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Abstract

Inflammasomes are multiprotein complexes that sense pathogen- and damage-associated
molecular patterns and induce inflammatory responses and have been implicated in the
pathogenesis of myelodysplastic syndrome (MDS). However, their functional contribution to
MDS progression in vivo have not yet been elucidated. Here, we investigated the effects of
inflammasome inhibition in mouse models of MDS by deleting Asc, an adaptor protein that
links inflammasome sensor proteins to caspase-1. Asc-deficient mice showed no significant
hematopoietic defects under steady-state conditions or in competitive bone marrow
reconstitution assays. In an MDS mouse model co-expressing CBLAE¥? and RUNX15?°/, mice
developed MDS and eventually progressed to acute myeloid leukemia regardless of Asc status.
However, compared with wild-type MDS mice, which progressed to lethal MDS, Asc-
deficient MDS mice exhibited attenuated caspase-1 activation, delayed MDS progression, and
significantly prolonged survival. Asc deficiency also substantially attenuated the MDS
phenotypes induced by 7et? deficiency. Levels of IL-1B and/or IL-18, key inflammatory
cytokines produced downstream of inflammasome activation, were elevated in the bone
marrow fluid of these MDS models and reduced by Asc deficiency. These findings
demonstrate that ASC-dependent inflammasome signaling contributes to MDS progression
in vivo and suggest that targeting inflammasome signaling may represent a potential

therapeutic approach for MDS.
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Introduction
Myelodysplastic syndrome (MDS) is a clonal hematopoietic stem cell disorder characterized
by cytopenia due to enhanced apoptotic cell death and dysplasia in single or multiple blood
cell lineages that eventually evolve into acute myeloid leukemia (AML) at high frequencies.
Hematopoietic stem cell (HSC) transplantation is the only treatment to cure MDS. However,
transplantation therapy in older adult patients with MDS is often difficult because of
therapeutic toxicity!. Therefore, patients with MDS are treated according to disease type and
risk classification based on a prognostic scoring system?. Some cases of MDS benefit from
therapeutic agents such as azacitidine, a DNA methylation inhibitor, and lenalidomide, an
immunomodulator, but eventually become refractory® # This underlines the need for further
understanding of its pathogenesis and the emergence of new treatment options.
Inflammasomes are protein complexes that initiate the processing of inflammatory
proteins and play a role in activating inflammatory responses by producing inflammatory
cytokines during innate immune system responses> ®. For example, NLRP3, a type of pattern
recognition receptor, is activated when it encounters a pathogen or stress signal and recruits
and binds to other molecules, such as apoptosis-associated speck-like protein containing a
CARD (ASC) and caspase-1, to form an inflammasome complex. The inflammasome
complex activates caspase-1, which converts inflammatory cytokines such as interleukin-1§
(IL-1B) and IL-18 into their active forms. Moreover, activated caspase-1 also cleaves and
activates gasdermin D. Activated gasdermin D forms a pore by disrupting the plasma
membrane and causing an influx from the outside to the inside of the cell, resulting in cell
swelling and cell death (pyroptosis). These pores also release active forms of IL-1f and IL-
18, which elicit an immune response and mobilize immune cells to the site of infection or
injury. Furthermore, it has been shown that plasma membrane disruption by gasdermin D can

be reversible, allowing active IL-1f and IL-18 to be released without cell death’.
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Activation of the innate immune system is well known in MDS, where pattern recognition
receptors, such as toll-like receptors (TLRs), are activated by pathogen-associated molecular
patterns and host cell-derived damage-associated molecular patterns (DAMPs). Somatic gene
mutations in epigenetic modifiers, such as TET2, DNMT3A4, ASXL1, EZH?2, and spliceosomes,
are known to activate the innate immune system through various pathways®. Therefore, the
innate immune system is activated both endogenously and exogenously. Consequently,
inflammasome activation has also been implicated in MDS® °. Analyses of human MDS
samples have revealed that NLRP3 complexes activate caspase-1 in hematopoietic stem and
progenitor cells (HSPCs), promoting IL-1B and IL-18 production and inducing cell death!®-!!
and that interventions in this pathway may ameliorate the ineffective hematopoiesis!®. The
ASC adaptor protein is polymerized during inflammasome formation to form large filament-
like clusters called ASC specks, which are released during cell lysis. The average percentage
of ASC specks detected in the peripheral blood (PB) of MDS patients, particularly low-risk
MBDS patients, was significantly higher than that in healthy individuals and patients with other
hematopoietic tumors, suggesting that it may be useful as a biomarker of MDS!2, However,
the pathogenic significance of inflammasome activation in MDS progression has not been
elucidated using MDS mouse models in vivo.

RUNX1 is a transcription factor that plays a variety of roles in hematopoiesis, including the
development of HSCs from the hemogenic endothelium and the differentiation and function
of hematopoietic cells. RUNXI mutations are found in ~10-20% of human MDS cases and
are known to contribute to the pathogenesis of MDS!3. CBL is an E3 ubiquitin ligase that
negatively regulates intracellular signaling. CBL mutations are found in about 5-9% of
myeloid malignancies, including MDS!, resulting in loss of ubiquitin activity and leading to
enhanced proliferative activity associated with increased tyrosine kinase activity. RUNX1 and

CBL mutations co-occur at significant frequencies in MDS!®. The mouse model of MDS
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harboring RUNXT5?°'% mutant has been widely used'é. Moreover, CBLZ3%’" knock-in mice
have been shown to develop chronic myelomonocytic leukemia!’. Recently, a mouse model
expressing RUNXT5?°"% combined with the deletion of CBL exon 8/9 (CBLA£%°) was shown
to reproduce the phenotypes characteristic of MDS with a short latency'®. In this study, we
aimed to elucidate the pathogenic significance of inflammasome activation in the progression

of MDS using Asc-deficient RUNXI5?*'FCBLAES” MDS mice.
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Materials and Methods

Mice

The CD45.1" mice used as recipients for transplantation experiments were purchased from
Sankyo Labo Service Corporation, Inc. All experiments using mice were performed in
accordance with our institutional guidelines for the use of laboratory animals and were
approved by the Review Board for Animal Experiments and Recombinant DNA Experiments
of the University of Tokyo (approval ID: PA22-17 and K23-465). Asc”, Vavi-iCre, and
Tet2™" mice have been previously described'*?!. Asc*” mice were crossed to obtain Asc™
mice. The following primers were used for genotyping:

Asc WT 5'-primer/ CCAGGTAATGGTTAATCCCAGCAACC

Asc LacZ 5'-primer/ GTAGGGGTTTTTCACAGACCGCTTTC

Asc 3'-primer/ TTGGCATTGCATGACATGGTGCACAC

Vav-iCre Tg F-primer/ GGTGTTGTAGTTGTCCCCACT

Vavi-iCre Tg R-primer/ CAGGTTTTGGTGCACAGTCA

Tet2 flox F-primer/ ATGAACCGAGAGTCCCTG TT

Tet2 flox R-primer/ TTCTTTAGCCCTTGCTGAGC

Flow cytometric analysis and antibodies

All flow cytometric analyses and cell sorting were performed using a FACSCelesta or
FACSAria IIIu (BD Biosciences). Data were analyzed using FlowJo v10.6.1. Monoclonal
antibodies recognizing the following antigens were used in flow cytometry and cell sorting:
CD45.2 (104), CD45.1 (A20), Gr-1 (RB6-8C5), CD11b/Mac-1 (M1/70), Ter-119 (TER119),
CD71 (RI7217), CD150 (TC15-12F12.2), CD34 (RAM34), CD48(HM48-1),
CD135(A2F10), CD127/IL-7R (A7R34), B220 (RA3-6B2), CD117/c-kit (2B8), Sca-1

(D7), CD16/32/FcyRII-II (93), CD4 (GK1.5), CD8 (53-6.7), CD44 (IM7), CD115 (AFS98),
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Ly6G (1A8) and lineage mixture (Gr-1, CD11b/Mac-1, Ter-119, CD127/IL-7R, B220, CDA4,
CD8a). The antibodies were purchased from BioLegend, eBioScience, or BD Biosciences.
Dead cells were eliminated by staining with 1 pg/ml propidium iodide (Sigma-Aldrich). The
cell surface protein expression used to identify hematopoietic cell types was as follows.
HSC (hematopoietic stem cell): CD150"CD48 CD135:CD34-¢c-kit"Sca-1*Lineage"

CMP (common myeloid progenitor): CD34*FcyR c-kit"Sca-1Lineage

GMP (granulocyte-macrophage progenitor): CD34FcyRc-kit"Sca-1-Lineage”

MEP (megakaryocyte-erythroblast progenitor): CD34 FcyR c-kit"Sca-1Lineage

LSK (hematopoietic stem and progenitor cells): c-kit"Sca-1*Lineage

LK (hematopoietic progenitor cells): c-kit"Lineage

Myeloid cell: Mac-1" and/or Gr-1*

B cell: B220"

T cell: CD4" and/or CD8a*

Monocytes: Mac-1"CD115"Ly6G

Neutrophils: Mac-1"Ly6G™*

CBLAE¥’RUNXTI5?°'5 cell culture and MDS mouse model

According to the previous report'®, Platinum-E cells were transfected with pMY-IRES-
hNGFR-RUNX1S291fs and pMY-IRES-GFP-CBLA?%” retroviral vectors using FuGENE HD
Reagent (Promega). The medium was replaced 20 h after transfection, and the supernatant
containing the retroviruses was collected and concentrated using a Retro-X Concentrator
(Takara). c-kit positive cells from WT and A4sc”" mice were isolated by MACS columns
(Miltenyi Biotec) and cultured in IMDM supplemented with 20% FBS, 1%
penicillin/streptomycin/glutamine, stem cell factor (SCF) (50 ng/mL), thrombopoietin (TPO)

(50 ng/mL), FIt3L (50 ng/mL), and IL-6 (50 ng/mL) for 24 h. The cells were transduced with
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retroviruses for 72 h using RetroNectin (Takara Bio). For in vitro culture, LinhNGFR*GFP*
cells were sorted using a FACSAria I1Iu (BD) and cultured in IMDM supplemented with 20%
FBS, 1% penicillin/streptomycin/glutamine, SCF (50 ng/mL), TPO (50 ng/mL), IL-3 (20
ng/mL), and granulocyte-macrophage colony-stimulating factor (GM-CSF) (20 ng/mL).
Viable cells in the culture were counted using a Vi-CELL (Beckman Coulter). To activate the
inflammasome, the cells were treated with 200 ng/mL lipopolysaccharide (LPS) (InvivoGen)
at 37°C in 5% CO?2 for 4 h followed by treatment with 10 uM nigericin (InvivoGen) for 1 h.
For the in vivo model, the virus transduction efficiency of the cells was confirmed by flow
cytometry at 72 h post-infection. We confirmed the proportion of RUNXIS??/SCBLAEY? cells,
which are positive for both hNGFR (RUNX1S5291fs) and GFP (CBL??%?), was greater than
10% of c-kit-positive cells. Subsequently, we transplanted bulk c-kit-positive cells containing
6 x 105 CBLAESRUNXI15?°'F cells via tail vein into congenic recipient mice irradiated with a

sublethal dose of 7.0 Gy. PB analysis was performed every 4 weeks after transplantation.

Tet2-deficient MDS/MPN mouse model

Whole bone marrow (BM) cells (5 x 10%) from 7et2™", Tet2"';Vavi-iCre and Tet2"":Asc™;
Vav1-iCre mice were transplanted via tail vein into congenic recipient mice (Ly5.1) irradiated
with lethal doses of radiation (9.5 Gy). PB cells were analyzed every month after

transplantation and BM cells were analyzed 5 months later.

RNA sequencing and data processing

Total RNA was extracted from 5,000 Lin-c-kit" (LK) cells sorted by FACSArialllu using the
RNeasy Plus Micro Kit (Qiagen), and cDNA was synthesized using the SMART-Seq HT Kit
(Clontech). Library preparation was performed using the NEBNext Ultra DNA Library Prep

Kit for Illumina (New England BioLabs, UK). After checking the concentration of each
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library on a TapeStation (Agilent), sequencing was performed using NextSeq500 (Illumina)
with single-read sequencing. TopHat (version 2.0.13; with default parameters) was used to
map reads to the reference genome (UCSC/mm10) using annotation data from iGenomes
(Illumina). Gene expression levels were quantified using the Cuffdiff software (version 2.2.1;

defaultparameters).

GSEA
Gene set enrichment analysis (GSEA)??> was performed on the data curated from the Broad
Institute's molecular signature database MSigDB. The gene sets used in this study are listed

in Table S2.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 10. The significance of
differences was measured by one-way ANOVA, a paired #-test, unpaired two-tailed Student’s
t-test, or Welch’s t-test when variance was judged to be significantly different by the F-test.

Data are shown as the mean + SEM.

Accession numbers

The RNA sequencing data were deposited in the DNA Data Bank of Japan (accession number:

PRIDB19718).

10
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Results

Inhibitory effect of Asc deficiency on inflammasome activation

Because ASC functions not only within the NLRP3 inflammasome but also in various
inflammasomes formed by other sensor proteins™ ¢, the loss of ASC is assumed to broadly
impact the suppression of inflammasome activation. To elucidate the role of inflammasome
activation in MDS progression, we utilized mice deficient in Asc'®. To confirm the inhibitory
impact of Asc-deficiency on inflammasome activation, we employed peritoneal macrophages,
a commonly utilized cellular model in inflammasome research. Ten percent thioglycolate was
administered via intraperitoneal injection to wild-type (WT) and Asc”~ mice.
Lipopolysaccharide (LPS), a component of the cell wall of gram-negative bacteria, and
nigericin, an antiporter of hydrogen and potassium ions, induce the activation of NLRP3, a
representative sensor protein?®. Peritoneal macrophages were primed with LPS for 4 hours in
a culture medium and then stimulated with nigericin for 1 h to induce inflammasome
activation (Supplementary Figure 1A). ASC protein was not detected in Asc”~ peritoneal
macrophages using western blotting (Supplementary Figure 1B). Priming of peritoneal
macrophages by LPS induced increased expression of pro-IL-1B and NLRP3?%, which was
observed in both WT and Asc”" peritoneal macrophages, indicating that the priming was
normal in Asc”” peritoneal macrophages. Consistent with previous reports, induction of pro-
IL-1pB was rather enhanced in Asc” peritoneal macrophages®. Activation of inflammasomes
by nigericin induces activation of caspase-1, and activated caspase-1 (cleaved caspase-1)
converts pro-IL-1B into its activated form. In Asc”~ peritoneal macrophages, caspase-1
activation was suppressed, and secretion of activated IL-1B (cleaved IL-1P) into the
supernatant was not detected (Supplementary Figure 1B). Upon the formation of the
inflammasome complex, ASC adaptor proteins polymerize to form large filament-like

clusters called ASC specks?$. ASC immunostaining showed ASC speck formation in WT

11
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peritoneal macrophages after LPS and Nigericin treatment; however, no speck formation was
detected in Asc” peritoneal macrophages (Supplementary Figure 1C). These results
confirmed that Asc” cells do not form inflammasome complexes and that signals downstream

of active inflammasomes are suppressed.

Contribution of inflammasome in steady-state hematopoiesis

To clarify the contribution of inflammasome to steady-state hematopoiesis, we examined PB
and bone marrow (BM) in 8-week-old WT and Asc” mice. Hemoglobin levels and B-cell
fraction were slightly increased in the PB of Asc” mice (Figure 1A). On the other hand, in
BM of Asc” mice, the absolute number of Lin"Scal*c-kit" (LSK) cells that include HSCs and
multipotent progenitor cells, was significantly decreased, while that of HSCs was not affected
(Figure 1B).

Next, we examined the repopulation capacity of 4sc”- BM cells. BM cells from WT
and Asc” mice (CD45.2) were transplanted into lethally irradiated recipient mice (CD45.1)
together with an equal number of competitive BM cells from congenic CD45.1 mice (Figure
1C). Asc” BM cells established donor chimerism comparable to that of WT BM cells in both
PB and BM HSCs at 4 months post-transplantation (Figure 1D). To assess long-term
repopulation capacity, BM cells from primary recipient mice were transplanted into lethally
irradiated secondary recipient mice (CD45.1). Again, Asc”"BM cells established chimerism
comparable to that of WT BM cells in PB (Figure 1E), indicating that loss of ASC has little
impact on BM repopulation capacity (Figure 1E). In contrast, Asc”~ BM cells reproducibly
generated a modest but significant increase in the proportion of PB B cells in secondary
recipients (Figure 1E). These results indicate that inhibition of inflammasome activation by

loss of ASC has a moderate effect on lineage composition of differentiated white blood cells.

12
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ASC loss does not affect the proliferation of CBLAZ¥’RUNX15*'/* MDS cells in culture
Analyses of human MDS samples have revealed that activated NLRP3 complexes in HSPCs
activate caspase-1, promoting IL-1pB and IL-18 production and cell death through pyroptosis!®.
ASC specks were detected in the PB of patients with MDS at a significantly higher frequency
than in healthy donors or other hematological malignancies!?. Further, we evaluated the
involvement of the inflammasome pathway in the MDS mouse model. We analyzed the
mouse MDS model induced by co-expression of mutant CBL (CBL*?%”) and RUNXI
(RUNXI5%°%)13 This MDS model reproduced the phenotypic characteristics of MDS with a
short latency'®. Mechanistically, excessive dynamin-related protein 1 (DRP1)-dependent
mitochondrial fragmentation in HSPCs induces excessive production of reactive oxygen
species, which activates inflammatory signals, thereby promoting ineffective hematopoiesis.
c-kit" HSPCs from WT and Asc” mice were transduced with CBLA2%? and RUNX15*%'%
retroviruses and subsequently analyzed for cell proliferation in vitro (Figure 2A). CBLAE%?
and RUNXI5?'F cells were marked by GFP and hNGFR expression, respectively. Cells co-
expressing CBLE¥° and RUNXI5?°'F (hereafter referred to as CBLAES’RUNXIS?'F cells)
were purified by cell sorting (Figure 2B), and equal numbers of sorted cells were cultured for
subsequent analyses. At the timing of cell sorting, 3 days after transduction,
CBLAESRUNXI5?°'% cultures contained an increased proportion of HSPCs, particularly LSK
cells. However, none of these phenotypic changes was significantly altered by loss of ASC
(Figure 2C). Consistent with these findings, CBLZ%’RUNX15*°'% cells showed a clear growth
advantage over control cells. In addition, Asc”- CBLAE¥RUNX15?°' cells exhibited enhanced
growth relative to their WT counterparts, although the difference did not reach statistical
significance (Figure 2D). On day 15 of culture, control and CBLAE¥’RUNXI5?'% cultures
contained approximately the same proportion of differentiated Mac-1* myeloid cells. Among

the myeloid cells, while Ly6G" neutrophils predominated in control culture, CD115"

13
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monocytes predominated in CBLAE¥’RUNXIS?'% cultures. However, none of these
phenotypic changes was significantly altered by loss of ASC (Supplementary Figure 2).
Inflammasome activation can induce pyroptotic cell death through caspase-1-mediated
activation of gasdermin D. Pyroptotic cells can exhibit Annexin V and propidium iodide (PI)
double positivity; however, this staining pattern alone cannot distinguish pyroptotic cells from
late apoptotic cells. On day 8 of culture, cells were challenged with LPS and nigericin to
activate the inflammasome, followed by assessment of cell death using Annexin V and PI
staining (Figure 2E and F). No significant differences in Annexin V*PI™ apoptotic cell death
were observed between WT and Asc”” control cells or between WT and Asc”
CBLAESPRUNXIS?'% cells. In contrast, CBLAEY’RUNXI5*°' cells exhibited significantly
increased Annexin V*PI* cell death compared with control cells, and this increase was further
enhanced by inflammasome activation with LPS and nigericin. Importantly, this effect was
significantly attenuated by loss of ASC (Figures 2F and G). We next measured IL-1f levels
in the culture supernatants. Although IL-1p levels were below the detection limit under basal
conditions, treatment with LPS and nigericin markedly increased IL-1f secretion in both
control and CBLAF¥’RUNXI15?°!% cells. This induction was completely abolished in Asc-
deficient cells (Figure 2H). In contrast, IL-18 levels were below the limit of detection (data
not shown) and TNFa induction was unaffected by loss of ASC (Figure 2H). Together, these
findings indicate that CBLAE¥’RUNXIS?*'% cells are more susceptible to inflammasome-

dependent pyroptotic cell death and support a role for inflammasome activation in these cells.

ASC loss does not affect the onset and early progression of MDS
We then analyzed the impact of ASC loss in MDS mice. After transduction of c-kit-positive
cells from WT and Asc” mice with CBL£% and RUNX15%'5 retroviruses, we first confirmed

by flow cytometric analysis that the proportion of CBLAE¥?RUNX15?°'% cells was greater than

14
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10% of c-kit-positive cells (Supplementary Figure 3). Subsequently, we transplanted bulk c-
kit-positive cells containing 6 x 10° CBLAES’RUNXI5?°'% cells into congenic recipient mice
irradiated with a sublethal dose of 7.0 Gy (WT and Asc”~ CBLAE¥’RUNXIS**% mice,
respectively) (Figure 3A).

We then performed a detailed analysis of hematopoiesis in WT and Asc”
CBLAE8’RUNXIS?*' mice. At 3 months post-transplantation, both WT and Asc”
CBLAESRUNXI5?°'% mice developed pancytopenia compared to controls (Figure 3B). The
proportion of CBLAE¥’RUNXT15°'% cells was high in myeloid cells but was significantly lower
in T cells (Figure 3B). PB smears showed morphological dysplasia such as pseudo-Pelger-
Huét nuclear abnormalities and hypersegmented nuclear neutrophils (Figure 3C), as well as
giant platelets (data not shown), which are characteristic of MDS. Histological analyses also
revealed a significant reduction in the number of mature megakaryocytes in the BM of
CBLAE8’RUNXIS?*" mice (Supplementary Figure 4A and B), indicating impaired
megakaryocyte maturation. In contrast, no significant differences were observed between WT
and Asc”- CBLY*°RUNX15??/% mice. Furthermore, both WT and Asc”- RUNXI15?°/SCBLAES”
mice showed increased LK hematopoietic progenitor cells and enhanced cell death of CD45*
hematopoietic cells in BM (Figure 3D and 3G). They also showed a mild block in erythroid
differentiation at the transition from stage IV to stage V (Figure 3E and F), along with
increased cell death of Ter119" erythroid cells (Figure 3G), which is consistent with the mild
anemia observed in Figure 3B. All these MDS phenotypes were similar between WT and Asc
~ RUNXI5*'FCBLAF%” mice. Therefore, ASC-mediated inflammasome activation might play

a limited role in the onset and early stages of MDS development.

ASC loss prolongs the survival of MDS mice

During a long-term observation of the MDS mice, WT CBLAE¥’RUNXI5?°'% mice developed
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a lethal disease, and all died 7 months after transplantation (Figure 4A). Notably, Asc™
CBLAES’RUNXI5?°" MIDS mice showed significantly prolonged survival beyond 10 months
after transplantation (Figure 4A). We analyzed moribund mice by flow cytometric analysis of
PB and BM and microscopic analysis of PB smears and found that they died of advanced
MDS (Figure 4B and Supplementary Figure 5A) or AML (Figure 4C and Supplementary
Figure 5B). In AML cases, flow cytometric analysis of PB showed a marked increase in
immature cell populations (non-MyBT, leukemic blasts) among CD45" cells that were
negative for B- and T-cell differentiation markers and negative or weakly positive for Mac-1,
a marker for myeloid cells. PB smears revealed many undifferentiated blast-like cells with an
increased nuclear/cytoplasmic ratio (Figure 4C and Supplementary Figure 5B). In the BM of
AML mice, hNGFR- and GFP-co-expressing cells, which were mostly c-kit", were increased.
BM cytospin specimens showed an expansion of undifferentiated blast-like cells (data not
shown). Therefore, we concluded that the moribund mice converted from MDS to AML. In
contrast, moribund mice with lethal MDS did not show a significant increase in immature cell
population (non-MyBT) of PB CD45" cells. PB smears showed dysplastic hematopoietic cells
but not leukemic blasts (Figure 4B and Supplementary Figure 5A). BM cytospin specimens
showed no significant increase in the number of blast-like cells (data not shown). Asc™
CBLAESPRUNXI5?°"% MDS mice developed AML at similar timing and frequencies to those
of WT CBLE¥’RUNXI15?°'f mice (median survival: Asc”- CBLAE¥’RUNXI15°°'/* AML 176.5
days vs. WT CBLAP°RUNXIS?"S AML 162.0 days) (Figure 4A). However, Asc”
CBLAES’RUNXI5?°" MDS mice took longer to progress to lethal MDS (median survival: Asc”
~ CBLAES°RUNXIS?*'S MDS 262.0 days vs. WT CBLAE¥’RUNXI5?°f MDS 171.0 days),

resulting in better overall survival than did WT MDS mice (Figure 4A).

ASC loss attenuates inflammasome activation and MDS progression
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PB analysis of MDS mice surviving up to 6 months after transplantation revealed macrocytic
anemia with increased mean corpuscular volume (MCV) and thrombocytopenia in both WT
and Asc”” MDS mice (Figure 5A). Nonetheless, WT MDS mice showed more progressive
macrocytic anemia with markedly increased MCV than did Asc”- MDS mice (Figure 5A).
Subsequently, we compared the PB data of WT moribund mice with those of 4sc”-mice. Both
WT and Asc”” MDS mice that developed AML showed markedly increased white blood cell
counts and a significant expansion of non-MyBT immature cell populations in the PB at the
moribund stage (Figure 5B, Supplementary Figure 6A). In the case of MDS, while Asc”- mice
had extended survival (Figure 4A), they also exhibited advanced pancytopenia comparable to
WT MDS mice at the moribund stage (Figure 5B). The proportion of CBL*¥’RUNX 15?1/
cells was high in myeloid cells and non-MyBT cells but significantly lower in B and T cells,
regardless of Asc status (Supplementary Figure 6B). Collectively, these results indicate loss
of ASC slows but does not completely prevent the progression of ineffective hematopoiesis.

To monitor inflammasome activation, we measured IL-1[3 and IL-18 levels in BM fluid
3 months after transplantation. While IL-1f levels remained very low, IL-18 levels were
significantly elevated in CBLAE¥’RUNX15?°* MDS mice, and this increase was attenuated in
the absence of ASC (Figure 5C). We next assessed caspase-1 activation in BM cells at 3
months post-transplantation. The proportion of cells with active caspase-1 was significantly
increased in the lineage marker- (Lin") progenitor fraction, especially in Linc-kit"Scal-
myeloid progenitors, from CBLAE¥’RUNXI5?°f MDS mice compared with control mice
(Figure 5D). This finding is consistent with a previous report demonstrating active NLRP3
inflammasome complexes in progenitor cells from patients with MDS!?, Caspase-1 activation
was reduced in Asc”” mice, although the difference did not reach statistical significance
(Figure 5D). Although the proportion of cells with active caspase-1 in Lin" mature cell

fraction was comparable between control and CBLAE5’RUNX15?°'% MDS mice, caspase-1
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activation was higher in Lin* cells than in Lin cells in both groups and was moderately but
significantly reduced in the absence of ASC. These results suggest that inflammasomes are
aberrantly activated in myeloid progenitors in the CBLAE¥’RUNX15?°* MDS model. Given
that loss of ASC attenuated MDS progression, reduced inflammasome activity in both
myeloid progenitors and differentiated Lin™ cells may have contributed to the attenuation of

disease phenotype.

CBLAEY RUNXT5?°'/ MDS cells express inflammatory gene signatures

To understand the effect of ASC loss on inflammasome activation in CBLAE5°RUNX 1527/
MDS cells, Lineage-c-kit" CBLAE¥°RUNXI15?°'f MDS progenitor cells from MDS mice 3
months after transplantation were purified by sorting and subjected to RNA sequencing
analysis (Supplementary Figure 7A). Principal component analysis (PCA) clearly separated
WT control and WT CBLAES°RUNXIS?'5 cells, whereas Asc”~ CBLAESRUNXI5?'5 cells
were assigned between them (Figure 6A). We identified 793 differentially expressed genes
(DEGs) upregulated in WT CBLAE¥RUNXI15?°! MDS cells compared to WT control cells
(LogoFC > 1, P-value < 0.05, Padj < 0.05). Of these, approximately 44% were downregulated
by loss of ASC in MDS cells (Figure 6B, Supplementary Figure 7B, and Supplementary Table
1). Gene set enrichment analysis (GSEA) revealed that various inflammatory signaling genes
(inflammasome, IL1 and IL18 signaling, interferon response, and apoptosis) tended to be
upregulated in WT CBLAEY°RUNXI15?°/% MDS cells compared to WT control cells, and their
expression was downregulated in the absence of ASC (Figure 6C, 6D and Supplementary
Table 2). A heatmap of inflammation- and MDS-related DEGs in WT CBLAE3°RUNX 15275
MBDS cells demonstrated that the majority of these transcriptional changes were attenuated in
Asc” CBLAEYPRUNXI5?° MDS cells (Figure 6D and 6E). Collectively, these results support

a role for ASC in regulating inflammatory responses and suggest that loss of ASC alleviates
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inflammatory signaling in MDS. Expression of gene sets involved in cell proliferation,
ribosomal biogenesis, and protein synthesis, which were downregulated in WT
CBLES°RUNXI5?°"5 MDS cells, was restored in Asc”~ CBLE¥’RUNXI5**' MDS cells.
Furthermore, a gene set associated with MDS risk was moderately downregulated in Asc™
CBLAES’RUNXI5?°" MDS cells (Figure 6D and 6E). These findings are consistent with the

perturbed MDS progression in 4sc”~MDS mice.

ASC loss attenuates 7er2 deficiency-mediated MDS/MPN progression

To assess whether the role of ASC extends to additional MDS models, we next examined a
Tet2-deficient model. BM cells from 7et2";Vavi-iCre mice were transplanted into lethally
irradiated recipient mice, and disease progression was evaluated in the presence and absence
of ASC (Figure 7A). Consistent with previous reports?’, Tet2-deficient BM cells developed
MDS-like disease, and a subset of mice died during the observation period (Figure 7B). These
mice exhibited pancytopenia (Figure 7C), mild myeloid-biased differentiation (Figure 7D),
expansion of BM HSPCs (Figure 7E), and a mild block in erythroid differentiation at the
transition from stage IV to stage V (Figure 7F), accompanied by increased cell death of
Ter119* erythroid cells (Figure 7G). These phenotypes were largely consistent with those
observed in the CBLAE¥’RUNXI5?°'F MDS model. Notably, 4sc deficiency substantially
attenuated the MDS phenotypes induced by 7et2 deficiency. In this model, IL-1 and IL-18
levels were markedly elevated in BM fluid, and these increases were reduced in the absence
of ASC, particularly in the case of IL-1p (Figure 7H). These findings provide additional
evidence supporting the requirement for ASC-dependent inflammasome activation in MDS

progression.
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Discussion

In this study, we attempted to clarify the pathogenic significance of the inflammasome in
MDS using mice lacking ASC, an adaptor protein that forms the inflammasome. Under
steady-state conditions, the loss of ASC did not impair the function of HSPCs. Because
inflammasome activation is suppressed at a low level under steady-state conditions,
inflammasome inactivation is not thought to cause a significant impairment of normal
hematopoiesis. Conversely, in the MDS mouse models, the loss of ASC significantly extended
survival time.

In the CBLAES”RUNXI5*°"% MDS mouse model, no significant differences were observed in
the initiation of MDS between WT and Asc” cells. On the other hand, Asc”
CBLAESRUNXIS?*'% mice showed significantly attenuated progression of cytopenia and
development of lethal MDS, resulting in significantly longer survival than WT
CBLAE8°RUNXIS?'5 mice. Notably, Asc deficiency also substantially attenuated the MDS
phenotypes induced by 7er? deficiency. These results are consistent with those from a
previous observation that the inhibition of NLRP3 or caspase-1 improves the ineffective
hematopoiesis of human MDS samples in culture!. Collectively, these findings support a role
for inflammasome activation in exacerbating ineffective hematopoiesis and promoting MDS
progression.

Various stimuli induce inflammasome activation in MDS cells. DAMPs derived from
damaged cells, such as SI00A8/9, are well-known inducers of inflammasome signaling?®, and
their levels may increase with MDS progression. However, this study did not longitudinally
assess inflammasome activation levels across different disease stages, from MDS onset
through advanced disease, and leukemic transformation. Defining the kinetics of
inflammasome activation during disease progression will therefore be an important subject

for future studies. In addition, the roles of IL-1p and IL-18, key inflammatory cytokines
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produced downstream of inflammasome signaling pathways, in MDS progression and
particularly in ineffective hematopoiesis warrant further investigation. In WT
CBLAESRUNXI5?°"5 MDS mice, IL-1p levels remained very low, although IL-1p production
could be induced in cultured cells by LPS and nigericin treatment. In contrast, IL-18 levels
were significantly elevated in 4sc-dependent manner. In 7et2-deficient MDS mice, both IL-
1B and IL-18 levels were elevated, and these increases were attenuated by Asc deficiency,
particularly for IL-1p. Pro-IL-18 is constitutively expressed in many cell types, whereas IL-
1B production generally requires transcriptional induction of pro- IL-1B by inflammatory
stimuli before inflammasome-dependent processing?’. Thus, the differential patterns of IL-13
and IL-18 production may reflect more robust inflammatory priming in 7et2-deficient MDS
than in CBLAE¥°RUNXI5°'f MDS and suggest that the mechanisms regulating
inflammasome responses differ between these two disease models.

Clonal hematopoiesis of indeterminate potential (CHIP), characterized by the age-
associated expansion of HSC clones harboring acquired somatic mutations, is closely
associated with the development of MDS?* 3!, Inflammation and immune dysregulation can
promote clonal hematopoiesis*, raising an important question of whether inflammasome
activity contributes to the establishment or expansion of CHIP. The NLRP3 inflammasome
has also been implicated in the progression of myeloproliferative neoplasms and de novo
AML, in part through IL-1B-mediated mechanisms®**34. In the present study, however,
CBLAESPRUNXI5?°5 MDS progressed to AML with similar timing and frequency regardless
of Asc status, despite the attenuation of MDS progression and prolonged survival associated
with A4sc deficiency. These findings suggest that ASC-dependent inflammasome signaling
contributes to MDS progression but may have a limited role in leukemic transformation in
this model. Thus, the biological consequences of inflammasome activation may differ

according to the genetic context, type of myeloid malignancy, and disease stage®. Although
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findings from the CBLAE%’RUNXI15?°/% MDS model cannot be generalized to all forms of
MDS, further investigation of the roles of inflammasome signaling during clonal
hematopoiesis, MDS progression, and secondary AML development may provide a more
comprehensive understanding of MDS pathogenesis.

Transcriptome analysis revealed increased expression of inflammatory response-
associated genes and decreased expression of genes involved in cell proliferation and protein
synthesis in CBLAE¥’RUNXI5?°!% MDS cells. These transcriptional alterations were partially
reversed by Asc deficiency, consistent with the attenuation of cytopenia observed in Asc”
MDS mice compared with WT MDS mice. IL-18 produced downstream of inflammasome
activation is known to induce interferon y*, which in turn can upregulate the expression of
inflammasome components, including ASC, NLRC4, and NLRP33¢. Therefore, inflammasome
activation and interferon y signaling may form a positive feedback loop that amplifies
inflammatory responses in MDS. Asc deficiency may disrupt this crosstalk, thereby
attenuating inflammation and limiting disease progression.

Finally, because ASC is involved in the formation of numerous inflammasomes>®, it is
currently unclear which sensor proteins are involved in inflammasomes in the
CBLAES’RUNXI5?°"5 and Tet2-deficient MDS models. Although the involvement of NLRP3
in MDS has already been reported!'?, there are diverse abnormalities related to innate
immunity in MDS. Thus, various inflammasomes may be activated. Recently, it was reported
that Bruton’s tyrosine kinase (BTK) is essential for NLRP3 inflammasome formation and that
ibrutinib, a BTK inhibitor, inhibits NLRP3 inflammasome formation®’. Several compounds
that inhibit ASC polymerization have also been reported®*-*°, which may have clinical
applications in the future. Understanding the types of inflammasomes involved in MDS and

their ligands is important for understanding the pathogenesis of MDS.
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Figure legends

Figure 1. Asc”- mice show normal hematopoiesis

(A) Peripheral blood white blood cell (WBC) counts, hemoglobin (Hb) levels, platelet (PIt)
counts, and lineage distribution of differentiated white blood cells (myeloid cells, B cells, and
T cells) in 8-week-old WT and Asc”” mice. (B) Numbers of BM cells, HSCs, LSK stem and
progenitor cells, and myeloid progenitors (CMP, GMP, and MEP) in 8-week-old WT and Asc
~ mice. (C) Experimental design of serial competitive transplantation assays. BM cells (5 x
108 cells) from 8-week-old CD45.2 wild-type and Asc”- mice were transplanted together with
the same number of competitor BM cells from CD45.1 congenic mice into recipient mice
after lethal irradiation of 9.5 Gy (primary transplantation). Four months later, BM cells (5 X
106 cells) from the primary recipient mice were transplanted into secondary recipient mice
after lethal irradiation of 9.5 Gy (secondary transplantation). (D) Percentage of CD45.2
donor-derived cells among PB CD45-positive nucleated cells (CD45.1+CD45.2) in primary
recipient mice (upper left panel). Donor chimerism within myeloid cells, B cells, and T cells
(lower left panel), and donor-derived HSC chimerism in BM (lower right panel) at 4 months
post-transplantation. The lineage composition of PB differentiated white blood cells (myeloid
cells, B cells, and T cells) is shown in the upper right panel. (E) Percentage of CD45.2 donor-
derived cells among PB CD45-positive nucleated blood cells (CD45.1+CD45.2) in secondary
recipient mice (upper panel). The lineage composition of PB differentiated white blood cells
(myeloid cells, B cells, and T cells) at 3 months post-transplantation is shown in the lower
panel. Significant differences between the two groups by #-test are indicated with an asterisk.

*p <0.05, **p <0.01, ***p <0.001, n.s., not significant.

Figure 2. CBLAE¥’RUNXIS?'5 cells are more susceptible to inflammasome-dependent

28



706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

Andoh S et al. 29

pyroptotic cell death

(A) Experimental design. c-kit positive HSPCs were purified from wild-type and Asc”~ mice
and transduced with retroviruses expressing CBLAE%° and RUNX1S291fs, which harbor GFP
and human NGFR marker genes, respectively. Co-transduced cells were purified by flow
cytometric sorting and cultured in medium containing SCF (50 ng/mL), TPO (50 ng/mL), IL-
3 (20 ng/mL), and GM-CSF (20 ng/mL). (B) Representative flow cytometry plots of
transduced cells. GFP (CBL?%°) and hNGFR (RUNX1S291fs) double-positive (DP) cells
were sorted 3 days after virus transduction. (C) Proportion of HSPCs, GMPs and cKit cells
in Lin~ GFP and hNGFR double-positive cells 3 days after virus transduction. Significant
differences between the two groups by one-way ANOVA are indicated with an asterisk.
(D)Growth curves of wild-type and Asc”- CBLAE%°RUNXI5*°'% cells. Significant differences
on day 21 of culture between the two groups by #-test are indicated with an asterisk. (E-G)
Experimental design of cell death analyses (E). Cultured cells were treated with LPS and
Nigericin on day 8 of culture and subsequently stained with Annexin V and PI. Representative
flow cytometry plots (F) and the quantification of Annexin V'PI" and Annexin V*PI" dead
cells (G) are shown. (H) IL-13 and TNFa levels in the culture supernatants on day 8 of culture.
Significant differences between the two groups by #-test are indicated with an asterisk. *p

<0.05, **p<0.01, ***p<0.001, ****p <0.0001, n.s., not significant, N.D., not detected.

Figure 3. ASC loss does not affect the onset and early progression of MDS

(A) Experimental design for generating MDS mouse models. c-kit positive cells from wild-
type and Asc”’" mice were transduced with CBLAE%° and RUNXI15?°' retroviruses, and the
proportion of cells co-expressing CBLAE° and RUNXI1S291fs (CBLAES?RUNXI5*°'% cells)
was confirmed to be greater than 10% by flow cytometry analysis. Subsequently, whole

cultured cells containing 6 x 10° CBLAE¥’RUNXI5*°'% cells were transplanted into congenic
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recipient mice irradiated with a sublethal dose of 7.0 Gy. (B) WBC counts, Hb values, mean
corpuscular volumes (MCV), and PIt counts (upper). Absolute numbers of myeloid cells, B
cells, and T cells, as well as the proportions of GFP (CBL?#%%) and hNGFR (RUNX1S291f5)
double-positive (DP) CBLAES’RUNXI5?°'F cells within myeloid, B, and T cell populations in
PB, are also shown (lower). (C) Images of PB smears observed by May-Griinwald-Giemsa
staining. Pseudo-Pelger-Huét nuclear anomaly (left panels) and hypersegmented neutrophils
(right panels). (D) Bone marrow cell counts (a pair of femur and tibia), chimerism of CD45.2
donor-derived cells in BM CD45" nucleated blood cells (CD45.1+CD45.2), numbers of LK
progenitor cells in BM. The proportions of CBLAE¥’RUNX15??"% (DP) cells within total BM
and LK cells are also shown. (E) Analysis of erythroid cells in BM. Representative flow
cytometry plots of PI-negative cells are shown. Gates defining the erythroid differentiation
stages (I-VI) are indicated. (F) Frequencies of cells in each erythroid differentiation stage in
Ter119* erythroid cell. The proportions of CBLAES?RUNXI15*°/% (DP) cells within each
erythroid differentiation stage, are also shown. Asterisks indicate a significant difference
compared to stage I. (G) Percentages of Annexin V'PI" dead cells among CD45" blood cells
and Ter119" erythroid cells. Statistical analyses were performed by one-way ANOVA, and
significant differences between the groups are indicated with asterisks. *p <0.05, **p<0.01,

n.s., not significant.

Figure 4. ASC loss prolongs survival of CBLAE¥’RUNXI5?'* MDS mice

(A) Survival curve of recipient mice (left panel). In the WT group, four mice died of MDS
(green circles), and another four died of AML (black circles). In the Asc-deficient group, four
mice died of MDS and six mice died of AML. Median survivals are shown in the right panel.

Significant differences between the two groups based on the log rank test is indicated with

asterisks. **p<0.01. (B, C) A representative WT CBLAE?RUNXI5?°//* MDS mice that died of
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advanced MDS (B) and AML (C). Flow cytometry plots of PB and BM (left and right,

respectively). Images of PB smears (center).

Figure 5. Loss of ASC reduces inflammasome activation, thereby attenuating MDS
progression

(A) PB cell count data up to 6 months after transplantation. WBC counts, Hb values, MCV,
and Plt counts are indicated. Statistical analysis was performed using one-way ANOVA. Red
and blue asterisks indicate a significant difference of p < 0.05 in the comparison of WT
CBLAE8’RUNXI5?°" MDS vs. WT control mice and Asc”- CBLAES”RUNX 15?5 MDS vs. Asc”
- control mice, respectively. (B) PB counts for MDS and AML mice at their moribund stages
and control mice at 7 months post-transplantation. Statistical analysis was performed using
the #-test. * p<0.05, n.s., not significant. (C) IL-1[3 and IL-18 levels in BM fluids 3 months
post-transplantation. Statistical analyses were performed by one-way ANOVA are indicated
with asterisks. (D) Analysis of Caspase-1 activation by flow cytometry. Activated caspase-1
was detected by reaction with a fluorescent probe-labeled caspase inhibitor in
CBLAES’RUNXIS?°'% mice at 12 weeks post-transplantation. Representative flow cytometry
histograms of Lin" cells and Lin c-kit"Scal- myeloid progenitors (left panels) and percentages
of cells with active Caspase-1 in Lin" cells, Lin" cells, Linc-kit"Scal- myeloid progenitors,
and LSK cells in bar graphs (right panels) are shown. Significant differences between two

groups based on the #-test are indicated. * p<0.05, **p<0.01, ***p<0.001.

Figure 6. Attenuated inflammation-related gene signature in Asc”~ MDS mice
progenitors
(A) Principal component analysis (PCA) plot based on gene expression by RNA sequencing

of Lin“c-kit" progenitors co-expressing CBLA%%” and RUNXI5**'% from MDS mice 3 months
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after transplantation. Lin c-kit" progenitors were sorted from GFP"hNGFR"™ double positive
(DP) cells. For the control groups, because of the low frequency of DP cells, Lin c-kit"
progenitors were sorted from GFP* and/or hNGFR™ cells. (B) A Venn diagram showing the
overlap between up-regulated DEGs in WT CBLAZ%°RUNXI5*°' compared to WT control
and down-regulated DEGs in Asc’~ CBLE¥’RUNXIS? compared to WT
CBLAESPRUNXIS?'%. (C) Representative GSEA plots. The normalized enrichment score
(NES) values, NOM p-values (p-val), and FDR g-values (g-val) are shown in the plots. (D)
Summary of GSEA. (E) Heatmap of the expression of DEGs included in the inflammation-

and MDS-related gene sets shown in (D).

Figure 7. ASC loss attenuates 7er2 deficiency-mediated MDS/MPN progression

(A) Experimental design. BM cells (5 x 10° cells) from Tet2":Vavi-iCre mice were
transplanted into lethally irradiated recipient mice, and disease progression was evaluated in
the presence and absence of ASC. (B) Survival curves of recipient mice. PB and BM analyses,
as well as ELISA measurements of cytokines, were performed at 5 months post-
transplantation. (C) PB WBC counts, Hb levels, MCV, Plt counts, and absolute numbers of
myeloid cells, B cells, and T cells. (D) Lineage distribution of differentiated white blood cells
(myeloid cells, B cells, and T cells) shown in (C). Significant differences compared with
Tet2"" by t-test are indicated with an asterisk. (E) Chimerism of donor-derived cells in BM
and absolute numbers of BM cells, LSK HSPCs, and GMPs. (F) Frequencies of cells in each
erythroid differentiation stage. (G) Percentages of Annexin V'PI" dead cells among CD45.2*
donor-derived cells and Ter119" erythroid cells. (H) IL-1B and IL-18 levels in BM fluids.
Statistical analysis in (C), (E), (F), (G), and (H) were performed by one-way ANOVA, and
significant differences between the groups are indicated with asterisks. *p <0.05, **p<0.01,

*#%p<(0.001, ****p <0.0001, n.s., not significant.
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Figure 3
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Figure 4
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Figure 5

A

— WT Control  — WT CBLRUNX15%"  — Asc” Control — Asc” CBLAFSPRUNX 15291
WBC Hb MCV Pit
250 20 & % % 80 *oox 150
200 15 * * * * 60 : :: : * * *
= = 100
2150 = = BN
S 210 < 40 )
< 100 <
20 50
50 5
01— T T T T T 0-— T T T T T 01— T T T T T 01— T T T T T
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1. 2 3 4 5 6
Months after Transplantation
B WBC Hb MCvV PIt
n.s. ns.
500+ ns. 20 ] 120+ — 150+ ns.
1 . ] s 1
4004 o -S. n.s.
n.s. 154 904
o r— =~ * 0® 1004 ® .
=S 3004 S - * ° | = %9 2 [ o°
= — og T 10 ° L ° « 60 B ¢ OO =) s i
% 200 o © I ° | o ‘o X s
) og o » . 50 e g
100] o3 N 51 ° 8 301 —
209 e i o
0 T .I T T T T 0 T T T T T T 0 T T T T T T 0'_|_.|._<g°_l_;_6p_
g I g I I g I ]
20 a0 E n N0 g E n 9N a9 0 a 20 a0 9 g
ja} a} ja} o} ja} ja} ja} la}
3523822 3523822 32238=% 382822
WT Asc” WT Asc” WT Asc” WT Asc”
BM fluids Lin* Lin* Lin-
*%
IL-1B8 20 — 20
= 15 — * —_
£ = 151 T 15+
(=2 ~ ~
‘g 10 5 - é_ oo ° %
‘; % g’ 8 10_ o 8 10_ * *%x
- 5 7] B o o
- 8 8 g 5 g 5 Tk
o ] ]
=0 s = < < o
el el
N I 0-! 0-!
IL-18 £ £
ns. 2 S Linc-kit*Scat- LSK
*
=97 ey 20- 1 20
£ o
2 40 o — ** —
> x 154 * 154
= = ° =
% 20 400 0 10° 10¢ 10° 406 0 100 106 100 é. ° ‘é
A Cleaved Casp1 Cleaved Casp1 S 104 © 104 *
- (6] o
-0 2 2 ° *
5% % Il WT Control Il Asc Control 3 54 3 5 o|—|
- WT CBLAES/QRUNX15291fS - AE8/9, S291fs o °
“WT A [ | Bl Asc’ CBLA€3°RUNX1
0-! 0-




Figure 6
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