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Epstein-Barr virus is (EBV) a ubiquitous virus prevalent in 90% of the human population. Transmitted
through infected saliva, EBV is the causative agent of infectious mononucleosis (IM) and is further impli-
cated in malignancies of lymphoid and epithelial origins. In the past few decades, research efforts primar-
ily focused on dissecting the mechanism of EBV-induced oncogenesis. Here, we present an alternate facet
of the oncovirus EBV, on its applications in research and therapy. Finally, discussions on the prospective
utilization of EBV in nasopharyngeal carcinoma (NPC) diagnosis and therapy will also be presented.

� 2016 Elsevier Ltd. All rights reserved.
Introduction latency aberrantly in epithelial cells that have already undergone
Epstein–Barr virus (EBV) is the first human tumor virus discov-
ered 52 years ago based on the electron microscopy observation of
virus particles from Burkitt’s lymphoma (BL) biopsies [1]. It
belongs to human herpesvirus family and infects more than 90%
of the world population [2]. EBV exhibits dual tropism, infecting
both B lymphocytes and epithelial cells. While infection with the
virus during childhood is usually asymptomatic, EBV infection in
an adolescent can manifest as infectious mononucleosis (IM)
[3,4]. In immunocompetent individuals, the replication of
EBV-infected B cells is kept in check by T cell immunity, driving
the virus into dormancy. Nonetheless, the virus is capable of persist-
ing in the human population by restricting expression of viral prod-
ucts to EBV-encoded small RNAs (EBERs) and viral microRNAs
(miRNAs), establishing latency 0 profile in thememory B cell pool [5].

As an opportunistic human pathogen, EBV was proposed to be
involved in B cell malignancies observed in post-transplant lym-
phoma and AIDS-related lymphoma when the delicate balance
between the host immunity and the EBV-infected B cells is per-
turbed [6–8]. Unlike EBV-associated lymphoid malignancies, the
link between EBV and epithelial malignancies is less clear.
Although the virus transforms and immortalizes B cell upon infec-
tion, the virus does not readily infect epithelial cells, putting forth
the contribution of host genetics and environmental factors in
EBV-associated NPC. Therefore, it is believed that EBV establishes
pre-malignant genetic changes [9] as an essential initiation step
in the development of NPC. In this article, we will discuss the util-
ity of targeting EBV gene products, the viral episome, and whole
virus for research, screening, diagnostic, and future treatment of
NPC (Fig. 1).
EBV gene product-ZEBRA

EBV ZEBRA protein (product of gene BZLF1) is a basic leucine
zipper transcriptional activator required for latent to lytic reactiva-
tion [10,11]. Apart from its intrinsic function in activating EBV lytic
cycle, ZEBRA was shown recently to cross the cell membrane and
accumulate in the nucleus of lymphocytes. Specifically, a minimal
domain (MD11) consisting of 43 amino acids peptide within the
ZEBRA protein was found to be efficient in delivering high molec-
ular weight proteins across the lipid bilayer of the cell membrane
via direct, non-endocytosis-dependent translocation [12]. As
demonstrated by Marchione et al., the utilization of MD11 permit-
ted high-efficiency (70–100%) delivery of fully biological active
cargo proteins within two hours with almost no toxicity. Indeed,
using MD11, apoptosis of melanoma and colorectal tumor cells
can be observed upon the successful delivery of eIF3f (f subunit
of the eukaryotic initiation factor 3) across the cell membrane
[13]. Taken together, such EBV peptide-based delivery system pre-
sented here could represent a potentially powerful tool in cancer
treatment, by facilitating the delivery of coupled therapeutics into
cancer cells.
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Fig. 1. Applications of EBV in basic research and clinical settings.

F. Yu et al. / Oral Oncology 60 (2016) 112–117 113
EBV episome

EBV episomal vectors were first described by Yates et al. in 1985
[14]. It is comprised of a latent origin of plasmid replication (oriP)
and its trans-activating protein EBV nuclear antigen-1 (EBNA-1).
Structurally, oriP consists of the family of repeats (FR) element
and the dyad symmetry (DS) element, both containing multiple
consensus sequences for EBNA-1 binding. While DS serves as the
site for the initiation of replication, FR functions as an anchor point
for EBNA-1 binding to ensure equal partitioning of viral episome
into daughter cells. As a result, episomal vectors replicate once
per cell cycle in synchrony with the host chromosomes as extra-
chromosomal entities [15]. Given the non-integrative characteris-
tic of the EBV episome and its ability to accommodate large
transgene insertion, the use of EBV episomal vector had been
extended to genetic studies, protein production, gene therapy,
and iPSCs generation.

Employment of EBV episomes in genetic studies

Prior to the establishment of next–generation sequencing, the
study of the human genome was technically challenging as the
human genome is inherently large. To overcome this problem,
the EBV episome was utilized as the shuttle vector to house large
fragments of human genome sequences with size ranging from
60 to 330 kb [16]. The high insert capacity of EBV episomes allows
the delivery of intact genomic DNA loci to achieve physiological
levels of transgene expression. These constructs known as human
artificial episomal chromosomes permit the preservation of the
human sequences from deletion, recombination, rearrangement,
and facilitated the transfer and recovery between expression sys-
tems of different organism. The use of EBV episomes had greatly
expedited the process of physical mapping and functional identifi-
cation of human genes.

Employment of EBV episomes for mammalian protein production

In the production of recombinant protein, a stable cell line cap-
able of chromosomal expression of the transgene is ideal but rare
[17]. While the use of viral vectors such as retrovirus, adenovirus,
and baculovirus can ensure stable expression, these viruses have to
be modified to prevent uncontrolled replication in case of acciden-
tal release. Apart from the laborious and technical challenges in
generating these recombinant viruses, random integration of the
transgene into the host chromosome with the use of these recom-
binant viruses can confound transgene expression and impact
recombinant protein production.

In this regard, the use of EBV episome can circumvent the erratic
transgene expression and recombinant protein production as the
result of random integration. Episomal vectors persist in multiple
copies per cell, resulting in amplification of transgene and higher
protein expression in a relatively short period of time. Indeed, rapid
and high transgene expression had been achieved with the use of
EBV episomes in the absence of drug selection [18–20]. Coherent
with the excellent capacity in accommodating large transgene, the
expression of 185 kb human b-globing transgene had been reported
with the stable and sustainable expression for 3 months [20]. Even
though high transgene expression can also be achieved with the
use of plasmid-based vectors with constitutive promoters such as
SV40, CMV, and EF1 promoters, sustainability of the plasmid is
always a concern as plasmid often gets diluted upon cell division.

Leveraging on the binding interaction between EBNA-1 protein
and EBV episome, further improvements to achieve fast and high
yield recombinant protein had been attempted. The enhancing
transgene expression in EBV episomal vector is probably attributed
to the binding of EBNA-1 to oriP to activate transcription of the
transgene, and the oriP enabling nuclear import of transgene
[21]. With the establishment of the mammalian HEK293-EBNA-1
cell line (HEK293E), where parental HEK293 cells stably express
EBNA-1, the episomal expression of the transgene resulted in a
threefold increase of protein yield [22–24]. As reported by Backli-
wal et al., the utilization of HEK293E combined with high-efficient
polyethyleneimine-based transfection resulted in a remarkable
efficiency of exceeding 1 g/l of recombinant protein [25]. Notebly,
production of recombinant protein at the scale of 100 L with
293E adapted suspension culture had been reported by Philippe
et al. [26,27] appealing to industry production for biotechnology.
Gene therapy

Gene therapy is a therapeutic approach to complement a
deficient or to correct a defective gene via the introduction of a
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corrective cDNA or DNA. Systems currently available utilizing viral
vectors derived from retroviruses, lentiviruses, and adenoviruses
pose safety concerns due to random insertion and accompanying
cytopathic effects. Therefore the possibility of activating an onco-
gene should not be disregarded [28]. In one of most the apprehen-
sive incident of gene therapy, the use of retrovirus to correct severe
combined immune deficiency had led to the development of
leukemia-like condition [29]. With its non-integrating property,
EBV episomal vector provides a safer alternative to the use of viral
vector. Indeed, the utility of EBV episome had been extended to the
treatment of malignant and congenital disorders, accentuating its
potential clinical application [30,31].

However, efficient gene delivery remains a problem. The trans-
fection procedures for EBV episomal vectors usually include elec-
troporation and intramuscular injection [31]. The transfection
efficiency can be improved when used in combination with catio-
nic liposomes and polyamidodamine (PAMAM) dendrimer [32].
Another approach to tackle the issue is to develop hybrid vectors,
in which retroviral, adenoviral or herpes viral elements are utilized
to deliver EBV-based replicon owing to high robust infectivity.
Pluripotent stem cells (iPSCs) generation

Regenerative medicine is a branch of applied research which
involves the replacement of defective cells, tissues or organs to
reinstate its functionality. With the advent of induced iPSCs tech-
nology in 2006, embryonic stem-like cells can be directly repro-
grammed from somatic cells by forcing the expression of four
transcription factors (Oct-4, Sox-2, Klf-4, and c-Myc) [33]. In the
early days of iPSCs research, the Yamanaka factors were efficiently
delivered by engineered retroviruses or lentiviruses. Akin to the
drawback as seen with the use of viral vectors in gene therapy, ran-
dom viral integration warrant safety consideration, making virally-
derived iPSCs unsafe for clinical application. As such, the use of
integration-free EBV episome for iPSCs reprogramming is preferred
and gaining popularity [34–36]. Actually, iPSCs used for the first
historic human trial for macular degeneration were reprogrammed
using non-integrative EBV episomal vectors [37].
EBV-immortalized lymphoblastoid B-cell lines (EBV-BLCLs)

The oncogenic potential of EBV is best illustrated by its ability to
infect B cells in vitro and transform them into B lymphoblastoid cell
line (BLCL) capable of indefinite proliferation. Given the ability of
EBV to immortalize B cells, it became apparent that the generation
of these B cell lines would preserve the genetic information of an
individual. As BLCLs can be cultured continuously, they provide
an unlimited source of biological materials for genetic, epidemio-
logic and pedigree studies [38]. In addition, these cells can be
thawed and frozen at users’ convenience, enabling experimental
observations to be made with more reliability, and at the same
time minimizing intra-sample variability.

Apart from the use of EBV episome for the iPSCs generation as
mentioned earlier, the other aspect of EBV involvement in iPSCs
generation is the use of EBV-BLCL as starting cell type. As reported
by Rajesh et al., iPSCs can be successfully reprogrammed from BLCL
with the additional of episomal vectors containing Oct3/4, Sox2,
NANOG and SV40-T. Intriguingly, with merely 0.5 ml of peripheral
blood, BLCL can be generated and reprogrammed into iPSCs cap-
able of differentiating into hematopoietic, neural, cardiac, and
hepatocyte-like lineages. More importantly, EBV genes were not
detectable at the transcriptional and protein levels in the resultant
BLCL-iPSCs after 25 passages [36]. Using this methodology, virus-
free iPSCs can be obtained, making an appeal to future clinical
applications. The inherent plasticity of B cells, their receptivity to
oriP/EBNA-1 plasmids, ease of generating BLCLs, and availability
of banked BLCL collections make EBV-BLCL the ideal sources of
somatic cells for iPSC generation.

Post-transplant lymphoproliferative disorder (PTLD) is a condi-
tion whereby the immunosuppression of graft recipient resulted in
the inability of T cells to control the proliferation of the EBV-
infected B cells. As BLCL expresses latency III profile, they are the
in vitro counterparts of the EBV-infected B cells in PTLD patients.
[39]. Specifically, EBV-BLCL is injected into immunodeficient mice
to simulate PTLD patient with B cell lymphoproliferation, and such
mouse xenograft is classically used as a model for the assessment
of potential therapeutics.

The other utility of EBV-BLCL in the treatment of EBV-associated
malignancies entails its use in stimulating EBV-specific cytotoxic T
lymphocytes (CTLs). In this treatment modality, allogeneic
EBV-specific CTLs are harvested from donors and incubated with
irradiated BLCL in vitro to stimulate the expansion of EBV-specific
CTLs. These EBV-specific CTLs are cultured and expanded in vitro
prior to their administration into PTLD and NPC patients as a form
of adoptive cell transfer therapy [40–42].

With the advent of using adoptive EBV-specific CTL therapy to
treat PTLD, BLCL is also used to stimulate the proliferation of these
EBV-specific CTLs prior to injection into the patient [43]. Taken
together, the use of BLCL is relevant for the modeling and treat-
ment of PTLD.

Antibody is the second largest class of drugs following vaccine.
The use of EBV-BLCLs had also been extended to the sphere of anti-
body discovery and engineering. As therapeutic antibodies enter-
ing the clinical trials mostly are either from phage display or
humanized in mice [44], there is a risk of immunogenicity.
Therefore, ideal monoclonal antibodies (mAbs) for clinical applica-
tions should be the natural antibodies produced in the human
body as a result of the in vivo immune response. In this regards,
a fully human-derived antibody can be obtained from the screen-
ing of individuals (‘responder’) who are naturally exposed and
making specific humoral responses to the disease, with subsequent
selection of the antigen-specific B cells followed by immortaliza-
tion with EBV. Using this approach, many fully human mAbs have
been isolated thus far targeting dengue virus, SARS coronavirus,
H5N1 influenza, HCMV and HIV-1 and plasmodia [45–50].

An innovative fully human antibody platform is involved with
the screening of individuals who naturally exposed from endemic
regions for antigen-specific reactivity, targeted selection of
antigen-specific B cells (e.g., by flow cytometric sorting) followed
by subsequent EBV transformation, rescue of the antibody V region
sequences and recombinant protein production in CHO cells or
plant cells. The key technology involving is to take the advantage
of EBV transforming ability to immortalize immune antibody-
secreting human B-lymphocytes. The poor EBV infectivity and
cloning efficiency used to be a bottleneck, but now can be
improved by combining CpG activation of Toll-like Receptor-9
(TLR9) and irradiated allogeneic mononuclear cells as feeder cells
[51].
EBV-based NPC screening and diagnosis

Histopathological examination of nasopharyngeal biopsies and
fine needle aspiration (FNAC) of neck lumps are the gold standard
for NPC diagnosis. The detection of EBV DNA (by PCR) and RNA
(EBER-ish) can help when histopathological examination fails in
clinically doubtful cases such as occult primaries, submucosal dis-
ease and FNAC due to low accuracy. Radiotherapy has been proved
to be the most effective modality of treatment if the disease is
diagnosed at an early stage, with a 5-year survival probability up
to 90%. Unfortunately, 75–90% of patients with NPC already have
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developed local or regional spread upon diagnosis [52]. Therefore,
screening for early disease in asymptomatic individuals potentially
may improve NPC treatment outcomes. In endemic regions, the
presence of EBV will highly suggest NPC. Since the high association
with EBV infection, antibodies specific for EBV capsid antigen
(IgA/VCA), early antigen (IgA/EA) and plasma DNA have been
extensively studied for the screening of NPC. Data from both ende-
mic and non-endemic regions demonstrate plasma DNA can be
used for screening, diagnosis, staging, follow-up and prognostica-
tion [53–56]. Chan and Wong [53] recently studied 1318 healthy
volunteers and demonstrated that plasma EBV DNA analysis is use-
ful for early detection of NPC before it is clinically evident. Shao
et al. [57] proved that plasma EBV DNA detection is a more sensi-
tive and specific marker than the serum IgA/VCA titer for the diag-
nosis and monitoring of patients with NPC. Besides plasma
antibody and DNA, a circulating EBV miR-BART7 and miR-
BART13 [58] were shown to serve as potentially new serological
biomarkers for diagnosis and prediction of treatment efficacy of
NPC. In a very recent study, Zheng et al. demonstrated EBV-
encoded mir-bart1-5p detection via a less invasive nasopharyngeal
brush sampling can diagnose early-stage NPC with 93.5% sensitiv-
ity and 100% specificity [59]. However, all these miRNA detections
need large patient cohorts across multiple centers for confirmation.
EBV-targeted therapy and immunotherapy

Successful strategies for targeting tumor cells depend on clear
differences between tumor cells and normal cells. The consistent
presence of EBV in every cell of undifferentiated NPC provides a
unique opportunity to target the virus itself. In endemic region,
EBV is exclusively found in NPC tumor cells but not in normal cells
[60]. EBV-targeted therapy and immunotherapy have been
recently reviewed in detail by many researchers [61,62] mainly
including (1) inhibit the EBV transforming proteins (EBNA-1,
LMP1 and LMP2) using antisense RNA, small interfering RNA
(siRNA) and ribozyme; (2) induce loss of the EBV episome, e.g.
using Hydroxyurea; (3) trigger the lytic form of EBV replication
in tumor cells by expressing the IE proteins (Zta or Rta) or using
radiation, chemo drugs, demethylation and histone acetylation
agents, such as 5-azacytidine, Gemcitabine, HDAC inhibitors, phor-
bol esters and sodium butyrate. As EBV lytic replication promotes
viral antigen exposure and provokes a strong host immune
response, the use in conjunction with antiviral prodrug such as
ganciclovir further enhances the killing of virus and tumor cells;
(4) adopt T cell immune therapy by infusion ex vivo expanded of
autologous EBV-specific CTLs from peripheral blood mononuclear
cells (PBMCs) [40,41,63,64], (5) active immunotherapy by vacci-
nating with LMP2 pulsed autologous monocyte-derived dendritic
cells or viral vector loading with EBV peptides against LMP1,
LMP2 and EBNA-1 [65,66].

EBV-targeted therapy and immunotherapy represent novel
therapies that have currently become a center of interest in
research and development of NPC treatment. EBV-targeting thera-
pies have so far no clinical breakthrough yet, although cytolytic
virus activation (CLVA) therapy in 3 patients with end-stage NPC
showed biological effect, tolerability and moderate safety [67].
Currently, immune-based strategies represent options with the
most clinical benefit [68]. While these treatments advancing,
knowledge to develop new therapies is emerging. In a genome-
wide mutation profiling, we find that NPC has a relatively low level
of genomic alteration as compared to other cancers. Therese find-
ings suggest that epigenetic alteration possibly is an oncogenic fea-
ture of EBV infection in neoplasia [69]. Hence targeting
dysregulated epigenetic regulators might be candidate targets for
NPC cancer therapy [70,71]. Recently the prokaryotic type II
CRISPR/Cas9 system has been adapted for genetic engineering in
mammalian cells, allowing researchers to edit the genomes with
unprecedented speed and precision. This highly precise and versa-
tile system has been used in cancer modeling, cancer genomics
functional analyses and cancer drug targets screening [72–74].
In a proof of concept study, Kanda et al. found that
CRISPR/Cas9-mediated cleavage of EBV episomal DNA enabled
cloning of disease-associated viral strains with unprecedented effi-
ciency. Two gastric cancer cell-derived novel EBV strains were
cloned [75]. The Same technology can accelerate the discovery
new EBV strain variants associated with NPC, which will provide
important clues about the mechanisms of EBV-mediated epithelial
carcinogenesis. In a study of BL patient-derived cells, the clearance
of latent EBV genomes using CRISPR-Cas9 leads to proliferation
arrest and apoptosis in EBV-infected cells, with no observed cyto-
toxicity to uninfected cells [76]. The feasibility of CRISPR/Cas9-
mediated editing of the EBV genome (EBNA-1, EBNA-3C, LMP1,
and BART) has also been demonstrated in cultured NPC cell lines
[77]. The dormant viral genome during latent infection provides
few therapeutic targets other than itself for antiviral drug develop-
ment. Thus, this strategy may lead to a generalized approach in
curing latent viral infections, although many hurdles remain before
this approach could be used in the clinic, such as methods of safe
and efficient delivery.
Conclusion remark and perspective

The rapid expansion of knowledge in the field of EBV biology in
the past decades of research had empowered the utility of EBV in
domains of gene therapy, regenerative medicine (generation of
clinical-grade iPSCs) and antibody discovery. With growing evi-
dence on EBV-induced oncogenesis in both lymphoid and epithe-
lial malignancies, the role which EBV plays is not merely
associative. Indeed, emphasis on the role which EBV plays can be
observed from the increasing development of immunotherapeutic
and EBV-targeted therapeutic. In particularly, clinical trials using
EBV-CTLs to treat NPC and lymphoma had demonstrated promis-
ing results [63,78]. As our understanding continues to grow, appli-
cation of labelled-EBV RNA/DNA and protein for tracking cancer
cells, monitoring metastasis or defining resection margin for surgi-
cal procedures can be envisioned.
Conflict of interest statement

The authors have no other funding, financial relationships, or
conflicts of interest to disclose.

References

[1] Epstein MA, Achong BG, Barr YM. Virus particles in cultured lymphoblasts from
Burkitt’s lymphoma. The Lancet 1964;283:702–3.

[2] Rickinson AB, Kieff E. Epstein-Barr virus. In: Knipe DM, Howley PM, editors.
Field’s virology. Philadelphia (PA): Lippincott/Williams & Wilkins; 2001. p.
2575–627.

[3] Henle G, Henle W. Observations on childhood infections with the Epstein-Barr
virus. J Infect Dis 1970;121(3):303–10.

[4] Sumaya CV. Primary Epstein-Barr virus infections in children. Pediatrics
1977;59(1):16–21.

[5] Babcock GJ, Decker LL, Volk M, Thorley-Lawson DA. EBV persistence in
memory B cells in vivo. Immunity 1998;9:395–404.

[6] Rowe M, Zuo J. Immune responses to Epstein-Barr virus: molecular
interactions in the virus evasion of CD8+ T cell immunity. Microbes Infect
2010;12:173–81.

[7] Odumade OA, Hogquist KA, Balfour HH. Progress and problems in
understanding and managing primary Epstein-Barr virus infections. Clin
Microbiol Rev 2011;24:193–209.

[8] Ning S. Innate immune modulation in EBV infection. Herpesviridae 2011;2
(1):92.

[9] Tsao SW, Tsang CM, To KF, Lo KW. The role of Epstein-Barr virus in epithelial
malignancies. J Pathol 2015;235:323–33.

http://refhub.elsevier.com/S1368-8375(16)30113-0/h0005
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0005
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0010
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0010
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0010
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0015
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0015
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0020
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0020
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0025
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0025
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0030
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0030
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0030
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0035
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0035
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0035
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0040
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0040
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0045
http://refhub.elsevier.com/S1368-8375(16)30113-0/h0045


116 F. Yu et al. / Oral Oncology 60 (2016) 112–117
[10] Countryman J, Miller G. Activation of expression of latent Epstein-Barr
herpesvirus after gene transfer with a small cloned subfragment of
heterogeneous viral DNA. Proc Natl Acad Sci 1985;82:4085–9.

[11] Ragoczy T, Heston L, Miller G. The Epstein-Barr virus Rta protein activates lytic
cycle genes and can disrupt latency in B lymphocytes. J Virol
1998;72:7978–84.

[12] Marchione R, Daydé D, Lenormand JL, Cornet M. ZEBRA cell-penetrating
peptide as an efficient delivery system in Candida albicans. Biotechnol J
2014;9:1088–94.

[13] Marchione R, Laurin D, Liguori L, Leibovitch MP, Leibovitch SA, Lenormand J-L.
MD11-mediated delivery of recombinant eIF3f induces melanoma and
colorectal carcinoma cell death. Mol Ther Methods Clin Dev 2015;2:14056.

[14] Yates JL, Warren N, Sugden B. Stable replication of plasmids derived from
Epstein-Barr virus in various mammalian cells; 1985.

[15] Frappier L. EBNA1 and host factors in Epstein-Barr virus latent DNA
replication. Curr Opin Virol 2012;2:733–9.

[16] Sun T-Q, Fenstermacher DA, Vos J-MH. Human artificial episomal
chromosomes for cloning large DNA fragments in human cells. Nat Genet
1994;8:33–41.

[17] Khan KH. Gene expression in mammalian cells and its applications. Adv Pharm
Bull 2013;3:257–63.

[18] Horlick RA, Sperle K, Breth LA, Reid CC, Shen ES, Robbins AK, et al. Rapid
generation of stable cell lines expressing corticotropin-releasing hormone
receptor for drug discovery. Protein Expr Purif 1997;9:301–8.

[19] Wade-Martins R, James MR, Frampton J. Long-term stability of large insert
genomic DNA episomal shuttle vectors in human cells. Nucleic Acids Res
1999;27:1674–82.

[20] Black J, Vos J. Establishment of an oriP/EBNA1-based episomal vector
transcribing human genomic beta-globin in cultured murine fibroblasts.
Gene Ther 2002;9:1447–54.

[21] Howden SE, Wardan H, Voullaire L, McLenachan S, Williamson R, Ioannou P,
et al. Chromatin-binding regions of EBNA1 protein facilitate the enhanced
transfection of Epstein-Barr virus-based vectors. Hum Gene Ther
2006;17:833–44.

[22] Durocher Y, Perret S, Kamen A. High-level and high-throughput recombinant
protein production by transient transfection of suspension-growing human
293-EBNA1 cells. Nucleic Acids Res 2002;30(2):E9.

[23] Jäger V, Büssow K, Wagner A, Weber S, Hust M, Frenzel A, et al. High level
transient production of recombinant antibodies and antibody fusion proteins
in HEK293 cells. BMC Biotechnol 2013;13:52.

[24] LLängle-Rouault F, Patzel V, Benavente A, Taillez M, Silvestre N, Bompard A,
et al. Up to 100-fold increase of apparent gene expression in the presence of
Epstein-Barr virus oriP sequences and EBNA1: implications of the nuclear
import of plasmids. J Virol 1998;72(7):6181–5.

[25] Backliwal G et al. Rational vector design and multi-pathway modulation of
HEK 293E cells yield recombinant antibody titers exceeding 1 g/l by transient
transfection under serum-free conditions. Nucleic Acids Res 2008;36(15):e96.

[26] Girard P, Derouazi M, Baumgartner G, Bourgeois M, Jordan M, Jacko B, et al.
100-liter transient transfection. Cytotechnology 2002;38:15–21.

[27] Baldi L, Hacker DL, Adam M, Wurm FM. Recombinant protein production by
large-scale transient gene expression in mammalian cells: state of the art and
future perspectives. Biotechnol Lett 2007;29:677–84.

[28] http://ahrp.org/serious-adverse-reaction-in-gene-therapy-france-us-halt-
trials/.

[29] Hacein-Bey-Abina S, Garrigue A, Wang GP, Soulier J, Lim A, Morillon E, et al.
Insertional oncogenesis in 4 patients after retrovirus-mediated gene therapy of
SCID-X1. J Clin Invest 2008;118:3132–42.

[30] Hellebrand E, Mautner J, Reisbach G, Nimmerjahn F, Hallek M, Mocikat R, et al.
Epstein-Barr virus vector-mediated gene transfer into human B cells: potential
for antitumor vaccination. Gene Ther 2006;13:150–62.

[31] Mazda O. Improvement of nonviral gene therapy by Epstein-Barr virus (EBV)-
based plasmid vectors. Curr Gene Ther 2002;2:379–92.

[32] Harada Y, Iwai M, Tanaka S, Okanoue T, Kashima K, Maruyama-Tabata H, et al.
Highly efficient suicide gene expression in hepatocellular carcinoma cells by
Epstein-Barr virus-based plasmid vectors combined with polyamidoamine
dendrimer. Cancer Gene Ther 2000;7:27–36.

[33] Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell
2006;126:663–76.

[34] Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin II, et al. Human induced
pluripotent stem cells free of vector and transgene sequences. Science
2009;324:797–801.

[35] Okita K, Yamakawa T, Matsumura Y, Sato Y, Amano N, Watanabe A, et al. An
efficient nonviral method to generate integration-free human-induced
pluripotent stem cells from cord blood and peripheral blood cells. Stem Cells
2013;31:458–66.

[36] Rajesh D, Dickerson SJ, Yu J, Brown ME, Thomson JA, Seay NJ. Human
lymphoblastoid B-cell lines reprogrammed to EBV-free induced pluripotent
stem cells. Blood 2011;118:1797–800.

[37] http://www.riken-ibri.jp/AMD/english/index.html.
[38] Hussain T, Mulherkar R. Lymphoblastoid cell lines: a continuous in vitro

source of cells to study carcinogen sensitivity and DNA repair. Int J Mol Cell
Med 2012;1(2):75–87.

[39] Johannessen I, Bieleski L, Urquhart G, Watson S, Wingate P, Haque T, et al.
Epstein-Barr virus, B cell lymphoproliferative disease, and SCID mice:
modeling T cell immunotherapy in vivo. J Med Virol 2011;83(9):1585–96.
[40] Comoli P, De Palma R, Siena S, Nocera A, Basso S, Del Galdo F, et al. Adoptive
transfer of allogeneic Epstein-Barr virus (EBV)-specific cytotoxic T cells with
in vitro antitumor activity boosts LMP2-specific immune response in a patient
with EBV-related nasopharyngeal carcinoma. Ann Oncol 2004;15:113–7.

[41] Louis CU, Straathof K, Bollard CM, Ennamuri S, Gerken C, Lopez TT, et al.
Adoptive transfer of EBV-specific T cells results in sustained clinical responses
in patients with locoregional nasopharyngeal carcinoma. J Immunother
(Hagerstown, Md: 1997) 2010;33:983.

[42] Craddock J, Heslop HE. Adoptive cellular therapy with T cells specific for EBV-
derived tumor antigens. Update Cancer Therapeut 2008;3:33–41.

[43] Adhikary D, Behrends U, Feederle R, Delecluse H-J, Mautner J. Standardized
and highly efficient expansion of Epstein-Barr virus-specific CD4+ T cells by
using virus-like particles. J Virol 2008;82(8):3903–11.

[44] Harding FA, Stickler MM, Razo J, DuBridge R. The immunogenicity of
humanized and fully human antibodies: residual immunogenicity resides in
the CDR regions. MAbs: Taylor & Francis; 2010, p. 256-65.

[45] Teoh EP, Kukkaro P, Teo EW, Lim AP, Tan TT, Yip A, et al. The structural basis for
serotype-specific neutralization of dengue virus by a human antibody. Sci
Transl Med. 2012;4. 139ra83-ra83.

[46] Traggiai E, Becker S, Subbarao K, Kolesnikova L, Uematsu Y, Gismondo MR,
et al. An efficient method to make human monoclonal antibodies from
memory B cells: potent neutralization of SARS coronavirus. Nat Med
2004;10:871–5.

[47] Simmons CP, Bernasconi NL, Suguitan Jr AL, Mills K, Ward JM, Chau NVV, et al.
Prophylactic and therapeutic efficacy of human monoclonal antibodies against
H5N1 influenza. PLoS Med 2007;4:e178.

[48] Macagno A, Bernasconi NL, Vanzetta F, Dander E, Sarasini A, Revello MG, et al.
Isolation of human monoclonal antibodies that potently neutralize human
cytomegalovirus infection by targeting different epitopes on the gH/gL/UL128-
131A complex. J Virol 2010;84:1005–13.

[49] Balla-Jhagjhoorsingh SS, Corti D, Heyndrickx L, Willems E, Vereecken K, Davis
D, et al. The N276 glycosylation site is required for HIV-1 neutralization by the
CD4 binding site specific HJ16 monoclonal antibody. PLoS One 2013;8:e68863.

[50] Maskus DJ, Bethke S, Seidel M, Kapelski S, Addai-Mensah O, Boes A, et al.
Isolation, production and characterization of fully human monoclonal
antibodies directed to Plasmodium falciparum MSP10. Malaria J 2015;14:276.

[51] http://www.google.com/patents/EP1597280B1?cl=en.
[52] Lee AW, Sze W, Au JS, Leung S, Leung T, Chua DT, et al. Treatment results for

nasopharyngeal carcinoma in the modern era: the Hong Kong experience. Int J
Radiat Oncol Biol Phys 2005;61:1107–16.

[53] Chan JYW, Wong STS. The role of plasma epstein? Barr virus DNA in
nasopharyngeal carcinoma. J Mol Biomark Diagn, 2155-9929 2013:P1–5.

[54] Chan K, Hung EC, Woo JK, Chan PK, Leung SF, Lai F, et al. Early detection of
nasopharyngeal carcinoma by plasma Epstein-Barr virus DNA analysis in a
surveillance program. Cancer 2013;119:1838–44.

[55] Lo YD, Chan LY, Lo K-W, Leung S-F, Zhang J, Chan AT, et al. Quantitative
analysis of cell-free Epstein-Barr virus DNA in plasma of patients with
nasopharyngeal carcinoma. Cancer Res 1999;59:1188–91.

[56] Wong LP, Lai KT, Tsui E, Kwong KH, Tsang RH, Ma ES. Plasma Epstein-Barr virus
(EBV) DNA: role as a screening test for nasopharyngeal carcinoma (NPC)? Int J
Cancer 2005;117:515–6.

[57] Shao JY, Li YH, Gao HY, Wu QL, Cui NJ, Zhang L, et al. Comparison of plasma
Epstein-Barr virus (EBV) DNA levels and serum EBV immunoglobulin A/virus
capsid antigen antibody titers in patients with nasopharyngeal carcinoma.
Cancer 2004;100:1162–70.

[58] Zhang G, Zong J, Lin S, Verhoeven RJ, Tong S, Chen Y, et al. Circulating Epstein-
Barr virus microRNAs miR-BART7 and miR-BART13 as biomarkers for
nasopharyngeal carcinoma diagnosis and treatment. Int J Cancer 2015;136:
E301–12.

[59] Zheng X-H, Lu L-X, Cui C, Chen M-Y, Li X-Z, Jia W-H. Epstein-Barr virus
mir-bart1-5p detection via nasopharyngeal brush sampling is effective for
diagnosing nasopharyngeal carcinoma. Oncotarget 2016;7(4):4972–80.

[60] Young L. C Epstein-Barr virus and nasopharyngeal carcinoma. Chin J Cancer
2014;33(12):581–90.

[61] Israel BF, Kenney SC. Virally targeted therapies for EBV-associated
malignancies. Oncogene 2003;22:5122–30.

[62] Hutajulu SH, Kurnianda J, Tan IB, Middeldorp JM. Therapeutic implications of
Epstein-Barr virus infection for the treatment of nasopharyngeal carcinoma.
Ther Clin Risk Manag 2014;10:721–36.

[63] Chia W-K, Teo M, Wang W-W, Lee B, Ang S-F, Tai W-M, et al. Adoptive T-cell
transfer and chemotherapy in the first-line treatment of metastatic and/or
locally recurrent nasopharyngeal carcinoma. Mol Ther 2014;22:132–9.

[64] He J, Tang X-F, Chen Q-Y, Mai H-Q, Huang Z-F, Li J, et al. Ex vivo expansion of
tumor-infiltrating lymphocytes from nasopharyngeal carcinoma patients for
adoptive immunotherapy. Chin J Cancer 2012;31:287.

[65] Lin C-L, Lo W-F, Lee T-H, Ren Y, Hwang S-L, Cheng Y-F, et al. Immunization
with Epstein-Barr Virus (EBV) peptide-pulsed dendritic cells induces
functional CD8+ T-cell immunity and may lead to tumor regression in
patients with EBV-positive nasopharyngeal carcinoma. Cancer Res
2002;62:6952–8.

[66] Duraiswamy J, Sherritt M, Thomson S, Tellam J, Cooper L, Connolly G, et al.
Therapeutic LMP1 polyepitope vaccine for EBV-associated Hodgkin disease
and nasopharyngeal carcinoma. Blood 2003;101:3150–6.
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