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Chronic myeloid leukemia (CML) is a clonal myeloproliferative disorder, arising from a
hematopoietic stem cell (HSC) that acquires the chromosomal translocation t(9;22), resulting
in the BCR-ABL oncoprotein. While BCR-ABL-targeting tyrosine kinase inhibitors (TKIs)
eliminate the majority of CML-cells, the most primitive disease-initiating leukemic stem cells
(LSCs) are frequently spared. CML development is accompanied by increasing levels of
inflammatory cytokines, such as IL-1a, IL-1B, IL-6, or TNF. Correspondingly, LSCs are
characterized by a TKI-persisting, inflammatory cytokine-response pattern that was observed
even during prolonged therapy.* Our preliminary work confirmed that TNF-signaling is active
in murine CML stem cells and TNF-targeted antibody treatment enhanced therapeutic
efficiency of TKl-treatment.? Moreover IKK-dependent activation of NF-kB has been shown to
contribute to BCR-ABL-induced myeloid and lymphoid leukemogenesis.*>* In CML stem and
progenitor cells, an autocrine TNF-loop and NF-kB signaling were found to persist during
TKI-treatment in vitro.> NF-kB serves as a central inflammatory hub as several cytokines
induce IKK-dependent phosphorylation at serine 32/36 and subsequent degradation of I[1Ba,
which releases the NF-I1B complex, allowing its activation by phosphorylation at serine 536
and transport to the nucleus.® Thereby, NF-0IB induces transcription of target genes such as
several cytokines or the NF-[JB signaling molecules themselves.” Here we confirmed TKI-
persistent TNF-induced NF-[1B signaling in CML mice and human cells. As TNF can induce
pro-proliferative signaling via NF-_B but also pro-apoptotic cascades via RIPK1 induced
CASP8 activation, we here aimed to specifically inhibit the pro-proliferative activity by
targeting IKK2. Therefore, we performed pharmacologic IKK2-inhibition, using the small
molecule IKK2-inhibitor LY2409881 (LY), previously observed as well tolerable in pre-clinical
application. ® Combined BCR-ABL/IKK2-targeting blocked malignant NF-kB signaling and
enhanced apoptosis in TKI-sensitive but also -resistant cells. In vivo, NF-kB-mediated TNF-
activity was elevated despite nilotinib (NIL) treatment. IKK2-targeting severely reduced LSCs,
which was further reflected by preventing disease onset upon secondary transplantation. As
TNF-induced NF-kB-signaling was evident in chronic phase (CP) but likewise blast crisis
(BC)-CML, IKK2-targeting affected the clonogenic potential in both disease stages. Finally, in
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CP-CML CD34" cells, combined BCR-ABL/IKK2-inhibition significantly induced apoptosis,
also in quiescent LSCs showing that this approach enables the eradication of the TKI-
persisting malignant stem cell population in CML.

Aiming to get insight into the role of malignant TNF-signaling in CML, we started to compare
BCR-ABL-positive vs —negative cell lines. We observed significant upregulation of TNF-
signaling in 32D BCR-ABL vs. empty vector control cells, as represented by increased
expression of relevant TNF-targets in BCR-ABL positive cells (IMba, fold change (fc): 1.9;
Nf-Cb, fc: 2.2, A20, fc: 6.5, Online Supplementary Figure S1A). To mimic the malignant
inflammatory niche, TNF was subsequently added to both cell types at a physiological
concentration and this still resulted in increased TNF-target gene expression in BCR-ABL vs.
control cells (I”ba, fc: 1.7; Nf-Ob, fc: 3, A20, fc: 3.4). Notably, this upregulation of TNF-
signaling persisted in the presence of NIL (Online Supplementary Figure S1A). TKI-
persistent NF-"B activation was likewise evident in vivo, as shown by bone marrow (BM)
immunohistochemical p65-staining of Scl-tTa-BCR-ABL or Scl-tTa control mice (Figure 1A).
Although NIL slightly reduced p65 protein expression, reversion to healthy control levels was
not achieved.

Next, we studied the effects, induced by pharmacologic inhibition of the IT1B-kinase-subunit,
IKK2 using LY. The small molecule inhibitor prevents IKK2-phosphorylation and subsequent
degradation of 17Ba, which thus remains bound to the NF-CJB complex to block its
phosphorylation. This prevents nuclear translocation of NF-[1B and thereby expression of
target genes. Analysis of A20-expression in human KCL22 CML-cells suggested a NIL-
induced upregulation (Figure 1B, fc: 3.37), that was reduced by LY-treatment (A20, fc: 2.02).
We observed similar effects when adding imatinib (IM) or dasatinib (DAS, Online
Supplementary Figure S1B). We studied signaling activity via western blot analyses in KCL-
22 cells (Figure 1C). As expected, phosphorylation of NF-L1B subunit p65 was not reduced
by NIL-treatment alone. Moreover, pl—Ba at serine 32/36 was significantly inhibited by LY
single-treatment (fc: 0.27) and this was still achieved in the presence of NIL (fc: 0.17), as
shown by significant downregulation as compared to the corresponding DMSO control or
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NIL-single treatment, in the presence of TNF. This further resulted in reduced
phosphorylation of p65 at serine 536 in the presence of LY (fc: 0.42) or both drugs (fc: 0.29),
as compared to the corresponding DMSO control.

AnnexinV-staining of treated KCL-22 cells showed the advantage of IT1B-kinase inhibition as
this induced a significant increase in apoptosis by IKK2-inhibition alone (fc: 2.4) that further
enhanced NIL-induced cell death by 1.4-fold (Figure 1D). The therapeutic effect of IKK2-
inhibition was also evaluated in the context of other clinically relevant TKls. For all TKls
tested, we observed increased apoptosis levels upon combined treatment (DAS fc: 1.3, BOS
fc: 1.4, PON fc: 1.3) (Figure 1D). We next treated isolated lin° bone marrow (BM) cells from
Scl-tTa-BCR-ABL or Scl-tTa control mice (Figure 1E), showing that control cells remained
largely unaffected whereas apoptosis was induced upon LY-monotherapy (fc: 2.2) in murine
primary CML cells. Moreover, combined LY- and NIL-treatment enhanced NIL-induced
apoptosis by 2.1-fold.

In order to study the role of TNF-signaling in BCR-ABL-kinase-mutated TKI-resistance, we
utilized the KCL-22"%"?"- 9 and KCL-22""'-cell lines '°. In KCL-22¥%"*" cells, LY-therapy
induced apoptosis, while NIL alone had no effect (Figure 1F). As DAS, bosutinib (BOS), and
ponatinib (PON) could bypass the P-loop mutation, these TKls indeed induced KCL-22"%"2"
cell death that was further elevated with IKK2-inhibition, as reflected by a further rise in
AnnexinV-positivity (DAS fc: 1.4, BOS fc: 1.3, PON fc: 1.5). In KCL-22""'cells, effects were
very modest with LY-application only slightly inducing apoptosis and this was unaffected by
TKI-treatment (Online Supplementary Figure S1C).

To investigate whether IKK2-targeting could affect TKI-persistent LSCs, we implemented the
Scl-tTa-BCR-ABL mouse model (Figure 2A). As expected, splenomegaly and white blood
cell count (WBC) were normalized by NIL-treatment (Online Supplementary Figure S2A+B).
Comprehensive immunophenotyping revealed a predominant expansion of malignant B-cells
(B220"°") that did respond to BCR-ABL-inhibition (Online Supplementary Figure S2C+D).
Moreover, we confirmed our previous findings on reduced BM-derived long-term (LT)-HSCs
(Lin", Scal*, c-kit", CD48°", CD150") upon disease development (Figure 2B).* In line with
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the concept that TKI-treatment selects for primitive LSCs, we observed increased LT-HSCs
in NIL- or NIL/LY-treated mice. Interestingly, LY-monotherapy decreased LT-HSCs by 2.3-
fold. While Tnf-expression was decreased upon treatment in BM, NIL-monotherapy, as well
as combined NIL/LY-therapy apparently increased Tnf-transcript levels in the spleen (Figure
2C). As TNF acts both, autocrine and paracrine, this likely resulted in elevated A20-
expression in both organs (Figure 2C). In light of this, A20 is not only described to be
increased in response to TNF, but also known to protect cells from TNF—induced apoptosis.*?
Treatment efficacy was further shown by a reduction of BCR-ABL-expression, with the
strongest reduction upon combined BCR-ABL- and IKK2-inhibtion (Figure 2D). We assessed
the malignant stem cell potential via serial transplantation of BM-cells into irradiated wt-
recipients (Figure 2A). In line with our finding that BM-derived LT-HSCs are spared by TKI-
or TKI+LY-treatment, secondary recipients showed disease recurrence, accompanied by
slightly increased spleen weights (Online Supplementary Figure S2E), as well as elevated
BCR-ABL-transcript levels (Figure 2E). Interestingly, LY-monotherapy prevented spleen
expansion and severely impaired re-expansion of malignant cells as shown by only residual
BCR-ABL-transcript levels, in secondary recipients.

To determine whether TNF-signaling is specifically active in LSCs, we reanalyzed microarray
data (GSE40721) revealing upregulation of TNF-signaling via NF-kB in CD34°CD38-stem-
versus CD34°CD38"-progenitor cells (Figure 3A). We proceeded to evaluate the clonogenic
potential in CML CD34"-cells upon treatment and this was strongly reduced by both single
treatments, as compared to DMSO control (LY: 12.1-fold, NIL: 3.8-fold) and almost
completely abrogated upon combined IKK2 and BCR-ABL-targeting (77.5-fold, Figure 3B).
To assess the effect on most primitive cells, replaiting was performed without any further
treatment and this showed that previous NIL-treatment had spared malignant stem cells
while LY-treated cells were severely impaired in the ability to form colonies (Figure 3C),
suggesting that LY-monotherapy targets the most primitive malignant stem cells. In healthy-
donor-derived CD34"-cells, IKK2-inhibition showed an effect in 2 out of 6 samples (Online
Supplementary Figure S3A). As these cells were partially provided by osteoarthritis patients,
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we assume that IKK2-inhibition could affect these samples, as pro-inflammatory cytokines
could be likewise involved.” In order to dissect if IKK2-targeting induces apoptosis in the
most primitive CML-cells we performed AnnexinV-staining in CD34"/CFSEM** quiescent
LSCs. Indeed, in vitro apoptosis was significantly increased by IKK2-inhibition alone (fc: 7.4)
or in combination with NIL (fc: 8.5, Figure 3D), suggesting that LY-treatment exerts its anti-
leukemic effects observed upon secondary transplantation at least partially by induction of
apoptosis within the LSC-compartment.

As further LSC-persistence-mediating cytokines activate the NF-kB pathway, we next tested
the treatment-effect in the presence of physiological IL-1a or IL-1B levels (Online
Supplementary Figure S3B). Again, colony formation was significantly reduced by inhibition
of IKK2 alone (IL-1a: 1.5-fold, IL-1: 1.7-fold) as well as by combined IKK2- and BCR-ABL-
targeting (IL-1a: 3.4-fold, IL-1B: 5.2-fold), suggesting that IKK2-targeting could exerts its
effects by inhibiting, not only TNF-mediated NF-7B activation but also due to targeting
further pro-leukemic inflammatory signaling.

In the context of progressed disease, IKK2 was described as a resistance-associated gene.™
In line with this, TNF-signaling increased in BM CD34"-cells upon CML-progression (Figure
3E). Therefore, we studied IKK2-targeting also in primary BC-CML samples, showing that
impaired colony formation was evident upon LY-exposure in all patient samples tested (CML-
BC #1:10.9-fold; #2:7.4-fold; #3:13.9-fold, Figure 3F, Online Supplementary Figure S3C).
Again, in combination this was further reduced by NIL (CML-BC #1:21.4-fold; #2:42-fold;
#3:93.7-fold).

In conclusion, our results underline the potential of NF-kB-targeting via IKK2-inhibition, to
eliminate LSCs, having the potential to re-expand upon TKI-discontinuation, which remain
largely spared by NIL treatment. In vivo treatment revealed the complexity. While NIL alone
and in combination was able to reduce leukemic cells, the LSCs persisted and reinitiated the
disease upon secondary transplant. Treatment with NIL expanded CD3" T-cells, which was
still observed when combined with LY but not in LY-monotherapy treated mice (Online
Supplementary Figure S2C). As T-cells in CML display a TNF-dominated cytokine secretion
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profile **, we assume this could be a source of enhanced splenic Tnf-expression, probably

exerting paracrine effects on the BM, thereby potentially protecting BM-residing LSCs.

List of abbreviations

BC: Blast crisis; BM: bone marrow; BOS: Bosutinib; CFU: Colony forming unit; CML: Chronic
myeloid leukemia; CP: Chronic phase; DAS: Dasatinib; dtg: Double transgenic
(SCLITA/BCR-ABL); FBS: fetal bovine serum; GSEA: gene set enrichment analysis; h:
human; HSC: Hematopoietic stem cell; LSC: leukemic stem cell; LSK: Lin-, Scal+, ckit+; LT-
HSC: Long-term hematopoietic stem cell (lin-, scal+, ckit+, CD48low, CD150+); LY:
Ly2409881; m: murine; MNC: Mononucleated cell; NIL: Nilotinib; PB: peripheral blood; PON:

Ponatinib; stg: Single transgenic (SCLtTA); TKI: Tyrosine kinase inhibitor; wt: wild type
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Figure Legends

Figure 1: Targeting TKIl-persistent TNF-signaling by pharmacological IKK2-inhibition.
A Elevated and TKI-persisting NF-kB-activation in CML mice is shown by a representative
immunohistochemical bone marrow (BM) staining of NF-kB p65 (brown) and hematoxylin
(blue) in BM sections from mice, which were either transplanted with Scl-tTa-BCR-ABL or
Scl-tTa control BM and subsequently treated using nilotinib (NIL) or vehicle control for three
weeks. White scale bar represents 50um B CML KCL-22 cells were treated using LY (10uM),
NIL (50nM), or LY + NIL, in the presence of 1ng/ml TNF for 16 h. Expression of A20 was
analyzed via gRT-PCR and is expressed as % of GAPDH. Shown are mean values of n=3,
normalized to DMSO control. C Western blot analysis of KCL-22 cells using the indicated
antibodies, pretreated with 1ng/ml TNF for 1h and subsequently treated using NIL (50nM)
and/or LY (5uM) for again 1 h. Shown is one representative of n=3 (left panel).
Phosphorylation was quantified using densitometry (n=3, right panel). Shown are means +
SEM. D Flow cytometry analysis of AnnexinV-positive KCL-22 cells in the presence of 1ng/ml
TNF after 48h of treatment using LY (5uM), NIL (50nM), LY + NIL, DAS (10nM), LY + DAS,
BOS (5nM), LY + BOS, PON (5nM), LY + PON. E AnnexinV flow cytometry analysis of BM
lin" MACS-isolated cells from Scl-tTa or Scl-tTa-BCR-ABL mice that were induced to express
BCR-ABL for 10 days prior to BM-isolation. In vitro treatment was performed using LY
(10uM), NIL (50nM), LY + NIL or DMSO control in the presence of 1ng/ml TNF for 16h (n=3).

2Y2"2H cells after 48h of treatment

F Flow cytometry analysis of AnnexinV-positive KCL-2
using LY (5uM), NIL (50 M), LY + NIL, DAS (10nM), LY + DAS, BOS (5nM), LY + BOS, PON
(5nM), LY + PON in the presence of TNF (1ng/ml; n=3). Significances were calculated using

one or two-way ANOVA; Mean + SD; *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001

Figure 2: IKK2-inhibition reduces LT-HSCs and inhibits disease reinitiation in vivo.
A Schematic overview of the experimental setup. 2x10° BM cells of either FVB/N Scl-tTa or
Scl-tTa-BCR-ABL mice were transplanted into irradiated wt FVB/N recipients. Expression of

BCR-ABL was induced one week after transplantation and treatment was started at two
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weeks after transplant and continued for three weeks. During that time, LY was administered
via intraperitoneal injection, three times per week (50mg/kg body weight, dissolved in 5%
dextrose) and/or NIL-treatment was performed via oral gavage, daily (50mg/kg body weight,
dissolved in 10% N-Methyl-2-pyrrolidon and 90% polyethylene glycol) and/or the
corresponding vehicle control for 3 weeks daily. Following treatment groups were evaluated:
Scl-tTa (vehicle, designated as control) or Scl-tTa-BCR-ABL (vehicle, LY, NIL, and LY+NIL).
After sacrifice, 2x10° BM-cells of treated animals were transplanted into secondary irradiated
recipients. These mice were sacrificed for analyses 6 weeks after transplantation. B BM
derived LT-HSCs (lin",Scal”,ckit',CD48"°",CD150") of treated recipients, shown as % of living
cells. C gRT-PCR analyses of Tnf and A20 mRNA-expression in BM and spleen of treated
primary recipients is shown relative to Gapdh [%]. D BCR-ABL mRNA-expression in BM of
primary and secondary (E) recipients. Significances were calculated using one or two-way

ANOVA; Mean + SD; *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001

Figure 3: Targeting elevated NF-kB signaling substantially reduces CP- and BC-CML
stem cells.

A GSEA (Gene Set Enrichment Analysis) of published expression data set GSE40721
comparing CML-CD34";CD38" progenitor- vs. CML-CD34";CD38 stem-cells for the
‘HALLMARK_TNFA_ SIGNALING_VIA NFKB’ gene set. B CFU-assays using primary patient
derived CD34" BM-cells after being treated for 72h using LY (10uM), NIL (50nM), LY+NIL or
DMSO control, in the presence of TNF (1ng/ml). C CFU-counts upon serial-plating using
cells obtained in (B), without any further treatment. D Analysis of apoptotic and
CFSEM*/AnnexinV CD34* CML-CP patient derived BM-cells after being treated for 72h using
LY (10uM), NIL (50nM), LY+NIL, or DMSO control, in the presence of TNF (1ng/ml). Shown
is one out of three representative results. E GSEA of published expression data set
GSE47927 comparing CML-CP HSCs vs. CML-BC HSCs analyzed for the
‘HALLMARK_TNFA_SIGNALING_VIA NFKB'-gene set. F CFU-assays of BC-CML-derived
mononucleated (MNC) bone marrow cells being treated for 72h using LY (10pM), NIL
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(50nM), LY+NIL, or DMSO control in the presence of TNF (1ng/ml). Significances were
calculated using one or two-way ANOVA; Mean = SD; *p<0.05, **p<0.01, ***p<0.001,

*n<0,0001
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Supplemental Figure S1

S1A Expression of IkBa, NF-kB, and A20-mRNA in BCR-ABL-negative control- and BCR-ABL-positive murine myeloid
progenitor 32Dcl3 cells is shown as % of Gapdh. Cells were treated using 0.05 ng/ml TNF and/or 50 nM NIL for 30 min.
One representative of n=3 is shown. S1B Human CML KCL-22 cells were treated using LY (10 uM), IM (1 uM), DAS
(10 nM) or LY+IM, and LY+DAS, in the presence of 1 ng/ml TNF for 16h. Expression of NF-«kB-target gene A20 was
analyzed via qRT-PCR. Shown are mean values of n=3, normalized to DMSO control. S1C Flow cytometry analyses of
AnnexinV-positive KCL-22T315 cells upon 48h of treatment using LY (5 uM), IM (1 uM), LY+IM, DAS (10 nM), LY+DAS,
BOS (5 nM), LY+BOS, PON (5nM), LY+PON in the presence of TNF (1 ng/ml; n=3). Mean + SD, significances were
calculated using one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Supplemental Figure S2

S1A Spleen weight [g] upon final analysis of primary recipients, that were treated using the indicated drugs. S1B White
blood cell count (WBC) upon final analysis. S1C FACS-positive cells in spleen and BM (S1D), shown as % of living
cells for B-cells (B220*), immature B-cells (B220'°w), T-cells (CD3*), granulocytes (Grl*/CD11b*), immature
granulocytes (Grl/CD11b*), megakaryocytes (CD41%), ckit*-positive cells, and erythrocytes (Terll19*). S1E Spleen
weight [g] upon final analysis of secondary recipients. Mean + SD, level of significance was calculated using one-way

Gr1*/
CD11b™*

Gr17/

CD11b™*

ANOVA. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Supplemental Figure S3

S3A Healthy donor CD34+ cells were isolated from femoral heads and were treated for 72 h using LY (10 uM), NIL (50
nM), LY+NIL, or DMSO control, in the presence of 1 ng/ml TNF. Subsequently, cells were seeded in methylcellulose
and colonies were counted on day 10. S3B CFU-assays using CML-CP patient derived BM CD34+ cells after treatment
using LY (10 uM), NIL (50 nM), LY+NIL, or DMSO control, in the presence of IL-1a (2.5 ng/ml, left panel) or IL-18 (3.5
ng/ml, right panel) for 72 h. One patient is presented as an example out of n=3. S3C CFU-assays of BC patient derived
mononucleated BM being treated for 72 h using LY (10 uM), NIL (50 nM), LY+NIL, or DMSO control, in the presence of
TNF (1 ng/ml). Mean + SD, level of significance was calculated using one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001,
**+%n<0.0001





