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ARTICLE INFO ABSTRACT

Keywords: Inflammation and oxidative stress are critical drivers of bone marrow (BM) fibrosis in primary myelofibrosis
Heme oxygenase 1 (MF). Here, we investigated the interplay between the heme oxygenase-1 (HO-1)/carbon monoxide (CO)
Inﬂalrngll)asome NLRP3 pathway and NLRP3 inflammasome activation in MF microenvironment. Bioinformatic analysis of patient
xz:ol;is rosis datasets (GSE53482 and GSE41812) revealed an approximately two-fold reduction of HO-1 expression in CD34"

peripheral blood cells compared with healthy controls (p < 0.01). Consistently, JAK2V617F-mutated cell lines
(HEL, SET2) displayed respectively lower HO-1 and higher NLRP3 expression than JAK2 wild-type UT7 cells.
Ruxolitinib, a potent pharmacological inhibitor of JAK/STAT pathway, restored HO-1 (~1.7-fold increase) and
reduced NLRP3 by ~50% (p < 0.01). Similarly, in mesenchymal stromal cells (HS-5), tumor-conditioned medium
induced a two-fold increase in NLRP3 and Caspase-1 and a ~40% decrease in HO-1. Pharmacological induction
of HO-1 by hemin (10 uM) or CO-releasing molecule CORM-A1 (25 pM) restored HO-1 (~1.8-fold) and reduced
NLRP3 activation (~50%), limiting aSMA expression and collagen deposition by ~55-60%. In a TPOMEh
zebrafish model, nilrp3, caspase-a, and il1 were upregulated ~2.5-fold, while hmoxIa/b decreased by ~50%;
CORM-A1 co-treatment reversed these effects, increasing hmoxla (~1.7-fold) and decreasing cd41 and collal
(~45%). NLRP3 inhibition by MCC950 (1 pM) produced similar results. Consistently, BM biopsies from MF
patients showed ~65% lower HO-1 expression (p < 0.001) and nuclear BACH1 localization in megakaryocytes.
In conclusion, our results demonstrate that HO-1/CO signaling suppresses NLRP3 inflammasome activation and
fibrotic remodeling, suggesting that this pathway may represent a potential therapeutic target in MF.

Tumor microenvironment

1. Introduction progressive bone marrow (BM) fibrosis, megakaryocytic proliferation,
and extramedullary hematopoiesis, ultimately resulting in BM failure

Primary myelofibrosis (MF) is a clonal myeloproliferative neoplasm and splenomegaly [3,4]. The advent of JAK inhibitors dramatically
(MPN) arising from hematopoietic stem cells that acquire mutations in changed the approach to this disease, improving the symptoms, quality
JAK2, MPL, or CALR, leading to constitutive activation of the JAK/STAT of life and overall survival [5-7]. Chronic inflammation and oxidative
signaling pathway [1,2]. Clinically, the disease is characterized by stress are recognized as major drivers of MF pathogenesis and fibrotic
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progression, sustaining an aberrant microenvironment that favors clonal
expansion, cytokine overproduction, and tissue remodeling [8]. In
particular, inflammation promotes fibroblast activation and extracel-
lular matrix (ECM) deposition through the release of proinflammatory
mediators, including interleukins, chemokines, and growth factors such
as TGF-p [9]. Among the key regulators of this process, the NOD-like
receptor family pyrin domain containing 3 (NLRP3) inflammasome
has emerged as a pivotal mediator of inflammatory signaling and
fibrosis [10]. NLRP3 activation triggers caspase-1 cleavage and the
release of IL-1p and IL-18, amplifying the inflammatory cascade and
contributing to stromal activation. Elevated inflammasome activity has
been reported in several fibrotic diseases, including MF, linking innate
immune dysregulation to tissue scarring and disease progression. To
counterbalance this persistent inflammatory state, cells rely on endog-
enous cytoprotective systems that limit oxidative and inflammatory
stress. Among them, the heme oxygenase-1 (HO-1) pathway plays a
central role. HO-1 catalyzes the degradation of heme into biliverdin,
iron, and carbon monoxide (CO), molecules with potent antioxidant and
cytoprotective properties [11-13]. Reduced HO-1 expression or activity
has been associated with enhanced oxidative stress, excessive cytokine
production, and fibrosis in multiple tissues [14,15]. Notably, a recip-
rocal regulatory loop exists between HO-1 and the NLRP3 inflamma-
some [16]. In this regard, previous studies showed that HO-1 can
suppress inflammasome activation, while excessive NLRP3 signaling can
inhibit HO-1 transcription, perpetuating inflammation and tissue dam-
age [17]. Despite the recognized role of inflammation in MF, the
contribution of the HO-1/CO axis to the regulation of NLRP3 inflam-
masome activity in the myelofibrotic niche remains poorly understood.
We therefore aimed to elucidate the molecular crosstalk between HO-1
signaling and NLRP3 inflammasome activation in MF, using integrated
bioinformatic, in vitro, and in vivo approaches. We further explored
whether pharmacological activation of HO-1 or its byproduct CO could
counteract inflammasome-driven fibrotic remodeling in stromal cells
and the BM microenvironment of MF.

2. Methods
2.1. Datasets selection and data processing

For our study, two datasets were selected. Norfo et al., 2014;
Guglielmelli et al., 2013, profiled the expression of CD34" cells in PMF
patients through array experiments [18,19] (data accessible at NCBI
GEO database [20] accession respectively GSE53482 and GSE41812). A
total of 78 samples, comprising 16 healthy controls and 62 primary
myelofibrosis (PMF) patients, were considered for expression analysis.
All selection and analysis criteria refer to our previous manuscript [21].
The getGEO function, included in the GEOQuery R package [22], was
used to retrieve both expression values and metadata of the involved
datasets. Samples were stratified according to their JAK2 mutational
status, following sample metadata.

A z-score scaling was computed on normalized expression values, to
facilitate the comparison between the conditions among different
datasets. The Kruskal-Wallis test, followed by Dunn's multiple compar-
ison post-hoc test were computed to assess differential expression be-
tween groups.

2.2. Cell culture and pharmacological treatments

Healthy mesenchymal stromal cells (HS5), and erythroblast cell line
(HEL), were purchased from ATCC (ATCC TIB-180™, Milan, Italy),
essential thrombocythemia cell line (SET-2) and acute myeloid leukemia
cell line (UT7) were obtained from DSMZ (Braunschweig, Germany).

HEL and SET-2 cells were selected as JAK2V617F-mutated hemato-
poietic cell models to reproduce constitutive JAK2/STAT signaling
associated with myeloproliferative neoplasms. UT7 cells were used as a
JAK2 wild-type hematopoietic comparator, allowing the assessment of
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differences associated with the JAK2V617F-mutated background. HS-
5 cells were selected as a human bone marrow-derived mesenchymal
stromal cell model to investigate the response of the stromal compart-
ment to soluble factors released by JAK2V617F-mutated cells.

HS5 cells were maintained in culture medium Dulbecco's Modified
Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), 100
U/mL penicillin, and 100 U/mL streptomycin. HEL, and SET2 were
maintained in RPMI-1640 Medium supplemented with 10% or 20% FBS
respectively, 100 U/mL penicillin, and 100 U/mL streptomycin. UT7
were grown in RPMI-1640 Medium supplemented with 20% FBS, 100 U/
mL penicillin, and 100 U/mL streptomycin and 5 ng/ml GM-CSF, ac-
cording to manufacturer's guidelines.

Conditioned medium from HEL and SET2 cell lines was collected
24 h after seeding 1 x 10° cells and subsequently used to incubate
5 x 108 HS-5 cells for 24 h, at a 1:1 medium ratio. The control condition
consisted of a 1:1 mixture of fresh RPMI and fresh DMEM, prepared with
the same serum concentration and the same medium ratio used for the
conditioned-medium experiments. Ruxolitinib was obtained from Enzo
Life Science (New York, USA). The doses of hemin (Sigma-Aldrich,
Mylan, Italy), CORM-Al (Sigma-Aldrich, Mylan, Italy) and MCC950
(InvivoGen, San Diego, CA, USA) used were 10 pM, 25 pM and 1 pM
respectively [23,24].

2.3. Real time PCR

Cellular RNA was extracted according to the TRIzol protocol (Ther-
mofisher scientific) [25]. cDNA was then synthesized with a
High-Capacity cDNA Reverse Transcription kit (category no. 4368814,
Applied Biosystems, Foster City, CA, USA) [26]. Quantitative real-time
PCR was performed in Step-One Fast Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA) using the SYBR Green PCR MasterMix
(category no. 4309155, Life Technologies, Monza, Italy). Primers were
purchased by Metabion International AG (Planneg, Germany) and
primers’ sequences are shown in Table 1. The relative mRNA expression
level was calculated using the threshold cycle (Ct) value of each PCR
product and normalized to p-actin using a comparative 2722 method.

2.4. Western blot analysis

Western blot analysis was performed as previously described [27].
Briefly, 30 pg of protein extract was loaded onto a 12% polyacrylamide
gel MiniPRO-TEAN® TGXTM (BIO-RAD, Milan, Italy) and
electro-transferred to a nitrocellulose membrane TransBlot® TurboTM
(BIO-RAD, Milan, Italy). Protein detection was performed by incubating
with primary antibody against Nlrp3 (1:500; rabbit) (ab263899, Abcam,
Cambridge, UK), Caspase-1 (1:500; rabbit) (ab179515 Abcam, Cam-
bridge, UK), a-SMA (1:500; rabbit) (ab124964,Abcam, Cambridge, UK),
HO-1 (1:1000; rabbit) (ab68477, Abcam, Cambridge, UK) and p-actin
(1:2000; anti-mouse, (ab8226, Abcam, Cambridge, UK) overnight at
4 °C. Secondary antibody anti-mouse and anti-rabbit HRP-conjugated
(Jackson, WestGrove, PA, USA) were used. Protein bands intensities
were detected using C-DiGit® Blot Scanner (LI-COR Biotech), quantified
and normalized to f-actin levels.

2.5. Mallory staining

Mallory staining was performed using a previously published
method [28]. Briefly, cells cultured on chamber slides were stained
using Mallory's Trichrome kit (REF010227, Diapath). Stained cells were
examined under a light microscope for cytological analysis.

2.6. In vivo zebrafish model
2.6.1. Ethics statement

The experimental procedures were approved by the Animal Studies
Committee of Ministero della Salute Italy (Approval code: 30/2022-PR).
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Table 1
Primers’ list (human).
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Gene Forward 5' — 3' Reverse 5' — 3 Accession Number
NLRP3 CTGGCATCTGGGGAAACCT TCCTTAGGCTTCGGTCCACA NM_001079821.3
CASP-1 GAGAAAAGCCATGGCCGACAA TACCTTCACCCATGGAACGG NM_001223.5
IL1p GCCAATCTTCATTGCTCAAGTGT AGCCATCATTTCACTGGCGA NM_000576.3
IL18 TGACCAAGGAAATCGGCCTC GGTCCGGGGTGCATTATCTCT NM_001243211.2
HMOX1 AAGACTGCGTTCCTGCTCAA GGGCAGAATCTTGCACTTTGT NM_002133.3
p-Actin CCTTTGCCGATCCGCCG AACATGATCTGGGTCATCTTCTCGC NM_001101.5

All the procedures were performed according to the relevant
regulations.

2.6.2. Zebrafish husbandry and treatment

Adult (5-8-months-old) and larvae (2 dpf) zebrafish (Danio rerio)
were used for this study. Fishes were housed at a density of five fishes
per tank in mixed-sex groups in 2.5 L tanks on a recirculating system in
28 °C water in a room with a 14:10 h light:dark cycle. System water was
carbon-filtered municipal tap water, filtered through a 20 pm pleated
particulate filter, and exposed to 40 W UV light [29]. Standard feeding
protocol was three meals daily of Tetra-Min (Tetra) in the CAPIR (Uni-
versity of Catania) facility. Zebrafish fertilized eggs were obtained from
natural spawning of fish held at the facilities following standard hus-
bandry practices.

As previous described [28], TPOM8M adult zebrafish cohort was
exposed to 100 pg/kg Eltrombopag Olamine (Selleckchem, Cologne,
Germany), a TPO receptor agonist (TPO-RA), every 3 days.

Control and TPOM¢" zebrafish were anaesthetized after 15 days with
0,02% tricaine before whole kidney marrow (WKM) collection. After a
ventral, midline incision was made, WKM was dissected and placed into
ice-cold PBS containing 5% FBS. Larvae (2dpf) were treated for 3 days
with 6 pg/mL Eltrombopag Olamine and/or with 25 pm CORM-A1l or
1 pM MCC950 for 72 h.

2.6.3. RT-qPCR

Total RNA was extracted from WKM or larvae using TRIzol reagent.
After reverse transcription, we evaluated expression of the following
zebrafish mRNA using primers’ sequences showed in Table 2. For each
sample, the relative expression levels of each studied mRNA were
normalized using gapdh.

2.7. Immunohistochemistry analysis

Upon treatment, the embryo medium was carefully removed using a
micropipette, and the embryos were fixed in 4% paraformaldehyde
(PFA) for 2 h at room temperature with gentle rocking, then washed
three times in 1 x PBS containing 1% Triton-X (PBTriton) for 5 min each.
Permeabilization was achieved by digesting the embryos in Proteinase K
for 15 min, followed by rinsing in PBTriton and re-fixation in 4% PFA for
20 min at room temperature. After three washes in PBTriton, blocking
was performed in blocking solution for 3 h at room temperature. For
immunostaining, embryos were incubated overnight at 4 °C in primary
antibody (collal, sc-59772) (1:500) diluted in blocking solution,

Table 2
Genes of interest (Danio rerio).

washed five times in PBTriton for 10 min each, and then incubated for
2 h at room temperature with goat-anti-mouse Alexa488 (1:500) diluted
in 1% goat serum in PBTriton. After three final washes in PBTriton,
images were acquired using a fluorescence stereomicroscope (Carl Zeiss,
Oberkochen, Germany). The immunohistochemical analyses on Bone
marrow biopsies were performed as previously described [30]; samples
were collected from MF patients and age-matched controls after written
informed consent (Azienda Ospedaliero-Universitaria Policlinico “G.
Rodolico-San Marco”, n. 54/2022/P0O). After deparaffinization and
pretreatments, control or PMF slides were incubated with primary an-
tibodies against HO-1 (1:200) (ab68477, Abcam, Cambridge, UK) and
BACH1 (1:200) (ab151509, Abcam, Cambridge, UK), counterstained
with hematoxylin, and evaluated with a light microscope (Carl Zeiss,
Oberkochen, Germany). Clinical data of patients included in this study
are shown in Table 3.

2.8. Statistical analysis

For statistical analyses, a two-tailed unpaired Student's t-test was
used for comparison of n = 2 groups. For comparison of n > 3 groups,
one-way analysis of variance (ANOVA), for multiple comparisons was
used. Data are presented as the mean + SD of biological replicates. Data
analysis was performed using GraphPad Prism software. A value of
p < 0.05 was considered statistically significant and symbols used to
indicate statistical differences are described in figure legends.

Table 3

Clinical characteristic of PMF patients (n = 23) included in the study.
Median years of age (range) 67 (40-76)
Sex 16 M (69%), 7 F (31%)

Blood count

-Hb, g/dl (range)

-WBC, x10/mmc (range)
-Platelets, x10/mmc (range)
IPSS/MYSEC-PM

-Low 2 (8.7%)
-Intermediate-1 6 (26.08%)
-Intermediate-2 10 (43.48%)
-High 5 (21,74%)

10.2 (6.1-17.2)
9.7 (1.2-149.1)
349 (70-1016)

Hb: hemoglobin; WBC = white blood cells.
IPSS/MYSEC-PM = International Prognostic Scoring System/MYSEC Prog-
nostic Model Risk Calculator.

Gene Forward 5' — 3 Reverse 5 — 3 Accession Number
nlrp3 TGTAAACTGAAGACACTCAAAACTG TAGAGTCACCTTTCTGTCTCCG XM_068222147.1
caspase-1a GGCATGTGCAGAATGGAACG CGAAACGTCTTAGAACCTTCCTG NM_131505.2
caspase-1b ACAATGCCGGGTCTGAGGAT CTCCTCGGTGTGTAAATATCGTCT NM_152884.2

il1p GTAACCTGTACCTGGCCTGC AGACCCGCTGATCTCCTTGAG NM_212844.2
hmoxla TGGACAGAAACGCAGACCAC GACTGCTCTTGCCAATCTCTCT NM_001127516.1
hmox1b GAGAGCACCCGGAGTATCTG TGCTTGAAGAGTTTGGGGCT NM_205671.1
cd41 CTGAAGGCACTAACGTCAAC TCCTTCTTCTGACCAGAGTTA NM_001003857.1
collal ACCCTTAAGTCCCTGAGCCA AATCCAGTACTCGCCGCTCT NM_199214.1
gapdh AGTGTCAGGACGAACAGAGGCT GCCAATGCGACCGAATCCGTTA NM_001115114.1
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3. Results
3.1. Expression of HMOX1 in JAK2V617F mutated cells

To evaluate the expression of HO-1 in MF, we performed a bio-
informatic analysis using two publicly available datasets (GSE53482 and
GSE41812). Comparison of peripheral blood CD34" cells from MF pa-
tients and healthy controls revealed a significant reduction in HO-1
expression (Fig. 1A). To further explore whether the expression
pattern of HO-1 and inflammasome-related genes was influenced by the
JAK2V0'F mutation, we analyzed JAK2 wild-type (UT7) and JAK2V617F-
mutated (SET2 and HEL) cell lines. HMOX1 expression was markedly
higher in UT7 cells compared with HEL and SET2 (Fig. 1B), suggesting
that HO-1 downregulation may be associated with the proinflammatory
milieu driven by JAK2V6'7F signaling. Accordingly, NLRP3 expression
was significantly upregulated in JAK2V®'7F-mutated cells relative to
wild-type counterparts (Fig. 1C). Treatment with the JAK2 inhibitor
ruxolitinib restored HMOX1 expression (=1.7-fold increase) and
concomitantly reduced NLRP3 levels by approximately 50% (Fig. 1D
and E). Collectively, these findings indicate that the JAK2V'”F mutation
promotes NLRP3 inflammasome activation while suppressing HMOX1
expression, thereby linking aberrant JAK2 signaling to oxidative and
inflammatory dysregulation in myelofibrosis.
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3.2. Tumor cells activate NLRP3 inflammasome in stromal cells,
eventually decreasing HO-1 levels

Tumor cell-derived inflammasomes are known to generate a proin-
flammatory microenvironment that promotes fibrotic transformation.
To investigate the potential contribution of NLRP3 inflammasome
activation to bone marrow (BM) fibrosis, we exposed healthy mesen-
chymal stromal cells (HS-5) to conditioned medium (CM) obtained from
JAK2V®17F_mutated HEL and SET? cell lines (Fig. 2A). Exposure to tumor
CM induced a significant upregulation of NLRP3 and Caspase-1 tran-
scripts compared with untreated controls (Fig. 2B-E). Western blot
analysis confirmed increased NLRP3 protein levels and the conversion of
pro—caspase-1 to its active form, consistent with inflammasome activa-
tion (Fig. 2F). Notably, these changes were accompanied by a marked
downregulation of HO-1 expression (Fig. 2G). Together, these data
indicate that tumor-derived soluble factors promote NLRP3 inflamma-
some activation in stromal cells while suppressing HO-1 antioxidant
defenses, thereby contributing to the establishment of a proin-
flammatory and profibrotic microenvironment.

3.3. HO-1/CO pathway inhibits tumor-induced NLRP3 inflammasome
activation in stromal cells

Given that HO-1 activity can be pharmacologically modulated, we
next investigated whether activation of the HO-1/carbon monoxide
(CO) pathway could counteract tumor-induced inflammasome activa-
tion in stromal cells. HS-5 cells exposed to tumor-conditioned medium
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(CM) were treated with the HO-1 inducer hemin (10 pM) or the CO-
releasing molecule CORM-A1 (25 pM). Both treatments significantly
restored HMOX1 expression and reduced NLRP3 mRNA levels, effec-
tively reversing the CM-induced proinflammatory response (Fig. 3A and
B). Western blot analysis corroborated these findings, showing increased
HO-1 protein and decreased NLRP3 levels following hemin or CORM-A1

279

exposure (Fig. 3C and D). These results demonstrate that pharmaco-
logical activation of the HO-1/CO axis attenuates NLRP3 inflammasome
signaling in stromal cells. Since CO is a biologically active byproduct of
HO-1 enzymatic activity with established anti-inflammatory and cyto-
protective properties, these data suggest that CO may mediate the
inhibitory effects of HO-1 on tumor-induced inflammasome activation.
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3.4. Hemin and CORM-A1 restrain tumor cells induced pro-fibrotic
phenotype in stromal cells

Inflammation is a key driver of fibrosis onset and progression in
myelofibrosis. To determine whether HO-1 activation could mitigate
tumor-induced fibrotic changes, we evaluated the effects of hemin and
CORM-A1 on the stromal phenotype. Exposure of HS-5 cells to tumor-
conditioned medium (CM) from HEL cells markedly increased
a-smooth muscle actin (dSMA) expression, consistent with a profibrotic
activation (Fig. 4C and D). Treatment with either hemin (10 pM) or
CORM-Al (25 pM) significantly reduced aSMA accumulation by
approximately 55-60%, indicating inhibition of myofibroblastic differ-
entiation. To further assess extracellular matrix deposition, Mallory
trichrome staining was performed. CM exposure led to a robust increase
in collagen deposition, which was almost completely prevented by
hemin or CORM-A1 supplementation (Fig. 4E and F). These in vitro
findings were supported by analysis of a TPO"8M zebrafish model, which
recapitulates inflammatory and fibrotic features of myelofibrosis. In this
model, nlrp3, caspase-a, and il1f transcripts were upregulated approxi-
mately 2.5-fold, whereas hmoxla/b expression decreased by ~50%

*p < 0.05. **p < 0.01.

***p < 0.001. < 0.0001.

(p < 0.01) (Fig. 4A and B). Together, these results demonstrate that
pharmacological activation of the HO-1/CO pathway counteracts
tumor-induced stromal activation and collagen accumulation, high-
lighting its protective role against fibrotic transformation within the
bone marrow microenvironment.

3.5. CO modulates NLRP3 and HO-1 expression in a TPOMS" zebrafish
model

To further investigate the regulatory role of the HO-1/CO axis in
vivo, we employed a TPOM8h zebrafish larvae model (2 dpf) treated with
a thrombopoietin receptor agonist (TPO-RA) and/or CORM-A1 (25 pM)
for three days (Fig. 5A). TPO-RA treatment induced a strong inflam-
matory and fibrotic response, as indicated by a ~2.5-fold upregulation
of nlrp3, caspase-a, and il1p transcripts (p < 0.01) (Fig. 5B). Notably, co-
treatment with CORM-A1 markedly reduced the expression of these
genes, restoring inflammatory balance.

In parallel, hmoxIa expression increased by approximately 1.7-fold
in larvae co-treated with CORM-A1, confirming activation of the HO-
1/CO pathway (Fig. 5C). TPO-RA also induced a significant rise in the
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mean + SD of three independent experiments. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.

megakaryocytic marker cd41 and the profibrotic gene collal (~45%
increase), both of which were strongly downregulated following CORM-
Al exposure (Fig. 5D and E). Immunofluorescence analysis corroborated
these results, showing reduced Collal staining and collagen accumu-
lation in CORM-Al-treated animals (Fig. 5F and G).

Collectively, these data demonstrate that CO, a biologically active
product of HO-1 activity, effectively suppresses NLRP3 inflammasome
activation and fibrotic remodeling in vivo. The results further substan-
tiate the protective role of HO-1/CO signaling in limiting inflammation-
driven fibrosis within the myelofibrotic microenvironment.

3.6. MCC950-mediated NLRP3 inhibition limits tumor-induced pro-
fibrotic changes in stromal cells

To confirm the involvement of the NLRP3 inflammasome in tumor-
induced stromal activation, we used the selective NLRP3 inhibitor
MCC950. Treatment of HS-5 cells exposed to tumor-conditioned me-
dium (HEL-CM) with MCC950 (1 pM) significantly restored HMOX1
expression and reduced NLRP3 transcript levels by approximately 50%
(Fig. 6A and B). Western blot analysis corroborated these findings,
showing increased HO-1 protein and decreased NLRP3 accumulation
following MCC950 treatment (Fig. 6C). In addition, transient NLRP3
silencing by siRNA confirmed effective genetic modulation of NLRP3
expression in HS-5 cells. These findings provide genetic support for the
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reciprocal regulation between HO-1 and NLRP3 signaling in stromal
cells (Supplementary Fig. 1). To investigate on the potential mechanism
behind this crosstalk, we silenced HMOX1 in HS-5 stromal cells by
shRNA, observing a significant increase of NLRP3 protein expression in
both silenced and control HS-5 cells treated with HEL-conditioned
media (Supplementary Fig. 2).

Functionally, MCC950 markedly attenuated aSMA expression and
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reduced collagen deposition by ~60%, as confirmed by Mallory tri-
chrome staining (Fig. 6D and E).

To validate these observations in vivo, TPOMS8 zebrafish larvae were
treated with MCC950 (1 puM) for three days. The inhibitor induced a
significant upregulation of hmoxIa while suppressing nlrp3, caspase-a,
and il1p expression (Fig. 6F). Immunofluorescence and gene expression
analyses revealed a substantial reduction in collal expression and
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collagen accumulation compared with TPO-RA-treated controls
(Fig. 6G).

Finally, exposure of HS-5 cells to sera from patients with MF led to
enhanced collagen deposition, which was significantly decreased by
both MCC950 and CORM-A1 treatments (Fig. 6H).

Collectively, these results demonstrate that pharmacological inhibi-
tion of NLRP3 restores HO-1 expression and counteracts stromal profi-
brotic remodeling both in vitro and in vivo. These findings further
support a mechanistic link between NLRP3 activation, oxidative
imbalance, and fibrotic transformation in the myelofibrotic
microenvironment.

3.7. HO-1 expression is decreased in BM biopsies from PMF patients

To validate our experimental findings in patient samples, we
assessed HO-1 expression in bone marrow (BM) biopsies from in-
dividuals with MF and healthy controls. Inmunohistochemical analysis
revealed a marked reduction of HO-1 staining in PMF specimens, with
approximately 65% lower expression compared with controls
(p < 0.001) (Fig. 7A and B). Notably, HO-1 immunoreactivity was pri-
marily confined to the cytoplasm of hematopoietic and stromal cells in
healthy BM, whereas in PMF samples, residual HO-1 staining was weak

Free Radical Biology and Medicine 255 (2026) 275-288

and localized to scattered stromal elements.

We next examined the subcellular distribution of BACH1, a tran-
scriptional repressor of HMOX1. In PMF biopsies, BACH1 showed a
predominant nuclear localization in megakaryocytes, in contrast to the
cytoplasmic pattern observed in healthy controls (Fig. 7A-C). This nu-
clear accumulation is consistent with a transcriptionally repressive state
and likely contributes to the reduced HO-1 expression observed in PMF.

Collectively, these ex vivo findings corroborate our in vitro and in
vivo data, indicating that HO-1 downregulation is a hallmark of the
myelofibrotic bone marrow microenvironment. The inverse relationship
between HO-1 and NLRP3 activation observed across experimental
models and patient tissues underscores a pathogenic link between
impaired antioxidant defense, chronic inflammasome activation, and
fibrotic remodeling in myelofibrosis.

4. Discussion

MF is a clonal myeloproliferative neoplasm characterized by chronic
inflammation, oxidative stress, and progressive BM fibrosis that ulti-
mately led to BM failure, extramedullary hematopoiesis, and reduced
survival (ranging from 2 to more than 10 years) [31]. Our study reveals a
mechanistic link between repression of the HO-1/CO pathway and
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activation of the NLRP3 inflammasome in the fibrotic transformation of
the myelofibrotic microenvironment. By integrating bioinformatic, in
vitro, in vivo, and patient-derived data, we demonstrate that activation
of the HO-1/CO axis suppresses inflammasome activity, mitigates stro-
mal activation, and limits collagen deposition, providing a rationale for
therapeutic targeting of this pathway in MF.

In the first set of experiments by bioinformatic analysis, we showed
that HMOX1 expression is significantly reduced in CD34 ™ cells from MF
patients compared with healthy controls. This result is consistent with
previous transcriptomic studies reporting downregulation of antioxi-
dant and detoxification genes in MF and other myeloproliferative neo-
plasms, which identified decreased Nrf2/HO-1 signaling as a hallmark of
oxidative stress and disease progression [11]. Similar findings have been
observed in other fibrotic diseases, where reduced HO-1 correlates with
tissue damage and poor prognosis [32,33]. Furthermore, the inverse
relationship we observed between HMOX1 and NLRP3 expression sug-
gests that impaired antioxidant defenses may favor inflammasome
activation, consistent with previous observations demonstrating that
oxidative stress is a key trigger of NLRP3 assembly in macrophages and
fibroblasts [34]. The pathogenic relevance of HO-1 repression in
myelofibrosis is supported by the human HO-1 deficiency cases
described by Yachie et al. [14] and Ohta et al. [15]. In both patients, loss
of HO-1 function caused severe systemic inflammation, endothelial
injury, iron overload, and progressive fibrosis, underscoring its essential
cytoprotective role. Similar to these genetic conditions, our data show
that partial, acquired HO-1 downregulation in MF promotes inflamma-
some activation, oxidative stress, and stromal fibrosis. Thus, myelofi-
brosis may represent an acquired form of functional HO-1 deficiency,
highlighting the therapeutic potential of restoring the HO-1/CO
pathway. To further explore the molecular connection between onco-
genic signaling and oxidative imbalance, we compared JAK2V17F mu-
tated (HEL, SET2) and JAK2 wild-type (UT7) cell lines. Mutated cells
exhibited lower HMOX1 and higher NLRP3 expression, confirming that
constitutive JAK2 activation drives an inflammatory phenotype. This
observation extends previous findings by Fleischman and Kleppe, who
reported that JAK2V®17F mutations sustain cytokine production and ROS
accumulation through STAT3 and STATS5 signaling. Notably, ruxolitinib
treatment restored HMOX1 and reduced NLRP3 expression, supporting
the concept that JAK/STAT inhibition not only attenuates inflammation
but also indirectly rebalances redox signaling.

Although the ability of HO-1 to modulate inflammasome activation
has been previously described [17], our findings extend this concept to
the specific context of primary myelofibrosis, where aberrant
JAK2V617F-associated signaling, stromal remodeling, and chronic
inflammation converge within the bone marrow niche. In this setting,
HO-1 repression does not simply represent a generic loss of antioxidant
defense but appears to be integrated into a disease-specific inflamma-
tory circuit characterized by increased NLRP3 activation and profibrotic
stromal conversion. JAK2V617F-mutant cells are known to promote
inflammatory and redox-dependent signaling, including ROS accumu-
lation, which may contribute to NLRP3 inflammasome priming and
activation. Consistently, recent evidence indicates that NLRP3 inflam-
masome activity contributes to systemic inflammation and disease
development in JAK2V617F-mutant myeloproliferative neoplasms.
Therefore, our observation that ruxolitinib restores HMOX1 while
reducing NLRP3 supports a model in which aberrant JAK2 signalling
intersects with the HO-1/CO pathway at the level of inflammatory and
redox regulation. Nevertheless, the precise molecular intermediates
connecting JAK2V617F to HO-1 repression and NLRP3 activation,
including ROS generation, NRF2 activation, and BACH1 nuclear reten-
tion, remain to be fully defined.

While earlier studies have shown that ruxolitinib reduces systemic
cytokine levels in MF patients, our results identify HMOX1 upregulation
as a novel component of its anti-inflammatory mechanism.

The interaction between malignant and stromal compartments is a
major determinant of MF progression. When healthy mesenchymal
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stromal cells (HS-5) were exposed to conditioned medium (CM) from
JAK2V617F_mutated cells, they exhibited increased NLRP3 and Caspase-1
expression and decreased HMOX1, confirming that tumor-derived sol-
uble factors can activate the inflammasome and suppress antioxidant
defenses. These findings align with prior reports showing that malignant
megakaryocytes and myeloid cells release inflammatory cytokines and
danger-associated molecular patterns (DAMPs), such as IL-1p, TNF-a,
and ATP, which activate NF-kB and inflammasome signaling in stromal
cells, as described by Leimkiihler and colleagues [35]. The observed
evidence supports the concept that the myelofibrotic bone marrow niche
should be interpreted as a dynamic tumor microenvironment in which
malignant hematopoietic cells, myeloid/inflammatory cells, megakar-
yocytes, endothelial elements, and mesenchymal stromal cells engage in
reciprocal crosstalk. In this setting, stromal cells are not merely passive
recipients of malignant hematopoiesis but actively respond to
tumor-derived inflammatory mediators and contribute to extracellular
matrix remodeling. Recent systematic analyses of the tumor microen-
vironment further support the relevance of integrating stromal, myeloid,
and immune compartments to understand cancer-associated tissue
remodeling and therapeutic response. Moreover, the suppression of
HMOX1 by tumor CM resembles mechanisms described in pulmonary
and hepatic fibrosis, where cytokines such as TGF-p repress HO-1 tran-
scription and promote extracellular matrix deposition [36].

Interestingly, pharmacologic induction of HO-1 with hemin or sup-
plementation with the CO-releasing molecule CORM-A1 reversed CM-
induced inflammasome activation, restoring HMOX1 and reducing
NLRP3 expression. These results are consistent with studies showing that
HO-1 and its products exert anti-inflammatory actions by limiting
mitochondrial ROS and caspase-1 cleavage, as previously reported [37].
In our model, both hemin and CORM-A1 reduced aSMA expression and
collagen accumulation by more than 50%, confirming that HO-1 acti-
vation exerts a potent antifibrotic effect. Similar results have been ob-
tained in models of cardiac, renal, and hepatic fibrosis, where HO-1 or
CO administration inhibited fibroblast activation and extracellular ma-
trix deposition through suppression of TGF-f/Smad signaling [38,39].
Together, these data support a conserved mechanism whereby HO-1/CO
signaling maintains stromal quiescence and prevents fibrotic
remodeling.

Notably, exposure to a TPO mimetic enhances zebrafish suscepti-
bility to develop fibrosis within the whole kidney marrow (WKM),
which serves as the primary hematopoietic organ in adult fish. This
observation is in line with findings from TPO-high mouse models, which
reproduce several hallmarks of myelofibrosis, such as bone marrow
fibrosis, megakaryocyte expansion, and splenomegaly. Upon interaction
with its receptor MPL, thrombopoietin promotes megakaryocyte devel-
opment and stimulates the expansion of hematopoietic progenitor cells
via activation of the JAK/STAT pathway. In addition, the use of
thrombopoietin receptor agonists has been associated with an increased
likelihood of reticulin accumulation in the bone marrow [28,40,41].

Consistent with this rationale, our in vivo experiments using the
TPOP8h zebrafish model confirmed that inflammation and fibrosis are
accompanied by hmox1a/b downregulation. Consistent with findings in
mammalian models of MF and fibrosis, we observed upregulation of
nlrp3, caspase-a, and il1 and a corresponding increase in cd41 and
collal expression, indicating both inflammatory activation and extra-
cellular matrix deposition. Treatment with CORM-A1 reversed these
changes, restoring hmoxla, suppressing nlrp3, cd41, and collal, and
reducing collagen accumulation. These data corroborate previous re-
ports suggesting that CO donors attenuate inflammation and fibrosis in
vivo by inhibiting NLRP3 inflammasome assembly and promoting Nrf2-
driven antioxidant responses [42]. Likewise, the effects of MCC950, a
selective NLRP3 inhibitor, in our model confirm that inflammasome
signaling plays a causal role in fibrotic remodeling, consistent with ev-
idence from liver and lung fibrosis studies in which NLRP3 blockade
reduced collagen accumulation and improved tissue architecture [43,
44]. From a translational perspective, these observations also highlight
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the potential value of multi-omics and network-based pharmacology
approaches to further dissect the regulatory architecture of the
HO-1/CO-NLRP3 pathway. Although the present study was not
designed as a comprehensive multi-omics investigation, the integration
of transcriptomic, proteomic, and single-cell approaches could help
identify upstream regulators of HO-1 repression, BACH1 nuclear local-
ization, inflammasome activation, and stromal fibrotic conversion in
hematological malignancies. Similarly, network pharmacology and
omics-guided drug discovery may support the identification of addi-
tional drug-targetable nodes and rational combination strategies
involving JAK inhibitors, inflammasome inhibitors, and HO-1/CO
pathway modulators.

To validate our results in a clinical setting, we analyzed BM biopsies
from individuals with primary MF. Similarly, HO-1 expression was
markedly reduced compared with healthy controls, confirming our
experimental observations. Importantly, we identified predominant
nuclear localization of BACH1, a transcriptional repressor of HMOX1, in
megakaryocytes from MF patients, whereas it remained cytoplasmic in
healthy BM. BACH1 forms heterodimers with small MAF proteins and
binds MAF recognition elements (MAREs) in the HMOX1 enhancer to
inhibit transcription, as originally described [45,46]. Similarly, nuclear
accumulation of BACH1 has been reported in various pathological
contexts, including cancer, heme deficiency, and chronic inflammation,
where it suppresses antioxidant genes and promotes oxidative stress [47,
48]. Our findings suggest that in MF, persistent inflammatory signaling
and altered heme metabolism favor BACH1 nuclear retention, thereby
maintaining transcriptional repression of HMOX1 and perpetuating
oxidative imbalance.

The upstream mechanisms responsible for BACH1 nuclear accumu-
lation in PMF megakaryocytes remain to be fully elucidated. However, a
plausible link may involve the chronic inflammatory and redox imbal-
ance generated by constitutive JAK2V617F signaling [49].
JAK2V617F-mutant hematopoietic cells have been reported to accu-
mulate reactive oxygen species (ROS), which contribute to oxidative
DNA damage, genomic instability, and disease progression in myelo-
proliferative neoplasms [50]. Consistently, our data show that
JAK2V617F-mutated HEL and SET2 cells display reduced HMOX1
expression and increased NLRP3 levels compared with JAK2 wild-type
UT7 cells, while pharmacological JAK inhibition with ruxolitinib re-
stores HMOX1 expression and reduces NLRP3 activation. These findings
suggest that aberrant JAK2 signaling contributes not only to inflam-
matory activation, but also to impairment of the antioxidant HO-1
response.

Silencing experiments targeting both NLRP3 and HMOX1 shed more
light on the potential mechanism behind their crosstalk, with a signifi-
cant increase in HO-1 protein expression after NLRP3 silencing. In
contrast, no effects on NLRP3 protein expression have been observed
after HMOX1 silencing, suggesting an unidirectional regulation of
NLRP3 and HO-1 expression.

At the transcriptional level, HMOX1 expression is controlled by the
dynamic balance between NRF2, which promotes antioxidant response
element-driven transcription, and BACH1, which acts as a competitive
transcriptional repressor. Under physiological stress conditions, oxida-
tive or electrophilic stimuli promote NRF2 activation and BACH1 inac-
tivation/displacement from HMOX1 regulatory regions, thereby
allowing HO-1 induction [51]. Conversely, persistence of BACH1 within
the nucleus may maintain HMOX1 in a transcriptionally repressed state.
In this regard, the nuclear accumulation of BACH1 observed in PMF
megakaryocytes provides a potential explanation for the reduced HO-1
expression detected in patient biopsies [52].

Although acute oxidative stress generally favors BACH1 inactivation
and NRF2-mediated HMOX1 transcription, chronic oncogenic and in-
flammatory signaling may produce a maladaptive redox response in
which NRF2 activation is insufficient, transient, or functionally uncou-
pled from effective HO-1 induction. In this scenario, persistent
JAK2V617F-driven inflammatory signaling, ROS accumulation, altered
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heme metabolism, and inflammasome activation may converge to favor
BACH1 nuclear retention and sustained HMOX1 repression [53]. This
interpretation is also consistent with the reciprocal relationship
observed in our models, where NLRP3 activation was associated with
HO-1 downregulation, whereas HO-1/CO pathway activation or NLRP3
inhibition restored a less inflammatory and less fibrotic phenotype.

Nevertheless, the present study does not directly demonstrate the
complete causal sequence linking JAK2V617F signaling to BACH1 nu-
clear localization. In particular, ROS levels, NRF2 phosphorylation or
nuclear translocation, and the effects of specific ROS/NRF2/BACH1
modulators on BACH1 subcellular distribution were not assessed.
Therefore, the proposed JAK2V617F-ROS/NRF2-BACH1-HO-1 axis
should be interpreted as a mechanistic model supported by our inte-
grated bioinformatic, in vitro, in vivo, and patient-derived observations,
rather than as a fully established linear pathway. Future studies using
JAK2 inhibitors, ROS scavengers, NRF2 modulators, and BACH1 loss-of-
function approaches in megakaryocytic models will be required to
define the precise upstream and downstream relationships governing
BACH1-mediated HMOX1 repression in PMF.

The fibrotic process observed in PMF also shares several conserved
features with fibrosis in other organs, including persistent inflammation,
oxidative stress, stromal activation, myofibroblast differentiation, and
excessive extracellular matrix deposition. For example, Galectin-3 has
been implicated in liver fibrosis as a mediator of inflammatory and
profibrotic responses, while pulmonary fibrosis involves multiple ther-
apeutic targets related to oxidative stress, inflammatory signaling,
extracellular matrix turnover, and fibroblast activation [54]. These
comparisons suggest that inflammatory-stromal circuits are partially
conserved across fibrotic diseases. However, the specificity of PMF re-
sides in the central contribution of clonal hematopoiesis, aberrant
JAK/STAT signaling, megakaryocytic activation, and bone marrow
niche remodeling. In this disease-specific context, our data indicate that
HO-1 repression and NLRP3 inflammasome activation are inter-
connected mechanisms contributing to inflammatory and fibrotic
remodeling of the myelofibrotic microenvironment.

Finally, although microbiome-driven immune modulation was not
investigated in the present study, emerging evidence indicates that the
microbiome can shape tumor immunity, inflammatory tone, and ther-
apeutic response [55]. This may represent an additional future
perspective for understanding how systemic inflammatory cues influ-
ence the bone marrow immune microenvironment and fibrosis pro-
gression in myeloproliferative neoplasms.

5. Conclusion

In conclusion, our study establishes that HO-1 downregulation and
NLRP3 inflammasome activation are interdependent drivers of inflam-
mation and fibrosis in myelofibrosis. Our findings support a model in
which BACHI1-mediated transcriptional repression of HMOX1 may
contribute to the loss of antioxidant capacity in PMF megakaryocytes,
thereby amplifying inflammasome signaling and extracellular matrix
deposition. Pharmacologic reactivation of the HO-1/CO pathway or
inhibition of NLRP3 restores redox balance, suppresses proinflammatory
signaling, and limits stromal fibrotic remodeling both in vitro and in
vivo. These findings demonstrate that the HO-1/CO-NLRP3 axis is a
critical regulatory checkpoint in myelofibrotic pathogenesis and provide
a strong rationale for therapeutic strategies that combine JAK inhibition
with modulation of cellular cytoprotection to prevent or reverse BM
fibrosis in MF.
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