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EBV has been associated with several malignancies in 
humans. EBV can also infect marmoset B lymphocytes, 
which, as opposed to human B cells, are permissive for 
lytic Epstein-Barr viral replication. Mice with a severe 
combined immunodeficiency phenotype (SCID mice) are 
extremely susceptible to EBV-induced lymphomagenesis 
when inoculated with EBV-infected lymphocytes. We in- 
oculated SCID mice with human and marmoset lympho- 
blastoid cells infected with the same EBV isolates. The 
marmoset cells never gave rise to lymphomas, even after 
the administration of acyclovir or an anti-natural killer cell 
antibody and observation periods of up to 16 wk. In con- 

EBV is the etiologic agent of heterophile-positive in- 
.fectious mononucleosis and has been associated with 
several malignancies, most notably Burkitt lymphoma. 
EBV usually establishes a latent infection in B lympho- 
cytes. The B lymphocytes of certain primate species 
(marmosets), however, are also susceptible to infection 
with EBV. As opposed to human B lymphocytes, mar- 
moset B cells are usually somewhat more permissive for 
lytic infection with EBV (1). 

To study the relationship between EBV and Burkitt 
lymphoma, several groups inoculated EBV-infected mar- 
moset lymphocytes into cotton-top marmosets and re- 
ported the development of lymphomas (24). However, 
because EBV-infected marmoset cells are more permis- 
sive for lytic EBV replication, it was not possible to 
determine whether it was the inoculated cells or newly 
immortalized marmoset lymphocytes that developed into 
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trast, the human lymphoblastoid cells nearly always gave 
rise to lymphomas within 8 wk. Furthermore, human lym- 
phoblastoid cells genetically engineered to permit lytic 
EBV replication also readily formed tumors in the SCID 
mouse. Thus, in this system, it is the cellular milieu that is 
crucial in determining whether a given lymphoblastoid cell 
will give rise to a tumor, not the EBV isolate harbored by 
the cell or whether the virus is permitted to undergo lytic 
replication. (Pediatr Res 36: 456-460, 1994) 

Abbreviations 
SCID, severe combined immunodeficiency 

tumors. Therefore, these experiments are difficult to in- 
terpret regarding the tumorigenic potential of the injected 
cells. 

In 1982, Bosma et al. (5) described a mouse that lacked 
both T- and B-cell function, similar to what is seen in 
patients with SCID. These mice were later characterized 
as having an inability to correctly rearrange their antigen- 
receptor genes on B and T cells (6). In 1988, Mosier et al. 
(7), in attempting to reconstitute these mice with human 
B and T cells, reported the development of EBV-positive 
B-cell lymphomas in mice inoculated with peripheral 
blood lymphocytes from EBV-seropositive individuals. 
Several other groups have also reported similar findings 
(8-19). Mosier and colleagues have since extended their 
observations to show that the peripheral blood of some 
EBV-seropositive donors is more likely to form tumors in 
SCID mice than that of others (20). Because murine 
lymphocytes lack the EBV receptor, they are incapable 
of being infected with the virus (21). Thus, it is the 
inoculated human cells that go on to form a lymphoma in 
this system. 

Several groups have also injected lymphoblastoid cells 
into SCID mice, characterized the lymphomas and lym- 
phoproliferative disorders that developed in the animals, 
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and compared these disorders to the tumors that arise in 
transplant recipients (8, 10, 12-14, 17, 18, 22). [The 
injection of lymphoblastoid cells into nude or immuno- 
logically normal mice does not usually give rise to tumors 
(23).] To investigate the effect of lytic EBV replication on 
the pathogenesis of EBV-associated lymphomas, we in- 
oculated several marmoset lymphoblastoid cell lines into 
SCID mice and compared them with human lyrnphoblas- 
toid cell lines carrying the same isolate of EBV. 

METHODS 

Erperimental animab. SCIDISCID CB 17 mice and 
bg,bg mice were obtained from an Immunological Mouse 
Unit breeder colony of the Howard Hughes Medical 
Institute at the Yale University School of Medicine or 
from Taconic Farms (Germantown, NY). The mice were 
housed in a pathogen-free environment, fed sterilized 
food and water, and manipulated under a biosafety hood. 
All animals were cared for by the Division of Animal 
Care. A protocol of the experiments described herein was 
approved by the Animal Care and Use Committee. 

Each experimental group consisted of two to four 
mice. All mice were inoculated intraperitoneally in the 
right lower abdominal quadrant with lo6-10' EBV- 
infected cells and any reagents used (see below) begin- 
ning at about 6 wk of age. All mice were examined at least 
biweekly by one of the investigators (B.Z.K., B.S., or 
J.G.M.). 

All mice were killed using carbon dioxide and cervical 
dislocation and then necropsied either when a large mass 
was palpated in the abdomen or when the animal ap- 
peared moribund. In two instances, an animal was found 
dead and immediately necropsied. Usually due to one of 
these events, animals were necropsied within 4-8 wk of 
inoculation. In one experiment, nine well-appearing mice 
were killed 6 wk after inoculation; in all other experi- 
ments, well-appearing animals were killed 1 mo after 
animals inoculated at the same time with other EBV- 
infected lymphocytes developed tumors. Thus, most 
well-appearing mice were kept for up to 13-16 wk after 
inoculation before being killed and necropsied. 

Tumor analysis. Processing of all tumors was begun 
immediately after necropsy. All material not immediately 
analyzed was frozen as solid pieces at -70°C in the 
presence of freezing medium (RPMI with 20% FCS, 
antibiotics, and 8% DMSO). At least one paraffin- 
embedded tumor corresponding to each experimental 
group (as represented by a single row in Table 1) was 
subjected to standard hematoxylin and eosin histology 
and immunoperoxidase staining (24) for K and A light 
chains, L26 (CD20), LN1 (CDw75), LN2 (CD74), and 
T-cell markers [UCHL-1 (CD45)l. Some samples were 
stained for human keratin (AE 1-3; Boehringer- 
Mannheim, Indianapolis, IN). All specimens so pro- 
cessed were reviewed blindly by a hematopathologist 
(R.E.). Tumors were characterized as to type based on 
morphology on hematoxylin and eosin staining and the 

Table 1. Lymphomas developing in SCID mice a&r 
inoculation of human and mannoset lymphoblastoid cell lines 

infected with the same EBV isolates 

Cell line No. of mice No. of mice with 
inoculated inoculated tumors at necropsy 

B95-8 11 0 
B95-8/ACVD 3 0 
B95-8IACVt 3 0 
B95-8lasialo GMl t 3 0 
B95-8NRSt 3 0 
FF4 1 8 0 
FF41/ACV0 3 0 
FF4llasialo GMlt 4 0 
FF41PJRSt 4 0 
X50-7 8 8 
B4 (XSO-7lWZhet) 3 3 
B95-8/CB 5 3$ 
FF41lCB 3 3 
B95-8 + X50-7 3 3 
FF41 + X50-7 4 3 

A single dose of reagent was given at the time of inoculation of the 
lymphoblastoid cells. 

t Reagent was given biweekly after the single dose given at the time 
of inoculation of the lymphoblastoid cells. 

$ One of these tumors was EBV-negative (see text). 

surface expression (or lack thereof) of immunoglobulin as 
detected by immunoperoxidase staining (24). 

We probed for and analyzed the EBV within the tu- 
mors in three ways. First, total cellular DNA was ex- 
tracted, digested with BamHI, electrophoresed on a 0.6% 
agarose gel, transferred to nitrocellulose, probed for 
EBV sequences, and compared with the EBV DNA from 
the cell line whence the tumor originated (25). Second, 
proteins were extracted from the tumor and immunoblot- 
ted with EBV sera known to recognize primarily either 
replicating (Ch) or latent (RM) EBV antigens (26), by 
methods previously described (27). The EBV proteins 
from each tumor were also compared with those from the 
cell line whence they originated. Third, we sought to 
identify EBV-immortalized cells within tumors as fol- 
lows: parts of each tumor were minced with a scalpel 
blade and needle and placed in a flask in the presence of 
complete medium and observed for the outgrowth of a 
cell line; usually outgrowth of EBV-immortalized cells 
occurred within a few weeks. 

CeU lines. The lymphoblastoid (human and marmoset) 
cell lines used were B95-8 and FF41 (marmoset lines 
permissive for lytic viral replication, described in 1979 
and 1981, respectively), X50-7 [a tightly latent human 
umbilical cord blood lymphocyte transformant reported 
in 1979 using the virus from B95-8 cells (28, 29)], B4 
[X50-7 cells transfected under antibiotic (G418; GIBCO, 
Grand Island, NY) selection with the BamHI WZ het 
fragment of EBV DNA, which causes the normally latent 
X50-7 cells to undergo lytic viral replication (30)], and 
B95-8lCB and FF41lCB (recent cord blood transform- 
ants using the B95-8 and FF41 virus, respectively, that 
are latently infected with EBV). 

Reagents used. Twenty pL of normal rabbit serum or 
the monospecific (polyclonal) rabbit antibody anti-asialo 
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GM1 (Wako Pure Chemicals USA, Richmond, VA, 42 
mg/mL protein, immunofluorescence titer 1:1000), able 
to deplete mice of natural killer cells in vivo (18,31), were 
used. The antisera were diluted to 0.5 mL with RPMI 
1640 to which had been added 15% FCS and antibiotics 
(complete medium) and injected into some mice 1 d 
before their inoculation with B95-8 or FF41 cells. Inoc- 
ulations were then continued twice a week for the dura- 
tion of the experiment (Table 1). 

One hundred p.M acyclovir sodium were used to inhibit 
lytic EBV DNA replication and thus prevent late antigen 
expression in the injected B95-8 and FF41 cells, as pre- 
viously described (27, 32). In addition, some mice were 
treated with 0.5 mg of acyclovir in 0.5 mL of complete 
medium (4 pM) at the time of inoculation, as previously 
described (33). In one experiment, the injections were 
continued twice weekly. [In our hands, 1 d of pretreat- 
ment with 100 pM acyclovir halts most lytic EBV DNA 
replication and late antigen expression (27, 32).] 

RESULTS AND DISCUSSION 

Tumors were nearly always generated in the SCID 
mice after injection of 5 x lo6 human lymphoblastoid 
cells (Tables 1 and 2). The tumors that developed resem- 
bled large cell, irnrnunoblastic-type non-Hodgkin lym- 
phomas (Fig. 1). Five x lo6 marmoset cells infected with 
the same virus isolates as were present in the human 
lymphoblastoid cells inoculated and that are permissive 
for lytic EBV replication never gave rise to tumors (Ta- 
bles 1 and 2). Thus, in this system, the cellular back- 
ground (human versus marmoset) appeared to be crucial 
in determining whether tumors would develop. 

All tumors tested were EBV genome or antigen posi- 
tive and reacted with antibodies to human B-cell surface 
antigens by immunoperoxidase staining (24) except for 
one (Table 1 and data not shown). As expected, DNA 
restriction fragments of and proteins expressed by the 
tumors nearly always mimicked those of the inoculated 
cell line (data not shown). The EBV-negative tumor, 
which did not stain with the panel of human markers used 
(data not shown), was located in the anterior mediasti- 
num and was believed to represent an intrinsic tumor of 
the SCID mouse (34). 

One explanation for the inability of EBV-infected mar- 
moset lymphoblastoid cells to form tumors in SCID mice 
is that marmoset cells are more susceptible to immuno- 
surveillance by the SCID mouse than human cells. How- 
ever, this explanation seemed unlikely to us, for marmo- 

Table 2. Compariron of lymphomas developing in SCID mice 
ajker inoculation of human or mannoset iymphoblastoid cells 

carrvina the same EBV isolates 
Type of cell line No. of mice No. of mice with EBV- 

inoculated inoculated induced tumors at necropsy 

Marmoset 42 0 
Human 19 16 
Human + marmoset 7 6 

ET AL. 

. - - ,", ,- . ' .  - - .  

Fipre I. Histology of a large-cell, immunoblastic-like lymphoma that 
developed in a SCID mouse after intraperitoneal inoculation with X5&7 
cells. A, This low-power view shows areas of necrosis (mainly on the 
left) and muscle invasion (on the right). B, This high-power view shows 
areas of pyknotic, dying cells, as well as large, immunoblastic-like 
lymphoma cells, many of which contain single, large nucleoli, eccentric 
nuclei, and a perinuclear halo (plasmacytoid features). Several mitoses 
are also visible. 

set lymphocytes should be as easily recognized by the 
crippled immune system of the SCID mouse (presumably 
consisting mainly of natural killer cells, phagocytes, and 
their cytokines) as their phylogenetically related human 
counterparts. Nevertheless, we performed two experi- 
ments to test this hypothesis. First, we injected lo6 or 10' 
FF41 cells into six natural killer cell-deficient (bg~bg) 
mice; none developed tumors. Thus, it appears that nat- 
ural killer cells are not necessary for preventing.tumor 
formation in the presence of normal B and T cells. 

Second, we inoculated 5 x lo6 EBV-infected marmo- 
set cells into SCID mice that were pretreated with a 
rabbit antibody (anti-asialo GM1) known to be able to 
deplete mice of their natural killer cells (31). As a control, 
we pretreated a similar group of SCID mice with normal 
rabbit serum. No tumors were generated despite the 
additional immunosuppression (Table 1). [In parallel ex- 
periments, anti-asialo GM1 was able to promote the de- 
velopment of Burkitt lymphomas in SCID mice after 
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inoculation of poorly lymphomagenic Burkitt lymphoma 
cell lines (35).] Thus, natural killer cells, even in the 
absence of B and T cells, are not preventing marmoset 
lymphocytes from forming tumors. Therefore, it appears 
that immunosurveillance is not playing the crucial role in 
limiting the outgrowth of the marmoset cells. 

Perhaps the most obvious explanation for the lack of 
lymphoma development in the mice inoculated with 
EBV-infected marmoset cells is that marmoset lympho- 
blastoid cells are more permissive for lytic viral replica- 
tion and consequently perish (1). To test this hypothesis, 
we performed two experiments. First, mice were inocu- 
lated with 5 x lo6 B4 cells, which are latent human 
lymphoblastoid cells (X50-7) genetically engineered to 
undergo lytic EBV replication. [The B4 cells were grown 
under antibiotic (G418) selection until the week before 
injection, because G418 is cytotoxic.] If lytic EBV infec- 
tion somehow precluded lymphoma development, we 
would have expected no lymphomas to develop in the 
mice inoculated with the B4 cells. In contrast, six of 
seven animals inoculated with these cells developed tu- 
mors, as was also true when the latent parental line 
(X50-7) was inoculated (Table 1). 

Second, we were unable to generate tumors after the 
inoculation of marmoset cells into SCID mice, despite 
pretreatment of both the cells and the mice with acyclo- 
vir, which inhibits lytic EBV DNA replication and late 
(lytic) antigen expression (Table 1). Therefore, it appears 
that lytic EBV replication does not play a crucial role in 
preventing lesion development in animals inoculated with 
EBV-infected marmoset lymphoblastoid cells. 

A third possible explanation for the inability of EBV- 
infected marmoset cells to form tumors in SCID mice is 
that marmoset cells have a requirement for a growth 
factor not present in the SCID mice. The explanation that 
we favor, however, is that there is an inherent inability of 
marmoset lymphocytes to engraft onto the SCID mouse 
and cause lymphomas, perhaps due to the secretion of a 
particular lymphokine or to some difference in the cell 
surface of the marmoset lymphocyte. To test the first of 
these suppositions, we injected 5 x lo6 marmoset and 
human lymphoblastoid cells simultaneously into the 
same mouse; lesions arose in six of seven instances 
(Tables 1 and 2). Where they were distinguishable by 
restriction analysis, the EBV DNA of the resulting tu- 
mors resembled the restriction pattern of the injected 
human cell line, not the marmoset line (data not shown). 
Regarding the latter supposition, the expression of cell 
surface markers is known to differ between human and 
simian lymphocytes and lymphoblastoid cells (36-38). If 
there is an inherent inability of marmoset cells to engraft 
onto the SCID mice, one might expect the same to be true 
of marmoset lymphoma cells themselves (2, 4). If this 
turns out to be the case, perhaps future molecular bio- 
logic manipulation of marmoset lymphocytes, lympho- 
blastoid cells, or lymphoma cells will allow the determi- 
nation of what it is about the marmoset cells that prevents 
them from engrafting in SCID mice. 
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