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Abstract
Epstein-Barr virus (EBV) is a herpesvirus  associated with  approximately 1% of tumors worldwide.  Although EBV is consistently detected in nasopharyngeal 
carcinoma(NPC) biopsy, it is hardly detected in normal nasopharyngeal epithelium. The mechanism how virus establishes latent infection in tumor epithelial cells, 
including the source of virus and the route of entry, has not been fully elucidated largely due to the lack of appropriate in vivo models.  We herein aim to investigate the 
potential route that epithelial cells are infected with EBV. To this end, we established in vivo model system by injection of cell-free EBV or EBV producer line Akata 
cells together with EBV negative NPC line HONE-1 cells. Akin to in vitro infections, we presented the first in vivo evidence that cell-mediated transfer infection 
via Akata cells was much more efficient than cell-free virus. These cells then expressed the EBV latency-associated small RNA EBERs, but not lytic antigens, such as 
BZLF1. However, when cells were inoculated at separate sites, EBV producer line Akata cell failed to demonstrate the ability of migrating from distant location to 
interact with HONE-1 cell to establish latent infection. In conclusion, cell-cell contact is critical for in vivo EBV infection of nasopharyngeal epithelial cells.

*Correspondence to: Hironori Yoshiyama, Department of Microbiology, 
Shimane University Faculty of Medicine, Japan, Tel: +81 853-23-2111; E-mail: 
yosiyama@med.shimane-u.ac.jp

Fenggang Yu, Department of Otolaryngology-Head and Neck Surgery, Yong Loo 
Lin School of Medicine, National University of Singapore, Tel: (65) 6772 5309; 
Fax: (65) 6775 3820; E-mail: entyf@nus.edu.sg

Key words: epstein-Barr virus, nasopharyngeal carcinoma, latent infection, cell-
cell contact, co-injection animal models

Received: May 30, 2018; Accepted: June 16, 2018; Published: June 20, 2018

Introduction
Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus 

infecting more than 90% of the adult human population. As the first 
human oncogenic virus identified, it is well known to be associated with 
malignancies of both lymphoid and epithelial origins such as Burkkit’s 
lymphoma, gastric cancer, and nasopharyngeal carcinoma (NPC) [1,2].  

Following primary infection, EBV colonizes the memory B cell 
pool and establishes lifelong persistence as a latent infection [3-
5].  According to the germinal center model [6], EBV preferentially 
establishes persistent infection within memory B cells in Waldeyer’s 
ring, a ringed arrangement of lymphoid tissue in the pharynx. The 
virus then colonizes the peripheral lymphoid system, at a low level, by 
trafficking with these memory B cells as they circulate through the body 
and back to Waldeyer’s ring. At Waldeyer’s ring, these memory B cells 
receive unknown stimuli causing lytic reactivation, releasing virions 
back into the saliva through the oropharynx epithelium [7,8].  

NPC is a cancer arising in the epithelial lining of the nasopharynx, 
an anatomical region located just above the oropharynx. EBV DNA is 
consistently detected in undifferentiated NPC (WHO Type III) biopsies 
[9], but is rarely found in normal nasopharyngeal epithelial tissues 
[10,11]. Screening programs targeting healthy high-risk individuals 
seropositive for EBV IgA antibodies have also failed to demonstrate 
EBV infection in non-malignant nasopharyngeal biopsies [12]. 
However, EBV can be found in dysplastic preinvasive nasopharyngeal 
epithelial tissues [13], suggesting that EBV infection is an early event in 
oncogenesis. The clonal nature of EBV DNA in NPC [14] also supports 
EBV infection as an early event.

Although the association of NPC with EBV has been firmly 
established, the timing and site of EBV involvement during tumor 
development have been explained by circumstantial evidences and 
remain controversial. The source of EBV which delivers virus to 
nasopharyngeal epithelium remains uncertain and has not been 

addressed by existing epithelial infection models [13,15]. On the other 
hand, virus shedding into the saliva is a hallmark of persistent EBV 
infection and can be found also in healthy carriers [8]. It is thus possible 
that the source of EBV is from cell-free virus in the saliva, or alternatively, 
from memory B cells present in circulation or the submucosa of the 
nasopharynx. In vitro, EBV infection of telomerase-immortalized 
nasopharyngeal epithelial cell lines has been demonstrated with both 
cell-free virus and co-culture with EBV-producing Akata cells [16]. 
However, in vivo models have not been developed to validate these 
hypotheses. Thus, it is of great importance to evaluate EBV infection of 
nasopharyngeal epithelial cells in animal models.

In this study, we sought to address through an in vivo model 
whether EBV latency could be established in NPC tumor epithelial cells 
by directly co-injection with cell-free virus, or by co-injection with EBV 
producer cells that provide cell-mediated infection

Materials and methods
Cell culture

HONE-1 is an EBV negative epithelial tumor cell line derived from 
the biopsy specimen of an NPC patient [17]. The negativity of EBV 
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infection in this cell line was confirmed by EBER in situ hybridization 
(ISH). EBV-producer line Akata, a human Burkitt's lymphoma-derived 
cell line carrying green fluorescent protein (GFP) tagged EBV episomes 
[18], was obtained from Prof. Kenzo Takada (Hokkaido University, 
Japan). Akata cells and HONE-1 cells were maintained in RPMI 1640 
(Sigma, St. Louis, MO) with 10% FBS. 

Virus production

EBV producer line Akata cells were cross-linked with 100 µg/ml of 
human Fab immunoglobulin G (Jackson Immunoresearch, West Grove, 
PA, USA) for 24h to induce lytic virus production. Cell suspensions 
were centrifuged for 5 min at 3,000 g, and the supernatant was filtered 
through a 0.45-µm filter to obtain cell-free virus.  Titration of cell-free 
virus was done by real time PCR using the EBNA1 Taqman probe 
(Thermo Fisher Scientific, Waltham, MA USA). Using 10-fold serial 
dilutions of genomic DNA of Namalwa cells, which have two integrated 
copies of the EBV, a standard curve was constructed by plotting the 
logarithm of the EBV DNA copy number against the measured Ct values 
(R2=0.9999). EBV genomes of DNase I treated Akata cell supernatant 
containing cell-free virus were quantified based on the standard curve 
generated.  Aliquots of virus was stored at -80°C.

In vitro EBV infection of HONE-1 cells

Two ml of supernatant containing cell-free virus at 7x107 DNA 
copies/ml was added to 2 × 105 HONE-1 cells in six-well plates in 2 ml 
of medium. For infection through cell-to-cell contact, EBV producer 
Akata cells were stimulated overnight, washed, and resuspended in 
serum free media. Virus-producing Akata cells were added to six-well 
plates and incubated with 2 x 105 HONE-1 cells in a 1:1 ratio. Floating 
cells were removed at day 2 post infections, and GFP positive cells were 
counted on day 3 to calculate the infection efficiency.

Animal models 

We tested our hypothesis in three in-vivo experimental models 
(Figure 1). 

Co-injection Model: A mixture of 106 HONE-1 cells and 106 EBV 
positive Akata cells were subcutaneously injected into first group of 
NOD/SCID/IL-2Rγnull (NSG) mice (4-5 wk old, n=5). In a second 
group of mice a mixture of 106 HONE-1 and cell-free virus (7x107DNA 
copies/ml) was injected as a control. 

Injection peripherally at separate sites: One million HONE-1 cells 
were subcutaneously injected into the front flank of NSG mice (n=5). 
Seven to ten days post injection when tumors were palpable, 106 EBV 
producer Akata cells were subcutaneously injected into ipsilateral hind 
flank or contralateral front flank (n=5 each). 

Systemic injection of EBV-producer cells: One million HONE-1 
cells were subcutaneously injected into the front flank (n=5). Seven to 
ten days post-injection when tumors were palpable, 106 EBV producer 
Akata cells were intravenously delivered through the tail vein. To 
maximize the systemic interaction of HONE-1 and EBV-producer 
cells, we repeated these experiments by intramuscular injections of 106 
HONE-1 cells into the hind leg (n=5), followed systemic delivery of 
106 EBV producing Akata cells after 7-10 days. Finally, to recapitulate 
the invasive and metastatic behaviour of NPC, we used an orthotopic 
xenograft mouse model where HONE-1 cells were directly injected 
into the nasopharynx of mice (n=5) [19]. Seven to ten days after 
nasopharyngeal injections, when an obvious decrease in body weight 
observed in mice, 106 EBV producer Akata cells were delivered through 

the tail vein. Two weeks after Akata cell administration, mice were 
sacrificed. Tumors were harvested, fixed in 10% formalin and processed 
into paraffin embedded tissue blocks.  Sections of 4 µm thickness 
were cut and used for histologic analysis. All the experiments were 
repeated twice.

Histology and immunostaining

H & E staining, immunofluorescence (IF) staining, and 
immunohistochemistry (IHC) on tissue sections were conducted as 
previously described [20]. Chromogenic EBER in situ hybridization 
(EBER-ISH) was performed according to manual book (Dako, 
Glostrup, Denmark).  For double staining, IHC of CK18 (Abcam, 
Cambridge, UK) was followed by EBER-ISH. EBER probe (Hs-EBER1, 
#310271) for RNAscope was synthesized by Advanced Cell Diagnostics 
Inc. (Newwark, CA, USA). RNAscope in situ hybridization followed by 
IHC was performed according to the manufacture’s protocol with some 
optimizations. Primary antibody CD79a were purchased from Abcam 
and Alexa Fluor secondary antibodies were from Thermo Fisher 
Scientific Inc. (Waltham, MA USA). Early phase lytic marker BZ1 
antibody was purchased from Santa Cruz biotechnology Inc. (Dallas, 
Texas, USA). Working concentrations of antibodies were used at 1:100 
to 1:200 dilutions.

Statistics 

For the quantification of EBER+ HONE-1 cells, xenograft tumors 
were cut through and every 50 µm apart, sections of 4µm thickness 
were picked up for IHC analysis.  Student's t-test was used for statistical 
analysis.

Results
In vitro infection of HONE-1 cells 

The percentage of infected HONE-1 cells by cell-free virus was 
1.02%, in contrast that was 27.7 % by cell-mediated infection with 
EBV producer line Akata cells (Figure 2). This suggests that infection 
through cell-cell contact is significantly more efficient than cell-free 
virus (p<0.05), consistent with previous studies [21,22].

In vivo infection of HONE-1 cells by co-injection

The above results demonstrated that cell-cell contact is a more 
efficient way of infecting of HONE-1 cells. We then sought to 
investigate differences between infection through cell-mediated virus 
or infection through cell-free virus using in-vivo model. Ideally, normal 
primary nasopharyngeal epithelial cells would be used as a target for 
in-vivo infection, however, many difficulties in engrafting normal 
nasopharyngeal epithelial tissues in NSG mice still remain. Thus, EBV-
negative HONE-1 cells was chosen as a target, because its xenografts are 
easily generated in vivo.

HONE-1 cells were injected together with either cell-free EBV virus 
or EBV-positive Akata cells into NSG mice subcutaneously (Figure 
1). Tumor xenografts from both groups had a similar morphology, 
consisting of nests of malignant epithelial cells admixed with stromal 
cells and blood vessels (Figure 3A and B). We next checked for the 
presence of EBV in tumors using EBER-ISH. Patches of EBV positive 
cells were identified in tumors co-injected with Akata cells, but not in 
tumors co-injected with cell-free virus (Figure 3C and D). 

To further clarify the identity of EBV infected cells, a combination 
of chromogenic EBER-ISH and IHC of cell lineage specific markers 
was employed. EBER-ISH has been considered as gold standard for 
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Figure 2. In vitro EBV infection of HONE-1 cells. HONE-1 cells were directly infected by cell-free EBV (A-C). HONE-1 cells were infected by cocultivation with Akata cells (D-F). The 
details of infection procedures are written in the materials and methods section. On day 3 post infection, the infection of HONE-1 cells was determined by GFP expression using fluorescent 
microscopy. Inserts confirm the epithelial identity of EBV infected cells by immunofluorescent staining of CK18 expression (in red). The nucleus was counterstained with DAPI. Scale 
bars=100 μm. (G) The efficiencies of infection (mean of triplicates) were plotted and compared between the two modes of infection. (Student's t test, P<0.05).

Figure 1. Schematic diagram showing in vivo injection strategies. The top panel depicting co-injection scheme; the middle panel depicting separate injection scheme; the bottom panel 
depicting systematic delivery of Akata cells, while HONE-1 cells were administered via subcutaneous, muscular, and nasopharyngeal routes
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Figure 3. EBV transfer infection of HONE-1 cells by co-transplantation of Akata cells. NSG mice were transplanted with HONE-1 cells mixed with either cell-free EBV or EBV-producing 
Aktata cells, as described in the text. Four weeks post injection, the tumour xenografs were resected for histology analysis. H&E staining and EBER in situ hybridization (ISH) were 
performed on adjacent sections at 4 μm apart. The gross histology of tumour xenografts were shown by H&E staining (A,B), and EBV infected cells were detected by conventional EBER-
ISH (C,D). EBER-positive cells (shown in brown) were found only in the group of co-injection with Akata cells (A,C), but not in cell-free virus co-injection group (B, D). Scale bars=100 μm

detecting and localizing latent EBV in tissue samples. Of note, Ck18 is 
human antigen specific and able to distinguish human epithelial cells 
from murine epithelial cells. We did not identify any EBER+ CK18+ cells 
in tumors of cell-free virus co-injection group (Figure 4A and B). In 
contrast, in the Akata co-injection group, except some EBER positive 
alone Akata cells, we detected co-expression of EBER and CK18 in a 
subset of cells, indicating successful EBV infection of HONE-1 cells 
(Figure 4C and D). To exclude the fusion of HONE-1 cells and Akata 
cells, double IF staining of CK18 and CD79a antibodies showed that 
HONE-1 and Akata cells maintained a discrete distribution in the tumor 
(Figure 4E). Finally, we confirmed these findings with a combination 
of immunofluorescent staining and RNAscope, a fluorescence-based 
in situ hybridization technique with single transcript sensitivity. Co-
localization of EBER RNA transcripts and CK18 was observed in a 
subgroup of HONE-1 cells (Figure 4F). Even with the high-resolution 
sensitivity, we were unable to detect any EBER+ HONE-1 cells in the 
cell-free virus injection group (Figure 4B).

Subsequently, IF staining was performed to examine the presence of 
viral lytic replication in EBV infected cells. None of the EBER+, CK18+ 
HONE-1 cells expressed the early phase lytic marker BZ1, while about 
2.0% of Akata cells were positive for BZ1 (Figure 4 G and H), suggesting 
in HONE-1 cells latent infection was predominant. By quantifying the 
EBER+, CK18+ cells, we found the infection rate in HONE-1 cells to be 
approximately 0.2% when co-injected with Akata cells. Pre-Treatment 
of Akata cells with human IgG cross-linking prior to co-injection 
resulted in a modest increase in the infection rate to 0.3% (Figure 4I). 

Infection of HONE-1 cells from peripheral or systemic EBV-
producing Akata cells

The peripheral injection model was aiming to mimic the interaction 
between nasopharyngeal epithelium and subepithelial lymphoid tissue. 
HONE-1 cells and Akata cells were administered subcutaneously into 
separate spots (Figure 1). Four weeks later, HONE-1 cells successfully 
formed xenograft tumor, whereas no tumor was observed at the site of 
Akata cell injection. Xenografted tumors were histologically analyzed, 
but no any EBER+ cells could be detected by either conventional or 
RNAscope EBER-ISH (data not shown). This could be due to systematic 
interaction is not sufficient to attract Akata cells to the xenograft, as 
subcutaneous tumor usually remains encapsulated and contained at the 
site of injection. To maximize interaction within the body, HONE-1 
cells were muscularly injected into hind limb, while Akata cells were 
administered subcutaneously.  Indeed, in this way, tumor was very 
invasive and even spread to the bone.  Again, any EBV+ cells could not 
be found in the peripheral and tumor parenchyma (data not shown).

Systemic injection was intended to model the long-range interaction 
from peripheral circulation. In the first set of experiment, HONE-1 
cells were subcutaneously or intramuscularly injected, while Akata cells 
were delivered via tail vein. Again, we were unable to detect any EBER+ 
cells in the tumor xenograft (Figure 5A and B). Finally, most relevant 
orthotopic model was employed. For this model, HONE-1 cells were 
directly injected into nasopharynx. Orthotopic injections resulted in 
weight loss, primary tumor formation in nasopharynx and metastases 
to lungs. Despite the high disease burden, we could not observe any 
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I

Figure 4. Confirmation of HONE-1 cells were subjected transfer-infection by Akata cells. No EBER positive cells were found in cell-free virus co-injection group no matter by conventional 
EBER-ISH. (A)or RNAScope EBER-ISH (B). Whereas in Akata cell co-injection group, two types of EBER positive cells were found, one type was CK18 negative (human antigen 
specific) and EBER positive Akata cells (C) and the other type was CK18 positive and EBER positive infected cells (D). Transplanted Akata cells (CD79a positive) and HONE-1 cells 
(CK18 positive) remain in discreet distributions, and no indication of cell fusion (E). (F): Fluorescent RNAscope EBER-ISH plus immunohistochemistry of CK18 strongly demonstrated a 
subset of HONE-1 cells (white arrow) were transfer infected by Akata cells (yellow arrow, devoid of CK18 staining). By EBV early phase lytic program marker BZ1 (in red), lytic infection 
was not detected in HONE-1 cells (G), but detected in Akata cells (H). Infection efficiency of HONE-1 cells was shown in (I): pre-treatment of Akata cells with human IgG can moderately 
enhance the infection rate

Figure 5. Systemic delivery of EBV producer Akata cells into HONE-1 xenograft. EBER-ISH showing EBER-positive cells was not detected in xenograft tumours resulted from subcutaneous 
(A) and intramuscular (B) models after intravenous injection of Akata cells, respectively. The orthotopic model recapitulates original cancer by showing the body loss (B), formation of 
primary tumour in nasopharynx (C) and distant micro-metastasis in lung (D, shown by red arrow). None of EBER-positive cells was present in primary tumour (C) and distant metastasis (D)
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EBER+ cells by conventional and RNAscope EBER-ISH after systemic 
administration of Akata cells via tail vein (Figure 5C and D). 

Discussion and conclusion
Our extensive in vivo animal models demonstrate that cell-mediated 

infection of EBV is more efficient than cell-free virus, extending the 
findings of previous in vitro studies [21,22]. This is also consistent with 
earlier findings that cell-free virus is usually incapable of or inefficient 
at infecting most epithelial cells in vitro [23].  The titer of cell-free virus 
used was high enough to achieve successful infection. We observed up 
to 60% of Daudi cells could be infected with the same cell-free virus 
preparation that failed to infect HONE-1 cells in vivo (data not shown). 
This indicates that susceptibility to infection, rather than viral titers, is 
the limiting factor. Although they are close in anatomy, cell-free EBV 
shed in the oral saliva encounters hurdles in infecting nasopharyngeal 
epithelium, such as the lack of the CD21 entry receptor in epithelial 
cells [24].  Although several EBV entry receptors into epithelium were 
discovered such as dimeric-IgA, β1 integrin, Neuropilin, and Ephrin 
receptor A2, but none of them have been shown as efficient as CD21 [25-
28].  Earlier work by Shannon-Lowe et al. also demonstrated that EBV 
virions loading onto the surface of B cells were able to transfer more 
efficiently to CD21-negative epithelial cells in vitro, compared to cell-
free virus [29]. Put together with our in vivo co-injection findings, we 
postulate that cell-mediated infection is the main mechanism by which 
EBV infection is established in nasopharyngeal epithelial cells. EBV 
infection of epithelial cells typically results in productive replication, 
as demonstrated in oral hairy leukoplakia [30] and in normal oral 
epithelium [31,32], while latent EBV infection usually occurs in 
epithelial malignancies [14]. Our results are also consistent with these 
facts, as we only observed latent infection  in HONE-1 tumor xenograt. 
This is probably because genetic alterations are the prerequisite for 
permissive latent EBV replication, such as dysregulation of the cyclin 
D1 pathway and allelic deletion of chromosome 9p carrying the p16 
locus in NPC tumor cells [13,33].

  We performed peripheral and systemic injections of Akata cells 
to mimic infection by resident and circulating B lymphocytes. Even 
in orthotopic mice model with high tumor burden, we were unable to 
detect migration of Akata cells into HONE-1 tumors. Our conclusions 
in this regard are limited, because our experiments were performed 
with Akata lymphoma cells, but not with B lymphocytes which will 
migrate more actively [34]. Our model using the HONE-1 cell line 
also has limitations, because xenograft from HONE-1 cells is models 
the establishment of tumors but cannot mimic the pre-cancerous 
phenotype that probably releases chemokines to attract B cells [34].

Memory B cells latently infected with EBV do not always serve as 
the vehicle for transfer infection. Tugizov et al. [35], reported that EBV 
infected submucosal CD14+ monocytes migrated into the epithelium 
and expanded virus to oral epithelial cells to initiate productive viral 
infection within the terminally differentiated spinosum and granulosum 
layers. In their explant model, B lymphocytes played little part in the 
spread of EBV to keratinocytes, though B lymphocytes are the source of 
EBV. Consistent with this notion, important chemokine receptors such 
as CCR1 and CCR5, and chemotaxis to inflammatory chemokines were 
not detected in B lymphocytes [36-38]. Along similar line, Walling et 
al. [39], proposed another model of EBV transition from blood to oral 
epithelium in which EBV-infected Langerhans cell precursors serve to 
transport EBV to the oral epithelium as they migrate and differentiate 
into mucosa. EBV infection of monocytes, macrophages, and dendritic 
cells has been observed both in vitro and in vivo [40-42]. Detection 
of EBV-infected macrophages in healthy asymptomatic individuals 

suggests that, like circulating monocytes, tissue macrophages may 
also serve as a vehicle for virus transmission between the blood and 
epithelium compartments [40]. In conclusion, our model favors cell-
mediated transfer EBV infection via cell-cell contact rather than exposure 
to cell-free virus alone. Extending the concurrent results, we will pin-point 
which types of cells are the ultimate vehicles in the future study.
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