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JNK1 inhibitors target distal B cell receptor signaling
and overcome BTK-inhibitor resistance in CLL

Shifa Khaja Saleem!'®, Sarah Decker'®, Sandra Kissel!®, Marcus Bauer?®, Dmitry Chernyakov3@®, Daniela Brauer-Hartmann3®, Konrad Aumann*@®,
Claudia Wickenhauser?®, Marco Herling®®, Oleksandra Skorobohatko3®, Nimitha Mathew!@®, Cornelius Schmidt!®, Claudius Klein**@®,

Marie Follo'®, and Christine Dierks’*®

Inhibition of the proximal B cell receptor (BCR) signaling pathway by BTK inhibitors is highly effective in the treatment of CLL,
but drug resistance or intolerance occurs. Here, we investigated c-Jun N-terminal protein kinase 1 (JNK1) as an alternative drug
target in the distal BCR pathway. [NK1 was preferentially overexpressed and activated in poor prognostic CLL with
unmutated IGHV. Proximal BCR inhibition (BTK, PI3K, or SYK inhibitors) or SYK knockdown efficiently dephosphorylated JNK1,
identifying JNK1 as a critical BCR downstream kinase in CLL. JNK1 inhibition induced apoptosis in primary CLL cells, resulting in
the downregulation of BCL2, MCL1, and c-JUN. JNK1 inhibition in patient-derived CLL xenografted mice and Ep-TCL1-tg mice
prevented CLL progression, reduced splenic infiltration, and restored T cell function and normal hematopoiesis. JNK1
inhibitors even remained effective in ibrutinib refractory CLL. In conclusion, our study revealed JNK1 as a promising drug target
in CLL downstream of the BCR, overcoming ibrutinib resistance, blocking the protective microenvironment, and improving

CLL-specific immunosuppressive mechanisms.

Introduction

Chronic lymphocytic leukemia (CLL) is the most prevalent leu-
kemia in elderly patients and is characterized by an uncontrolled
expansion of clonal B cells in peripheral blood (PB), bone mar-
row (BM), lymph nodes, and spleen resulting in splenomegaly,
lymphadenopathy, and repression of normal hematopoietic cells
in the BM. This results in progressive anemia and thrombocy-
topenia as well as immunoglobulin deficiency and an additional
imbalance within the T cell compartment toward an immuno-
suppressive environment (Ghia and Caligaris-Cappio, 2006;
Chiorazzi et al., 2005). Prognostic markers such as Rai and Binet
staging systems, {-associated protein 70 (ZAP70) expression
(Rassenti et al., 2004; Wiestner et al., 2003), cytogenetic ab-
normalities (Hallek et al, 2008), immunoglobulin variable
heavy chain (IGHV), and other gene mutations can be used to
predict survival outcome and guide treatment choices in pa-
tients with CLL (Landau et al., 2013; Puente et al., 2011).

Major disease drivers in CLL involve the constitutive acti-
vation of the B cell receptor (BCR) pathway, as well as additional
antiapoptotic pathways resulting in B cell lymphoma 2 (BCL2)
overexpression and activation. Constitutive BCR signaling in

CLL can be induced by the recognition of internal BCR epitopes
(Dithren-von Minden et al., 2012; Minici et al., 2017) or by the
recognition of antigens outside the CLL cells within the CLL
microenvironment (Burger and Chiorazzi, 2013; Chen et al.,
2013; Binder et al., 2010). CLL patients with an unmutated
IGHV status have more polyreactive BCRs and a higher degree of
BCR activation compared with IGHV mutated CLLs and dem-
onstrate a more aggressive disease phenotype with shorter
survival and a more frequent need for treatment (Hamblin et al.,
1999; Hervé et al., 2005; Agathangelidis et al., 2012). Pharma-
cological inhibition of BCR proximal kinases like Brutons's
tyrosin kinase (BTK), spleen tyrosin kinase (SYK), or phospho-
inositide 3-kinase (PI3K) can therefore be used to block CLL cell
survival, proliferation, and migration (Herman et al., 2014;
Morabito et al., 2015).

Ibrutinib, a first-in-class BTK inhibitor, has demonstrated
high response rates in both relapsed/refractory and treatment-
naive CLL (Burger et al., 2015; Byrd et al., 2013), and BTK in-
hibitors as well as BCL2 inhibitors like venetoclax are now used
as first-line options for CLL treatment. Despite its great clinical
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activity, about 25% of ibrutinib-treated patients stopped ibru-
tinib at a median follow-up of 20 mo due to treatment resis-
tance/relapse (40-42%) or side effects. Treatment resistance
was defined as leukemia progression, but about half of the pa-
tients even developed Richter’s transformation. For these pa-
tients, treatment options are limited and outcomes are dismal
with a mortality rate of >75% within 1 year and a median overall
survival of 3 mo (Maddocks et al., 2015; Jain et al., 2017).

C-Jun N-terminal protein kinase 1 (JNK1) is a member of the
mitogen-activated protein kinase (MAPK) superfamily, which
also includes the extracellular signal-regulated kinase (ERK) and
the p38 family of kinases (Hibi et al., 1993). JNK includes three
isoforms (JNKI1, JNK2, and JNK3). JNKI and JNK2 are ubiqui-
tously expressed whereas JNK3 expression is restricted to the
brain, heart, and testes. JNK proteins are also known as stress-
activated protein kinases (SAPKs), activated via phosphorylation
in response to various stimuli such as cytokines, stress, and
growth factors (Davis, 2000; Weston and Davis, 2007). The
serine-threonine kinase JNK1 is involved in cell proliferation,
survival, differentiation, and apoptosis dependent on the cellu-
lar context. Activated JNK1 phosphorylates transcription factors
such as c-JUN, c-MYC, ELK], p53, NFAT, STATI, and STAT3 as
well as members of the BCL2 family such as BCL2, BCL-XL, and
MCL-1 (Bogoyevitch and Kobe, 2006; Lin, 2003; Yu et al., 2004).
JNK1 activity is required in BCR-ABL-mediated transformation
of pre-B cells in vitro and in vivo (Hess et al., 2002). Further-
more, JNK1 is activated in acute myeloid leukemia with active
FLT3 signaling and T cell acute lymphoblastic leukemia
(Hartman et al., 2006). JNK1 inhibition with small molecule
inhibitors or siRNA-mediated JNK1 knockdown reduces tumor
growth, induces cell cycle arrest and apoptosis in ovarian cell
carcinoma, prostate cancer, and melanoma (Vivas-Mejia et al.,
2010; Alexaki et al., 2008; Parra, 2012).

Our study focused on the role of JNK1 as a crucial signaling
mediator of BCR signaling and as a therapeutic target in bad
prognostic and ibrutinib/BTK-inhibitor-refractory CLL.

Results

JNK1 is overexpressed and hyperphosphorylated in primary
human CLL cells

In this project, we aimed to identify kinases overexpressed and
activated in CLL, which might be potential therapeutic targets
for this disease. First, we analyzed gene expression studies (RNA
sequencing/Affimetrix gene arrays) published from different
groups in the GEO database that compared CLL patient samples
with normal B cells and identified MAPK8/JNKI1 to be overex-
pressed in different CLL datasets (GDS3902, GDS4168; Fig. 1, A
and B) (Vargova et al., 2011; Gutierrez et al., 2010). This finding
could be reconfirmed in our own patient cohort by quantitative
PCR, and we found a significant 3.5-fold increase of JNK1 mRNA
levels in CLL samples (n = 20) compared with CD19* normal B
lymphocytes from healthy donors (n = 7) (Fig. 1 C; individual
values in Table S2). Immunoblots for total and phosphorylated
JNKI1 protein expression revealed a significant overexpression
and phosphorylation of JNKI in the majority of CLLs (20/21)
despite distinct genetic aberrations, while JNK1 protein was
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absent in normal CD19* B lymphocytes from healthy donors (n =
7) (Fig. 1 D shows 2 healthy controls and 12 CLL samples). In
contrast to JNK1, both JNK2 and JNK3 were not overexpressed in
CLL (RNA levels) and were not hyperphosphorylated (data not
shown). The JNK1 phosphorylation levels were significantly
higher in IGHV unmutated CLL patient samples (n = 8) com-
pared with IGHV mutated CLL patient samples (n = 13) (Fig.1G),
which already associates JNK1 phosphorylation with BCR sig-
naling (individual data in Table S2). To confirm our results, we
then performed immunohistochemistry (IHC) staining for JNK1
in lymph nodes from patients with reactive enlarged lymph
nodes (n = 21) and from CLL patients (n = 28) (Fig. 1]). JNK1 was
significantly more expressed in lymph nodes from CLL patients
compared with reactive lymph nodes, where it was exclusively
expressed in germinal centers, which contain the activated,
proliferative B cell population (Fig. 1, H-J). JNK1 phosphorylation
was detectable at low levels by IHC and was exclusively present
in lymph nodes from CLL patients (Fig. 1, I and J). Our data
confirm that JNKI1 is overexpressed and hyperphosphorylated in
CLL, with the strongest phosphorylation present in IGHV un-
mutated CLL samples.

JNK1 knockdown and JNK1 inhibition induce apoptosis in
primary CLL cells with preferentially unmutated IGHV and
poor prognosis

To further elucidate the role of JNK1 in CLL, we performed JNK1
knockdown experiments in primary CLLs (n = 4) with four
different siRNAs against JNK1 using the Amaxa Biosystems
Nucleofector II (Fig. 2 A) knockdown technology. siRNA-
mediated JNKI knockdown (kd) was achieved with all four
siRNAs and reduced JNK1 expression levels between 20% and
80%. JNK1 kd induced apoptosis between 25% and 43% in pri-
mary CLL cells compared with the non-silencing control (Fig. 2
B). Apoptosis induction correlated with knockdown efficiency
(Fig. 2 C). Next, ]NK1 was inhibited with three different JNK1
inhibitors (Fig. 2 D), which had been previously used in other
cancer entities (Cui et al., 2009; Grassi et al., 2015). L-JNKi is an
inhibitory peptide designed against the binding sequence of
JNKI1 and prevents the binding of JNK1 to its substrates. The JNK1
kinase inhibitors SP600125 and CC-930 are ATP-competitive
kinase inhibitors and inhibit substrate phosphorylation. In pri-
mary CLL cells (n = 43), JNK1 inhibitor treatment with SP600125,
CC-930, and L-JNKi resulted in apoptosis induction (>30% after
24 h) in the majority of samples, but some samples were also
primary resistant (Fig. 2 E). In contrast to CLL, JNKI inhibition
did not affect the survival of normal CD19* B cells from healthy
donors (n = 5) even in the highest concentration (Fig. 2 F and Fig.
S1). Treatment response in CLL was quantified at 24 h according
to apoptosis induction at the 2.5 uM inhibitor concentration
compared with control (sensitive if >30% apoptosis induction)
and according to half-maximal inhibitory concentration (IC50)
values (<2.5 uM with kinase inhibitors, <5 uM with L-JNKi).
Response groups were defined as JNKI-inhibitor responsive if
the CLL sample responded to all three inhibitors, intermediate
responsive (sensitive to one to two inhibitors), and resistant (no
response to any inhibitor). According to apoptosis measure-
ments, 49% of the samples were responsive, 30% intermediate
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Figure 1. JNK1is overexpressed and hyperphosphorylated in primary human CLL. (A and B) Gene sets, GDS3902 (n = 16) and GDS4168 (n = 36) published
in the GEO database comparing B cells from healthy donors with CLLs were analyzed regarding JNK1 mRNA expression (unpaired t test, *P < 0.05; **P < 0.01).
(C) TagMan PCR was performed for JNK1 and GAPDH from RNA extracted from CLL patient samples (n = 20, patients #1-20) and CD19* lymphocytes from
healthy donors (n = 7). JNKI transcript levels were normalized to GAPDH and healthy donor control was set to 1 (patient characteristics in Table S1; unpaired
t test, *P < 0.05). (D) Protein expression of p-JNK1 and total JNK1 in CLL patient samples (n = 12), and CD19* lymphocytes from healthy donors (n = 2). B-Actin
was used as a loading control and MEC1 cells as a positive control. Patients with unmutated IGHV are marked with green arrows. (E and F) Relative expression
of p-JNK1 and total JNK1 were compared with B-actin in CLL patient samples (n = 21) and CD19* lymphocytes from healthy donors (n = 7 controls). Western
blots: Fig. 1 D and data not shown (unpaired t test, ***P < 0.001, ****P < 0.0001). (G) Relative phospho-JNK1 compared with total JNK1 in IGHV mutated (n =
13) and unmutated (n = 8) CLL patient samples (unpaired t test, ****P < 0.0001). (H) JNK1 level (H-score) in reactive lymph nodes (n = 21) and lymph nodes
from CLL patients (n = 28) (unpaired t test, **P < 0.01). (1) Phospho-JNK1 levels in the same samples (unpaired t test, **P < 0.01). (J) Representative examples of
IHC images from lymph nodes of CLL patients (upper row) or reactive lymph nodes (lower row) stained for total JNK1 (first and last column) or phospho-JNK1
(medium column). Source data are available for this figure: SourceData F1.
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Figure 2. JNK1 knockdown and JNK1 inhibition induces apoptosis in primary human CLL cells. (A) Knockdown efficiency in CLL patient samples using
four different JNK1-siRNAs for 24 h (CLL#27; figure shows one out of four patient samples). (B) Viable CLL cells after 36 h of JNK1 knockdown using four
different siRNAs (n = 4) in four different CLLs. Bar shows the mean viability for all four CLL patients (unpaired t test, *P < 0.05). (C) Correlation of JNK1 kd
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efficiency (A) with CLL cell viability (B). (D) Mechanism of action of the ATP-competitive JNK1 inhibitors SP600125 and CC-930 and the L-JNKi inhibitory
peptide. (E) Relative amount of viable CLL cells treated with the three different JNK1 inhibitors at the indicated concentrations compared with DMSO control
(n = 43 CLLs). (F) Relative amount of viable B cells from healthy donors after treatment with three JNK1 inhibitors at indicated concentrations compared to
DMSO control (n = 5). (G) Response groups according to apoptosis induction after JNK1 inhibitor treatments with three different JNK1 inhibitors in 43 CLL
patient samples. Sensitivity to one inhibitor was defined as relative apoptosis induction of >30% with the 2.5 uM inhibitor concentration (kinase inhibitors) and
the 5 pM concentration (JNK1i) compared with control treatment. Responsive was defined as a CLL sample, which responded to all three inhibitors, inter-
mediate responsive samples responded to one to two inhibitors and resistant samples did not respond to any inhibitor. (H-J) Quantification of relative viable
CLL cells treated with three different JNK1 inhibitors for 24 h compared with controls, here showing all samples in the responsive group, which are sensitive to
all three inhibitors (n = 21) (unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001). (K-M) Distribution of patient characteristics like sex, mutation status (IGHV
mutated or unmutated), or prognosis according to karyotype and p53 status (complex karyotype, 11q-, 17p-, or p53 mutation) within the different response

groups. Source data are available for this figure: SourceData F2.

responsive, and 21% resistant to JNK1 inhibition (Fig. 2 G).
Similar results were obtained with IC50 criteria (45% respon-
sive, 31% intermediate responsive, and 24% resistant) (Fig. S2).
Response to all three inhibitors was dose dependent (Fig. 2, H-]
shows the 21 CLL samples from the responsive group for all three
inhibitors), and responsiveness to one inhibitor was positively
correlated with responsiveness to any of the other two in-
hibitors. Treatment resistance was associated with mutated
IGHV and male sex (Fig. 2, K and L). Unfavorable parameters,
like complex karyotype, 17p deletion, 11q deletion, or unmutated
IGHV status were all in the JNK1 inhibitor sensitive or inter-
mediate group (Fig. 2, L and M), defining JNK1 as an interesting
target for these unfavorable prognostic patient subsets.

JNK1 inhibition affects BCL2 and MCL1 expression in CLL
Previous studies in ALL and solid tumors have shown that ac-
tivated JNK1 phosphorylates members of the BCL2 family such as
BCL2 and MCLI. BCL2 is highly expressed in CLL cells, and BCL2
inhibitors (venetoclax) are effective treatment options for CLL.
MCLI1 expression correlates with bad prognostic factors in CLL
such as stage of disease, lymphocyte doubling time, IGHV un-
mutated status, ZAP-70, and CD38 expression in CLL (Pepper
et al., 2008). Primary CLL cells were treated with the two dif-
ferent JNKI1 kinase inhibitors SP600125 and CC-930 or the in-
hibitory peptide L-JNKi and immunoblots were performed for
phosphorylated and total JNK1, phosphorylated and total BCL2,
and phosphorylated and total MCL1. Both JNK1 kinase inhibitors
induced dephosphorylation of JNKI within 4 h, while total JNK1
levels were not significantly changed (t-JNK1) (Fig. 3, A and E).
Furthermore, phosphorylation and also total protein levels of
BCL2 and MCL1 were reduced (Fig. 3, C and E). As expected, the
L-JNKi inhibitory peptide, which inhibits substrate binding to
JNKI1 did not alter total JNK1 expression or JNK1 phosphorylation
(Fig. 3, B and E), but efficiently reduced BCL2 and MCLI phos-
phorylation within 4 h (Fig. 3, D and E). In addition, kd of JNK1
with two different siRNAs also reduced phosphorylated and total
BCL2 levels within 24 h (Fig. 3, F and G).

JNK1 inhibition reduces CLL cell viability preferentially in IGHV
unmutated CLLs and overcomes stromal protective effects
The microenvironment including stromal cells, nurse-like cells,
and T cells plays an important role in disease progression and
drug resistance of CLL (Burger et al., 2000). This can be partially
recapitulated in vitro by the co-cultivation of CLL cells with the
stromal cell line M2-10B4 (Burroughs et al., 1994), which
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secretes CXCLI2 and other CLL-supporting cytokines, or the
CD40 ligand-producing cell line, which mimics T cell interaction
(van Attekum et al., 2017). IGHV unmutated (n = 11) and mutated
(n = 12) CLL samples were cocultured with both cell lines and
treated with the JNKI1 inhibitor SP60012. As expected, IGHV
unmutated CLL samples strongly responded to JNK1 inhibition
with a dose-dependent reduction in CLL viability (Fig. 4 A),
while CLLs with mutated IGHV status were less sensitive (Fig. 4
B). The co-cultivation of CLL cells with M2-10B4 cells or CD40
ligand-producing cells strongly enhanced the number of viable
CLL cells in the control groups. Nevertheless, co-culture did not
affect the responsiveness of IGHV unmutated patient samples to
JNK! inhibition (Fig. 4 A), and could even partially overcome
stroma-protective effects in IGHV mutated patient samples
(Fig. 4 B).

Next, we investigated the effect of M2-10B4/CD40OL stroma
co-culture on JNKI activation in CLL cells. Interestingly, co-
culture further induced JNK1 phosphorylation in CLL cells
(Fig. 4, C and D). JNK1 inhibitor treatment with SP600125 could
fully inhibit stroma-induced JNK1 phosphorylation (Fig. 4, C and
D) and block the phosphorylation of its downstream targets
MCL1, BCL2, and the oncogenic transcription factor c-JUN
(Fig. 4, E and F). While JNK1 inhibitors reduced the viability of
CLL cells, they had no effect on apoptosis or proliferation of M2-
10B4 cells or CD40L-producing cells (Fig. S3). Our results indi-
cate that stromal cells can activate and phosphorylate JNK1
in CLL cells, but JNKI inhibitors effectively induce apoptosis
via downregulation of BCL2 and MCL1 even in micro-
environmentally stimulated and protected CLL cells.

JNK1 is a crucial downstream mediator of BCR signaling in CLL

Due to the fact that IGHV unmutated CLLs with a higher BCR
activation level have a higher JNK1 phosphorylation (Fig. 1) and
are more responsive to JNK1 inhibitors (Fig. 4 A), we hypothe-
sized that JNK1 is involved in BCR signaling in CLL. To prove
this, we inhibited three different proximal BCR kinases by using
the SYK inhibitor entospletinib, the BTK inhibitor ibrutinib, and
the PI3K inhibitor idelalisib. All three upstream BCR inhibitors
reduced the phosphorylation of their specific target kinase in
CLL cells (Fig. 5 A, first lane). Furthermore, the inhibition of any
of those upstream kinases all induced dephosphorylation of JNK1
within 4 h of treatment, while total JNK1 levels were unaffected.
This effect could be recapitulated and quantified in several
primary CLL samples (n = 4) and shows the strongest effects on
JNK!1 dephosphorylation for the BTK inhibitor ibrutinib (Fig. 5, A
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Figure 3. JNK1 inhibition reduces the expression of the anti-apoptotic proteins BCL2 and MCL1. (A) Protein expression of p-JNK1 and total JNK1 in
primary human CLL cells after 4 h of SP600125 and CC-930 treatment (n = 3, shown CLL#8). (B) Protein expression of p-JNK1 and total JNK1 in primary human
CLL cells after 8 h of L-JNKi treatment (CLL#34). (C) Protein expression of p-BCL2, total BCL2, p-MCL1, and total MCL1 in primary human CLL cells after 8 h of
SP600125 and CC-930 treatment (CLL#26). (D) Protein expression of p-BCL2, total BCL2, p-MCL1, and total MCLI in primary human CLL cells after 4 h of
L-JNKi treatment (CLL#34). Blots are shown for one out of three CLLs per treatment. (E) Relative expression of pJNK1, pBCL2, and pMCL1 compared with
B-actin and relative to the non-treatment control in CLL cells (n = 3) treated with the different JNK1 inhibitors (three CLLs per treatment, unpaired t test *P <
0.05; **P < 0.01, ***P < 0.001). (F) JNK1 expression and pBCL2/BCL2 expression in CLL cells treated with JNK1 siRNA15 and 16 or NoSi control for 24 h
(CLL#34). (G) Relative expression of pBCL2 in CLL cells (n = 3) treated with siRNAs against JNK1 or NoSi compared with B-actin and normalized to the control

group. Source data are available for this figure: SourceData F3.

and B). The relative protein expression of p-JNK1 compared with
B-actin decreased by 30-50% in SYK inhibitor-treated CLL cells,
92-94% in BTK inhibitor-treated CLL cells, and 45-59% in PI3K
inhibitor-treated CLL cells (Fig. 5 B). To avoid off-target effects
by chemical inhibitors, we then inhibited BCR signaling by
siRNA mediated knockdown of one central BCR kinase, the ki-
nase SYK in four different CLLs. SYK knockdown in CLL cells via
siRNA could be achieved (31-52% knockdown efficiency) and we
observed a reduction in JNK1 phosphorylation of 42-67% (Fig. 5,
C and D).

Next, we correlated the activation of the BTK kinase (intra-
cellular phosphorylation measured by flow cytometry) with
phosphorylation levels of JNKI in untreated CLLs. The activation
of BTK and JNK1 was positively correlated, implicating a higher

Saleem et al.
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activity of JNK1 in BCR-active CLLs (Fig. 5 E). JNKI inhibitor-
responsive samples were also responsive to SYK and BTK in-
hibitor treatment in a dose-dependent manner (Fig. 5 F). While
JNKI1 phosphorylation was directly associated with BCR signal-
ing, this was not the case for JNK1 transcription. Neither BCR
activation in normal B cells nor BCR inhibition in CLL cells di-
rectly affected JNKI transcript levels, and only long-term BCR
inhibition reduced JNKI transcription in CLL, implicating an
indirect BCR-mediated influence (Fig. S4).

JNK1 inhibition decreases leukemic burden and improves
immune responses in Ep-TCL1 mice

Next, we aimed to understand if JNK1 inhibitors are also effec-
tive in preventing CLL expansion in vivo. Therefore, we tested
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treatment (unpaired t test, *P < 0.05; **P < 0.01, ***P < 0.001). (C) Protein expression of p-JNK1 and total JNK1 in primary human CLL cells with or without
stromal co-culture (M2-10B4 or CD40L secreting cells) and after 4 and 8 h of SP600125 treatment (CLL#29). (D) Relative expression of p-JNK1 in CLL samples
either untreated, co-cultivated with M2-10B4 cells, or with CD40L secreting cells + SP600125 treatment compared with B-actin and normalized to the control
group (n = 4 CLLs) (unpaired t test, *P < 0.05). (E) Protein expression of p-c-JUN, c-JUN, p-BCL2, BCL2, p-MCL, and MCL1 in primary human CLL cells with or
without stromal co-culture (M2-10B4 or CD40L secreting cells) and after 8 h of SP600125 treatment (CLL#29). (F) Relative expression of p-MCL1, p-BCL2 and
p-cJUN in CLL samples (n = 4) with or without stromal co-culture (M2-10B4 or CD40L secreting cells) and after 8 h of SP600125 treatment compared with
B-actin and normalized to the control group. Statistical significance was calculated via a two-tailed unpaired t test (*P < 0.05; **P < 0.01, ***P < 0.001). Source

data are available for this figure: SourceData F4.

the efficacy of the JNKI1 inhibitor SP600125 in the Eu-TCLI-tg
mouse model, which simulates an aggressive form of human
CLL. Furthermore, Eu-TCL1 mice have an intact immune system.
Mice develop a murine CLL-like disease with expansion of CD5/
CD19 double positive lymphocytes in PB, BM, and spleen within
1 year after birth and evolve progressive anemia and thrombo-
cytopenia. First, we used 20 TCLl-tg mice with increased
CLL-like cells (>15,000/pl) in the PB and started individual
treatments in pairs with either vehicle control or SP600125 for 3
wk and followed their individual white blood cell counts (WBC)
and quantity of CLL-like cells in the PB. JNK1 inhibitor treatment
reduced WBC counts and CLL cells in the PB of the individual
mice, while WBC counts and CLL cells increased or stayed stable
in the control group (Fig. 6, A and B). As disease onset and
disease activity differ strongly between individual Ep-TCLI-tg
mice, we then aimed to use a more homogeneous system for our
treatment experiments and pooled malignant CLL-like cells from
spleens of three diseased mice and transplanted them into 20
irradiated C57BL/6] recipients. JNK1 inhibitor treatment or ve-
hicle treatment (n = 10 from each group) of syngeneic trans-
planted TCL1 mice started after mice had developed a CLL-like
disease with >40% CLL cells in the PB. Treatment continued for 3
wk, and no changes in mouse weight were seen. JNK1 inhibition
strongly reduced WBC counts and CD5/CD19 double-positive
CLL cells in the PB compared with controls and prevented
anemia and thrombocytopenia (Fig. 6 C). Furthermore,
SP600125 treatment blocked the expansion of CLL-like cells in
the spleen and normalized spleen and liver weights (Fig. 6, D-F),
indicating strong effects of JNK1 inhibition on CLL development
in TCLI mice.

To validate the on-target effect in vivo, we isolated residual
CLL-like cells from spleens of mice treated 3 wk with vehicle or
JNKI1 inhibitor. In JNK1 inhibitor-treated mice, the CLL-like cells
showed strong dephosphorylation of JNK1, BCL2, c-JUN, and
MCLI, and also total protein levels for c-JUN and MCL1 were
strongly reduced (Fig. 6, G and H). CLL cells induce an immu-
nosuppressive environment and suppress T cell functionality.
As previous studies have shown that JNKI1 is involved in T cell
differentiation, we also investigated the effect of JNK1 inhibition
on the T cell compartment in TCL1-tg mice. While total CD4* and
CD8* T-cells were not significantly affected (Fig. 6 I), we found a
strong reduction in the absolute numbers of immunosuppres-
sive regulatory T cells (Tregs) (CD4*CD25*FOXP3*) (1.38 x 10 in
vehicle-treated mice to 0.56 x 10° in JNKI1 inhibitor-treated
mice) (Fig. 6 J). Furthermore, JNK1 inhibition significantly en-
hanced the cytotoxic function of CD4* effector T cells, which are
involved in the degranulation process (Fig. 6 K), thus implicating
the effects of JNK1 also on T cell functions in CLL. In contrast to
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CLL-like cells, normal B cell numbers in spleens of healthy mice
were not altered after treatment with SP600125, which indicates
the selectivity of JNK1 as a target for CLL cells compared with the
majority of B cells.

JNK1 inhibition blocks ibrutinib-refractory CLL in vitro and

in vivo

Human CLL is more complex and more heterogeneous than
TCLI driven CLL in mice. Therefore we developed a patient-
derived xenograft model for CLL, where we can engraft all
subtypes of CLL, and proved its functionality for treatment
studies with BCR inhibitors (Decker et al., 2019). To prove
the efficacy of JNK1 inhibitors in primary CLL xenografts, we
injected CLL cells from two unmutated and one mutated CLL
patient into eight NOG (NOD/Shi-scid/IL-2R-gamman“!!)
mice per patient. Treatment started 1 wk after engraftment
for a total of 2 wk. Spleen weight and quantity of human CLL
cell numbers in the spleen and PB were assessed. Interest-
ingly, in all three models, we found a reduction in spleen
infiltration, including reduced spleen weight and reduced
quantity of human CLL cells in the spleen and the PB (Fig. 7,
A-C). JNK1 inhibitors were more effective in IGHV un-
mutated CLL samples (#27, #11), which also showed a
stronger engraftment, but was also present in the IGHV
mutated (#21) CLL xenograft model.

In our previous experiments, we found JNK1 to be down-
stream of the BCR signaling pathway. We therefore hypothe-
sized that JNKI inhibitors would be functional in BTK
inhibitor-resistant CLLs with upstream mutations within the
BCR pathway. Therefore, we treated three BTK inhibitor-
resistant CLLs (two ibrutinib refractory, one tirabrutinib + SYK-
inhibitor entospletinib refractory) with mutations in BTK or
PLCy2 with the JNKI kinase inhibitor SP600125 and the sub-
strate binding inhibitor JNKi. All BTK/SYK inhibitor-resistant
CLLs responded to the JNK1 inhibitor treatment, indicating re-
sponsiveness to JNKI inhibitors even in BTK inhibitor-resistant
CLLs (Fig. 7, D and E). Next, we used CLL cells from patient #56
with BTK and SYK inhibitor resistance in our CLL xenograft
model and engrafted a total of 12 NOG mice. Treatment with the
JNK1 inhibitor SP600125 (100 mg/kg) was started after 1 wk of
engraftment and was applied for 2 wk. JNKI inhibitor treatment
strongly reduced the amount of human CD45* cells (Fig. 7 F) and
CLL cells (Fig. 7 G) in the PB and spleens of the xenografted mice
(Fig. 7, G-J) and efficiently inhibited spleen and liver enlarge-
ment (Fig. 7, K and L). THC staining for human CD79a, which
marks human CLL cells in the spleens of the xenografted mice,
showed a strong reduction of human CLL cells upon SP600125
treatment (Fig. 7 J). Our data indicate the activity of JNKI1
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after 24 h of siRNA-mediated SYK knockdown (CLL#33 and #30). (D) Knockdown efficiency of SYK (24 h), relative protein expression of p-JNK1 compared with
total-JNK1 (24 h), and reduction of CLL cell viability after SYK knockdown compared to control (48 h) (n = 4 different CLLs). (E) Relative BTK phosphorylation
compared with relative JNK1 phosphorylation in CLL (n = 19) (raw data in Fig. S, statistical analysis via Pearson correlation coefficient). (F) BCR inhibitors
against BTK (ibrutinib) and SYK (entospletinib) were compared with the JNK1 inhibitor SP600125 in their ability to reduce viability of three CLL patient samples

in vitro. Source data are available for this figure: SourceData F5.

inhibitors even in BTK/SYK inhibitor-resistant CLLs in vitro
and in vivo.

Discussion

Despite remarkable treatment options and a growing number of
patients in long-term remission, CLL remains a largely incurable
malignancy. Current therapeutic options with BTK and BCL2
inhibitors accompanied by CD20 antibodies have high treatment
potential, but relapses or drug intolerance occur and patients
require alternative treatment options. In contrast to most other
malignancies, the disease drivers for CLL are not oncogenic
mutations or loss of tumor suppressors, but rather the chronic
activation of the BCR pathway and protective signals coming
from the microenvironment. Kinase targets involved in these
processes are often hyperphosphorylated and overexpressed
rather than mutated.

In our study, we found the serine-threonine kinase JNKI to
be widely overexpressed and additionally hyperphosphorylated
in CLL (Fig. 1) compared with normal B cells and reactive lymph
nodes. The other JNK kinases JNK2 and JNK3 were not increased
or systematically altered in CLL, implicating a specific role for
JNK1 in this disease. Interestingly, hyperphosphorylation but
also the response to JNK1 inhibitors were more prominent in
IGHV unmutated CLLs, the subgroup of CLL with a dismal
prognosis and an increased BCR pathway activity. The same
response pattern of improved response to IGHV unmutated
samples has been previously shown for BTK and SYK inhibitors
(Buchner et al., 2009), driving the hypothesis that JNK1 is con-
nected with those kinases and might be involved in BCR sig-
naling. Indeed, BTK phosphorylation levels, as a surrogate for
BCR activity, are positively correlated with JNK1 phosphoryla-
tion. Furthermore, BCR pathway inhibition upstream of JNK1 by
BTK, SYK, or PI3K inhibitors or SYK knockdown all reduced
JNK1 phosphorylation, implicating JNK1 downstream of the
other BCR kinases within the BCR signaling pathway (Fig. 5).
Previous publications in anti-IgM activated normal B cells also
located JNK1 downstream of SYK, BTK, and PLCy2, and identi-
fied BCR-mediated calcium signaling as well as PKC phosphor-
ylation to be required for JNK1 phosphorylation (Inabe et al.,
2002; Jiang et al., 1998). Interestingly, anti-IgM stimulation of
CLL cells did not further increase JNK1 phosphorylation in the
majority of samples, which implicate that the hyperactive BCR
in CLLs already extended the BCR-induced JNK1 phosphoryla-
tion level to a maximum (Petlickovski et al., 2005).

While JNK1 phosphorylation is directly connected to the BCR,
this is less clear for JNKI transcription. Baseline transcript levels
for JNK1 are increased in CLL compared with normal B cells
(Fig. 1, A and B). While short-term BCR inhibition has no in-
fluence on JNKI transcription, long-term BCR inhibition reduces
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JNK1 transcript levels, which implicates that an indirect effector
regulated by the tonic active BCR receptor regulates JNKI1 tran-
script levels in CLL.

The tumor microenvironment (TME) is another important
factor supporting CLL survival and proliferation and consists of
nurse-like cells, mesenchymal stem cells (MSCs), fibroblasts,
T cells, and other local cells within lymph nodes and BM. The
TME directly induces activation of BCR signaling, resulting in
the proliferation of CLL cells in the lymph node, whereas cir-
culating CLL cells isolated from blood tend to be resting and in a
quiescent state (Herishanu et al., 2011). CLL cells and TME in-
teract via direct cell-cell contact or via secreted cytokines and
growth factors. Major pathways directing the interaction of CLL
cells with nurse-like cells and MSCs are the CXCL12/CXCR4
signaling axis, and T cells interact via the CD40/CD40L axis. BTK
and SYK are downstream of both pathways and BTK inhibition
causes mobilization of CLL cells out of lymph nodes and at a later
time point also out of the BM causing a so-called leukocyte flair
in the initial therapeutic phase. Interestingly, the co-culture
of CLL cells with CXCL12-producing M2-10B4 cells or CD40-
ligand-producing cells induced a strong JNK1 phosphorylation
in CLL cells and a simultaneous upregulation and phosphoryla-
tion of antiapoptotic genes like BCL2 and MCLI. JNKI inhibition
in this co-culture context normalized BCL2 and MCLI phos-
phorylation, indicating that it is similarly effective as ibrutinib
in blocking stroma protective effects. In IGHV-mutated CLLs,
the inhibition of TME protective effects might be even more
important than the inhibition of BCR signaling (Fig. 4 B and
Fig. 7 A). In contrast to ibrutinib treatment, we did not observe a
leukocyte flair in our different in vivo models (no enhanced CLL
cells in PB after treatment initiation), which might be due to the
short treatment period or caused by the strong direct proa-
poptotic effect of the JNK1 inhibitors.

Previous publications indicated that JNK1 phosphorylation
might even have a proapoptotic function in CLL in the context
of arsenic trioxide or oxazepine-based anticancer agents
(Redondo-Mufioz et al., 2010; Vanni et al., 2021). Our findings
that hyperphosphorylation of JNK1 in CLL compared with nor-
mal B cells is common, that the protective microenvironment
further induces hyperphosphorylation of JNKI, as well as the
clear effects of JNKI inhibitors or JNK1 kd on apoptosis induction
in the majority of CLLs clearly support an opposite role as an
important antiapoptotic kinase. As shown in previous pub-
lications, JNK1 mediates the phosphorylation of Bcl2 at residues
T69, T70, and T87, which mediate the interaction of Bcl2 with
Beclinl and regulates prosurvival processes like autophagy (Wei
et al,, 2008a). In addition, long-term activation of JNK1 and in-
creasing Bcl2 phosphorylation induce dissociation of Bcl2
and Bax, which causes cleavage of Caspase 3 and induces
classical apoptosis (Wei et al., 2008b). The balance of Bcl2
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(A) HuCLL cells (CD45*CD5*CD19*) in the PB of mice (n = 6 per CLL) xenografted with three different CLLs and treated with vehicle control or SP600125 for
2 wk (pts #34, 60, and 8, unpaired t test, *P < 0.05; **P < 0.01). (B and C) HuCLL cells in the spleen (B) and (C) spleen weight in the same experiment after 2 wk
of JNK1 inhibitor treatment of xenografted mice (unpaired t test, *P < 0.05; **P < 0.01). (D and E) Treatment of three BTK-inhibitor refractory CLLs with
different concentrations of JNK1 inhibitors (CLL#56, #62, #63, unpaired t test, *P < 0.05; **P < 0.01). (F) Engraftment of a BTK- + SYK-inhibitor refractory CLL
(#56): Human CD45* cell engraftment in the spleen of an SP600125-treated mouse (blue) compared with a vehicle-treated mouse (red). (G) Flow cytometry
plots showing the percentage of CLL cells in the spleen after 14 d of SP600125 treatment (vehicle:16.8%; SP600125: 7.21%). (H and 1) Absolute number of
CLL cells in the blood (H) and (1) in the spleen of xenografted NOG mice after 14 days of the vehicle or SP600125 treatment (n = 6 per group, unpaired t test,
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*P < 0.05; **P < 0.01). (J) IHC staining for human CD79a in the spleens of CLL xenograft mice after 2 wk of SP600125 treatment (scale bar: 20 um). (K and L)
Spleen and liver weights of CLL-transplanted NOG mice after 14 d of SP600125 treatment (n = 6 per group). Statistical significance was calculated via two-

tailed unpaired t test (*P < 0.05; **P < 0.01).

phosphorylation regarding signal strength (phosphorylation
level) and latency of phosphorylation is highly delicate
and long-term phosphorylation driven by JNK1 hyper-
phosphorylation might strongly alter its normal function bal-
ancing autophagy and apoptosis in CLL cells. Additional
publications reported that the protein stability of Bcl2 is also
regulated via JNKI1 phosphorylation, and that treatment of
breast cancer cells with JNK1 inhibitors causes the destabili-
zation of prosurvival complexes driving early microtubule in-
activation to induce apoptosis (Kelkel et al., 2012).

In addition to Bcl2, JNK1 also phosphorylates several residues on
Mcll, and short-term activation of JNK1 causes Mcll phosphoryla-
tion, polyubiquitinylation, and degradation. On the other hand,
tonic T cell receptor signaling as being similar to tonic BCR signaling
in CLL induces the TAKI-JNK pathway causing long-term Mcll
phosphorylation and induces Mcll stabilization. In this situation,
JNK1 dephosphorylation causes destabilization of Mcll and protein
degradation, driving apoptosis (Hirata et al., 2013).

CLL patients suffer from severe immunosuppression with
reduced activity of B and T cells against infectious diseases and
have a higher rate of secondary malignancies. This immuno-
suppressive environment includes reduced immunoglobulin
levels, reduced B and T cell activity, and an increased amount of
FOXP3* Tregs, which are known to broadly suppress the im-
mune system. Current CLL therapies even further reduce the
ability of the immune system to react to infectious complica-
tions. CD20 antibodies like rituximab/obinutuzumab diminish
also normal B cells and further reduce immunoglobulin levels.
The BCL2 inhibitor venetoclax reduces all cell types including
myeloid and lymphoid cells and causes severe immunosup-
pression. At least within the Ep-TCL1 mouse model, we found
that JNK1 inhibitors might be able to improve T cell functionality
and enhance the cytotoxic effect of CD4* T cells while reducing
the number of immunosuppressive Tregs. Furthermore,
thrombocytes and RBCs even increased in JNKI inhibitor-
treated TCL1 mice, but further studies in humans are needed
to verify those results in a broader context.

BTK-targeting agents like ibrutinib, acalabrutinib, or zanu-
brutinib or SYK inhibitors like entospletinib are the most
common BCR inhibitors used in the clinic (Burger et al., 2015).
Longterm outcomes are mainly available for ibrutinib, and here
the presence of primary or acquired resistance is common
(20-30%) and often leads to dismal clinical outcomes and even to
amore aggressive disease after cessation of the inhibitor (George
et al., 2020; Valla et al., 2018). Several studies have identified
resistance mechanisms to ibrutinib in CLL (Furman et al., 2014;
Woyach et al., 2014). About 80% of the patients develop acquired
resistance due to clonal expansion of CLL cells carrying muta-
tions within BTK (BTK C481S) or activating/gain of function
mutations in PLCy2 (Furman et al., 2014; Woyach et al., 2014;
Lampson and Brown, 2018; Ahn et al., 2017). Other genetic re-
sistance mechanisms causing reduced drug sensitivity include
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mutations in p53, CARDII, SF3BI, dell7p, or del 8p (Amin et al.,
2017; Kanagal-Shamanna et al., 2019; Burger et al., 2016) or
changes in the TME, and efforts need to be made to overcome
these processes. Interestingly JNKI inhibition was effective
in vitro and in vivo in inducing apoptosis in three CLL patient
samples with acquired ibrutinib (2x) or tirabrutinib + SYK in-
hibitor resistance, which indicates that JNK1 inhibitors can
overcome BTK inhibitor resistance. The JNKI1 inhibitor CC-
90001, which is based on the inhibitor CC-930 is already in
clinical development and has passed a phase I/1I trial in patients
with pulmonary fibrosis (Nagy et al., 2021; Popmihajlov et al.,
2022; Ye et al., 2022). Similar to what is seen for all BCR in-
hibitors, side effects included increased infection rates like
respiratory tract infections (21%), which might be due to an al-
tered BCR activation of normal B cells. Other cell types like er-
ythrocytes, thrombocytes, granulocytes, or T cells were not
affected within the trials, and in our mouse experiments, er-
ythrocytes and thrombocytes even recovered during JNKI in-
hibitor treatment of TCL1 mice (Fig. 6). Based on our results, we
aim to initiate a clinical trial with CC-90001 in CLL patients,
which are refractory to BTK or SYK inhibitors, and will ac-
company treatments with a special few on normal B cell function
(IgG levels, B cell functionality) and preventive measures re-
garding infections.

Taken together, our experiments identified JNK1 as a prom-
ising novel drug target in CLL downstream of the BCR, which
can overcome BTK-inhibitor resistance, block microenviron-
mental protective effects, and additionally improve immune
functions in CLL patients.

Materials and methods

CLL patient samples

This study was approved by the Institutional Review Board of
the University Medical Center Freiburg. PB samples were ob-
tained with informed consent in accordance with the declaration
of Helsinki from CLL patients who were either untreated or off
therapy for at least 6 mo. CLL samples were characterized for
IGHV mutational status, disease stage according to the Binet and
Rai criteria, and history of treatment. Furthermore, genetic
aberrations were analyzed by chromosomal analysis and FISH
analysis, and copy number changes were verified by SNP arrays
(Pfeifer et al., 2007) (patient characteristics are shown in Table
S1). CLL-PB mononuclear cells (CLL-PBMCs) were separated by
Ficoll gradient centrifugation and either used fresh or were
cryopreserved in fetal calf serum (FCS) with 10% dimethyl
sulfoxide (DMSO) until use. Cells were maintained in a DMEM
medium with 10% FCS and 1% penicillin-streptomycin. CLL-
PBMCs for RNA isolation or western blot contained >90%
CD19*/CD5* CLL cells. Cells were lysed in RLT buffer for RNA
extraction or deep-frozen for protein extraction and subsequent
immunoblotting.
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Cell lines

The murine BM stromal cell line M2-10B4 (RRID:CVCL_5794,
ATCC; CRL-1972) and the human CD40-ligand producing cell line
3T3-msCD40L (RRID:CVCL_1H10) (Liebig et al., 2009; Raptis and
Bolen, 1989) were both cultured in DMEM supplemented with
10% FCS and 1% penicillin-streptomycin.

Small molecules

The JNK1 inhibitors SP600125 (Selleckchem) and CC-930
(MedChem Express) are ATP-competitive small-molecule in-
hibitors. The JNKI inhibitor L-JNKi 1 (MedChem Express) is a
substrate-binding inhibitor. The BTK inhibitor ibrutinib, the
PI3K inhibitor idelalisib (pl108), and the SYK inhibitor en-
tospletinib (all from Selleckchem) are kinase inhibitors target-
ing upstream BCR signaling.

Apoptosis assay

CLL-PBMCs were plated onto 96-well plates at a concentration of
1 x 10° cells/well with or without support of the murine stromal
cell line M2-10B4 (RRID:CVCL 5794, CRL-1972; ATCC) or
NIH3T3/tCD40L cells (RRID:CVCL_1H10). In the case of stromal
co-culture, 5 x 10% stromal cells/well were plated in 100 pl of
medium containing DMEM with 10% FCS and 1% penicillin-
streptomycin. After 24 h, CLL-PBMCs were added and treated
with JNKI inhibitors (SP600125, CC-930, and L-JNKi), ibrutinib,
idelalisib, or entospletinib at the indicated concentrations. After
24 and 48 h of incubation at 37°C in 5% CO,, cells were stained
with CD5-V450 (Clone L17F12, Cat#644487; BD Bioscience) and
CDI19-APC antibody (SJ25C1; BD Bioscience; RRID:AB_1645728),
followed by AnnexinV/7-AAD staining (BD) according to the
manufacturer’s instructions. Cells were analyzed using the Cy-
anADP flow cytometer (Beckman Coulter). Flow cytometry data
were analyzed using the Flow]o 7.6 software (Tree Star, Flow]o,
RRID:SCR_008520) (Van Gassen et al., 2015).

siRNA-mediated knockdown

Freshly isolated PBMCs (1 x 107) were suspended in nucleo-
fection solution (Nucleofector kit V; Lonza), and siRNAs (JNKI:
S102758651, S102758644, S102758637, and SI02757209; SYK:
S100048741; Qiagen) were added at a concentration of 20 pmol/
liter. Transfection was performed using the U-013 program of
Amaxa Biosystems Nucleofector II (Amaxa Biosystems). Then,
cells were suspended in DMEM with 10% FBS and cultured for 36
h. Then half of the cells were stained with CD19-APC, CD5-V450,
AnnexinV-PE/7-AAD (BD Biosciences), and viability was analyzed
by flow cytometry as described above. Cell lysis was performed
with the other half of the transfected CLL cells and knockdown
efficiency for JNK1 as well as p-BCL2 or total BCL2 expression was
calculated by Image] software (Image], RRID:SCR_003070) (Van
Gassen et al,, 2015) relative to B-actin and compared with non-
silencing control (D-001206-14-05; Dharmacon).

Immunoblotting

Protein expression of JNK1 (2C6) (Cat#3708; Cell Signaling
Technology, RRID:AB_1904132), p-JNK1 (Cat#8206; Cell Signal-
ing Technology, RRID:AB_1658223), c-JUN (Cat#sc-74543; Santa
Cruz Biotechnology, RRID:AB_1121646), p-c-JUN (Cat#sc-822;
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Santa Cruz Biotechnology, RRID:AB_627262), BCL-2 (Cat#sc-
7382; Santa Cruz Biotechnology, RRID:AB_626736), phospho-
BCL-2 (Thr56) (Cat#2875; Cell Signaling Technology, RRID:
AB_2243462), MCL-1 (D35A5) (Cat#5453; Cell Signaling Tech-
nology, RRID:AB_10694494), phospho-MCL-1 (Thrl63) (D5M9D)
(Cat#14765; Cell Signaling Technology, RRID:AB_2716686),
SYK (D115Q) (Cat#12358; Cell Signaling Technology, RRID:
AB_2687923), phospho-SYK (Tyr352) (Cat#2701; Cell Signaling
Technology, RRID:AB_331600), BTK (D3H5) (Cat#8547; Cell
Signaling Technology, RRID:AB_10950506), and phospho-BTK
(Tyr223) (Cat#5082; Cell Signaling Technology, RRID:
AB_10561017) was detected using standardized protocols (an-
tibody list in Table S3). CLL cell lysates were prepared after
exposure to JNKI inhibitors: SP600125, CC-930, and L-JNKi;
SYK inhibitor: entospletinib; BTK inhibitor: ibrutinib or PI3K
inhibitor: idelalisib for 4, 8, or 24 h. Western Blots were ana-
lyzed using the Image] software (RRID:SCR_003070; Image])
(Schneider et al., 2012).

TaqMan real-time PCR

Total cellular RNA was extracted from primary human CLL cells
using a Qiagen RNAeasy Mini kit. cDNA was synthesized by
using oligo dT primers, Superscript II reverse transcriptase (Life
technologies), and deoxynucleotides (Fermentas) according
to the manufacturer’s instructions. Human primers (JNKI:
Hs01548508_m1l, GAPDH:Hs02758991 _gl) for TagMan PCR were
purchased from ThermoFisher. Results were quantified by AA-C;
method based on the relative expression of the target gene
versus the reference gene (GAPDH) and normalized to the me-
dian of control samples.

In vivo studies in CLL-xenografted NOG mice

All animal experiments were approved by the institutional re-
view board of the University Freiburg according to the decla-
ration of animal welfare. NOG mice (NOD.Cg-Prkdcscid
IL2rgt™13u¢/JicTac; Taconic) female mice (n = 12) were trans-
planted at 9-11 wk. Therefore, PBMCs of primary CLL samples
were isolated within 3 h of venipuncture by Ficoll density cen-
trifugation. The interlayer was collected, washed twice, counted,
and resuspended in HBSS. A total of 7-10 x 108 CLL-PBMCs were
directly transplanted in 0.4 ml of HBSS using both retrobulbar
and intraperitoneal application. SP600125 treatment started 1 wk
after transplantation and lasted 2 wk. Therefore, mice injected
with CLL cells from the different patients were divided into two
similar subgroups (vehicle control and inhibitor) according to
the amount of CLL cells in blood, blood cell counts, and weights.
SP600125 (100 mg/kg body weight [BW]) was freshly solved
using an ultrasonic bath and treatment was applied according to
weight using oral gavage. Disease development was monitored
by daily weight measurements and biweekly blood withdrawal.
After 2 wk of treatment, mice were sacrificed and spleen and BM
cells were harvested and filtered. Erythrocyte lysis was followed
by quantification of total cell counts and FACS staining for hu-
man CD5, CD19, and CD45 (all BD). Cells were analyzed with the
CyanADP flow cytometer (Beckman Coulter) and flow cyto-
metric data were analyzed with the Flow]Jo 7.6 software (Flow]o,
RRID:SCR_008520) (Van Gassen et al., 2015).
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In vivo studies in TCL1-tg mice

For the first treatment experiments (Fig. 7, A-C), Eu-TCLI1-tg mice
were selected with at least 15 Tsd/ul CD19/CD5 double-positive
CLL-like cells in the PB. Mice were matched into pairs according
to their WBC count, quantity of CLL cells, and body weight and
treated with SP600125 (100 mg/kg BW) daily by oral gavage for 3
wk. For the second treatment experiment (starting Fig. 7 D),
splenocytes from one diseased Eu-TCL1-tg mouse were stained
with anti-mouse CD5-PE (Cat# 100607; BioLegend, RRID:
AB_312737) and CD19-APC antibody (Cat# 152410; BioLegend,
RRID:AB_2629838), analyzed by flow cytometry, counted, and
resuspended in HBSS. C57BL/6-recipient mice (RRID:IMSR_JAX:
000664; Jackson Laboratory) (n = 20 females) were sublethally
irradiated with 2 x 3.5 Gy before receiving a total of 30.0 x 10°
CD5*/CD19* splenocytes by retrobulbar injection. Disease de-
velopment was monitored by weekly weight measurements,
biweekly WBC counts, and PB-staining for murine CD5*/CD19*
double-positive cells, and mice were grouped into two equal
cohorts. SP600125 or vehicle treatment for 3 wk started after
mice had >30% CD5*/CD19* cells in the PB. After 3 wk of treat-
ment, mice were sacrificed, and spleen and BM cells were har-
vested and filtered. Erythrocyte lysis was followed by analyzing
total cell counts and FACS staining for murine CD5 and CD19.
Cells were analyzed with the CyanADP flow cytometer (Beckman
Coulter), and Flow cytometric data were analyzed using Flow]Jo
(RRID:SCR_008520; Flow]Jo) (Van Gassen et al., 2015).

IHC

Spleens were fixed in 4% buffered formalin. After paraffin-
embedding, sections were deparaffinized in xylene and graded
alcohols as described before (Decker et al., 2019). H&E and chlor-
acetate esterase (NACE) staining followed standard protocols. After
specific antigen retrieval in “low pH target retrieval solution” (Dako)
for 30 min, IHC staining was performed using antibodies against
human CD79a (M7050; Dako). The EnVision FLEX System (Dako)
was used for signal visualization. Sections were counterstained with
hematoxylin (Dako) and mounted. IHC for JNK1 (PA5-141009; In-
vitrogen) and p-JNKI1 (Thrl83; Invitrogen) was performed according
to the suppliers’ instructions. The Bond Polymer Refine Detection Kit
(DS9800; Leica) was employed for visualization on a fully automated
IHC stainer (Leica Bond). For expression analysis of JNK1 and pJNK1
H, score was employed as described previously (Seliger et al., 2022).

Statistical analysis

Data are represented as the mean + standard error of the mean
(SEM). Comparisons between parameters were performed using a
two-tailed, unpaired/paired Student’s t test, or the Mann-Whitney
test. For all analyses, P < 0.05 was considered statistically significant.

Contact for reagents and resource sharing

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author Christine Dierks (christine.dierks@uk-halle.de).

Online supplemental material
Fig. S1 shows the relative viability of B cells extracted
from the PB of healthy donors and treated with different

Saleem et al.

JNK1 inhibition overcomes ibrutinib resistance

concentrations of JNK1 inhibitors or controls. Fig. S2 shows the
distribution of response groups of CLL cells treated with the
three different JNK1 inhibitors SP600125 CC-930 or the peptide
inhibitor L-JNKi. Fig. S3 shows treatment of stroma cells with
JNIK1 inhibitors. Fig. S4 shows JNK1 mRNA expression after
ibrutinib treatment. Supplementary information includes a list
of CLL patient samples including the response of individual pa-
tients to different treatments (Table S1), individual JNK1 protein
and RNA expression (Table S2), and antibody list (Table S3).

Data availability
Data are available from the corresponding author upon request
via e-mail christine.dierks@uk-halle.de.
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Figure S1. Relative viability of B cells extracted from the PB of healthy donors and treated with different concentrations of JNK1 inhibitors or
controls. Inhibitors used were CC930, SP600125, and L-JNKi at the indicated concentrations, and viability was assessed by Annexin V/7-AAD staining. Results
for each concentration were compared with the DMSO control.

Responsiveness to JNK1 inhibition
(n =43, IC50)

M responsive
M intermediate

M resistant

Figure S2. Distribution of response groups of CLL cells treated with the three different JNK1 inhibitors SP600125 CC-930 or the peptide inhibitor
L-JNKi. Sensitivity to the inhibitors was defined as IC50 below 2 uM to the kinase inhibitors and below 3 uM to the peptide inhibitor JNKIi. In the responsive
group, the CLL sample was sensitive to all three inhibitors, in the intermediate responsive group the CLL sample was sensitive to 1-2 inhibitors, and in the
resistant group, the CLL sample did not respond to any JNK1 inhibitor. IC50 values were determined after 24 h of inhibitor treatment.
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Figure S3. Treatment of stroma cells with JNIK1 inhibitors. (A-C) CellTiter-Glo assay of M2-10B4 stromal cells after 24 h of treatment with SP600125
(left), CC-930 (middle), and L-JNKi (right) inhibitors. (D-F) CellTiter-Glo assay of CD40L secreting cells after 24 h of treatment with SP600125 (left), CC-930
(middle), and L-JNKi (right) inhibitors (unpaired t test, *P < 0.05).
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Figure S4. JNK1 mRNA expression after ibrutinib treatment. (A) B cells from healthy donors were isolated and stimulated with anti-lgM antibody to induce
BCR activation for 1 h with and without ibrutinib treatment (2 uM). BCR activity was assessed via intracellular BTK phosphorylation. JNK1 mRNA levels were
detected via TagMan PCR and normalized to GAPDH (see Materials and methods section). The graph shows relative JNK1 transcript levels for three different
blood donors. (B) CLL cells (n = 5 pts) were treated with ibrutinib 2 uM for 0.5, 1, and 48 h, and relative mRNA levels for JNK1 were assessed as described above.
Controls were set to 1 for each individual patient (unpaired t test, ****P < 0.0001).

Provided online are Table S1, Table S2, and Table S3. Table S1 describes CLL patient samples including response of individual
patients to different treatments. Table S2 shows individual JNK1 protein and RNA expression. Table S3 lists antibodies.
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