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Cytokines are deregulated in cancers and
can contribute to tumor growth. In pa-
tients with diffuse large-cell lymphoma
(DLBCL), we observed higher levels of
JAK/STAT pathway-related serum cyto-
kines (ie, IL-6, IL-10, epidermal growth
factor, and IL-2) compared with controls.
Of these, only IL-10 activated the JAK2
pathway in lymphoma cells in vitro. Pa-
tients with high serum IL-10 had shorter
event-free survival (EFS) than patients
with low levels (P > .01) and high IL-10
was correlated with high lactase dehydro-

genase (P =.0085) and higher Interna-
tional Prognostic Index scores (P = .01).
To explore the mechanism by which IL-10
may contribute to an inferior EFS, we
investigated the effect of IL-10 on the
JAK2 pathway and found that
the IL-10/IL-10 receptor complex up-
regulated JAK2 signaling. Neutralizing Ab
to IL-10 inhibited constitutive and IL-10-
induced JAK2/STAT3 phosphorylation.
JAK2 inhibition dephosphorylated JAK2
and STAT3 and caused an inhibitory ef-
fect on phospho-JAK2-positive DLBCL

cells; there was a minimal effect on
phospho-JAK2-negative cells. Apoptosis
induced by JAK2 inhibition was depen-
dent on inhibition of autocrine IL-10 and
c-myc expression and independent of
Bcl-2 family expression. These results
provide the rationale for testing JAK2
inhibitors in DLBCL patients, and indicate
that serum IL-10 may be a biomarker to
identify patients more likely to respond to
JAK2-targeted therapy. (Blood. 2012;119(12):
2844-2853)

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most frequent type of
nonHodgkin lymphoma (NHL) and is characterized by the activation of
several signal-transduction pathways that facilitate tumor-cell survival.
Persistent activation of the JAK/STAT pathway is found in a variety of
both solid and hematologic malignancies.'> For example, breast, lung,
and prostate cancer cell lines exhibit activation of the JAK/STAT
pathway.>> It was reported recently that STAT3 is overexpressed in
DLBCL human cell lines®, however, the mechanism(s) of STAT3
activation in DLBCL remains unknown.

The most common mechanism causing abnormal JAK activa-
tion in malignant cells is through dysregulated cytokine signaling.
The cytokines can be derived from tumor cells themselves (auto-
crine) or from the microenvironment (paracrine).”” A variety of
cytokines function through their respective receptors and mediate
ligand-dependent activation of the JAK family. In mammals, the
JAK family comprises 4 members: JAKI, JAK2, JAK3, and
TYK2.1% JAKs are often physically associated with cytokine and
growth factor receptors, which, after cytokine-induced receptor
dimerization and aggregation, become activated through autophos-
phorylation. Active JAKSs are then able to phosphorylate specific
tyrosine residues on cytokine receptors that serve as docking sites
for multiple proteins, including STATs."" JAK-phosphorylated
STATs dimerize and become active transcription factors and drive
the expression of multiple genes important for cell activation,
localization, survival, and proliferation.!!

In the present study, we investigated the mechanism of STAT3
activation in DLBCL tumors. Understanding this mechanism(s)

will provide important information regarding the potential use of
agents to target this pathway in lymphoma. We measured serum
cytokine levels from DLBCL patients and compared these with
patient outcome. We also determined that IL-10/IL-10 receptor
(IL-10R) is the major cytokine involved in the activation of JAK2
in DLBCL cells. Promising results with JAK2 inhibitors in
myeloproliferative neoplasms (MPNs)!%!3 suggest that they may
also be effective in DLBCL. We used a specific JAK2 inhibitor,
TG101348 (also known as SARS302503), to determine whether
IL-10 and JAK2 are responsible for constitutive activation of
STAT3 in lymphoma cells and if inhibition of this signaling axis
could inhibit the survival of pJAK2-positive DLBCL cells.

Methods

Reagents

The JAK2 inhibitor TG101348 (TG, also known as SARS302503) was a
gift from TargeGEN Pharmaceuticals (now Sanofi-Aventis). Annexin
V-FITC was obtained from BD Biosciences. Abs to STAT3, STATI,
STATS, JAK2, JAKI, bcl-2, bel-XL, mcl-1, c-myc, and survivin were all
purchased from Cell Signaling Technologies. Phospho-specific Abs for
JAK2 (tyrosine 1007/1008), JAK1 (tyrosine 1022/1023) STAT3 (tyrosine
705), STAT3 (serine 727), STAT1 (tyrosine 701), and STATS (tyrosine 694)
were also obtained from Cell Signaling Technologies. Phospho-tyrosine Ab
was from Millipore. Recombinant human IL-10 (rIL-10) and Abs to IL-10,
IL-10Re, IL-10R, and isotype control for flow cytometry were from R&D
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Systems. The IL-10 ELISA kit was from R&D Systems. Doxorubicin was
from Sigma-Aldrich.

Lymphoma samples

Frozen tumor samples (n = 6), paraffin-embedded tumor samples (n = 12),
normal serum controls, and normal blood B-cell controls were obtained
through the University of Iowa/Mayo Lymphoma SPORE Biospecimens
Core and the Predolin Foundation Biobank at the Mayo Clinic. Additional
paraffin-embedded tumors and pretreatment serum samples were obtained
from 70 untreated DLBCL patients participating in a clinical trial of
epratuzumab and rituximab immunotherapy combined with standard CHOP
(cyclophosphamide, hydroxydaunorubicin, oncovin, and prednisone/
prednisolone) chemotherapy (N0489; NCT00301821).'* That study was
approved by the Mayo Clinic Institutional Review Board and all patients
signed informed consent to provide samples for research in accordance with
the Declaration of Helsinki. DLBCL cases were subgrouped into the
germinal center B-cell (GCB) or non-GCB molecular type based on the
Hans immunohistochemistry (IHC) algorithm applied to paraffin-
embedded tumor samples.!> The SUDHL6 (DHL6), OCILy19 (Ly19),
OCI-Ly3 (Ly3) OCI-Ly10 (Ly10), SUDHL2 (DHL2), and HBL1 DLBCL
cell lines were a kind gift from Dr Louis Staudt (National Cancer Institute,
Bethesda, MD). All cell lines were cultured in IMDM supplemented with
20% human serum. CD19* normal B cells were extracted from PBMCs.

IHC

Sections (4 wm thick) were cut from B5-fixed paraffin-embedded tissue
blocks and stained as described previously with Abs to phosphoJAK2
(pJAK?2).1¢ Rabbit IgG was used as a negative control for pJAK2 staining.
pJAK2 staining was assessed semiquantitatively as follows: negative,
< 10% (—); low, 10%-30% (+); moderate, 30%-80% (++); and high,
> 80% (+++).

ELISA for serum cytokines

Serum IL-2, IL-10, epidermal growth factor (EGF), and IL-6 were
measured using the Luminex-200 ELISA System Version 2.3 (Invitrogen)
and results were generated using STarStation Version 1.8 software.

IL-10 ELISA for cell supernatants

Supernatants from DLBCL cell line cultures were analyzed for IL-10
secretion using the human IL-10 immunoassay kit (R&D Systems). The
specimens were run “neat” and the end point read at 450 nm using a
SpectraMax 190 microplate reader (Molecular Devices).

FACS analysis for the IL-10 receptor

Cells were stained with PE-conjugated anti-human IL-10R« or anti-human
IL-10RB. PE-conjugated mouse IgG2a was used as an isotype control. The
tubes were incubated at room temperature for 20 minutes while protected
from the light. The cells were then washed of excess Ab with 1X PBS and
centrifuged for 5 minutes. The samples were run on a FACSCalibur flow
cytometer (BD Biosciences) using Cell Quest Pro Version 6.4 software for
acquisition. FlowJo software (TreeStar) was used for analysis.

Cell survival and proliferation assay

Cells (0.5 X 10%well) were cultured in the presence of various concentra-
tions of TG for 48 hours or as otherwise indicated, and then analyzed by
flow cytometry for cell survival, as described previously.'® Cell prolifera-
tion was determined by the tritiated thymidine method, as described
previously.'”

Western blotting and coimmunoprecipitation assay

Cells (5 X 10°) were incubated with various concentrations of TG at 37°C
for various lengths of time. Two to 5 pg of the specific Ab was added to the
lysates and complexes were allowed to form by incubating with rotation at
4°C. A 50% slurry (25 pL) of protein A-Sepharose or protein G-Sepharose
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beads was then added and incubated for 2 hours. Immunoprecipitates
captured with Sepharose beads were washed 4 times with radioimmunopre-
cipitation assay buffer and analyzed by Western blotting.'®

siRNA transfection

Ly3 (8.0 X 10°) DLBCL cells were transfected with siRNAs using the
Amaxa Nucleofector Kit (Lonza) according to the manufacturer’s protocol.
In brief, cells were transfected for 24, 48, and 72 hours with 250 or 500nM
siRNA using Amaxa solution and program U15. Nonsilencing siRNA and
JAK2 siRNA were from Ambion or Invitrogen.

qRT-PCR

For quantitative RT-PCR (qRT-PCR), cDNA was synthesized using 0.8-3 g of
total RNA isolated from 3-5 million cells with the RNeasy Mini Kit
(QIAGEN) and SuperScript III First-Strand Synthesis SuperMix (18080-
400; Invitrogen). qRT-PCR was performed on the CFX96 real-time PCR
detection system (Bio-Rad).

Primers and probe set for c-myc

The primers and probe set for c-myc were: forward primer, 5’ TTCTTCCT-
CATCTTCTTGTTCCT 3’; reverse primer, 5" GATTCTCTGCTCTCCTC-
GAC3'; and probe, 5'/56-FAM/ TCAGAGTCG/ZEN/CTGCTGGTGGTG/
3IABKFQ/ 3").

Primers and probe set for survivin

The primers and probe set for survivin were: forward primer, 5" CGCTTC-
CTATCACTCTATTCTGTC 3'; reverse primer, 5 CTAAGCACAAA-
GCCATTCTAAGTC 3'; and probe, 5'/56-FAM/CATCCACCT/ZEN/
GAAGTTCACCCCGTT /3IABKFQ/ 3")

GAPDH

The primers and probe set for GAPDH were: forward primer, 5" GAAGGT-
GAAGGTCGGAGTC 3’'; reverse primer, 5 GAAGATGGTGAT-
GGGATTTC 3'; and probe, 5'/HEX/CAAGCTTCCCGTTCTCAGCC/
3IABKFQ/ 3"). The program consisted 95°C for 15 minutes, then 40 cycles
of 95°C for 10 seconds, and 60°C for 30 seconds. Data analysis was
performed by delta delta CT method.

RT-PCR

cDNA was synthesized as described in “qRT-PCR.” IL-10 primers were:
forward primer, 5 TGCCTAACATGCTTCGAGATCTCCG 3'; reverse
primer, 5 TTAGAGGGAGGTCAGGGAAAACAGC 3'. The program
was: PCR product 842 bp at 95°C 15 minutes; 95°C for 0.5 minutes, 55°C
for 0.5 minutes, and 72°C for 0.8 minutes X 30 cycles; and 72°C for 10 minutes.

JAK2 primers

Primers for JAK2 were: forward primer, 5" TGTCTTACCTCTTTGCT-
CAGTGGCG 3'; reverse primer, 5' CAATGACATTTTCTCGCTCGA-
CAGC 3'. The program was: PCR product 894 bp at 95°C for 15 minutes;
95°C for 0.5 minutes, 58°C for 0.5 minutes, 72°C for 2.5 minutes X 30 cycles;
and 72°C for 10 minutes.

GAPDH primers

GAPDH primers were: forward primer, 5’ GAAGGTCGGAGTCAACG-
GATTTG 3'; reverse primer 5" ATGGCATGGACTGTGGTCATGAG 3'.
The program was: PCR product 531 bp at 95°C for 15 minutes; 95°C for
0.5 minutes, 55°C for 0.5 minutes, 72°C for 0.8 minutes X 30 cycles; and
72°C for 10 minutes.

Results
Serum cytokine profile in untreated DLBCL patients

The JAK/STAT pathway—specific cytokines IL-6, IL-10, IL-2, and
EGF were measured in pretreatment serum from 70 DLBCL
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A Figure 1. Serum cytokine levels in DLBCL patients.
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patients and 24 healthy controls (Figure 1A). The median serum
values for DLBCL patients and controls, respectively, were: for
EGEF, 87.4 pg/mL (range, 0-13 120) compared with 84.2 pg/mL
(range, 0-501; P = 0.79); for IL-2, 2.7 pg/mL (range, 0-12 930)
compared with 0.1 pg/mL (range, 0-123.1; P = .29); for IL-6,
26.9 pg/mL (range, 0-4804) compared with 5.9 pg/mL (range,
0-1502; P < .001); for IL-10, 26.0 pg/mL (range, 0-5030) com-
pared with 18.0 pg/mL (range, 0-1055; P = .03). Of these 4 cytokines,
only IL-10 and IL-6 were significantly higher in DLBCL patients
compared with controls.

To identify which of these cytokines are primarily respon-
sible for JAK2 and STAT3 activation in DLBCL cells, we
stimulated serum-starved DHL2 cells with 100 ng/mL of each
cytokine (IL-10, IL-6, IL-2, and EGF) for 30 minutes. Only
IL-10 was able to induce phosphorylation of JAK2 and its
downstream effecter STAT3 (Figure 1B) in DHL2 cells. IL-6 also
had a minimal effect on pSTAT3. Further experiments demon-
strated that IL-10 was unable to stimulate NF-kB or ERK
signaling, suggesting that IL-10 specifically stimulates the JAK2-
STAT3 pathway (Figure 1C).

Higher serum IL-10 levels are correlated with DLBCL patient EFS

We used the median value for serum IL-10 to separate the patients
into high (= 26 pg/mL) or low IL-10 (< 26 pg/mL) groups. The
35 patients with high IL-10 had a median IL-10 of 57.7 pg/mL
(range, 26.1-503.7); the low group had a median of 16.8 pg/mL
(range, 0-25.9; Table 1). Baseline serum IL-10 was correlated with

elevated serum lactate dehydrogenase (P = .0085) and Interna-
tional Prognostic Index score (P = .01), but not with other factors
(Table 1). Serum IL-10 did not predict the attainment of a complete
remission to initial therapy in this trial; 93% (25 of 27) of patients
with a low IL-10 entered complete remission, as did 88% (29 of 33)
of those with a high IL-10 (P = .68). However, patients with a high
serum IL-10 level did have a shorter EFS compared with those with
alow serum IL-10 level (P = .01; Figure 2A).

On-study tumor tissue from 39 DLBCL patients who also had a
serum IL-10 level available were used to classify the DLBCL into
GCB and non-GCB genetic types with the Hans THC method.!’
Patients with non-GCB—-type DLBCL were more likely to have a
high IL-10 level (P = .06; Figure 2B).

JAK2 is constitutively activated in patients with DLBCL

The clinical data suggested that elevated serum IL-10 was common
in untreated DLBCL and was correlated with clinical aggressive-
ness. Because IL-10 signals through the JAK/STAT pathway, we
sought to determine whether IL-10 is responsible for constitutively
activated JAK2 in DLBCL cells. Twelve patient samples of
DLBCL from the SPORE Biobank were analyzed by IHC for
pJAK2 and genotyped with the Hans IHC method.!> Rabbit IgG
control Ab was used as negative control for pJAK2 staining in
DLBCL tissues (Figure 3A). All 12 patients had some level of
pJAK2 tumor cell expression (Figure 3A); 1 patient had a high
level, 6 had a moderate level, and 5 had a low level. Furthermore,
as also shown by IHC, the DHL6 cell line was negative for pJAK2
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Table 1. Correlation of low versus high IL-10 pretreatment and DLBCL patient disease characteristics

Low IL-10 (n = 35) High IL-10 (n = 35) P

Age =60y 20 (50%) 25 (61%) .32
Female sex 18 (45%) 13 (32%) 22
PS 0-1 36 (90%) 34 (83%) .35
Stage Ill-IV 30 (75%) 36 (86%) 14
Elevated lactate dehydrogenase 9 (22%) 20 (50%) .0085
= 2 extranodal sites 9 (23%) 13 (32%) .35
International Prognostic Index score

0-1 16 (40%) 5 (12%) .027

2 9 (23%) 9 (22%)

3 11 (28%) 20 (49%)

4-5 4 (10%) 7 (17%)

0-2 25 (63%) 14 (34%) .011

3-5 15 (38%) 27 (66%)
B symptoms 21 (51%) 27 (68%) 14
Bulky disease (> 10 cm) 5 (13%) 9 (22%) .26

Low IL-10 was < 26.15 pg/mL; high, > 26.15 pg/mL. All values are n (%).

staining, whereas the Ly3 cell line was strongly positive for pJAK2
(Figure 3B).

We then characterized JAK?2 expression and phosphorylation
status in vitro in a panel of DLBCL lines, along with CD19*
normal B cells. The CD19* normal B cells were pJAK2 ~ (Figure
3C); however, all of the 4 ABC (activated B-cell) DLBCL cell lines
were found to be positive for pJAK2. The GCB cell lines had
low-level expression of pJAK2. The JAK2 mRNA level was
comparable between non-GCB and GCB DLBCL cells (Figure
3D). These data suggest that JAK?2 is constitutively activated in
some DLBCL patient tumors and might be responsible for aberrant
STAT3 activation in these patients.

A Event-Free Survival by IL-10 in DLBCL patients (n=70)

% Event Free Survival
T
(=]

— Low IL-10
30 — High IL-10
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0 : "
i 12 24 36 48 60
Months
B
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Figure 2. Survival of untreated DLBCL patients on North Central Cancer
Treatment Group Trial N0489 by pretreatment serum IL-10 levels. (A) The
median value of serum IL-10 was used to group patients into high and low IL-10
cohorts. The EFS of patients with low serum IL-10 (= 26 pg/mL) and high serum
IL-10 (> 26 pg/mL) was estimated by the Kaplan-Meier method. (B) Distribution of
IL-10 between genetic types of DLBCL as determined by the Hans IHC method.
Thirty-nine patients had both serum IL-10 and tissue available for comparison.

IL-10 is the major autocrine factor for JAK2 tyrosine
phosphorylation

The effect of IL-10 on JAK2 and its downstream signaling was
studied in both pJAK2* and pJAK~ DLBCL cells. DHL2
(pJAK2*) and DHL6 (pJAK27) cells were serum starved
overnight and then pulsed with IL-10 for 5, 15, or 30 minutes.
IL-10 stimulated the phosphorylation of JAK2 at the tyrosine
1007/1008 residue as soon as 5 minutes in DHL2 cells; however,
no stimulation of JAK2 was observed in DHL6 cells (Figure
4A). IL-10 was unable to stimulate JAK1 phosphorylation in
either DHL2 or DHL6 cells (Figure 4A).

We also determined the effect of IL-10 on STAT3 activation
in STAT3 " versus STAT3~ DLBCL cells. Serum-starved pJAK2*
DLBCL cells (DHL2 and Ly3) and pJAK2~ DLBCL cells
(DHL6) were treated with rIL-10 for various times point and
STAT37% activation was assayed by Western blotting. IL-10 was
able to stimulate STAT3 at the tyrosine residue as soon as
5 minutes with an increase (in a time-dependent manner) in both
pSTAT3" cell lines (Figure 4B). In contrast, IL-10 showed little
effect on STAT3 phosphorylation at the serine residue (Figure
4B). The pSTAT3 "~ cell line did not respond to IL-10 except for a
slight activation at 30 minutes in pSTAT3 tyrosine (Figure 4B).
Additional experiments revealed that IL-10 was not able to
stimulate other STATS such as STAT1 or STATS in these cells,
suggesting that IL-10 selectively activates STAT3 in some
DLBCL cells (Figure 4C).

We next sought to determine whether IL-10 is indeed able to
induce the expression of the known downstream targets of JAK2-
pathway signaling: mcl-1, bcl-2, bcl-xl, c-myc, and survivin.
Serum-starved DHL2 cells were induced with rIL-10 for various
times and protein lysates were subjected to Western blotting. IL-10
had no effect on the antiapoptotic proteins mcl-1, bcl-2, and bel-xl1
(data not shown); however, IL-10 did induce the c-myc protein in a
time-dependent manner, with a maximal increase observed at
6 hours (Figure 4D). The effect of IL-10 on survivin protein was
seen only at the 12-hour time point, and this effect was minimal
(Figure 4D). Studies of the effect of IL-10 on c-myc mRNA
expression by real-time RT-PCR also demonstrated an increase in
the mRNA level of c-myc at 3 and 6 hours (supplemental Figure 1,
available on the Blood Web site; see the Supplemental Materials
link at the top of the online article).
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Figure 3. Constitutive activation of JAK2 in patient DLBCL tumors (n = 12) and cell lines. (A) IHC detection (400X magnification) of activated JAK2 protein in DLBCL
tissue. (B) IHC detection of activated JAK2 in DLBCL cell lines. (C) Phosphorylation levels of JAK2 in human DLBCL cell lines (ABC and GCB) were analyzed by Western
blotting. CD19" B cells were used as a control. (D) JAK2 mRNA expression was analyzed in DLBCL lines by RT-PCR.

Neutralizing Ab to IL-10 inhibits IL-10-mediated JAK2 and
STAT3 activation

To ascertain whether IL-10 was indeed responsible for JAK2 and
STAT3 phosphorylation in pSTAT3* cells, DHL2 cells were
treated with various doses of neutralizing Ab to IL-10 and then
pulsed with IL-10. Anti—IL-10 Ab decreased IL-10-induced JAK2
and STAT3 tyrosine phosphorylation in a dose-dependent manner
(Figure 4E).

JAK2 activation is correlated with levels of IL-10 and IL-10R

DLBCL lines were tested for intracellular IL-10 mRNA by
RT-PCR. The lines with higher levels of pJAK2 (Ly3 and DHL2)
had higher levels of IL-10 mRNA (Figure 5A) than the pJAK2~
lines (Ly19 and DHLG6). Supernatants from the DHL6, Ly19, Ly3,
and DHL2 cell lines were collected and assayed for IL-10, EGF,
IL-6, and IL-2 by a multiplex ELISA. Both pJAK2* cell lines
secreted high amounts of detectable IL-10 (range, 600-800 pg/mL),

whereas IL-10 production was negligible in the pJAK2~ DLBCL
lines (Figure 5B). Secretion of the other JAK/STAT pathway—
related clinically relevant cytokines (EGF, IL-6, and IL-2) were
very low in the supernatants of the DLBCL cell lines and not
different between the pJAK2* and pJAK2~ DLBCL cell lines (data
not shown). These data suggest that these DLBCLSs are capable of
autocrine secretion of IL-10. Moreover, exogenous IL-10 was able
to increase the proliferation of pJAK2* DHL2 and Lyl10 cells
(supplemental Figure 2).

IL-10 binds to IL-10 cell-surface receptors and signals through
the JAK/STAT pathway.'® Because we demonstrated that DLBCL
cells could synthesize and secrete IL-10, we investigated whether
DLBCL cells also express the surface IL-10R (IL-10Ra and
IL-10RB). Using 6 patient samples, IL-10Rs were expressed in 4 of
the 6 cases. The expression was variable in intensity and isoform
expression. In 2 cases, the cells expressed both IL10Ra and
IL-10B; in 2 others, only IL-108 was expressed and the other
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Figure 4. IL-10 induces JAK2-pathway activation in A
DLBCL cells. (A) Serum-starved DHL2 and DHL6 cells
were treated with 100 ng/mL of rIL-10 for various times as
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2 were negative for both IL-10Ra and IL-10R3 (Figure 5C upper
panel). In cell line experiments, the DLBCL line Ly3 expressed
high levels of both IL-10Ra and IL-10R{, but the DHL2 cell line
expressed only large amounts of IL-10R3; however, DHL6 does
not express IL-10Ra and has very low levels of IL-108 (Figure 5C
lower panel). In the cell lines, the IL-10Ra or IL-10R(
expression level was correlated with pJAK2 expression. Both
the Lyl0 and DHL2 cell lines were positive for pJAK2, as
shown by Western blotting (Figure 3C), and had surface IL-10R.
Conversely, DHL6 cells were negative for pJAK2 (Figure 3C) and
expressed very low levels of IL-10RB. We also examined the
correlation of IL-10R and pJAK2 in the DLBCL patient samples.
Of the 3 patients whose cells were IL-10R*, 2 expressed pJAK2
(data not shown).

JAK2 inhibition inhibits autocrine IL-10 secretion

We evaluated the impact of JAK?2 inhibition on IL-10 production in
DHL2 and Ly3 cells, which constitutively secrete IL-10 (Figure
5B). We measured the levels of IL-10 by ELISA in culture
supernatants treated with the JAK?2 inhibitor TG at various time
points. TG (SARS302503) is currently being tested as a daily oral
agent in advanced clinical trials for MPN.!? Figure 5D shows that
TG causes a time-dependent inhibition of autocrine IL-10 produc-
tion in DHL2 and Ly3 cells compared with cells grown in medium
alone. In Ly3 cells, TG was able to block IL-10 production as soon
as 3 hours and the inhibition was sustained for up to 24 hours. In
contrast, in DHL?2 cells, the inhibition of IL-10 by TG was dramatic
at early time points (ie, 3 and 6 hours).
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The JAK2-specific inhibitor TG inhibits constitutive and
IL-10-induced JAK2 and STAT3 phosphorylation

We next studied the effect of JAK?2 inhibition by TG on constitutive
JAK?2 signaling in DLBCL cells. Treatment of DHL2 cells with
increasing doses of TG resulted in a concentration-dependent
inhibition of phosphorylation of JAK2 and STAT3, but not JAK1
(Figure 6A). Incubation with TG abrogated tyrosine phosphoryla-
tion of STAT3 as soon as 2 hours after beginning treatment, with no
effect on STAT3 serine phosphorylation (Figure 6B). Exogenous
treatment of Ly3 and DHL2 cells with anti—IL-10-neutralizing Ab
decreased constitutive activated STAT3 (tyrosine) phosphorylation
(Figure 6C), confirming that in pSTAT3* DLBCL cells, JAK2-
pathway activation is dependent on autocrine IL-10 secretion. To
determine the effect of the JAK2 inhibitor TG on tyrosine activity,
we immunoprecipitated endogenous JAK2, JAK1, and STAT3
from DHL2 cells and blotted with phosphotyrosine Ab. TG
treatment at 2 and 4uM resulted in a reduction of the phosphoty-
rosine level of JAK2 and STAT3, but not JAK1 (Figure 6D-F).
These results were only performed in cell lines because of limited
availability of fresh DLBCL patient samples.

We also determined whether JAK2 blockade with the JAK2
inhibitor TG could abrogate IL-10-induced JAK2 and STAT3
activation. We pretreated DHL2 cells with various concentrations
of TG for 4 hours and then added IL-10 for 30 minutes. TG
induced a dose-dependent inhibition in IL-10-induced pJAK2
and pSTAT3 (tyrosine) activation (Figure 6G). Longer exposure
(24 hours) to TG had a much more inhibitory effect on
IL-10-induced STAT3 phosphorylation. Even 0.5uM TG was able
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Figure 5. Autocrine secretion of IL-10 and expression
of IL-10 receptors on DLBCL cells. (A) IL-10 mRNA in
DLBCL lines was detected by RT-PCR. (B) Cell-culture
supernatants were collected from various DLBCL cell
lines and subjected to IL-10 ELISA. Data represent
means *+ SD of 3 independent experiments. (C) Surface
IL-10 receptors were analyzed in DLBCL patient cells (top
panel) and DLBCL cell lines (bottom panel) by flow
cytometry. (D) DHL2 and Ly3 cell lines were treated with a
4uM concentration of the JAK2 inhibitor TG for various
times and the supernatants were collected and subjected
to IL-10 ELISA. Means = SD from 4 determinations

obtained in 2 separate experiments are shown.
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to dramatically inhibit IL-10-induced STAT3 phosphorylation in
DLBCL cells (Figure 6H).

JAK2 inhibition suppresses the growth of DLBCL cells with
constitutive JAK2 activity

STAT3 transmits cell-survival signals and protects cells from
apoptosis.'” We investigated whether decreasing JAK2 or STAT3
phosphorylation by the JAK2 inhibitor TG (Figure 6A-B) is
associated with apoptosis of the cells. We treated a series of
pSTAT3* and pSTAT3~ cell lines with increasing doses of TG for
48 hours and assessed survival. TG inhibited the survival of all
3 pJAK2* cell lines (Figure 7A). The ICsy value for TG in these
cell lines was between 2 and 3uM. A limited effect of TG on
pJAK2~ DLBCL cell survival was observed (Figure 7B). These
results indicate that survival of pSTAT3* DLBCL cells is indeed
dependent on JAK2-pathway activation.

JAK2 inhibition inhibits c-myc expression

To better understand the mechanisms of JAK2 inhibitor—induced
apoptosis, we sought to determine whether JAK?2 signaling regu-
lates downstream apoptotic targets in DLBCL. Activation of
STAT3 signaling up-regulates the expression of various genes
involved in cell survival and proliferation, such as bcl-xl, bcl-2,
mcl-1, and c-myc.?*>* Immunoblotting failed to demonstrate
TG-induced down-regulation of mcl-1 and bcl-XL proteins in
pSTAT3" DLBCL cells (supplemental Figure 3). TG induced a
dose-dependent decrease in c-myc protein in both Ly3 and DHL2

TG (hrs)

cells (Figure 7C). The most potent inhibition was seen at a 4uM
concentration, which completely abrogated c-myc protein expres-
sion. Recent studies have shown clinical correlation of STAT3 and
the survivin protein.?>2 However, we saw little inhibitory effect of
TG on survivin protein levels in DLBCL cells (Figure 7C).
gRT-PCR demonstrated that TG decreases c-myc—encoding mRNA
in DHL2 cells (Figure 7D), with no effect on survivin mRNA (data
not shown).

To confirm the c-myc dependency on JAK2 signaling in
DLBCL cells, siRNA directed against JAK2 was tested to deter-
mine whether it could inhibit c-myc expression in DHL?2 cells.
JAK2 siRNA was able to inhibit JAK?2 protein in 24 hours and this
effect was sustained for up to 72 hours (Figure 7E). We were able to
achieve a more than 90% knockdown of the JAK2 protein at 48 and
72 hours. Reduction of JAK2 expression by siRNA almost
completely inhibited c-myc mRNA at 72 hours compared with a
nonsilencing control siRNA (Figure 7F). Similar results were
found when we transfected another DLBCL line, Ly3, with JAK2
siRNA (data not shown).

Discussion

DLBCL is the most common form of NHL and has variable clinical
presentations and responses to standard rituximab-based immuno-
chemotherapy regimens. Although the disease is curable in most
patients, approximately 40% of patients still die from their
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Figure 6. Effect of JAK2 inhibition on JAK/STAT
signaling. (A) DHL2 cells were treated with various A DHL2 B Ly3 DHL2
doses of the JAK2 inhibitor TG for 24 hours and phosphor- 0 5 1 2 TG (uM) 0 2 4 8 0 2 4 8 TG(hr)
ylation of JAK1, JAK2, and STAT3 was analyzed. (B) Ly3 - pST ATSTW
and DHL2 cells were treated with a 4uM concentration of 4o = pJAK2 75*)- o ‘ ‘ - s ‘
TG for 2, 4, and 8 hours and phosphorylation of STAT3 — = pres Ser
was performed by Western blotting. (C) Ly3 and DHL2 /o | ' '1 pJAK1 75—$- e ‘ ‘- - = ‘pSTATS
cells were treated with neutralizing IL-10 Ab for 24 hours
and STAT3 phosphorylation was detected. (D-F) DHL2 JAK2 75—‘ ---‘ ‘----‘STAT:’
cells were exposed to various concentrations of TG for 100— | -
8 hours and then lysed. Cell lysates were then immuno- - -
precipitated with anti-JAK1, anti-JAK2, or anti-STAT3 75— S - pSTATSTw c Lys DHL2 .
and blots were probed with phosphotyrosine Ab. DHL2 0 5 25 0 5 25 Anti 1L-1T0 (Hg)
(G) and DHL2 and LY3 (H) cells were pretreated with _l R —— ‘pSTATS yr
100 ng/mL of rIL-10 for 30 minutes and then treated with 75E BIATS 75T ==
various concentrations of TG for 4 hours (G) and 24 hours e e pSTATSSer
(H), and JAK2 and STAT3 phosphorylation was analyzed e
by Western blotting. 75| s———— S | STAT3
D E F
IP JAK2 IP JAK1 IP STAT3
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disease.?”?8 To further improve the outcome of DLBCL, current
research is focusing on the genetic types of DLBCL? and the
signal pathways used by DLBCL cells. For example, the identifica-
tion of NF-kB as an important signaling pathway in DLBCL led to
studies of bortezomib in combination with rituximab plus CHOP
for new, untreated DLBCL.* Others have demonstrated that the
JAK2 and STAT3 pathways play an important role in hematologic
malignancies.’'?2 With the advent of several new oral JAK2
pathway inhibitors for MPN,!233 it is important to investigate this
pathway in lymphoma. In the present study, we demonstrate that
JAK2 is constitutively activated in a subset of patient DLBCL
tumors. In studies of the mechanism of this activation, JAK2
mRNA data showed that the levels of JAK2 transcripts were not
significantly different between pJAK2* and pJAK2~ DLBCL cells.
Because no gain-of-function (V617F) JAK2 mutants have been
found in Hodgkin lymphoma, primary mediastinal lymphoma,3* or
B-cell lymphoma,® it is important to investigate other factors
responsible for JAK?2 activation in DLBCL cells.

Cytokines play important roles in the pathogenesis of various
cancers via autocrine and/or paracrine mechanisms.?* Cytokine
signaling is primarily mediated by tyrosine kinases such as JAKs
and their downstream transcription factors, STATs. Using pretreat-
ment sera from patients participating in a recently reported clinical
trial for new, untreated DLBCL, we found that the JAK/STAT
pathway-relevant cytokines IL-10, IL-6, EGF, and IL-2 were
indeed elevated in some DLBCL patients compared with controls.
Of these 4 cytokines, we focused on IL-10 because it was the only
one that stimulated the JAK2 pathway in DLBCL cells in vitro

(Figure 1B). In addition, several studies have provided evidence for
the role of human IL-10 in the pathogenesis of malignant B-cell
neoplasms.?”38 Increased serum IL-10 levels have been described
in patients with untreated CLL and DLBCL and were correlated
with an inferior survival.?*#? We have also demonstrated that IL-10
levels were significantly higher in a subset of DLBCL patients,
were correlated with other known adverse clinical features, and that
patients with elevated IL-10 had a shorter EFS (P = .01). Com-
pared with previous studies, patients in the present study were
uniformly treated with a rituximab chemoimmunotherapy program.
Further studies of serum IL-10 are needed to define its role as a
prognostic and predictive factor in future phase 3 trials in DLBCL.

In vitro and in vivo studies with recombinant cytokine and
neutralizing Abs revealed pleiotropic effects of IL-10 on B and
T cells.*'#2 TL-10 can serve a key function in the induction of
tolerance!®43 and therefore may contribute to the DLBCL pathogen-
esis by directly enhancing the survival and proliferation of tumor
cells and by impairing host immune responses.

In human T cells and monocytes, the IL-10/IL-10R complex
has been shown to induce tyrosine phosphorylation of TYK2 and
JAK1 kinases with subsequent activation of STAT1 and STAT3.*
In DLBCL cells, we found that IL-10 is a major factor for tyrosine
phosphorylation of JAK2 and STAT3 but not of JAK1, STAT1, and
STATS. In contrast, IL-10 showed no effect on the activity of ERK
or NF-kB, suggesting that IL-10 specifically activates the JAK/
STAT pathway in DLBCL cells. Furthermore, we have shown
herein that DLBCL tumors with high levels of pJAK2 also secreted
more IL-10 than the cells from tumors with no activation of pJAK?2.
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A Figure 7. Effect of the JAK2 inhibitor TG on DLBCL-
= i Ly3 _ Ly10 _ DHL2 cell survival. (A-B) Ly3, Ly10, DHL2, DHL6, and Ly19
H 100 S1o0 DLBCL cells were treated with various doses of the JAK2
g 807 g 80 £ 80 inhibitor TG for 48 hours. Survival was then assessed by
g 80 1 "é’ 60 | L 60 flow cytometry. Bars represent means + SD from 3 experi-
5 401 £ 40 = 40 ments. (C) Ly3 and DHL2 cells were exposed to various
E 20 - E 20 | E 20 concentrations of TG for 24 hours and expression of
L T 0~ o Y g n - - - c-myc and survivin was analyzed by Western blotting.
TGmMmo 5 1 2 4 TGemMmo 5 1 2 4 TGeMo 5 1 2 4 (D) c-myc mRNA expression was analyzed by gRT-PCR
(as described in “gRT-PCR”) in TG-treated DHL2 cells.
B DHLé Ly19 Bars represent means = SD from 3 experiments. (E) siRNA
E 100 § 100 (250 and 500nm) targeting JAK2 and a nonsilencing
E 8w E w0 control siRNA were transfected as described in “siRNA
@ 80 o &0 transfection” and DHL2 cells were harvested 24, 48, and
L w 2 w0 72 hours later. Cell lysates were immunoblotted with
2 ® 20 JAK2 and B-actin Abs. (F) c-myc expression in JAK2
& o4 I & o siRNA- (250 and 500nM) and control siRNA (500nM)—
TGuM) 0 5 1 2 4 TGMO 5 1 2 4 transfected DHL2 cells was analyzed at 72 hours by
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Because cytokine-mediated JAK?2 activation induces phosphor-
ylation of STATI1, STAT3, and STAT5,% we analyzed the
phosphorylation of these molecules in pSTAT3" and pSTAT3~
DLBCL cells after IL-10 stimulation. STAT3 tyrosine was
significantly activated by IL-10, whereas no phosphorylation of
STAT3 serine and STAT1 or STAT5 was detected in pSTAT3+
cells. In pSTAT3~ cells, neither STAT3 nor STAT1 was acti-
vated by IL-10 treatment. Therefore, the pattern of JAK/STAT
signaling on IL-10 stimulation appears to be different between
pSTAT3* and pSTAT3~ DLBCL cells. Blockade of IL-10
signaling by IL-10-neutralizing Ab and the JAK2-specific inhibitor
TG inhibited constitutive and IL-10-induced JAK2 and STAT3
signaling. This finding is consistent with the results of Alas et al,*
who showed that a different STAT3 inhibitor (piceatannol) was
able to inhibit constitutive STAT3 activity in an IL-10-dependent
NHL cell line (2F7).

The discovery of the JAK2 V617F mutation in MPN has
resulted in the development of several JAK2 inhibitors.?® In the
present study, we used TG101348, a compound now known as
SARS302503 that is in advanced clinical trials for MPN and
demonstrated that it can completely block the phosphorylation of
JAK?2 and STAT3 in pJAK2* DLBCL cells. Moreover, we have
demonstrated that TG selectively inhibits the survival of pJAK2*
cells (LDsy = 2-3uM). These in vitro doses of TG are achievable in
vivo based on pharmacokinetic studies recently reported in MPN
patients.!> We have also demonstrated that TG inhibited IL-10
secretion and decreased c-myc expression. This is an important
finding because c-myc is a resistance factor in DLBCL*’ and agents

that down-regulate it are needed in the clinical setting. Our data
also demonstrated that the JAK2 inhibitor TG triggered apoptosis
without having any effect on Bcl2 family members. This differs
from studies by Alas et al with the anti-CD20 Ab rituximab, in
which IL-10 secretion and bcl2 expression were inhibited in the
2F7 and 10C9 lymphoma cell lines.*® This difference is likely
because of a different mechanism of action of rituximab compared
with TG and different lymphoma cell lines.

Although our cell line data support the hypothesis that high
IL-10 levels are correlated with pJAK2 expression, we were unable
to test this in DLBCL patient tumors in this cohort because of the
limited paraffin-embedded tissue available. A correlation between
pJAK?2 and serum IL-10 will best be found in prospective DLBCL
studies in which these biomarkers can be evaluated as response and
survival factors.
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