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Epstein-Barr virus (EBV) is a strict human pathogen for which no small animal models exist. Plasmids that
contain the EBV plasmid origin of replication, oriP, and express EBV nuclear antigen 1 (EBNA1) are stably
maintained extrachromosomally in human cells, whereas these plasmids replicate poorly in rodent cells.
However, the ability of oriP and EBNAI1 to maintain the entire EBV episome in proliferating rodent cells has
not been determined. Expression of the two human B-cell receptors for EBV on the surfaces of murine B cells
allows efficient viral entry that leads to the establishment of latent EBV infection and long-term persistence of
the viral genome. Latent gene expression in these cells resembles the latency II profile in that EBNA1 and
LMP1 can be detected whereas EBNA2 and the EBNA3s are not expressed.

Epstein-Barr virus (EBV), also designated human herpesvi-
rus 4, establishes latent infection in human hosts and is asso-
ciated with a wide variety of human malignancies (29, 41).
Although humans are the exclusive natural host for EBV,
several other Old World primates are infected with closely
related herpesviruses of the same subgroup, lymphocryptovirus
(3, 14, 23, 37). Lymphocryptovirus genomes are colinear and
homologous with the EBV genome (15), and the structural and
nonstructural proteins are frequently well conserved (11, 25,
39). Despite these similarities, differences in disease progres-
sion and the complications arising from working on primates
hinder the use of these viruses as a model for EBV infection
(32). The ability to genetically manipulate and study mice in
the laboratory makes a murine model for EBV infection pref-
erable. Murine gammaherpesvirus 68 (MHV-68) establishes
latent infection in lymphoid tissues, but the disease pattern
caused by MHV-68 differs from that of EBV (43, 45, 46).
In addition, MHV-68 does not encode the complement of
EBV latency-associated and/or transforming proteins, includ-
ing the nuclear antigens (EBNAs) and latent membrane pro-
teins LMP1 and LMP2A/B, indicating fundamental differences
between it and EBV (2, 48). To determine if mice may able to
serve as a suitable model for EBV infection it is necessary to
determine the viral and/or host restrictions that uniquely direct
EBV susceptibility to humans.

Murine cells lines are typically resistant to infection by EBV,
but reports have indicated that introducing the expression of
human CD21 (hCD21), the cellular receptor involved in bind-
ing the EBV envelope glycoprotein gp350 (36, 47), promotes
EBYV infection of murine L cells (1, 6). However, this may be
a cell type-dependent phenomenon, since the requirements for
viral entry into epithelial and fibroblast cell lines appear to be
quite different than those for entry into B cells (16, 27, 33, 54).
In addition to the binding of gp350 with CD21, EBV entry into
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human B cells requires additional interaction with a second
cellular receptor, HLA class II, with the ternary gH-gl-gp42
complex (26, 27, 50). Moreover, studies indicate that the ex-
pression of CD21 on human lymphocytes is not sufficient for
EBV entry and that lymphoid cell lines expressing CD21 in the
absence of HLA class II are either resistant to entry or undergo
an abortive infection (12, 26). Murine B cells express homo-
logues of both of EBV receptors, murine CD21 (mCD21) and
two isotypes of major histocompatibility complex (MHC) class
11, I-A and I-E. mCD21 is not able to mediate EBV infection
in the absence of MHC class II (34), but its ability to mediate
entry in the presence of MHC class II has not been deter-
mined.

Analysis of mCD21 and I-A¢ expression on the murine B-
cell line M12 (19) by flow cytometry indicates moderate ex-
pression of mCD21 and abundant I-A“ expression (Fig. 1A).
Similar results using the same antibodies were observed for a
different murine B-cell line, A20 (American Type Culture Col-
lection). However, both of these cells are resistant to infection
by a recombinant EBV encoding the enhanced green fluores-
cence protein (EBfaV-GFP) (Fig. 1B, panel 1, and data not
shown) (44). To determine whether either murine molecule
could mediate entry if complemented by the human homo-
logue, hCD21 and HLA-DR were singly transfected into M12
cells. Neither expression of HLA-DR nor that of hCD21 on the
surface resulted in EBV entry (Fig. 1B, panels 2 and 3). This
indicates that neither mCD21 nor MHC class II I-A¢ can
perform the entry-mediating function of its human homologue.
Coexpression of hCD21 and HLA-DR resulted in efficient
entry of EBV into M12 cells, as 11.36% of M12 cells expressing
hCD21 and HLA-DR are infected by EBfaV-GFP (Fig. 1B,
panel 4). This rate of infection resembles that observed when
CD21-positive human lymphocyte cell lines are transiently
transfected with HLA class II and infected with EBfaV-GFP
(12, 13). Similar results were also observed for A20 cells trans-
fected with hCD21 and HLA-DR (data not shown), indicating
that EBV entry into murine B cells requires the expression of
both hCD21 and HLA class II.

To determine if the EBV genome can persist as an episome
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FIG. 1. EBV infection of M12 cells is dependent upon the dual
expression of hCD21 and HLA class II. (A) Surface expression of
mCD21 and I-A? (clear histograms) on M12 cells analyzed by flow
cytometry. mCD21 expression was determined using an anti-mCD21
antibody directly conjugated to fluorescein isothiocyanate (Pharmin-
gen). I-AY was observed by staining cells with a biotin-conjugated
anti-I-A¢ antibody (Pharmingen) detected by streptavidin-conjugated
allophycocyanin (APC) (Pharmingen). Shaded histograms represent
cells stained with an isotype-matched control antibody. (B) Suscepti-
bility of M12 cells to EBfaV-GFP infection. pSG5 (Stratagene)-trans-
fected cells do not express HLA-DR (panel 1) or hCD21 (data not
shown) and are resistant to EBV infection. M12 cells transiently ex-
pressing HLA-DR (panel 2) or hCD21 (panel 3) are inefficiently in-
fected with EBV. However, M12 cells expressing both hCD21 and
HLA-DR (panel 4) are efficiently infected by EBfaV-GFP. A20 and
M12 cells were infected by EBfaV-GFP as previously described 24 h
after transfection (12, 13). Analysis of infected cells occurred 24 h after
infection. HLA-DR expression was observed using an anti-HLA-DR
antibody directly conjugated to APC (Becton Dickinson); hCD21 ex-
pression was recognized by a biotin-conjugated anti-hCD21 antibody
(Ancell) detected using streptavidin-conjugated APC.

in murine B cells, M12 and A20 cells transiently transfected
with HLA-DR and hCD21 were infected with EBfaV-GFP and
plated in 96-well dishes under G418 selection, and individual
clones were selected and expanded. Cells of the BJAB line, a
human EBV-negative Burkitt’s lymphoma cell line (20), were
infected in parallel and served as a control. Approximately 1%
of GFP-positive cells from each cell line resulted in colony
formation (data not shown). Figure 2 shows representative
data from the parental and one infected clonal cell line for
A20, M12, and BJAB stained for mouse- and human-specific
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cell markers. Both the parental and EBV-infected M12 and
A20 cells stained positive for the murine specific I-AY, whereas
the human BJAB cells did not (Fig. 2). Conversely, the paren-
tal and infected BJAB cells stained positive for HLA-DR in
contrast to both murine cell lines, which were negative (Fig. 2).
In addition, all of the EBV-infected cell lines were positive for
GFP expression, whereas each parental cell line was not. All
cell lines were also monitored for CD18 expression using
mouse- and human-specific antibodies that resulted in the ex-
pected staining pattern, reflecting the species origin of each
cell line (data not shown). These results indicate that EBV can
infect murine cells when the appropriate human receptors are
expressed and that the EBV genome can persist when grown
under selection.

Two months after passage of infected cell lines under selec-
tion, all clonal lines maintained green fluorescence, exhibited
blastoid morphology, and grew in clumps, indicative of latent
EBYV infection (data not shown). In addition, in the absence of
drug selection during the same time period, many GFP-nega-
tive cells were readily observed, indicating that the genome
may be lost from these infected clones (data not shown). The
stable maintenance of the EBV genome in cell lines under
drug selection was surprising, since small plasmids containing
oriP and EBNAL are not stably replicated as episomes in ro-
dent cells (21, 53). Thus, to verify EBV extrachromosomal
genome maintenance, the presence of EBV episomes within
these cell lines was analyzed. Of 28 EBV-infected A20 cell
lines, 22 demonstrated episomal maintenance by Gardella gel
analysis (data not shown). Similarly, 13 of 17 M12 lines in-
fected with EBV also had readily detected EBV episomes
(data not shown). These data suggest that in EBV-infected
murine B-cell lines, approximately 75 to 80% (78.6% for A20
and 76.5% for M12) of cells support appropriate episomal
maintenance. To determine how the murine frequency com-
pares to the maintenance of EBV in a human B-cell line, 11
infected BJAB lines were also analyzed. EBV episomes were
detected in 9 of the 11, or approximately 81.8% (data not
shown), which corresponds with previous results (31). These
observations suggest that murine B-cell lines have an ability to
maintain EBV episomes similar to that of human B cells.

Selected cell lines that demonstrated the ability to maintain
EBYV episome 2 months after infection were cultured for an
additional 4 months to determine the longevity of episomal
maintenance. As seen with Gardella gel analysis with cell lines
cultured for 2 months, M12 cells appeared to have fewer copies
of the EBV genome than A20 and BJAB EBV-infected cell
lines (Fig. 3). BJAB cells seem to harbor EBV at intermediate
levels, whereas A20 cells sustain the genome at relatively high
copy numbers (Fig. 3). In addition, linear forms of the EBV
genome were detected in both of the human and murine cell
lines (Fig. 3). It is also interesting that GFP fluorescence
loosely correlates with copy number in that M12 cells have
relatively low GFP expression and appear to harbor a low
number of episomes, as indicated by Gardella analysis (Fig. 2
and 3). Comparatively, A20 and BJAB have a much higher
copy number and fluoresce more strongly with GFP (Fig. 2 and
3).

To further characterize EBV infection of murine B cells,
latent EBV gene expression was also determined using human
sera reactive with latently expressed EBV proteins. Western
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FIG. 2. Verification of cell populations using species-specific cell surface markers. M12, A20, and BJAB cells were stained identically for
expression of I-AY and HLA-DR. As expected, murine cell lines, regardless of EBV infection, are recognized by the anti-I-A antibody but not

by the anti-HLA-DR antibody. The converse is true for BIAB cells.

analysis of equal numbers of M12, A20, and BJAB cells shows
that though EBNA1 is produced in these cells, EBNA2 and the
EBNA3s are not (Fig. 4A). A Western blot for LMP1 indicates
that LMP1 is also expressed (Fig. 4B). LMP2 detection was
not investigated because EBfaV-GFP contains a deletion of
LMP2A/B. This latent gene expression resembles latency II,
which is characterized by nasopharyngeal carcinoma and EBV-
positive Hodgkin’s and T cell lymphomas (7). Despite lower
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FIG. 3. Long-term persistence of the EBV genome in murine B-
cell lines. Equal numbers of viable cells from each clonal cell line were
harvested and analyzed by agarose gel electrophoresis. Horizontal
Gardella gel analysis was carried out as previously described (10), with
the addition of 15 pg of chloroquine/ml to the stacking gel. Southern
blotting was carried out as previously described (5), and blots were
probed using *?P-radiolabeled BamA fragments. O, origin of electro-
phoresis. Detection of the episomal and linear versions of the EBV
genomes is indicated by closed and open arrows, respectively.

levels of protein, the M12 and A20 expression profile is com-
parable to that of BJAB cells infected with EBfaV-GFP (Fig.
4). The pattern of latent gene expression in EBV positive
Burkitt’s lymphoma cell lines grown in culture can be quite
variable (30, 31, 35, 42, 49). The EBV-positive M12 and A20
cell lines, with the more restricted type II latency, resemble
BJAB cells infected in the present study as well as EBV-
positive BJAB cells described in previous studies (31, 49). This
indicates that EBV can establish a latent infection in murine
B-cell lines resembling latent infection of at least some human
B-cell lines infected in vitro.

Clonal EBV-infected M12 and A20 cell lines demonstrate
the ability to maintain the EBV episome over long periods of
time (Fig. 3). For EBV to persist in latently infected cells, it
must properly replicate and partition its genome during mito-
sis. To accomplish this, EBV uses a single viral element in cis,
oriP, and a single viral protein in trans, EBNA1 (52). oriP
consists of two clusters that contain binding sites for EBNAI;
the family of repeats (FR) and the region of dyad symmetry
(DS), both of which are required for stable replication of oriP
plasmids in human cells (40). Biochemical studies indicate that
DNA synthesis initiates from the DS for oriP plasmids in hu-
man cells that express EBNAL (9). Several reports have indi-
cated that while oriP plasmids can replicate and be properly
partitioned in primate, bovine, feline, and canine cells, they fail
to properly replicate in rodent cells (21, 53). This failure has
been attributed to the inability of the DS to function properly
as an origin of DNA synthesis in rodent cells (21).

While the DS does not function as an origin of DNA syn-
thesis in rodent cells, reports indicate a possible mechanism for
EBYV genome replication during latency in rodent cells. Exper-
iments have demonstrated that the latent EBV genomes
present in Raji cells do not use the DS as an origin of repli-
cation; instead, a replication origin elsewhere in the genome is
predominantly used (28). Consistent with this observation,
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FIG. 4. Detection of latent protein expression in latently EBV-
infected cell lines. Equal numbers of viable cells from each clonal cell
line was harvested and subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. (A) Western blot analysis using human
antiserum that recognizes EBNA1, EBNA2, and the EBNA3s. LCL#1
cells express all three EBNAs, whereas the murine cells express
EBNAT1 alone. (B) Western blot analysis using polyclonal rabbit sera
to detect LMP1. Molecular weights (in thousands) are on the right.

other studies have shown that EBV genomes with the DS
deleted are not impaired in their ability to infect, establish
latency in, or replicate episomally in primary human B cells
and human B-cell lines (24, 38). These DS deletion-containing
genomes must possess an alternative origin of DNA synthesis
elsewhere in the viral genome that operates during latent in-
fection, possibly the same origin detected in Raji cells. These
studies indicate that a similar alternate origin of replication
also functions in M12 and A20 cells latently infected with EBV.

Unlike the elements in the DS, there is evidence that in
rodent cells EBNALI properly facilitates plasmid maintenance
and partitioning through the elements contained within the
FR. First, EBNA1 can bind the FR in rodent cells and activate
transcription (51), a property that has been attributed to the
prolonged maintenance of transcriptional reporter plasmids
within transfected cells. Second, hybrid plasmids that contain
the FR and human chromosomal DNA sequences do replicate
stably in rodent cells that express EBNAL1 (21). It is proposed
that for these plasmids EBNA1 and the FR provide mainte-
nance and partitioning functions while the human chromo-
somal DNA sequences provide a replication origin that oper-
ates in rodent cells. Finally, when rodent fibroblasts are fused
with human cells containing either the entire EBV genome
carrying a selectable marker or oriP plasmids containing large
human genomic inserts, the EBV genome and oriP plasmids
are maintained efficiently (18). Thus, it is likely that the cis and
trans plasmid maintenance and partitioning functions of EBV
do function in rodent cells, consistent with the observations
reported here.
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Previous studies have indicated that expression of hCD21 on
murine L cells results in susceptibility of these cells to EBV
infection (1, 6). However, the expression of CD21 on human
lymphocytes is in itself not sufficient to promote efficient EBV
entry and productive infection (12, 26). The necessity of other
factors for EBV entry into mouse cells is further borne out by
the observation that transgenic mice expressing hCD21 are not
susceptible to EBV infection (17). Although lymphocytes from
these mice are able to bind EBV particles, no entry or EBV
gene products were detected (17). To ascertain the require-
ments for EBV infection of murine cells, hCD21 and HLA-DR
were transfected into murine B-cell lines. Expression of either
molecule alone does not allow EBV entry, yet coexpression of
both resulted in efficient infection (Fig. 1). These data suggest
that one of the blocks to EBV infection of murine cells resides
in the expression of cellular receptors. To some extent the
finding that I-A“ cannot serve as a coreceptor for EBV entry is
surprising, considering the high degree of similarity between
HLA and MHC class II molecules (4, 8). In particular, al-
though the glutamic acid at position 46 of the beta chain in
HLA class II, which is essential for EBV entry (13), is found in
the corresponding region of I-AY, I-A¢ does not mediate entry,
as shown in this study.

The ability of EBV to enter murine B-cell lines transfected
with hCD21 and HLA-DR and to sustain long-term episomal
replication indicates that transgenic mice expressing these re-
ceptors might provide a suitable small animal model of EBV
infection. Nonetheless, in order for such a system to mimic
human infection, other aspects of the EBV life cycle must also
take place. In particular, the ability of the EBV gene products
to promote cellular proliferation and transformation must
also be assessed. Transgenic mice expressing either LMP1 or
LMP2A display alterations of normal B-cell function that
might be expected given the known functions of these viral
proteins in EBV infection (5, 22). This suggests that EBV
infection resulting in the production of these latent gene prod-
ucts might indeed promote the proliferation and transforma-
tion associated with EBV infection in humans. In light of this
and the data presented here, transgenic mice bearing hCD21
and HLA-DR may offer a novel system to study aspects of
EBYV infection and disease that have previously been difficult
to investigate due to the restriction of EBV infection to hu-
mans.
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