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Expression of the Epstein-Barr Virus Protein LMP1 Mediates
Tumor Regression In Vivo

By Barry W. Cherney, Cecilia Sgadari, Chiharu Kanegane, Frederick Wang, and Giovanna Tosato

By stimulating the expression of murine IP-10 and Mig, CXC
chemokines that inhibit neovascularization and cause dam-
age to established tumor vasculature, human B cells immor-
talized with Epstein-Barr virus (EBV) can promote an effec-
tive antitumor response in athymic mice. In the present
study, we examined the potential role of EBV in the induc-
tion of this antitumor response. Using a panel of EBV* and
EBV~ Burkitt lymphoma (BL) cell lines, a significant correla-
tion was detected between the expression of the EBV
latency gene LMP1 and the occurrence of spontaneous
tumor regression in athymic mice. Inoculation of LMP1* and
LMP1- BL cells in the same subcutaneous site resulted in
tumors that completely regressed in a manner indistinguish-
able from that induced by EBV-immortalized B cells. EBV-

mor response against progressively growing tumors. In
contrast, the EBV~ BL30 and BL41 cell lines and the EBV-
converted BL30 and BL41 infected with P3HR-1 virus did not
express LMP1 protein, and generated progressively growing
tumors in nude mice. When transfected with the LMP1 gene,
BL41 cells produced tumors that regressed spontaneously in
most cases, and could induce the regression of tumors
derived from BL41 cells transfected with vector alone. Tu-
mors induced by LMP1-expressing cells expressed murine
IP-10 and Mig and displayed histological evidence of exten-
sive tumor tissue necrosis and vascular damage. We con-
clude that the EBV protein LMP1 is likely responsible for the
antitumor response elicited by EBV-immortalized cells in
athymic mice.

converted BL30 and BL41 sublines infected with B95-8 virus This is a US government work. There are no restrictions on
expressed LMP1, generated tumors that frequently re- its use.
gressed spontaneously, and promoted an effective antitu-

HEN INFECTED WITH Epstein-Barr virus (EBV), B which EBV-immortalized cells elicit the host response leading
cells can acquire unlimited growth potential, and can to the rejection of a variety of human tumors established in the
thus represent a continuous challenge to the EBV-infectediude mouse has remained elusive.
individual. T-cell immunity plays a critical role in the defense  In the course of investigations designed to study Burkitt
against EBV infection, particularly through a potent cytotoxic lymphoma (BL) growth in athymic mice, we have observed that
T-cell response directed at B cells latently infected with thecertain EBV-carrying BL cell lines undergo spontaneous tumor
virus. A subset of latent cycle EBV antigens is preferentially regression in a manner similar to that exhibited by EBV-
targeted by EBV-immune T cells, including EBNA2A, 3B and immortalized cell$! Based on this observation, we have now
3C, and LMPZ T-cell-independent host responses also contrib-xamined in detail the role of EBV as a potential inducer of the
ute to the defense against EBV disease and EBV-inducedost antitumor response observed in athymic mice. We report
lymphoproliferative diseases are rare even in the context othat expression of the latent EBV protein LMP1 can account for
severe T-cell immunodeficiendy. the antitumor effects typically induced by lymphoblastoid cell
Recently, we have reported on an experimental athymidreatment of Burkitt tumors.
mouse model that detects an array of non—T-cell-mediated host
responses elicited by EBV-immortalized cells resulting in a
potent antitumor responsé. When injected subcutaneously  Cell lines. BL cell lines were either derived from biopsies at the
into irradiated athymic mice, human B cells immortalized with National Cancer Institute or obtained from the American Type Culture
EBV are either nontumorigenic or produce small tumors thathIIection (Rockville, MD) or the National Ins_titute ofGenergI Medical
soon regress through tissue necrdgi&8When injected subcu- Sciences (Camden, NJ). The PA682 cell lines were derived from a

taneously in coniunction with a variety of human tumor-derived patient with acquired immunodeficiency syndrome—associated BL from
y | y different sites of tumor involvement: peripheral blood (PA682PB), bone

cell I{nes that, are malignant in this nude mouse model, themarrow (PA682BM2), and pleural effusion (PA682PE2)3All cell
EBV-immortalized cells cause the tumors to undergo a characiines were maintained in RPMI 1640 medium (Biofluids) supplemented
teristic regression process through necrosis and scarBvgn  with 12% heat-inactivated fetal calf serum (FCS; Reheis, Armour
established subcutaneous human Burkitt tumors that reprodu@harmaceuticals, Kan Ka Kee, IL), 2 mmol/L L-glutamine (GIBCO-
ibly kill athymic mice can be effectively treated by local

inoculation with EBV-immortalized cell3.

Studies aimed at clarifying the mechanisms of tumor regres- 4From the Division of Hematologic Products, Center for Biologics

sion induced by EBV-immortalized cells in athymic mice have gyajuation and Research, Food and Drug Administration, Bethesda,
showed that inhibition of tumor neovascularization in conjunc-MD; and the Infectious Disease Division, Brigham and Women's

tion with damage to established tumor vasculature play a centrafiospital, Harvard Medical School, Boston, MA.
role in this procesg,and that the CXC chemokines IP-10  Submitted August 20, 1997; accepted November 17, 1997.
(interferon-inducible protein 10) and Mig are likely mediators _ Address reprint requests to Barry W. Cherney, PhD, Center for
of these effect&$ IP-10 and Mig are expressed at much higher Blologics Evaluation and Research, Bldg 294, Room 2D06, 1401
levels in lymphoblastoid-cell line—treated tumor tissues under-RockVille Pike (HFMS35), Rockville, MD 20852-1448.

. . . . The publication costs of this article were defrayed in part by page
going regression compared with untreated progressively grow-

h . R i;harge payment. This article must therefore be hereby mdikeder-
ing tumors, and these chemokines can act as inhibitors o isement”in accordance with 18 U.S.C. section 1734 solely to indicate

growth factor—induced neovascularization in vivo, cause damsnis fact.
age to established tumor vasculature, and exert antitumor This is a US government work. There are no restrictions on its use.
effects in the nude mousé:*10However, the mechanism by  0006-4971/98/9107-0015$0.00/0

MATERIALS AND METHODS
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BRL, Grand Island, NY), and 5 pg/mL gentamicin (Sigma Chemical annealing temperature in degrees celsius), were as follows: IP-10,

Co, St Louis, MO). LMP1-transfected and control BL41 cells, a gift of ACCATGAACCCAAGTGCTGCCGTC and GCTTCACTCCAGT-

Dr E. Kieff (Harvard Medical School, Boston, MA), were maintained in TAAGGAGCCCT (62); Mig, ACTCAGCTCTGCCATGAAGTCCGC

guanosine triphosphate (GTP) selection media as previously deand AAAGGCTGCTCTGCCAGGGAAGGC (60); G3PDH, GCCAC-

scribed**All cell lines were mycoplasma-free, and were HLA-typed for CCGAAAGACTGTGGATGGC and CATGTAGGCCATGAGGTC-

identification. CACCAC (57). The number of amplification cycles used were 21 for
Animal studies. Six- to eight-week-old female BALB/c nu/nu mice G3PDH, 24 for IP-10, and 28 for Mig. Primers were designed to

(National Cancer Institute) maintained in pathogen-limited conditionsdiscriminate between genomic and cDNA by spanning at least one

were used throughout the studies. Twenty-four hours before initiation ofintron.

the experiments, the mice received 400-rad total body irradiation. Histology. Tumors were removed in toto, fixed in 10% neutral

Exponentially growing cell lines with a viability greater than 90% were buffered formalin solution (Sigma), embedded in paraffin, sectioned at 5

injected (10 cells from each of the cell lines, in 0.2 mL RPMI 1640 pm, and stained with hematoxylin and eosin.

medium containing 10% FCS) subcutaneously into the right abdominal

quadrant through a 25-gauge needle on plastic 1-mL syringes. All

animals were observed weekly and tumor size estimated frasnthe RESULTS
product of two-dimensional caliper measurements (longest perpendicu- Spontaneous regression of EBBL in athymic mice. To
lar length and width). examine potential correlations between the presence of EBV in

Western blot analysis. Protein extracts from cells were solubilized BL cells and the spontaneous regression of certain Burkitt

in sodium dodecyl sulfate (SDS)-sample buffer, boiled for 10 minutes, e . . .

) ; . umors, we injected subcutaneously into athymic mice 17
subjected to electrophoresis on a 1% SDS/8.0% polyacrylamide ge . ial EBV+ and EBV- BL cell i d looked f
(2 X 1P cell equivalents per lane) and transferred onto Immobilon—Ptumorlgenl an cell ines, and looked for

filters (Millipore Corp, Bedford, MA). Loading accuracy and efficiency the occurrence of spontaneous tumor regression. Eight of these
of transfer were evaluated by staining the gels with Coomassie bludL cell lines are EBV and nine are EBV, as determined by
(Sigma) and the membranes with Ponceau S (Sigma). Membranes wef8T-PCR analysis of EBNA-1 mRNA (Table 1). A dose of’10
incubated for 1 hour with a mouse monoclonal antibody (MoAb) to exponentially growing viable BL cells was selected for injection
EBNAL (AB-1 mouse IgG1; Oncogene Science, Cambridge, MA), because previous experiments had shown that this cell dose
EBNA2Z (PE2, mouse IgG1), or LMP1 (S12, mouse IgG2a; or CS1-4,generally produces the highest tumor take achievable with BL

mouse 1gG1). Antibody bound to antigen was detected with a horserad(—:e”&n The occurrence of a tumor was defined as the appear-

ish peroxidase-labeled goat anti-mouse antibody a,nd a chemiluminess oo ¢ o subcutaneous mass at the site of injection, measuring
cence detection system, following the manufacturer’s re(:ommendatlonst | t 0.25 chi £ T idered
(Amersham Life Science Inc, Arlington Heights, IL). at least U.2> crin surface area. Tumors were considered as

RNA preparation and reverse transcriptase-polymerase chain reac:UNdergoing regression when three consecutive tumor measure-
tion (RT-PCR) analysis. Total RNA was extracted from cells by the Ments separated by 1 week showed a size reduction of at least
phenol/guanidinium thiocyanate method (RNAzol; GIBCO-BRL). The 20%, or when, in the absence of measurable tumor size
first cDNA strand was synthesized from 5 ug of total RNA using the increase, tumor tissue necrosis and/or fibrosis was found to
SuperScript preamplification system (GIBCO-BRL). The reaction mix- involve at least 25% of tumor tissue sections through the
tures containing oligo (dT}.1gwere incubated for 50 minutes at 42°C. maximum tumor diametérAs shown in Table 1, neither the

For PCR analysis of EBV genes primer pairs specific for EBNAL OUterfrequency with which these BL cell lines formed tumors nor the
(GTAACTTAGGAAGCGTTTCT and CAATGCAACTTGGAC- time to tumor appearance differed significantly among EBV

GTTTT), EBNAlinner (AGCTTCCCTGGGATGAGCGT and TCTTC- .

CCCGTCCTCGTCCAT), EBNA2 outer (ACTTTGAGCCACCCA- and EBV BL cell I|r_1es. I_n contrast, the fr_equency of spontane-
CAGTAACCA and TGGAGTGTCTGACAGTTGTTCCTG), and ©OUS tumor regression differed substantially among EBwd
EBNA2 inner (CATAGAAGAAGAAGAGGATGAAGA and GTAGG- ~ EBV™ cell lines. Although six of eight EBV lines formed
GATTCGAGGGAATTACTGA) were selectetf PCR amplifications ~ tumors that spontaneously regressed at least 50% of the time,
were performed in 50 pL of reaction mixture containing 5 puL of cDNA only one of nine EBV cell lines formed tumors that spontane-
template, 20 mmol/L Tris-HCI (pH 8.4), 50 mmol/L KCI, 1.5 mmol/L  ously regressed at least 50% of the time. This difference (6 of 8
MgClz, 0.2 mmol/L dNTP mixture, 0.4 pmol/L for each outer primer yersus 1 of 9) of spontaneous regression among tumors induced
pair, and 2.5 U of Tag DNA polymerase (GIBCO-BRL). For the nested by EBV* and EBV- cell lines was significant R = .015,

PCR, 2.5 pL of the first amplified product was used as a template witf]:- ) : .
: . ) . isher’s Exact test), hi re analysis»fa 2
the inner primers. An initial denaturation step of 3 minutes at 95°C was sher's Exact test), as assessed by chi square analysisxf a

followed by 30 cycles of denaturation at 95°C for 1 minute, annealing at2 contingency table,‘ Two of the eight EBV(?EII lines,
57°C to 62°C (depending on the primers used) for 1 minute, angNamalwa and Daudi, produced tumors that either never or

extension at 72°C for 2 minutes on a RoboCycler (Stratagene, La Jolidnfrequently (1 of 14 tumors) regressed spontaneously. Seven of
CA). Amplified product was electrophoresed through a 2% agarose geihe nine EBV cell lines produced tumors that did not regress
prestained with 1 pg/mL of ethidium bromide and was visualized underspontaneously, and one (Louckes) produced tumors that re-
UV light. gressed infrequently (1 of 6 tumors). Spontaneous regression
For PCR analysis of chemokine expression, 80 ng of cDNA wasgccurring in tumors induced by the EB\BL cell lines (BML

amplified using radiolabeled dNTP by a semiquantitative PCFhe 895 and Louckes) occurred later than those noted in tumors
number of amplification cycles was selected for each primer pair toinduced by the EBV cell lines (94+ 27v 44 + 20 days after
provide a signal within the linear portion of a product versus template L L .

tumor appearance), raising the possibility that different mecha-

amplification curve® Aliquots from each amplification reaction were . ) . .
electrophoresed on 6% acrylamide, Tris-borate EDTA gels (Long™iSMS of tumor regression might be operative. Together, these

Ranger; AT Biochem, Malvern, PA) followed by autoradiography and €xperiments showed a significant correlation between EBV
quantitation by phosphorimage analysis. Nucleotide sequences fostatus of a BL cell line and the line’s ability to produce tumors
murine 3 and 3 primers, respectively (followed in parentheses by that spontaneously regress in athymic mice.
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Table 1. Incidence of Tumor Growth and Tumor Regression in Athymic Mice Injected With BL Cells

Tumors/ Days to Days to Maximum
EBV Mice Tumor Tumor Regressing % Size
Cell Line Status™ Injected Appearancet Regressiont Tumors Regression (cm?)§
PA682 BM2 + 9/10|| 28 =95 52 +9.2 8/8 100 45+22
PA682 PB + 9/9|| 19 £ 6.2 19 £ 16 6/7 86 21x21
PAG82 PE2 + 8/10|| 7.1+0.9 28 = 17 17 100 14+11
JLP EBV* + 5/14 11 £33 46 = 15 5/5 100 1814
KK124 + 8/12 16 £+ 9.1 32 +13 4/8 50 20x1.0
Raji + 5/5 21 +0.0 77 = 43 3/5 60 51+3.0
Namalwa + 14/16 14 + 6.0 55 1/14 7.1 6.8
Daudi + 77 8.6 £5.0 —_ o/7 0 —_
ST488 - 3/9 38*+8.1 — 0/3 0 —
Louckes - 6/11 65 * 26 113 1/6 17 9.5
BL41 - 15/16 41 + 34 —_ 0/15 0 —_
Ramos - 3/4 29 0.0 — 0/3 0 —
CA46 - 12/15 11 £ 6.7 —_ 0/12 0 —_
BL30 - 10/10 18 = 6.3 — 0/10 0 —
BML 895 - 3/10 62 £ 0.0 75 *+ 44 2/3 66 3613
JD38PB - 8/8 13+6.4 — 0/8 0
JD38BM - 6/10 35+ 14 — 0/6 0 —

Six- to eight-week-old female BALB/c nu/nu mice maintained in pathogen-limited conditions were exposed (total body) to 4 Gy gamma
irradiation, and 24 hours later injected subcutaneously with 1 X 107 viable cells from the indicated exponentially growing BL cell lines. Animals
were observed weekly for at least 140 days, and tumor size estimated in square centimeters as the product of two-dimensional caliper
measurements (longest perpendicular length and width). A tumor was defined as a mass measuring at least 0.25 cm? in surface area increasing in
size for at least 2 subsequent weeks. Tumors were considered in regression either when three consecutive tumor measurements separated by 1
week showed a size reduction of at least 20% or when, in the absence of measurable size increase, tumor tissue necrosis and/or fibrosis involved
greater than 25% of tumor tissue sections through the maximum diameter.

*EBV status was determined by RT-PCR for EBNA1.

tCalculated from the day of cell line injection; expressed as mean (=SD) for the group.

¥Days to tumor regression were calculated from the day of tumor appearance to the first day regression was observed.

§Maximum tumor size was calculated only for tumors that underwent regression, and is expressed as mean (+SD) for the group. Progressively
growing tumors were greater than 7.0 cm? in size before mice were killed.

|[Four mice from these groups were killed for in vitro studies before regression could be evaluated.

Regression of EBVBL tumors induced by EBVBL cells.  athymic micet We examined whether EBVBL cells could
When injected subcutaneously into athymic mice, EBV-exert a similar antitumor effect. To this end, we inoculated
immortalized B cells either do not give rise to tumors or give athymic mice subcutaneously with the EBBL cell line CA46
rise to small tumors that spontaneously regfdssaddition, we  (that regularly gives rise to progressively growing tumors in this
found that EBV-immortalized cells can promote the regressionmodel) either alone or in conjunction with one of three EBV
of a variety of human tumors, including BL tumors, that would BL cell lines (PA682 BM2, PA682 PB, and PA682 PE2that
otherwise grow progressively in the subcutaneous tissue ofrequently undergo spontaneous regression in this animal

Table 2. Incidence of Tumor Growth and Tumor Regression in Athymic Mice Injected With CA46 BL Cells Alone or in Conjunction
With EBV+* or EBV- BL Cells

Tumors/ Days to Days to Maximum
EBV Mice Tumor Tumor Regressing % Size
Cell Line Status Injected Appearance Regression Tumors Regression (cm2)
CA46 - 4/4 8.0+ 34 — 0/4 0 —
CA46 + PA682 BM2 - 4/4 10.0 = 35 20 = 5.0 2/4 50 39+13
+
CA46 + PA682 PB - 3/3 9.0 = 0.0 37 +9.9 2/3 66 52*+29
+
CA46 + PA6G82 PE2 - 3/3 9.0 £ 0.0 45 = 15 3/3 100 25*x11
+
CA46 + EW36 - 5/5 11 = 0.0 — 0/5 0 —
CA46 + BL41 - 22 12+14 — 0/2 0 —

BALB/C nu/nu mice were injected subcutaneously with CA46 (107 cells in 0.2 mL RPMI), either alone or mixed with 107 cells from one of five
Burkitt’s lymphoma cell lines (PA682 BM2, PA682 PB, PA682 PE2, EW36, or BL41). Experimental conditions and evaluation are described in the
legend to Table 1.
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lines. The EBV control B95-8 cell line expressed the EBNA1,
EBNAZ2, and LMP1 gene by immunoblotting with the MoAbs
AB-1, PE2, and S12 that specifically recognize these proteins,
respectively, whereas the EB\tontrol cell line Louckes did
not (Fig 1). EBNA1 was detected in all EBVBL cell lines,
with the exception of the PA682 BM2, PA682 PB, and PA682
‘ EBNA1 PE2 cell lines (Fig 1). These cell lines express a mutant EBNA1
proteirt?that is not recognized by the anti-EBNA1 MoAb AB-1

PAG82 PE2
JLP EBV+
Louckes

)
[ ]
-'395-8

KK124
Namalwa
@ Daudi

PAG82 BM2
Raji

PA682 PB

97 - ' ' ® —EBNA2A A

—EBNAZ2B

69 -y --* - ‘LMP1

Fig 1. Western blot analysis of EBV gene expression in BL cell
lines. Cell extracts from 2 x 105 cell equivalents were electrophoresed 69 —
through 8% Tris-glycine gels, transferred onto nylon membranes,
probed with specific MoAb antibodies that recognize EBNA1 (AB-1),
EBNAZ2 (PE2), and LMP1 (S12), and developed.

BL30 P3HR-1

¥ 5308958

BL41 P3HR-1

@ 5L Bos8

BL30
BL41

— LMP1

o , Bb&. 20
model. As a control, we coinjected the EBVCA46 cell line

with one of two EBV" BL cell lines, EW36 and BL41. EW36 is 104 —0— Parental

nontumorigenit!; BL41 gives rise to progressively growing —— PaHR-1

subcutaneous tumors in athymic mice (Table 1). As shown ir%t 7 5- —A— B95-8

Table 2, when injected alone in nude mice, CA46 formed large £

progressively growing subcutaneous tumors. In contrast, whe § 54

injected in conjunction with one of the EBVBL cell lines @

(PA682 PB, PA682 PE2, or PA682 BM2), CA46 gave rise to g

tumors that spontaneously regressed in 50%, 66%, and 100% ( 2 2.57

cases, respectively. The remaining tumors were considered ¢

growing progressively, despite reduced tumor growth comparet 01 ; , .
with the controls, and some evidence of tumor tissue necrosi 0 5 10 15

(not shown). It should be noted that all of the evaluable tumors g 44
(three mice were killed during regression for in vitro studies)
considered as spontaneously regressing disappeared cor __
pletely, and the animals were cured. The pattern of tumoi“t
regression was indistinguishable morphologically from that of £
tumors induced by the inoculation of CA46 cells in conjunction |
with EBV-immortalized lymphoblastoid cells. No regression
was observed when CA46 cells were coinjected with the EBV
BL cell lines EW36 or BL41 (Table 2). These results show that
certain EBV* BL cells can give rise to subcutaneous tumors that
spontaneously regress in athymic mice, and promote the . T
regression of subcutaneous BL tumors that usually grow 0 5 10 15
progressively in this model.

BL cell expression of the EBV-encoded LMP1 protein corre-
lates with tumor regression. Two of the EBV* BL cell lines, Fig 2. LMP1 expression and tumorigenicity of BL30 and BL41 cell
Namalwa and Daudi, generally produced subcutaneous tumor&es. (A) Western blot analysis of LMP1 expression in the BL30 and
that grew progressively in athymic mice (Table 1), and thusB4L cell lines infected with P3HR-1 or B95-8 EBV. Cell extracts from
diff d f h h . v Il i h ' I 2 x 10° cell equivalents were electrophoresed through 8% Tris-glycine

iffered from the other six EBV cell lines that generally gels, transferred onto nylon membranes, and probed with a murine
produced tumors that spontaneously regressed.‘EBWV cell MoAb to LMP1 (S12). (B) Growth curves of tumors induced by
lines are known to differ in the patterns of EBV gene expressiorsubcutaneous inoculation of the EBV- and EBV-converted BL30 and
and this determines certain phenotypic differences with respedt41 cell lines. Each data point represents the mean tumor size of all
to the expression of cell activation and adhesion molecules, anf{ic® I €ach group (5 to 10 mice per group). Mice injected with
. i | parental or P3HR1-converted cell lines were killed when the tumors
grovvth characteristics of the infected céeflaie examined the had reached large sizes and impaired animal mobility. (O), Parental;
patterns of EBV gene expression in the panel of EBL cell (O), P3HR-1; (A), B95-8.

10+

7.5+

Tumor size (
N
o w (4]
1 1 1

Time (in weeks)
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used here. The differences in the apparent molecular weight ahfected with P3HR-1 generally do not express LMP1 because
EBNA1 detected in these BL cell lines (Fig 1) is likely ofaloss of the transactivating function of EBNAZn contrast,
attributable to variations in the internal repeat region 3 within B95-8 virus can induce the immortalization of B cells that
the EBNAL coding regiof8 express nine EBV latent viral gene products, EBNA1, EBNA2,
EBNA2A or EBNAZ2B, distinguished by differences in the EBNA3A, EBNA3B, EBNALP, LMP1, and LMP2? We
U2 region encoding EBNAZ? were detected by immunoblot- confirmed that the P3HR-1 and B95-8—converted BL cell lines
ting with the PE2 MoAb in five of the eight EBVBL cell lines. BL30 and BL41 are EBV infected because they expressed
RT-PCR analysis failed to detect EBNA2 specific transcripts inEBNAL by RT-PCR analysis (data not shown). As expected, the
PA682 PB, PA682 PE2, and Daudi cell lines, indicating that ourB95-8 but not the P3HR-1-infected BL30 and BL41 cell lines
failure to detect EBNA2 expression in these BL cell lines wasexpressed LMP1 by immunoblotting with S12 MoAb (Fig 2A).
not attributable to low level expression of EBNA2 or to  Tumors developed in all mice injected with EBVand
expression of a mutant EBNA2 protein not recognized by theEBV-converted BL30 and BL41 cell lines, except for one
antibody used (data not shown). This finding is consistent withmouse injected with BL41-B95-8 (Fig 2B and Table 3). Tumors
the observation that Daudi cells contain a deletion of EBNA2induced by the EBV and the P3HR-1-converted BL30 and
coding sequences. BL41 cell lines exhibited similar growth patterns, forming large
Expression of LMP1 protein was detected by Westernprogressively growing tumors with no signs of tumor regression
blotting with the S12 MoAb in all EBV BL lines, with the  (Fig 2B). As a group, tumors induced by the B95-8—converted
exception of Namalwa and Daudi (Fig 1). The observedBL30 and BL41 cell lines appeared somewhat later, grew at a
variations in the relative molecular weight of LMP1-related diminished rate, and reached a maximum size after approxi-
bands (Fig 1) has been previously attributed to variation in themately 11 weeks without exhibiting significant size change over
carboxyl terminal domain of LMP28 Expression of the LMP1 the next 3 to 4 weeks (Table 3, and Fig 2B). All 5 tumors
protein was also undetectable in the BL cell lines Namalwa andnduced by BL30-B95-8 and 7 of 8 tumors induced by
Daudi by Western blotting with a pool of MoAbs to LMP1 BL41-B95 were considered as undergoing spontaneous regres-
(CS1-4) that recognize distinct LMP1 epitopes (not shown),sion because they either exhibited progressive size reductions
indicating that the failure to detect LMP1 expression in (at least 20% during 3 weeks observation) or displayed exten-
Namalwa and Daudi was not attributable to the presence o$ive tumor tissue necrosis and/or fibrosis (at least 25% of tumor
LMP1 variants. These results show a direct correlation betweesections through the longest diameter). Among the tumors
the expression of LMP, but not EBNA1 or EBNA2, and tumor derived from the BL41-B95-8 cell line, 4 out of 8 displayed
regression associated with EB\BL cell lines. complete tumor regression. Only 1 tumor out of 13 induced by
Effects of EBV infection on BL tumor outcomélo explore  B95-8—converted BL cell lines grew progressively. Tissue
further the relationship between LMP1 expression and theexcised from this tumor as well as from other representative
occurrence of spontaneous BL tumor regression in athymidumors induced by B95-8—converted BL cell lines was found to
mice, we examined whether EBV infection of EB\BL cells have maintained the expression of LMP1 protein (not shown).
might affect the pattern of progressive tumor growth exhibited In parallel experiments, we examined whether the B95-8—
by EBV~ BL cells. To this end, the EBVBL30 and BL41 cell  converted BL30 and BL41 cell lines could induce the regression
lines and their EBV-converted sublines BL30-B95-8, BL30- of autologous EBV cell lines. Coinjection of the cell lines
P3HR-1, BL41-B95-8, and BL41-P3HR-1 were tested in nudeBL30 with BL30-B95-8, and BL41 with BL41-B95-8 into the
mice. P3HR-1 virus is a defective EBV that is unable to initiate same subcutaneous site produced tumors that underwent sponta-
growth transformation and is deleted for a DNA fragment thatneous regression in 4 out of 5 cases and 2 out of 5 cases,
includes some of the IR1 copies, all of U2 and IR2, and arespectively (Table 3). Immunoblotting of tissue extracts from
portion of U3 regions coding for EBNA2 and EBNALPCells representative tumors derived from coinjection of EB&®nd

Table 3. Incidence of Tumor Growth and Regression in Athymic Mice Injected With EBV-Converted BL30 and BL41 Cell Lines

Tumors/ Days to Days to Maximum
EBV Mice Tumor Tumor Regressing % Size
Cell Line Status Injected Appearance Regression Tumors Regression (cm?)
BL30
Parental - 10/10 18 + 6.3 — 0/10 0.0 —
P3HR-1 + 5/5 16 = 0.0 — 0/5 0.0 —
B95-8 + 5/5 30 =11 73 =15 5/5 100 31+13
Parental + B95-8 —/+ 5/5 20 = 0.0 61 = 10 4/5 80 43*+0.6
BL41
Parental - 8/8 11 + 4.7 — 0/8 0.0 —
P3HR-1 + 10/10 17 £ 8.0 — 0/10 0.0 —
B95-8 + 8/9 34 + 17 68 = 36 718 87 54+26
Parental + B95-8 —/+ 5/5 11 £5.8 52 0.0 2/5 40 6.5+ 33

BALB/c nu/nu mice were injected subcutaneously with 107 cells (in 0.2 mL RPMI 1640), from the indicated exponentially growing parental
P3HR-1-converted or B95-8-converted BL30 or BL41 cell lines. Groups of mice were also injected with a mixture of parental EBV- BL cells (BL30 or
BL41 cell lines, 107 cells) and the EBV-B95-8—converted BL cells (BL30-B95-8 and BL41-B95-8, 107 cells). Experimental conditions and evaluation are
described in the legend to Table 1.
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EBV™ BL cell lines, including tumors that failed to spontane- A
ously regress, detected the presence of LMP1 expression. Thus,
infection of EBV- BL cells with B95-8 EBV changed the
outcome of tumors derived from the cell line.

LMP1-transfected EBV BL cells give rise to tumors that
spontaneously regress.To examine whether LMP1 expression
alone is sufficient to confer subcutaneous BL tumors an ability
to spontaneously regress in nude mice, we examined th%g _
outcome of tumors induced by an LMP1-transfected BL41 cell - —— LMP1
line, designated LMP1. A 63-Kd (kilodalton) band, correspond-
ing to LMP1 expressed in B95-8 cells, was detected in the
LMP1 but not the GTP-transfected and untransfected parentg™ BL41-GTP
BL41 cells by immunoblotting with the S12 MoAb (Fig 3A). As
expected, all tumors induced by inoculation of the parental
EBV~ BL41 cell line and five out of six tumors induced by
inoculation of the GTP vector control BL41 cell line grew o_
rapidly and gave rise to progressively growing tumors (Table 4
and Fig 3B, top). In addition, inoculation of vector-transfected
BL41 cells (GTP cell line) in conjunction with LMP1-
transfected BL41 cells (LMP1 cell line) produced subcutaneous
tumors that regressed spontaneously in three out of six case
(Table 4). These results indicate that expression of LMP1 alont
confers EBV BL cells an ability to generate tumors that
spontaneously regress in athymic mice.

Histology and chemokine expression in EBBL tumors
expressing LMP1. To assess further similarities between Bur-
kitt tumor regression induced by LMP1-expressing EBBL
cell lines and tumor regression induced by EBV-immortalized 101
lymphoblastoid cells, we examined tumor tissue histology anc
chemokine expression. In earlier studies, extensive characterizi
tion of Burkitt tumor regression induced by lymphoblastoid
cells had showed that tumor tissue necrosis associated wit
diffuse vascular damage and expression of the CXC chema
kines IP-10 and Mig are hallmarks of these regressing tumors
Control progressively growing Burkitt tumors induced by 2.5
inoculation of BL41 cells (Fig 4A, B, and C) or EBV-P3HR1—
converted BL41 cells not expressing LMP1 (Fig 4D, E, and F) 0- T
displayed little tumor necrosis and little evidence of vascular 0 5 10 15
damage. By contrast, regressing tumors induced by inoculatio Time (in weeks)
of EBV-B95-8—converted BL41 cells expressing LMP1 (Fig
4G, H, and 1) and LMP1-transfected BL41 cells (Fig 4J, K, and _ Fig 3-” LMP1 eXPfeSStiJTn a”dltumorfige”icity of L'V!Pl-_transfeCte?

L) generaly displayed central and homagenous central necr L8 1% 1) Ve ot e NS ereson e
sis involving large portions of the tumor mass and eXtendmgfrom 2 x 105 cell equivalents were electrophoresed through 8%
from the epidermis to the deeper portions of the tumor (Fig 4Gtris-glycine gels, transferred onto nylon membranes, and probed
and H). The tumor vasculature both proximal and distal to thewith a murine MoAb to LMP1 (S12). (B) Growth curves of tumors
site of tissue necrosis displayed evidence of intravascmainduced by subcutaneous inoculation of LMP1 or vector-transfected
thrombosis and intimal thickening (Fig 41 and L). The interface BL41 cells. Growth curves of tumors from vectgr-transfegtet_] BL41

i . ~ o "~ cells and LMP1-transfected BL41 cells are depicted for individual
between viable and necrotic tumor tissue was infiltrated withmice.
cells identified morphologically as monocytes (Fig 4H and K).
Inflammatory infiltrates with lymphocytes and neutrophils were
unremarkable. This macroscopic and microscopic morphologygrowing tumors are shown in Fig 5. We found the RT-PCR
is indistinguishable from that exhibited by regressing tumorsproducts of murine IP-10 and Mig to be more abundant in
induced by the coinjection of EBVBurkitt cells and lympho-  regressing tumors induced by either B95-8—converted or LMP1-
blastoid cells¥> transfected BL41 cells than in the progressively growing tumors

We looked for IP-10 and Mig gene expression in LMP1- induced by either P3HR1-converted or vector control—
expressing Burkitt tumors exhibiting macroscopic evidence oftransfected BL41 cells. Thus, the pattern of IP-10 and Mig
tissue necrosis, and compared it with that of control tumorsexpression in LMP1-expressing Burkitt tumors is indistinguish-
growing progressively. The results of a semiquantitative RT-able from that displayed by EBVBurkitt tumors treated with
PCR analysis from representative regressing and progressivelymphoblastoid cell8:6

B95-8
BL41
BL41-GTP
BL41-LMP

10+

Tumor size (cm

Tumor size (cm2)
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Table 4. Incidence of Tumor Growth and Regression in Athymic Mice Injected With an LMP1-Transfected BL41 Cell Line

Tumors/ Days to Days to Maximum
BL41 LMP1 Mice Tumor Tumor Regressing % Size
Cell Line Status Injected Appearance Regression Tumors Regression (cm?2)
Parental - 8/8 11 47 — 0/8 0 —
GTP - 6/6 11+71 57 1/6 17 7.2
LMP1 + 6/6 20 £6.9 72 =24 4/6 67 44+18
GTP + LMP1 —/+ 6/6 9.0 =33 50 = 0.0 3/6 50 8.2+ 0.9

BL41 cells, vector only-transfected and LMP1-transfected BL41 cells (107) were inoculated subcutaneously into athymic BALB/c mice. A group of
six mice was injected in the same subcutaneous site with equal numbers (107) of vector-transfected and LMP1-transfected BL41 cells.
Experimental conditions and evaluation are described in the legend to Table 1.

DISCUSSION growth inhibitory to cells when expressed at high levéi&

In this study, we have found evidence supporting a IDi\,othowever, LMP1 was also reported to increase B-cell survival,
role for the EBV latency protein LMP1 as an inducer of T-cell POssibly through induction of the bcl-2 oncogefé®
independent antitumor responses elicited by EBV-immortalized A direct effect of LMP1 on BL cell growth or survival is
cells. When injected subcutaneously into athymic mice, EBV Unlikely to explain the frequent occurrence of spontaneous
BL cell lines and EBV* BL cell lines that do not express LMP1 tumor regressions associated with LMP1 expression. Here,
generally gave rise to progressively growing subcutaneoudumor regressions occurred 7 weeks3(weeks) after tumor
tumors. In contrast, EBY BL cell lines expressing LMP1 appearance, suggesting that regression of LMP1-expressing BL
produced subcutaneous tumors that spontaneously regrességlls is a consequence of T-cell independent host responses
When LMP1-expressing BL cell lines were injected in conjunc- €licited by LMP1. This would explain why EBVtumors of
tion with EBV- BL cell lines in the same subcutaneous site, thevarious lineages can also be induced to regress by LMP1-
resultant tumors often regressed spontaneously, indicating @xpressing cells through a bystander effeBrevious experi-
bystander effect. The importance of LMP1 expression wasments have identified several steps in the murine response to
confirmed in experiments with the EBVBL cell lines BL30  human BL cells that seem critical to tumor regression, including
and BL41, and the EBV converted BL30 and BL41 cell lines. the expression of the murine chemokines IP-10 and Mig,
When the infecting virus was derived from the B95-8 cell line mediators that can inhibit tumor angiogenesis and cause vascu-
and induced the expression of LMP1 protein, the BL30 andlar damagé:® However, the mechanism by which LMP1 can
BL41 cell lines produced tumors that spontaneously regressetfitiate this host response is unclear.
in most nude mice. However, when the infecting virus was LMP1, an integral membrane protein consisting of an amino
derived from the P3HR-1 cell line and, as expected, did notterminal cytoplasmic domain 23 amino acids long, six hydropho-
induce LMP1 expression, the BL30 and BL41 cell lines alwaysbic transmembrane domains, and a carboxy terminal cytoplas-
produced progressively growing tumors in this model. Concor-mic domain 200 amino acids long, is emerging as a multifunc-
dantly, tumors derived from coinjection of autologous EBV tional protein that plays a critical role in EBV transformation,
and LMP1-expressing BL30 or BL41 cell lines spontaneouslyand is responsible for many of the phenotypic changes character-
regressed in most cases. Furthermore, the EBW41 cell line istic of EBV-immortalized cells. Using EBV recombinants, the
transfected with the LMP1 gene alone gave rise to tumors thatytoplasmic C-terminal 200 amino acids were found to be
spontaneously regressed in many cases. Histologically, regreseequired for efficient B-cell immortalizatioff. Within the first
ing Burkitt tumors induced by the inoculation of LMP1- 45 C-terminal amino acids (amino acids 187-231), a domain
expressing EBV Burkitt cell lines were indistinguishable from was identified that enables LMP1 to associate with tumor
the regressing Burkitt tumors induced by the inoculation of necrosis factor receptor associated factors (TRAE®compo-
EBV~ Burkitt cell lines in conjunction with EBV lymphoblas-  nents of a signal transduction pathway used by members of the
toid cell lines? In addition, Burkitt tumors regressing because tumor necrosis factor receptor family. Because the transmem-
of their expression of LMP1 expressed the murine chemokinedrane domains enable LMP1 to aggregate in the plasma
IP-10 and Mig, indicative of the induction of a host responsemembrane, LMP1 may mimic the aggregation of tumor necrosis
similar to that induced by lymphoblastoid cellg. factor receptor-ligand complexes that leads to signairig.

The effects of LMP1 expression on the tumorigenicity of the Recently, the LMP1 TRAF binding domain was found to be
EBV~ BL41 cell line had previously been examined in tran- critical to transformation of B lymphocyté8,and to mediate
siently immunosuppressed and SCID mitéyo murine mod-  activation of NFkB transcription factof®3”An additional and
els that differ substantially from the nude mouse model usednore potent NR<B activation domain was identified within the
here. In spite of these experimental differences, these modelsMP1 C-terminal amino acids 352-386, acting independently
support the view that expression of LMP1 reduced the ability ofof the TRAF binding domaif®363’Because of NReB'’s ability
BL cells to grow as subcutaneous tumors in vivo. The investigato stimulate transcription of a variety of genes that contdin
tors have explained these earlier results on the basis of LMP&lements83° NF-kB might mediate many of the phenotypic
activities on cell growth, and this was supported by in vitro changes induced by LMP{:36.37.40.41
results documenting that LMP1 expression impaired BL cells’ Based on these structure-function relationships, LMP1 could
growth in suspension and reduced their clonability in dfar. induce an effective murine response through activation of
Other experiments have confirmed that LMP1 can be toxic oiNF-«xB transcription factor, and secondary secretion of cyto-
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Fig 4. Gross and microscopic morphology of LMP1-expressing and nonexpressing BL tumors. Female BALB/c nu/nu mice were injected
subcutaneously with 1 x 107 cells from exponentially growing BL41 EBV- cell line (A, B, and C); EBV-P3HR-1-converted BL41 cell line (D, E, and F);
EBV-B95-8—converted BL41 cell line (G, H, and I); or LMP1-transfected (J, K, and L) BL41 cell line. Tumors were removed in toto 8 to 14 weeks after
the initial inoculation and processed for histology. (A, D, G, and J) Gross morphology of Burkitt’s tumors removed in toto with abstract epidermis
and dermis showing in (A) and (D) mostly viable-looking tumor tissue with small areas of central necrosis, and in (G) and (J) tumors with
extensive necrosis and little viable tumor (no magnification). (B, E, H, and K) Microscopic morphology (original magnification x 10) of Burkitt’s
tumors showing in (B) and (E) viable-looking tumor tissue, and in (H) and () the abrupt interface between necrotic and viable tumor tissue. (C, F, I,
and L) Higher power magnification (original magnification x 40) of viable tumor tissue with patent capillaries containing red blood cells (C) and

(F), and capillaries occluded with thrombi at various stages of organization (l and L).

Parental
P3HR

e e e e e e o e e G3PDH

Fig 5. Chemokine mRNA expression in LMP1-
expressing and LMP1-nonexpressing Burkitt's tu-
mors shown by semiquantitative RT-PCR analysis.
Tumor tissue was obtained from Burkitt’s tumors
established in BALB/c nu/nu mice by subcutaneous
inoculation of 107 cells from LMP1-nonexpressing
(parental BL41, P3HR-1-converted BL41, or GTP-
transfected BL41) or LMP1-expressing BL cells (B95-
8-converted BL41, LMP1-transfected BL41, or mix-
tures of GTP and LMP1-transfected BL41 cells).
Tumors were obtained either when tumors were
greater than 8 cm? or when they developed typical
tumor necrosis and scarring lesions that are indica-
tive of tumor regression.
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kines, such as interleukin-6 (IL-6), tumor necrosis factor— Epstein-Barr Virus-immortalized B cells. Leuk Lymphoma 19:267,
(TNFa), and IL-12. In previous experiments, human IL-6 and 1995 _ o _

TNFa failed to reproduce the antitumor effects exhibited by 5. Sgadari C, Angiolillo AL, Cherney BW, Pike SE, Farber JM,

EBV-immortalized cells in the nude mougeduman IL-12 Koniaris LG, Vanguri P, Burd PR, Sheikh N, Gupta G, Teruya-Feldstein

produced by EBV-immortalized cells, does not stimulate gJ Tosato G: Iﬁterferon-lndumble protelq-lo |den.t|f|ed as a mediator of
chemokine response in the mouse because of its strict specietsu-mor necrosiin vivo. Proc Natl Acad Sci USA 93:13791, 1996
6. Sgadari C, Farber JM, Angiolillo AL, Fang L, Teruya-Feldstein J,

speuflmty. Howgver, othe!’ NEB—Induged gene products,. Burd PR, Yao L, Gupta G, Kanegane C, Tosato G: Mig, the monokine
alone or in combinations, might serve as inducers of an effectivg,,ced by interferon-gamma, promotes tumor necriosigvo. Blood
antitumor response in the mouse. An alternative possibility, alsgg:2635, 1997

involving NF«B transcription factor activation, is that expres- 7. Gurtsevitch VE, O'Connor GT, Lenoir GM: Burkitt's lymphoma
sion of certain adhesion molecules induced by LMP1, such asell lines reveal different degrees of tumorigenicity in nude mice. Int J
LFA1 and ICAM/:40 might be critical to engagement and Cancer 41:87, 1987

activation of the host cells. Previous experiments have identi- 8. Wolf J, Draube A, Bohlen H, Jox A, Mucke S, Pawlita M, Moller
fied macrophages and endothelial cells as the murine cell§: Diehl V: Suppression of Burkitt's lymphoma tumorigenicity in nude
primarily responsible for the secretion of IP-10 and Mig in BL mice by co—llnoculatlon of EBV-immortalized lymphoblastoid cells. Int
tumors that regreds These cells constitutively express certain ¥ Cancer 60:527, 1995 o

- . . 9. Luster A, Leder P: IP-10, a -C-X-C- chemokine, elicits a potent
integrins that could serve as receptors for ligands such as LFA

. . . - mus dependent antitumor resporigevivo. J Exp Med 181:1057,
and ICAM142 Occupation of integrin receptors by their ligands 13/93 P P P

can resultin signaling and cell aCt'Vat'éh_' ) 10. Arenberg DA, Kunkel SL, Polverini PJ, Morris SM, Burdick
Among EBV latency genes, LMP1 is essential to B-cell \p, Taub DT, lannettoni MD, Whyte RI, Strieter RM: Interferon-

immortalization®® and is the only EBV gene that can transform gamma-inducible protein 10 (IP10) is an angiostatic factor that inhibits

nonlymphoid cellg* Expression of LMP1 in a variety of human human non-same cell lung cancer (NSCLC) tumorigenesis and sponta-

malignancies, including nasopharyngeal carcinoma, Hodgkin's:eous metastasis. J Exp Med 184:981, 1996

disease, nasal and nasal type T/natural killer (NK) cell ympho- 11. Cherney B, Bhatia K, Sgadari S, Gutierrez MI, Mostowski H,

mas and lymphoid granulomatosis, is considered relevant t&ke SE, Gupta G, Magrath IT, Tosato G: Role of the p53 tumor

tumorigenicity in human3.Our observations indicate that in SUPPressor gene in the tumorigenicity of Burkitt's lymphoma cells.

. . . . Cancer Res 57:2508, 1997
addition to its role in growth transformation, LMP1 also plays a

| ind f antit Bi : 12. Magrath I, Erikson J, Whang-Peng J, Sieverts H, Armstrong G,
role as an inducer of antitumor responses. blopsy SpeC'men@enjamin D, Triche T, Alabaster O, Croce C: Synthesis of kappa light

from cases of nasal or nasal-type T/NK cell lymphomas andchains by cell lines containing an 8;22 chromosomal translocation

lymphoid granulomatosis usually express LMP1 and displaygerived from a male homosexual with Burkitt's lymphoma. Science
histological evidence of tumor tissue necrosis and vasculap22:1094, 1983

damage that are similar to those of BL tumors treated with 13. Gutierrez MI, Bhatia K, Cherney B, Capello D, Gaidano G,
lymphoblastoid cells in the moude We have detected high Magrath I: Interclonal molecular heterogeneity suggests a hierarchy of
level expression of the chemokines IP-10 and Mig in the tissug?athogenetic events in Burkitt's lymphoma. Ann Oncol 8:987, 1997
specimens from cases of T/NK cell ymphomas and lymphoid_ 14. CuomoL, Ramquist T, Trivedi P, Wang F, Klein G, Masucci MG:
granulomatosié® Thus, chemokine expression, vascular dam_Exrgisizor;i?éttrr:(zliznpxs/itter?_Brgxtrrlélsogi%?lli)t_egrig(:j:qzqr?rzﬁir;?eci‘rgaem
age, a'nd tumor tissue necrosis might represent evidence BV-neggtive Burkitt Iympghoma iine. IntJé’ancer 51:94%, 1992
LMP1-induced responses.

L . . . 15. Kanegane H, Wang F, Tosato G: Virus-cell interactions in a
Elucidation of the mechanisms by which LMP1 mediates natural killer-like cell line from a patient with lymphoblastic lym-

antitumor responses will be important to our understanding Ofphoma. Blood 88:4667, 1996
the complexities of this protein and might lead to novel 16. Burd P, Thompson W, Max E, Mills F: Activated mast cells

therapeutic approaches to cancer treatment. produce interleukin 13. J Exp Med 178:1373, 1995
17. Rowe M, Tooney CM, Edwards CF, Lenoir GM, Rupani H, Moss
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