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ABSTRACT

ment promotes acute myeloid leukemia (AML) cell growth. Due to

the complexity and low throughput of in vivo stem-cell based
assays, studying the role of cytokines in the BM niche in a screening setting
is challenging. Here, we developed an ex vivo cytokine screen using 11
arrayed molecular barcodes, allowing for a competitive in vivo readout of
leukemia-initiating capacity. With this approach, we assessed the effect of
114 murine cytokines on MLL-AF9 AML mouse cells and identified the
tumor necrosis factor ligand superfamily member 13 (TNESF13) as a posi-
tive regulator of leukemia-initiating cells. By using Tnufsf13” recipient mice,
we confirmed that TNFSF13 supports leukemia initiation also under phys-
iological conditions. TNFSF13 was secreted by normal myeloid cells but not
by leukemia mouse cells, suggesting that mature myeloid BM cells support
leukemia cells by secreting TNFSF13. TNFSF13 supported leukemia cell
proliferation in an NF-kB-dependent manner by binding TNFRSF17 and
suppressed apoptosis. Moreover, TNESF13 supported the growth and sur-
vival of several human myeloid leukemia cell lines, demonstrating that our
findings translate to human disease. Taken together, using arrayed molecu-
lar barcoding, we identified a previously unrecognized role of TNFSF13 as
a positive regulator of AML-initiating cells. The arrayed barcoded screening
methodology is not limited to cytokines and leukemia, but can be extended
to other types of ex vivo screens, where a multiplexed in vivo read-out of
stem cell functionality is needed.

Dysregulation of cytokines in the bone marrow (BM) microenviron-

Introduction

Acute myeloid leukemia (AML) is characterized by an accumulation of immature
myeloid blasts in the bone marrow (BM).! By providing cell-cell interactions and
secreted factors, the BM niche supports AML and normal hematopoietic stem and
progenitor cells (HSPC)."? A dysregulation of cytokines in the BM microenviron-
ment upon AML development contributes to the selective advantage of leukemia
stem cells,' a self-renewing population of leukemia cells that constitutes a chemo-
resistant reservoir responsible for disease relapse.’

To identify factors that regulate AML cells, we recently developed an in vitro
cytokine screen using fluorescently labeled c-Kit" leukemia cells mixed with corre-
sponding normal BM cells, allowing us to successfully identify both negative and
positive regulators of AML cells.However, to assess effects on leukemia stem cells,
there is a strong demand to improve such screens to evaluate the impact of
cytokines on the leukemia-initiating capacity of cells more directly using an in vivo
readout. A major challenge for combining ex vivo screens with i vivo read-out of
stem cell function is the large number of experimental animals needed to provide
meaningful data. Hence, new methods that allow for a multiplexed in vivo read-out
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of leukemia-initiating activity are needed. Molecular bar-
coding strategies, combined with next-generation
sequencing (NGS), enable an i vivo readout of stem cell
function in a competitive setting.”” By using this strategy,
the in vivo cell fate of multiple hematopoietic stem cells
(HSC) or leukemia clones can be monitored on a clonal
level.>® However, because these approaches use pooled
barcoded libraries, the i vivo cell fate of the genetically
marked stem cell clones within mice cannot be traced to
separate experimental conditions, such as cytokine stimu-
lations.

In this study, we created a library of 11 arrayed molecu-
lar barcodes that were used to mark leukemia cells
exposed to 114 separate cytokine conditions. The 11 bar-
coded leukemia cell populations were then pooled and
injected into mice allowing for an i vivo competition read-
out of leukemia-initiating activity. By using this method-
ology, we identified the tumor necrosis factor ligand
superfamily member 13 (TNESF13; also named, A prolif-
eration-inducing ligand, APRIL) as a novel positive regula-
tor of leukemia-initiating cells. TNESF13 promoted AML
cell growth by suppressing apoptosis and activating
nuclear factor kappa B (NE-«kB).

Methods

Murine leukemia model

MLL-AF9 (KMT2A-MLLT3) leukemias were generated on a
dsRed" C57BL/6 transgenic background (6051; Jackson Laboratory,
Bar Harbor, ME, USA), as previously described.”'® Experiments
involving murine leukemia cells were performed using tertiary or
quaternary transplanted leukemia cells serially propagated in sub-
lethally irradiated (600 cGy) recipient mice. All animal experi-
ments were conducted according to an Animal Care and Use
Committee protocol approved by the Lund/Malmé Ethical
Committee. Except for the propagation of leukemia cells, all
experiments involving murine leukemia cells were performed
using c-Kit" bone marrow cells. For details on the c-Kit" cells isola-
tion and cell culture conditions, see the Omnline Supplementary
Methods.

Generation of 11 lentiviral vectors containing
molecular barcodes

To generate lentiviral vectors containing non-expressed molec-
ular barcodes, we used a lentiviral pLKO.1 vector (Addgene
#32684) that co-expressed a short hairpin RNA (shRNA) and a
green fluorescent protein (GFP) marker gene.'" The shRNA
sequence, along with its promotor, was replaced by genetic bar-
codes (42 to 46 nucleotides) flanked by 23mer primer sequences
using the Nde1 and EcoR1 restriction sites (Online Supplementary
Table S1). Viral vectors with VSV-g pseudotyping were produced
using standard protocols.

Ex vivo cytokine screening using barcoded leukemia
cells

Freshly isolated c-Kit" dsRed” leukemia cells were transduced
with the barcoded lentiviral vectors and exposed to the cytokine
library of 114 cytokines (Online Supplementary Table S2) in 96-well
plates. After 72 hours, cells from different wells were pooled, with
each pool containing leukemia cells from up to 11 barcoded pop-
ulations representing specific culture conditions, and injected into
sublethally irradiated (600 cGy) recipient C57BL/6 mice via tail
vein injection. After 7-12 days, mice were sacrificed, BM cells
were harvested, and DNA was extracted (Qiagen Blood and

Tissue DNA Extraction Kit). For details on the screen see the
Online Supplementary Methods.

Sequencing of barcodes and bioinformatics analysis

Following BM cell extraction and DNA purification (DNAeasy
Blood and Tissue Kit, Qiagen), the regions containing the barcodes
were amplified using two-step polymerase chain reaction (PCR).
Step one utilized pLKO.1-specific primers containing Nextera
overhangs (Online Supplementary Table S3). The number of reads
per barcode of each sample was extracted and normalized to the
total read count within each sample. The mean of the three bio-
logical replicates was then calculated after normalization to the
input (Day 0). For further details on the sequencing and bioinfor-
matics, see the Online Supplementary Methods.

Tnfsf13” mouse model

The C57BL/6  Tufsf13” mouse (#022971; B6.Cg-
Tnfsf13tm1Pod/])""® was obtained from The Jackson Laboratory
(Bar Harbor, Maine, USA) and further backcrossed (>5 genera-
tions) onto C57BL/6 wild-type mice. Genotyping was performed
by PCR using protocols provided by the Jackson Laboratory.

Retroviral MLL-AF9 expression in c-Kit* bone marrow
cells and transplantations into sublethally irradiated
mice

Murine stem cell virus gammaretroviral vectors co-expressing
MLL-AF9 and GFP (MIG-MLL-AF9)"" were produced with an
ecotropic envelope using standard protocols in 293T cells. c-Kit"
BM cells were pre-stimulated for two days and spinoculated.
Following overnight incubation at 37°C, transduced cells were
injected into sublethally irradiated (600 cGy) recipient mice via tail
vein injection. Each recipient mouse received cells corresponding
to 250,000 initially seeded cells. Blood samples were taken after 40
days, and mice were sacrificed when they showed signs of dis-
ease. To assess leukemia development in sublethally irradiated
(600 cGy) secondary recipient mice, 1,000 or 10,000 spleen
leukemia cells from primary recipients were injected via the tail
vein. For details on the transduction of c-Kit" BM cells, see the
Online Supplementary Methods.

Flow cytometric analysis and cell sorting

The flow cytometric analyses were performed using a FACS
Canto II (BD Biosciences, San Jose, CA, USA) or a FACS
LSRFortessa (BD Biosciences), and cell sorting was performed
using a FACS Aria IT (BD Biosciences). For detailed information on
antibodies used and staining for LSK and HSPC analysis, cell cycle,
apoptosis and phosphoflow, see the Online Supplementary Methods.

Statistical analysis

Prism 6 (Graphpad) was used for the statistical analyses, includ-
ing Student rtest and Kaplan-Meier survival analysis. Statistical
significance is shown with asterisks: *P<0.05; **P<0.01;
**P<0.001; ****P<0.0001. Data are presented as mean+Standard
Deviations (SD).

Results

Development of an ex vivo cytokine screen with a
competitive in vivo read-out of leukemia-initiating
activity using molecularly barcoded leukemia cells

To identify cytokines that regulate AML stem cells using
a competitive in vivo read-out of leukemia-initiating activ-
ity, we generated lentiviral vectors harboring genetic bar-
codes in an arrayed setting. This approach allows for

TNFSF13 is a positive regulator of AML cells -
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labeling of leukemia cell populations with distinct molec-
ular barcodes followed by exposure to separate experi-
mental conditions. Each labeled cell population was stim-
ulated with one cytokine ex vivo and after culture,
leukemia cells from multiple cytokine conditions were
pooled prior to in vivo competition. To trace the effects of
the cytokines to the leukemia-initiating capacity of bar-
coded cells, the representation of individual barcodes in
vivo was assessed using NGS (Figure 1A).

To allow for in vivo competition of up to 11 barcoded cell
populations, we generated 11 lentiviral vectors with
unique molecular barcodes and GFP as a marker gene
(Online Supplementary Table S1). The barcodes were used
to mark c-Kit" murine MLL-AF9 AML cells generated on a
dsRed transgenic background (Figure 1A and Ounline
Supplementary Figure S1A). We have previously used these
cells in screens because they have a well-defined
leukemia-initiating cell population and initiate AML with
a short latency, enabling rapid follow-up experiments in
syngeneic hosts.**1*4!°

To validate the robustness of the new methodology, 11
barcoded c-Kit" leukemia cell populations were exposed
separately for three days to stem cell factor (SCF), which
binds c-Kit and activates signaling that promotes
leukemia-initiating cells.”® Leukemia cells from the 11 bar-
coded cell populations were then pooled and injected into
sublethally irradiated mice for i vivo competition of

leukemia-initiating activity. Seven days post transplanta-
tion, mice were sacrificed, their BM was harvested, and
DNA was extracted. We found that the 11 barcoded vari-
ants showed a similar distribution with less than 2-fold
variability in the input pool relative to the i vivo pool
(range: 0.51- to 1.65-fold), demonstrating that the arrayed
barcoding methodology was robust in assessing the
leukemia-initiating activity of the AML cells following ex
vivo culture (Figure 1B).

Identification of TNFSF13 as a positive regulator of
acute myeloid leukemia-initiating cells

To assess the impact of a library of 114 murine
cytokines on c-Kit" MLL-AF9 leukemia cells, we per-
formed two arrayed ex vivo cytokine screens, in which
each cytokine was assessed in triplicate wells (Online
Supplementary Table S2). After three days of ex vivo
cytokine stimulation, up to 11 cytokine conditions of bar-
coded leukemia cells were pooled and injected into recip-
ient mice (Figure 1A). As an internal positive control, for
each pool, we stimulated one of the barcoded cell popula-
tions with SCE The mice were sacrificed on day 7 (screen
I) or day 12 (screen II) post transplantation, and engraft-
ment of transduced leukemia cells was confirmed by
assessing the frequency of GFP positive cells within
dsRed" cells (Online Supplementary Figure S1B and C). As
predicted, barcoded leukemia cells stimulated with SCE
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Figure 1. A barcoded cytokine screen identifies TNFSF13 as a positive regulator of acute myeloid leukemia (AML)-initiating cells. (A) Schematic flowchart depicting
the arrayed barcoded ex vivo cytokine screen with AML cells. In total, 12 pools in triplicate were used to screen the entire cytokine library. After seven (screen I) or
12 (screen Il) days, mice were sacrificed. Data were normalized to the input representation for each barcode. (B) Pie chart displaying the contribution of each bar-
coded cell population in vivo following ex vivo cultures with stem cell factor (SCF) only for all barcoded cell populations. (C) Scatter plot showing fold-change in vivo
versus input of barcoded cell populations for the two screens. Dotted lines represent a fold-change threshold of 2 to identify cytokines that promote leukemia-initi-
ating cells. Red dots: barcoded cell populations stimulated ex vivo with SCF as the positive control within each pool; blue dots: cells stimulated with TNFSF13. NGS:

next-generation sequencing.
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showed a relative increase within all pools i vivo, thus val-
idating the new method (Figure 1C). Although a number
of cytokines, such as interleukin-3 (IL3) and granulocyte-
macrophage colony-stimulating factor (GM-CSEF), that
greatly expand (>20-fold over 3 days) AML cells in culture
were included in the screen,’ none of them expanded the
leukemia-initiating cell population as assessed with i vivo
read-out (Online Supplementary Table S3). This finding
highlights the need for in vivo readout to assess the impact
of cytokines on the leukemia-initiating capacity of the
cells. Setting a threshold for 2-fold enrichment, TNFSF13
was the only cytokine, other than SCE, that scored in both
screens (on average a 3.1-fold relative increase). In addi-
tion, the screens identified Interleukin 9 (IL9) as a candi-
date positive regulator (1.8 relative increase) of leukemia-
initiating cells (Online Supplementary Table S2). Moreover,
several negative regulators of leukemia-initiating cells
were identified that were not further investigated in the
present study (Online Supplementary Table S2).

Ex vivo stimulation with TNFSF13 or IL9 promotes
leukemia-initiating cells

To validate the findings from the screen and first explore
TNESF13 as a regulator of primitive AML cells, we cul-

TNFSF13 is a positive regulator of AML cells -

tured c-Kit' MLL-AF9 leukemia cells with increasing doses
of TNESF13. TNFSF13 supported the growth and survival
of c-Kit" leukemic cells in culture (Figure 2A and Omnline
Supplementary Figure S2A), but did not affect normal HSPC,
as assessed by analyzing the effect of TNFSF13 on Lin-Sca-
1" c-Kit" (LSK) BM cells from healthy mice (Figure 2B).
Moreover, ex vivo stimulation of c-Kit* leukemia cells with
TNESF13, followed by transplantation into sublethally
irradiated mice, resulted in significantly higher levels of
circulating leukemia cells in peripheral blood (mean 25.6%
vs. 1.83% for non-stimulated cells; P<0.0001) (Figure 2C
and D). Notably, the numbers of circulating leukemia cells
were even higher than for mice that had received
leukemia cells that were stimulated with SCF as a positive
control (25.6% vs. 7.8%; P<0.01) (Figure 2D). Consistent
with this finding, the TNFSF13-treated group exhibited
reduced survival (median survival 29 vs. 38 days for the
non-stimulated group; P<0.0001) (Figure 2E) and survival
was even slightly shorter than for the SCF-treated group
(Figure 2E). At the time of sacrifice, all except for one con-
trol mouse had a high leukemic burden, as confirmed by
enlarged spleens and a high percentage of leukemia cells
(>95% dsRed" cells) in their BM (Online Supplementary
Figure S2B and C). Consistent with the findings in the
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screen, IL9 also supported the growth of leukemic cells i
vitro (Online Supplementary Figure S3A) and ex vivo stimula-
tion of c-Kit" leukemia cells with IL9 prior to transplanta-
tion into mice resulted in elevated levels of leukemia cells
in the blood and reduced survival compared to controls
(Online Supplementary Figure S3B and C). Taken together,
these observations validate our barcoded screening strate-
gy and demonstrate that primarily TNFSF13, but also IL9,
support AML-initiating cells.

Myeloid cells secrete TNFSF13

To assess the in vivo relevance of TNESF13 in the context
of AML, we measured TNESF13 levels in the peripheral
blood (PB) and BM of healthy control and leukemic mice.
TNESF13 was present at physiologically relevant levels in
the PB and BM of both leukemic and healthy mice but at
significantly higher levels in the blood of healthy control

mice (Figure 3A and B). To determine whether TNFSF13 is
secreted by AML cells or provided by cells in the microen-
vironment, normal c-Kit" cells and AML BM cells were
cultured for three days in suspension cultures under con-
ditions favoring myeloid (Gr-1'CD11b") cell growth
(Figure 3C), and TNFSF13 expression in cells and TNESF13
levels in the supernatants were analyzed. We found that
normal myeloid BM cells expressed high levels of
TNESF13 (>240 ng/mL in supernatant), whereas leukemic
cells did not (<10 ng/mL in supernatant), suggesting that
non-leukemic myeloid cells support AML cells by secret-
ing TNFSF13 (Figure 3D and E).

Tnfsf13” mice have myelopoiesis defects

To investigate the physiological role of TNESF13 in an in
vivo context, we used Tnufsf13” mice, which previously
have mainly been characterized regarding cytokine regu-
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lation and T-cell biology.”** No change in white blood cell
count, red blood cell count, or platelet levels was observed
in Tnfsf13” mice (Online Supplementary Table S4). We then
characterized their HSPC compartment and the lineage
distribution in the BM and PB (Online Supplementary Figure
S4A and B). Whereas long- and short-term HSC numbers
were not affected, a significant decrease in granulocyte
and macrophage progenitor (GMP) cells, accompanied by
reduced numbers of monocytes, and a trend towards
lower levels of granulocytes, was observed (Figure 4A-D,
Ounline Supplementary Table S4 and Online Supplementary
Figure S4A and B). Moreover, a skewing towards more B
cells and fewer T cells was detected in the BM, whereas in
the PB, only T cells were significantly altered (Online
Supplementary Table S4). These data indicate that TNESF13
supports the formation of GMP cells and that it favors
myeloid and T-cell development relative to B cells.
TNESF13 is a ligand for two cell-surface receptors: TNF
receptor superfamily member 13B (TNFRSF13B) and 17
(TNERSF17).” Whereas TNFRSF17 was expressed on c-
Kit*leukemia cells, these cells were devoid of TNFRSF13B
expression (Figure 4E and F). On normal HSPC, and in
mature lineages of the BM and PB, TNFRSF17 was more
broadly expressed than TNFRSF13B (Figure 4G and H and
Ounline Supplementary Figure S4C-G). TNFRSF17 expression
was detected in several mature blood cell lineages and
multiple progenitor cell populations, with the lowest
expression detected on long-term HSC (Figure 4G and H
and Ounline Supplementary Figure S4C and D). These data
suggest that TNFRSF17 is the primary receptor for
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TNESF13 on murine AML cells and a putative receptor for
TNESF13 on normal murine myeloid progenitor cells and
monocytes.

TNFSF13 promotes acute myeloid leukemia initiation
by suppressing apoptosis and promoting active cell
cycle progression

To assess whether TNFSF13 supports leukemia-initia-
tion and progression in vivo, c-Kit" Tufsf13” BM cells were
transduced with a gamma retroviral vector expressing
MLL-AF9 and transplanted into sublethally irradiated
Tufsf13" or Tnufsf13” recipient mice (Figure 5A). A 2.1-
fold-lower (P<0.01) leukemic burden was detected in the
PB of Tufsf13” recipient mice six weeks post transplanta-
tion, but no significant survival difference was observed
between the two groups (Figure 5B and C and Omnline
Supplementary Figure S5A and B). To study whether
TNESF13 supports AML maintenance 7# vivo, 10,000 or
1,000 leukemia cells harvested from spleens of primary
recipients of each group were transplanted into correspon-
ding Tufsf13"* or Tnfsf13” secondary recipient mice (Figure
SA). Interestingly, while no significant difference in sur-
vival was observed between the groups when transplant-
ing 10,000 leukemia cells (Online Supplementary Figure
S5C), Tnfsf13” recipients showed an extended survival
compared to Tnufsf13"* recipients when 1,000 leukemia
cells were transplanted (mean of 28.5 vs. 34.5 days;
P=0.0235) (Figure 5D). These data indicate that TNESF13
supports AML initiation and maintenance under physio-
logical conditions.
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To explore the biological mechanisms by which
TNESF13 promotes AML cells, we investigated whether
TNESF13 affects the apoptosis and cell cycle status of c-
Kit" leukemia cells. We found that TNESF13 stimulation
had an anti-apoptotic effect, with both early and late
apoptotic cells being reduced (Figure 6A and B). The anti-
apoptotic effects were also accompanied by an increase in
actively cycling cells (Figure 6C and D). Collectively, these
data indicate that TNFSF13 supports AML cells by sup-
pressing apoptosis and promoting active cell cycle pro-
gression.

TNFSF13 promotes human acute myeloid leukemia
cells by suppressing apoptosis

To assess whether TNESF13 also stimulates human
AML cells, we analyzed the sensitivity of nine human
myeloid leukemia cell lines to TNFSF13. Upon serum dep-
rivation, we found that TNFSF13 significantly supported
the growth and survival of six of the nine cell lines and
TNESF13 was confirmed to bind to the cell surface of the
AML cells (Figure 7A and B and Ounline Supplementary
Figure S6A and B). To efficiently bind to TNFRSF13B or
TNERSF17, TNESF13 binds to heparan sulfate proteogly-
cans (HSPG), which facilitates TNFSF13 oligomerization.'®
In accordance with this, we detected expression of the
proteoglycan SYNDECAN-1 (CD138) on Mono-Mac-6
cells (Figure 7C). Further, as previously described,®” the
binding of TNESF13 to HSPG was blocked by heparin
(Figure 7D). Moreover, consistent with the effect observed
on murine c-Kit" leukemia cells, TNESF13 stimulation sup-
pressed apoptosis in the AML cell line Mono-Mac-6
(Figure 7E and Online Supplementary Figure S6C), but did

not significantly affect the cell cycle (Online Supplementary
Figure S6D). In accordance with murine AML cells,
TNEFRSF13B was not expressed on human AML cell lines,
whereas TNFRSF17 was detected on 3 of 9 of the myeloid
leukemia cell lines by flow cytometry, and in 7 of 9 of cell
lines by real-time PCR, albeit at low levels (Online
Supplementary Figure S6E and H).

To investigate which of the two receptors is the most
prominent on AML patient cells, we analyzed their
expression pattern in AML patient data from the TCGA
database.” Similar to the c-Kit" murine leukemia cells and
human cell line data, TNFRSF17 was expressed at signifi-
cantly higher levels than TNFRSF13B (Ounline
Supplementary Figure S6l). In addition, we observed a high-
er relative expression of both TNFRSF13B and TNFRSF17
in RUNX1-mutated (2.5- and 2.6-fold change, respective-
ly) and TP53-mutated (3.5- and 3.2-fold change, respec-
tively) AML patients, two genetic subtypes associated
with a dismal outcome (Online Supplementary Table S5).**
These findings demonstrate that TNFSF13 also promotes
human AML cells in vitro by suppressing apoptosis, and
suggest that TNFRSF17 is the primary receptor for
TNESF13 on human AML cells.

TNFSF13B promotes proliferation of human acute
myeloid leukemia cells

We also evaluated the role of TNESF13B (BAFF) in AML,
another ligand for TNFRSF17. TNEFSF13B levels were
approximately 100-fold lower than TNFSF13 levels in the

mouse BM (Figure 3B and Ounline Supplementary Figure
S7A), whereas similar levels of the two cytokines were

A Primary recipients Secondary recipients
Tnisf13 44— Tnfsf13 +/+
MLL-AF9 ..
BM cells transduction
Tnfsf13 -+ | > o0 <
’/; nisf13-/+ ——————————— P @ Tnfsf13 -/-
B Peripheral blood, primary recipients c Primary recipients D Secondary recipients, 1000 cells
k%
o 3- A
Tv, ° 1004 100 |-
+ - -
i 2 2
O 21 % e e
s ®e® H »
R oy i m € 504 € 50
° '] @ @
g 1 —et— - e S
k= ee® L > — Tnfsf13 +/+ K —— Tnfsf13 +/+:| X
E o kel TT Lo — Tnfsf13- —— Tnfsf13-/-
2 . (AL Umy 1L N N
-~ v b T T T 1
Tnfsfl13 +/+ Tnfsf13 -/- 0 5‘0 1(')0 130 10 20 30 40
Time (days) Time

Figure 5. TNFSF13 supports leukemia development in vivo. A total of 250,000 c-Kit" bone marrow (BM) cells from Tnfsf13” mice were transduced with a
MIG-MLL-AF9 retroviral vector and transplanted into sublethally irradiated Tnfsf13** and Tnfsf13” primary recipient mice (22 mice per group, pooled from four inde-
pendent experiments). 1,000 leukemia cells harvested from spleens of primary recipients were transplanted into secondary recipient mice with matching genetic
background. (A) Schematic picture showing the experimental setup. (B) Percentage of leukemic (GFP*) cells in the peripheral blood of the Tnfsf13” and Tnfsf13"*
recipient mice 40 days after transplantation, normalized to the mean of the control (Tnfsf13**) group in each experiment. Horizontal lines show the mean values with-
in groups. (C) Kaplan-Meier curves showing the survival of primary recipient mice. (D) Kaplan-Meier curves showing the survival of secondary recipient mice (6 mice
per group; pooled data from 2 donors per group). *P<0.05; **P<0.01.

haematologica | 2019; 104(10)




observed in plasma (Figure 3A and Ounline Supplementary
Figure S7B). The c-Kit" murine leukemia cells did not show
a significant response to TNESF13B stimulation i vitro
(Online Supplementary Figure S7C), but in human Mono-
Mac-6 cells, TNFSF13B stimulation had similar effect as
TNESF18, resulting in increased cell number (Online
Supplementary Figure S7D).

TNFSF13 supports acute myeloid leukemia cells in an
NF-xB-dependent manner

To explore the molecular mechanism by which
TNESF13 promotes AML cell growth and survival, we
generated RNA sequencing data of Mono-Mac-6 cells that
had been stimulated with TNFSF13 for 24 hours.
Consistent with TNFSF13 being a member of the tumor
necrosis factor (TNF) superfamily, gene set enrichment
analysis (GSEA) demonstrated an enriched TNF receptor
activation signature upon TNFSF13 stimulation [false dis-
covery rate (FDR) <0.10] (Figure 7F and Ounline
Supplementary Table S6). Furthermore, an enriched NF-kB
signature was evident in TNEFSF13-stimulated cells
(FDR<0.05) (Figure 7G and Ounline Supplementary Table S6)
and phospho-flow cytometric analysis confirmed NF-kB
activation upon TNEFSF13 stimulation (Figure 7H).
Consistent with this data, TNFSF13 stimulation resulted

TNFSF13 is a positive regulator of AML cells -

in a significant upregulation of the NF-kB target genes
AGT, IRF1, IRE7, PTGDS, and VIM (Online Supplementary
Figure S8A). By using a TNFRSF17 blocking antibody,
TNESF13-induced cell proliferation and NF-kB activation
was hindered (Figure 71 and J), demonstrating that
TNESF13 activates NF-xB by binding to TNFRSF17. To
assess whether TNFSF13 promotes cell proliferation by
activating NF-xB, we inhibited NF-kB activation using
TPCAT1 and IKK-16, two selective inhibitors of IkB kinase
(IKK).”* Both TPCA1 and IKK-16 treatment inhibited
NF-kB activation and reversed the effects of TNESF13 in
Mono-Mac-6 cells (Figure 7K and L and Ounline
Supplementary Figure S8B and C). These data demonstrate
that TNFSF13 supports the growth of human AML cells in
an NF-kB-dependent manner.

Discussion

Although in vivo assays are critical to assess stem cell
function, performing screens in vivo is challenging due to
the large number of experimental animals needed to pro-
vide meaningful data. In this study, we developed arrayed
molecular barcodes in lentiviral vectors, which enabled us
to assess the effects of 114 cytokines on leukemia-initiat-
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Figure 6. TNFSF13 maintains acute myeloid leukemia (AML) cells by suppressing apoptosis and promoting cell cycle progression. c-Kit* MLL-AF9 AML cells were
cultured for 3 days with stem cell factor (SCF) as a baseline and stimulated with TNFSF13 or no TNFSF13 (Control) prior to apoptosis and cell cycle analysis. (A)
Representative contour plots showing Annexin-V and 7AAD staining. (B) Percentage of early (Annexin-V*7AAD") and late (Annexin-V*7AAD") apoptotic cells (n=3). (C)
Representative contour plots showing Ki67 and DAPI staining. (D) Percentage of cells in GO, G1, or S/G2/M phase of the cell cycle (n=3) determined by Ki67 and

DAPI staining. Values are meanstStandard Deviation. *P<0.05; **P<0.01.
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cell number. Values are meanstStandard Deviation. *P<0.05; **P<0.01; ****P<0.0001. FDR: false discovery rate; DMSO: dimethyl sulfoxide.




ing function using a competitive in vivo readout of
leukemic cells. This approach significantly reduces the
number of mice since leukemia cells from up to 11 differ-
ent cytokine conditions can be pooled in each mouse. The
arrayed barcoded approach is applicable to other types of
ex vivo screens with in vivo readouts, as shown recently in
a small-molecule screen using metastatic pancreatic cells.”

The barcoded cytokine screens identified IL9 and
TNESF13 as candidate positive regulators of leukemic-ini-
tiating cells. Validation experiments confirmed that both
IL9 and TNESF13 supported AML-initiating cells, but as
TNFSF13 was more potent than IL9, we selected
TNESF13, a TNF superfamily ligand,” for further studies.
The findings that Tufsf13” recipient mice had lower
leukemia burden and increased survival compared to con-
trols following serial transplantations of leukemia cells
suggest that TNESF13 supports AML cells also under
physiological condition. TNFSF13 has previously been
shown to promote cancer-cell growth and survival of sev-
eral types of solid tumors”* and B-cell malignancies, such
as acute lymphoblastic leukemia, Hodgkin lymphoma,
and multiple myeloma.””* In addition, elevated
TNESF13 levels have been found in multiple cancer types
and are associated with a poor prognosis,” suggesting that
TNESF13 has broad tumor-promoting activity. Whereas
the first Tufsf13” mouse model generated did not reveal
alterations in T- and B-cell development or in vitro func-
tion,* later studies of Tufsf13” mice identified increased
proliferation of T cells, changes in the secretion of
immuno-cytokines, and impaired antibody class switch-
ing.14,34

In AML, TNFSF13 secretion has been linked to
chemoresistance® and elevated TNEFSF13 serum levels
have been reported in patients,™* but TNFSF13 has not
previously been associated with AML stem cells or
myelopoiesis. Given that the GMP cell stage is associated
with AML initiation,” it was interesting to note that
TNERSF17 is expressed on myeloid progenitor cell popu-
lations and that Tufsf13” mice have reduced numbers of
GMP cells and monocytes, suggesting that TNFSF13 has a
previously unrecognized role in myelopoiesis.

In agreement with previous studies showing that
TNESF13 is expressed by infiltrating neutrophils in solid
tumors®* and by myeloid BM cells in multiple myelo-
ma,”"*” we found that TNEFSF13 was secreted by
CD11b*Gr-1" myeloid cells but not by the corresponding
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murine AML cells. This finding suggests that mature
myeloid BM cells support AML cells by secreting
TNESF13. In contrast to the findings in the murine MLL-
AF9 AML model, TNESF13 is expressed by leukemia cells
in certain AML subtypes,*¥ suggesting that TNFSF13
might play a more critical role for leukemia development
and progression in these subtypes.

The anti-apoptotic effect induced by TNESF13 is consis-
tent with prior findings in B-cell malignancies®* and
glioma,® suggesting a similar mechanism induced by
TNESF13 in various types of cancers. Moreover, TNESF13
promoted AML cells in an NF-kB-dependent manner,
which is in agreement with studies showing that
TNESF13 activates NF-xB in multiple myeloma cells,”
chronic lymphocytic leukemia, and non-Hodgkin lym-
phoma B cells.” NE-«B signaling is elevated and critical for
AML stem cells,”* including MLL-rearranged AML cells,
but the underlying mechanism causing NF-kB activation
has not been clarified. Along with IL1-induced activation
of NF-xB in primitive leukemia cells,” our findings suggest
that TNESF13 contributes to enhanced NF-kB activity in
AML cells. Because AML cells from various AML subtypes
lacking MLL rearrangements were also sensitive to
TNESF13, the effects of TNFSF13 stimulation are not
restricted to MLL-rearranged AML.

In summary, we have established a cytokine screen
using arrayed molecular barcoding of AML cells allowing
for an in vivo competitive readout of leukemia-initiating
activity. The screen provides a new strategy for studying
the influence of secreted factors on AML-initiating cells.
This approach identified TNESF13 as a positive regulator
of AML stem cells and showed that TNESF13 promotes
AML cells in an NF-kB-dependent manner. Moreover, we
identified a role for TNFSF13 in normal myelopoiesis and
showed that normal myeloid cells secrete TNFSF13. This
study demonstrates the utility of using arrayed molecular
barcoding as a new screening tool for identifying novel
stem cell regulators.
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