° NAT/O

1duasnueln Joyny vVd-HIN 1duasnueln Joyny vd-HIN

yduasnuey Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

Published in final edited form as:
Am J Transplant. 2009 October ; 9(10): 2292—2302. doi:10.1111/j.1600-6143.2009.02781.x.

ACTIVATION OF THE JAK/STAT PATHWAY IN EPSTEIN BARR
VIRUS* ASSOCIATED POST TRANSPLANT
LYMPHOPROLIFERATIVE DISEASE: ROLE OF INTERFERON-y

Maria Vaysberg™T, Stacie L. Lambert™, Sheri M. Krams™T, and Olivia M. Martinez2" T

"Program in Immunology, Division of Transplantation, Stanford University School of Medicine,
Stanford, CA 94305

TDepartment of Surgery, Division of Transplantation, Stanford University School of Medicine,
Stanford, CA 94305

Abstract

Epstein Barr virus (EBV) is associated with B cell lymphomas in post-transplant
lymphoproliferative disease (PTLD). Latent membrane protein 1 (LMP1), the major oncogenic
protein of EBV, promotes tumorigenesis through activation of NF-«xB, Erk, p38, JNK, and Akt.
The Jak/STAT signal transduction pathway is also constitutively active in PTLD-associated EBV*
B cell lymphomas. Here we determine the mechanism of Jak/STAT activation in EBV* B cell
lymphomas and the role of LMP1 in this process. Immunoprecipitation studies revealed no direct
interaction of LMP1 and JAKS, but known associations between JAK3 and common gamma
chain, and between LMP1 and TRAF3, were readily detected in EBV* B cell lines from patients
with PTLD. An inducible LMP1 molecule expressed in EBV- BL41 Burkitt’s cells demonstrated
STAT activation only after prolonged LMP1 signaling. While LMP1 induced IFN-y production in
BL41 cells, IFN-y receptor blockade and IFN-y neutralization prior to LMP1 activation markedly
decreased STAT1 activation and expression of LMP1-driven IFN-y inducible genes.
Understanding the mechanisms by which EBV induces cellular signal transduction pathways may
facilitate development of new treatments for PTLD.

Introduction

PTLD is a serious, and potentially life-threatening, complication of solid organ
transplantation. The majority of PTLD are B cell lymphoproliferations associated with EBV.
In the most severe form, PTLD manifests as aggressive, malignant EBV* B cell lymphoma.
LMP1 is an EBV-encoded protein that is required for the establishment and continued
proliferation of human B lymphoblastoid cell lines (LCL) and is sufficient to induce
transformation of rodent fibroblasts (1,2). Further, LMP1 is expressed on the membrane of
PTLD-associated B cell lymphomas and mimics the function of activated CD40. LMP1 is
constitutively active, in the absence of any known ligand, when expressed in the cell
membrane. The six transmembrane spanning domains of LMP1 induce clustering of LMP1
complexes that facilitate formation of docking sites for cellular signaling adaptor proteins
and results in constitutive activation. LMP1 initiates several cellular signaling pathways
including NF-«xB, PI13K/Akt and the mitogen-activated protein (MAP) kinases ERK, JNK,
and p38 that are essential for growth and survival of transformed B cells (3-7).

2Corresponding Author: Dr. Olivia M. Martinez Stanford University School of Medicine 1201 Welch Road, MSLS P312 Stanford,
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LMP1 has also been reported to directly activate the Jak/STAT pathway, critical for
cytokine receptor signaling, although these results are controversial (8,9). Jak family
members constitutively associate with cytokine receptors and upon cytokine binding to the
receptor become autophosphorylated. Jak also phosphorylate the cytokine receptor on
tyrosine (Tyr) residues that serve as docking sites for cytoplasmic STAT proteins. Finally,
Jak phosphorylate receptor-associated STAT proteins permitting STAT dimer formation and
localization to the nucleus where STAT homodimers or heterodimers bind to promoter
sequences of STAT-inducible genes to regulate their transcription (10-13).

In normal cells, STAT activity is highly regulated and activation is transient. However,
many EBV-related malignancies, including PTLD, are characterized by dysregulation of the
Jak/STAT pathway. We reported that STAT1 and STATS3, and associated Jak, are
constitutively phosphorylated at Tyr residues in EBV* spontaneous LCL (SLCL) from
PTLD patients. We also demonstrated that STAT3 is constitutively active in primary PTLD
tumors and in EBV™ B cell lymphomas that arise in SCID mice injected with SLCL (14,15).

The factors governing STAT activation in EBV* B cell lymphomas remain unclear.
Previous studies by Najjar et al (16), using an in vitro generated EBV* lymphaoblastoid cell
line (LCL), suggested that constitutive STAT1 activation results from NF-xB-dependent-
secretion of interferons. The aim of the current study was establish whether a similar
pathway was active in PTLD-associated B cell lymphomas, to evaluate the specific role of
LMP1 in STAT activation, and to determine the downstream significance of STAT1
activation in PTLD-associated B cell lymphomas.

Materials and Methods

Reagents and Cell Lines

Anti-human nerve growth factor receptor (NGFR) was from Sigma-Aldrich (St. Louis, MO)
and biotinylated anti-NGFR from Chromaprobe (Maryland Heights, MO). Goat anti-mouse
IgG, HRP-conjugated goat anti-rabbit, and HRP-conjugated donkey anti-mouse Abs were
purchased from Jackson ImmunoResearch Laboratories. Streptavidin-PE was from BD
Pharmingen (San Jose, CA). For immunoprecipitation (IP) and western blotting the
following antibodies were used: anti-STAT 1o (C-24), anti-STAT3, anti-pTyrSTATS3, anti-
common vy chain (Santa Cruz Biotechnology, Santa Cruz, CA), anti-pTyr701 STAT1 (Cell
Signaling Technologies, Boston, MA), anti-LMP1 (CS1-4) (Dako, Denmark) and anti-f3
actin (Sigma-Aldrich). LY?294002, SB203580, and Bay 11-7082 were from Calbiochem
(San Diego, CA). The BL41 Burkitt’s lymphoma cell line and BJAB B cell lymphoma line
were gifts from E. Kieff (Harvard Medical School, Boston, MA). AB5, JB7, MF4, and VB5
are spontaneously generated EBV* LCL from peripheral blood or lymph nodes of PTLD
patients (14), termed SLCL. Cells were grown in RPMI 1640, 10% FCS (Mediatech,
Manassas, VA) and Penicillin-Streptomycin (Invitrogen Life Technologies, Carlsbad, CA).

Immunoprecipitation and Western Blotting

1.5x108 cells were homogenized in 0.5% Brij58 buffer (0 mM Tris pH7.4, 100 mM NaCl, 1
mM EDTA, 1 mM PMSF, 20 ug/ml of aprotinin) and lysates cleared by centrifugation. The
lysate was pre-cleared with protein G beads (Amersham Pharmacia, Pittsburgh, PA) and
immunoprecipitated with anti-LMP1, anti-y chain, or 1gG antibodies. Immune complexes
were pulled down with protein G beads and resolved on 7.5% SDS-PAGE, transferred to
nitrocellulose membranes and Weestern blotting performed. For STAT IPs, 5x10° cells
were washed with cold PBS/1 mM orthovanadate and lysed in 1% NP40/0.5% deoxycholic
acid phospholysis buffer (150 mM NaCl, 0.5 mM EDTA, 10 mM NaF, 2 mM PMSF, 50 pg/
ml aprotinin, 50 pg/ml leupeptin, 5 pg/ml pepstatin). Lysates were cleared by centrifugation,

Am J Transplant. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vaysberg et al. Page 3

incubated with anti-STAT1 or anti-STAT3 antibodies, complexes pulled down by protein G
beads and analyzed by Western blotting with anti-pTyrSTATL, anti-STAT1, anti-
pTyrSTATS3, and anti-STAT3 antibodies.

Generation of BL41 Clones Expressing NGFR-LMP1

NGFR-LMP1 chimeras were created as described previously (17). LMP1 was isolated from
SLCL to generate tumor-derived NGFR-LMP1. The C-terminus of LMP1 was cloned from
SLCL with the same primers used for isolation of LMP1 from the B95.8 strain of EBV.
NGFR was cloned from the vector and joined to the C-terminus of LMP1 by SOEing PCR.
The product was introduced into pcDNA3. BL41 cells were electroporated at 210V, 960 uF
with 15 pg of pcDNA3.NGFR-LMP1 construct. Cells were plated in RPMI with 0.7 mg/ml
of G418 (Invitrogen Life Technologies). Selected clones were expanded and screened for
NGFR-LMP1 expression by immunofluorescent staining and flow cytometry.

Flow Cytometry

Cells were labeled with biotinylated anti-NGFR mAb followed by streptavidin-PE or with
anti-IFNR1-PE, anti-IFNRII-PE and analyzed by flow cytometry using a Becton Dickinson
FACscan.

Electromobility Shift Assays

BL41.NGFR-LMP1 clones were incubated with anti-NGFR mAb for 30 minutes followed
by goat anti-mouse 1gG for 30 minutes or for 24 hours with or without pre-treatment with 40
uM brefeldin A. Cells were lysed in buffer (20 mM HEPES, pH 7.0, 300 mM NaCl, 10 mM
KCI, 1 mM MgCly, 0.1% Triton X-100, 0.5 mM dithiothreitol (DTT), 2 mM PMSF, 10 mM
NaF, 1 mM NazVOy, 5 pg/mL aprotinin, 5 pg/mL leupeptin, 0.5 ug/mL pepstatin, 20%
glycerol). For each reaction, 40 pg of lysate and a double-stranded high-affinity serum-
inducible element (hSIE) probe (Santa Cruz Biotechnology) end-labeled with [32P]ATP
(PerkinElmer, Boston, MA) were incubated in binding buffer (12 mM HEPES, pH 7.9, 50
mM KCI, 5 mM MgCl,, 0.12 mM EDTA, 0.06 mM EGTA, 10% glycerol, 1 mM DTT, 0.1
mg/mL salmon sperm DNA (Life Technologies, Gaithersburg, MD), 0.1 mg/mL poly(dl-
dC) (Amersham Pharmacia Biotech, Pittsburgh, PA)), with or without a 100-fold molar
excess of unlabeled probe. Complexes were electrophoresed on 4% nondenaturing
polyacrylamide gels and exposed to film for 24-48 hours at -70°C.

Luminex Assay and IFN-y ELISA

BL41.NGFR-LMP1 clones were incubated with anti-NGFR mAb and goat anti-mouse 1gG
or with goat anti-mouse IgG alone for 24 hours. Supernatants were collected, pre-cleared
with protein G beads, assayed in the Upstate Beadlyte 22-plex human cytokine assay
(Millipore, Billerica, MA) according to the manufacturer’s protocol and analyzed on a
Luminex 200 system. Supernatants were also analyzed in the High Sensitivity human IFN-y
ELISA (Abcam, Cambridge MA) according to the manufacturer’s protocol.

Quantitative PCR

BL41.NGFR-LMP1 clones were cross-linked for 0 or 24 hours with or without pre-
incubation with anti-IFNR1 (2 ug/ml) and anti-IFNy (20 pg/ml) antibodies or mouse 1gG

(22 pg/ml). Total RNA was isolated using TRIzol (Invitrogen Life Technologies) and first
strand cDNA generated with oligo-dT primers (Invitrogen Life Technologies). Quantitative
real-time PCR was performed on a StratageneMx3000P using SYBR Green PCR master mix
(Applied Biosystems, Foster City, CA). The primers used were: 5'-
GCCCGTGGACAGCGAGCAGY3 and 5'-GCCGGCGTTTGGAGTGGTAGA-3' for p21;
5-TGCAAGGAACCCCAGTAGTGA-3" and 5-GGTGGATAGTCCCTTGGTTGG-3’ for
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Migl; 5’ ACCACAGTCCATGCCATCAC-3' and 5-TCCACCACCCTGTTGCTGTA-3' for
GAPDH.

Students t-test analysis was performed on gene expression levels of p21 and Mig1l. p values
< 0.05 were considered statistically significant.

LMP1 activates STAT without direct JAK3 interaction in PTLD-derived EBV*B cell lines

PTLD-derived SLCL AB5, JB7, MF4 and the EBV" B cell lymphoma BJAB were analyzed
for tyrosine phosphorylation (p-Tyr) of STAT by immunoprecipitation with STAT1 or
STAT3 antibodies followed by phospho-specific anti-STAT western blotting. All SLCL
have constitutive p-Tyr STAT1 while the BJAB cell line shows minimal-low p-TyrSTAT1.
Two of three SLCL have elevated p-Tyr STAT3, while one SLCL and the EBV" BJAB line
show moderate p-Tyr STAT3 (Fig. 1A).

To test whether JAK3 interacts with LMP1 to directly initiate STAT signaling in EBV™ cell
lines from patients with PTLD, lysates from the AB5, JB7, MF4, and VB5 cell lines were
immunoprecipitated with anti-LMP1 antibodies, anti-common y chain (y;) antibodies as a
positive control for known interaction of JAK3 with a transmembrane receptor, or IgG as a
negative control. No specific interaction between LMP1 and JAK3 was observed in any of
the cell lines although JAK3 did co-immunoprecipitate with y, as expected (Fig.1B).
Further, JAK3 protein could be detected in immunablots of post-immunoprecipitation
supernatants (SN) indicating JAK3 was present in cell lysates. Background bands in LMP1
blots of vy, immunoprecipitations were 1gG heavy chain that runs at approximately the same
size as LMPL. The IgG heavy chain band is also present as a second band in the LMP1
immunoprecipitations (LMP1 IP lanes). To determine whether differences in the origin of
LMP1 accounted for the lack of LMP1/JAK3 interaction in EBV* B cell lines from PTLD
patients, we examined the association of LMP1 and JAK3 in the BL41_B95.8 B lymphoma
cell line. BL41_B.95 was generated by infecting the EBV- parental BL41 line with the
B95.8 EBV strain in vitro and, thus, expresses the B95.8 form of LMP1. No LMP1-JAK3
interaction was observed in BL41 B95 cells (Fig.1C). In contrast, LMP1 did co-
immunoprecipitate with TRAF3, demonstrating the known LMPL1/TRAF interaction was
intact. Thus, JAK3 does not directly interact with either LMP1 from the B95.8 strain of
EBV, or with LMP1 in EBV-infected PTLD-derived cell lines.

Activation of STAT1 by LMP1 is delayed

BL41 cells expressing NGFR-LMP1 chimeric proteins composed of the extracellular and
transmembrane domains of NGFR and the C-terminus of the B95.8 variant of LMP1 were
constructed (17). Cell surface expression of NGFR-LMP1 was confirmed by staining for
NGFR and analyzed by flow cytometry. Two clones (B95.8 #1 and B95.8#4) were selected
for further use (Fig.2A). NGFR-LMP1 crosslinking rapidly induced JNK phosphorylation in
these clones indicating LMP1 signaling is intact (Fig. 2B).

Activation of STAT by LMP1 was analyzed by EMSA using a double-stranded 32P labeled
hSIE probe containing a consensus-binding site for both STAT1 and STAT3. As expected,
STAT/DNA complexes were evident in JB7 cells and could be competed away with excess
cold probe (Fig. 2C). NGFR-LMP1 cross-linking induced STAT/DNA complexes at 24
hours, but not at 30 minutes, in both the BL41_B95.8 clone #1 and the BL41_B95.8 clone
#4 (Fig. 2C). Analysis at 10 and 20 minutes also showed no STAT activation (data not
shown). Thus, initiation of LMP1 signaling results in delayed activation of STAT. Mobility
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of the STAT/DNA complexes indicates that LMP1 signaling in BL41 clones primarily
induced STAT1 homodimers and some STAT1/STAT3 heterodimers, whereas addition of
exogenous IL-10 mainly induced STAT3 homodimers (Fig. 2C).

To further determine which STAT were activated by LMP1, NGFR-LMP1 BL41 clones
were stimulated by NGFR cross-linking for 30 minutes or 24 hours and

immunoprecipitation of STAT1 and STAT3 were performed. Both clone B95.8#1 and clone
B95.8#4 induced p-Tyr of STAT1 24 hours after NGFR cross-linking (Fig. 3A, top) but only
clone B95.8#1, which has the highest expression level of NGFR-LMP1 (Fig. 2A), also
induced p-Tyr-STAT3 (Fig. 3A, bottom).

To establish whether delayed activation of STAT is also observed with variants of LMP1
other than the B95.8 form, BL41 clones expressing NGFR-LMP1 containing the C-terminus
of LMP1 isolated from PTLD-derived SLCL were studied. The clones were named
according to the LMP1 group homenclature (18) but group C clones were derived from two
different cell lines, MF4 and VB5, obtained from two different PTLD patients and are
indicated as C(M) and C(V) respectively. STATL1 is only activated after 24 hours of NGFR-
LMP1 cross-linking, while no significant increase in p-Tyr STAT3 was detected at either 30
minutes or 24 hours (Fig 3B, 3C). These results indicate that LMP1 derived from both the
B95.8 strain of EBV, and from EBV* PTLD cell lines, primarily induce the activation of
STAT1 and that this activation is delayed.

LMP1 sighaling induces a secreted factor that is responsible for p-Tyr STAT1

We next investigated whether activation of STAT by LMP1 occurs through an indirect
pathway involving a secreted factor that induces p-TyrSTATL1 as had previously been
suggested by the work of Najjar et al (16). We first tested whether inhibition of protein
secretion can prevent p-TyrSTAT1 induced by NGFR-LMP1 crosslinking. Indeed, pre-
incubation with the protein transport inhibitor BFA prevented p-TyrSTATL1 at 24 hours (Fig
4A lane 3, top left panel). Supernatants obtained from BL41.NGFR-LMP1 clones after
NGFR cross-linking induced p-Tyr STATL1 in unstimulated BL41.NGFR-LMP1 cells (Fig.
4A lane 4, top left panel) as well as in non-transfected, non-stimulated, parental BL41 cells
(Fig 4A, top right panel). Together, these data suggest that STAT1 activation occurs
downstream of a receptor that binds a secreted protein induced by LMP1 signaling.

STAT1 is activated downstream of multiple cytokine receptors including IL-10R and IFN-
vR. IL-10 can be induced by LMP1 (17), is an autocrine growth factor for SLCL (19), and
therefore, was a candidate for mediating the indirect activation of STAT1 after LMP1
signaling. However, addition of high levels of exogenous IL-10 (10 ng/ml) to non-
crosslinked BL41.NGFR-LMP1 clones induced only modest levels of p-TyrSTAT1 while
low doses of IFN-y (1 U/ml) were sufficient to induce very high levels of p-TyrSTATL (Fig.
4A lanes 5, 6). Whereas IFN-y induction is regulated by NF-xB and p38 but is independent
of PI3K (20), IL-10 induction by LMP1 relies on p38 and PI3K (17). Therefore,
BL41.NGFR-LMP1 clones were pre-incubated with the NF-xB inhibitor Bay11-7082, the
p38 inhibitor SB203580 or the PI3K inhibitor LY 294002, prior to NGFR cross-linking.
STAT1 phosphorylation was abolished by Bay11-7082 and significantly decreased by
SB203580, although LY294002 had minimal effect (Fig. 4B). These results suggest that
phosphorylation of STAT1 through LMP1 signaling requires NF-xB and p38 activation, but
not PI3K activation and support the possibility that IFN-y, but not IL-10, is primarily
responsible for indirect STAT1 phosphorylation.
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LMP-induced production of IFN-y leads to p-TyrSTAT1 and STAT1-inducible gene

expression

To investigate the LMP1-induced proteins responsible for STAT1 activation, BL41 clones
expressing either NGFR-LMP1 B95.8 or NGFR-LMP1 derived from the PTLD tumor cell
lines, were cultured in the absence of cross-linking, or cross-linked for 24 hours, and
supernatants collected for the luminex assay. Cytokines induced by B95.8-derived LMP1,
and LMP1 isolated from EBV* SLCL, were similar and included IL-12p40, IL-15, IL-10,
IL-8, and TNF-a as well as IL-2 and IFN-y, both known to activate STAT1 (data not
shown). IFN-y was induced after LMP1 signaling as detected in supernatants of NGFR-
LMP1-BL441 cells by the luminex assay (Fig. 5A) and by ELISA (Fig. 5B) but was not
detected in supernatants from the NGFR-LMP1 negative parental BL41 cell line (Fig 5A).
Further, recombinant IFN-y induced p-TyrSTAT1 in BL41.NGFR-LMP1 cells in the
absence of NGFR crosslinking (Fig.4A, lane 6).

Next we tested whether the subunits of the IFN-y receptor, IFNRI and IFNRII, were present
on the surface of BL41.NGFR-LMP1 clones. Labeling with anti-IFNRI-PE and anti-IFNRII-
PE antibodies and flow cytometry demonstrated that both subunits of the receptor are
expressed by BL41 clones indicating that the receptor is available for IFN-y binding and
downstream signaling (Fig.6A). To determine whether IFN-y is the key cytokine governing
the indirect activation of STAT1 by LMP1, BL41.NGFR-LMP1 B95.8 cells were pre-
incubated with blocking anti-IFNRI and neutralizing anti-IFN-y antibodies or control IgG
prior to cross-linking of NGFR-LMP1. Blockade of the IFN-y receptor and neutralization of
IFN-y, or inhibition of NF-«xB activation with Bay11, significantly decreased the levels of p-
TyrSTAT1 in both BL41.NGFR-LMP1 clones tested (Fig. 6B). In contrast, pre-incubation
with control 1gG prior to NGFR crosslinking, had minimal, if any, effect on p-Tyr STAT1.
Similarly, antibodies to IL-10 did not affect p-TyrSTAT1 when NGFR was crosslinked (data
not shown).

To determine whether blockade of IFN-y has downstream effects we examined expression
of the IFN-y- and STAT1-inducible genes p21 and monokine induced by interferon-y
(Mig1). Expression of both p21 and Mig1 transcripts was induced by LMP1 after NGFR
crosslinking (Fig.7, black bars). Moreover, blockade of the LMP1-induced autocrine IFN-y
pathway significantly decreased expression of p21 (p=0.003) and Mig 1 (p=0.037) (Fig.7,
light gray bars). The effect was specific to IFN-y because addition of control I1gG did not
significantly affect p21 or Mig1l induction by LMP1 (Fig 7, dark gray bars). Together, these
data indicate that LMP1 signaling induces production of IFN-y that, through an autocrine
pathway, induces p-Tyr STAT1 and expression of STAT1-inducible genes.

Discussion

We previously reported that the Jak/STAT pathway is constitutively active in PTLD tumors
and in EBV* cell lines derived from PTLD patients (14). However, the role of EBV and the
mechanisms driving constitutive Jak/STAT activation remains unclear. Here we show that
the EBV protein LMP1 does not directly associate with JAK3 to induce STAT activation in
EBV™ B cell lines derived from patients with PTLD. Rather, LMP1 induces production of
IFN-vy that, through an autocrine pathway, activates STAT1 downstream of the IFN-y
receptor. Moreover, we show that this pathway is biologically significant, because it is
sufficient to elicit expression of STAT1-inducible cellular genes. These studies demonstrate
the ability of EBV and LMP1 to influence cellular function through induction of cellular
genes.

LMP1 acts as a functional homolog of the CD40 receptor. CD40 can directly interact with,
and activate, JAK3 leading to p-Tyr STAT3. The interaction of CD40 with JAK3 occurs via
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Box1 motifs in CD40, normally required for JAK/receptor interactions. The same JAK-
binding motif is also present in the C-terminus of LMP1 raising the possibility that LMP1
may also interact with JAK3 (21). Our analysis of endogenous LMP1 and JAK3 in PTLD-
derived EBV* B lymphoma cell lines, however, revealed that LMP1 and JAK3 do not
directly interact although we could readily detect interactions between LMP1 and TRAF3 as
well as interactions between JAK3 and yc.

Our study is the first to examine kinetics of STAT activation by LMP1 in B cell lines. Using
an inducible LMP1 signaling system we found that activation of STAT1 and STAT3 is
delayed and is not a direct effect of LMP1 signaling. Further, the indirect activation of the
STAT pathway by LMP1 primarily involves STATL, as STAT3 activation was either weak
or non-existent even after prolonged LMP1 signaling. Therefore, the constitutive STAT3
activation observed in PTLD lines might be regulated differently than STAT1 activation and
could potentially involve the autocrine IL-10 axis.

Our data demonstrate that a secreted factor induced by LMP1 is necessary for the indirect
activation of STAT1. Indeed we show that LMP1-induced IFN-y contributes to STAT1
activation because blockade of the IFN-y receptor and neutralization of IFN-y with specific
antibodies decreased STATL1 p-Tyr to almost background levels. These findings agree with
the report of Najjar et al (16) that also argues for indirect activation of STAT1 by IFN-y in
LCL from healthy blood donors. However, those studies also indicated a role for IFN-a in
STATL1 activation. In contrast, we found no evidence of IFN-o production by BL41 cells
after LMP1 activation. We did detect IL-2 production in supernatants of BL41.NGFR-LMP1
cells after NGFR cross-linking. IL-2 is also known to activate STAT1 and could potentially
be contributing to the STAT1 activation we observed. However, blocking antibodies to the
IL-2 receptor did affect STAT1 activation in response to LMP1 signaling in BL41.NGFR-
LMP1 cells (data not shown). Our studies also differ from Najjar et al. in that they did not
directly address the role of LMP1 in activation of STATL. Instead they utilized EBV* LCL
expressing several other EBV latent genes, in addition to LMP1, that could contribute to the
overall STAT activation status.

We also provide the first data on the biologic significance of IFN-y induction by LMP1 in B
cell lymphomas by analyzing expression of STAT1-inducible genes. LMP1 signaling led to
Migl and p21 gene expression while blockade of IFN-y significantly decreased the
expression levels of both genes. The residual Migl and p21 expression may be due to
incomplete blockade of the IFN-y pathway or to other, as yet undefined, pathways of gene
activation. With respect to the latter possibility we do not believe IFN-a is involved in
STAT1 activation since LMP1 activation did not induce IFN-a production. Although IL-10
is produced by these cells, we do not think it plays a role in STAT1 activation in this model
since antibodies to IL-10 do not affect STAT1 activation and since addition of high doses of
exogenous IL-10 only weakly activate STAT1. We cannot rule out the possibility that
STAT3 activation by 1L-10 is contributing to Migl and p21 gene expression. Nevertheless,
these data underscore the biologic importance of IFN-y induction and downstream STAT1
activation by LMP1 as they establish, in principal, how this pathway can modulate cellular
gene expression. These results also raise the question of the role of Migl as and p21 in
EBV-infected B cells and PTLD. LMP1 is known to induce several chemokines including

IP10, RANTES and MIP1% (22-24). Indeed, we measured production of these chemokines
in our analysis of supernatants obtained from BL41.NGFR-LMP1 cells after LMP1
activation (data not shown). Mig1 is an IFN-y- and STAT1-inducible chemokine that can
target activated T cells and induce chemotaxis (25). Additionally, Migl can prevent
angiogenesis in vivo and is involved in tumor necrosis (26,27). We show that Migl
induction in BL41 B lymphoma cells is dependent on LMP1 activation and requires indirect
activation of STAT1 through IFN-y. Based on known functions of Mig1, it is possible that
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induction of Migl by EBV is actually detrimental to lymphoma progression as a
consequence of IFN-y induction by the virus.

p21 is regarded primarily as a cell cycle inhibitor, however in certain circumstances p21 can
promote and stabilize CDK4/Cyclin D complex formation leading to G1/S cell cycle
progression (28). It has also been suggested that p21 can act as an oncogene and may protect
cells from stress induced apoptosis (29,30). In concordance with the oncogenic role of p21,
we have previously shown that SLCL express higher levels of p21 compared to EBV- B
cells. Furthermore, we showed that the mTOR inhibitor rapamycin arrests proliferation of
SLCL at the G1 stage of the cell cycle and this effect was associated with decreased p21
levels (31). Therefore, it is plausible that in PTLD-associated B cell lymphomas, p21
promotes proliferation and that indirect STAT1 activation may contribute to the overall
transforming effects of LMP1. Further studies are necessary to define the role of Migl and
p21, as well as other STAT1 inducible genes, in PTLD-associated B cell lymphomas.
However, our data suggest that targeting STAT1, either through modulating STAT1 levels
or inhibiting STAT1 activation by Jak kinases, could potentially provide therapeutic benefit
for prevention or treatment of PTLD. In summary, we show that while STAT1 activation by
LMP1 is indirect, it can nevertheless participate in downstream gene regulation and
therefore may contribute to the pathogenesis of B cell lymphomas and PTLD. Furthermore,
understanding the activation of cellular signal transduction pathways by EBV could identify
novel therapeutic targets for treatment of PTLD.
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Figure 1. Activation of STAT1 and STAT3 in SLCL does not occur through LMP1 interaction
with JAK3

A. The SLCL, AB5, JB7, MF4 (1x107) or BJAB cells were lysed in phospholysis buffer and
immunoprecipitated with either anti-STAT1 or anti-STAT3 antibodies. The
immunoprecipitated proteins (IP) or post-immunoprecipitation supernatants (SN) were
resolved on 7.5% SDS-PAGE and Western blotted with anti-phospho-Tyr STAT1, anti-
phospho-Tyr STATS3, anti-STATL or anti-STAT3 antibodies. Densitometry results are
shown below the blot. B. The SLCL ABS, JB7, MF4 and VB5 (1x108 cells) were lysed and
immunoprecipitated with anti-LMP1, anti-y. or IgG antibodies. The proteins were resolved
on 10% SDS-PAGE, transferred to nitrocellulose and analyzed for interaction with JAK3 by
Western blotting with anti-JAK3 antibody. Additionally blots were incubated with anti-
LMP1 and anti- y. antibodies. C. BL41_B95 were lysed and immunoprecipitated with anti-
LMP1, anti-y. or IgG antibodies and analyzed for interaction with JAK3 and TRAF3 by
Western blotting with appropriate antibodies as described above. The results are
representative of three independent experiments.
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Figure 2. LMP1 induces STAT1/3/DNA complexes 24 hr after activation

A. BL41 clones expressing chimeric NGFR-LMP1 B95.8 were created as described in
Materials and Methods and are referred to as B95.8 #1 and B95.8 #4. Expression of NGFR-
LMP1 on the surface of BL41 cells was tested by flow cytometry using anti-NGFR-
biotinylated antibodies and streptavidin-PE. Filled histogram shows NGFR staining in BL41
clones and thin line histogram indicates NGFR background staining in the untransfected
parental BL41 line. B. B95.8 #1 and B95.8 #4 clones were incubated with anti-NGFR and
goat anti mouse 1gG for 0, 10, 30 or 60 minutes. The cells were harvested, lysed in
phospholysis buffer and resolved on SDS-PAGE. After transfer to nitrocellulose, anti-
phospho-JNK and anti-JNK antibodies were used for Western blot. Densitometry analysis is
shown below the blots and represents the ratio of pJNK to total INK. C. NGFR-LMP1 BL41
clones were crosslinked with anti-NGFR and goat anti-mouse Ig for 0, 30 minutes or 24
hours or treated with 10 ng/ml of recombinant human IL-10 for 30 minutes. 40 pg of whole
cell lysates of BL41 clones and JB7 SLCL were incubated with 32P labelled hSIE probe
with/without 1000x excess of cold probe and resolved on 4% non-denaturing acrylamide gel
followed by autoradiography. Data are representative of three or more independent
experiments.
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Figure 3. Tyrosine phosphorylation of STAT1 by LMP1 is delayed

A. NGFR-LMP1 in B95.8#1 and B95.8#4 was crosslinked for 0, 30 minutes or 24 hours,
cells harvested, and lysed in phospholysis buffer. Immunoprecipitation with anti-STAT1
antibody was performed followed by anti-p-Tyr- STAT1 and anti-STAT1 Western blot (left
panels). For STAT3, 60 ug of lysates were resolved on SDS-PAGE and western blotted with
anti-p-Tyr- STAT3 or anti-STAT3 antibodies (right panels). Densitometry analysis is shown
below the blots and represents the ratio of p-Tyr STAT to total STAT. B. BL41 clones
expressing NGFR-LMP1 from SLCL were incubated with anti-NGFR/goat anti-mouse
antibodies for 0, 30 minutes or 24 hours and lysed. STAT1 was immunoprecipitated as in A.
followed by Western blotting with anti-p-Tyr STAT1 and anti-STAT1 antibodies.
Densitometry analysis is shown below the blots and represents the ratio of p-Tyr-STAT1 to
total STAT1. C. BL41 tumor variant clones were treated as in B. and 60 pg of lysate was
resolved on SDS-PAGE followed by Western blotting with anti-phospho-Tyr-STAT3 and
anti-STAT3 antibodies. Densitrometry analysis is shown below the blots and represents the
ratio of p-Tyr-STAT3 to total STAT3. Data for each set is representative of three
independent experiments.
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Figure 4. LMP1 contributes to phosphorylation of STAT1 through induction of a secreted NF-
kB-dependent factor

A, left panel. NGFR-LMP1 expressed in B95.8#1 was crosslinked for O hours or 24 hours
without (lane 1,2) or with pre-incubation with Brefeldin A (lane 3). Supernatant from
NGFR-LMP1-expressing cells crosslinked for 24 hours (lane 4) or exogenous IL-10 (lane 5)
or exogenous INF-y (lane 6) were added to uncrosslinked B95.8#1 for 30 minutes. All cells
were lysed in phospholysis buffer and STAT1 was immunoprecipitated using anti-STAT1
antibody. The proteins were resolved on SDS-PAGE and Western blotted with anti-pTyr-
STAT1 and anti-STAT1 antibodies. Densitometry analysis is shown below the blot and
represents the ratio of p-Tyr STAT1 to total STAT1. A, right panel. Parental BL41 cells
were cultured without (-) or with (SN) supernatant from NGFR-LMP1-expressing cells
crosslinked for 24 hours and analyzed for phosphorylation of STAT1 as described above. B.
B95.8 #1 cells were pre-incubated with either Bay11-7082 (1 uM), SB203580 (5 uM) or
LY294002 (5 uM) for 30 minutes before crosslinking of NGFR-LMP1 for 24 hours. Lysates
were prepared and STAT1 was immunoprecipitated followed by phospho-STAT1 and
STAT1 Western blot. Densitometry analysis is shown below the blot and represents the ratio
of p-Tyr-STATL to total STATL. Data is representative of 3 independent experiments.
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Figure 5. LMP1 Induces IFN-y production and secretion by BL41 clones

NGFR-LMP1 expressing BL41 clones containing either the tumor variant (A, B, C(M),
C(V)) or the B95.8 isoform of LMP1 were crosslinked for 0 hours (white bars), 24 hours
(black bars) or 48 hours (gray bars). Supernatants were harvested, pre-cleared with protein G
beads and used in either A) pan cytokine luminex assay or B) high sensitivity IFN-y ELISA.
Results are shown as the mean pg/ml of IFN-y per million cells. For luminex data, one of
three independent experiments is shown. For ELISA, the data is a combination of two
independent experiments.
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Figure 6. IFN-y participates in the indirect activation of STAT1 by LMP1

A. B95.8#1 and B95.8#4 BL41 clones were stained with anti IFNR1-PE, IFNRII-PE (filled-
in histogram) or isotype controls (open histogram) and analyzed by flow cytometry. B,
B95.8#1 and B95.8#4 cells were crosslinked for 0 or 24 hours with/without pre-incubation
with either 2 ug/ml of anti-IFNRI and 20 pg/ml of anti-IFN-y, 22 pg/ml mouse 1gG or 1 uM
Bay 11-7082. Cells were harvested and lysed in phospholysis buffer and
immunoprecipitated for STAT1. Western blotting with anti-p-TyrSTAT1 and anti-STAT1
antibodies was performed. Densitometry is shown below the blot and represents the ratio of
p-Tyr-STAT1 to total STAT1. Data is representatitive of three independent experiments.
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Figure 7. LMP1-driven STAT1 inducible genes p21 and Migl are inhibited by IFNy blockade
B95.8#1 cells were crosslinked for 0 (white bars) or 24 hours with (light gray bars) or
without (black bars) pre-incubation with anti-IFNR1 and anti-IFN-y or 1gG control (dark
gray bars). RNA was isolated with TRIzol and first strand cDNA was generated. Resulting
cDNA was used in QPCR with SYBR Green PCR master mix using primers for p21 and
Migl and GAPDH. Data is shown as the mean relative copy number of p21 or Migl
compared to GAPDH. Decreases in p21 and Mig1 were statistically significant (p=0.003 and
p=0.037, respectively). The results are representative of three independent experiments.
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