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Background: Diffuse large B-cell lymphoma (DLBCL) is a fatal malignancy that needs to identify new targets for additional
therapeutic options. This study aimed to clarify the clinical and biological significance of endogenous neurotrophin (nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF)) in DLBCL biopsy samples and cell lines.

Methods: We analysed expression of NGF, BDNF, and their receptors (Trk, p75NTR) in 51 biopsies and cell lines by
immunohistochemistry, immunofluorescence, and western blotting. To investigate the biological role of BDNF/TrkB/p75NTR axis,
effects of neurotrophin signalling inhibition were determined on tumour cell survival and vascular endothelial growth factor (VEGF)
secretion. The pharmacological pan-Trk inhibitor K252a was used for in vitro and in vivo studies.

Results: A BDNF/TrkB axis was expressed in all biopsies, which was independent of the germinal centre B-cell (GCB)/non-GCB
profile. p75NTR, TrkB, and BDNF tumour scores were significantly correlated and high NGF expression was significantly associated
with MUM1/IRF4, and the non-GCB subtype. Diffuse large B-cell lymphoma cell lines co-expressed neurotrophins and their
receptors. The full-length TrkB receptor was found in all cell lines, which was also phosphorylated at Tyr-817. p75NTR was
associated to Trk and not to its cell death co-receptor sortilin. In vitro, inhibition of neurotrophin signalling induced cell apoptosis.
K252a caused cell apoptosis, decreased VEGF secretion, and potentiated rituximab effect, notably in less rituximab-sensitive cells.
In vivo, K252a significantly reduced tumour growth and potentiated the effects of rituximab in a GCB-DLBCL xenograft model.

Conclusions: This work argues for a pro-survival role of endogenous neurotrophins in DLBCLs and inhibition of Trk signalling
might be a potential treatment strategy for rituximab resistant subgroups.

Diffuse large B-cell lymphomas (DLBCL) are highly aggressive
non-Hodgkin lymphomas (NHL). They are subdivided into two
major prognostically significant subtypes, germinal centre B-cell
(GCB) and activated B-cell (ABC) type, which are respectively of

better and worse prognostic. GCB lymphoma gene-expression
profile clustered with normal germinal centre B cells. By contrast,
ABC lymphomas arise from B cells at a plasmablastic stage, just
before germinal centre exit, and therefore express genes that are
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frequently expressed in mature plasma cells (Alizadeh et al, 2000;
Rosenwald et al, 2002; Wright et al, 2003). Although the Akt
pathway is constitutively activated in most tumour cells and
B-NHL cell lines (Arranz et al, 1996; Suzuki et al, 2007),
constitutive activation of the NF-kB pathway is crucial for
the survival of ABC-DLBCL cells but not GCB-DLBCL cells
(Davis et al, 2001; Lam et al, 2005). Those lymphomas present an
important clinical challenge. Despite significant survival improve-
ment of patients obtained by combining a monoclonal anti-CD20
antibody, rituximab, with chemotherapy (R-CHOP immunochem-
otherapy), a subset of patients does not initially respond
and several responsive patients develop rituximab resistance
(Rezvani and Maloney, 2011).

Neurotrophins (NTs) among with the nerve growth factor
(NGF) and the brain-derived neurotrophic factor (BDNF) are a
family of structurally and functionally related growth factors that
are widely expressed in a variety of tissues including the immune
system (Vega et al, 2003). Neurotrophins are synthesised as
proforms (proNTs), and both forms are secreted and exert
biological activities (Teng et al, 2010). The actions of NTs are
mediated by three receptor classes: the common p75 neurotrophin
receptor (p75NTR), the tropomyosin-related kinase receptors (TrkA
for NGF and TrkB for BDNF), and the pro-NT receptor, sortilin
(Reichardt, 2006). Trk receptors have also distinct isoforms that
affect their function. In humans three major isoforms of TrkB are
expressed, the full-length signal-transducing receptor TrkB-TK (or
gp145TrkB) and two C-terminal truncated receptors thus lacking
the tyrosine kinase domain, TrkB-T1 (or gp95TrkB) and TrkB-T-
Shc (De Santi et al, 2009). Binding of NTs to the full-length TrkB
receptor (TrkB-TK) triggers autophosphorylation of tyrosine
residues in the intracellular kinase domain, followed by the
activation of several survival signalling cascades, such as the
phosphatidylinositol 3-kinase (PI3K)/Akt, MAPK, and PLC-g
pathways. As opposite, binding of NTs to p75NTR signals apoptosis,
which involves activation of c-jun N-terminal kinase (JNK) and
caspases. However, NTs binding to p75NTR also promotes activation
of NF-kB, thereby promoting NF-kB-dependent cell survival
signalling (Reichardt, 2006). Indeed, p75NTR signalling is very
complex. The receptors exist as dimers but an emerging consensus
is that p75NTR interacts with several co-receptors (as sortilin) and
multiple ligands with important physiological consequences
(Barker, 2007; Forsyth et al, 2014). Notably, in vivo and in vitro
data have clearly indicated that p75NTR and Trk receptors
functionally interact, but the precise means by which this occurs
has remained unresolved. It is well established that p75NTR

potentiates Trk signalling and notably TrkA at least in part by
enhancing NGF binding to the TrkA receptor (for review, see
Barker, 2007). The work of Wehrman et al (2007) provides key
insights into the structural and kinetic issues concerning p75NTR

and TrkA interactions in NGF binding. Their structural data
suggest the possibility of a ternary complex p75NTR/NGF/TrkA, yet
the biochemical data indicate that this complex does not form in
living cells. It was proposed that TrkA and p75NTR likely
communicate through convergence of downstream signalling
pathways and/or shared adaptor molecules, rather than through
direct extracellular interactions. As contrast sortilin, an intracellular
transport protein for NTs and proNTs, forms a high-affinity co-
receptor complex with p75NTR involved in the cell death effect of
proNTs (Nykjaer et al, 2004). Previous studies in our laboratory
showed, for the first time in B cell lines that an autocrine BDNF
production is upregulated by stress culture conditions and exerts an
anti-apoptotic effect through the sortilin pathway (Fauchais et al,
2008). Moreover, we also reported that GCB-DLBCL cell lines
secrete NT that can be modified by culture conditions (serum
deprivation) or treatment with rituximab (Bellanger et al, 2011). We
hypothesised that NTs signalling could have a potential autocrine/
paracrine role in the clinical heterogeneity of human DLBCL.

Angiogenesis and the pro-angiogenic growth factor vascular
endothelial growth factor (VEGF) have a known role in solid
neoplasia, and there is increasing evidence that they also have a
role in hematolymphoid neoplasia. Of note, VEGF could have a
dual role in lymphomagenesis: as a paracrine angiogenic factor and
as an autocrine growth factor (Gratzinger et al, 2007). Although
hypoxia-induced HIF-1a up regulation is the primary stimulus for
VEGF production, aberrant activation of the PI3K and NF-kB
pathways can also contribute to increase HIF-1a in normoxic
conditions and notably in malignant lymphoma cells (Qiao et al,
2010; Karar and Maity, 2011). Interestingly in DLBCLs, tumour
cells from patients co-expressed VEGF and its receptors VEGFR1
and VEGFR2, suggesting an autocrine loop for VEGF in
lymphomagenesis (Wang et al, 2004; Gratzinger et al, 2008).

The aim of the present study was to evaluate neurotrophin
functionality in ABC and GCB-like cell lines and their possible
association with clinicopathological variables in DLBCLs. As
BDNF/TrkB activation of the PI3K/mTOR pathway can lead to
an increase in HIF-1a that stimulates VEGF production
(Nakamura et al, 2006), we also examined the potential relation-
ship between NTs and VEGF secretion in DLBCL cell lines. Finally,
we investigated in vivo the efficacy of Trk pharmacological
inhibition combined or not with rituximab in a GCB-DLBCL
xenograft model.

MATERIALS AND METHODS

Patient samples. Fifty-one cases of DLBCL treated in the
haematology department of Dupuytren Hospital (Limoges, France)
were collected from the ‘Tumorothèque’ of Dupuytren Hospital.
Tumours were classified according to the World Health Organiza-
tion classification (Swerdlow et al, 2008). DLBCL cases were then
categorised as GCB or non-GCB subtype according to the Hans
algorithm based on CD10, Bcl-6, and MUM1 expression (Hans
et al, 2004). Clinical data of the patients were reviewed and are
summarised for all patients in Table 1. This study was conducted
after approval of the local ethics committee (N1 98-2012-23). All
patients have been informed of the use of their tissue samples in
research studies.

Immunohistochemistry. Immunohistochemical studies were
performed as previously described (Troutaud et al, 2010) using
Envision Kit (Dako Denmark A/S, Glostrup, Denmark). The anti-
NGF, anti-BDNF, anti-p75NTR, and anti-TrkB were purchased
from Santa Cruz Biotechnology (Santa Cruz, Dallas, CA, USA),
anti-TrkA from R&D (Minneapolis, MN, USA), mouse isotypic
control IgG1 from Cell Signaling (Beverly, MA, USA), and rabbit
isotypic control was from Sigma (Sigma Aldrich, Saint Louis, MO,
USA). Validation of the specificity of the antibodies used for the
IHC assays has been previously done (Bellanger et al, 2011). The
staining intensity was scored from 0 to 4 as follows: 0, negative; 1,
weak; 2, moderate; 3, strong; 4, very strong. Furthermore, to
compare the expression of NGF, BDNF and/or TrkA, TrkB,
p75NTR with clinical and pathological parameters, samples were
grouped in high (staining intensity4median immunohisto-
chemical score) and low-expression groups (staining intensityp-
median immunohistochemical score). Section stainings were
analysed independently by DT and an hematopathologist (BP or
MCD) who were blinded to each other’s scores, and without
knowledge of clinical information. In case of disagreement, the
staining results were reanalysed by the observers on a multihead
microscope until consensus was reached.

Human B cell lines and cell cultures. The human GCB-like
DLBCL cell lines, SUDHL4, and SUDHL6, were obtained from
Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ, Braunschweig, Germany) and the two ABC-like DLBCL
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cell lines, OCI-LY3, and OCI-LY10, were a gift of Pr Feuillard
(UMR CNRS 7276, Limoges University) with the kind agreement
of Louis M Staudt (National Cancer Institute, USA). The
cell lines were grown in RPMI 1640 medium (Lonza,
Basel, Switzerland) supplemented with 10% heat-inactivated fetal
bovine serum (Thermo Scientific HyClone, Logan, UT, USA),
100 U ml� 1 penicillin, 100 mg ml� 1 streptomycin (Gibco Invitro-
gen Corporation, Carlsbad, CA, USA) at 37 1C in a humidified
atmosphere containing 5% CO2. For the viability tests, cells were
incubated with: various concentrations of rituximab (1–20mg ml� 1,
MabThera, stock 10 mg ml� 1, a generous gift from CHRU
Dupuytren of Limoges, Pharmacie centrale), K252a (350 nM;
Alomone Labs, Jerusalem, Israel), pro-BDNF (1–10 ng ml� 1,
Alomone Labs), neutralising anti-BDNF (15mg ml� 1, Promega,
Madison, WI, USA), exogenous BDNF (100 ng ml� 1, Promega),
anti-p75NTR neutralising antibody (1–10–100 ng ml� 1, clone
ME20.4, Merck KGaA, Darmstadt, Germany) alone or in
combination.

Cell viability assay. Cellular viability was assessed using the
colorimetric XTT (sodium 30-[1-(phenylaminocarbonyl)-3,4-tetra-
zolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate)-
assay (Cell Proliferation Kit II, XTT Roche) as previously reported
(Bellanger et al, 2011).

Analysis of apoptosis. Apoptosis was determined using the
propidium iodide (PI)/Annexin-V-FITC double staining method
(kit Beckman Coulter, Immunotech, Marseille, France) as pre-
viously described (Bellanger et al, 2011). This method effectively
distinguishes apoptotic cells from necrotic cells. Apoptotic cells
exhibited intense green (FITC) and negative or intermediate red
(PI) fluorescence (early and late stages of apoptosis, respectively).
Necrotic cells exhibited strong green and red fluorescence. Cells
were analysed with a FACS Calibur flow cytometer (Becton
Dickinson, Heidelberg, Germany) acquiring 10 000 events gated on
light scatter properties (forward vs side: FSC/SSC) to eliminate
debris and cellular aggregates.

Western blotting and immunoprecipitations. Western blotting
was performed as described previously (Bellanger et al, 2011).
Rabbit anti-BDNF, anti-NGF, anti-NT3, anti-p75NTR, goat
anti-sortilin, and mouse anti-PARP-1 antibodies were purchased
from Santa Cruz Biotechnology. Mouse anti-TrkB, anti-TrkA, and
anti-TrkC antibodies were purchased from R&D Systems.
Anti-phospho TrkB (pY817) and anti-phospho-TrkC (Y820) were
purchased from Abcam (Epitomics, Burlingame, CA, USA) and
anti-phospho-TrkA (Y490) from Cell Signalling. Protein-loading
control was performed with anti-bactin Ab (Sigma). Visualisation
of immunocomplexes was accomplished using the Immobilon
Western Chemiluminescent HRP Substrate (Millipore, Darmstadt,
Germany). Western blots were scanned using a bioimaging system
(Genesnap; Syngene Europe, Cambridge, UK).

Co-immunoprecipitations were performed in accordance with
the manufacturer’s instructions (Catch and Release kit, Millipore)
with 500 mg of proteins and anti-p75NTR for 1 h at room
temperature. Finally immunoprecipitates were subjected to
SDS–polyacrylamide gel electrophoresis, before analysis by western
blotting (with anti-Trk, anti-sortilin and anti-p75NTR).

Immunofluorescence microscopy. Diffuse large B-cell lymphoma
cells were challenged with antibodies against Trk, BDNF, NGF,
p75NTR, and/or sortilin and analysed by immunofluorescence as
previously described (Bellanger et al, 2011). Pictures were captured
using a Leica microscope and a Leica digital camera (Leica
Microsystems, Wetzlar, Germany). Images were processed using
Leica IM500 Image Manager.

Cell supernatant VEGF immunoassay. Growth medium was
collected and VEGF-A levels were determined using the human
VEGF ELISA kit (PeproTech, Rocky Hill, CT, USA) according to
the manufacturer’s recommendations. All tests were performed in
duplicate.

In vivo Xenografts. All animal studies were conducted in
accordance with the guidelines established by the internal
Institutional Animal Care and Use Committee (CREEAL
N12-07-2012). Four-weeks-old SCID mice (CB17.SCID) were
supplied by Janvier Labs (Le Genest-Saint-Isle, France). For
in vivo K252a efficacy, we used a DLBCL xenograft model. SCID
mice were injected with 1� 107 SUDHL4 cells subcutaneously.
After the tumours had become established (B6 weeks after tumour
inoculation) mice were divided (day 0) into treatment and control
groups (at least five mice per group). Intraperitoneal administra-
tion of K252a dissolved in physiological saline (0.5 mg kg� 1) was
performed every 3 days for 3 weeks. Rituximab was administered
i.p., alone or in combination of K252a, at a dose of 25 mg kg� 1

twice a week. For negative controls, treatment with vehicle alone
was used. Animals weighted between 20 and 26 g on day of
treatment. All animals were ear-tagged and monitored individually
throughout the experiment. The dose of K252a chosen for this
experiment was based on published studies (Kawamura et al,
2010). Tumour volume (cm3) was estimated by three weekly
measurements of the length (L), width (W), and height (H) of the
tumour using the formula: volume¼ L�W�H. Mice were killed
after 17 days of treatment. Tumour control samples were harvested
and analysed by immunohistochemistry for their human origin
(with anti-human CD20, Dako) and for NTs/p75NTR/Trk expres-
sion. Moreover, western blotting analysis of Ki-67 expression
(Dako), used to evaluate proliferative index, and of PARP cleavage
for apoptosis induction were performed in some tumour samples
from K252a-treated and vehicle control mice.

Statistical methods. Statistical analyses were performed using the
StatView v5.0 software (Abacus Concepts, Berkeley, CA, USA).
Significance between groups in the in vitro and xenograft studies
were done using a Student’s t-test. For the DLBCL patient samples,
mean comparisons were based on Mann–Whitney U test, and

Table 1. Baseline patient clinical characteristics

Characteristic Number of patients (n¼51)
Age (range) 63±15 (29–89)

p60 18

460 33

Sex (M/F) 32/19

GCB 29 (57%)

Ann Arbor
Stage I/II 15
Stage III/IV 14

IPI
Low/low-intermediate (p2) 19
Intermediate-high/high (42) 10

Non-GCB 22 (43%)

Ann Arbor
Stage I/II 8
Stage III/IV 14

IPI
Low/low-intermediate (p2) 9
Intermediate-high/high (42) 13

Serum LDH level41� normal 18 (35%)

Therapy regimen R-CHOP

5-Year overall survival 69%

Abbreviations: M, male; F, female; GCB, germinal centre B cell; LDH, lactate
dehydrogenase.
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correlations between quantitative variables were assessed using the
Spearman rank correlation coefficient r. Po0.05 was considered
statistically significant.

RESULTS

DLBCL patient samples are characterised by a BDNF/TrkB axis
and NGF expression is correlated with the ABC phenotype. We
explored the pattern of NTs and their receptor expression in a
cohort of 51 patients, with 29 were evaluated as GCB subtype and
22 as non-GCB (Table 1). This study was performed at the
transcript and protein levels. mRNA for NGF, BDNF, TrkA, full-
length (TrkB145) and truncated TrkB, p75NTR, and sortilin were
found in GCB and non-GCB biopsies (Supplementary Figure S1).
Interestingly, only some patients had transcripts for the full-length
TrkB receptor. We further examined all the biopsy samples at the
protein level by immunohistochemistry as compared to normal
reactive lymph nodes (RLNs). As expected, positive stainings for
BDNF, TrkB, p75NTR, and with a lesser intensity for NGF and
TrkA, were observed in numerous B cells within the germinal
centres of RLNs (Figure 1A). Furthermore, as shown in Figures 1A
and B, NTs expression was seen in tumour B cells of all DLBCL
samples as well as for TrkB with moderate-to-strong intensity
staining. Of note, antibodies used for the protein study detect both
forms of Trk receptors. In the majority, tumour samples were also
moderately positive for TrkA and p75NTR. As for the RLNs,
immunostainings show evidence of a BDNF/TrkB axis in all
DLBCL biopsy samples that was not significantly associated with a
GCB or non-GCB phenotype. However, except for TrkA, stronger
staining intensities were frequently observed with the non-GCB
subtype of DLBCL patients (Figure 1A and B). Accordingly, NGF
expression was correlated positively with Mum1, the ABC subtype
marker and, as expected, with the non-GCB subtype (P¼ 0.008
and P¼ 0.04 respectively, Supplementary Table S2). Indeed, a
higher expression of NGF was found statistically associated to
Mum1-positive compared with Mum1-negative biopsies
(Figure 1C and Supplementary Table S3). Finally TrkB expression

was also positively correlated with those of BDNF and p75NTR

(P¼ 0.01 and P¼ 0.006 respectively, Supplementary Table S2).
No significant correlation was found with clinicopathological
parameters (data not shown).

Both GCB and ABC subtypes of DLBCL cell lines express
neurotrophins and their receptors. Our clinical data suggest that
NTs and Trk receptors may be functional in DLBCL and could be
also associated with an aggressive phenotype. We therefore used
DLBCL cell lines of ABC (OCI-LY3 and OCI-LY10) and GCB
(SUDHL4 and SUDHL6) subtype to comparatively analyse
modulation of NTs signalling on cell survival. NGF, BDNF, NT3,
their high-affinity receptors TrkA, TrkB, and TrkC respectively,
and their low-affinity receptor p75NTR with its co-receptor sortilin
are present in all GCB and ABC DLBCL cell lines tested.
Differences in protein expression were found (Figure 2A) depend-
ing on cell lines but not on subtype of DLBCL. Trk receptors are
produced even though the precursor form gp110 (TrkA110)
predominated in the cell extracts. Notably a very-weak expression
of mature form gp140 (TrkA140) was always found by western blot
for all DLBCL cell lines. In contrast, TrkB was expressed as both
full-length (kinase-intact, TrkB145) and truncated (kinase-deleted,
TrkB95) isoforms. Membrane localisation of all receptors except
sortilin was also demonstrated in GCB and ABC-like cells by
immunofluorescence analysis performed without cell permeabili-
sation, as shown in Figure 2B for SUDHL6 and OCI-LY10.
Interestingly, NT stainings performed on cell surface colocalised
with Trk receptors that strongly suggests autocrine/paracrine loops
involved in the regulation of tumour cell survival. Accordingly,
basal activation notably of a fraction of TrkB was observed in
DLBCL cell lines as demonstrated by the phosphorylation of
Tyr-817 (Figure 2C). Furthermore, p75NTR was found associated to
TrkA and TrkB by co-immunoprecipitation analysis (Figure 2D)
and not to sortilin. This association was also detected with
the phosphorylated Trk as shown in Figure 2D for TrkB
(phospho-TrkB Y817) suggesting a survival role for p75NTR by
p75NTR/Trk interaction in growing cells, rather than an apoptotic
function mediated by p75NTR/sortilin association. Finally, we also
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Figure 1. Immunohistochemical staining in DLBCL tumour samples. (A) Examples of NGF, BDNF, TrkA, TrkB, p75NTR stainings are done for a
tumour biopsy of GCB and non-GCB DLBCL subtype (� 200) as compared with normal reactive lymph node (RLN). (B) Box-plots analysis showing
distribution of total immunostaining scores determined in non-GCB tumour samples (n¼ 22) as compared with GCB (n¼29) DLBCL subtype. The
horizontal line corresponds to the median value, the box length to the interquartile range. Box whiskers represent the maximum and minimum
range excluding any extreme outliers (shown as dots). (C) Enhanced NGF expression is associated with MUM1-positive tumours. Results are
expressed as means±s.d. of immunostaining NGF scores. **Po0.01 (Mann–Whitney test). The full colour version of this figure is available at
British Journal of Cancer online.
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observed by immunofluorescence analysis some p75NTR/Trk
co-localisation on the cell membrane of DLBCL cell lines, as it is
shown for TrkB in SUDHL6 cells (Figure 2B).

Trk receptors are functional in DLBCL cell lines and their
inhibition potentiates rituximab sensitivity of GCB as well as
ABC cell lines. We have previously shown that Trk pharmaco-
logical inhibition induces apoptosis of a GCB cell line, SUDHL4,
and synergises rituximab-induced cytotoxicity (Bellanger et al,
2011). ABC cell lines are known to be more resistant to therapeutic
agents like rituximab. To test if Trk receptors promote differential
effect on cell survival in DLBCL cell lines, we exposed ABC and
GCB cells to a pharmacologic pan-Trk inhibitor, K252a, for 48 h.
Inhibition of Trk activation by K252a was confirmed in cell lines as
shown in Figure 3A, for SUDHL4 and OCI-LY10, by the reduced
phosphorylation of TrkB (Y817) as well as TrkA (Y490) and TrkC
(Y820) receptors. Results showed that Trk inhibition significantly
decreased cell viability of GCB cells (as shown for SUDHL4 in
Figure 3B). This effect was observed also for the ABC cell line,
OCI-LY10, even though it was only significant after 72 h of
treatment. As expected no significant effect of rituximab was
observed for the ABC cell line viability in contrast to the GCB. In
contrast, rituximab induced apoptosis in the two cell lines but GCB

cells were more sensitive than ABC subtype when considering the
total apoptotic response and notably in presence of 1 mg ml� 1 of
rituximab (Figure 3C). Sensitivity of cells to K252a was also
confirmed by analysis of cellular apoptosis as shown for SUDHL4
and OCI-LY10 in Figure 3C. Indeed, inhibition of Trk receptors
with K252a induced a significant apoptosis in OCI-LY10 with
41.6%±7.4 of apoptotic cells vs 27.1%±6.8 in controls (means of
five independent experiments, P¼ 0.003). As expected, we also
confirmed the significant apoptotic effect of K252a in SUDHL4
cells (with 38.6%±16.5 of apoptotic cells vs 15%±5.0 in controls,
means of five independent experiments, P¼ 0.004). Interestingly,
association of rituximab and K252a treatments induced a
significant increase of SUDHL4 and OCI-LY10 apoptotic cell
percentage as compared with rituximab alone (i.e., 42.2%±13.4 of
apoptotic cells for SUDHL4 cells treated with K252aþ rituximab
20 mg ml� 1 vs 31.5%±5.2 for rituximab alone; P¼ 0.02 and
51.6%±6.1 of apoptotic OCI-LY10 cells treated with K252aþ
rituximab 20 mg ml� 1 vs 41.2%±7.6 for rituximab alone–P¼ 0.04.
It is noteworthy that this synergistic apoptotic effect was also
significantly observed, using the XTT assay, on SUDHL4 and OCI-
LY10 cell viability within 48 h of culture when K252a was
associated to the higher rituximab concentration (Figure 3B). We
confirmed the higher apoptotic response obtained with combined
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treatments in all GCB and ABC cell lines tested by detection of the
cleaved form of the PARP-1, as shown for SUDHL4 and OCI-LY10
in Figure 3D. Thus, inhibition of Trk signalling can significantly
improve the rituximab sensitivity of DLBCL cells, included the less
sensitive rituximab ABC phenotype.

Evidence of a BDNF/TrkB/p75NTR axis in GCB cell lines. Given
the ability of K252a to inhibit survival of malignant DLBCL cells,
and because full-length TrkB was produced by GCB- and ABC-like
cell lines (as seen in Figure 2A), we next further explored the
BDNF axis in these cells. Blocking endogenous BDNF with
neutralising antibodies for 48 h decreased cell viability in both GCB
cell lines SUDHL4 and SUDHL6 with more significance for
SUDHL4 (Po0.01; Figure 4A). Moreover, exogenous pro-BDNF
(10 mg ml� 1) significantly decreases the cell viability (Po0.05) of
both GCB cell lines. Similar results could be observed with
antagonistic anti-p75NTR suggesting that p75NTR/TrkB interaction
is involved in survival signalling activities (Figure 4A). However,
no significant effect was found for the ABC cell line tested
(OCI-LY10). The apoptotic effects of pro-BDNF, anti-BDNF, and
anti-p75NTR neutralising antibodies were confirmed in cell lysates
of GCB cell lines which revealed the proteolytic cleavage of

PARP-1 (Figure 4B). Of note, PARP cleavage was sometimes also
observed notably in OCI-LY3 cells following exposition to
exogenous pro-BDNF and antagonist p75NTR antibodies as
compared with control. Collectively, our results suggest a
pro-survival function of the BDNF/TrkB/p75NTR axis in the
DLBCL cells, which could be more decisive for the GCB
phenotype.

Rituximab and Trk inhibition decrease VEGF secretion by
DLBCL cells. Previous studies have shown that NTs, and notably
BDNF/TrkB, modulate VEGF production (Nakamura et al, 2006).
We quantified VEGF secretion in culture cell supernatant (Figures
4C and D). We observed that VEGF production significantly varied
between DLBCL cells rather than cell subtype, with for example
252±60 and 190±41 pg ml� 1 for SUDHL4 and OCI-LY10,
respectively (data obtained from five independent assays).
In contrast, the OCI-LY3 cell production was higher and more
variable with VEGF production of 501±133 pg ml� 1. No
significant effect of anti-BDNF, exogenous pro-BDNF, and
anti-p75NTR treatments was observed on VEGF secretion in the
GCB and ABC cell lines tested (Figure 4C). However, when cells
were exposed to the Trk inhibitor, K252a, we observed a strong
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decrease in VEGF secretion that reached levels, for SUDHL4 cells,
lower than the threshold detection of the ELISA kit used for VEGF
quantification. Furthermore, this effect was detected for all GCB
and ABC cell lines tested (as shown for OCI-LY3 in Figure 4D).
Finally, we showed that rituximab significantly decreased VEGF
secretion. Interestingly, as shown in Figures 4C and D, this effect
was only observed for the rituximab-sensitive GCB cell lines
(i.e., SUDHL4) and not for the more resistant ABC cells
(OCI-LY10 and OCI-LY3).

Trk receptor inhibition decreases tumour growth in a GCB-
DLBCL xenograft model. To investigate the potential in vivo
efficacy of the pan-Trk pharmacologic inhibitor K252a, we used a
DLBCL xenograft model. SCID mice were subcutaneously
inoculated with SUDHL4 cells and tumours were allowed to
establish for 6 weeks before treatment. As shown in Figure 5A, we
confirmed by immunohistochemistry the human cell origin
phenotype of the tumours by human CD20 expression, and the
potential role of a BDNF/TrkB/p75NTR axis as for human DLBCL
biopsies. Tumours were significantly smaller in animals treated
with K252a than controls 12 days after treatment initiation
(Po0.05) and until the end of experiment (Po0.01 at 18 days post

treatment). Compared with controls, treatment with K252a alone
was shown to result in a 35% reduction in tumour volume (3.52 vs
5.36 cm3, Figure 5B). This effect was associated with a reduced
Ki67 expression and an increase of PARP cleavage demonstrating
apoptosis in tumour samples of K252a-treated mice in reference to
vehicle controls (Figure 5C). As expected, rituximab administered
i.p at 25 mg kg� 1 per day twice a week was significantly more
efficacious than K252a monotherapy, with B70% tumour growth
rate inhibition at day18. However, combination therapy led to a
significant improvement in tumour growth inhibition vs rixitumab
monotherapy, with a marked effect from day 3 to day 8 (Po0.05),
and B85% tumour growth rate inhibition at day18 (Figure 5B).

DISCUSSION

Several recent studies have provided evidence for a role of Trk
pathway activation contributing to chemoresistance in tumour-
igenesis from non-neural tissues (Thiele et al, 2009; Akil et al, 2011;
Okugawa et al, 2013). We have previously shown that GCB cell
lines produce NTs (NGF, BDNF) that were modulated by culture
conditions (Bellanger et al, 2011). This prompted us to evaluate the
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role of NTs and/or their receptors in tumour clinical heterogeneity
of DLBCLs. We thus analysed their expression in a cohort of 51
DLBCL patients. Although a direct prognostic value was not
established here, our results show that expression of NGF, BDNF
and their Trk and p75NTR receptors occur in DLBCL tumours.
Furthermore, we report for the first time evidence of a strong
BDNF/TrkB phenotype in DLBCL that seems not in relation with
cell-of-origin (COO) classification. In contrast, higher expression
of NGF was associated with the non-GCB profile and notably the
ABC phenotype characterised by prominent nuclear factor-kB
activation. Even though, as the immunohistochemistry Hans
algorithm used for COO subtype determination is considered
imperfect (Hans et al, 2004), these associations must to be
confirmed in a larger cohort of patients. This finding is however
consistent with a previous report showing, in normal stimulated B
cells, NF-kB activation as a key regulatory event for B-cell-derived
NGF production (Heese, et al, 2006). This can explain the
correlation observed in the present work, even if weakly, between
high NGF expression and non-GCB subtype (mostly ABC) of
DLBCLs. These data strongly suggest that autocrine/paracrine NT
survival loops are involved in DLBCL tumour survival and
aggressiveness. Moreover as TrkB, p75NTR, and BDNF expressions
are correlated, we hypothesise a pro-survival BDNF/TrkB/p75NTR

axis in DLBCLs.
We therefore used DLBCL cell lines of ABC phenotype to

evaluate neurotrophin functionality compared with GCB cells.
Both GCB (SUDHL4/6) and ABC (OCI-LY3/10) cell lines express
membranous TrkA, TrkB, and TrkC receptors, even if weakly, and
produce their neurotrophin ligands NGF, BDNF, and NT3
respectively. Although antibodies used for immunofluorescence
detected all forms of Trk receptors, a prominent expression of the
TrkA precursor (TrkA110) and with a lesser extend truncated form
of TrkB receptors (gp95TrkB) were detected by western blotting.
Moreover, immunoprecipitation studies showed that p75NTR is
associated with TrkA110 and gp95TrkB receptors suggesting a
biological role for these isoforms. Accordingly, a particular role of
truncated form of TrkB (gp95) was previously reported in various
B cell lines (Fauchais et al, 2008; Sniderhan et al, 2009).
Furthermore, Trk receptors and notably TrkB was found
phosphorylated at tyrosine 817 in all cell lines. This last data
provides evidence for a membranous expression of the full-length
TrkB receptor (gp145TrkB) and probably activation of PLC-g

pathways in basal culture conditions. Interestingly p75NTR and
phospho-TrkB can be also co-immunoprecipitated suggesting they
are certainly in close proximity to one another, which we proved by
immunofluorescence co-localisation of p75NTR/TrkB at the plasma
membrane of DLBCL cell lines. It has long been known that
p75NTR potentiates Trk signalling and it was proposed that TrkA
and p75NTR communicate through convergence of downstream
signalling pathways and/or shared adaptor molecules (Wehrman
et al, 2007). The higher detection of truncated form of TrkB than
TrkB145 itself, that we also observed at the transcript level in
DLBCL tumour samples, has been recently observed in other non-
neuronal cancers like for example breast tumours (Vanhecke et al,
2011). To date, little is known on the biological role of truncated
TrkB, lacking the kinase domain, but recent works suggest
cooperation between p75NTR and truncated TrkB (TrkB-T1 or
gp95TrkB). Indeed, TrkB-T1 was proposed to act as dominant-
negative to p75NTR in neurons (Michaelsen et al, 2010). Therefore,
our results argue for an association of p75NTR to activated Trk in
DLBCL cell lines suggesting a synergistic signalling. Moreover,
some p75NTR/truncated Trk complex may interfere with the
apoptotic signalling of p75NTR which need to heterodimerise with
the co-receptor sortilin (Nykjaer et al, 2004). This hypothesis is
consistent with the fact that sortilin expression cannot be clearly
observed at the cell membrane, neither in anti-p75NTR immuno-
precipitates from cell lysates.

We also observed a co-localisation of Trk receptors and their
respective ligands at the cell surface of DLBCL cells, suggesting that
NTs mediate autocrine loops. Therefore we used the pan-Trk
pharmacological inhibitor K252a, to evaluate the functionality of
pro-survival Trk receptors expressed by our DLBCL cell lines
(i.e., TrkA, TrkB, and TrkC). Results showed that inhibition of Trk
signalling by K252a-induced apoptosis in cells of both DLBCL
subtypes. These data confirm previous reports obtained in NHL
cell lines including DLBCL lines (Sniderhan et al, 2009, Bellanger
et al, 2011), but in the present study we compared the effect of Trk
inhibition between ABC and GCB cell lines. Furthermore, we
demonstrated a synergistic apoptotic effect of K252a with
rituximab. Interestingly, this effect was significant even for the
ABC cell lines tested (OCI-LY10 and OCI-LY3) which were less
sensitive or unresponsive to rituximab as compare to the GCB
lines. The apoptosis-induced response of B lymphoma cells
exposed to rituximab is well known, and mechanisms imply
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Figure 5. In vivo efficacy of K252a in a DLBCL xenograft model. For the GCB-DLBCL xenograft model, SCID mice were injected with 1�107

SUDHL4 cells subcutaneously. (A) The human SUDHL4 cell origin of tumours was confirmed by immunohistochemistry (with anti-human CD20) and
representative stainings for NGF, BDNF, Trk, and p75NTR receptor are done (�400). (B) After the tumours had become established (B6 weeks
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agents (n¼ 8) for 3 weeks. Results are expressed as mean tumour volumes (cm3)±s.d. *, **Po0.05 and 0.01 respectively vs control group,
Student’s t-test. (C) Example of a representative western blotting analysis of Ki67 expression and PARP cleavage is shown for tumour samples of
K252a-treated mice compared with vehicle control mice. Actin is done as loading control. The full colour version of this figure is available at British
Journal of Cancer online.
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inhibition of survival pathways that are constitutively activated in
most of NHL like PI3K/Akt, Erk1/2, and NF-kB leading also to
chemosensitisation (Suzuki et al, 2007; Weiner, 2010). Interest-
ingly, these survival pathways are also activated by Trk signalling,
(Teng et al, 2010) and thus targeted by the Trk pharmacologic
inhibition, leading to a potential additive action with rituximab
exposure. The less sensitivity of the ABC cells, OCI-LY10, as
compared to GCB (SUDHL4 and SUDHL6) is in agreement with
earlier studies, showing that, as for ABC DLBCLs, ABC lines are
characterised by constitutive NF-kB activation (Davis et al, 2001;
Wright et al, 2003). The ability of NF-kB to inhibit responses to
cancer therapeutic agents was proposed to contribute to the
refractory clinical behaviour of ABC DLBCLs (Baldwin, 2001).
Interestingly, in the OCI-LY3 cell line, K252a was shown to induce
a subnuclear distribution of NF-kB resulting in the sequestration of
RelA in the nucleolus, thereby inhibiting NF-kB-dependent gene
transcription (Sniderhan et al, 2009). In this regard, the K252a
sensitivity of the ABC cell lines suggests that targeting these Trk
signalling may lead to improvements in rituximab-containing
treatment protocols.

Since a clear full-length TrkB expression was found in all cell
lines, we therefore evaluated the functionality of the BDNF/TrkB
axis in these cells. Results obtained with neutralising anti-BDNF or
anti-p75NTR as well as pro-BDNF cell exposure showed a cytotoxic
effect with cell apoptosis that was revealed by the proteolytic
cleavage of PARP-1 which is a pro-apoptotic signature (Chaitanya
et al, 2010). This effect, however lower than the rituximab
response, was only significant in the GCB cell lines. Accordingly,
analysis of relative mRNA expression suggested a BDNF/TrkB
pathway that could be more present in the two GCB cell lines
tested as compared with the two ABC subtype (Supplementary
Figure S2); in contrast, a significant marked expression of p75NTR

mRNA was found in the ABC cell line, OCI-LY3. These differences

in NT phenotypes observed in DLBCL cell lines compared with
primary tumours could result from multiple factors as the
inaccuracy of current immunohistochemistry Hans algorithm, or
culture conditions of ABC cell lines (i.e., RPMI culture medium
with 10% SVF which is not always used in others studies for these
cells). However, the limited set of cell lines for each subtype used in
this work don’t allow us to conclude on the differential expression
and function of NT across GCB and ABC cell lines.

The cytotoxic effect observed with exogenous pro-BDNF
suggests evidence of some p75NTR/sortilin complex at cell
membrane, which signalling may be enhanced by this treatment.
To clarify p75NTR function in DLBCL we recently performed
p75NTR downregulation in GCB and ABC cell lines with shRNA.
We significantly reduced levels of p75NTR in SUDHL4, SUDHL6,
and OCI-LY10 (Supplementary Figure S3), and this inhibition
significantly increased rituximab sensitivity of the three cell lines.
However, we did not observe reduction in cell viability without
rituximab, as with antagonistic anti-p75NTR. Presumably we could
not detect cell death in cells transfected with p75NTR shRNA, as
p75NTR expression was not completely abolished (B50% of protein
inhibition). Even though preliminary, these recent data confirm a
survival function of p75NTR in DLBCL cells that could be involved
in rituximab resistance of some more aggressive subtype like
ABC. Collectively results obtained by different inhibitions of
NT signalling in the present work argue for a pro-survival BDNF/
TrkB/p75NTR axis in DLBCL cells that was also suggested by the
DLBCL tumour sample results.

The tumour microenvironment has been shown to be an
important prognostic factor in patients with DLBCL, and two
stromal gene-expression signatures that predicted survival in
CHOP and R-CHOP-treated patients were identified. The prog-
nostically favourable stromal-1 signature reflects extracellular-
matrix deposition and histiocytic infiltration. By contrast, the
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prognostically unfavourable stromal-2 signature, including
VEGFR2 receptor, reflects tumour blood-vessel density (Lenz
et al, 2008). Indeed, VEGF was strongly detected in DLBCL
tumour cells which co-express VEGF and its receptors VEGFR1
and VEGFR2, suggesting autocrine loops (Wang et al, 2004;
Gratzinger et al, 2008). Of note, VEGF/VEGFR-mediated autocrine
loops have been implied in the survival and growth of NHL cell
lines (Wang et al, 2004). Interestingly, VEGFR2 involved in
neovascularisation and not VEGFR1 expression predicts poor
overall survival in DLBCL treated with immunochemotherapy
(R-CHOP) (Gratzinger et al, 2010). Anti-VEGF therapies
(bevacizumab) have been also evaluated in recent clinical studies.
Results showed that bevacizumab might only be beneficial in
DLBCL with high relative expression of endothelial markers and
angiogenic regulators (Seymour et al, 2014). In the present work,
we also focused on VEGF secretion. As expected, we detected
VEGF secretion in all tested DLBCL cell supernatants. Interest-
ingly, pharmacological inhibition of Trk signalling significantly
reduced VEGF secretion in both groups, suggesting for the first
time in DLBCLs a link between NTs and VEGF production. In
addition our finding that rituximab only affects VEGF secretion of
the rituximab-sensitive GCB cell lines indicates, for the first time, a
relationship between rituximab-induced apoptosis and secretion of
this growth factor. Activation of the PI3K/AKT/mTOR pathway,
which is observed in the majority of human cancers including most
of the DLBCLs, can increase VEGF secretion both by HIF-1a
dependent and independent mechanisms (Karar and Maity, 2011).
As NGF-TrkA and/or BDNF/TrkB activation of the PI3K/mTOR
pathway leads to an increase of HIF-1a that stimulates VEGF
promoter activity and transcription in neuroblastoma cells
(Nakamura et al, 2006, 2011), we propose that Trk-signalling
pathway contributes to VEGF secretion in DLBCL cells. Consistent
with this hypothesis, rituximab by inhibiting the same survival
pathway could lead, as Trk-signalling inhibition by K252a, to the
inhibition of VEGF production that we observed in the present
work for GCB cell lines. This effect could be prevented in ABC cell
lines that continue to secrete VEGF even after rituximab exposure,
by the constitutive activation of NF-kB pathway known also to be
involved in HIF-1a activation (Karar and Maity, 2011).

Finally, inhibition of endogenous Trk signalling by K252a was
evaluated with a GCB-DLBCL xenograft model. Data show a
statistical reduction of tumour growth which was associated with a
cytotoxic effect on tumour cells, as we demonstrated in the in vitro
study. This effect was however lower than rituximab monotherapy.
Blocking BDNF/TrkB signalling by K252a was recently shown to
suppress tumour growth also in gastric cancer, but it did not affect
5-fluorouracil sensitivity (Okugawa et al, 2013). Interestingly,
consistent with our in vitro studies, we demonstrate here for the
first time that in combination regimen, pharmacological Trk
inhibition potentiates the effects of rituximab monotherapy on
established DLBCL xenografts. However, further mechanistic
investigations will be necessary to precise if concomitant K252a
and rituximab therapy result in synergistic or additive effects.

Altogether, our data show evidence for a pro-survival role of
endogenous NTs in DLBCLs that could be involved in aggressive
phenotypes. Notably, as we propose in Figure 6, our results
indicate that inhibition of Trk signalling could be a potential
treatment strategy for ABC subtype and subgroup of DLBCL
depending to a large extent on angiogenesis via VEGF for tumour
survival and proliferation.
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Akil H, Perraud A, Mélin C, Jauberteau MO, Mathonnet M (2011)
Fine-tuning roles of endogenous brain-derived neurotrophic factor,
TrkB and sortilin in colorectal cancer cell survival. PLoS One 6: e25097.

Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS, Rosenwald A,
Boldrick JC, Sabet H, Tran T, Yu X, Powell JI, Yang L, Marti GE, Moore T,
Hudson Jr J, Lu L, Lewis DB, Tibshirani R, Sherlock G, Chan WC,
Greiner TC, Weisenburger DD, Armitage JO, Warnke R, Levy R,
Wilson W, Grever MR, Byrd JC, Botstein D, Brown PO, Staudt LM (2000)
Distinct types of diffuse large B-cell lymphoma identified by gene
expression profiling. Nature 403: 503–511.

Arranz E, Robledo M, Martı́nez B, Gallego J, Román A, Rivas C, Benı́tez J
(1996) Incidence of homogeneously staining regions in non-Hodgkin
lymphomas. Cancer Genet Cytogenet 87: 1–3.

Baldwin AS (2001) Control of oncogenesis and cancer therapy resistance by
the transcription factor NF-kappaB. J Clin Invest 107: 241–246.

Barker PA (2007) High affinity not in the vicinity? Neuron 53: 1–4.
Bellanger C, Dubanet L, Lise MC, Fauchais AL, Bordessoule D, Jauberteau MO,

Troutaud D (2011) Endogenous neurotrophins and Trk signalling in diffuse
large B cell lymphoma cell lines are involved in sensitivity to rituximab-
induced apoptosis. PLoS One 6: e27213.

Chaitanya GV, Steven AJ, Babu PP (2010) PARP-1 cleavage fragments:
signatures of cell-death proteases in neurodegeneration. Cell Commun
Signal 8: 31.

Davis RE, Brown KD, Siebenlist U, Staudt LM (2001) Constitutive nuclear
factor B k B activity is required for survival of activated B cell–like diffuse
large B cell lymphoma cells. J Exp Med 194: 1861–1874.

De Santi L, Annunziata P, Sessa E, Bramanti P (2009) Brain-derived
neurotrophic factor and TrkB receptor in experimental autoimmune
encephalomyelitis and multiple sclerosis. J Neurol Sci 287: 17–26.
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