array
MicroRNA Cards (Life Technologies. Thermo Fisher Scientific), analyzed using RQ-manager (v1.2) and DataAssist (v3.01), and shown in the heat map. The distance measured is Pearson's
Distance, and the clustering method is average linkage. Each column corresponds to the sample expression profile, and each row corresponds to a miRNA. The miRNA clustering tree is
shown on the left. Branch lengths represent the degree of similarity between individual miRNAs. Red and black colors indicate relatively high and low expression, respectively. B. LCL
express EBV latent and lytic transcripts. The figure shows quantitative RT-PCR results of RNA extracted from LCL (n = 4) and PBMC (n = 4). Results are displayed as mean levels and SD
relative to the average expression of PBMC, and are normalized to GAPDH. Two stars (**) indicate p < 0.001 on two-tailed Student's test. C and D. Unsupervised hierarchical clustering
and analysis of miRNA expression profiles differentiate LCL (n = 4) from PBMC (n = 4). Cellular microRNA (miRNA) expression patterns were examined using microfluidic cards
containing TagMan probes and primer pairs (TagMan® Low Density Array. TLDA) for 754 human mature miRNAs (pool A and pool B, Figure C and D, respectively). The samples were
grouped by unsupervised hierarchical clustering on the basis of similarity in expression patterns. Branch lengths represent the degree of similarity between individual samples (Top) or
miRNA (Left). Each column corresponds to the expression profile of samples, and each row corresponds to a miRNA. The colour reflects the level of expression of the corresponding
miRNA in the corresponding sample relative to its mean level of expression in the entire set of PBMC samples. The distance measured is Pearson's Distance, and the clustering method is
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Table 3
Cellular miRNAs up-regulated in LCL versus PBMC.
P value Mean 1 Mean 2 Difference SE of difference t ratio
hsa-miR-452 1.18E-07 1 259105 —259104 9027.04 28.7031
hsa-miR-377 1.45E-07 1 251.605 —250.605 9.03022 27.7518
hsa-miR-524 3.57E-06 1.02913 22489.1 —22488.1 1391.69 16.1589
hsa-miR-517c¢ 4.12E-05 1 1876.19 —1875.19 176.643 10.6157
hsa-miR-302c¢ 9.86E-05 1.01608 373.953 —-372.937 40.9606 9.10476
hsa-miR-23a 0.000204 1 235.136 —234.136 29.2736 7.99821
hsa-miR-376b 0.000702 1 1830.92 —1829.92 287.196 6.37168
hsa-miR-9# 0.001126 1.39074 13.7732 -12.3824 2.12577 5.82491
hsa-miR-208 0.001588 1 2835.75 —2834.75 520.153 5.44985
hsa-miR-561 0.00209 1 327027 —327026 63350.9 5.16214
hsa-miR-636 0.003224 1 48656 —48655 10286.1 4.73019
hsa-miR-363 0.003321 1 269872 —269871 57399.8 4.70161
hsa-miR-210 0.00341 1 204.645 —203.645 43.5509 4.67601
hsa-miR-34a# 0.003907 1.25078 66.6972 —65.4464 14.3952 4.54642
hsa-miR-516-3p 0.005246 10.6103 76.4314 —65.8211 15.404 427299
hsa-miR-155# 0.008346 15.5516 74.2966 —58.745 15.2121 3.86172
hsa-miR-551b# 0.009003 1.02913 961.839 —-960.809 253.067 3.79666
hsa-miR-193b# 0.017621 445319 109.786 —105.333 32.4802 3.24299
hsa-miR-372 0.024259 1 52.5515 -51.5515 17.23 2.99196
hsa-miR-18b 0.025324 5.94412 61.0953 —55.1511 18.64 2.95876
hsa-miR-1255B 0.030074 1.21154 3.08967 -1.87813 0.664342 2.82706
hsa-miR-15a 0.038271 1 42042.5 —42041.5 15893.2 2.64525
hsa-miR-1274A 0.04555 1.50704 5.63672 —4.12968 1.64155 2.51572
hsa-miR-10a# 0.048928 1.02913 186.949 —185.92 75.4888 2.46289

To address this, we ran the same experiment on RNA samples
isolated using the same procedure from the corresponding fresh
non-conditioned medium, which it has been considered as a
negative control, as suggested by Wei Z et al. [79].

Exosome identity and purity was assessed by NanoSight and
Western blot analysis (Fig. 2A and B).

Though the majority of LCL is latently infected with EBV, few
cells (about 5—7%) may release active viruses [52], which could
contaminate exosome preparations, because virus particles have
similar size and density to exosomes [13,27,62]. To monitor viral
contamination and purity of exosome preparations, pellets were
analyzed by Nanosight.

Fig. 2A shows the presence of particles in the expected exosomal
size range (average 92.6 + 1.6 nm), clearly different to EBV size
(150—200 nm, [77]), confirming the absence of viral particles in our
exosome preparations.

In addition, to better characterize the exosomial fraction, we
performed Western-blot analysis for the two universal exosomal
markers Alix and CD81 [46], which, as expected, were found only in
exosome samples [10,33], while GAPDH, a ubiquitously expressed
protein, was found in both cellular and exosomal fractions.

After ascertaining exosome preparation purity, RNA was
extracted and RNA integrity and gDNA contamination were verified
(data not shown). For each sample, the expression of 754 cellular
microRNAs was analyzed by TagMan Array Human MicroRNA
panels A and B.

We found 138 miRNAs in exosomes isolated from the fresh
medium (mainly expressed at very low expression levels), and to
subtract this FBS RNA contribution to each RNA sample, we
normalized all qRT-PCR data to those of exosomes of fresh medium.

Interestingly, we assessed the presence of 304 miRNAs of the
754 cellular microRNAs (Supplementary Table S6). Non-
hierarchical clustering of all expressed microRNAs again defined
one clear cluster when compared with the exosomes isolated from
the medium in which the cells were grown (Fig. 2C and D).

Looking at the viral pattern, notable is the presence of the
miRNAs of the BHRF cluster, ebv-miR-BHRF1-1, miR-BHRF1-2 and
miR-BHRF1-3, known to be important in malignant B-cell trans-
formation. We found ebv-miR-BART1-3p, miR-BART1-5p, miR-
BART2-5p, miR-BART3, miR-BART3*, miR-BART4 and miR-BART15
of the BART cluster also present, while, in the non-conditioned
medium, none of the EBV viral miRNA were found (Fig. 2E).
Furthermore, we wanted to explore the possibility of a specific viral
miRNA packaging process in the exosomes. To address this ques-
tion, we compared the viral miRNA expression of the exosomes
with the LCL. We found that 2 miRNAs, ebv-miR-BART3 and ebv-
miR-BHRF1-1, are highly differentially expressed, with a 3607.8-
fold change (p = 0.03) and 255.5-fold change (p = 0.03), respec-
tively (Fig. 2F).

We decided to verify the presence of the IncRNAs found in the
LCL by which we isolated the exosomal fraction. We found 9
IncRNAs in the LCL exosome cargo: 7SL, H19, H19 upstream
conserved 1&2, H19 antisense, HAR1B, HOXA6as, NDM29, SNHG5,
and Tsix (Supplementary Table S7).

These IncRNAs were present at lower levels in exosomes with
respect to what was observed for LCL, with the exception of H19
and H19 antisense (Fig. 2G).

Discussion

The human EBV-transformed LCL, obtained by infecting PBMC
with EBV, has been extensively used for human genetic, pharma-
cogenomic, and immunologic studies, and, lately, for therapies,
with LCL used as antigen-presenting cells that can efficiently
stimulate EBV-specific T-cells. Nevertheless, little is known
regarding the contribution of ncRNA to LCL generation. In this
study, we aimed to characterize the comprehensive ncRNA content
of LCL. We used 4 LCL obtained after infection of the B cells with
EBV propagated in the marmoset cell B95-8, which display a la-
tency III gene expression pattern. The data were compared with

average linkage. The increasing intensities of red mean that a specific miRNA has a higher expression in the given sample, and the increasing intensities of black mean that this miRNA
has a lower expression. E. LCL differentially express cellular long non-coding RNAs. The graph shows quantitative RT-PCR results of RNA extracted from LCL (n = 4) and PBMC (n = 4).
Results are shown as mean levels and SD relative to the average expression of PBMC controls, and are normalized to GAPDH. One star (*) indicates a p < 0.05, while two stars (**) indicate
ap < 0.001 on two-tailed Student's test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4

Cellular miRNAs down-regulated in LCL versus PBMC.

P value Mean 1 Mean 2 Difference SE of difference t ratio

hsa-miR-136 0.000775 1.03563 0.000139 1.0355 0.165559 6.25454
hsa-miR-299-5p 0.000813 1.0401 0.001998 1.03811 0.167481 6.19833
hsa-miR-30c 0.000843 1.01437 0.248213 0.766162 0.124468 6.15549
mmu-miR-140 0.000853 1.03535 0.004325 1.03102 0.167867 6.14189
hsa-miR-140-3p 0.000927 1.04457 0.009848 1.03473 0.17115 6.04574
hsa-miR-574-3p 0.001586 1.00138 0.352542 0.648842 0.119032 5.45101
hsa-miR-758 0.001833 1.0571 0.002321 1.05478 0.19908 5.29827
hsa-miR-518f 0.001912 1 99698.9 —99697.9 18974 5.25446
hsa-miR-223 0.002018 1.02887 0.114521 0.914352 0.175894 5.19833
hsa-miR-652 0.003138 1.06272 0.005337 1.05738 0.222308 4.75639
hsa-miR-28 0.00374 1.10619 0.004858 1.10133 0.240059 4.58775
hsa-miR-181a 0.003984 1.01991 0.225396 0.794518 0.17547 4.52793
hsa-miR-26b 0.004812 1.04731 0.206111 0.841203 0.193294 435193
hsa-miR-191 0.004991 1.02162 0.263126 0.758497 0.175643 431839
hsa-miR-376¢ 0.006956 1.1275 0.006802 1.1207 0.278755 4.02038
hsa-miR-146b 0.007034 1.00294 0.313499 0.689438 0.171907 4.01053
hsa-miR-28-3p 0.00729 1.07033 0.094065 0.976267 0.245347 3.97913
hsa-let-7g# 0.007581 1.1029 0.004526 1.09837 0.278423 3.94498
hsa-miR-618 0.008508 1.09266 9.11E-06 1.09265 0.284163 3.84516
hsa-miR-520f 0.009036 1.10121 6.15E-05 1.10115 0.290273 3.79349
hsa-miR-486 0.009129 1.08575 0.124502 0.961246 0.253976 3.78479
hsa-miR-942 0.01088 1.11442 0.000171 1.11425 0.306405 3.63653
hsa-miR-191# 0.011571 1.0834 0.098219 0.985182 0.274796 3.58514
hsa-miR-31# 0.011811 1.14222 0.000133 1.14208 0.32008 3.56812
hsa-miR-543 0.012 1.13187 0.00017 1.1317 0.318344 3.55496
hsa-miR-15b 0.012397 1.15671 0.003333 1.15338 0.326914 3.52807
hsa-miR-342-3p 0.012765 1.10707 0.107975 0.999099 0.285135 3.50395
hsa-let-7g- 0.013104 1.06182 0.270893 0.790923 0.227118 3.48243
hsa-miR-29c 0.016479 1.05164 0.275901 0.775734 0.23532 3.29651
hsa-miR-425# 0.016593 1.11611 0.000118 1.11599 0.339103 3.29102
hsa-miR-150 0.020232 1.19623 0.013331 1.1829 0.377487 3.13361
hsa-miR-497 0.020534 1.22985 0.003866 1.22599 0.392702 3.12193
hsa-miR-432 0.020674 1.23198 0.00013 1.23185 0.395254 3.11661
hsa-miR-1249 0.025417 1.25902 0.000511 1.25851 0.425757 2.95593
hsa-miR-106b# 0.029032 1.23684 0.065682 1.17116 0.410367 2.85392
hsa-miR-1197 0.030244 2.87797 0.034597 2.84337 1.0073 2.82278
hsa-miR-145 0.033287 1.24243 0.006303 1.23613 0.449486 2.7501
hsa-miR-1825 0.034949 16.1547 0.000166 16.1545 5.95367 2.71337
hsa-miR-328 0.035777 1.25409 0.083683 1.17041 0.434167 2.69576
hsa-miR-126 0.036323 1.28891 0.000818 1.28809 0.479845 2.68439
hsa-miR-345 0.037257 1.13902 0.134421 1.0046 0.376912 2.66534
hsa-miR-30a-3p 0.037636 1.23526 0.094307 1.14095 0.42929 2.65777
hsa-miR-532-3p 0.038021 1.19836 0.007921 1.19044 0.449194 2.65016
hsa-miR-425-5p 0.039937 1.24345 0.282401 0.96105 0.367737 2.61342
hsa-miR-132 0.040168 1.2078 0.136375 1.07143 0.410648 2.60911
hsa-miR-31 0.041343 13715 0.000815 1.37068 0.529703 2.58764
hsa-let-7d 0.043562 1.30736 0.161636 1.14572 0.449517 2.54879
hsa-miR-125a-5p 0.04575 1.34371 0.004631 1.33907 0.532969 2.51248
hsa-miR-424# 0.047954 1.27368 0.000352 1.27333 0.513915 247771
hsa-miR-1227 0.049412 1.30793 0.178694 1.12923 0.459856 2.45562

those of PBMC derived from the same donors, as previously re-
ported by several studies [26,31,43,49,56,66,85].

We focused our attention on different classes of ncRNA, both
cellular and viral miRNAs and IncRNAs. The samples clustered
strongly and, of the 754 cellular miRNAs studied, 24 were signifi-
cantly up-regulated and 50 down-regulated. Our results confirmed
data in the literature on some miRNAs (miR-223%* miR-151-3p,
miR-151-5p, miR-28-5p, miR-99a), known to regulate LCL immor-
talization [38].

The viral miRNA analysis showed that only a part of the 44 EBV
miRNAs were amplified (EBV- miR-BHRF1-1, miR-BHRF1-2 and
miR-BHRF1-3 of the BHRF cluster, ebv-BART1-3p, BART1-5p,
BART2-5p, BART3, BART3*, BART4 and BART15 of the BART cluster),
and these results are consistent with the deletion of 12 Kb in the
BamHI-A region carried from the EBV B95.8 strain [28,70].

We were also interested in the IncRNA content, transcripts
>200 nt in length [29], since little is known about their role in LCL
generation. We found that the IncRNAs 7SL, H19, H19 antisense and

p53mRNA showed a higher expression in the autologous LCL when
compared with PBMC. It is known that these IncRNAs are involved
in tumorigenesis, suggesting their possible role in LCL generation
and, in general, their contribution to EBV-driven tumorigenesis.

Interestingly, the 7SL expression levels were found to be
significantly elevated in EBV-infected cells because the promoter
sequences of its gene are similar to those of EBER genes [19].
Moreover, ncRNA 7SL is up-regulated in cancer cells [14], where it
represses p53 translation [1].

H19 is considered one of the major cancer genes because of its
critical role in all stages of tumorigenesis, and its high expression in
almost every human cancer [48,63].

We also found an upregulation of the messenger RNA that en-
codes the p53 protein (p53 mRNA), which also has a regulatory role
in interacting with Mdm2 protein, controlling its function and p53
gene expression [11]. The transcription of p53 in EBV-infected B
cells is a host response to the infection [4,59]. LCL retain wild-type
p53, but it is inhibited by MDMZ2, and this is required for EBV-driven
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Fig. 2. A. NanoSight measurement of particle-size distribution in LCL exosome preparations. Data are mean values (n = 5) + SD. B. Western blot analysis of CD81, Alix and GAPDH in
whole LCL cells (n = 4) and their exosomes (n = 4). The purity of exosome fractions was determined by the presence of multivesicular body-derived Alix and CD81 proteins. C and D.
Heat map representation of differentially regulated cellular miRNAs performed on RNA extracted from exosomes of LCL (n = 4) or those of the non-conditioned medium, using
TagMan® Low Density Array (TLDA). Heat map shows the expression of the 754 cellular miRNAs (pool A and pool B, Figures C and D, respectively), which highlighted significantly
regulated expression between LCL exosomes and non-conditioned medium. The distance measured is Pearson's Distance, and the clustering method is average linkage. Branch
lengths represent the degree of similarity between individual samples (Top) or miRNA (Left). Red and black colors indicate relatively high and low expression, respectively. E and F.
Expression profile of EBV-specific microRNAs in LCL exosomes (n = 4) compared to those of the-non conditioned medium (Figure E) or to LCL (Figure F). Expression data of 44 viral
miRNAs were obtained with Custom TagMan® Array MicroRNA Cards (Life Technologies. Thermo Fisher Scientific), and the results are shown in the heat map. The distance
measured is Pearson's Distance, and the clustering method is average linkage. Dendrograms of clustering analysis for samples and miRNAs are displayed on the top and left,
respectively. Red and black colors indicate relatively high and low expression, respectively. G. LCL and their exosomes differentially express cellular IncRNAs. The graph shows
quantitative RT-PCR results of RNA extracted from LCL (n = 4) and their exosomes (n = 4). Results are displayed as mean levels and SD relative to the average expression of LCL, and
are normalized to GAPDH. One star (*) indicates a p < 0.05 on two-tailed Student's test. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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transformation and survival of the infected cells [20]. It is known
that many virally infected cells secrete not only viral particles, but
also microvesicles that contain various viral proteins and RNAs
[2,12,24,34]. Microvesicles exert their biological functions through
interactions with recipient cells, and by transfer of multiple mole-
cules as soluble and insoluble factors [71], mRNA and miRNAs
[17,40,51,58,82].

The microvesicle transfer of viral and cellular factors, particu-
larly in the case of persistent infections, such as those of the her-
pesviruses, would allow the virus to respond to or control the
cellular microenvironment, which could be beneficial both to the
virus and to the host, as this could potentially reduce viral repli-
cation to a minimum [50].

Notably, exosomes contribute to tumorigenesis process and
tumor immune escape [32,83], as demonstrated in many cancer
types [5,30,45,61,71]. Very recently, it has been also demonstrated
that exosomes derived from tumor cells are able to induce
morphological and functional changes in mesenchymal stem cells,
favouring tumor growth and the malignant progression [44].

These findings suggest that exosomes released by EBV-infected
cells could have an important role in tumorigenic and metastasis
potential of this virus.

Due to the role that the LCL exosomal cargo transfer might play
in maintaining the persistent infection [3], and in inducing
tumorigenesis [84], we wanted to characterize the exosomal
ncRNA cargo released from LCL. We identified the presence of RNA
molecules involved in post-transcriptional regulation (miRNAs and
IncRNAs) in purified exosomes from LCL transformed by the B95-8
strain of EBV. Recently, Canitano analyzed a panel of only five EBV-
encoded miRNAs in an LCL [12], and the results are in line with
ours.

We assessed that all the viral miRNAs expressed by LCL are also
packaged in the exosomes, and we explored the possibility of a
specific viral miRNA packaging process. We compared the viral
miRNA expression of LCL with their released exosomes, and found
that 2 miRNAs, ebv-miR-BART3 and ebv-miR-BHRF1-1, are highly
differentially expressed. It has been demonstrated that EBV-miR-
BART3 targets importin 7 (IPO7), induces the pro-inflammatory
cytokine IL-6, and is implicated in the regulation of innate immu-
nity [8]. Moreover, it targets caspase 3 exerting an anti-apoptotic
effect [25], confirming previous results. The BHRF1 miRNA cluster
appears to strongly potentiate the transforming properties of EBV,
and in particular it has been found that miR-BHRF1-1 potentiates
viral lytic replication by down-regulating host p53 in nasopha-
ryngeal carcinoma [42]. The abundance of these specific EBV-
miRNAs might suggest a microvescicular transfer potentially
functioning not only in the infected cell, but also in neighbouring or
even distant cells following a paracrine mechanism.

We also profiled the cellular miRNAs found in the exosomal
fraction. We found present only 304 of the 751 miRNAs analyzed,
showing a clear distinct panel of miRNAs packaged in the exo-
somes, in strong agreement with data in the literature.

We found, for the first time to our knowledge, the presence of
IncRNA sequences within LCL exosomes (7SL, H19, H19 upstream
conserved 1&2, H19 antisense, HAR1B, HOXA6as, NDM29, SNHG5
and Tsix). In addition, IncRNA profiling revealed that LCL were
enriched in IncRNA H19 and H19 antisense, and released these
through exosomes, suggesting a leading role in the regulation of the
tumor microenvironment, as previously reported [15]. Though
future functional studies will be necessary to discover the mecha-
nisms in which these ncRNAs are involved, and to determine their
role in carcinogenesis, this study further emphasizes the potential
role of ncRNAs and exosomal transfer in EBV biology and in
tumorigenesis, and provides a comprehensive characterization of
LCL and their exosome cargos.
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