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We have analyzed the human B-cell tumors that arise spontaneously in SCID mice who have been given
transplants of peripheral blood lymphocytes from Epstein-Barr virus (EBV)-seropositive donors to determine
if patterns of EBV gene expression are correlated with phenotypic changes in the tumor B cells. Tumor cells
were separated into two B-cell subsets by cell sorting on the basis of differential coexpression of membrane
CD23 and CD38. One subset showed intermediate levels of CD23 and CD38 expression (CD23intCD38int), while
a second subset had low-level CD23 but high-level CD38 expression (CD23loCD38hi). The CD23intCD38int cells
had a high proliferative index and secreted little immunoglobulin in vitro; the CD23loCD38hi cells had a low
proliferative index and high-level immunoglobulin secretion. We next analyzed the sorted cells for viral
transcripts associated with latency (EBNA-1, EBNA-2, and LMP-1) or lytic cycle replication (ZEBRA and
gp350 envelope protein). Only latent cycle transcripts were found in CD23intCD38int cells, whereas lytic cycle
transcripts and transforming virus were present in the CD23loCD38hi cells. Finally, we generated short-term
cell lines from the sorted CD23intCD38int cells and transferred these cells to SCID recipients. The resulting
secondary tumors were predominantly CD23loCD38hi, suggesting that the CD23intCD38int lymphoblastoid cells
are precursors to the well-differentiated, plasmacytoid CD23loCD38hi cells. These observations are discussed
in the context of a three-step model for EBV-associated lymphomagenesis in humans.

Epstein-Barr virus (EBV) is associated with B-cell lympho-
mas that develop during genetic (19, 24), acquired (10), or
induced (9) immunodeficiency. This association has led to the
proposal that EBV has a direct role in the pathogenesis of
these diseases (16). The complex interaction between virus and
host B cells has been analyzed by using EBV-immortalized
lymphoblastoid cell lines (LCLs) generated in vitro and, more
recently, in the B-cell lymphomas that develop after xenotrans-
plantation of peripheral blood lymphocytes (PBLs) into SCID
mice (3, 20, 25, 29). The patterns of EBV gene expression and
B-cell differentiation differ between these in vitro and in vivo
models for transformation, and the relevance of each model
for the development of EBV-associated lymphomas in patients
remains to be established.
LCLs proliferate indefinitely in culture, produce low levels

of immunoglobulin (Ig), and resemble activated normal B cells
in the expression of CD23, CD30, CD39, CD40, and CD70 and
the adhesion molecules CD11a, CD18, and CD54 (2, 36). All
EBV latent genes (Epstein-Barr nuclear antigen [EBNA]-1, -2,
-3a, -3b, -3c, and -LP; latent membrane protein [LMP]-1, -2a,
and -2b; and two untranslated RNA species [reviewed in
reference 15]) are expressed in LCLs. Furthermore, a direct
role for several of these viral proteins in B-cell transformation
in vitro has been demonstrated (6, 14, 17, 33). A small per-
centage of cells within the LCLs reactivate lytic cycle infection.
Treatment of LCLs with 12-O-tetradecanoylphorbol-13-ace-
tate or n-butyrate, both of which induce B-cell differentiation,
increases the frequency of cells entering the lytic cycle (18),

suggesting a correlation between B-cell differentiation and
activation of the lytic cycle. LCL cells transferred to SCID mice
show a shift to a more plasmacytoid appearance, reduced
CD23 expression, and increased CD38 expression, as well as a
decrease in EBNA-2 and LMP-1 expression (28), further
suggesting that the state of B-cell differentiation correlates
with changes in viral gene expression. However, activation of
lytic cycle EBV replication is not seen in these LCL-derived
tumors.
The second model for EBV-associated lymphomagenesis is

SCID mice given transplants of PBLs from EBV-seropositive
donors. These human (hu)-PBL-SCID chimeras spontaneously
develop oligoclonal B-cell tumors that closely resemble the
phenotype of B-cell lymphomas observed in immunodeficient
patients (3, 20, 22, 29). hu-PBL-SCID lymphomas exhibit
low-level expression of EBNA-2 protein and variable expres-
sion of lytic cycle proteins (e.g., ZEBRA and early antigen
complexes) and lytic cycle replication (25, 29). Furthermore,
hu-PBL-SCID tumors show both lymphoblastoid and plasma-
cytoid cells (25, 26, 29).
EBV latent gene expression and B-cell activation antigens

are detected in EBV-associated B-cell lymphomas or lympho-
proliferative disease (LPD), suggesting to some that these
tumors are the in vivo equivalent of LCLs (32, 38). However,
a more detailed analysis of these tumors suggests that they are
more similar to the hu-PBL-SCID lymphomas. For example,
variable expression of CD23 is observed in EBV-associated
B-cell lymphomas (23, 32) and a mixture of lymphoblastoid
and plasmacytoid cells is often seen (7, 21, 27). In addition, low
and variable expression of the EBNA-2 viral latent protein is
observed in LPD (4, 8, 32), even when compared with LCLs
generated from the same patient (4). Finally, while EBV lytic
cycle replication is virtually undetectable in LCLs, there is
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considerable variability in the detection of viral lytic cycle
genes or linear replicating genomes in LPD (4, 12, 13, 23, 32).
The heterogeneity observed in both the B-cell phenotype

and EBV gene expression in EBV-associated B-cell lympho-
mas leaves unresolved the underlying mechanism of lym-
phomagenesis. Using the hu-PBL-SCID model, we show here
that there are two predominant cell populations in EBV-
induced B-cell tumors: a lymphoblastoid population expressing
EBV latent genes and a plasmacytoid population expressing
EBV lytic cycle genes. We also present evidence that the
plasmacytoid cells originate from the lymphoblastoid cells. Our
results suggest that distinct patterns of EBV gene expression
coincide with distinct phases of B-cell differentiation and that
this process culminates in plasmacytoid cells undergoing EBV
lytic cycle replication.

MATERIALS AND METHODS

SCID mice and cells. Human PBLs were obtained from a healthy EBV-
seropositive donor and were purified as described previously (25). Fifty 3 106

cells were injected intraperitoneally into eight C.B.17-scid/scid mice obtained
from The Scripps Research Institute breeding colony. Tumors developed in all
mice by 63 days postreconstitution. Recovered tumors were either fixed in 10%
formalin for histology or dispersed into single-cell suspensions by mincing the
tumor sample in RPMI 1640 and then passing the cells through a cell strainer
(Falcon). Dead cells were eliminated by density gradient centrifugation with
Ficoll-Hypaque (Pharmacia). The tumor cells were greater than 90% viable as
determined by trypan blue dye exclusion. The Akata cell line (31) was obtained
from M. J. Cannon (The Scripps Research Institute), and JW-LCL was derived
by infection of PBLs with the B95-8 strain of EBV (25). Both lines were
maintained in RPMI 1640 supplemented with 10% fetal calf serum, 2 mM
glutamine, and antibiotics.
Immunofluorescent staining and flow cytofluorimetric analysis and sorting.

For analysis of cell surface molecules, the following monoclonal antibodies
(MAbs) were used in this study: fluorescein isothiocyanate (FITC)-conjugated
anti-CD10 (Becton Dickinson, San Jose, Calif.), FITC-conjugated anti-CD19
(Becton Dickinson), FITC-conjugated anti-CD23 (The Binding Site, La Jolla,
Calif.), and phycoerythrin (PE)-conjugated anti-CD38 MAb (Becton Dickinson).
Staining was performed by standard procedures (25). Stained cells were analyzed
with a FACScan instrument by using the Lysis II program (Becton Dickinson).
For cell sorting, tumor cells were stained with both FITC-conjugated anti-CD23
MAb and PE-conjugated anti-CD38 MAb and were separated with a FACS-Star
cell sorter (Becton Dickinson). The flow cytofluorimetric sorting and phenotypic
analysis were performed with two separate tumor preparations.
Cell culture. Sorted cells, unfractionated tumor cells, or LCL cells were placed

in triplicate cultures in 96-well plates and cultured for 48 h. Medium was
analyzed for Ig levels by enzyme-linked immunosorbent assay as described
previously (25). Cultures were then pulsed for 4 h with 1 mCi of [3H]thymidine
(Amersham) and were harvested onto glass fiber filters and processed for liquid
scintillation spectroscopy. A separate culture was established in 48-well plates at
a density of 2 3 105 cells per well to determine the ability of sorted tumor cells
to establish cell lines and to produce virus.
RNA extraction and ribonuclease protection assay. RNA was extracted

according to the methods of Chomczynski and Sacchi (5). The EBNA-2, LMP-1,
CD23, and ribosomal protein (rp) L32 riboprobes used for the ribonuclease
protection assay have been described previously (28). The EBNA-1 riboprobe
(nucleotides 890 to 1095 [30]) was made as described for the other protection
assay clones (28). The ribonuclease protection assay was done exactly as
described previously (11), except that only RNase T1 was used to digest the RNA
duplexes.
PCR analysis of lytic cycle transcripts. Total RNA from 105 cells was used for

random primed cDNA synthesis with the GeneAmp Kit (Perkin-Elmer Cetus).
After cDNA synthesis, PCR buffer, MgCl2 (2.5 mM), and primers specific for
gp350 or ZEBRA were added to the cDNA at 50 pmol each. The samples were
heated to 948C for 4 min and then amplified for 30 cycles of 30 s at 908C, 30 s at
558C, and 30 s at 728C. Aliquots of each reaction mixture were analyzed on 2.0%
agarose gels in 0.04 Tris acetate–0.001 M EDTA, and the gels were transferred
to nitrocellulose and probed with a 32P-labeled oligonucleotide probe. The
sequences of the gp350 primers were 59-CACAGGCCCCACTGTATC and 59-
GAGGTGGAGCTGGTCATG (nucleotides 2402 to 2544 [GenBank accession
number M10593]), and that of the probe was 59-AGATGGACTTGGTGTCAC.
The sequences of the ZEBRA primers were 59-CCCAGTCTCGCACATAAC
and 59-GCCACCCGATTCTTGTATC, and that of the probe was 59-
CTAGTTCAGAATCGCATTCC (nucleotides 1232 to 1502) (1).
In situ hybridization. A probe specific for gp350 was generated by cloning the

reverse transcriptase PCR product (described above) into pGem4 (Promega,
Madison, Wis.). Antisense transcripts were generated in vitro in the presence of

digoxigenin-UTP according to the manufacturer’s protocol (Boehringer Mann-
heim, Indianapolis, Ind.). Tumor cells, cells expressing a low level of CD23 and
a high level of CD38 (CD23loCD38hi), and the H9 human T-cell line (negative
control) were deposited on silanated slides (Digene Diagnostics, Silver Spring,
Md.) and allowed to air dry. Cells were fixed in 4% paraformaldehyde.
Hybridization was performed at 458C overnight in 50% formamide and 10%
dextran. Alkaline phosphatase-labeled anti-digoxigenin antibody (Boehringer
Mannheim) was used to detect cells hybridizing with the probe, and nuclear fast
red was used to counterstain the cells.

RESULTS

Characterization of hu-PBL-SCID tumors. We compared
the cell surface phenotype of hu-PBL-SCID lymphomas with
that of an LCL (JW-LCL) and with those of a Burkitt’s
lymphoma cell line (Akata). Cells were stained with MAbs for
four different B-cell markers: CD10, CD19, CD23, and CD38.
A representative flow cytofluorimetric analysis is shown in Fig.
1. All of the tumor cells expressed CD19, confirming their
human B-cell origin. In addition, tumor cells expressed inter-
mediate levels of CD23, a B-cell activation marker, and high
levels of CD38, a marker found on pre-B cells and plasma cells
(34). In comparison, JW-LCL cells expressed high levels of
CD23 and low to intermediate levels of CD38 and were
positive for CD19 expression. Significant CD10 expression was
detected only in the Akata cell line. Akata cells also expressed
high levels of CD38 but very low levels of CD23. These results
show that the hu-PBL-SCID tumors are not identical to LCLs
or to the Akata Burkitt’s lymphoma cell line on the basis of cell
surface phenotype.
hu-PBL-SCID lymphomas are composed of at least two

phenotypically distinct B-cell subsets. We have shown that
coexpression of membrane CD23 and CD38 can be used to
distinguish LCLs cultured in vitro from LCL-derived tumors
after transfer of LCLs into SCID mice (28). To analyze the
coexpression of CD23 and CD38 on spontaneous hu-PBL-
SCID tumors, the tumor cells were stained with FITC anti-
CD23 and PE anti-CD38 and flow cytofluorimetric analysis
was performed. The data show that 41% of the tumor cells
expressed intermediate levels of both CD23 and CD38
(CD23intCD38int), while 54% of the tumor cells expressed high
levels of CD38 and low levels of CD23 (CD23loCD38hi) (Fig.
2). The two tumor cell populations were easily separable by cell
sorting: a typical reanalysis of isolated CD23intCD38int and
CD23loCD38hi cells is shown in Fig. 2.
Proliferative capacity and Ig secretion segregate with B-cell

phenotype. To determine if the differences in cell surface
phenotype extended to other phenotypic differences, the two
populations of sorted B cells were placed in culture and were
analyzed for proliferation and Ig secretion (Table 1). The
CD23intCD38int subset had a fourfold higher level of prolifer-
ation than the CD23loCD38hi subset. By contrast, the CD23lo

CD38hi subset had a 10-fold higher level of Ig secretion than
the CD23intCD38int subset. By comparison, JW-LCL cells had
a 1.4-fold higher level of proliferation and an 18-fold reduction
in Ig secretion relative to the CD23intCD38int subset. The
sorted populations were deposited on microscope slides,
stained, and examined by light microscopy, which confirmed
the enrichment of lymphoblastoid cells in the CD23intCD38int

fraction and the enrichment of plasmacytoid cells in the
CD23loCD38hi fraction. These results clearly demonstrate that
there are two predominant B-cell populations in the hu-PBL-
SCID lymphomas which are phenotypically distinct as mea-
sured by both cell surface markers and biological activity.
Lineage relationship of tumor cell subsets.We attempted to

propagate the two sorted tumor cell subsets in vitro to deter-
mine if both subsets were able to generate cell lines. After 1
week of culture, clear morphologic differences were observed.
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The CD23intCD38int cells formed large clumps of cells similar
to LCL cells, whereas the CD23loCD38hi cells grew as single
cells or small clumps of cells. In addition, after 2 weeks, the
CD23loCD38hi cells showed relatively low viability (by trypan
dye exclusion) and could not be expanded, as would be
expected from their low rate of DNA synthesis (Table 1). In
contrast, the CD23intCD38int subset grew well in culture and
we were able to generate a tumor cell line (TCL).
To determine if the CD23intCD38int TCL was able to gener-

ate tumors in secondary SCID recipients, we injected the TCL
into five SCID mice (33 106 cells per mouse). Tumor develop-
ment was observed in all mice by 33 days after cell transfer.
Both the parental TCL and the tumors derived from the TCL
were analyzed for coexpression of CD23 and CD38 (Fig. 3).
We observed that, after 2 months in culture, the TCL had lost
CD38 expression and had a further increase in CD23 expres-

sion and so now resembled the LCL phenotype (Fig. 1).
However, after transfer of the TCL to SCID mice, the resulting
tumor cells showed a substantial shift to CD23lo expression
and had regained expression of CD38. This phenotype is
similar to that of the original tumors (Fig. 2). These data
suggest that the expression of CD23 and CD38 was influenced
by growth in tissue culture versus growth in SCID mice, and
that the CD23intCD38int lymphoblastoid cells can differentiate
into CD23loCD38hi plasmacytoid cells, even after prolonged
growth in culture.
EBV gene expression segregates with the B-cell phenotype.

To investigate if the phenotypic differences in tumor cell
subsets correlated with differences in EBV gene expression,
latent gene expression was measured in total RNA extracted
from the sorted cell subsets and compared with RNA from
unfractionated tumor cells and from JW-LCL cells. We devel-
oped a multiprobe ribonuclease protection assay as a quanti-
tative measurement of mRNA for the viral latent genes
LMP-1, EBNA-1, and EBNA-2 and for the cellular genes
CD23 and rpL32 (Fig. 4A). A clear segregation in latent gene
expression was observed; latent transcripts were detected only
in the CD23intCD38int subset, as was CD23 mRNA, even
though the tumor cell and tumor cell subsets had equivalent

FIG. 1. Expression of B-cell surface markers. Tumor cells, the Akata cell line, and JW-LCL cells were stained with MAbs for CD10, CD19, CD23, and CD38 and
subjected to flow cytofluorimetric analysis. Histogram plots of the relative fluorescence intensity are shown (solid histograms). The open histograms represent staining
with the isotype-matched control antibody. The phenotype of the tumor shown was representative of all tumors analyzed (n 5 4). Histograms were analyzed with the
Lysis II program (Becton Dickinson).

FIG. 2. Associated expression of CD23 and CD38 in hu-PBL-SCID tumors
and tumor cell subsets. Tumor cells were stained with the FITC-conjugated
anti-CD23 MAb and the PE-conjugated anti-CD38 MAb and were analyzed
before and after cell sorting on the FACS-Star cell sorter. Two gates were set,
and the reanalyses of the resulting populations (CD23intCD38int and
CD23loCD38hi) are displayed as bivariant contour plots. Greater than 90%
purity of the two sorted populations is indicated. Fl, fluorescence.

TABLE 1. Phenotype analysis of tumor cell subsets

Cell subset Proliferation
(103 cpm)

Ig
(mg/ml)

LCL 50.7 0.21
Tumor 18.2 1.7
CD23intCD38int 35.4 3.7
CD23loCD38hi 0.8 32.6
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levels of rpL32 mRNA (a housekeeping gene transcript). The
level of RNA expression in the unfractionated tumor relative
to that in JW-LCL cells was reduced for both cellular and viral
genes. Total RNA extracted quantitatively from equivalent cell
numbers was used in this assay, thus suggesting that the mRNA
per cell from the tumor was reduced relative to that from
JW-LCL cells. These data indicate that the only detectable
source of latent gene expression is the CD23intCD38int subset.
There are two possible reasons for the undetectable level of

EBV latent gene expression in the CD23loCD38hi subset:
either EBV has entered the lytic cycle, or the cells are not EBV
positive. We analyzed lytic gene expression in the tumor cell
subsets by using reverse transcriptase PCR to measure mRNA
for ZEBRA, an immediate-early lytic cycle protein, and for
gp350, the major envelope glycoprotein. Both ZEBRA and
gp350 mRNA were detected in the CD23loCD38hi subset and
the unfractionated tumor cells, but not in the CD23intCD38int

population (Fig. 4B). These data show that EBV has been
reactivated to the lytic cycle in at least some cells within the
CD23loCD38hi subset. To determine the percentage of cells in
the CD23loCD38hi subset that had reactivated EBV lytic cycle
replication, sorted CD23loCD38hi cells were analyzed for
gp350 mRNA expression by in situ hybridization. Eighty-seven
percent (174 of 200 cells examined) of the CD23loCD38hi cells
gave a strong hybridization signal (data not shown), thus
suggesting that EBV had entered the lytic cycle in the majority
of cells in the CD23loCD38hi subset.
To confirm the production of transforming virus, sorted

subsets were cultured for 7 days, after which the supernatant
was removed and analyzed for the presence of transforming
virus by addition to cultures of EBV-seronegative PBLs.
Cultures were monitored for 6 weeks for the development of
growing foci of lymphoblastoid cells. After only 2 weeks,
transformants were obvious in the wells that received the
CD23loCD38hi subset supernatant, whereas transformants
were not observed in cultures receiving the CD23intCD38int

subset supernatant.

DISCUSSION

In this report, we have shown that EBV-associated human
B-cell lymphomas arising in hu-PBL-SCID mice are composed
of two distinct EBV-infected B-cell populations: CD23lo

CD38hi and CD23intCD38int cells. Analysis of these subsets
demonstrated a correlation of lytic viral gene expression with a
more differentiated B-cell phenotype (high-level Ig secretion,
low-level Ig proliferation, low-level membrane CD23, and
high-level membrane CD38 expression), while viral latent gene
expression was found in cells with a lymphoblastoid pheno-
type (low-level Ig secretion, high-level proliferation, and inter-

mediate-level membrane CD23 and CD38 expression). These
data suggest that the only source of latent gene expression is in
the CD23intCD38int subset. The reduced levels of EBNA-2
protein relative to LCL observed in previous reports on LPD
biopsies and hu-PBL-SCID tumors (4, 25) could be attributed
to the analysis of protein from whole biopsies that would
average EBNA-2 content from both subsets. However, com-
parison of mRNA expression in the lymphoblastoid CD23int

CD38int subset with that of the LCLs showed a lower overall
level of EBNA-1, EBNA-2, and LMP-1 transcripts and lower
levels of CD23 transcripts, suggesting that the lymphoblastoid
phenotype found in vivo is not the equivalent of LCLs in vitro.
This same reduction in latent gene expression has been
observed after transfer of LCLs to SCID mice (28). This
reduced expression of target antigens for cytotoxic T cells
could be a mechanism of escape from virus-specific immune
surveillance, especially in a host with a weakened response due
to disease or immune suppression.
The absence of EBV latent gene expression in the

CD23loCD38hi tumor cells is surprising, because these cells are
presumed to be derived from the latently infected lymphoblas-
toid cells. Although the RNase protection assay might fail
to detect very low levels of EBNA-1, EBNA-2, and LMP-1
mRNA expression, this result implies either that virtually all of
the CD23loCD38hi plasmacytoid cells have entered lytic cycle

FIG. 3. Coexpression of CD23 and CD38 in a TCL and secondary tumors
after transfer into SCID mice. The TCL was derived from the CD23intCD38int

subset after growth in culture for 2 months, and then TCL cells were transferred
to SCID mice. A representative pattern is shown for one of five tumors analyzed
and is displayed as a bivariant contour plot. Fl, fluorescence.

FIG. 4. Viral and cellular gene expression in hu-PBL-SCID tumor and tumor
cell subsets. (A) A multiprobe ribonuclease protection assay was performed to
detect viral EBNA-1, EBNA-2, and LMP-1 mRNA and cellular CD23 and rpL32
in tumor cells and sorted tumor cell subsets. RNA from 8 3 105 cells was
analyzed in each track. The autoradiogram was exposed for 24 h. (B) PCR
analysis for gp350 expression and ZEBRA expression. cDNA from tumors or
tumor subsets was amplified by PCR with primers specific for gp350 or ZEBRA.
The PCR product was run on agarose gels and analyzed for specific PCR
products by blot hybridization with a 32P-labeled oligonucleotide probe internal
to the PCR product. Two bands are seen after amplification with the ZEBRA
primers. The 396-bp band corresponds to the size of the unspliced transcript and
most likely represents DNA contamination. The 270-bp band corresponds to the
size of the spliced mRNA.

VOL. 69, 1995 DIFFERENTIAL EBV GENE EXPRESSION IN B-CELL SUBSETS 153



viral replication or that loss of the viral episome has occurred.
The high frequency of cells expressing gp350 mRNA in the
CD23loCD38hi plasmacytoid cells suggests that EBV has en-
tered the lytic cycle in the majority of plasmacytoid cells. The
association of lytic gene expression with the terminally differ-
entiated B cells is similar to observations that EBV lytic
replication is restricted to terminally differentiated epithelial
cells (39).
We also found that the purified CD23intCD38int subset shifts

phenotype to CD23loCD38hi after short-term growth in culture
and, after transfer and growth in SCID mice, shifts to a
CD23loCD38hi phenotype. It remains to be determined what
signals are driving these phenotypic shifts and whether they are
acting on viral or cellular gene expression. The outgrowth of
the CD23intCD38int TCL subset, but not the CD23loCD38hi

subset, supports the proposal by Cen et al. (4) that outgrowth
of LCLs derived from LPD lesions represents the in vitro
selection of cell subpopulations and is not representative of the
cell types that are found within lymphomas. Both the pheno-
type and growth characteristics of EBV-transformed B cells
thus are influenced by the environment in which they are
maintained.
Our results provide potential explanations for the unre-

solved question regarding EBV lytic cycle replication and its
association with B-cell lymphomas and LPDs. EBV latent
genes are sufficient for transformation of B cells in vitro (6, 14,
17, 33), so lytic cycle replication should not be expected to be
essential for tumor appearance, but virus production by reac-
tivated B cells could shorten tumor latency and increase
polyclonality by infection and transformation of previously
uninfected bystander B cells. We have previously observed that
lytic replication in hu-PBL-SCID tumors correlates only with
PBL donors who have a high frequency of tumors with short
latency after xenotransplantation (25). By contrast, those tu-
mors that developed late after transplantation and at a low
frequency rarely showed evidence of lytic replication. We now
show that only a subset of cells (the CD23loCD38hi subset)
within the tumors are lytically infected. Thus, the variability in
detecting lytic cycle replication in human LPDs and lympho-
mas (4, 12, 13, 23, 32) might be influenced by the time of
sampling (e.g., duration of immunosuppression) and the cel-
lular composition of the tumor sample.
Spontaneous outgrowth of LCLs in vitro from PBLs was

shown to occur by a two-step mechanism: reactivation from a
latent infection to a lytic infection followed by infection of
bystander B cells and transformation of these cells (37). Rowe
et al. (29) proposed that a similar mechanism is occurring in
vivo after immunosuppression of the host. Our results support
this model and extend it by demonstrating that the reactivation
of lytic cycle replication occurs only within a subpopulation of
more differentiated tumor cells. Taken together, these results
support a model for EBV-induced lymphomagenesis in which
the following self-perpetuating series of events occurs: (i)
proliferation of latently infected B lymphoblasts; (ii) differen-
tiation to plasmacytoid cells with reactivation of lytic cycle
infection and release of new virus; and (iii) infection of
bystander B cells, some of which then proliferate as latently
infected lymphoblasts. Most of the spontaneous tumors are
oligoclonal, and rare monoclonal tumors have been observed
after a long latency period (25), so the rate of generation of
secondary transformants must be relatively low. The role of
immunosuppression in this process could be to allow prolifer-
ation of latently infected lymphoblastoid cells (suppression of
T cells recognizing EBV latent antigens) and to blunt immune
responses to reactivated lytic cycle replication. The positive
role of CD4 T cells in supporting tumor formation in hu-PBL-

SCID mice (35) could result from their support of B-cell
differentiation, which would in turn lead to activation of lytic
cycle replication in plasmacytoid cells. The observations that
posttransplant LPDs may resolve if immunosuppression is
halted suggest that a competent immune response to both
latent and lytic cycle EBV antigens can reverse this process.
Finally, aggressive antiviral therapy directed at EBV replica-
tion may reduce the incidence of posttransplant lymphomas.

ACKNOWLEDGMENTS

We thank Rebecca Sabbe, Ying Lin, and Andrew Beernink for
excellent technical assistance; Martin J. Cannon for helpful discus-
sions; Monte V. Hobbs for critical reading of the manuscript; and B.
Towle for secretarial assistance.
R. Rochford is a Special Fellow of the Leukemia Society of

America. This work was funded by NIH grants AI22871 and AI29182.

REFERENCES

1. Biggin, M., M. Bodescot, M. Perricaudet, and P. Farrell. 1987. Epstein-Barr
virus gene expression in P3HR1-superinfected Raji cells. J. Virol. 61:3120–
3132.

2. Calendar, A., M. Billaud, J. Aubry, J. Banchereau, M. Vuillaume, and G.
Lenoir. 1987. EBV induces expression of B cell activation markers on in vitro
infection of EBV negative B lymphoma cells. Proc. Natl. Acad. Sci. USA 84:
8060–8064.

3. Cannon, M. J., P. Pisa, R. I. Fox, and N. R. Cooper. 1990. Epstein-Barr virus
induces aggressive lymphoproliferative disorders of human B cell origin in
SCID/hu chimeric mice. J. Clin. Invest. 85:1333–1337.

4. Cen, H., P. A. Williams, H. P. McWilliams, M. C. Breinig, M. Ho, and J. L.
McKnight. 1993. Evidence for restricted Epstein-Barr virus latent gene
expression and anti-EBNA antibody response in solid organ transplant
recipients with posttransplant lymphoproliferative disorders. Blood 81:1393–
1403.

5. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159.

6. Cohen, J. I., F. Wang, and E. Kieff. 1991. Epstein-Barr virus nuclear protein
2 mutations define essential domains for transformation and transactivation.
J. Virol. 65:2545–2554.

7. Frizzera, Q., D. W. Hanto, K. J. Gajl-Peczalska, J. Rosai, R. W. McKenna,
R. K. Sibley, K. P. Holahan, and L. L. Lindquist. 1981. Polymorphic diffuse
B-cell hyperplasias and lymphomas in renal transplant recipients. Cancer
Res. 41:4262–4279.

8. Hamilton-Dutoit, S. J., D. Rea, M. Raphael, K. Sandvej, H. J. Delecluse,
J. H. J. M. van Krieken, and G. Pallesen. 1993. Epstein-Barr virus-latent
gene expression and tumor cell phenotype in acquired immunodeficiency
syndrome-related non-Hodgkin’s lymphoma. Am. J. Pathol. 143:1072–1085.

9. Hanto, D. W., G. Frizzera, K. J. Gajl-Peczalska, and R. L. Simmons. 1985.
Epstein-Barr virus, immunodeficiency, and B-cell lymphoproliferation.
Transplantation 39:461–472.

10. Herndier, B. G., B. T. Shiramizu, and M. S. McGrath. 1992. AIDS
associated non-Hodgkin’s lymphomas represent a broad spectrum of mono-
clonal and polyclonal lymphoproliferative processes. Curr. Top. Microbiol.
Immunol. 182:385–394.

11. Hobbs, M. V., W. O. Weigle, D. J. Noonan, B. E. Torbett, R. J. McEvilly, R. J.
Koch, G. J. Cardenas, and D. N. Ernst. 1993. Patterns of cytokine gene
expression by CD41 T cells from young and old mice. J. Immunol. 150:
3602–3614.

12. Katz, B. Z., N. Raab-Traub, and G. Miller. 1989. Latent and replicating
forms of Epstein-Barr virus DNA in lymphomas and lymphoproliferative
diseases. J. Infect. Dis. 160:589–598.

13. Katz, B. Z., and U. Saini. 1992. Presence of the diffuse early antigen of
Epstein-Barr virus in lymphomas and lymphoproliferative disorders. Am. J.
Pathol. 140:1247–1254.

14. Kaye, K. M., K. M. Isuzmi, and E. Kieff. 1993. Epstein-Barr virus latent
membrane protein 1 is essential for B-lymphocyte growth transformation.
Proc. Natl. Acad. Sci. USA 90:9150–9154.

15. Kieff, E., and D. Liebowitz. 1990. Epstein-Barr virus and its replication, p.
1889–1920. In B. N. Fields and D. M. Knipe (ed.), Virology. Raven Press,
Ltd., New York.

16. Klein, G. 1989. Viral latency and transformation: the strategy of Epstein-
Barr virus. Cell 58:5–8.

17. Mannick, J. B., J. I. Cohen, M. Birkenbach, A. Marchini, and E. Kieff. 1991.
The Epstein-Barr virus nuclear protein encoded by the leader of the EBNA
RNAs is important in B-lymphocyte transformation. J. Virol. 65:6826–6837.

18. Miller, G. 1990. Epstein-Barr virus: biology, pathogenesis, and medical

154 ROCHFORD AND MOSIER J. VIROL.



aspects, p. 1921–1958. In B. N. Fields, D. M. Knipe, R. M. Chanock, J. L.
Melnick, M. S. Hirsch, T. P. Monath, and B. Roizman (ed.), Virology. Raven
Press, Ltd., New York.

19. Morrell, D., E. Cromartie, and M. Swift. 1986. Mortality and cancer in 263
patients with ataxia telangiectasia. JNCI 77:89–92.

20. Mosier, D. E., R. J. Gulizia, S. M. Baird, and D. B. Wilson. 1988. Transfer
of a functional human immune system to mice with severe combined im-
munodeficiency. Nature (London) 335:256–259.

21. Nalesnik, M. A., R. Jaffe, T. E. Starzl, A. J. Demetris, K. Porter, J. A.
Burnham, L. Makowka, M. Ho, and J. Locker. 1988. The pathology of
post-transplant lymphoproliferative disorders occurring in the setting of
cyclosporine A-prednisone immunosuppression. Am. J. Pathol. 133:173–192.

22. Okano, M., Y. Taguchi, H. Nakamine, S. J. Pirruccello, J. R. Davis, K. W.
Beisel, K. L. Kleveland, W. G. Sanger, R. R. Fordyce, and D. T. Purtilo. 1990.
Characterization of Epstein-Barr virus-induced lymphoproliferation derived
from human peripheral blood mononuclear cells transferred to severe
combined immunodeficient mice. Am. J. Pathol. 137:517–522.

23. Pallesen, G., S. Hamilton-Dutoit, M. Rowe, I. Lisse, E. Ralfkiaer, K.
Sandvej, and L. Young. 1991. Expression of Epstein-Barr virus replication
proteins in AIDS-related non-Hodgkin’s lymphoma cells. J. Pathol. 165:289–
299.

24. Perry, G. S., B. D. Spector, L. M. Schumann, and J. S. Mandel. 1980. The
Wiskott-Aldrich syndrome in the United States and Canada (1892–1979). J.
Pediatr. 97:72–78.

25. Picchio, G. R., R. Kobayashi, M. Kirven, S. M. Baird, T. J. Kipps, and D. E.
Mosier. 1992. Heterogeneity among Epstein-Barr virus-seropositive donors
in the generation of immunoblastic B-cell lymphomas in hu-PBL-SCID mice.
Cancer Res. 52:2468–2477.

26. Purtilo, D., K. Falk, S. J. Pirruccello, H. Nakime, K. Kleveland, J. R. Davis,
M. Okano, Y. Taguchi, W. G. Sanger, and K. W. Beisel. 1991. SCID mouse
model of Epstein-Barr virus induced lymphomagenesis of immunodeficient
humans. Int. J. Cancer 47:510–517.

27. Randhawa, P. S., S. A. Yousem, I. L. Paradis, J. A. Dauber, B. P. Griffith,
and J. Locker. 1989. The clinical spectrum, pathology, and clonal analysis of
Epstein-Barr virus-associated lymphoproliferative disorders in heart-lung
transplant recipients. Am. J. Clin. Pathol. 92:177–185.

28. Rochford, R., M. V. Hobbs, J.-L. Garnier, N. R. Cooper, and M. J. Cannon.
1993. Plasmacytoid differentiation of Epstein-Barr virus-transformed B cells
in vivo is associated with reduced expression of viral latent genes. Proc. Natl.
Acad. Sci. USA 90:352–356.

29. Rowe, M., L. S. Young, H. Crocker, S. Stokes, S. Henderson, and A. B.

Rickinson. 1991. Epstein-Barr virus (EBV)-associated lymphoproliferative
disease in the SCID mouse model: implications for the pathogenesis of
EBV-positive lymphomas in man. J. Exp. Med. 173:147–158.

30. Speck, S. L., and J. L. Strominger. 1985. Analysis of the transcript encoding
the latent Epstein-Barr virus nuclear antigen I: a potentially polycistronic
message generated by long-range splicing of several exons. Proc. Natl. Acad.
Sci. USA 82:8305–8309.

31. Takada, K., and Y. Ono. 1989. Synchronous and sequential activation of
latently infected Epstein-Barr virus genomes. J. Virol. 63:445–449.

32. Thomas, J. A., N. A. Hotchin, M. J. Allday, P. Amlot, M. Rose, M. Yacoub,
and D. H. Crawford. 1990. Immunohistology of Epstein-Barr virus-associ-
ated antigens in B cell disorders from immunocompromised individuals.
Transplantation 49:944–953.

33. Tomkinson, B., E. Robertson, and E. Kieff. 1993. Epstein-Barr virus nuclear
proteins EBNA-3A and EBNA-3C are essential for B-lymphocyte growth
transformation. J. Virol. 67:2014–2025.

34. Uckun, F. M. 1990. Regulation of human B-cell ontogeny. Blood 76:1908–
1923.

35. Veronese, M. L., A. Veronesi, E. D’Andrea, A. Del Mistro, S. Indraccolo,
M. R. Mazza, M. Mion, R. Zamarchi, C. Menin, M. Panozzo, A. Amadori,
and L. Chieco-Bianchi. 1992. Lymphoproliferative disease in human periph-
eral blood mononuclear cell-injected SCID mice. I. T lymphocyte require-
ment for B cell tumor generation. J. Exp. Med. 176:1763–1767.

36. Wang, F., C. Gregory, C. Sample, M. Rowe, D. Leibowitz, R. Murray, A.
Rickinson, and E. Kieff. 1990. Epstein-Barr virus latent membrane protein
(LMP1) and nuclear proteins 2 and 3C are effectors of phenotypic changes
in B lymphocytes: EBNA-2 and LMP1 cooperatively induce CD23. J. Virol.
64:2309–2318.

37. Yao, Q. Y., H. Czarnecka, and A. B. Rickinson. 1991. Spontaneous outgrowth
of Epstein-Barr virus-positive B-cell lines from circulating human B cells of
different buoyant densities. Int. J. Cancer 48:253–257.

38. Young, L., C. Alfieri, K. Hennessey, H. Evans, C. O’Hara, K. C. Anderson,
J. Ritz, R. S. Shapiro, A. Rickinson, E. Kieff, and J. I. Cohen. 1989.
Expression of Epstein-Barr virus transformation-associated genes in tissues
of patients with EBV lymphoproliferative disease. N. Engl. J. Med. 321:
1080–1085.

39. Young, L. S., R. Lau, M. Rowe, G. Niedobitek, G. Packham, F. Shanahan,
D. T. Rowe, D. Greenspan, J. S. Greenspan, A. B. Rickinson, and P. J.
Farrell. 1991. Differentiation-associated expression of the Epstein-Barr virus
BZLF1 transactivator protein in oral hairy leukoplakia. J. Virol. 65:2868–
2874.

VOL. 69, 1995 DIFFERENTIAL EBV GENE EXPRESSION IN B-CELL SUBSETS 155


