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Abstract

P38a/p has been described as a tumor-suppressor controlling cell cycle checkpoints and
senescence in epithelial malignancies. However, p38a/p also regulates other cellular processes.
Here, we describe a role of p38a/p as a regulator of acute lymphoblastic leukemia (ALL)
proliferation and survival in experimental ALL models. We also report first evidence that p38a/p
phosphorylation is associated with the occurrence of relapses in TEL-AML1-positive leukemia.
First, /n vitro experiments show that p38a./p signaling is induced in a cyclical manner upon
initiation of proliferation and remains activated during log-phase of cell growth. Next, we provide
evidence that growth-permissive signals in the bone marrow activate p38a./p in a novel avian ALL
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model, in which therapeutic targeting can be tested. We further demonstrate that p38a/p inhibition
by small molecules can suppress leukemic expansion and prolong survival of mice bearing ALL
cell lines and primary cells. Knockdown of p38a. strongly delays leukemogenesis in mice
xenografted with cell lines. Finally, we show that in xenografted TEL-AMLL1 patients, ex vivo
p38a/P phosphorylation is associated with an inferior long-term relapse-free survival. We propose
p38a/p as a mediator of proliferation and survival in ALL and show first preclinical evidence for
p38a/p inhibition as an adjunct approach to conventional therapies.

INTRODUCTION

The prognosis of childhood acute lymphoblastic leukemia (ALL) has improved over the last
decades because of permanent refinement of treatment in clinical trials. Nevertheless, 15%
of the patients suffer from relapsel making relapsed ALL a leading cause of cancer-related
death in pediatrics.? Relapses in patients with favorable cytogenetics such as TEL-AML1 are
particularly devastating to patients and physicians as they often occur long after termination
of therapy and are unpredictable.3 Unlike in other hematological malignancies, targeted
approaches aiming to increase therapy specificity are limited. These findings emphasize the
need for new diagnostic and therapeutic strategies further improving long-term outcomes.

Several preclinical studies have shown that p38 inhibition abrogates stroma-dependent pro-
proliferative signals*° in multiple myeloma, which is also a B-cell malignancy. ALL cells
rely on niche-dependent growth signals as well, which may explain why culturing primary
ALL samples /n vitrois difficult.5 It has, for instance, been demonstrated that the production
of pro-proliferative cytokines in co-cultures of ALL cells with bone marrow mesenchymal
stromal cells, such as C-X-C motif ligand 12, interleukin-6, vascular endothelial growth
factor and platelet-derived growth factor, is p38 dependent.” However, these stromal cells are
often immortalized, which questions whether observations from co-culture models indeed
reflect the /n vivo situation.

The p38 family of mitogen-activated protein kinases (MAPKS) consists of four isoforms (a,
B, v, 8) with partly redundant functions. P38 MAPKs are induced by stress insults and
inflammatory cytokines® and regulate downstream pathways involved in cell proliferation
and survival. Two major groups of targets are activated by p38: transcription factors, such as
p53 and ATF-2, and protein kinases, such as MAPK-activated protein kinase 2
(MAPKAPK?2), which leads to the phosphorylation of heat-shock protein Hsp27 during
stress responses.® In normal hematopoiesis, p38 has been associated with growth-inhibitory
signals.9 In addition, p38a has been shown to regulate dormancy in experimental head and
neck cancer models via an activation of transcription factors accounting for specific cellular
functions.1%11 In lymphoid cells and in ALL, p38a/@ has been shown to upregulate pro-
apoptotic Bim in response to glucocorticoid therapy.1213 Similarly, in myelodysplastic
syndromes, apoptosis of hematopoietic progenitors was p38-dependent and p38 inhibition
induced the differentiation of these cells.1 Last, p38 has been implicated in acting
downstream of CXCR4 thereby regulating the homing of ALL cells to the bone marrow.15.16

Here, we show that p38a./ is cyclically phosphorylated during initiation of ALL cell growth
in vitro and that it remains activated during log-phase of cell growth. We also provide
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evidence that p38a/p phosphorylation is associated with proliferation and survival /n vivo.
Targeting p38a/p signaling by different approaches prolongs survival of mice xenografted
with ALL cells. TEL-AML1-positive pediatric patients with activated p38a./p signaling in
xenografts suffer from late relapses, suggesting a pro-survival role in residual cells. Our data
provide a rationale for p38a/p inhibition as a targeted therapy for ALL, which could be
further evaluated in patients with activated p38a./p signaling.

MATERIALS AND METHODS

Detailed information is given in Supplementary Methods.

Ethics statement

Studies in avian embryonal xenografts and animal studies were approved by the institutional
ethics committee and the local government.

Cell lines, plasmids, drugs and inhibitors

Patient cells

Xenografts

RESULTS

REH, 697 (EU-3) and SUP-B15 cells were purchased from DSMZ (Braunschweig,
Germany), and 293T cells from American Type Culture Collection (ATCC/LGC Standards
Germany, Wesel, Germany). Cell culture was performed according to the DSMZ
recommendations.1” Cell viability assays were performed using Trypan blue exclusion.

Patient cells were from the ALL-BFM repository. Patients suffered from TEL-AML1-
positive ALL and were treated according to the ALL-BFM 2000 protocol. Detailed
information is given in Table 1. Informed consent was obtained according to the institutional
regulations.

Fertilized turkey embryos were obtained from Moorgut Kartzfehn (Bosel, Germany) and
incubated in a humidified turning incubator (Brinsea, Sandford, UK). Detailed information
is given in Supplementary Methods and Supplementary Figure 4. NSG mice (NOD.Cg-
Prkacseid 112rg"mIWJlISz]) were purchased from Charles River (Sulzfeld, Germany) and bred
at our institution’s animal care facility.

p38a/p Phosphorylation correlates with ALL proliferation

To clarify the role of p38a/p signaling in ALL cells, we screened ALL cell lines for p38a/p
phosphorylation under optimum culture conditions. Low or absent basal phosphorylation of
p38a/p after seeding was enhanced upon /n vitro growth in 697 cells (E2A-PBX1 fusion
gene), which have a doubling time of 30 h in medium with full serum (Figure 1a, left panel).
The p-p38a/p level reached a maximum after 48 h, representing log-phase of cell growth
(Supplementary Figure 1A), and then started to decline as the cells reached high density
beyond 72 h (Figure 1a, left panel). REH cells (TEL-AML1 fusion gene) have a doubling
time of 50-60 h (Supplementary Figure 1A) and also induced phosphorylation of p38a./p
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upon growth at later time points, most likely due to a slower proliferation rate (Figure 1b,
right panel). An additional cell line, SUP-B15 cells (BCR-ABL.1 fusion), showed no
induction of p38a/p phosphorylation (Supplementary Figure 1B). To obtain a more accurate
assessment on the activation of p38 signaling in early stages of growth initiation, we
analyzed p38a/B phosphorylation in full serum conditions after the cycle was synchronized
by serum starvation. P38a/p phosphorylation was activated at 9 h after the addition of
serum, declined after one population doubling and increased again during the next cell cycle
at 30 h in 697 cells (Figure 1b, left panel). Interestingly, we detected persistent p-p38a./p
from 48 to 72 h, which, in 697 cells, represents log-phase of cell growth. From time points
75 to 96 h, 697 cultures reach confluence, impeding growth. This is reflected by a reduction
in p-p38a/P (Supplementary Figure 1C, left panel). Similarly, in REH cells displaying
intermediate p38a/p phosphorylation after seeding, which may be due to the stress of
nutritional starvation, the first clear induction of p38a./B phosphorylation was seen at 33 h
(Figure 1b, right panel). In contrast to 697 cells, a further round of p38a/p activation could
be detected from 60 to 75 h, which is likely due to the lower proliferation rate in this cell
line (Supplementary Figure 1C, right panel). In both cell lines, p38a/p activation was
accompanied by an overall decrease in p21 protein levels, which marks a blockade in G1-S
transition (Figure 1b) and an increase in cells in S-phase as evidenced by 5-bromo-2-
deoxyuridine (BrdU) staining (Figure 1c). These data suggest that despite the differences in
p-p38a/p, overall changes in the culture reflect increasing proliferation rates until
confluence is reached. To clarify the cell cycle distribution in the subpopulation with highest
p-p38a/p, 697 cells were cultured in the presence of BrdU and studied by intracellular
staining using 7-amino-actinomycin D and p-p38a/p as well as anti-BrdU antibodies. After
24 h in culture, data was obtained in the 10% of 697 cells with the strongest phosphorylation
of p38a/p by flow cytometry (Figure 1d). These cells were gated as p-p38a/pM9" and the
remaining cells as p-p38a/p'oV. Whereas 41.1% of the p-p38a/p'oW cells were in GO/G1
phase, only 7.9% of the p-p38a/pM9h cells were in GO/G1 in favor of the S- and G2/M-
phases (Figure 1d). Our data show that the 697 and REH ALL cell lines cyclically activate
p38a/B phosphorylation during early stages of cell cycle progression and that p-p38a./p then
remains high during log-phase of cell growth. Our flow cytometry data support that p-
p38a/p9h cells are dividing, which suggests a role for p38a/p in the S-phase. On the other
hand, SUP-B15 cells proliferate in a p38a/p-independent manner.

Inhibition of p38a/p slows down ALL proliferation in vitro

The data above suggested that the activation of p38a/p and its effector substrates have a pro-
proliferative role in ALL cells. This raised the question whether p38a./g inhibition would
affect proliferation of ALL cells. Therefore, p38a/p signaling was inhibited in 697 and REH
cells using two p38-specific inhibitors: SB203580 and BIRB-796. SB203580 is an
imidazole-type p38a/p-specific inhibitor, which inhibits p38 catalytic activity by binding to
the ATP-binding pocket. SB203580 has no activity against the p38+/6 isoforms.18 Inhibition
of catalytic activity does not prevent p38a/p phosphorylation by upstream MAPK kinases
(MAPKK), the phosphorylation may rather be increased due to feedback loops.1® In
contrast, BIRB-796 is a diaryl urea type inhibitor selective for all p38 isoforms2? preventing
both their catalytic activity and their activation by upstream MAPKKs.2! The use of this
compound showed efficiency in various cancer models*22:23 hut it has entered only one
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randomized clinical trial for Crohn’s disease.24 We observed a dose-dependent deceleration
of growth of up to 50% in 697 and REH cells with BIRB-796, which was marginally visible
in SUP-B15 cells at 96 h only (Figure 2a and Supplementary Figure 2A, C and E). In REH
cells, SB203580 effects were also dose dependent and, in 697 cells, all SB203580 doses
equally reduced proliferation (Supplementary Figures 2B and D). SB203580 had no effects
on SUP-B15 cells (Supplementary Figure 2F). To validate efficiency of the inhibitors, p-p38
and Hsp27 were analyzed after a 12-h (Supplementary Figure 1D) and a 48-h treatment
(Figure 2b) in unsynchronized cultures. In REH cells, basal phosphorylation did not
significantly change upon treatment, however, Anisomycin-inducible Hsp27
phosphorylation decreased in a dose-dependent manner (Figure 2b and Supplementary
Figure 1D, left panels). In 697 cells, both basal and Anisomycin-inducible p-Hsp27
decreased at increasing inhibitor concentrations indicating a loss of p38 catalytic activity
(Figure 2b and Supplementary Figure 1D, right panels). Our data also show that two
inhibitors resulted in different phosphorylation patterns of p38a/p. Cells treated with
SB203580 exhibited an increase in p38a./p at 48 h as this drug does not inhibit p38a/f
activation by upstream kinases persistently. In cells treated with BIRB-796, p38a/p
phosphorylation was decreased, as this drug is able to inhibit both p38a/p activation and its
activity. Interestingly, both inhibitors enhanced the effect of standard chemotherapeutics
(Figure 2c and Supplementary Figure 3). For most combinations, at least one p38 inhibitor
significantly intensified cytotoxicity of the standard drug (Figure 2c), which suggests that
p38a/p inhibition may be beneficial as an adjunct agent in all phases of therapy. Altogether,
our data show that both SB203580 and BIRB-796 were efficient in inhibiting the p38a/p
pathway /n vitro, particularly when stimulated with Anisomycin and that p38a/p inhibitors
may synergize with standard chemotherapy.

MAPK pathways are characterized by a high degree of crosstalk. If one pathway is inhibited,
an alternative pathway is often activated.2> For this reason, we analyzed if MAPK pathways,
other than p38a/p, were affected by p38a/p inhibitors (Supplementary Figure 1E). REH
cells showed no basal phosphorylation of extracellular signal-regulated kinase (ERK), but
ERK was phosphorylated in 697 cells under basal conditions. After treatment with p38a/p
inhibitors, REH cells did not induce ERK-phosphorylation. However, 697 cells showed
enhanced phosphorylation of ERK with both p38a./f inhibitors, more notably with
BIRB-796. Neither REH (Supplementary Figure 1E, left panel) nor 697 cells (right panel)
showed any basal phosphorylation level of c-Jun N-terminal kinase (JNK) and p38a/p
inhibition did not induce JNK activation. These data show that the JNK pathway is
functionally irrelevant to p38 inhibition in the ALL cell lines studied. On the other hand,
there is crosstalk between p38a/p and the ERK pathway in 697 cells but not in REH cells.

p38a/p Phosphorylation is induced when ALL cells proliferate in the bone marrow of avian

xenografts

Lymphoblasts are dependent on stroma-derived growth signals. Therefore, we hypothesized
that the microenvironment in the bone marrow enhances ALL cell growth by inducing p38
signaling. To test this hypothesis, we established an avian xenograft model in embryonic
turkeys. The avian model can be used for screening purposes before validation in mice
because it is easy to handle, cost-efficient and offers a time window long enough for cellular
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engraftment. Previous studies have shown that a few hematological cell lines and samples
from AML and multiple myeloma patients could engraft turkey embryos.26:27 However, this
model has not been used to study new therapeutic approaches or the function of signaling
pathways. 697 cells constitutively expressing green fluorescent protein (GFP) were
generated by retroviral transduction. To study p38a/p activation in vivo, 697-GFP cells were
injected into a large vessel of the turkey chorioallantoic membrane on day E11/12
(Supplementary Figure 4). On day E23, cells were recovered from the bone marrow and
analyzed. First, lymphoblasts were isolated from BM and positively selected using human
CD19 microbeads. The cells were then analyzed by western blotting (Figure 3a). P38a/f
phosphorylation was detected at low levels in cells cultured /n vitro for 24 h, which also
underwent magnetic-activated cell sorting separation (Figure 3a, left lane) and at high levels
comparable to p-p38a/p during log-phase of /in vitro growth, in cells recovered from the
avian bone marrow after 11-12 days (Figure 3a, right lane). Avian bone marrow cells from
vehicle-injected embryos were processed in parallel and displayed similar p38a/p
phosphorylation and total p38 levels as 697 cells growing /n vitro (Figure 3a, middle lane).
This is likely due to the homology between the sequences of avian and human p38.28
Furthermore, we performed an intracellular flow cytometry analysis of p-p38a/p in 697-
GFP cells immediately after their recovery from turkey bone marrows. Owing to the
presence of nucleated avian erythrocytes in the ex vivo samples, all analyses were conducted
using a primary lymphoblast and a secondary GFP gate. GFP-positive cells were analyzed
and compared with respective in vitro controls with and without Anisomycin stimulation
(Figure 3b). The 697-GFP cells cultured /n vitro exhibited 1% p-p38a/B in this experiment,
which was increased 16-fold after Anisomycin treatment. Interestingly, the cells that had
passed through the avian bone marrow exhibited a 29-fold increase in p-p38a/p levels
(Figure 3b). Our data support the hypothesis that the avian bone marrow provides a pro-
proliferative niche for 697 cells enhancing p38a/p signaling.

Next, we tested the /in vivo effects of p38 inhibition in the avian model. 697-GFP cells were
injected into turkey embryos, which were treated with either SB203580 or dimethyl
sulfoxide (DMSO; vehicle control) by intra-amniotic injection. We used SB203580, as it is
soluble in DMSQO, which is advantageous for proper absorption from the amniotic cavity.
For non-xenograft viability controls, eight eggs were processed in parallel and were injected
with saline and then treated with either SB203580 or DMSO. In the xenografted eggs, 3 out
of 11 DMSO-treated embryos (27%) and 0 out of 9 SB203580-treated embryos died within
the experiment. In the non-xenograft controls, 1 out of 4 DMSO-treated embryos (25%) and
0 out of 4 SB203580-treated embryos died (data not shown). On day E23, body weights of
embryos were measured. Although the DMSO-treated xenografts had lower weights than all
other groups, these differences were not statistically significant (Figure 3c, upper panel).
However, engraftment of bone marrows by 697-GFP cells was threefold lower in SB203580-
treated xenografts as shown by flow cytometry for GFP-positive cells (Figure 3c, lower
panel). This result was confirmed by immunohistochemical staining of bones fixed in
formalin. Conventional hematoxylin/eosin staining showed large patches of leukemic cells in
the bone marrow of DMSO-treated xenografts, whereas only few cells or small patches were
engrafted in SB203580-treated embryos (Figure 3d, upper panel). Staining for human CD19
confirmed that bone marrows of SB203580-treated embryos were interspersed with human
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leukemic cells as single cells or small islets. We finally verified target specificity by
combinatorial immunohistochemical CD19 (purple)/p-Hsp27 (brown) staining. Whereas
Hsp27-phosphorylation was strongly visible in DMSO-treated embryos (dark brown staining
in Figure 3e, left panel), it was markedly reduced in SB203580-treated embryos as shown by
the strong purple staining of CD19 (Figure 3g, right panel). Our results show that an intra-
amniotic application of SB203580 suppresses p38a/p signaling /n vivo. Furthermore, the
results suggest that p38 inhibition is an efficient treatment preventing ALL expansion in the
bone marrow.

p38a/P Inhibition by small molecules increases the survival of NSG xenografts and p38a
knockdown delays leukemogenesis

Our data have shown that p38a./p is phosphorylated in ALL cells in the bone marrow, which
is associated with proliferation. These findings were next validated in murine NSG
xenografts. REH cells engineered to express a GFP construct were injected intravenously
into mice. Animals were treated intraperitoneally with either SB203580 or with DMSO.
Signs of systemic disease were delayed in the SB203580-treated animals, which resulted in
a 25% prolongation of xenograft survival compared with the control group (median survival
54 versus 43 days, A= 0.01, Figure 4a). This survival advantage in the treatment group was
also present but less pronounced when treatment was initiated upon development of overt
leukemia in the xenografts (Supplementary Figures 5A and B). To further corroborate our
results using patient-derived material, xenograft spleen cells from a TEL-AML1-positive
ALL patient (p-p38a/p positive) were retransplanted into NSG mice. Mice treated
intraperitoneally with SB203580 for >80 days showed significant neurotoxicity so that the
experiment had to be terminated (data not shown). A similar experiment was thus performed
using an orally available inhibitor. Mice were treated either with BIRB-796 or with the
vehicle control by oral gavage. Clinical leukemia was delayed in the BIRB-796-treated
animals resulting in a 49% increase in the survival time of this group (median survival 127
vs 85 days, £P=0.0126, Figure 4b). Importantly, both SB203580 and BIRB-796 efficiently
reduced viability in cells of seven out of eight TEL-AML1-positive and also six out of six
E2A-PBX1-positive patients recovered from xenografts ex vivo (Supplementary Figures 5C
and D). Taken together, these data suggest that inhibition of p38a/ is efficient in delaying
leukemia onset and expansion in xenografts with REH cells and patient cells and in reducing
ex vivo viability of primary ALL blasts.

To prove the specificity of the observed effects, we generated 697 and REH cell lines that
constitutively express a small hairpin RNA against p38a.. Viral supernatants for the different
constructs contained similar viral titers (Supplementary Figure 5E). The knockdown of p38a
was highly efficient in both cell lines as shown by quantitative PCR (Figure 4c). A slight
induction of p38a. in control REH cells may be due to a stress response to the infection
procedure. Cells bearing p38a knockdowns did not expand /n vitro with one exception, in
which the knockdown may have been partly lost (Supplementary Figures 5F and G). Next,
lentivirally transduced cells were directly injected into NSG mice after fluorescence-
activated cell sorting. Two control groups were used in this experiment: wild-type cells (wt)
and cells transduced with a non-targeting control construct (nt). Animals with 697-wt and
697-nt cells died from systemic leukemia, or were killed due to clinical leukemia signs
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(median survival 27 and 32.5 days, respectively). All killed animals had leukemia as
evidenced by microscopy and fluorescence-activated cell sorting analysis (data not shown).
Importantly, the knockdown of p38a (kd) resulted in a remarkable and sustained
prolongation of xenograft survival beyond 70 days in all animals (Figure 4d, £<0.0001).
Although the mice injected with REH-nt cells survived longer than mice bearing REH-wt
cells (median survival 60 and 49 days, respectively), they all showed symptoms of leukemia
(Figure 4e, P=0.0014). Animals injected with REH-wt and REH-nt cells expectedly died
from systemic leukemia later than 697 cells as these cells proliferate more slowly.
Nevertheless, knockdown of p38a in REH cells significantly prolonged animal survival as
compared with the control cells (Figure 4e, = 0.0003). None of the animals transplanted
with p38a knockdown cells (Figures 4d and €) showed leukemic signs when they were
killed and none of the mice showed evidence of leukemia by fluorescence-activated cell
sorting or MRD-PCR (data not shown). The abrogation of leukemogenesis in xenografts was
confirmed in an independent experiment with more REH-p38a kd clones. Median survival
was 41 days for REH-nt animals and >50% of the animals bearing any REH-p38a. kd clone
were alive at 128 days (Figure 4f, £<0.0001). To confirm that p38a knockdown indeed
affects the survival of leukemic cells, we performed competitive transplantation experiments
with 697 cells transduced with an MSCV-GFP construct or the p38a.-nt or p38a-kd
constructs (mCherry fluorescence). Equal numbers of 697-GFP and 697-p38a-nt cells
(group A) and equal numbers of 697-GFP and 697-p38a.-kd cells (group B) were
transplanted into NSG mice simultaneously. All animals rapidly died from systemic
leukemia at a median of 24 days in group A and 26 days in group B (data not shown). All
animals in group A had leukemia with mixed fluorescence (GFP/mCherry), whereas all
animals in group B had a GFP-positive leukemia with <5% mCherry-positive cells in the
spleen and the bone marrow (Figure 4g). These data suggest that p38a. is indispensable for
the survival of 697 and REH cells in xenografts. Altogether, our data show that p38a/p
signaling is required for the manifestation of systemic leukemia in murine xenografts, and
that inhibiting this pathway may be a new therapeutic approach in childhood ALL.

First evidence that p38a/p phosphorylation is associated with an inferior relapse-free
survival in xenografted TEL-AML1-positive pediatric ALL patients

To assess the levels of p38a/p phosphorylation in patient samples, initial bone marrows of
17 pediatric patients with TEL-AMLZ1 fusion were injected intrafemorally into NSG mice.
For our analyses, we chose a cohort of nine TEL-AML1-positive patients with late relapses
at a median of 1346 days and of eight TEL-AML1-positive control patients in continuous
complete remission for >6 years. Eight out of nine patients in the relapse and four out of
eight patients in the control group engrafted in NSG mice within 40 weeks. Cells from
engrafted spleens (>90% leukemic blasts) were freshly lysed and assessed for p-p38a/p by
western blot (Figure 5). All eight patients in the relapse cohort showed p-p38a./p, whereas
all four patients in the control cohort showed no phosphorylation of p38a./p as measured
using Image J (Figure 5). The clinical data of all engrafted patients and correlation analyses
with clinical parameters are shown in Table 1. Despite low sample numbers, we could detect
a trend between p38a/p phosphorylation and the MRD intermediate and high-risk groups as
well as a statistically significant correlation between p-p38a/p and the occurrence of relapse
(Table 1). Kaplan—Meier statistics confirmed a lower relapse-free survival in the patients
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showing p-p38a/p as compared with the controls (P = 0.0037, data not shown). We next
prepared independent xenografts from two further TEL-AML1-positive patients with
relapses. On day 90, mice were subjected to /77 vivo BrdU incorporation. Splenic cells were
harvested before full engraftment. Both ex vivo samples had p-p38a/B, but a higher intensity
of p-p38a/p correlated with a larger percentage of leukemic cells in S-phase and a decrease
in GO/G1 (Figure 5b). Taken together, these data provide first evidence that in TEL-AML1-
positive ALL patient cells, p-p38a/p correlates with proliferative capacity and the
occurrence of relapses.

DISCUSSION

We found that p38a/p mediates pro-proliferative and pro-survival signals in ALL cells and
that p38a./p signaling in these cells is activated /n vivo. We showed that REH and 697 cells
proliferate in a p38a./p-dependent manner, whereas SUP-B15 cells did not. This divergence
may be due to the presence of the BCR-ABL1 fusion gene in SUP-B15 cells, which as a
leukemic driver2® may render cells more independent of niche-derived growth signals. In
contrast, data on the role of the fusion genes in REH and 697 cells in cell cycle progression
are inconclusive. An analysis of TEL-AML1 targets has shown that this fusion gene rather
inhibits proliferation pathways,3° which is supported by findings that TEL-AML1 is not
implicated in ALL proliferation or survival.3! On the other hand, studies have shown that
TEL-AML1 induces a pre-leukemic clone with enhanced proliferation and survival
properties in HSCs.32:33 Furthermore, Fuka et a/. advocate a role for this fusion in ALL
proliferation and survival.34:35 E2A-PBX1 causes a block in differentiation, but growth of
E2A-PBX1-positive cells remains growth factor dependent.3® It is thus likely that only some
ALL entities are p38a./p dependent.

Even though a cyclical activation cannot be detected /n vivo, we observed that the avian
bone marrow causes high p38 signaling in 697 cells (Figures 3a and b), suggesting an
influence of the niche. Treatment with a combination of interleukin-7 and C-X-C motif
ligand 12 causes p38-mediated proliferation in primary ALL cells in vitro.X® Furthermore,
Gaundar et al.” have shown that in bone marrow mesenchymal stromal cells, the production
of cytokines supporting ALL cell growth was p38 dependent. We thus advocate p38a/
inhibition as a double-hit strategy to inhibit stroma-derived cytokine production and an
inherent proliferation mechanism in the ALL cell itself. P38a/p activation is frequently
implicated in apoptotic signaling. It has been shown that p38 mediates glucocorticoid-
induced apoptosis in some lymphoid cells.12:13.37.38 This may be due to entity-specific
differences as these data were generated in normal mouse lymphoid cells and in T-cell ALL
(T-ALL). Conversely, it has also been implicated that p38a./p mediates interferon-induced
growth-inhibitory signals in T-ALL.3° Divergent p38a/@ roles may be due to deviating
receptor expression in a certain state of maturation arrest4? or mutations upstream of
p38a/B.4142 Our results support that for B-cell acute lymphoblastic leukemia cells bone
marrow-derived signals determine the activation and subsequent function of p38a/p.

Experimental T-ALL created by expressing defective K-Ras proteins renders cells resistant
to MEK inhibition 77 vivo.*3 To our knowledge, components of the p38 pathway are not
mutated in leukemias, suggesting that p38a./p inhibition may be a potential therapy in all
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patients with a p38a./BMidh phenotype. In response to a MEK inhibitor, cells may turn on the
PI3K/Akt pathway counteracting the desired apoptotic effect by a survival signal.#3 In our
study, p38a/B inhibition lead to a slight activation of ERK in 697 cells, which lead to a
reduction of viable cells (Figure 2a and Supplementary Figure 1E). In REH cells, p38a/p
inhibition did not result in alterations of ERK or INK (Supplementary Figure 1E).
Interestingly, in both cell lines, we could not detect any basal phosphorylation of JNK, and
JNK was not induced when p38a/p was inhibited (Supplementary Figure 1E). INK
phosphorylation has been observed in T-ALL,*~47 but its functional role remains unknown.

We used two approaches to inhibit p38a/p: small molecule and genetic inhibition. The main
advantage of small-molecule inhibitors is their applicability in vivo.2* However, small-
molecule inhibitors are not as specific as genetic ablation of a target. We could show a
prolongation in the survival times of xenografts when inhibitors were given (Figures 4a and
b), but these drugs were not able to completely suppress leukemic growth. Also, SB203580
was more efficient when it was given early, supporting that p38 may have an important role
in homing processes.1516 Limited efficiency of small-molecule inhibitors may additionally
be due to the fact that optimum dosages, application schedules and routes for mice are
unknown. The specific knockdown of p38a. by small hairpin RNA in our study was very
efficient (Figure 4c) and abrogated or delayed the leukemogenic potential of REH and 697
in NSG xenografts (Figures 4d—f). This suggests that complete p38a./p inhibition may be
desirable.

P38a/p inhibitors have been continuously developed but none has shown groundbreaking
effects in malignancy. Surprisingly, in our small cohort of xenografted TEL-AML1-positive
leukemia patients, we found ex vivo p38a/p phosphorylation to be restricted to relapsing
patients (Figure 5). As TEL-AML1-positive leukemia encompasses up to 80% of all late
relapses in pediatric ALL,*8 an identification of patients prone to this complication is of high
clinical interest. We think that predictive measurements of p-p38a./p are difficult as
phosphorylation events are susceptible to material degradation. Therefore, surrogates of
p38a/P activation are needed in order to translate our findings into diagnostics. Our
preclinical /n vivo data suggest that a highly specific and potent p38a inhibitor may be
useful in inhibiting re-growth of residual cells but the fact that p38 can mediate
glucocorticoid-induced apoptosis necessitates a cautious drug scheduling. P38a/p inhibitors
could thus be included in maintenance therapy in p-p38a/p-positive ALL. Altogether, our
data warrant further mechanistic studies and analyses on larger sets of primary patient
samples in order to evaluate p38a/p inhibition as an adjunct approach to conventional
therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

p38a/p signaling upon ALL proliferation /n vitro. (a) 697 cells (left panel) and REH cells
(right panel) were cultured /in vitro and assayed for p38a./B- and Hsp27-phosphorylation by
western blotting at different time points (0, 24, 48, 72 and 96 h, as indicated). Cells treated
with 10 pg/ml Anisomycin (AlIM) for 15 min were processed in parallel as controls. (b) 697
cells (left panel) and REH cells (right panel) were serum starved for 24 h and then cultured
in full serum conditions for the indicated time points. Western blotting was performed for
p38a/p, p38a/B-phosphorylation, p21 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). (c) In parallel to the experiment in b, cells were allowed to incorporate BrdU for
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1 h at the indicated time points and stained with 7-AAD and an anti-BrdU antibody. Cell
cycle phases were determined by flow cytometry. (d) 697 cells were grown /in vitro for 24 h,
incubated with BrdU for 1 h and stained with a fluorescein isothiocyanate-labeled p-p38a/p
antibody or the respective isotype control. Subsequent staining with 7-AAD was also
performed. After fluorescence-activated cell sorting analysis, the bulk of cells (All), p-p38a/
B-low and the 10% cells with highest p-p38a./p (p-p38a/B-high) were gated and cell cycle
phases were assayed as indicated. Cells in GO/G1 are found in the red gate. 7-AAD, 7-
amino-actinomycin D.
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Figure2.
Cell counts and signaling upon p38a./p inhibition /n vitro. The experiments shown are

representative experiments of at least two repetitions. (a) REH (left panel), 697 (middle
panel) and SUP-B15 cells (right panel) were incubated with 10 uM SB203580 (SB) or
BIRB-796 (BIRB) for 72 h. The number of viable cells was counted using standard Trypan
blue exclusion. */<0.05; NS, not significant; #test. (b) REH (left panel) and 697 cells (right
panel) were incubated with ascending concentrations of BIRB-796 (upper panels) or
SB203580 (lower panels) for 48 h. Dimethyl sulfoxide (0 uM lanes) was used as a vehicle
control. Cells were either directly lysed (— AIM) or stimulated with 10 pg/ml Anisomycin
for 15 min before lysis (+AIM). The indicated markers were assayed by western blotting. (c)
REH (left panel) and 697 cells (right panel) were incubated with 20 uM BIRB-796 (BIRB)
or SB203580 (SB) alone or in combination with chemotherapeutic drugs for 48 h, as
indicated. MTX, 30 nM Methotrexate (REH and 697); VCR, 1 nM (REH) and 2 nM (697)
Vincristine; DXM, 100 nM (REH) and 50 nM (697) Dexamethasone; AraC, 50 nM
Cytarabine (REH and 697); Dauno, 100 nM Daunorubicine (REH and 697). Standard
chemotherapeutics were used at concentrations nearest to the 1Csq of the individual drug and
cell line. Other concentrations are depicted in Supplementary Figure 3. *£<0.05, **£<0.01,
***Pp<0.001. C, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 3.

Induction of p38a./p phosphorylation in 697 cells in the bone marrow of avian xenografts.
(a) Cells cultured /n vitro (lane 1) for 24 h after CD19 magnetic-activated cell sorting
(MACS) and cells recovered from the bone marrow of a turkey embryo after 12 days /n vivo
(day E23) after CD19 MACS (lane 3) were subjected to western blot analysis for p38a/p
phosphorylation and total p38 levels. Bone marrow from a turkey embryo injected with
phosphate-buffered saline (lane 2) was processed in parallel as a control. (b) 697-GFP cells
were injected into turkey embryos and recovered from the bone marrow on day E23 (panels
2+5). 697-GFP cells were also cultured /n vitro for 24 h in parallel (panels 1+3). Cells
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cultured /n vitro for 24 h were induced with 10 pg/ml Anisomycin (AIM) for 15 min (panel
4). Cells from all conditions were stained with a PE-labeled p-p38a/p antibody. After
fluorescence-activated cell sorting (FACS) analysis, cells were gated for the lymphoblast
gate (P1) and then for GFP-positivity (P2 dependent on P1). Cells in the P2 gate were
assayed for p38a/p phosphorylation. The percentage of p-p38a/p-positive cells is depicted
in red. (c) 697-GFP cells were xenografted into turkey embryos as in a. Control eggs were
injected with PBS. Eggs were treated with 10 mg/kg body weight SB203580 (SB) or 0.1%
dimethyl sulfoxide as vehicle control every other day by intra-amniotic injection. Embryos
were Killed on day E23 by rapid decapitation, weighed and cells were recovered from the
bone marrow of one femoral bone and assayed for GFP-positivity by FACS analysis. The
upper panel shows the body weight in g in the respective groups. The lower panel shows
engraftment as % GFP-positive cells with respect to all nucleated cells in the bone marrow.
Nucleated cells in avian systems include erythrocytes. (d) The other femoral bone from ¢
was fixed in formalin solution, embedded in paraffin, cut and stained by standard
hematoxylin/eosin (HE) or immunohistochemistry for human CD19 (CD19). (e) Target
specificity of p38a/p inhibition assayed by double staining of p-Hsp27 (brown) and CD19
(purple). In DMSO-treated xenografts (left panel), a dark brown staining indicating p-Hsp27
positivity is evident, whereas in SB203580-treated xenografts (right panel), only purple
staining is visible. The middle panel represents a digital high-magnification view showing
CD19-positive purple cells also (*).
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Figure 4.

In vivo effects of p38a/p inhibition. (a) 1 x10° REH-GFP cells/mouse were xenografted
into NSG mice by tail vein injection. Animals were treated with 10 mg/kg SB203580 or
DMSO 0.1% as vehicle control by intraperitoneal administration every other day. The graph
depicts the respective survival curves. Statistics were performed according to the Mantel—
Cox log-rank method. (b) 1 x 10° cells from primary xenografts of a p-p38a/pN9" patient
were xenografted into secondary mice by intrafemoral injection. Animals were treated with
10 mg/kg BIRB-796 or ethanol 2% in a 0.5% (w/w) hydroxypropylmethylcellulose solution
as vehicle control by oral gavage 5 days/week. The graph depicts the respective survival
curves. Statistics were performed according to the Mantel-Cox log-rank method. (c)
Relative p38 mRNA expression levels of two replicate analyses as measured by the 2-PDCT
method. Cells were measured before injection into mice. Non-targeting small hairpin RNA
(shRNA) against GFP (nt), shRNA against p38a. (kd). Knockdown efficiency was calculated
comparing nt and kd conditions. (d) 1 x 10% 697 cells with and without a p38a knockdown
were xenografted into NSG mice by intrafemoral injection as indicated. Animals were killed
upon leukemic symptoms. The graph depicts the respective survival curves. Statistics were
performed according to the Mantel-Cox log-rank method. (€) 2 x 10* REH cells with and
without a p38a knockdown were xenografted into NSG mice by tail vein injection as
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indicated. Animals were killed upon leukemic symptoms. The graph depicts the respective
survival curves. Statistics were performed according to the Mantel-Cox log-rank method. (f)
5 x 104 REH cells with and without a p38a. knockdown (three further constructs, p38 kd(1),
p38 kd(2) and p38 kd(3)) were xenografted into NSG mice by tail vein injection as
indicated. Animals were killed upon leukemic symptoms. The graph depicts the respective
survival curves. Statistics were performed according to the Mantel-Cox log-rank method.
(9) 1 x 104 697-GFP and 1 x 10 697-nt (mCherry; group A) or 1 x 104 697-GFP and 1 x
10* 697-p38a/p-kd (mCherry; group B) cells were mixed and simultaneously xenografted
into eight NSG mice per group by intrafemoral injection. Animals were killed upon
leukemic symptoms. The graph depicts the fluorescence of spleen (Sp) and bone marrow
(BM) leukemic blasts in groups A and B as indicated.
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Figureb.
p38a/P phosphorylation is correlated with the occurrence of relapses in xenografted TEL-

AML1-positive patient samples. (a) Initial bone marrow from 17 TEL-AML1-positive
patients was xenografted into NSG mice. 12 patient samples engrafted a total of 20 mice and
leukemic blasts from xenograft spleens were analyzed by western blotting for p38a./,
p38a/B phosphorylation and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; upper
panel). The p-p38a/B/p38a/pP ratio was calculated using quantitation by Image J for each
individual lane. Mean p-p38a/p/p38a/p ratios and p-p38a/B/p38a/P positivity are depicted
for each individual patient. Patients with p-p38a/p/p38a/p ratios in the lowest tertile were
considered negative, all others positive (+ or ++, as indicated). (b) Initial bone marrow cells
from two further TEL-AML1-positive patients with relapses were xenografted into NSG
mice. On day 90, mice were injected with BrdU intraperitoneally for 1 h and then killed.
Splenic cells were harvested and subjected to protein lysis or combinatorial BrdU/7-AAD
staining. The gating strategy is depicted in the left panel: lymphoblasts (P1) and CD19-
positive cells (M1). The right panel depicts the cell cycle distribution in both samples and p-
p38a/p levels as measured by western blotting. 7-AAD, 7-amino-actinomycin D.
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Table 1

Characteristics of TEL-AML1-positive patients xenografted into NSG mice for analysis of p38a/p
phosphorylation

p-p38" (n=4) p-p38PS(n=28) P
Sex? 1.000
Male 3 5
Female 1 3
Median age (range) at diagnosis (years)? 56 (4.7-13.3) 48(27-74) 0308
Immunophenotype? 1.000
Common-ALL 4 7
Pre-B-ALL 0 1
WBC count? 1.000
<50 000/l 2 5
=50 000/pl 2 3
Prednisone response®¢ 1.000
Good 4 8
Poor 0 0
Risk group@d 0.067
MRD-SR 3 1
MRD-IR/-HR 1 7
Extramedullary manifestation (initial)® 1.000
Yes 0 0
No 4 8
Relapsef 0.002
Yes 0 8
No 4 0
Deathd 0.491
Yes 0 3
No 4 5

Abbreviations: ALL, acute lymphoblastic leukemia; B-ALL, B-cell ALL; MRD-HR, minimal residual disease-high risk; MRD-IR, minimal
residual disease-intermediate risk; MRD-SR, minimal residual disease-standard risk; WBC, white blood cells.

aFisher’s exact test, two-sided P-value.
bUnpaired ttest with Welsh’s correction.
cGood: less than 1000 leukemic blood blasts/pl on treatment day 8, poor: more than 1000/pl.

dRisk stratification according to MRD risk groups: MRD-SR: time point (TP) 1+2 negative, MRD-IR: TP1 and/or TP2<1O_3, MRD-HR: TP2> =
1073,

eCNS 2/3 status, testicular involvement.

f_. . . . .
Five relapses were isolated bone marrow relapses. One relapse was a combined bone marrow/CNS relapse. One relapse was an isolated testicular
relapse, one was an isolated CNS relapse. Two patients had two relapses, both of which were bone marrow relapses.
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gAII deaths were related to the relapse. One patient died from pontine infarction at relapse, one from post-SCT bronchiolitis obliterans organizing
pneumonia and one patient from sepsis.
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