STIMULUS REPORT

blood advances

JMML tumor cells disrupt normal hematopoietic stem cells by imposing
inflammatory stress through overproduction of IL-18

Yuhan Yan,"?* Lei Dong,"™* Chao Chen,' Kevin D. Bunting," Qianjin Li," Elliot Stieglitz,%> Mignon L. Loh,® and Cheng-Kui Qu'

1Department of Pediatrics, Aflac Cancer and Blood Disorders Center, Winship Cancer Institute, Children’s Healthcare of Atlanta, Emory University School of Medicine, Atlanta,
GA, ?Department of Hematology, Third Xiangya Hospital, Central South University, Changsha, China; and ®Division of Pediatric Hematology-Oncology, Department of Pediatrics,
University of California at San Francisco, San Francisco, CA

Submitted 26 April 2021; accepted 20 July 2021; prepublished online on Blood Advan-
ces First Edition 23 September 2021; final version published online 7 January 2022.
DOI 10.1182/bloodadvances.2021005089.

*Y.Y. and L.D. contributed equally to this study.

Normal hematopoiesis
is suppressed by
JMML tumor cells as
a result of the
aberrant activation
and exhaustion of
stem cells.

JMML cells impose
inflammatory stress on
normal stem cells by
over production of
IL-1B.

Development of normal blood cells is often suppressed in juvenile myelomonocytic
leukemia (JMML), a myeloproliferative neoplasm (MPN) of childhood, causing
complications and impacting therapeutic outcomes. However, the mechanism underlying
this phenomenon remains uncharacterized. To address this question, we induced the
most common mutation identified in JMML (Ptpn11¥75%) specifically in the myeloid
lineage with hematopoietic stem cells (HSCs) spared. These mice uniformly developed a
JMML-like MPN. Importantly, HSCs in the same bone marrow (BM) microenvironment
were aberrantly activated and differentiated at the expense of self-renewal. As a result,
HSCs lost quiescence and became exhausted. A similar result was observed in wild-type
(WT) donor HSCs when co-transplanted with Ptpn11575%* BM cells into WT mice.
Co-culture testing demonstrated that JMML/MPN cells robustly accelerated differentiation
in mouse and human normal hematopoietic stem/progenitor cells. Cytokine profiling
revealed that Ptpn1157¢%* MPN cells produced excessive IL-1@, but not IL-6, T NF-a,
IFN-y, IL-1a, or other inflammatory cytokines. Depletion of the IL-1B receptor effectively
restored HSC quiescence, normalized their pool size, and rescued them from exhaustion
in Ptpn11E76K/+/IL»1R—/—
potential therapeutic target for preserving normal hematopoietic development in JMML.

double mutant mice. These findings suggest IL-13 signaling as a

Introduction

Juvenile myelomonocytic leukemia (JMML), a clonal hematological malignancy, is an aggressive myelopro-
liferative neoplasm (MPN) of childhood. It is characterized by hypersensitivity of myeloid progenitors to
cytokines granulocyte-macrophage colony-stimulating factor and interleukin-3 (IL-3)' and excessive pro-
duction of mutant myeloid cells and monocytes with maturation. This malignancy is associated with
genetic mutations in the signaling proteins involved in the Ras/Erk pathway,“'6 among which protein tyro-
sine phosphatase PTPN11 (SHP2), a positive regulator of Ras signaling,”® is most frequently mutated
(~35%).>"'° The pathophysiology of this disease remains incompletely understood because of its rarity.
Normal hematopoietic cell development is often suppressed or impaired in JMML, causing complications
and affecting overall therapeutic outcomes. However, the underlying mechanism has not been
addressed. Our laboratory previously generated an inducible mouse model of JMML with the Ptpn1 157K
mutation,”’12 the most common mutation identified in JMML.®'° Using this unique conditional
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Figure 1. Normal HSCs are aberrantly activated by Pipn1 1578+ peoplastic cells, leading to accelerated differentiation and exhaustion. (A) Genomic DNA

was extracted from LSK cells (Lin~Sca-1*c-Kit*), myeloid cells (Mac-1*Gr-1"), monocytes (CD115%Gr-17), and B cells (B220") isolated from the BM of Pipn11576K/*
LysM-Cre™ mice and Ptpn11"'*LysM-Cre* littermates. The abundance of the inhibitory neo cassette with a stop codon in the targeted Ptpn11 allele was determined by
quantitative polymerase chain reaction (n = 5 mice per genotype). (B) BM cells harvested from 5- to 6-month-old Ptpn1 157+ [ ysM-Cre™ mice and Ptpn11*'* LysM-Cre™
littermates were assayed for the frequencies of common myeloid progenitors (CMPs), granulocyte macrophage progenitors (GMPs), megakaryocyte erythroid progenitors
(MEPs), and common lymphoid progenitors (CLPs; n = 6 mice per genotype). (C) BM cells (2 X 10* cells) collected from 5- to 6-month-old Ptpn11578K/* L ys\-Cre* mice and
Ptpn11%"* LysM-Cre* littermates (n = 3 mice per genotype) were processed for colony-forming unit assays. (D-E) Frequencies of HSC-enriched LSK (Lin~Sca-1*c-Kit™) cells
(D) and HSCs (Lin~Sca-1*c-Kit"CD150"CD48 FIk2") (E) in the BM and spleens of 5- to 6-month-old Ptpn1157%* LysM-Cre* mice and Pton11""* LysM-Cre* littermates
(n = 6 mice per genotype) were determined by multiparameter fluorescence-activated cell sorting (FACS) analyses. (F-H) BM cells freshly isolated from Ptpn1 157" [ ysi-Cre*

mice and Ptpn11""* LysM-Cre" littermates were assayed by FACS analyses to determine apoptotic cells (n = 6 mice per genotype) (F), cell cycle distribution (n = 5 mice per
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Figure 1. (continued) genotype) (G), and levels of phosphorylated Erk (p-Erk), p-Akt, and p-NF-«kB in HSCs (n = 4 mice per genotype) (H). (I-J) Bone sections prepared
from 4- to 6-month-old Ptpn1157%%* [ ysM-Cre™ mice and Ptpn11*'* LysM-Cre™ littermates were processed for immunofluorescence staining with the indicated antibodies.
Spatial relationship between HSCs (Lin"CD48 CD41 CD150") and endothelial (CD31"CD144") cells was examined (representative images from n = 5 mice per
genotype are shown); the distance of these 2 types of cells was calculated (I). Spatial relationship between HSCs (Lin” CD48~ CD41 ~CD150") and mesenchymal stem
progenitor cells (MSPCs; Nestin*) was examined (representative images from n = 6 mice per genotype are shown); HSCs within 8 um of MSPCs were considered to be
close to MSPCs (J). (K-N) BM cells harvested from 3-month-old Pton1157%</* [ ysM-Cre™ mice (CD45.2"RFP™) and WT RPF transgenic mice (CD45.2"RFP") were mixed
at the HSC ratio of 1:1. The mixed BM cells and BM cells isolated from WT RPF transgenic mice (CD45.2"RFP™) were transplanted IV into lethally irradiated WT BoyJ
mice (CD45.1%; n = 8 and 6 mice for mixed BM cells and WT BM cells, respectively). Sixteen weeks after transplantation, recipient mice were euthanized. Spleen weights
(normalized against body weights) were documented (K). Frequencies of Mac-1*Gr-1* cells in different donor-derived subpopulations in the peripheral blood (PB) were
examined at the indicated time points (L). The pool sizes of HSCs (Lin~Sca-1"c-Kit"CD150"CD487~) (M) and the cell cycle distribution of HSCs (Lin~Sca-17
c-Kit*CD150") in different donor-derived populations (N) were determined at 16 weeks after transplantation as above. *P = .05, **P = .01, ***P = .001. DAPI, 4,
6-diamidino-2-phenylindole; GM-CSF, granulocyte-macrophage colony-stimulating factor; ns, not significant.
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Figure 2. JMML cells produce excessive IL-1f that plays a key role in driving HSC attrition. (A) Purified WT HSCs (Lin~Sca-1"c-Kit"CD150" CD48 FIk2~) were
cocultured with BM cells isolated from Ptpn1157%%* [ ysM-Cre* and Ptpn11*'* LysM-Cre* mice in 2-chamber transwell systems in StemSpan medium supplemented with
thrombopoietin (TPO; 50 ng/mL), Fit3 ligand (50 ng/mL), and stem cell factor (SCF; 50 ng/mL) for 8 days. Percentages of Mac-1*Gr-1" cells derived from HSCs were
determined. Experiments were performed 3 times, and similar results were obtained in each. Results shown are the mean = standard deviation (SD) of triplicates from 1
experiment. (B-C) BM plasma collected from 16-week-old Pton 11578+ [ ysM-Cre* mice and Ptpn11*'* LysM-Cre* control mice (n = 3 mice per genotype) were processed
for chemokine-cytokine array analyses. Representative results from 1 pair of the mice are shown (B). Levels of IL-1B in the BM plasma were quantified by enzyme-linked
immunosorbent assay (h = 5 mice per genotype) (C). (D) WT HSCs (Lin~Sca-1"c-Kit"CD150"CD48™) were cultured in StemSpan medium supplemented with TPO
(100 ng/mL), Fit3 ligand (50 ng/mL), and SCF (100 ng/mL) in the presence or absence of IL-18 (10 ng/mL) and/or IL-1ra (10 ng/mL). Frequencies of Mac-1*Gr-1"
cells were determined 7 days later. (E-l) Ptpn11*'*LysM-Cre*IL-1R*"*, Ptpn11*"*LysM-Cre* IL-1R™'~, Ptpn1157%K* LysM-Cre*IL-1R*'*, and Ptpn1157%K* LysM-Cre*
IL-1R™'~ mice were generated and euthanized at the age of 4 months. Spleen weights (normalized against body weights) were documented (n = 8-9 mice per genotype) (E).
Percentages of Mac-1"Gr-1* cells in the peripheral blood, spleen, and BM were determined (n = 4-7 mice per genotype) (F). Frequencies of LSK cells and HSCs
(Lin"Sca-1*cKit"*CD150"CD487) in the BM (n = 7-10 mice per genotype) (G) and in the spleen (n = 6-10 mice per genotype) (H) and the cell cycle distribution in HSCs
(Lin"Sca-1"cKit"CD150"CD487) in the BM (n = 4 mice per genotype) () were determined by multiparameter FACS analyses. (J) Purified HSCs (Lin"Sca-1"
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Pton1157K allele, in the present study we have determined the cel-
lular and molecular mechanisms by which normal blood cell devel-
opment is disrupted in JMML.

Materials and methods

Materials and methods are described in detaill in the data
supplement.

Mixed BM cell transplantation assays

Bone marrow (BM) cells collected from Ptpni 1E76K/+Lys/\/l-
Cre* mice (CD45.2*RFP~) were mixed with BM cells isolated
from wild-type (WT) red fluorescent protein (RFP) transgenic
mice (CD45.27RFP™) at the hematopoietic stem cell (HSC)
ratio of 1:1. The mixed cells were then transplanted into lethally
irradiated (1100 cGy) BoyJ) mice (CD45.17) by tail vein injec-
tion. Hematopoietic cell reconstitution, HSC pool size, and
HSC cycling status in the recipient mice were determined by
multiparameter fluorescence-activated cell sorting analyses. The
donor cell origins of the reconstituted hematopoietic cells were
distinguished on the basis of the expression of the isoforms of
CD45 and the expression of RFP. In addition, the recipient mice
were monitored for MPN development.

Results and discussion

Normal HSCs are aberrantly activated in JMML,
leading to accelerated differentiation
and exhaustion

In an effort to determine the mechanism by which leukemic cells affect
normal blood cell development in JMML, we generated myeloid
lineage-specific Ptpn1 157 knock-in mice (Ptpon1 157" LysiM-
Cre™) by crossing Pton1157%€ conditional mice (Ptpn11578K neo/+)11
with LysM-Cre™ transgenic mice, which express Cre DNA recombi-
nase specifically in myeloid cells.'® Because of the cell autonomous
effects of the Pton1157%K mutation, Ptpn171578K* [ ysM-Cre™ mice
(both males and females) uniformly developed a profound JMML-like
MPN at the age of 4 to 6 weeks, as evidenced by splenomegaly and
increased myeloid cells (Mac-1"Gr-1%) and inflammatory monocytes
(CD115"Gr-17") in the BM, spleen, liver, and lung (supplemental Fig-
ure 1A-C), whereas lymphoid cells (T and B cells) were decreased
(supplemental Figure 1D). Histopathological examination revealed
hyperproliferation of myeloid cells in the BM/spleen and extensive
myeloid cell infiltration in nonhematopoietic tissues (supplemental Fig-
ure 1E). As a result, 80% of these animals died within 12 months.
Genotyping analyses showed that the LoxP-flanked neo cassette with
a stop codon, which inactivated the targeted Pipn77576K Nee gjgle, 1"

was deleted in 90% to 95% of Mac-17Gr-1* myeloid cells and
CD115"Gr-1* monocytes, but not in stem cell-enriched Lin~Sca-
17c-Kit™ (LSK) cells or lymphoid cells in Pton1 1578+ [ ysM-Cre*
mice (Figure 1A), verifying that the Pton1 157" mutation was indeed
restricted to myeloid cells. Common myeloid progenitors and granulo-
cyte macrophage progenitors were increased (however, megakaryo-
cyte erythroid progenitors were not significantly changed), whereas
common lymphoid progenitors were decreased in Ptpn 1578
*LysM-Cre™ mice (Figure 1B). Consistent with these phenotypic
data, functional myeloid progenitors in Ptpn1 157" [ ysM-Cre™ mice
demonstrated enhanced sensitivity to granulocyte-macrophage col-
ony-stimulating factor in colony-forming unit assays (Figure 1C), a
characteristic feature of JMML. Imaging analyses illustrated that mye-
loid cells in the BM (supplemental Figure 2A) and the red pulp of the
spleen (supplemental Figure 2B) were highly proliferative in
Pton11578* | ysM-Cre* mice, as demonstrated by substantially
increased Ki67 ™ cells in these tissues.

Interestingly, LSK cells that were free of the Ptpn1157%% mutation
(Figure 1A) in the BM were decreased by more than threefold in
Pton1 1578+ [ yspi-Cre™ mice (Figure 1D). LSK cells in the spleen were
markedly increased (Figure 1D), indicative of extramedullary hematopoie-
sis. Moreover, HSCs (Lin~ Sca-1*cKit"CD150" CD48 Flk2 ") in the
BM and spleen were also greatly decreased and increased, respectively,
in these animals (Figure 1E; supplemental Figure 1F). Apoptosis in
HSCs in Pipn1 157" [ ysM-Cre™ mice was comparable to that in con-
trol littermates (Figure 1F). Cell cycle analyses revealed that HSCs in
Pton 11578 [ ysi-Cre* mice were cycling faster than those in WT lit-
termates (Figure 1G). These data together suggest that the decrease in
HSCs in Pton1157%K" [ ysM-Cre™ mice was due to aberrant activation
and loss of dormancy. Indeed, intracellular signaling activities (Erk, Akt,
and NF-«xB), especially NF-xB signaling, were increased in HSCs in
Ptpon11578K* [ ysM-Cre™ mice compared with those in control animals
(Figure 1H).

Consistent with the elevated cell cycling status, HSCs in
Pton1 1578 [ ysM-Cre™ mice were displaced from the endothelial
and mesenchymal stem progenitor cell niches that maintain HSCs
in dormancy.'*"” The distance of HSCs to CD31"CD144" endo-
thelial niche cells increased from ~11 to ~16 pum (Figure 1l), and
only 46% of HSCs in Pipn1157%* [ ysM-Cre™ BM as opposed to
76% in controls were close to Nestin™ mesenchymal stem progeni-
tor cell niches (Figure 1J). Given that the Ptpn171 mutant allele was
not activated in HSCs in Ptpn1157%K* [ ysM-Cre™ mice, these data
suggest that the cues that forced HSCs to enter the cell cycle were
from the extracellular microenvironment.

To further test this hypothesis, we collected BM cells from
Pton1157%* [ ysM-Cre™ mice (CD45.2"), mixed them with WT

Figure 2. (continued) c-Kit"CD150"CD48") from WT and /L-7R™'~ mice were cocultured with Mac-1" cells isolated from 4-month-old Ptpn11*/* LysM-Cre* and
Pton11578K* | ysi-Cre™ mice in StemSpan medium supplemented with TPO (100 ng/mL), Fit3 ligand (50 ng/mL), and SCF (100 ng/mL) in a 2-chamber transwell system

for 8 days. Frequencies of Mac-17Gr-17 cells differentiated from HSCs in the upper chamber were assayed by FACS analyses. Experiments were performed 3 times, and

similar results were obtained in each. Results shown are mean = SD of triplicates from 1 experiment. (K) Cells from patients with JMML carrying PTPN11 mutations and
healthy BM cells were cultured in StemSpan medium (serum free) supplemented with human SCF (hSCF; 50 ng/mL), hTPO (50 ng/mL), and hFit3 ligand (50 ng/mL) for

3 days (experiment 1 [Exp. 1] and Exp 2). Culture medium was collected and analyzed for IL-18 by FACS with IL-1B antibody—conjugated beads. (L) CD34™ cord blood
cells were isolated and cocultured with cells from patients with JMML or control cells in transwell systems in StemSpan medium (serum free) supplemented with hSCF

(50 ng/mL), hTPO (50 ng/mL), and hFIt3 ligand (50 ng/mL). Five days (Exp. 1) or 12 days (Exp. 2) later, percentages of CD14" cells and CD11c™ cells differentiated from
CD34™ cells were determined by FACS analyses. *P = .05, **P = .01, ***P = .001. IFN-v, interferon-vy; ns, not significant; TNF-a,, tumor necrosis factor a.
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BM cells isolated from WT RFP transgenic mice (CD45.2"RFP™)
at the HSC ratio of 1:1, and transplanted the mixed cells into lethally
iradiated WT Boy) mice (CD45.1). The hematopoietic system
was fully reconstituted by donor cells, as evidenced by ~100%
CD45.2™" cells in the peripheral blood (supplemental Figure 3A). All
recipient mice developed an MPN (supplemental Figure 3B) and
exhibited splenomegaly (Figure 1K). Notably, Mac-1*Gr-1" myeloid
cells derived from both Ptpn1157%*[ysM-Cre* donor cells
(RFP™CD45.2") and WT (RFP"CD45.2%) donor cells were
increased (Figure 1L; supplemental Figure 3C). Moreover, HSCs in
both  Pton1157* LysM-Cre™ donor cel- and WT donor
cell-reconstituted BM cell populations decreased (Figure 1M) and
displayed hyperactivation and loss of quiescence (Figure 1N). The
fact that HSCs of Pton1 158" LysM-Cre™ donor origin and those
of WT donor origin were equally hyperactivated in the same dis-
eased recipient mice strongly suggests that the deleterious effects
on stem cells were from MPN cells.

JMML cells produce excessive IL-13 that plays a key
role in driving HSC exhaustion

To identify the mechanism by which HSCs are aberrantly activated
in Pton1 157" [ysM-Cre™ mice, we cocultured purified HSCs
with MPN cells in 2 separate chambers that still allowed soluble fac-
tors to freely cross. Compared with control cells,
Pton1 1578 [ ysM-Cre* MPN cells markedly enhanced HSC differ-
entiation toward myeloid cells, even in the stem cell maintenance
medium (Figure 2A). Cytokine-chemokine array analyses for the BM
plasma from Pton115%* [ ysM-Cre* mice revealed that among
the 40 cytokines, chemokines, and acute phage proteins examined,
the proinflammatory cytokine IL-1B was increased (Figure 2B).
However, no differences in the levels of other inflammatory
cytokines such as tumor necrosis factor «, IL-6, interferon-y, or
IL-1ac were detected. IL-18 levels in the BM plasma of
Pton11578* | ysM-Cre* mice were tripled compared with those in
Pton11*"* LysM-Cre™ mice by enzyme-linked immunosorbent assay
(Figure 2C). Indeed, HSCs cultured with recombinant IL-18 in the
stem cell maintenance medium differentiated robustly toward mye-
loid cells, and this effect was abolished by the addition of the IL-1
receptor antagonist IL-1ra (Figure 2D).

To further verify the role of IL-13 in mediating the effects of
MPN cells on normal stem cells, we generated
Pton11578* [ ysM-Cre* IL-1R™'~ double-mutant mice by crossing
Pton1157%* [ ysM-Cre™ mice with IL-1R*'~ mice'® and examined
HSCs in these mice. Because of the activation of the Ptpon11578K
mutant allele in myeloid cells, the double-mutant mice still developed
an MPN (Figure 2E-F), whereas T and B cells were decreased (sup-
plemental Figure 4A-B), suggesting that the autocrine effects of
IL-18 on MPNs were minimal compared with the cell-intrinsic effects
of the Ptpn1157%* mutation. Importantly, however, LSK cells and
HSCs in Ptpn115%* LysM-Cre* IL-1R™'~ double-mutant mice
were largely rescued (Figure 2G; supplemental Figure 4C). More-
over, extramedullary hematopoiesis was corrected, because LSK
cells and HSCs in the spleen in double-mutant mice were signifi-
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cantly reduced (Figure 2H; supplemental Figure 4D). The cell cycling
status and quiescence of LSK cells and HSCs in the double-mutant
mice were restored (Figure 2l; supplemental Figure 4E). Indeed, the
activating effects of Ptpon1157%* [ ysp-Cre™ MPN cells (Mac-17)
on IL-1R~'~ HSCs were abolished in coculture testing (Figure 2J).
Finally, we assessed IL-1B3 production in primary cells of patients
with JMML with PTPN711 mutations. Overall, PTPN171-mutated
JMML cells produced much higher levels of IL-13 (Figure 2K). More-
over, compared with normal human BM cells, patient cells acceler-
ated differentiation of cord blood CD34" stem/progenitor cells
toward CD14" myelomonocytes and CD11c™ cells in the stem cell
maintenance medium (Figure 2L), reaffirming the deleterious effects
of JMML tumor cells on normal stem cells. Taken together, the data
presented in this report suggest that targeting IL-13 signaling may
preserve normal hematopoietic cell development in JMML. This is
especially important given that the IL-1 receptor is dispensable for
steady state hematopoiesis'® and that IL-1B inhibitors, such as ana-
kinra, are in common use for inflammatory conditions of childhood.
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