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Epstein-Barr virus (EBV) is associated with malignant diseases of lymphoid and epithelial cell origin. The
tropism of EBV is due to B-cell-restricted expression of CD21, the major receptor molecule for the virus.
However, efficient infection of CD21� epithelial cells can be achieved via transfer from EBV-coated B cells. We
compare and contrast here the early events following in vitro infection of primary B cells and epithelial cells.
Using sensitive, quantitative reverse transcription-PCR assays for several latent and lytic transcripts and
two-color immunofluorescence staining to analyze expression at the single cell level, we confirmed and
extended previous reports indicating that the two cell types support different patterns of transcription.
Furthermore, whereas infection of B cells with one or two copies of EBV resulted in rapid amplification of the
viral genome to >20 copies per cell, such amplification was not normally observed after infection of primary
epithelial cells or undifferentiated epithelial lines. In epithelial cells, EBNA1 expression was detected in only
ca. 40% of EBER� cells, and the EBV genome was subsequently lost during prolonged culture. One exception
was that infection of AGS, a gastric carcinoma line, resulted in maintenance of EBNA1 expression and
amplification of the EBV episome. In contrast to B cells, where amplification of the EBV episome occurred even
with a replication-defective BZLF1-knockout virus, amplification in AGS cells was dependent upon early lytic
cycle gene expression. These data highlight the influence of the host cell on the outcome of EBV infection with
regard to genome expression, amplification, and maintenance.

Epstein-Barr virus (EBV) is a gammaherpesvirus that
asymptomatically infects the majority of the human population
during childhood and then persists for the lifetime of the host.
EBV persistence requires the establishment of a latent infec-
tion within the resting memory B-cell compartment (1), where
the viral gene expression is largely limited to the noncoding
EBV-encoded RNA (EBER) and BamA rightward transcript
(BART) RNAs, with no expression of protein-coding tran-
scripts; a type of latency sometimes termed latency 0, which
allows the virus to evade host immune responses (44). Reac-
tivation from this latent state can be nonproductive (i.e., not
producing new virus particles) with the additional expression
of up to six nuclear antigens (EBNAs) and a number of mem-
brane proteins (LMP1, LMP2, and vBcl-2), concomitant with
growth transformation of the cells. The full range of latent
gene expression, termed latency III, can be observed in tonsil-
lar B cells during primary infection manifest clinically as infec-
tious mononucleosis (29) in posttransplant lymphoproliferative
disease (67) and in lymphoblastoid cell lines (LCL) established
after infection in vitro of primary B cells with EBV (46). Other
forms of latency, spanning a spectrum between latency 0 and
latency III, are commonly associated with EBV-associated ma-
lignancies of both lymphoid and epithelial origin (44).

As with other herpesviruses, EBV-infected cells may in some
circumstances reactivate to the lytic virus replication cycle,
with the expression of more than 80 viral genes and ultimately
the release of infectious virus progeny. In some pathological
lesions, lytic infection of B cells (35) or epithelial cells (39, 67)
is readily demonstrated. In healthy infected individuals, iden-
tification of lytically infected cells has not been definitively
demonstrated, although the detection of virus in throat wash-
ings and the consistent presence of serum antibodies to lytic
cycle antigens are clear indications that reactivation of lytic
cycle is a feature of persistent infection in healthy carriers.

The EBV-host cell interactions have been extensively stud-
ied in the context of different latency states of the virus in
malignant cells, in lymphoproliferative disease of immunosup-
pressed transplant patients, and in the normal B-cell subsets of
infectious mononucleosis patients and healthy infected individ-
uals. Furthermore, the ease with which primary B lymphocytes
can be infected with EBV via the EBV-receptor CR2 (CD21)
and growth transformed into LCL has provided an amenable
model for studying normal EBV–B-cell interactions. LCL ex-
hibit the full latency III program, where all six EBNAs are
produced from a large primary transcript driven from one of
two upstream promoters, Cp or Wp. However, after infection
of B cells in vitro, the first detectable event is expression of
EBNA-LP and EBNA2 only from the Wp promoter within
hours of infection, which is followed from day 2 onward by a
decline in Wp activity and an increase in Cp-initiated tran-
scripts encoding EBNA1, -3A, -3B, and -3C in addition to
EBNA-LP and EBNA2. The LMP1, LMP2, and the noncoding
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EBER transcripts appear relatively late, between 2 and 4 days
after infection. The Qp promoter, which is used to transcribe
EBNA1 only in the more restricted latency I and latency II
states (e.g., in Burkitt’s lymphoma and Hodgkin’s disease, re-
spectively) is not normally active during the establishment of
LCL from normal B cells in culture. Interestingly, after infec-
tion in vitro, every B cell that gains a nuclear viral genome not
only activates the latency III growth transformation program
but then also amplifies the latent genome to an average of 40
to 50 copies per cell in a poorly defined process that is inde-
pendent of lytic replication (56).

In contrast to B cells, the interaction of EBV with epithelial
cells is relatively poorly understood. Early studies showed the
presence of the virus in desquamated oropharyngeal epithelial
cells of patients with acute infectious mononucleosis (54),
which was interpreted to indicate that infection and replication
of the virus normally occurs within epithelial cells prior to
infection of B cells. Indeed, recent data show the presence of
EBV DNA, mRNA, and protein in a small subset of tonsillar
epithelial cells from healthy, EBV-positive donors (41). How-
ever, some more recent data question the evidence for the
replication of EBV, or indeed the presence of the viral genome
at all, within the oropharyngeal epithelia of either the asymp-
tomatic host or in patients with infectious mononucleosis (22,
27, 37). Nevertheless, EBV replication has been reported in
normal tongue epithelium, suggesting the tongue may be a
source of EBV secreted into saliva (60). EBV lytic replication
is indisputably observed in epithelial cells in oral hairy leuko-
plakia, a nonmalignant epithelial lesion occurring in the
tongues of individuals infected with human immunodeficiency
virus. Oral hairy leukoplakia is characterized by productive
EBV replication within the upper-layer epithelial cells under-
going terminal differentiation, apoptosis, and desquamation,
strongly suggesting that EBV replication in vivo is dependent
upon the differentiation state of the epithelial cell (2, 61,
63, 67).

The evidence to date suggests that true latency in epithelial
cells is only observed in EBV-positive epithelial cell tumors
such as nasopharyngeal carcinoma (NPC) and a subset of gas-
tric carcinoma (4, 55). NPC is a tumor of undifferentiated
epithelial cells, has a 100% association with EBV, and typically
displays a latency II pattern of viral gene expression, i.e., ex-
pression of EBERs and BARTs RNA, Qp-initiated EBNA1,
LMP2, and, in a subset of tumors, LMP1. These tumors con-
tain high numbers (�40 per cell) of latent viral episomes (53);
lytic replication rarely seen, only occurs in a small subset of
tumor cells, and is usually abortive (9, 17, 33, 38, 68).

Examination of early events following in vitro infection of
primary epithelial cells and cell lines has previously been dif-
ficult because these CD21� cells are generally refractory to
infection with EBV. Gene transfection of CD21 into epithelial
lines permits efficient infection of these cells, and apparently
results in abortive lytic infection (28, 30). Some rare clones
retaining EBV may be isolated with difficulty by limiting dilu-
tion cloning (28) or the use of recombinant EBV allows drug
resistance selection of EBV-positive clones (25). EBV-positive
clones emerging from such experiments typically displayed a
latency I or II type gene expression, similar to the EBV ex-
pression in the malignant cells of undifferentiated NPC (4).

Recently, we developed a system where EBV is efficiently

delivered into epithelial cells by a more physiological process
involving transfer from the surface of virus-loaded resting B
cells (52). EBV binding to B cells is efficient by virtue of the
virally encoded gp350 interacting with cell surface CD21, the
EBV receptor. However, binding of EBV to epithelial cells,
which lack expression of CD21, is very inefficient. We have
previously shown that a considerable enhancement of epithe-
lial infection can be achieved by using a gp350-knockout re-
combinant virus and that transfer of B-cell-bound EBV to
epithelial cells also appears to overcome this barrier. This
suggests not only that gp350 inhibits the binding of EBV to
epithelial cells but also that the initial binding of EBV to B
cells via the gp350-CD21 interaction may expose further li-
gands on the viral membrane, enabling an increase in EBV
binding and entry into epithelial cells. Although a definitive
explanation for the phenomenon of transfer infection remains
to be resolved, it is likely that it has relevance for infection of
epithelial cells in vivo.

The ability to achieve efficient infection of all epithelial cell
lines tested allows early infection events to be carefully inves-
tigated qualitatively and quantitatively in sufficiently high num-
bers of cells without reverting to any drug selection to select
rare infected clones able to maintain the EBV genome. We
report here the results of such an investigation that was de-
signed to address a number of fundamental questions: (i) when
EBV enters the epithelial cells, how much reaches the nucleus,
and how many of these cells then fire EBV gene expression; (ii)
which EBV genes are expressed and with what kinetics; and
(iii) how efficient is EBV genome retention in the epithelial
cell and does the episomal virus genome amplify as it does in
B cells?

MATERIALS AND METHODS

Cells and cell lines. Primary B cells were isolated from peripheral blood as
described previously (51). Cultures of primary tonsillar epithelial cells were
generated by finely mincing epithelial cells from freshly excised tonsils and
digesting them in a collagenase-dispase solution (20,000 U of collagenase, 120 U
of dispase, 1% trypsin inhibitor, and 1.25% bovine serum albumin; Sigma) for 1 h
at 37°C with constant agitation. The digested cells were washed twice in phos-
phate-buffered saline (PBS), and the collagenase-dispase solution was discarded.
The cells were resuspended in 10 ml of serum-free keratinocyte growth medium
(Invitrogen/Gibco) containing 1% penicillin-streptomycin (Sigma) and 0.2% am-
photericin B (Fungizone; Sigma). Cultures of the established epithelial cell lines
AdAH, SVK, and HeLa were grown in RPMI 1640 medium supplemented with
10% fetal calf serum. The epithelial cell line AGS was grown in Ham F-12
medium supplemented with 10% fetal calf serum.

Virus preparations and quantitation by EBV genome load assay. Preparations
of wild-type (EBV 2089), EBNA1 knockout (KO) (24), LMP1 KO (12), BZLF1
KO (16), and EBER KO (kindly donated by H.-J. Delecluse) viruses were made
from 293 cells carrying a recombinant B95.8 EBV genome (10), with gp110 levels
optimized by transfection of a BALF4 expression plasmid (36). Cell-free virus
preparations were overlaid on a 50% solution of Optiprep (Axis Shield) buffered
with 0.85% (wt/vol) NaCl–60 mM HEPES-NaOH (pH 7.4) and centrifuged in a
SW40 rotor at 160,000 � g for 2 h to band the virus sharply at the Optiprep
interface. All of the supernatant was removed except for a volume equal to the
volume of Optiprep, the contents were then mixed and transferred to a 4.9-ml
vertical rotor Beckman tube and centrifuged at 350,000 � g for 2.4 h in a SW60Ti
vertical rotor to band the virus in a self-generated gradient of Optiprep, with
controlled deceleration. The visible virus band was harvested with a syringe and
metal cannula, and the recovered virus was quantitated by a quantitative PCR
(Q-PCR) assay amplifying the BALF5 gene (51). The virus recovered comprises
of concentrated encapsidated, enveloped virus particles, as observed by electron
microscopy (data not shown), and the Q-PCR value was used to determine the
multiplicity of infection (MOI).
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Transfer infection. Donor primary B cells were irradiated (5,000 rads) and
then incubated with EBV at an MOI of 100 genomes for 3 h at 4°C, and the cells
were washed to remove unbound virus and then incubated for 18 h at 37°C to
ensure that the B cells were competent to transfer. An aliquot of 106 virus-
primed B cells was added to each well of a 24-well plate seeded with 2 � 105

epithelial cells. The plates were gently centrifuged at 130 � g for 2 min to ensure
even coverage of the epithelial cells with B cells. After 2 h of coculture, the donor
B cells were removed from the acceptor cells by thorough washing and observed
microscopically. Transfer infection was assayed 72 h after the initiation of co-
culture as previously described (52).

Virus transfer and internalization assays. Virus binding to cells and virus
internalized within cells was determined by using a Q-PCR assay of the EBV
genome load (51); the assay also quantitates the copies of a unique cellular gene,
�2m, and all results are expressed as EBV genome copies per cell. To quantitate
virus binding to B cells, freshly isolated B cells were exposed to EBV prepara-
tions at an MOI of 50 for 3 h at 4°C; the cells were then washed well to remove
unbound virus, and an aliquot of cells immediately subjected to the Q-PCR assay
described above. To assay virus internalization, a second aliquot of virus-infected
cells was cultured for 16 to 18 h at 37°C and then treated with chymotrypsin to
remove all virions from the cell surface (51) before being subjected to Q-PCR
assay to determine the mean number of internalized genomes per cell. To
quantitate virus binding to epithelial cells, cultures of adherent epithelial cells
were exposed for 1 h at 37°C to virus-loaded B cells (see above), and then B cells
were washed off as described previously (52) before the epithelial cells were
harvested by brief trypsin treatment (which does not to affect surface-bound
virions) and washing. Bound and internalized virus was quantitated by Q-PCR as
described above for B cells.

FISH. Viral genomes were detected by fluorescence in situ hybridization
(FISH) with an EBV cosmid (cm302-21) probe as described previously (11, 42).

Quantitative reverse transcription-PCR (RT-PCR) for EBV transcripts. Total
RNA was isolated from infected B cells and epithelial cells at 1 to 5 days
postinfection, using a Nucleospin II RNA purification kit (Macherey-Nagel)
according to the manufacturer’s instructions. One microgram of RNA was fur-
ther digested with DNase (DNA-Free; Ambion) according to the manufacturer’s
instructions.

For quantitative RT-PCR assay of EBERs, 400 ng of denatured RNA was
reverse transcribed in a 20-�l reaction volume with AMT-RT (Roche) for 1 h at
42°C using a combination of 3� EBER1 (5�-GAC CAC CAG CTG GTA C)-,
EBER2 (5�-GGA CAA GCC GAA TAC C)-, and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) (3)-specific primers. The reaction was terminated by
heat inactivation. A 25-ng portion of cDNA was added to each quantitative
RT-PCR to quantify EBER1 using primers (5�-TGC TAG GGA GGA GAC
GTG TGT and 3�-TGA CCG AAG ACG GCA GAA AG) with a 5�FAM and
3�TAMRA-labeled probe (5�-AGA CAA CCA CAG ACA CCG TCC TCA
CCA) and to quantify EBER2 using primers (5�-AAC GCT CAG TGC GGT
GCT A and 3�-GAA TCC TGA CTT GCA AAT GCT CTA) and probe (5�-
CGA CCC GAG GTC AAG TCC CGG) for unspliced transcripts.

Quantitative RT-PCRs for other EBV transcripts were performed using a pool
of 3� EBV gene-specific primers as previously reported (3). Briefly, 20 ng of
cDNA was added to each quantitative RT-PCR to quantify Wp- and Cp-initiated
EBNA mRNAs; YUK-spliced EBNA1 mRNA; Qp-initiated QUK spliced
EBNA1 mRNA; and LMP1, LMP2a, and BZLF1 mRNAs.

EBER ISH. After transfer infection of epithelial cells (see above) EBER in situ
hybridization (ISH) was performed by using an EBER ISH kit (Dako) according
to manufacturer’s instructions. EBER-positive cells were detected by light mi-
croscopy using an alkaline phosphatase-conjugated antibody to an EBER PNA
probe in the presence of BCIP (5-bromo-4-chloro-3-indolylphosphate) and ni-
troblue tetrazolium.

Immunofluorescence detection of EBV proteins. Epithelial cells were plated
onto chamber slides and infected by transfer infection. After 1 to 5 days, the
epithelial cells were washed, fixed in 2% paraformaldehyde for 20 min at room
temperature, and permeabilized in 0.5% Triton X-100 for 5 min at room tem-
perature. The cells were stained for EBNA1 (R4; kindly donated by Laurie
Frappier), LMP1 (CS1-4 [45]), BZLF1 (BZ1 [67]), diffuse early antigen (EA-D;
Chemicon), gp350 (72A1 [21]), and VCA (Chemicon). All nonconjugated mouse
monoclonal antibodies were labeled with Alexa Fluor 488 or 594 (Zenon kit;
Invitrogen) and used immediately postlabeling.

Gardella gel analysis. Virus particles (5 � 107) from EBV 2089 preparations
were precipitated in polyethylene glycol 1500 (PEG), incubated for 3 h at 4°C,
and pelleted at 11,000 � g for 20 min, and the virus pellet was resuspended in 10
�l of PBS. One-million green fluorescent protein (GFP)-positive AGS, Raji, and
LCL cells were washed and resuspended in 10 �l of PBS. The virus pellet and
cells were mixed with 10 �l of 15% Ficoll and then loaded onto a 0.8% Tris-

acetate EDTA agarose Gardella gel, lysed “in well” with 20% sodium dodecyl
sulfate, and run as previously described for 18 h at 4°C (19). The gel was stained
with ethidium bromide for 30 min with gentle rocking and then visualized. The
DNA in the gel was depurinated in 0.25 M HCl for 30 min, neutralized in sterile
distilled water for 30 min, and then denatured in 0.5 M NaOH–1.5 M NaCl for
30 min. The DNA was then transferred to nitrocellulose membrane (Amersham
Hybond N�) by Southern blotting and hybridized in Church buffer. Then, 10 ng
of EBV BamW probe was labeled by nick repair with [�-32P]dCTP according to
the manufacturer’s instructions (Invitrogen) and hybridized to the membrane for
18 h. The membrane was washed five times and exposed to film for 24 h.

RESULTS

Viral entry into epithelial cells. The first set of experiments
sought to compare epithelial and B-cell infections by quanti-
tating the amount of virus binding to the cell surface and its
subsequent internalization. The experiments in Fig. 1A show

FIG. 1. EBV entry into B cells and primary epithelial cells. Virus
binding and internalization assays on primary B cells and on epithelial
cells infected by transfer infection and direct infection using purified
infectious EBV particles at an MOI of 50. (A) Q-PCR assays were
used to measure the amount of virus bound to the cell surface and the
amount of virus that had entered after incubation at 37°C for 24 h. The
results are the means 	 the standard deviations of six independent
B-cell infection experiments and four independent primary epithelial
cell experiments. (B) Detection of viral genomes by FISH. Primary B
cells and primary epithelial cells were exposed to purified EBV as
described above, and extracellular or internalized genomes were de-
tected by green fluorescence. Nuclei are identified by DAPI staining.
(C) Distribution of EBV genome numbers detectable per primary
B-cell, primary epithelial cell, and AdAH epithelial cell line. The
results are expressed as the percentage of cells with 1 to 18 genomes
per nucleus.
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the results of Q-PCR assays 	 the standard deviation of four
independent epithelial cell experiments and six B-cell experi-
ments measuring the amount of virus initially bound to the
cells and the amount of virus that had entered the cells after
incubation at 37°C. Thus, B cells exposed to purified virus at an
MOI of 50 virus genome copies per cell for 3 h at 4°C bound
a mean of about 45 copies per cell (Fig. 1A, left). After 18 h in
culture at 37°C, stripping of the virus-loaded B-cell surface by
chymotrypsin showed that by that time a mean of 13 virus
genomes per cell had been internalized (Fig. 1A, left panel).
To analyze infection of epithelial cells, virus-loaded B cells
were cocultured for 1 h with either adherent primary epithelial
cells or cell lines at a B-cell/epithelial-cell ratio of 5:1, and then
the B cells were washed off. In Fig. 1A (middle panel) shows
representative results obtained after transfer infection of the
AdAH epithelial cell line and primary epithelial cells, which
acquired a mean of 15 genomes per cell, of which about 10
genomes per cell had internalized and could not be removed by
chymotrypsin. However, many of these genomes did not reach
the nucleus, as observed by immunofluorescence for viral cap-
sid (data not shown). Direct exposure of the same epithelial
cells to the purified virus preparation alone, again at an MOI
of 50 virus genomes per cell, produced low levels of virus
binding and internalization, up to a maximum of four particles
bound per primary epithelial cell (Fig. 1A, right) and four
particles per AdAH cell, although AGS could bind up to
twelve particles per cell (data not shown).

Visualizing cell surface virions by FISH for the viral genome
showed that essentially all B cells had bound virus particles
after incubation with EBV at an MOI of 50, whereas with
epithelial cells ca. 25% of cells typically acquired the genome
following transfer infection. Shortly after infection, virus par-
ticles were detected by FISH at the cell surface (Fig. 1B, left
panel), whereas after incubation of the cells at 37°C, virus
genomes were detected intracellularly in the nucleus (Fig. 1B,
middle and right panels). Delivery of the virus genome to the
nuclei of infected cells at 48 h postinfection was quantified by
enumerating FISH signals in individual nuclei from B-cell and
epithelial-cell cultures in order to analyze the distribution of
viral genome copies at the single-cell level (Fig. 1C). In the
primary B-cell, primary epithelial cell, and AdAH cell types,
most nuclei had acquired between 1 and 4 genomes, with
progressively fewer cells showing higher loads up to a max-
imum of 18 genomes per nucleus. Similar results were ob-
tained with other epithelial target cells, namely, a simian
virus 40-transformed keratinocyte line, SVK, and the semi-
permissive AGS line. Epithelial cells exposed to virus via
coated B cells showed evidence of at least 10-fold greater
virus genome entry than cells infected with cell-free virus
(data not shown).

Quantitative RT-PCR analysis of EBV gene expression in
infected B cells versus infected epithelial cells. In the next
series of experiments, we compared EBV gene expression at
the mRNA level in freshly infected B cells and epithelial cells.
Freshly isolated primary B cells were infected with wild-type
EBV at an MOI of 50; primary epithelial and AdAH cells were
infected by transfer infection as in the previous set of experi-
ments. RNA was harvested from the replicate cultures of in-
fected cells at 24-h intervals over 5 days postinfection, and
EBV transcripts were measured by using quantitative RT-PCR

and normalized against GAPDH transcripts as previously de-
scribed (3). Figure 2 shows the results from a representative
experiment. The first transcripts observed after infection of
epithelial cells are the EBERs, which appear about 4 to 6 h
postinfection and are transcribed at higher levels than that
seen in the primary B cells for the first 3 days postinfection.
EBER expression in the B cells is initiated about 24 h postin-
fection but remains very low until the cells start replicating at
4 to 5 days postinfection. In B cells, the first transcripts are
initiated from Wp, followed by Cp-initiated Y-U-K transcripts.
In primary and epithelial cell lines, however, very little Wp/
Cp-initiated transcription was observed and consequently little
EBNA2 or EBNA1 from the Y-U-K splice; EBNA1 was in-
stead transcribed from the Qp-initiated Q-U-K splice by 24 h
postinfection and was followed by transcription of LMP1,
LMP2a, and BZLF1, which was maximal on average by 2 to 3
days postinfection and gradually dropped over time. The
BART transcripts were highly expressed after infection of ep-
ithelial cell lines, peaking at days 2 or 3 and then declining to
lower levels at days 4 to 5; in contrast, infection of B cells
resulted in lower levels of BARTs which peaked later, at day 4
or 5. Interestingly, only very low levels of BARTs were de-
tected in the primary epithelial cells.

Viral gene expression at the single cell level. The quantita-
tive RT-PCR data clearly showed that the pattern of transcrip-
tion of the EBV genome differed markedly at the population
level in a cell-type-dependent manner. We next sought to de-
termine what viral genes are expressed at the single-cell level
and whether there is heterogeneity within a culture of infected
cells, as there is, for example, in the number of viral genomes
in the nucleus (Fig. 1C). We have previously shown that that
every primary B cell receiving a viral genome in its nucleus will
express EBNA2 and go on to express the full set of growth
transforming genes (51). However, we do not know whether
every genome within the nucleus of an epithelial cell will fire or
what it will express in the first few days of infection.

Figure 3A shows representative photomicrographs from a
typical experiment using the AdAH epithelial cell line. Cells
were observed for GFP expression as a marker of infection
with the recombinant 2089 EBV, and for EBER expression by
ISH at 24 h postinfection. Up to 48% of the cells expressed
GFP and the EBERs over the first 6 days postinfection. There-
fore, most if not all epithelial cells receiving a viral genome in
their nucleus fired to express EBERs. This was confirmed by
sorting the GFP-expressing cells at 24 h postinfection and then
performing ISH for EBERs (data not shown). These cells were
also analyzed by immunofluorescence for the expression of the
latency genes EBNA1 and LMP1, the immediate-early lytic
BZLF1 protein, early antigen (EA), and the late gp350 antigen
for 6 days postinfection (Fig. 3B and C). Example photomi-
crographs are shown to illustrate the results of immunofluo-
rescence staining at 3 days postinfection, when mRNA tran-
scription was maximal. Surprisingly, only 30% of the cells with
a viral genome and expressing GFP and the EBERs made
EBNA1, the genome maintenance protein, and less than 10%
of cells made LMP1. About 15% of the cells entered the lytic
cycle, expressing BZLF1 protein, but very few of these pro-
gressed to express early or late antigen, showing that the virus
lytic cycle is abortive in the majority of BZLF1-expressing cells.

After the EBERs, EBNA1 was the most abundantly ex-

7752 SHANNON-LOWE ET AL. J. VIROL.



pressed of the EBV genes in freshly infected epithelial cell
lines. However, EBNA1 was only expressed in 30% of all
EBER-positive cells. This raised the question of to what extent
EBV latent and lytic proteins were expressed in different sub-
populations or were coexpressed in the same cells. Infected
epithelial cells were, therefore, double stained to address this
question. Epithelial cells were grown on eight-well chamber
slides and, on each day for 6 days postinfection, replicate
cultures were fixed and stained for the latent gene products
EBNA1, LMP1, BZLF1, early antigen (EA-D), and gp350.
Figure 4 shows representative photomicrographs of epithelial
cells stained at day 3 postinfection. The results show that cells
expressing LMP1, BZLF1, EA-D, or gp350 were always coex-
pressing EBNA1. There was, however, only a partial overlap of
LMP1 and BZLF1 expression; this is consistent with the ex-

pression of LMP1 as a latent gene in a subpopulation of
EBNA1-positive cells and as an early lytic cycle antigen in
some BZLF1-positive cells. Together, the results in Fig. 2 to 4
show that by 3 days postinfection of epithelial cells, at least
three types of gene expression are observed in different sub-
populations: EBER� only; latency I (EBER and EBNA1);
latency II (EBER, EBNA1, and LMP1); and abortive lytic
cycle (EBER, EBNA1, BZLF1, 	LMP1, 	EA-D).

Recombinant EBV gene KO-infected AdAH epithelial cells.
The predominance of EBER and EBNA1 expression with dif-
ferential expression of LMP1 and BZLF1 during the early
stages of epithelial cell infection suggests the EBERs or
EBNA1 may be key regulators of EBV gene expression in early
epithelial cell infection. We therefore used of a panel of re-
combinant viruses with individual gene knockouts to test

FIG. 2. Kinetics of viral transcription after infection of B cells and epithelial cells. EBV transcripts were assayed by quantitative RT-PCR after
infection of primary B cells, primary epithelial cells, and the AdAH epithelial cell line. The results for BARTs, EBERs, Wp, Y-U-K EBNA1,
LMP1, and LMP2 transcripts are displayed as gene expression relative to a latency III, Wp-using reference LCL, X50-7; Cp transcripts are
displayed relative to a latency III, Cp-using reference LCL, Oku-LCL; Q-U-K EBNA1 transcripts are expressed relative to a reference latency I
Burkitt’s lymphoma line, Rael; and BZLF1 transcripts are expressed relative to a reference LCL, Chege-LCL, containing ca. 2% cells in lytic cycle.
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whether EBERs or EBNA1 were essential for expression of
downstream lytic or latent EBV genes.

Epithelial cells were infected by transfer infection with ei-
ther wild-type, EBER1/2 KO, EBNA1 KO, LMP1 KO, or
BZLF1 KO recombinant viruses. The cells were sorted for
GFP expression at 18 h postinfection and then stained daily for
EBNA1, LMP1, and BZLF1 for 5 days. Figure 5A shows the
percentage of antigen-positive cells for the wild-type and KO
virus infections. Infection with the EBER1/2 KO virus showed
no difference in the expression of EBNA1, LMP1, or BZLF1
compared to that observed with the wild-type virus. In contrast,
infection with the EBNA1 KO virus resulted in a substantial

reduction in BZLF1 expression and a small increase in the
pool of latent LMP1-positive cells. A similar reduction in the
percentage of BZLF1-positive cells, together with a small in-
crease in the percentage of latent EBNA1-positive cells, was
also observed when AdAH cells were infected with the LMP1
KO virus. Infection with the BZLF1 KO virus resulted in a
slight reduction in EBNA1-positive cells and a smaller reduc-
tion in LMP1-positive cells. These data, summarized in the
Venn diagrams in Fig. 5B, suggest that the EBERs do not
regulate the expression of the other EBV genes in this epithe-
lial cell infection model but that EBNA1 and LMP1 are nec-
essary for efficient entry into lytic cycle.

Maintenance of the viral genome. After infection of primary
resting B cells, every cell in which one viral genome enters the
nucleus will fire the Wp promoter to express EBNA2 and
EBNA-LP, followed by expression of the full growth transfor-
mation program and the generation of a continuously replicat-
ing lymphoblastoid cell line without loss of the viral genome.
To examine viral genome maintenance in epithelial cells, we
sorted GFP-positive (EBV genome-positive) AdAH cells at
24 h postinfection, cultured them for 50 days without hygro-
mycin selection for the recombinant EBV genome, and then
analyzed aliquots every few days for GFP expression, viral
genome maintenance by FISH, EBER expression by ISH, and
EBNA1 expression by immunofluorescence. AdAH cells were
used as a model of epithelial cells for this set of experiments,
since primary epithelial cells stop growing after a limited num-

FIG. 3. Viral gene expression at the single epithelial cell level.
(A) Photomicrographs of phase-contrast, GFP fluorescence (upper
panels) and EBER ISH (lower panel) of AdAH cultures at 72 h
postinfection. GFP and EBER expression were quantified and are
represented as the percent expression for an average experiment up to
6 days postinfection. (B) Photomicrographs of phase-contrast and GFP
fluorescence of AdAH cells sorted for GFP expression 24 h postinfec-
tion. Cells were stained for expression of the latent gene products
EBNA1 and LMP1 plus the lytic gene products BZLF1, early antigen
EA, and the late antigen gp350. (C) Expression of the latent and lytic
gene products was quantitated daily to 6 days postinfection from a
population of 100% infected (GFP �ve) cells.

FIG. 4. Heterogeneous viral gene expression at the single-cell level.
Phase-contrast and fluorescence images of EBV gene expression show
heterogeneous gene expression in different subpopulations of AdAH
epithelial cells: EBNA1 alone (latency I); EBNA1 and LMP1 (latency
II); and EBNA1, BZLF1, 	LMP1, 	EA (abortive lytic).
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ber of passages. As initially observed, all cells expressing GFP
also contained the viral genome and expressed EBERs, al-
though only 24 to 30% of the cells expressed EBNA1. After
serial passage, viral genomes were rapidly lost from the in-
fected cells, concomitant with the loss of GFP and EBERs.
More than 80% of the cells lost their EBV genome within the
first 15 days postinfection (Fig. 6), but after approximately 20
days the rate of genome, GFP, and EBER loss became much
more gradual, with only a 5% loss over the next 30 days. The
initial loss of EBNA1 expression was significantly slower than
the loss of genome, GFP, and EBERs but, even after 50 days
when the virus-positive population appeared to have stabilized,
less than half of the genome-positive cells expressed EBNA1.

The GFP-positive cells were resorted at 50 days postinfec-
tion and again assayed for GFP, viral genome, EBER, and
EBNA1. A similar loss of GFP, genome, EBERs, and EBNA1
was observed. Together, these results suggest that the presence
and latent expression of the viral genome in nonpermissive

FIG. 5. Recombinant EBV gene knockout infected epithelial cells.
AdAH epithelial cells were infected with either wild-type, EBER1/2
KO, EBNA1 KO, LMP1 KO, or BZLF1 KO recombinant viruses. The
cells were sorted for GFP expression at 18 h postinfection, and the cells
were analyzed daily for the viral genome (FISH); for expression of
EBER1/2 (ISH); and for expression of EBNA1, LMP1, and BZLF1
(immunofluorescence). The results are displayed as the percent ex-
pression of EBNA1, LMP1, and BZLF1 in 100% infected cells (GFP
�ve) over 5 days postinfection (A) and as Venn diagrams to identify
the subpopulations of cells expressing one or more EBV genes (B).

FIG. 6. Maintenance of the viral genome in epithelial cells. AdAH
epithelial cells were infected with wild-type virus, sorted for GFP
expression at 24 h postinfection, and assayed at every passage over 50
days for GFP expression, viral genome (FISH), EBER1/2 expression
(ISH), and EBNA1 expression (immunofluorescence). The cells were
then resorted for GFP expression at day 50 and assayed for a further
50 days for the above. The results are displayed as the percent expres-
sion of each parameter over 100 days.

VOL. 83, 2009 EBV INFECTION OF EPITHELIAL CELLS 7755



epithelial cells confers no obvious direct growth or survival
advantage.

Amplification of the viral genome. When B cells are infected
at a low MOI, so that the majority of cells have one or two
genomes per cell after 48 h, an amplification of the episomal
copy number subsequently ensues so that by 30 days postin-
fection the majority of infected B cells have in excess of 20
copies of the EBV episome in each cell (Fig. 7A, first-row
histograms). In contrast, infection of primary epithelial or
AdAH epithelial cells with similar numbers of viral genomes
does not result in genome amplification even when the cultures
of AdAH were followed for 100 days (Fig. 7A, second and
third rows). Infected cultures of the simian virus 40-trans-
formed keratinocyte line SVK likewise demonstrated an ab-
sence of genome amplification. In contrast to these nonper-
missive epithelial cells, infection of the semipermissive
epithelial cell line, AGS, resulted in the majority of cells main-
taining the viral genome and expressing EBNA1. Notably,
these cells amplified the virus episome from an average input
of two to four genomes to 20 to 40 episomes per cell within 2
to 4 weeks, starting from 4 days postinfection (Fig. 7A, fourth
row).

The AGS epithelial line differs from the other lines exam-
ined in being slightly more differentiated and, subsequently, it
is semipermissive for lytic virus production. Typically, 100% of
genome-positive cells express EBNA1 and 40% of cells express
BZLF1 within 3 days of infection and longer-term cultures
show ca. 30% BZLF1-positive cells. Interestingly, fewer than
4% of infected cells progress to late lytic cycle, raising the
possibility that abortive lytic cycle might somehow be respon-
sible for genome amplification. In B cells, EBV episomal am-
plification is independent of lytic replication since LCL estab-
lished by transforming primary B cells with a recombinant
BZLF1-KO EBV (which is unable to enter virus lytic cycle)
show genome amplification similar to that seen with LCL
transformed with wild-type EBV (Fig. 7B). However, infection
of AGS cells with the BZLF1-KO recombinant EBV showed
very little or no genome amplification. Gardella gel analysis of
AGS cells and primary B cells 4 weeks postinfection showed
this that amplification is episomal (Fig. 7C).

DISCUSSION

While EBV infection of primary B cells is readily achieved in
vitro and has been well studied, the inability to achieve efficient
infection of epithelial cells in vitro has until recently hampered
investigations comparing the behavior of virus infection in
these two cell types. Now, using our “B-cell transfer” method
to infect primary epithelial cells and epithelial lines (52), we
have been able to study infection of both B cells and epithelial
cells in parallel.

At the population level, infection of primary epithelial cells
and transformed lines was distinguished by higher expression
of the noncoding EBERs and of LMP1 and LMP2A coding
transcripts in the first 48 h postinfection. Furthermore, EBNA1
was exclusively expressed from Qp-derived mRNA. Wp and
Cp promoters were essentially silent at all time points after
infection of epithelial cells, in contrast to B-cell infections
where Wp/Cp-derived mRNA are abundantly expressed and are

responsible for the ordered expression of EBNA2 and EBNA-LP
and then EBNA1, EBNA3A, EBNA3B, and EBNA3C.

Expression of BZLF1 lytic cycle transcripts was generally
more pronounced in epithelial cell lines, although the lytic
cycle appears to be abortive. In primary B cells and in primary
epithelial cells, the amount of BZLF1 transcripts increased
steadily over a 5-day period. In contrast, the BZLF1 transcripts
peaked at day 2 in the AdAH epithelial line, a finding remi-
niscent of what has been observed when the Akata BL line is
synchronously induced into lytic cycle (58). It is possible, there-
fore, that the difference between primary epithelial cells and
AdAH with regard to the time course of BZLF1 transcription
reflects the heterogeneity of the primary cultures, resulting in
asynchronous induction of lytic cycle in different subpopula-
tions at different times postinfection. Another unexpected re-
sult was that primary epithelial cells produced virtually no
BARTs, as detected by our quantitative RT-PCR assay, rela-
tive to infection of transformed epithelial lines or primary B
cells. The BARTs comprise a very complex set of transcripts,
from which viral micro-RNAs are generated. The exact nature
of this altered expression of BARTs in primary epithelial cells,
and the consequence for viral micro-RNA expression, is cur-
rently under investigation.

Analysis of viral gene expression at the single-cell level
showed that every infected B-cell follows an ordered pattern of
viral gene expression; EBNA2/EBNA-LP and then EBNA1
and EBNA3A/EBNA3B/EBNA3C. However, EBV gene ex-
pression in the epithelial cell lines was very heterogeneous,
giving rise to at least three different patterns of gene expression
in the same homogeneous culture of cells. Analysis of gene
expression at the single cell level showed that LMP1 expression
in epithelial cells was detected exclusively in a subpopulation
of EBNA1� cells, and these included both BZLF1� and
BZLF1� cells.

The single-cell analysis also revealed that the EBERs were
expressed in all genome-positive cells, whether B cells or epi-
thelial cells. However, in undifferentiated epithelial cells, less
than 40% of the EBER� cells were EBNA1�. Consequently,
over a period of culture in which the cells divided many times,
the EBV genome was lost from infected epithelial cells. Inter-
estingly, even when EBV� subpopulations were selected after
several weeks in culture, the proportion of EBNA1� cells
remained low, and the genome was again lost at a similar rate
as during earlier passages. This suggests that the presence and
expression of the EBV genome did not confer a growth ad-
vantage over uninfected cells, despite the presence of some
cells showing the same latency II pattern of transcription as is
found in NPC. In particular, the expression of LMP1 might
have been expected to confer some advantage. LMP1 is a
potent activator of the NF-
B signaling pathway (15, 23) and
other signaling pathways, such as JAK/STAT (20), which to-
gether can upregulate in various cell models: antiapoptotic
genes such as Bcl-2, A20, and Mcl-1 (18, 47, 62); proinflam-
matory cytokines such as interleukin-6 (IL-6) and IL-8 (14, 15);
and cell surface receptors and adhesion molecules such as
EGFR, CD40, and CD54 (5, 34). LMP1 is able to suppress
cellular senescence in rat fibroblasts by repressing the expres-
sion of the p16INK4a and its downstream mediators, E2F4 and
E2F5 (40, 65). However, in vitro infection of primary undiffer-
entiated tonsillar epithelial cells by EBV does not result in the
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FIG. 7. Amplification of the viral genome. (A) Primary B cells and primary epithelial cells (upper two panels), AdAH epithelial cells (third
panels), and AGS epithelial cells (fourth panels) were infected with wild-type recombinant EBV and sorted for GFP expression at 48 h
postinfection. The infected cells were examined immediately or after 30 days for viral genome copy number per cell by FISH. The results are
displayed as the numbers of viral genomes per cell at 48 h postinfection (left-hand panels) and at 30 days postinfection (right-hand panels).
(B) Detection of viral genomes by FISH. Primary B cells and AGS cells were infected at an MOI of 1 with wild-type or BZLF1 KO viruses. The
cells were examined at 40 days postinfection for genome amplification. Viral genomes are detected by green fluorescence, and nuclei are identified
by DAPI staining. (C) Detection of circular and linear viral genomes by Gardella gel analysis and Southern blotting. PEG-precipitated viral
particles were used as a control for linear viral genomes, Raji cells were used as a control for episomal DNA, and LCLs were used as a control
for both episomal and linear DNA. The vast majority of viral DNA in AGS cells with amplified viral genomes corresponds to episomal DNA, with
a very small proportion being linear.
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suppression of senescence (C. Shannon-Lowe, unpublished re-
sults). In addition, EBNA1 (24), LMP2A (31, 43), EBERs (48,
64), and the BART-5 micro-RNA (8) have all been reported to
confer survival and/or proliferative advantage in certain cell
models, but clearly their expression with or without LMP1 is
insufficient to growth transform primary epithelial cells or to
confer a growth advantage to undifferentiated epithelial cell
lines after in vitro infection with EBV in our culture system.

A significant feature of EBV-associated lymphoid and epi-
thelial cell tumors is the presence of multiple copies of the
EBV genome in every cell, which are maintained as episomes
rather than integrated into the host cell chromosomes. NPC is
no exception, having at least 40 to 50 copies per cell (53). After
infection of primary B cells in vitro using one virus copy per
cell, the virus genome amplifies in every infected cell to an
average of 40 to 50 copies per cell within the first month after
infection (Fig. 7). This amplification is not due to virus lytic
replication since it occurs at the same rate and to the same
copy number after infection with a recombinant virus defective
for lytic replication (�BZLF1-EBV). We observed no ampli-
fication of the episomal EBV genome after infection of the
primary epithelial cells or undifferentiated AdAH or SVK ep-
ithelial cells, and these cells progressively lost the viral ge-
nomes after multiple passage. The AGS gastric carcinoma line
was exceptional in being able to amplify the viral genome
within days after infection, resulting in an average of around 40
genomes per cell, the vast majority of which are episomal.
Furthermore, as with B cells, the genome-positive AGS cells
expressed EBNA1 and were able to maintain the viral genome
over serial passage. However, in contrast to B cells, little or no
genome amplification was seen in AGS cells infected with the
replication-defective �BZLF1-EBV, which suggests different
mechanisms of genome amplification might operate in these
two cell types. It is possible that one or more of the latency-
associated growth-transforming viral genes expressed in B cells
but not epithelial cells is primarily responsible for episomal
genome amplification in B cells and that amplification in epi-
thelial cells is mediated by an early lytic cycle gene. However,
the induction of lytic cycle per se is insufficient to initiate
episomal genome amplification in epithelial cells, since no such
amplification was observed in the AdAH or SVK lines in which
a subpopulation of cells entered lytic cycle. This suggests that
differentially expressed cellular factors within the epithelial cell
lineage might also regulate the ability to achieve episomal
genome amplification.

Successful maintenance, duplication, and partitioning of the
viral episome within the tumor cells require both EBNA1 and
the viral latent origin of plasmid replication (oriP). EBNA1
binds the EBV genome via a DNA-binding domain at specific
sites within the oriP, DS, and FR (66) and tethers these ge-
nomes to cellular metaphase chromosomes through chromo-
some-binding domains or AT hooks (32, 49, 50). It is therefore
not surprising that, in the absence of significant EBNA1 ex-
pression, the viral genome is unable to tether to the host
chromosomes and is rapidly lost during cellular replication.
Our experiments show that EBNA1 mRNA is transcribed from
the Qp promoter after primary infection epithelial cells, similar
to what is observed in NPC and gastric carcinomas (3, 57, 59),
although the fact that we detect EBNA1 protein in only a
subpopulation of EBER� cells when undifferentiated epithe-

lial cells are infected with EBV suggests that the Qp promoter
is firing inefficiently. Qp can, however, be induced by the ex-
pression of LMP1 which activates STAT3 and STAT5 and the
cytokine IL-6, which in turn upregulate the expression of
LMP1 transcripts and also Qp-driven EBNA1 (6, 7, 15). Nev-
ertheless, the expression of LMP1 in infected AdAH or SVK
epithelial cells was clearly insufficient to drive EBNA1 expres-
sion and maintain the viral episome.

Genome loss after in vitro infection of undifferentiated ep-
ithelial cells has been reported previously (28), although the
phenomenon is not understood. It has been shown that after
rapid loss of the genome from the majority of cells in culture,
a small population may remain which retain the episome and
still express EBNA1, LMP2a, and the EBERs; these cells can
be selected by using a drug selection marker carried by the
recombinant EBV used in the experiments (10, 26), but oth-
erwise these cells are lost due to their lack of growth advantage
or unstable genome expression. In this context, it is notable
that whereas multiple copies of the viral episome are present in
every tumor cell of EBV-positive NPC, the episome is rapidly
lost upon explantation of NPC tumor cells into culture. It was
recently reported (13) that episome loss from the EBV-posi-
tive NPC line HONE-1 is biphasic, with two mechanistically
distinct phases: the initial phase involves the rapid loss of the
entire genome, which is followed by a slow phase where the
episome appears to be lost through successive deletion and
recombination events, until the essential cis elements oriP, Qp,
and EBNA1 are deleted. However, it remains unresolved why
the entire genome is lost in the initial phase. One possibility is
that it is due to unequal genome segregation, as we have shown
to be the case in Burkitt’s lymphoma lines that have a propen-
sity to lose the genome (unpublished results).

Whatever the mechanism of genome loss in undifferentiated
epithelial cells, the reported observations with NPC tumors
suggest that the microenvironment of this tumor, e.g., the
reactive T-cell infiltrate, plays a significant role in the mainte-
nance of the EBV genome. To address these issues, further
experiments are in progress to examine the possible influence
of stroma or lymphoid/monocyte populations on the ability of
epithelial cells to maintain the viral genome in vitro.

In summary, examination of the infection of B cells, primary
epithelial cells, and epithelial cell lines at the single-cell level
has shown substantial differences in viral gene expression, ge-
nome amplification, and genome loss. A key distinguishing
feature identified in the present study is the ability to amplify
the viral genome once the virus enters the cell. Whereas viral
genomes that enter a primary B-cell fire to express EBNA2/LP,
followed by a highly ordered pattern of viral gene expression
resulting in the growth transformation of the B-cell and lytic
cycle-independent amplification of the viral genomes, the more
restricted pattern of gene expression and the cellular pheno-
type of epithelial cells appears to be generally incompatible
with viral genome amplification in vitro. When amplification
was observed in a more differentiated epithelial line (AGS),
the mechanism clearly differed from that in B cells since it was
dependent upon early lytic gene expression. These observa-
tions have implications for the pathogenesis of epithelial cell
tumors. One essential step must include factors that promote
viral genome amplification, followed by conditions that allow
expression of EBNA1 and maintenance of the genomes. Given
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that our data suggest that episomal genome amplification in
epithelial cells requires expression of lytic cycle genes, it is
possible that the characteristically elevated titers of antibodies
to lytic cycle proteins in NPC patients, where the majority of
the established tumor cells are nonlytic, might reflect condi-
tions that predispose to episomal genome amplification in pre-
malignant epithelial cells.
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