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It has not been established whether an endogenous superantigen (SAg) expressed on B cells
can induce germinal centers (GCs). An interesting model is that of mammary tumor virus
encoded viral SAgs, which induce vigorous T cell proliferation and are predominantly
expressed on activated B cells. We have used this model to analyze the possibility that direct
stimulation of Mtv7+ DBA/2 B cells by vSAg-responsive (VJ36+) BALB/c T cells can give
rise to GCs. Injection of BALB/c SCID mice iv with 2 10 DBA/2 B cells, together with
LPS, followed by 2 106 BALB/c T cells induces numerous large splenic GCs within 3-5
days. The GCs are still large on day 7, but are very much reduced by day 10. B cell activation
with LPS is needed for this effect. These GCs form in spite of the apparent absence of follicu-
lar dendritic cells (FDCs) as judged by staining for several FDC surface markers. Control
mice receiving either BALB/c T or DBA/2 B cells + LPS alone or DBA/2 T + B cells + LPS
fail to exhibit any GCs on days 3-7. Numerous small clusters of PNA+ cells, but few large
GCs are observed when TNF-R(p55)-Ig is also injected, whereas LT3R-Ig treatment impeded
the formation of aggregations of these cells even further, leaving scattered PNA+ single cells
and very small clumps throughout the white pulp of the spleens. Anti-TNFot had no effect.
These results suggest that endogenous vSAg mediated GC formation is independent of anti-
gen trapping by FDCs.

Keywords: germinal center(s), superantigen, Mtv7, follicular dendritic cells, lymphotoxin and tumor
necrosis factor

Abbreviations:FDC, follicular dendritic cells; GC, germinal center; LPS, endotoxin; MMTV, murine
mammary tumor virus; PNA, peanut agglutinin; vSAg, viral superantigen

INTRODUCTION

Germinal center (GC) formation during the immune

response to exogenous traditional Ags is thought to

require the interaction of B and T cells as well as fol-

licular dendritic cells (FDCs) (Tsiagbe et al., 1996).
Stimulation of a large number of T helper cells, such
as occurs after injection of an exogenous superantigen
(SAg), might cause the polyclonal activation of B
cells in an antigen nonspecific fashion (Modlin et al.,
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1996, Tumang et al., 1991, Luther et al., 1997), per-
haps even leading to autoimmunity (Acha-Orbea,
1993, Ponzio et al., 1997). Bacterial and exogenous
viral SAgs are also traditional antigens that can

induce Ab formation and would therefore be expected
to induce GC formation. However, the endogenous
retroviral (v) SAgs, encoded by the LTR of mammary
tumor viruses, are transcribed primarily in B and CD8
T cells (Webb and Sprent, 1990) and the protein is
detectable on the surface of activated B cells and B
cell lymphomas (Winslow et al., 1992, Mohan et al.,
1993). Although vSAgs tend to bind strongly to MHC
class II antigens (Winslow et al., 1994), and are prob-
ably not present as soluble products, they can move
from class II- to class II+ cells (Delcourt et al., 1997).
They fail to induce detectable Ab responses and cyto-
toxic T cell responses (Matossian-Rogers and Festen-
stein, 1977, Herrmann et al., 1992), but induce strong
proliferation of the CD4+ T cells bearing the respon-
sive V in their TCR, usually followed by deletion of
these T cells, depending on the avidity of the interac-

tion with the vSAg presenting cell (Webb et al.,
1994).

In their study of the histological response to injec-
tion of exogenous MMTV, Luther et al (Luther, et al.,
1997) concluded that vSAg induced GCs but with

slower kinetics than traditional Ags. It was not clear
from their data how the histological response to other

viral Ags was distinguished from that to the vSAg. It
has been shown that peanut agglutinin (PNA) bind-

ing, a typical property of GC B cells, may be upregu-
lated on B cells during their interaction with

allogeneic T cells (Forman and Pure, 1991). In view

of the similarity in the magnitude of the proliferative
response induced by vSAg and by allogeneic cells, we
have therefore determined whether the in vivo

response to endogenous vSAgs expressed on B cells

is accompanied by GC formation and, if so, the kinet-

ics of this T cell-induced B cell response in a SCID
mouse environment where FDCs are missing (Kapasi
et al., 1993). For these studies we have used the H2d

strains, DBA/2 and BALB/c, which differ in expres-
sion of the strongly stimulating Mtv7-encoded vSAg
(Mlsla).

MATERIALS AND METHODS

Mice

Balb/c, Balb/c SCID and DBA2 mice were purchased
from the National Cancer Institute (Bethesda, MD).
Animals were maintained in pathogen free micro-iso-
lator cages in the Animal Facility at NYU School of
Medicine.

Cell Isolations

B cells were negatively selected from donor spleen
cell suspensions by treating with anti-T cell cocktail

(containing mAb to CD4 (GK1.5), Thyl.2 (6.80),
Lyt2.2 (HO-2.2) and Lyl.2 (C3PO)} for 30 min at

4C, followed by lysis of the T cells with young rab-
bit C for lh in Petri dishes at 37C. Nonadherent B
cells were washed 3x in Dulbecco’s PBS prior to

injection. T cells were negatively selected from donor
lymph node cell suspensions by treating with anti-B
cell cocktail {containing anti-IA1 (MKD6), anti-B220

(RA3-3A1/6.1) and anti-CD24 (Jll.D2)] and C as

described above. Alternatively, total T cells or CD4 T
cells were negatively selected by incubation of lymph
node cells with rat anti-murine CDllb/Macl

(M1/70.15; CALTAG, Burlingame, CA) and B220,
with or without anti-CD8 (Pharmingen), followed
by fractionation in a magnetic field after incubation
with magnetic microbeads coated with anti-rat Ig
from DYNAL (Lake Success, NY).

Cell transfers

2 106 B cells + 5 tg lipopolysaccharide (LPS from
E. Coli Olll:B4; Difco Laboratories, Detroit, MI)
were injected iv into Balb/c SCID recipients on day 0,
followed by 2 106 T cells iv one day later. In some

experiments, anti-TNF (TN3, kindly donated by Dr.
R. D. Schreiber, Washington U. School of Medicine,
St Louis, MO), TNF-R-Ig (p55) and LTR-Ig, pre-
pared as described (Browning et al., 1996), were

injected (3-400 tg/mouse, ip) at the time of T cell
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transfer. Control cells or normal Ig preparations were

injected as mentioned in results.

Flow cytometry

106 cells in Hanks’ BSS, 1% BSA and 0.1% sodium

azide were incubated with 0.1 pg anti-CD4-PE,
anti-CD8-TriColor, anti-V[6-FITC and/or anti-V[2-FITC
(Pharmingen, San Diego, CA) and read in a FACScan
(Beckton Dickenson, San Jose, CA).

Immunohistochemistry

Tissues were fixed in Carnoy’s fixative for lh at RT
and transferred to 60% ethanol until embedded in par-
affin. In the case of PNA staining, endogenous perox-
idase activity was quenched with 0.3% H202 in PBS
(pH 7.2) for 5 min. Nonspecific activity was blocked

by incubating the slides in 1% bovine albumin

(Sigma, St. Louis, MO) for 15 min. Tissues were
incubated with horseradish peroxidase (HRP) conju-
gated PNA (25 tg/ml, Sigma) for lh, washed, devel-
oped with 0.08% diaminobenzidine (DAB) and 0.3 %

H202, and counterstined with methyl green (Fluka,
Ronkokoma, NY). Additional slides were stained

with methyl green pyronin.

Spleens were also frozen at-77C in OCT embed-
ding medium and mounted for cryostat sectioning.
Sections, 5-7 tm thick, were dried and fixed in ace-

tone. After quenching of endogenous peroxidase
activity, sections were incubated with mAbs (10
tg/ml) for 1 h at room temperature in a humidified
chamber. HRP and alkaline phosphatase (AP) activi-
ties were developed using DAB and
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazo-

lium (BCIP/NBT) from Sigma (St. Louis, MO),
respectively. The stained sections were rinsed 5 min
in methanol and counterstained with Giemsa. The rat

antibodies used for staining were FDCM1 (4C11) and
FDCM2 (209), both kindly donated by Dr. M. Vil-

bois-Kosco, anti-CR1 (8C12), anti-CD4 (RM4-5),
and biotinylated anti-B220 (RA3-6B2), all purchased
from Pharmingen. Developing reagents were goat
anti-rat Ig-HRP and streptavidin-AP (Pharmingen).

Mixed Lymphocyte Cultures

Nonadherent DBA/2 splenocytes were T cell depleted
by treatment with an anti-T cell cocktail and C as

described above. To prepare DBA/2 B cell blasts, B
cells were cultured at 0.5 106 cells/ml + 50 pg LPS
in Iscove’s modified Dulbecco’s medium (BioWhit-
taker, Walkersville, MD) supplemented with 10%
fetal bovine serum (Gibco/BRL Grand Island, NY),
2mM L-glutamine and 5x10-5 M 2-mercaptoethanol
for 48 h. Responder lymph node cells were prepared
from BALB/c mice and placed in culture at 4 105
cells/well in 96 well plates with either 2 104
cells/well DBA/2 B cell blasts or resting B cells _+ 20
tg/ml mAb to vSAg7 (Mls-1; Pharmingen) or control
mouse Ig for 48 h. 1 tCi 3H-thymidine
(Dupont-NEN, Boston, MA) was added to each well
and 24 h later the cultures were harvested onto glass
fiber filter. The amount of 3H incorporated was deter-
mined by liquid scintillation counting.

Quantitation of Germinal Centers

GC areas were measured on PNA-stained slides using
the Cell Analysis System Micrometer v.1 (Elmhurst,
IL). Measurements were made on at least three
traverse spleen sections per mouse and the percentage
spleen area occupied by GCs was calculated.

Statistical evaluation

Statistical significance was calculated using the Stu-
dent t-test.

RESULTS

Germinal center formation as a result of T-B cell
interaction during the vSAg-7 induced response

When SCID mice were injected with DBA/2 B cells
and LPS, followed one day later by BALB/c T cells,
GC formation could first be detected in the spleen on

day 3 (Table I, Figs. 1 and 2). There was a rapid
increase in both the size and number of GCs observed



204 W.J. SIMMONS et al.

A

0
2

LPS
..--._---------- + LPS

3 4 5 6 7 8 9 10 11

60-

so-

40-

30-

20-

10-

Days after Cell Transfer

FIGURE Germinal center development in SCID BALB/c mice after transfer of BALB/c T and DBA/2 B cells with and without LPS. Mice
were injected iv with 2 x 106 B cells with or without 5 tg E. coli endotoxin (LPS) on day 0. On day they received 2 106 T cells iv and
their PNA-peroxidase stained spleen sections (at least three cross sections per spleen) were examined for the presence of GCs on the indi-
cated days after B cell transfer. A: The measured GC areas in a recipient spleen were combined and expressed as a percentage of the spleen
section areas examined for that mouse. Mean values SE are represented; the number of mice per group are given in Table I. B: The mean
GC size SE for all the mice in the group are presented (n number of mice in the group multiplied by the number of GC/mouse, as shown
in Table I)

in the spleens of such recipients during the following
days, such that at peak development more than 6% of
the area of spleen sections was occupied by GCs. This

was only seen when LPS was injected at the time of B
cell transfer; without LPS, GC formation was mini-
mal. However, the GC response was not induced by
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FIGURE 2 V6 CD4 and CD8 T cell expansion in SCID BALB/c spleens after transfer of BALB/c T (on day 1) and DBA/2 B cells + LPS
(on day 0). Spleen cell suspensions were prepared on the indicated days after B cell transfer and triple stained for the presence of V6 cells
in CD4 and CD8 T cells as described in materials and methods. Results are given of a single experiment and were representative of at least
two other similar experiments. A: The representation of CD4 and CD8 cells in recipients’ spleens (n 2, 4, and 6 mice per group on days 5,
7, and 10, respectively) is given as mean percentages SE of total spleen cells. The ratio of CD4/CD8 in donor cells in this experiment was
2.2. V6 cells as mean percentages +/- SE of either CD4 or CD8 T cells in recipient spleens in the same experiment; V6 cells comprised
10.6 and 7.4% of CD4 and CD8, respectively, in the donor cell preparation. V2 cells were also measured, but remained below 1% in recip-
ients, although they comprised 7.5 and 6.9% of CD4 and CD8, respectively, in the donor cell preparation

LPS itself, because injection of LPS and DBA/2 B
cells followed by DBA/2 T cells (or BALB/c B fol-
lowed by BALB/c T cells) did not result in the

appearance of GCs prior to day 10 (Table I). Thus, the
rapid GC formation was dependent on the response of
BALB/c T cells to LPS-activated DBA/2 B cells.
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TABLE Germinal Center Formation in SCID-BALB/c Recipients of BALB/c T and DBA/2 B cells

Cells Transferred Day After GCs as % ofSpleen Area GC Size GCper
B cell transfer Mean % SE (n Mean t2 SE Moused

DBA/2 B + BALB/c T

with LPS

DBA/2 B + DBA/2 T

with LPS

3 1.82 1.4 (3) 16.5 3.1 7.7

5 6.82 0.86 (17) 39.7 1.5 11.9

7 6.84 0.85 (9) 53.0 2.4 10.4

10 0.49 0.22 (6) 9.3 3.6 1.5

3 0(3) o
5 0.21

__
0.13 (5) 6.6

_
4.7 1.2

7 0.66 +_ 0.24 (8) 11.6 _+ 2.5 2.8

10 1.23 +_ 0.76 (5) 16.5
_

3.0 4.0

DBA/2 B + BALB/c T 5 0.09 0.09 (3) 1.8 1.8 1.0

without LPS 7 0.33 +/- 0.33 (3) 6.7 6.7 1.0

a. B cells +/- 5 tg LPS were injected iv on day 0 and T cells on day 1. No GCs were observed in recipients of DBA/2 B or BALB/c T cells alone.
b. n Number of mice in group.
c. The mean sizes +/- SE for all GCs measured in the mice of that group.
d. Number of germinal centers observed in 3 spleen sections per mouse..

In most experiments in which total BALB/c T cells
were used, the acute GC response had disappeared by
day 10 (Figs. 1A and B). In fact, by day 10 there was
no longer any difference between mice receiving
DBA/2 or BALB/c T cells, or between mice receiving
LPS or no LPS at the time of B cell transfer. Those
GCs that were still visible on day 10 were much
smaller, and contained far less mitotic activity and
apoptotic cells than the GCs observed earlier. How-
ever, in experiments with purified CD4 T cells and in
one experiment with highly purified total T cells, in
which the CD8 T cells failed to expand after transfer,
see below, the large GCs were still present on day 10.

Nature of BALB/c T cell response to DBA/2
LPS-induced blasts

Since it has been shown that the response to vSAg7 is

dominated by V6+ T cells (Waanders and McDon-
ald, 1992, Hayden et al., 1996), a comparison was
made between the frequency of VI6+ and VI2+ T
cells in the recipient spleens. At the time of cell trans-
fer, the donor cells contained 9.5-11.5% V6+ and
6.8-7.6% V2+ cells in the CD4+ and 7.4-12.4%

V6+ and 5.5-6.9% V2+ cells in the CD8+ popula-

tion. V2+ T cells remained barely detectable in
recipient spleens throughout the experiment, but

V6+ cells expanded to above 60% of the total CD4+

T cells in the spleen (Fig. 2B) within 4 days and
remained this high through day 9 after T cell transfer.
CD8+ T cells increased slowly and less impressively,
but in .some experiments reached 20% of CD8+ T
cells by day 9 (Fig. 2B). The increase in V6 in T
cells was absent when LPS had not been injected at

the time of B cell transfer, remaining below 2%. The
ratio of CD4+/CD8+ T cells in the recipient spleens
remained stable on days 4 and 6 after T cell transfer.
In some experiments there was an increase in CD8+ T
cells by day 9 (Fig. 2A), suggesting that a cytotoxic T
cell response might be taking place against the
DBA/2 cells, which was not, however, dominated by
V6+ cells to the same extent as was the response in
the CD4+ T cells. In experiments with purified donor
CD4 T cells and also in some experiments with puri-
fied total T cells, this increase in CD8 T cells was not

observed and the CD4/CD8 ratio in recipients’ spleens
by day 9 was approximately 10. In those experiments,
GC formation in recipient spleens remained at peak
levels through day 9 after T cell (or day 10 after B
cell) transfer.
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TABLE II Mixed Lymphocyte Response in BALB/c T cells is Mainly due to vSAg7

Stimulator Used Reagents Added A cpm SE % of Control Response

-DBA/2 LPS blasts

?-DBA/2 B cells

Con A

Control Ig 8, 738 _+ 2,100

Anti-vSAg7 2, 083 221

Control Ig 1,632 _+ 86

Anti-vSAg7 883 55

Control Ig 6, 338 265

Anti-vSAg7 10, 877 639

23.8

54.2

166.2

a. Means _+ SE of 5 replicate cultures.

The in vitro proliferative response of BALB/c T
cells to LPS-induced DBA/2 B cell blasts was studied
for its sensitivity to inhibition by anti-vSAg7 mAb.
The results in Table II show that the response to

7-irradiated LPS-blasts was much greater than that to

unstimulated DBA/2 B cells. In addition, this

response was ~80% inhibited by the presence of

anti-vSAg7. This inhibition was specific as shown by
the lack of inhibition of the response to Con A. These
data indicate that the initial response of BALB/c T
cells to DBA/2 LPS blasts is overwhelmingly due to

vSAg7.

Role of molecules of the TNF-R family
in the vSAg7-induced GC response

The rapidity of the GC formation after B + T cell
transfer in the SCID mouse microenvironment sug-
gested a relative independence from FDCs, which
have been reported to be undetectable in SCID lym-
phoid tissues (Kapasi, et al., 1993). In fact, staining
for CR1, FDC-M1 and FDC-M2 failed to detect any
FDCs on day 5 after injection of DBA/2 B + BALB/c
T cells (not shown), although the spleen contained
numerous GCs. To study this aspect further, and in

view of the well-known inhibitory effect of
TNF-RI-Ig and LTI3R-Ig on FDC development (Mat-
sumoto et al., 1996, Rennert et al., 1997), we injected
0.4 mg TNF-RI(p55)-Ig or LTI3R-Ig ip at the time of
the B cell-transfer. Although this resulted in a much
more disperse response on the part of the PNA/ B
cells, probably as a result of the known destructive
influence of these reagents on the B-T cell compart-

ments and follicular structure, the total number of

PNA-binding blast cells seen in small clusters all over
the white pulp of the spleen was still measurable

(Figs. 3 and 4). The number of GCs per spleen was

higher in the TNF-RI-Ig injected than in control-lg
injected recipients on day 5 after B cell transfer, while
the mean GC size was much reduced (Fig. 3). The
effect of LT3R-Ig was more pronounced than that of

TNF-R-Ig and resulted in the presence of very small
clumps of PNA binding cell clusters all over the peri-
arteriolar sheaths ("white pulp") of the spleen without

any recognizable real GCs on day 5. By day 7 there
was some recovery from this effect and GCs could
now be recognized. No effect was observed from the

injection of 0.25 mg anti-TNF-a, injected together
with the B cells, on GC formation.

DISCUSSION

These results show that LPS activated vSAg7
expressing B cells rapidly form GCs when stimulated

by T cells responding to the vSAg. The GC formation
becomes detectable as early as three days after the B
or two days after the T cell transfer, which is at least
24-48 h sooner than after a primary injection of nom-
inal Ag into a normal animal (Tsiagbe, et al., 1996,
Langevoort et al., 1963, Jacobson and Thorbecke,
1968, Coico et al., 1983). The vSAg induced GC
response resembles more that of a secondary response
to nominal Ag, where the presence of primed T cells
causes an acceleration in GC formation (Buerki et al.,
1989). This rapidity is undoubtedly the result of the
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Mean GC Size (btm2) # GC/mouse
FIGURE 3 Effect of TNF-RI-Ig on germinal center formation in SCID BALB/c spleens after transfer of BALB/c T (on day 1) and DBA/2 B
cells + LPS (on day 0). Mice received cell transfers as in Fig. 1. One group of 4 mice was also injected on day 0 with 0.4 mg TNF-RI-Ig ip,
the other group received control Ig. The mice were killed on day 5. The results are expressed as mean GC size SE for each group of mice
(left) and as the numbers of GCs counted in 3 spleen sections per mouse

vigorous V[36 CD4 T cell response that is induced by
the LPS activated, but not resting DBA/2 B cells.

The response is not only very rapid, but also shorter
lived than the GC response to a nominal Ag given
without adjuvants, which usually starts to wane only
after day 14, and is detectable in the spleen for
approximately three weeks (Langevoort, et al., 1963,
Thorbecke et al., 1962). The acute disappearance of
GCs between days 7 and 10 in the present experi-
ments could have two major explanations. In the first

place, although vSAg7 itself is known not to induce a

cytotoxic response (Herrrnann, et al., 1992), there
might have been a cytotoxic T cells response by the
BALB/c CD8 T cells against other minor histocom-

patibility antigens on the DBA/2 cells. CD8 T cells
predominated in the recipient spleens by day 10 and
could be responding against such Ags on the GC B
cells of DBA/2 origin. The results obtained with the
purified CD4 T cell transfers, where GCs remained

large in recipients at least through day 10, suggest that
this explanation may be correct. However, future
experiments in which congenic BALB/c mice which
express vSAg7 are used as the B cell donors will
determine whether such a cytotoxic response causes
the disappearance of the GCs in these experiments.

A second reason for the GC disappearance after
day 7, could be a lack of interaction with FDCs, either
because of a relative absence of FDCs, or because of



B CELL MMTV INDUCED GERMINAL CENTERS 209

FIGURE 4 Germinal center appearance in spleens from TNF-RI-Ig treated recipients (left) as compared to controls (right) on day 5 after B
cell transfer. Spleen sections were stained with PNA-peroxidase and methylgreen. Magnification 100x

the lack of interaction of the proliferating B cells in
these vSAg induced GCs with immune complexes on

the surface of FDCs, resulting in enhanced apoptosis of
the GC B cells. It has been shown conclusively that the
interaction between GC B cells and FDCs is important
for the survival of the B cells (Koopman et al., 1994)
and that immune complexes with bound complement
present on the FDC surface greatly contribute to this

effect (Carroll and Fischer, 1997, Croix et al., 1996).
Indeed, staining for FDCs in the SCID recipients in our

experiments showed a complete absence of detectable
FDCs on day 5 when numerous large GCs were present
in the follicles. These results agree with those obtained
in LT-/- mice, where FDCs are not found, but GCs are

produced in the mesenteric lymph nodes that some-

times develop in these mice (Fu et al., 1997, Koni et al.,
1997, Koni and Flavell, 1998). These GCs are local-
ized within CD24+IgD+ B cell containing follicles, are

specifically induced by antigen challenge ip, but fail to

persist (Koni and Flavell, 1999). Thus, both the normal
localization of the GCs in follicles and a failure to per-
sist are shown in two different situations, where func-
tional interaction between GC B cells and FDCs is

lacking. The effect of the injection of TNF-R-Ig on GC
formation in the present experiments provides further
evidence that the production of clusters of PNA-bind-
ing B cells does not require participation from FDCs.
The disorganization of the lymphoid tissue, which is

reported to result from the injection of either TNF-R-Ig
or LTR-Ig (Matsumoto, et al., 1996, Rennert et al.,
1996, Matsumoto et al., 1997), evidently prevents the
normal localization of the GC response in follicles,
although most of the clusters of PNA-binding blast
cells observed are still predominantly localized in the
white rather than in the red pulp of the recipient mouse
spleens.
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B cell lymphomas of SJL mice require CD4 T cells
for their growth and development. These lymphomas
start in germinal centers (GCs) and express an

Mtv29-encoded vSAg which strongly stimulates syn-
geneic V16+CD4 T cells. Thus, the observation in
the present study that, in the presence of vSAg
responsive T cells, vSAg expressed on B cells can
induce GC formation, strongly supports the sugges-
tion that vSAg expression on normal GC cells in SJL
mice may cause abnormally vigorous GC production,
possibly creating a condition permissive for lym-
phoma formation (Tsiagbe et al., 1998, Ponzio et al.,
1996).
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