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Abstract

BACKGROUND: The tyrosine kinase inhibitor (TKI) ponatinib is the only treatment

option for chronic myelogenous leukemia (CML) patients with T315I (gatekeeper) mutation.
Pharmacovigilance analysis of FDA and WHO datasets have revealed that ponatinib is the
most cardiotoxic agent among all FDA-approved TKIs in a real-world scenario. However, the
mechanism of ponatinib-induced cardiotoxicity is unknown.

METHODS: The lack of well-optimized mouse models has hampered the /7 vivo cardio-oncology
studies. Herein, we show that cardiovascular comorbidity mouse models evidence a robust cardiac
pathological phenotype upon ponatinib treatment. A combination of multiple /n vitro and in vivo
models was employed to delineate the underlying molecular mechanisms.

RESULTS: An unbiased RNA-Seq analysis identified the enrichment of dysregulated
inflammatory genes, including a multi-fold upregulation of alarmins SI00A8/A9, as a top hit in
ponatinib-treated hearts. Mechanistically, we demonstrate that ponatinib activates the S100A8/9-
TLR4-NLRP3-IL-1p signaling pathway in cardiac and systemic myeloid cells, /n vitroand in vivo,
thereby leading to excessive myocardial and systemic inflammation. Excessive inflammation was
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central to the cardiac pathology because interventions with broad-spectrum immunosuppressive
glucocorticoid dexamethasone or specific inhibitors of NLRP3 (CY-09) or S100A9 (paquinimod)
nearly abolished the ponatinib-induced cardiac dysfunction.

CONCLUSIONS: Taken together, these findings uncover a novel mechanism of ponatinib-

induced cardiac inflammation leading to cardiac dysfunction. From a translational perspective,

our results provide critical preclinical data and rationale for a clinical investigation into

immunosuppressive interventions for managing ponatinib-induced cardiotoxicity.
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Introduction:

Targeted therapies of tyrosine kinase inhibitors (TKIs) have significantly improved the
treatment of chronic myeloid leukemia (CML). However, the manifestation of cardiotoxic
adverse events has hampered their clinical benefit.l: 2 Among the array of CML-TKIs
available, ponatinib is particularly efficacious in patients with the T315I mutation for
which no therapy existed previously.3 Based on the PACE trial (with two years of follow-
up), heart failure (HF) or left ventricular dysfunction was reported in 8% of patients,
including fatal and serious events in 5% of patients.# Importantly, due to the increased
adverse events, further trials were temporarily interrupted and required dose reduction
before continuing.® Furthermore, due to increased cardiovascular (CV) adverse events,
ponatinib was temporarily withdrawn from the market in October 2013, with subsequent
reintroduction with labeled, boxed warnings of CV adverse effects.6 This was primarily
necessitated by the fact that there is no alternative treatment option for CML patients with
T3151 mutation. Thus, at present, the only option to combat ponatinib cardiotoxicity is to
elucidate the underlying molecular mechanisms. A better understanding of the mechanism
could guide potential prevention strategies, rescue approaches, and future drug design.
Previously, we and others have successfully demonstrated that ponatinib is a potent
cardiotoxic TKI, but the precise mechanism of ponatinib cardiotoxicity remains elusive.’2
Indeed, all previous studies of ponatinib cardiotoxicity are limited by exclusive reliance on
cell culture models.
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Accumulated data have established that inflammation has a central role in developing heart
failure.10 The association of elevated levels of pro-inflammatory cytokines with adverse
cardiac outcomes supports the critical involvement of inflammatory mediators in myocardial
disease,11-14 and led to the “cytokine hypothesis” as a mechanistic basis for HF progression
driven by inflammation.11- 12. 14,15 Moreover, preclinical studies have repeatedly shown that
activation of innate and adaptive immune cells in the heart triggers myocardial inflammation
that leads to acute and chronic HF.16-18 The NLRP3 (NLR family, pyrin domain-containing
protein 3) inflammasome is a cytosolic multiprotein complex that regulates the inflammatory
cytokines 1L-1f and 1L-18.1° Thus, the NLRP3 inflammasome acts as a crucial pro-
inflammatory mediator and may contribute to myocardial inflammation and CV disease
pathogenesis.1® The pro-inflammatory alarmins S100A8 and S100A9 are potent activators
of the NLRP3 inflammasome. 20 Elevated levels of these alarmins are correlated with various
inflammatory diseases, including HF.29: 21 S100A8 and its dimerization partner SI00A9

are constitutively expressed in immune cells such as monocytes and neutrophils, and their
expression is upregulated under inflammatory conditions.22 Extracellular S100A8/9 binds to
pattern recognition receptors (PRRs), including toll-like receptors (TLRS) and receptors for
advanced glycation end products (RAGE) to promote inflammation.23 S100A8/A9 binding
to their respective receptors primes the NLRP3 inflammasome pathway, ultimately leading
to IL-1p secretion, and the inflammatory response.20: 21

A major limitation of basic science research in cardio-oncology is the lack of well-optimized
animal models mimicking the real-world patient phenotype. For example, ponatinib is
clearly cardiotoxic in humans; however, a clinically relevant dose of ponatinib does not
lead to cardiac dysfunction in WT mice (C57B6) at baseline.b 24-26 Thus, there is a

clear disconnect from observations in real-world patient populations vs. mice models.

Due to this critical limitation, cardio-oncology literature is highly dominated by case
reports and meta-analyses. In fact, mechanistic studies with /7 vivo animal models are
scarce. Herein, we report the mouse models of CV comorbidities showing robust cardiac
phenotype upon ponatinib treatment. These studies are the first to determine the mechanism
of ponatinib-induced cardiotoxicity employing /7 vivo mouse models. Specifically, studies
with high-fat diet (HFD) fed ApoE~'~ and pressure overload (PO) murine model suggested
the key role of CV-comorbidities in ponatinib-induced cardiomyopathy. Furthermore, we
demonstrate that ponatinib causes excessive myocardial inflammation in naive C57BL/6
mice (no injury), which is a predisposing factor for developing cardiac dysfunction in
co-morbid conditions. Additionally, an array of in vivoand ex vivo studies identified

the crucial role of the S100A8/9-TLR4-NLRP3-1L1p/IL18 signaling circuit in ponatinib-
induced excessive inflammation and cardiac dysfunction. Finally, we demonstrate that
ponatinib-induced excessive inflammation is central to cardiac pathology because a

broad immunosuppressive agent, dexamethasone, abolished the adverse cardiac remodeling
and dysfunction of ponatinib-treated hearts. We also demonstrate that NLRP3-mediated
pathways were critical to driving the excessive inflammation and cardiac dysfunction, as
CY-09, a direct NLRP3 inhibitor, ameliorated ponatinib-induced detrimental effects. The
inflammation hypothesis was further supported by additional /in7 vivo studies with an SI00A9
inhibitor, paquinimod, which also mitigated ponatinib-induced inflammation and cardiac
dysfunction. In summary, herein, we report the optimization and characterization of CV
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comorbidity mouse models mimicking the phenotype seen in real-world patient populations.
Mechanistically, we discovered that ponatinib exerts its adverse effects and cardiac
dysfunction via the proinflammatory S100A8/9-TLR4-NLRP3-IL1p signaling circuit. From
a clinical perspective, these findings provide proof of concept for immunosuppressive
interventions for managing ponatinib-induced cardiotoxicity.

Methods:
Data Availability.

A detailed description of the Methods is available in the Supplemental Materials section.
The data, analytic methods, and study materials are available to other researchers to
reproduce the results or replicate the procedures on request.

Statistical Analysis

Analyses were performed by using GraphPad Prism (version 9.3.1). For non-normally
distributed data or when N<10, unpaired 2-tailed Mann-Whitney test (for 2 groups) or
Kruskal-Wallis test (for 3 or more groups) was performed, followed by Dunn post hoc
analysis. For in-vitro cell work, data were analyzed with unpaired t test (2 groups), for
multiple group comparisons, 1-way ANOVA followed by Tukey post hoc analysis (for 1
variable) or 2-way ANOVA followed by Sidak’s multiple comparision test (for 2 variables)
was conducted. A P of <0.05 was considered statistically significant.

Results:

Ponatinib induces cardiac dysfunction in HFD-fed ApoE~~ mice by promoting myeloid and
T cell frequency.

Ponatinib dose selection for in7 vivo mouse studies was based on multiple preclinical
studies, suggesting a dose range of 15 to 30 mg/Kg/day?’2% and our mass spectrometry
analysis of plasma samples from ponatinib-treated animals (Figure. S1A). Specifically, our
mass spectrometry analysis confirmed that 15mg/Kg was sufficient to produce ponatinib’s
blood levels comparable to those seen in patients (50-150ng/ml).30: 31 At 8 weeks of

age, wild-type C57BI/6J mice were treated with 15 mg/kg/day ponatinib or placebo for

six weeks.2’-31 Surprisingly, serial echocardiography showed no statistically significant
difference in cardiac function between ponatinib- and placebo-treated hearts (Fig. LA-C),
despite well-described observations of ponatinib-induced cardiotoxicity in humans.! This
dichotomy underscores the need to identify clinically-relevant preclinical animal models to
understand better the “hidden cardiotoxicity” of TKIs and other agents.32 Based on clinical
trials and meta-analyses, it has been proposed that patients with CV co-morbidities are at
higher risk for development of ponatinib-induced cardiac dysfunction.33: 34 To mimic these
real-world scenarios, we employed two co-morbid mouse models: 1) vascular co-morbidity,
using HFD-fed ApoE ™'~ mice, and 2) hypertrophic co-morbidity, using WT C57BL/6J
mice with pressure overload. The experimental design for HFD- fed ApoE ™/~ studies are
depicted in Fig. 1D. Briefly, at 8 weeks of age, ApoE~/~ mice were fed an HFD diet for

8 weeks, followed by 2 weeks of ponatinib treatment (15 mg/kg/day) while continuing

the HFD. Echocardiography revealed a significant decline in cardiac function of ponatinib-
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treated HFD ApoE~'~ mice as compared with placebo-treated HFD-fed animals (Fig. 1E-J).
Histological evaluation showed augmented cardiac fibrosis in ponatinib-treated HFD-fed
ApoE~'~ mice compared to controls (Figure S1B-1C). Collectively, these data indicate that
vascular co-morbid conditions predisposed the mice to ponatinib-induced adverse cardiac
effects.

To gain better insight into the molecular processes contributing to ponatinib-induced
cardiotoxicity, we performed RNA sequencing (RNA-Seq) with LV tissue of HFD-fed
placebo ApoE~"~, and HFD-fed ponatinib ApoE ™"~ groups at two weeks post-ponatinib
treatment. Bioinformatic analyses revealed 244 coding transcripts that were upregulated,
and 300 transcripts downregulated in ponatinib-treated HFD ApoE ™~ mice (GOTERM
Biological Pathway Table, supplementary material) (GEO accession numbers- GSE220121).
The two treatment groups were readily distinguishable upon a hierarchical clustering

of differentially expressed genes (Fig. 1K-1M). Of note, along with the markers of

heart failure, genes related to immune cell activation and inflammation were uniquely
enriched. Interestingly, the hallmarks of NLRP3-mediated inflammation, alarmins (S100A8
and S100A9), were remarkably upregulated in ponatinib-treated mice (Fig. 1K—-1M). The
serum from these mice was collected to perform ELISA for S100A8/9. As expected, the
plasma level of SI00A8/9 was significantly upregulated in the ponatinib-treated HFD-fed
ApoE~~ group (Fig. 1N). To further establish the dynamics of ponatinib-induced immune
responses, we performed comprehensive immune profiling by flow cytometry analysis

of ponatinib-treated HFD-fed ApoE ™~ hearts. Elevation of pro-inflammatory myeloid

cells (monocytes, macrophages, neutrophils, and dendritic cells), pro-inflammatory soluble
mediators (TNF-a, IL-6, and IL-1B), and pro-inflammatory helper T cells (Th1, Th17, and
Th9) are associated with cardiac injury and repair.3>-3% Flow cytometry analysis indicated
that ponatinib induced the infiltration of myeloid cells (CD11b*F4/807) and macrophages
(CD11b*F4/80%) in HFD fed ApoE~'~ hearts compared to placebo-treated groups (Fig.
10,1P). Additionally, we observed an increased frequency of resident macrophages
(CD11b*F4/80*MerTK™) in the ponatinib-treated ApoE ™~ group (Fig. 1Q). We also found
an increased percentage of pro-inflammatory monocytes (CD11b*F4/80LY6C*CCR2*) and
macrophages (CD11b*F4/80*LY6C*CCR2*) in the ponatinib-treated ApoE~~hearts (Fig.
1R,1S). Consistent with broad inflammatory repones, ponatinib-treated hearts exhibited
increased accumulation of neutrophils (CD11b*LY6G™), IL-6-producing CD45" leukocytes,
and activated CD4" T cells, including pro-inflammatory IFN-y producing type | helper T
cells (Thl) (Fig. 1T-1U, S1D-S1F). Moreover, ponatinib-induced increased infiltration of
immune cells was consistently evident in the histological evaluation of the myocardium
(Figure. S1G). The spleen is a secondary lymphoid organ critical for the regulation of
systemic immune responses. CD4*IFN-y* T cells (Th1), CD4*IL-17* T cells (Th17),

and IL-9 producing CD4+ T cells (Th9) are known to participate in promoting tissue
inflammation and myocarditis.4: 41 To examine ponatinib-induced systemic inflammation,
splenocytes were isolated from HFD-fed ponatinib- and placebo-treated ApoE ™~ mice,

and comprehensive immune profiling was performed. Indeed, splenic immunophenotyping
corroborated the cardiac immune cell data and clearly indicated that ponatinib exacerbates
systemic inflammation by promoting pro-inflammatory myeloid and pro-inflammatory Th1l,
Th9, and Th17 cell expansion (Figure. S1H-1Q, Figure. S2).
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Ponatinib treatment induces cardiac and systemic inflammation in WT naive mice

HFD-fed ApoE ™~ mice are well-known for exhibiting a proinflammatory state. These
confounders complicate the interpretation of the ponatinib-mediated cardiac inflammatory
phenotype in HFD-fed ApoE~'~ mice. To further address ponatinib-mediated effects

on cardiac inflammation, naive C57BL/6J wild-type mice were treated with ponatinib

for 2 weeks. Single-cell suspensions of cardiac tissue digests were analyzed for

immune cells via flow cytometry. Despite the absence of cardiac dysfunction, ponatinib
promoted the expansion of CD45*CD11b*F4/80~ myeloid cells and CD45*CD11b*F4/80*
macrophages in the heart (Fig. 2A, 2B). Consistently, the frequency of CCR2* pro-
inflammatory monocytes and macrophages were enhanced in the ponatinib-treated hearts
(Fig. 2C, 2D). Furthermore, we found an increased percentage of CD457CD11C* and
CD45"CD11b*Ly6G™" cells in the ponatinib-treated hearts, suggesting that ponatinib
promotes infiltration of dendritic cells (DCs) and neutrophils (Fig. 2E, 2F). IL-17-producing
helper T cells (Th17) are closely associated with autoimmunity and myocarditis.2-44
Cardiac Th17 cells were significantly elevated in ponatinib-treated naive mice compared
to placebo (Fig. 2G). To understand the role of ponatinib in systemic inflammation, we
immunophenotyped splenocytes isolated from ponatinib and placebo-administered naive
mice. A robust expansion of myeloid cells, including macrophages (CD11b*F480%),
MHC-11* pro-inflammatory M1 macrophages (CD11b*F480"MHC-11*), and neutrophils
(CD11b*Ly6G*) were found in the spleens of the ponatinib-treated group (Fig. 2H-

2J). Adaptive cell-mediated immunity plays a critical role in the pathogenesis of the
inflammatory cardiovascular disease. CD4* and CD8" T cells are known to play a

crucial role in ventricular remodeling and HF.38: 45 To assess whether ponatinib treatment
influences systemic T cells, we analyzed the total percentage of splenic TCRap*, CD4*,
and CD8* T cells in ponatinib-treated naive mice. Ponatinib animals exhibited increased
frequency of CD4*, and CD8* T cells (Fig. 2K-2Q). Furthermore, ponatinib promoted
the polarization of pro-inflammatory Thl, Th17, and Th9 subsets of T cells, indicating
the potential role of accumulated pro-inflammatory helper T cells in ponatinib-induced
myocardial inflammation. Next, we wanted to investigate whether ponatinib-induced
inflammation is a transient event or a chronic inflammatory response. The naive C57BL/6
mice were treated with ponatinib for six weeks, and immune profiling was performed at
multiple time points (2wks, 4wks, 6wks). Indeed, ponatinib induced a sustained chronic
inflammation in both, the heart and systemically (Figure. S3A-3F). These flow cytometry
findings were further confirmed by ELISA assay of multiple inflammatory cytokines

in the serum (Figure. S3G-3J). Taken together, these studies suggest that even though
ponatinib does not lead to cardiac dysfunction in naive animals, it induces sustained chronic
inflammation.

Ponatinib promotes excessive inflammation in pressure-overload WT mice

To further test our hypothesis that ponatinib-mediated inflammation is a predisposing
factor for cardiac dysfunction, we used the transverse aortic constriction (TAC) pressure-
overload mouse model of heart failure. The experimental timeline and treatment plan

are depicted in the schematic diagram (Fig. 3A). As anticipated, ponatinib treatment
exacerbated the marked cardiac dysfunction in TAC mice as reflected by significantly
reduced ejection fraction, fractional shortening, and increased LV systolic volume (Fig.
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3B, 3C). These functional deteriorations were associated with adverse cardiac remodeling
as reflected by significantly increased LV internal diameter in ponatinib-administered

mice (Fig. 3D). Pathological adverse cardiac remodeling was also evident by elevated
myocardial fibrosis in the ponatinib-treated TAC group (Figure. S4A-B). Consistent

with our findings with HFD-fed ApoE~'~ model, ponatinib-induced cardiac dysfunction

in TAC animals was associated with increased immune cell infiltration as assessed by

H&E staining (Figure. S4C). Using immunostaining, we consistently observed elevated
numbers of CD45" leukocytes and CD3* T cells in the cardiac tissue of ponatinib-treated
mice (Fig. 3E, 3F). These results support the role of ponatinib-induced expansion of
myeloid and T cells in producing cardiotoxicity. Comprehensive immune profiling of
ponatinib vs. placebo-treated hearts was performed to better understand ponatinib-mediated
immunological responses. The flow cytometry data validated the IHC results and showed the
recruitment and proliferation of CD45* leukocytes in ponatinib-treated hearts (Fig. 3G, 3H).
Subsequently, we examined myeloid cells in the heart. Augmentation of ventricular myeloid
cells (CD45*CD11b*F4/807), macrophages (CD45*CD11b*F4/80™), resident macrophages
(CD457CD11b*F4/80*MERTK™), M1 macrophages (CD45"CD11b*F4/80*MHC-I1*), DCs
(CD45*CD11c™) and neutrophils (CD457CD11b*Ly6G") were observed in the ponatinib-
treated group versus placebo (Fig. 31-3N). Interestingly, CXCL9-producing CD45* cells
were significantly higher in the ventricular tissue of ponatinib-treated TAC mice (Fig. 30).
We also observed a strong increase in Thl cytokine (TNF-a, IL-6, and IL-1pB) producing
CD45™" leukocytes in the ponatinib-treated hearts. (Fig. 30-3R). Consistently, TNF-a,

IL-6, and IL-1p were increased in the circulation of ponatinib-treated mice (Fig. 35-3U).
Thus, ponatinib promotes myeloid cell proliferation and induces pro-inflammatory cytokines
(IL-1pB, IL-6, and TNF-a), leading to myocardial inflammation. A network of upregulated
chemokines and cytokines facilitates T-cell recruitment to the heart and plays a critical role
in inflammation-induced cardiac remodeling and dysfunction.*> To determine the dynamics
of T cells in cardiac tissue, we analyzed the total frequency of TCRap*, CD4*, and

CD8* T cells. Indeed, ponatinib-induced myocardial inflammation was associated with
T-cell infiltration in cardiac tissue (Fig. SSA-C). It is well established that the release

of danger signals such as alarmins and IL-1p in heart failure stimulates hematopoiesis

and medullary monocytopoiesis in the bone marrow.#6 These monocytes and myeloid
progenitor cells then migrate toward the spleen for extramedullary monocytopoiesis.*’
Later, this pool of pro-inflammatory immune cells, mainly monocytes from the spleen,
migrate towards the heart.#8: 49 Apart from chemokines, intracellular cell adhesion molecule
1 (ICAM-1) expressed on both blood monocytes, and cardiac endothelial cells regulate
cardiac inflammation by mediating left ventricular leukocyte recruitment.® Interestingly,
enhanced expression of ICAM-1 was demonstrated in splenic and blood myeloid cells
post-ponatinib treatment, suggesting ponatinib facilitates the recruitment of leukocytes
(Figure. S5F-J). Further analysis of T cell subtypes revealed an elevated frequency of
pro-inflammatory Th1 and Th17 helper T cells (Fig. S5D, S5E). Enhanced levels of serum
cytokines in the ponatinib group suggested ponatinib-induced systemic inflammation (Fig.
35-3U). Consistently, we demonstrated increased proliferation (Ki67*) of splenocytes,
enhanced frequency of DC, M1 macrophages, IL-6, and TNF-a producing cells in the
spleen of ponatinib-treated animals. (Figure. SSK-0). Excessive systemic inflammation
was further supported by the upregulation of pro-inflammatory Thl and Th17 T cells
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in the ponatinib group (Figure. S5P-Q). Ponatinib—induced M1 macrophage polarization
was further confirmed by utilizing additional M1 marker CD86 (Figure. S6A-D). Taken
together, the cardiac function of placebo and ponatinib-treated animals was not significantly
different in naive or sham groups; in contrast, ponatinib led to a robust cardiac phenotype

in HFD-fed ApoE~'~ and TAC mice, confirming the critical role of CVD comorbidities for
the development of ponatinib mediated cardiotoxicity. These findings support the notion that
subclinical inflammation (without cardiac pathologies) predisposes the heart to accelerated
dysfunction and remodeling in the presence of CVD comorbidities. These findings implicate
excessive inflammation as a critical determinant of ponatinib-induced pathologies in failing
hearts.

Fibroblast activation or myocardial fibrosis is not the driver of ponatinib cardiotoxicity

Fibroblast activation and fibrosis are critical to adverse cardiac remodeling and cardiac
dysfunction. As discussed above, we observed a significantly increased myocardial fibrosis
in ponatinib-treated hearts at 4 weeks post-TAC (Figure. S4A-B). This prompted us
systematically investigate the role of fibroblast activation and fibrosis in ponatinib-induced
cardiac dysfunction. Therefore, to investigate the potential role of myocardial fibrosis in
ponatinib’s cardiotoxicity, both in vivoand in vitro experimental strategies were employed.
To determine the direct effect of ponatinib on fibroblasts activation, isolated cardiac
fibroblasts were treated with relevant ponatinib concentrations (100nM, 250nM) in the
presence of fibrosis agonist TGF-B1 (10ng/ml, 1h), and the critical readout SMAD3
activation (P-SMAD35er423/425y was determined by western blotting. To our complete
surprise, TGF-P1 mediated activation of SMAD3 was not statistically significant between
TGF-pl-alone vs TGF-B1 and ponatinib groups (Figure. STA-B). This data suggest that
ponatinib does not directly activate cardiac fibroblast activation. Since increased fibroblast
number (proliferation) is a crucial marker of fibroblast activation/fibrotic remodeling,

we quantified the total fibroblast percentage in ponatinib-treated hearts. Indeed, ponatinib-
induced total fibroblast percentages were not statistically significant at 2 weeks, and a
significant increase was only noted starting from a 4 weeks time point (Figure. S7C).
Consistently, analysis of trichrome-stained heart sections at 2 weeks post-TAC showed a
statistically insignificant level of fibrosis in ponatinib vs. placebo-treated hearts (Figure.
S7D-E). Indeed, the ponatinib-induced cardiac dysfunction phenotype was obvious and
significant at 2 weeks post-TAC. Thus, the excessive inflammation and cardiac dysfunction
phenotype (obvious at 2 wk post-TAC) preceded the onset of fibrotic remodeling. Taken
together, these data exclude fibrotic remodeling as the primary driver of ponatinib-induced
cardiac dysfunction. Furthermore, it suggests that observed excessive fibrosis at the later
time point (4 weeks, post-TAC) is secondary to ponatinib-induced cardiac inflammation and
dysfunction.

Ponatinib promotes inflammation through the NLRP3 pathway.

Our unbiased RNA-Seq analysis revealed a multi-fold (10+) upregulation of alarmins
S100A8/A9 expression in ponatinib-treated hearts (Fig. 1K-1N). As anticipated, elevated
serum S100A8/A9 levels in ponatinib-treated WT naive mice corroborated our RNA seq
data (Figure. S3J). Consistently, flow cytometry analysis revealed robust activation of the
innate and adaptive immune response in ponatinib-treated hearts (Fig. 3G-3U, S5A-E).
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In vivo inflammation studies are confounded by systemic effects; therefore, an isolated
splenocyte model was employed to test whether ponatinib directly activates immune

cells. Ex vivo cultures of whole splenocytes from naive WT mice were treated with

either vehicle (DMSO) or ponatinib (100 nM and 500 nM, 72h). Increased proliferation

of myeloid cells and T cells (CD4* and CD8*) suggested a potential direct immune
activation effect of ponatinib (Fig. 4A—4E). Furthermore, enhanced M1/M2 ratio, and

Th1, Th17 frequency was determined in ponatinib-treated samples (Fig. 4F—4H). ELISA
analysis revealed elevated levels of inflammatory cytokines (TNF-a and IL-1p) in the
media supernatant of ponatinib-treated samples (Fig. 41-4J). To gain further mechanistic
insight, we determined if ponatinib directly promotes SI00A8/A9 expression in immune
cells. Indeed, ponatinib promotes the frequency of SI00A8/A9-producing myeloid cells
and neutrophils /in vitro (Fig. 4K, 4L). Furthermore, ponatinib induced robust activation of
the S100A8/A9-NLRP3-IL-1p signaling axis in ex-vivo experimental settings as described
above (Fig. 4AM-4R). Advanced image stream single-cell analysis further confirmed
ponatinib-induced NLRP3-1L1B expression in myeloid cells 7n vitro (Fig. 4S, 4T). We
performed similar experiments with human peripheral blood mononuclear cells (PBMCs)
(iXCells Biotechnology). As anticipated, ponatinib promoted proliferation and NLRP3
expression in human PBMCs (Fig. S8A-D). To gain insight into signaling mechanisms
responsible for this immunoinflammatory response /n vivo, we analyzed whether ponatinib
alters the S100A8/A9-TLR4-NLRP3-1L-1p axis /n vivo (Ponatinib treated TAC animals).
Indeed, ponatinib promotes SI00A8/A9/TLR4/NLRP3/IL-1p expression in cardiac and
systemic myeloid cells (Fig. 5A-5L) (Figure. S9, 10, 11). The S100A8/9-NLRP3 signaling
axis is known to upregulate chemotaxis-related molecules (CCR2, CXCR6) to promote
immune cell proliferation.®? To determine if ponatinib-induced inflammatory signaling is
transient or chronic activation, naive C57BL/6 mice were treated with ponatinib for up

to 6 weeks and analyzed at multiple time points (2wks, 4wks, and 6 wks). Indeed, these
studies suggested a chronic activation of the SI00A8/A9-TLR4-NLRP3-IL-1p pathway
(Figure. S12). Furthermore, these animals also exhibit the proliferation of myeloid cells and
neutrophils. We also observed proliferation of T cells and increased frequency of Th1, Th9,
and Th17 cells in these mice (Figure. S12). Based on these robust findings, we hypothesized
that the S100A8/A9-NLRP3-IL-1p signaling axis is critical for ponatinib-mediated immune
cell proliferation. To test this hypothesis, isolated splenocytes from WT and NLRP3 KO
were treated with vehicle (DMSO) or ponatinib, and proliferation was determined. Indeed,
ponatinib-induced proliferation and pro-inflammatory polarization of immune cells were
markedly reduced in the NLRP3 KO compared to controls. (Fig. 5M-5T). To further
consolidate the signaling circuit of the ponatinib-induced inflammatory response, pure
myeloid cells were flow-sorted, and experiments were performed with various agonists and
antagonists of the NLRP3 signaling cascade. These include TLR4 agonist (LPS), TLR4
inhibitor (TLR-IN-C34), NLRP3 inhibitor (CY09), and alarmin inhibitor (paquinimod). As
expected, LPS Induced myeloid cell proliferation by several folds (Fig. 6A-C). Indeed,
ponatinib-induced myeloid cell proliferation was nearly abolished by inhibitors of TLR4,
NLRP3, and alarmins (Fig. 6A-C). These data are consistent with 7n vivo findings with
NLRP3 KO animals and support our overall hypothesis that ponatinib drives excessive
inflammation through the alarmins-TLR4-NLRP3 signaling axis. Consistently, ponatinib-
mediated myeloid cell proliferation was abolished by alarmins inhibitor (Fig. 6A-C). These
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findings confirm the critical role of NLRP3 signaling in ponatinib-induced immune cell
activation and proliferation, leading to excessive inflammation.

We and others have reported the ponatinib direct effect on cardiomyocyte death.”: 8
Therefore, it is conceivable that ponatinib treatment may lead to cardiomyocyte death or
cardiac endothelial cell injury, which may attract immune cells or act as DAMPs to produce
alarmins. To determine the effect of ponatinib on cardiomyocyte death, we performed
TUNEL assay on cardiac tissue sections from ponatinib- and placebo-treated animals

(2 weeks & 4 weeks post-TAC). Indeed, we did not observe measurable cardiomyocyte
death at any of these time points (Figure. S13A-C). We also investigated the potential
apoptotic death of leukocytes (CD45+tive) and other cardiac cells (CD45-tive cells) by
performing Annexin/7AAD staining and flow cytometry analysis of single-cell preparation
from myocardial tissue. Indeed, the pre-apoptotic and apoptotic cells were not significantly
different in the ponatinib and placebo-treated hearts (Figure. S13D-G). Next, we turned our
focus to endothelial cell injury, which could account for ponatinib-induced inflammation.
The heart sections of ponatinib-treated TAC animals were stained with CD31 to quantify
vessel densities in an /n7 vivo setting. Interestingly, there was no difference in the vessel
densities of control vs. ponatinib-treated hearts (Figure. S14A-C). Furthermore, the total
endothelial cell numbers and death in the myocardium of ponatinib-treated hearts from naive
C57BL/6 animals were not statistically significant (Figure. S15A-C). Indeed, these findings
were also consistent in the TAC studies (Figure. S15D-G). Taken together, these findings
suggest that adverse effect on vasculature plays a minimal role in developing ponatinib-
induced cardiac dysfunction. That said, further experimentation and functional analysis

are required to fully establish the ponatinib effects on endothelial cell function and its
potential role in cardiotoxicity. To further delineate the primary source of ponatinib-induced
alarmins and inflammatory signaling, S100A8/9 and NLRP3-producing endothelial cells
and fibroblasts were analyzed in the myocardium of ponatinib treated TAC mice. Indeed,
there was no difference in SLI00A8/9 and NLRP3 expressing endothelial cells and fibroblasts
(Figure. S16A-D and Fig. 17A-D). In our continued effort to investigate the primary source
of ponatinib-induced alarmins, an ELISA assay was performed to quantify the S100A8/9
levels in the culture medium of ponatinib-treated cardiomyocytes. The S100A8/9 levels

in ponatinib and vehicle-treated culture medium were not statistically different (Figure.
S17E). These data collectively exclude the possibility of endothelial cells, fibroblasts, and
cardiomyocytes as primary sources of alarmins and NLRP3 in ponatinib-treated animals.

Our unbiased RNAseq analysis indicated altered reactive oxygen species (ROS) pathways
in ponatinib-treated hearts (Figure 1K—1N). Therefore, we next planned to determine
mitochondrial ROS production in leukocytes, and non-leukocytes cell populations in
ponatinib-treated TAC hearts. Notably, ponatinib-induced increased ROS production was
limited to leukocytes, suggesting immune cell-specific ROS production (Figure. S18A-C).
Additionally, ponatinib did not affect the ROS level in cardiomyocytes (Figure. S18D).
Indeed, activated immune cells are known for increased ROS production.51 52 Taken
together, these findings exclude the potential involvement of cardiomyocytes and reinstate
that immune cells mediated mechanism as the primary driver of ponatinib-mediated
cardiotoxicity.
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Ponatinib concurrently inhibits cancer cells but activates immune cells

We next sought to investigate ponatinib’s anticancer efficacy and its potential to induce
immune activation in a co-culture model of cells of human origin. We co-cultured human
PBMCs and human K562 CML cells (5:1) and treated them with ponatinib (100nM, 72
hrs) followed by cell death analysis using Annexin-7AAD flow cytometry analysis. Indeed,
ponatinib was killing the cancer cells as evidenced by a dramatic increase in K562 cell
apoptosis (AnnexinV*7AAD™), leading to a sharp decrease in the K562 gated population
(Fig. 6D-G). On the other hand, as identified by increased BrdU incorporated CD45*
PBMCs, ponatinib induced the proliferation of immune cells in the same culture (Fig. 6H-
L). These studies suggest that our mouse model’s findings are consistent with the human
cell-based co-culture model. Furthermore, these findings indicate that two independent
mechanisms potentially mediate the ponatinib’s ability to kill cancer cells and induce
immune cells. Therefore, interventions to modulate the excessive immune response should
not interfere with the ponatinib’s cancer efficacy. Having that said, future studies with
humanized CML models are warranted to achieve both these readouts simultaneously,
namely cancer efficacy and cardiotoxicity.

Dexamethasone rescued ponatinib-induced cardiotoxicities by suppressing excessive
inflammation.

Our robust findings with multiple models strongly implicate excessive inflammation

and cytokine elaboration as critical factors in ponatinib-induced cardiac dysfunction.
Therefore, we hypothesized that preventing inflammation would mitigate ponatinib-
mediated cardiotoxicity. Corticosteroids remain the cornerstone in the current management
of immune-related adverse events due to the fast onset of action and high efficacy.?3 %4 The
corticosteroid dexamethasone has been used in leukemia patients for its anti-cancerous and
immunosuppressive properties.5> 56 However, it has never been assessed in the context of
its immunosuppressive action to mitigate cardiac adverse events in these patients. Therefore,
for proof of concept, we tested whether dexamethasone would rescue ponatinib-induced
cardiac inflammation and dysfunction. As shown in Fig. 7A, we treated TAC mice with
dexamethasone (2 mg/kg i.p.) three times a week, in parallel with ponatinib (15 mg/kg/day)
treatment. As reflected by the relative preservation of cardiac function, dexamethasone
prevented ponatinib-induced cardiac dysfunction. (Fig. 7B—C). To our complete surprise,
dexamethasone alone did not show a significant anti-inflammatory effect compared to the
placebo group. However, animals treated with both dexamethasone and ponatinib exhibited
a dramatically diminished frequency of I1L6 producing CD45* and CD11b* cells in the heart
(Figure. S19A-B). Moreover, dexamethasone treatment inhibited the ponatinib-induced
TLR4-NLRP3-IL1p response in cardiac myeloid cells (Figure. SI9C-E). These findings
suggest that dexamethasone alleviates ponatinib-induced inflammation by inhibiting the
NLRP3 inflammasome signaling. Furthermore, dexamethasone dramatically protected
against ponatinib-induced myocardial T-cell activation (Figure. S19F-G). Consistently, the
animals treated with both dexamethasone and ponatinib exhibited drastically decreased
systemic myeloid cells, macrophages, pro-inflammatory M1 macrophages, and TNF-a
producing myeloid cells compared to animals that only received ponatinib (Figure.
S19H-K). Next, we sought to examine the effect of dexamethasone treatment on
ponatinib-mediated NLRP3 expression. Indeed, dexamethasone attenuated the ponatinib-
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induced NLRPR3 expression (Figure. S19L). Consistently, dexamethasone also significantly
diminished ponatinib-induced splenic T-cell expansion (Figure. S19M). Altogether, these
findings indicate that dexamethasone prevents ponatinib-induced excessive inflammation,
and thereby protects against ponatinib-induced cardiotoxicity.

NLRP3 inflammasome drives ponatinib-induced cardiotoxicity.

The rescue studies with broad immunosuppressive dexamethasone clearly established

the crucial role of excessive inflammation in ponatinib-induced cardiac dysfunction.
Consistently, our mechanistic studies indicated the critical involvement of NLRP3
inflammasome in ponatinib-mediated cardiotoxicity. Based on these observations, we
hypothesize that NLRP3 inflammasome drives ponatinib-induced cardiotoxicity. To test this
hypothesis, we planned to perform two independent 7 vivo rescue experiments, one with
CY-09, a direct inhibitor of NLRP3 °7, and another with paquinimod, a specific inhibitor

of alarmins (S100A9). The experimental design of CY-09 studies is depicted in Fig. 7D. In
brief, we treated TAC mice with CY-09 (2 mg/kg i.p.) six times a week along with ponatinib.
Indeed, intervention with CY-09 nearly abolished the detrimental cardiac effect of ponatinib
(Fig. 7TE-F). As anticipated, CY-09 treatment reduced the frequency of TNF-a, IL-1p

and IL-6-producing cells in the myocardium (Fig. 7G-I). Consistently, ponatinib-induced
plasma TNF-a, IL-1B, IL-6, and S100A8/9 levels were significantly reduced by CY-09
treatment (Fig. 7J-M). As expected, CY-09 treatment also reduced the proliferation of
myeloid cells and neutrophils in spleens, demonstrating reduced systemic inflammation in
CY-09-treated animals (Fig. 7N-R). Furthermore, CY-09 treatment alleviated the ponatinib-
induced macrophage induction, T cell proliferation, and inflammatory monocytes (Figure.
S20).

Considering the high translational potential of the current studies, we also investigated the
potential metabolic consequences of proposed interventions, specifically dexamethasone and
CY-09, in the setting of ponatinib treatment. Notably, ponatinib itself did not have any
effect on plasma glucose and cholesterol levels, suggesting ponatinib exerts its cardiotoxic
effects independent of these metabolic changes (Figure. S20). As steroids are known for
their adverse effect on cholesterol levels, dexamethasone intervention on ponatinib-treated
animals showed elevated plasma cholesterol levels compared to ponatinib and placebo
groups (Figure. S21). Remarkably, analysis of serum glucose and cholesterol levels revealed
a favorable metabolic effect of CY-09 intervention. The improved plasma glucose and
cholesterol by CY-09 were not too surprising as it’s reported that CY-09 reverses metabolic
disorders in diabetic animals.>” Thus, CY-09 treatment successfully mitigated the ponatinib-
induced adverse cardiac effects without unwanted metabolic complications, as seen with
dexamethasone.

In the rescue experiment with SI00A9 inhibitor paquinimod, we used a very similar
experimental design as CY-09 studies. TAC animals were treated with paquinimod ad
libitum in drinking water daily>8 along with ponatinib (Fig. 8A). As expected, concurrent
treatment of paquinimod along with ponatinib preserved the cardiac dysfunction caused
by ponatinib (Fig. 8B-C). We next assessed serum levels of SI00A8/9 and found

that paquinimod treatment significantly reduced the concentration of SLT00A8/9 in the

Circ Res. Author manuscript; available in PMC 2024 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tousif et al.

Page 13

ponatinib+paquinimod-treated group (Fig. 8D). Consistently, paquinimod reduced the
frequency and proliferation of immune cells in the heart (Fig. 8E-O) and spleen (Fig. 8P-W,
Figure. S22, 23).

Finally, we investigated if the proposed pharmacological agents to mitigate cardiotoxicity
interfere with ponatinib’s anti-cancerous efficacy. To address this concern, we treated human
CML K562 cells with CY-09, ponatinib, and paquinimod, along with control groups. Indeed,
CY-09 or paquinimod treatment did not affect the ponatinib-induced apoptosis of CML
K562 cells. These data strongly advocate that NLRP3 or alarmin inhibitors do not interfere
with ponatinib efficacy (Fig. S24).

In summary, our findings confirmed the driving role of the ponatinib-induced S100A8/9-
NLRP3 pro-inflammatory axis in ponatinib-mediated cardiotoxicity; therefore, strategies to
target this signaling axis could be novel therapeutic targets to prevent ponatinib-associated
adverse cardiac events.

Discussion:

This study identified a novel mechanism of ponatinib-mediated cardiotoxicity, the only
treatment option for CML patients with the T3151 mutation. Specifically, we demonstrate
that ponatinib-induced excessive inflammation is crucial to driving the adverse cardiotoxic
effects. Mechanistically, we identified the vital role of the SI00A8/A9-TLR4-NLRP3-IL-1p
signaling circuit in ponatinib-mediated inflammation and cardiac dysfunction. As depicted
in the schematic figure (Fig. 8X), ponatinib induces SI00A8/A9 production, which primes
the NLRP3 inflammasome, and stimulates the release of proinflammatory IL-1p. The
inflammation hypothesis is strongly supported by three independent rescue studies with

the immunosuppressive corticosteroid, dexamethasone, CY-09, a direct inhibitor of NLRP3
inflammasome, and paquinimod, an inhibitor of SI00A9. Thus, we have discovered a
previously unknown effect of ponatinib on immune cell activation and inflammation, which
predisposes the development of ponatinib-induced cardiac dysfunction.

Recent clinical reports and meta-analysis studies of patients treated with TKIs indicate that
those with CVD comorbidities are highly susceptible to TKI-induced cardiac dysfunction.32
Keeping this in mind, we used cardiovascular comorbidity mouse models, which allowed us
to expose the “hidden cardiotoxicity” of ponatinib. Historically, the cardiac safety data of
TKIs from the clinical development stage is always under-reported.>®-61 This is primarily
due to most clinical trials done prior to FDA approval excluding patients with comorbidities
or pre-existing cardiovascular disease (CVD). However, such patients are frequently treated
post-FDA approval.52 In this regard, very few cases of cardiotoxicity were reported in the
early clinical trials of ponatinib. However, the additional follow-up has revealed a higher
frequency of serious adverse cardiac events.2 8- 63-66 Moreover, pharmacovigilance analysis
of adverse reports from the real-world patient population has revealed that ponatinib is

the most cardiotoxic agent among all FDA-approved TKIs.%7 Thus, the CV comorbidity
mouse models employed herein more closely mimic the clinical situation of cancer patients
with co-existing cardiovascular disease. We strongly advocate using similar CV comorbidity
models in future studies to expose the hidden cardiotoxicity of other TKls and agents. Our
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findings are also consistent with the multi-hit hypotheses®® that naive mice treated with
ponatinib showed no evidence of cardiotoxicity despite a robust subclinical inflammation
(without any cardiac pathologies). However, this subclinical inflammation predisposes
these animals to develop accelerated heart failure due to CVD comorbidities. Hence, the
likelihood of developing ponatinib-induced cardiotoxicity is substantially higher in patients
with cardiovascular comorbidities, and this group should be more closely monitored for
potential adverse cardiac effects. Of note, the vascular effects of ponatinib are known and
well-studied. Herein, we have focused on its adverse cardiac effects. Notably, the cardiac
vascular density and endothelial cells were comparable in ponatinib and placebo groups

in the current experimental setting. Thus, the ponatinib cardiotoxicity was independent

of the potential effect on cardiac vasculature. However, it is conceivable that ponatinib’s
extra-cardiac vascular effects might be playing a part in the development of cardiac
dysfunction. Nonetheless, we cannot stress enough that the real-world patient population

is often complicated by multiple comorbidities; thus, the /n vivo models employed herein are
more representative of the actual clinical scenarios. This is further supported by the fact that
cancer and CVD share several common risk factors.59: 70

The lack of effective treatments to overcome ponatinib-induced cardiac adverse events
stem from an incomplete understanding of the underlying mechanisms. All previous
studies focusing on identifying mechanisms for ponatinib cardiotoxicity were limited by
exclusive reliance on cell culture models.”=® Therefore, identifying a mechanism that
involves crosstalk of multiple systems and systemic effects was not possible. Herein, our
in vivo setting with multiple CV comorbidity models allowed us to discover the driving
role of inflammation in ponatinib-mediated cardiotoxicity. Unbiased RNA-Seq analysis
initially indicated the involvement of inflammation in ponatinib-mediated cardiotoxicity.
Consistently, ponatinib induced cardiac infiltration and proliferation of multiple immune
cells, including myeloid cells, neutrophils, and T cells (Th1, Th17, and Th9). Of note, the
role of Th9 cells and their primary cytokine IL-9 in cardiac remodeling is understudied
and needs further investigation. In stark contrast to our findings, Chen et al.”* employed
the influenza A/PR8 virus infection model to demonstrate that ponatinib protects from
influenza infection by suppressing cytokine storms. However, it’s important to note that
Chen et al. used the BALB/c animals for an infection-induced inflammation model, and
herein, we employed the C57B6 mouse for a sterile inflammation model. Thus, the

two studies’ mouse backgrounds and experimental settings are quite different; therefore,
the findings are not directly comparable. In our model, the inflammation hypothesis of
ponatinib cardiotoxicity is further supported by numerous findings, including differentiation
of monocytes to proinflammatory monocytes and macrophages, increased production of
monocytes and macrophages in BM and spleen, increased expression of ICAM-1 in splenic
monocytes and neutrophils, and T cell polarization into pro-inflammatory T cells. Taken
together, these findings support the notion that ponatinib promotes excessive inflammation
by activating both innate and adaptive immune responses. In future studies, it is attractive
to employ one of the upcoming technologies to directly image the inflamed myocardium
without any downstream processing.’2

RNA-Seq analysis, combined with bulk flow cytometry and single-cell image stream
validation revealed the multiple-fold induction of the proinflammatory alarmins S100A8

Circ Res. Author manuscript; available in PMC 2024 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tousif et al.

Page 15

and S100A9 in ponatinib-treated mice. In fact, along with known cardiac remodeling
markers (ANP, TIMP, etc.), SLT00A8 and S100A9 were the top hits (>10-fold upregulation)
in the RNA-Seq dataset. The S100A8/9 heterodimers are more prevalent and known to
activate the NLRP3 inflammasome pathway. Indeed, alarmin-primed NLRP3 inflammasome
activation is a critical mediator of myocardial and systemic inflammation.23 Our findings
using multiple experimental approaches support the hypothesis that ponatinib directly
activates myeloid cells and neutrophils, leading to enhanced secretion of the alarmins
S100A8/9, which is vital for ponatinib-mediated myocardial and systemic inflammation.
S100A8 and S100A9 activate the pattern recognition receptor TLR-4 that further inducing
sterile inflammatory signals.”® Increased expression of TLR4 over myeloid cells and
neutrophils further supports the S100A8/9-TLR4 mediated excessive inflammatory response
in ponatinib-treated animals. Mechanistic studies with multiple agonists or antagonists

were employed to establish the critical role of this signaling circuit in ponatinib-mediated
excessive inflammation. Furthermore, the ponatinib-mediated inflammatory response was
remarkably attenuated in the NLRP3 deficient cells, confirming the crucial role of this
signaling axis in ponatinib-mediated excessive inflammation. Therefore, it’s not surprising
that multiple studies have proposed targeting this pathway as a novel therapeutic approach
for preventing heart failure.18 19. 44 Additionally, this signaling axis is critical for promoting
chemotaxis and immune cell proliferation. However, future studies with approaches to
precisely ablate the specific immunocyte (e.g., neutrophils or macrophages) are warranted to
establish the cause-and-effect relationship of specific immune cell population recruitment in
the heart tissue.

After establishing the ponatinib-mediated cardiac inflammation, we rescued this adverse
effect using immunosuppressive strategies. The corticosteroid dexamethasone has been

used previously with CML tyrosine kinase inhibitors and in patients who have undergone
allogeneic stem cell transplantation.>® This prompted us to use dexamethasone as a
concurrent treatment during ponatinib administration. Indeed, dexamethasone suppressed the
ponatinib-induced excessive immune response and rescued cardiac dysfunction. Thus, it is
reasonable to conclude that strategies for managing excessive inflammation will potentially
protect the heart from ponatinib-induced cardiotoxicity. Encouragingly, as per the ongoing
clinical trial (ClinicalTrials.gov Identifier: NCT03576547), a combination of ponatinib with
dexamethasone and other chemotherapy agents appears safe.’”4 As this trial is still recruiting,
the final outcome will be critical to establishing the safety and efficacy of this combination.
Moreover, dexamethasone was sufficient to manage the “cytokine release syndrome (CRS)”
in a patient treated with a combination therapy of ponatinib and blinatumomab.’® Of course,
we are well aware of the concerns associated with long-term corticosteroid treatment.
Remarkably, additional recuse studies with NLRP3 inhibitor CY-09 or alarmin inhibitor
paquinimod revealed that it could successfully mitigate the ponatinib-induced adverse
cardiac effects without unwanted metabolic complications seen with dexamethasone. These
intriguing findings warrant further investigation to employ immunomodulatory strategies to
combat ponatinib cardiotoxicity. Of note, Paquinimod was well tolerated in humans with
only mild to moderate adverse effects.”: 77 Having that said, it’s important to note that the
precise mechanism of how inflammation leads to cardiac dysfunction is not entirely known
and is currently under intense investigation by multiple groups.
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In conclusion, we have identified a novel and central role for excessive inflammation

in regulating adverse remodeling and dysfunction in ponatinib-treated hearts. Ponatinib
activates the myeloid cell inflammasome pathway by increasing the production of

alarmins S100A8/9, leading to the activation of the proinflammatory S100A8/A9-TLR4-
NLRP3-IL-1p signaling axis. We clearly demonstrate that ponatinib-induced excessive
inflammation is the primary mechanism leading to adverse cardiac remodeling and
ventricular dysfunction. This conclusion is strongly supported by our studies with the broad-
spectrum immunosuppressive glucocorticoid dexamethasone and direct NLRP3 inhibitor,
which rescued the detrimental phenotype observed in ponatinib-treated hearts. Our findings
suggest that patients on ponatinib should be followed closely for excessive inflammation,
cytokine elevation, and cardiac dysfunction. Therefore, immunosuppressive medication
could be further optimized and tested to manage ponatinib-mediated cardiac complications
in CML patients.
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BrduU Bromodeoxyuridine

CFSE Carboxyfluorescein Succinimidyl Ester
CML Chronic Myelogenous Leukemia
Ccv cardiovascular

CVvD Cardiovascular Disease

DC Dendritic Cells

DMSO Dimethyl Sulfoxide

ELISA Enzyme-linked immunoassay
EF Ejection Fraction

FBS Fetal Bovine Serum

FDA Food and Drug Administration
FS Fractional Shortening

HF Heart Failure

HFD High-Fat Diet
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Novelty and Significance
What Is Known?

. Targeted therapies of tyrosine kinase inhibitors (TKIs) have significantly
improved cancer treatment.

. The adverse cardiotoxic effects of TKIs are a serious clinical concern.

. Ponatinib is the most cardiotoxic among all FDA-approved TKIs in a
real-world patient scenario. However, the mechanism of ponatinib-induced
cardiotoxicity is unknown.

What New Information Does This Article Contribute?

. Preexisting cardiovascular (CV) comorbidities are critical to developing
ponatinib-induced cardiotoxicity.

. S100A8/A9-NLRP3-1L-1p signaling circuit drives the ponatinib-induced
excessive inflammation and cardiotoxicity.

. Immunomodulatory interventions with dexamethasone or specific inhibitors
of NLRP3 (CY-09) or S100A9 (paquinimod) rescued the ponatinib-induced
cardiotoxicity.

. These preclinical data provide the rationale for a clinical investigation into
immunosuppressive interventions for ponatinib-induced cardiotoxicity.

Pharmacovigilance analysis of FDA and WHO datasets have established that ponatinib
is the most cardiotoxic agent among all FDA-approved TKIs in a real-world patient
scenario. However, the mechanism of ponatinib-induced cardiotoxicity is unknown,
primarily because of the lack of well-optimized mouse models for preclinical cardio-
oncology research. Herein, we have established mouse models of CV comorbidities
showing robust cardiac phenotype. These newly optimized models will be critical

to progressing the mechanistic preclinical research of additional TKIs-mediated
cardiotoxicity. To this end, these CV comorbidity models facilitated us to discover
S100A8/A9-NLRP3-1L-1p signaling axis as the primary driver of ponatinib-induced
excessive inflammation and cardiotoxicity. Multiple rescue experiments with various
immunosuppressive interventions confirmed the central role of excessive inflammation in
ponatinib’s cardiotoxicity. Our findings provide the rationale for a clinical investigation
into immunosuppressive interventions for managing ponatinib-induced cardiotoxicity.
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Fig. 1|. Ponatinib induces cardiac dysfunction in High Fat Diet (HFD) fed ApoE‘/‘ by promoting
myeloid and T cell frequency.

(A) An experimental scheme using 8-week-old male and female C57BI/6J mice subjected to
ponatinib treatment (15 mg/Kg/day) for 4 weeks. (B-C) Ejection Fraction and Fractional
Shortening as measured by echocardiography at 2, 4, and 6 weeks. No statistically
significant difference was observed in the control and ponatinib-treated group, as measured
by the Mann-Whitney U test for each time point and represented as mean+SEM. Basal

(BL) (N=10), placebo, and ponatinib (N=5) at 2 weeks, 4 weeks, and 6 weeks. (D)
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Schematic of experiment performed in which 8-week-old male and female ApoE ™/~

mice were subjected to high-fat diet (HFD). Chow Diet (CD) animals were used as

control. After 8 weeks on HFD, mice were given ponatinib treatment (15mg/Kg/day)

for 2 weeks. (E-F) Representative images of echocardiographic measurements in HFD
groups. (G-J) Ejection Fraction, Fractional Shortening, Left ventricle volume in systolic
(LV Lol;s), and Left ventricle internal diameter in systolic (LVID;s) were measured by
echocardiography. Significance was determined by using Kruskal-Wallis followed by Dunn
test and represented as mean+SEM CD placebo (N=9); CD ponatinib, HFD placebo,

and HFD ponatinib (N= 12). (K) RNA sequencing (RNA-Seq) analysis of LV samples
from HFD placebo and HFD ponatinib groups was performed at 2 weeks after ponatinib
treatment by taking LV samples from HFD placebo and HFD ponatinib groups. N=5 per
group. The hierarchical clustering of 544 genes was detected as a notably differential
between the HFD placebo and HFD ponatinib groups. (L) Dot enrichment plot. (M)
Volcano plot of differentially expressed genes. (N) ELISA for quantitative measurement of
S100A8/9 from the serum sample of ponatinib treated HFD- fed ApoE-/- mice, placebo
(PL) (N=10), and ponatinib (PON) (N=9). (O-U) Quantitation of immune cells as a
percentage of total cells (immune and nonimmune) isolated from the digested heart of
HFD placebo and HFD ponatinib groups. (O) total percentage of myeloid cells per heart
(CD11b*F4/807), placebo (N=4) and ponatinib (N=6), (P) total percentage of macrophages
(CD11b*F4/80™), placebo (N=5) and ponatinib (N=7), (Q) total percentage of residential
macrophages (CD11b*F4/80*MERTK™), placebo (N=5) and ponatinib (N=5), (R) total
pro-inflammatory monocytes (CD11b*F4/80"LY6C*CCR2™"), placebo (N=5) and ponatinib
(N=6), (S) total pro-inflammatory macrophages (CD11b*F4/80*LY6C*CCR2"), placeho
(N=5) and ponatinib (N=7), (T) total neutrophils (CD11b*LY6G™), placebo (N=6) and
ponatinib (N=6), (U) percentage of IL-6 producing leukocytes (CD45*1L-6%), placebo
(N=5) and ponatinib (N=6), Data (O-U) were analyzed using the Mann-Whitney U test
and represented as mean+SEM.
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Fig. 2|. Ponatinib promotes inflammation in naive wild type C57BL/6J.
Eight-week-old male and female C57BI/6J mice were subjected to ponatinib treatment (15

mg/Kg/day) for 2 weeks. After treatment, the whole heart of placebo and ponatinib-treated
mice were digested to prepare a single-cell suspension. Cells were then stained with
antibodies (CD45, CD11b, F4/80, LY6C, CCR2, LY6G, and IL-17), and flow cytometry
was performed. Total percentages of (A) CD457CD11b*F4/80~ myeloid cells, placebo and
ponatinib (N=6), (B) CD45*CD11b*F4/80" macrophages, placebo and ponatinib (N=6),
(C) CD45*CD11b*F4/80"LY6C*CCR2* cells as pro-inflammatory monocytes, placebo
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and ponatinib (N=6), (D) CD45*CD11b*F4/80*LY6C*CCR2* cells as pro-inflammatory
macrophages, placebo and ponatinib (N=6), (E) CD45*CD11C" dendritic cells, placebo and
ponatinib (N=7), (F) CD45*CD11b* LY6G™ neutrophils, placebo and ponatinib (N=6), and
(G) CD4*IL-17* Th17 cells, placebo (N=4) and ponatinib (N=5). (H-J) Spleen of placebo
and ponatinib treated naive C57BL/6 wild-type mice were macerated to prepare a single-cell
suspension. Cells were then stained with antibodies (CD11b, F4/80, MHC-II, and LY6G)
and flow cytometry was performed. Total percentages of (H) CD11b*F4/80* macrophages,
placebo and ponatinib (N=6), (1) CD11b*F4/80*MHC-1I* cells as M1 macrophages, and,
placebo and ponatinib (N=6), (J) CD11b* LY6G™ neutrophils cells, placebo and ponatinib
(N=6). (K) Representative figure of flow cytometry showing gating strategy to measure
total T cells, CD4* and CD8* T cells in the spleen of ponatinib treated and placebo mice
post 2 weeks treatment. We analyzed the total percentage of (L) TCRap* T cells, placebo
and ponatinib (N=7), (M) TCRaB* CD4* T cells, placebo (N=6) and ponatinib (N=7), (N)
TCRaB* CD8* T cells, placebo and ponatinib (N=7),(O) CD4*IFN-y* Th1 cells, placebo
(N=5) and ponatinib (N=7), (P) CD4*IL-17* Th17 cells, placebo (N=5) and ponatinib
(N=8), and (Q) CD4*IL-9* Th9 cells, placebo (N=6) and ponatinib (N=7). Data (A-Q) were
analyzed using the Mann-Whitney U test and represented as mean+SEM.
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Fig. 3|. Ponatinib-induced inflammation promotes cardiac dysfunction in pressure overload WT
mice.
(A) Schematic outline of the experiment performed. Eight-week-old male and female

C57BI/6J mice were subjected to TAC surgery followed by ponatinib treatment (15 mg/Kg/
day) for 4 weeks. (B-C) Ejection Fraction and Fractional Shortening and Left ventricle
internal diameter in systolic (LVID; s) as measured by echocardiography at 2 and 4 weeks,
basal (BL) (N=11); At 2 and 4 weeks, sham placebo (N=4), sham ponatinib (N=5), TAC
placebo (N=6), and TAC ponatinib (N=9); At 4 weeks, sham placebo (N=4), sham ponatinib
(N=5), TAC placebo (N=6), and TAC ponatinib (N=9). (D) Left ventricle internal diameter
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in systolic (LVID; s), Basal (BL) (N=6), At 2 weeks, sham placebo (N=4), sham ponatinib
(N=5), TAC placebo (N=7), and TAC ponatinib (N=10); At 4 weeks, sham placebo (N=4),
sham ponatinib (N=5), TAC placebo (N=6), and TAC ponatinib (N=10). Significance was
compared between TAC Placebo vs TAC Ponatinib for 2 weeks and 4 weeks separately

by using the Mann-Whitney U test and represented as mean+SEM. (E) CD45-positive
leukocytes and (F) CD3-positive T cells in the heart of ponatinib-treated TAC mice and
control. A black arrow in the inset image indicates a positive cell. The scale bar indicates 50
pum. (G-R) Quantitation of immune cells as a percentage of total cells isolated from the heart
of TAC-placebo and TAC-ponatinib groups. Data represents quantitation of percent of (G)
total leukocytes (CD45™), placebo and ponatinib (N=10),(H) total proliferative leukocytes
(CD45*Ki67%), placebo and ponatinib (N=5), (I) total myeloid (CD45*CD11b*F4/807),
placebo (N=5) and ponatinib (N=6), (J) total macrophages (CD11b*F4/80*), placebo
(N=5) and ponatinib (N=6), (K) total residential macrophages (CD11b*F4/80*MERTK™),
placebo (N=4) and ponatinib (N=5), (L) total M1 macrophages (CD11b*F4/80*MHC-11%),
placebo and ponatinib (N=4), (M) total dendritic cells (CD45*CD11C"), placebo and
ponatinib (N=5),(N) total neutrophils (CD11b*LY6G™), placebo and ponatinib (N=5), (O)
total CXCL9 producing leukocytes (CD45*CXCL9"), placebo and ponatinib (N=5), (P)
total TNF-a producing cells (CD45*TNF-a*), placebo and ponatinib (N=5),(Q), total 1L-6
producing cells (CD45*1L-6%), placebo and ponatinib (N=5), (R) total IL-1p producing
cells (CD45*IL-1B*), placebo and ponatinib (N=5). ELISA was performed from the serum
obtained from the TAC Placebo and TAC Ponatinib animals after 4 weeks of ponatinib
treatment. Data showing serum levels of (S) TNF-a, placebo and ponatinib (N=9), (T)
IL-1pB, placebo and ponatinib (N=11) (U) IL-6, placebo and ponatinib (N=11). Data (G-U)
were analyzed using the Mann-Whitney U test and represented as mean+SEM.
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Fig. 4|. Ponatinib promotes inflammation through the NLRP3 pathway.
Whole splenocytes of 8-week-old C57BL/6J mice, disaggregated and seeded with vehicle

control (DMSQ) and ponatinib (100 nM and 500 nM, 72h), and flow cytometry was
performed. (A) Increased proliferation of leukocytes (CD45*Ki67*). (B) total % of
myeloid cells (CD45*CD11b*) and proliferation (C) (CD45"CD11b*Ki67"). Increased
frequency of (D) CD4* T cell proliferation (CD45"CD4*Ki67%), (E) CD8* T cell
proliferation (CD45*CD8*Ki67"), (F) M1/M2 ratio, (G) total Thl cells (CD4*IFN-y*),
and (H) Th17 cells (CD4*IL-17%). ELISA was performed for /n vitro assessment of

the concentration of (1) TNF-a and (J) IL-1p in media supernatant of ponatinib-treated
splenocytes. (K) Total percentage of S100A8/9 producing myeloid (CD11b*S100A8/9%).
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(L) Total percentage of S100A8/9 producing neutrophils (CD11b*LY6G*S100A8/9%). (M,
N) Flow cytometry analysis of NLRP3* cells in ponatinib-treated splenocytes. The total
percentage of (O) CD45*NLRP3*cells (P) CD11b*NLRP3* cells (Q) IL-1B producing
CD11B* cells (CD11b*IL-18*) and (R) NLRP3 expressing myeloid secreting IL-1p
(CD11b*NLRP3*IL-1p*). Experiments repeated 3 times (N= 3). Experiment was repeated
three times (N= 3), and Data (A-L, O-R) were analyzed by using ordinary one way ANOVA
followed by Tukey’s multiple comparisions test and represented as mean£SEM. (S, T)
Splenocytes were obtained from mouse and treated with ponatinib for 72 hours. Cells were
then stained with antibodies (CD11b, NLRP3 and IL-1B) and ImageStream analysis was
performed. Representative ImageStream pictures of single cell staining showing ponatinib
treatment upregulate NLRP3 expression in, (S) CD11b* myeloid cells, and (T) IL-1p
producing cells.
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Fig. 5|. Ponatinib activates the formation of NLRP3 inflammasome.
(A-L) Eight-week-old male and female C57BI/6J mice were subjected to TAC surgery

followed by ponatinib treatment (15 mg/Kg/day) for 4 weeks. Immune cells were
isolated from the heart of TAC-placebo and TAC-ponatinib animal groups by enzymatic
digestion after ponatinib treatment for 4 weeks. Next, cells were stained, and flow
cytometry was performed. (A) Representative figure of flow cytometry showing gating
strategy to measure IL-1p, CD11b, S100A8/9, and NLRP3 expressing immune cells.
Data represents quantitation of percent of (B) total myeloid cells (CD45*CD11b*"),

Circ Res. Author manuscript; available in PMC 2024 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tousif et al.

Page 34

placebo (N=6) and ponatinib (N=7), (C) total neutrophils (CD45*CD11b*LY6G™),

placebo (N=7) and ponatinib (N=8), (D) total S100A8/9 producing myeloid cells
(CD45*CD11b*S100A8/9%), placebo (N=6) and ponatinib (N=8),(E) total S100A8/9
producing neutrophils (CD457CD11b*LY6G*S100A8/9%), placebo (N=6) and ponatinib
(N=7), (F) total TLR-4 expressing myeloid cells (CD11b*TLR-4%), placebo and ponatinib
(N=5), (G) total TLR-4 expressing neutrophils (CD11b*LY6G*TLR-4"), placebo (N=6)
and ponatinib (N=7), (H) total NLRP3+ myeloid cells (CD45*CD11b*NLRP3*),(1) total
NLRP3+ neutrophils (CD45*CD11b*LY6G*NLRP3*), placebo (N=6) and ponatinib (N=8),
(J) total IL-1B producing leukocytes (CD45*IL-1B*), placebo (N=6) and ponatinib (N=8),
(K) total IL-1B producing myeloid cells (CD45*CD11b*IL-1B*), placebo and ponatinib
(N=7), (L) total IL-1B producing neutrophils (CD45"CD11b*LY6G*IL-18"), placebo (N=7)
and ponatinib (N=8). Data (B-L) were analyzed using the Mann-Whitney U test and
represented as mean£SEM. (M-T) Immune cells from NLRP3 KOs are resistant to
ponatinib-induced proliferation. Splenocytes from NLRP3 KO and WT mice were treated
with control (DMSQO) and ponatinib (500 nM, 72hrs). Flow cytometry analyzed for the
proliferation of myeloid cells and T cells with the staining of Ki67. (M) Staggered overlay
diagram showing reduced proliferation in KO myeloid cells with ponatinib treatment. (N)
Diminished ex vivo proliferation of CD11b* myeloid cells in KO compared to WT. (O)
Diminished ex vivo proliferation of TCRap* T cell in KO compared to WT. (P) Diminished
ex vivo proliferation of CD4+ T cell in KO compared to WT. (Q) Diminished ex vivo
proliferation of CD8* T cell in KO compared to WT. Decreased frequency of total (R)

M1 macrophages, (S) Thl cells, and (T) Th9 cells KO compared to WT. Experiment was
repeated three times (N= 3). Data were analyzed by using ordinary two way ANOVA
followed by Sidak’s multiple comparision test and represented as mean+SEM.
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Fig. 6|. Ponatinib-induced myeloid cell proliferation is SL00A8/9, TLR-4, and NLRP3 dependent,
while Ponatinib concurrently activates human PBMCs with anticancer efficacy.

(A) Gating strategy for sorting CD11b* cells from mouse splenocytes. (B) CFSE

stained CD11b™ cells were cultured and treated with combination of antagonists and
ponatinib for 72 hours (DMSO as control, LPS, Ponatinib 100nM, Ponatinib 100nM+
TLR4 inhibitor, Ponatinib 100nM+ CY09, Ponatinib 100nM+ Paquinimod). Histograms
representing the percentage of diluted CFSE-stained CD11b* cells. (C) Quantification of
CD11b* proliferation (percentage of CFSE low CD11b* cells). Experiment was repeated
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three times (N= 3). Data were analyzed by using ordinary one way ANOVA followed by
Tukey’s multiple comparisions test and represented as mean+SEM. (D) Human CML cells
K562 were treated with ponatinib (100nM) for 72 hours. Next, cells were stained with
Annexin V and 7AAD, and flow cytometry was performed. (E) Violin plot showing the
percentage of dead K562 cells after ponatinib treatment. (F) Human K562 CML cells and
PBMCs were co-cultured (1:5) and treated with ponatinib. Representative flow cytometry
figures show gating strategy to measure dead cells in co-culture. (G-H) Data represents

the quantitation of the percent of K562 dead cells and PBMCs. (1) Human PBMCs were
treated with ponatinib (100nM) for 72 hours and BrdU was incorporated to culture 24 hours
prior to flow cytometry analysis. (J) Violin plot shows the percent of proliferating immune
cells (CD45*Brdu*). (K-L) Data represents a proliferation of immune cells in co-culture of
human PBMCs and K562 cells post ponatinib treatment (100nM, 72 hours). Experiment was
repeated three times (N= 3). Data (E, G, H, J, and L) were analyzed using the unpaired t test
and represented as mean+SEM.
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Fig. 7|. Dexamethasone and direct NLRP3 inflammasome inhibitor CY-09 rescued ponatinib-
induced cardiotoxicities by suppressing excessive inflammation

(A) Schematic outline of experiments performed in this figure. Eight-week-old C57BL6
wild-type (WT) mice were subjected to TAC surgery followed by ponatinib treatment (15
mg/Kg/day) after 1 week. Mice were given dexamethasone (2 mg/Kg i.p.) three times a
week and concurrently ponatinib for four weeks. Only TAC groups have been taken for this
study. (BC) Ejection Fraction and Fractional Shortening as measured by echocardiography
at 2 and 4 weeks. (B) Ejection Fraction, Basal (BL) (N=14); At 2 weeks, placebo (N=7),
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ponatinib (N=11), placebo Dex (N=14), and ponatinib+ Dex (N=13); At 4 weeks, placebo
(N=8), ponatinib (N=7), placebo Dex (N=14) and ponatinib+ Dex (N=7) (C) Fractional
Shortening, Basal (BL) (N=12); At 2 weeks, placebo (N=7), ponatinib (N=13), placebo
Dex (N=14) and ponatinib+ Dex (N=13); At 4 weeks, placebo (N=8), ponatinib (N=7),
placebo Dex (N=14) and ponatinib+ Dex (N=7). Significance was compared between TAC
placebo vs TAC ponatinib and TAC ponatinib vs TAC ponatinib + Dex for 2 weeks and

4 weeks separately by using Kruskal-Wallis followed by Dunn test and represented as
mean=SEM. (D) Experimental overview. Eight-week-old C57BL6 wild-type (WT) mice
were subjected to TAC surgery. After 1 week, mice were given CY-09 (2 mg/Kg i.p.)

six times a week and concurrently ponatinib for four weeks (15 mg/Kg/day). Only TAC
groups have been taken for this study. (E-F) Ejection Fraction and Fractional Shortening

as measured by echocardiography at 2 and 4 weeks. Basal (BL) (N=7); At 2 weeks,
placebo (N=10), ponatinib (N=7) and ponatinib+CY09 (N=8); At 4 weeks, placebo (N=10),
ponatinib (N=7), and ponatinib+CY09 (N=9). Significance was compared between TAC
placebo vs TAC ponatinib and TAC ponatinib vs TAC ponatinib + CY09 for 2 weeks

and 4 weeks separately by using Kruskal-Wallis followed by Dunn test and represented

as mean£SEM. (G-1) Quantitation of immune cells as a percentage of total cells isolated
from the heart of animal groups mentioned in the figures. Data represents quantitation

of percent of the total (G) TNF-a producing leukocytes (CD45*TNF-a*); placebo

(N=7), ponatinib (N=6), and ponatinib+CY09 (N=5), (H) IL-1p producing leukocytes
(CD45*1L-1p™); placebo (N=7), ponatinib (N=6), and ponatinib+CY09 (N=5), (1) IL-6
producing leukocytes (CD4*IL6"); placebo (N=7), ponatinib (N=6), and ponatinib+CY09
(N=6). (J-M) ELISA was performed from the serum obtained from animal groups.

Data showing serum levels of (J) TNF-a; placebo (N=7), ponatinib (N=6), ponatinib

+ Dex (N=6) and ponatinib+CY09 (N=7), (K) IL-1pB; placebo (N=8), ponatinib (N=5),
ponatinib + Dex (N=7) and ponatinib+CY09 (N=6),(L) IL-6; placebo (N=7), ponatinib
(N=6), ponatinib + Dex (N=8) and ponatinib+CY09 (N=6), (M) S100A8/9; placebo (N=7),
ponatinib (N=6), ponatinib + Dex (N=11) and ponatinib+CY09 (N=7). (N-R) Quantitation
of immune cells as a percentage of total cells isolated from spleen of animal groups
mentioned in the figures. Data represents % total of (N) myeloid cells (CD11b*); placebo
(N=10), ponatinib (N=6), and ponatinib+CYQ09 (N=6), (O) proliferating myeloid cells
(CD11b*Brdu*); placebo (N=9), ponatinib (N=6), and ponatinib+CY09 (N=7), (P) Flow
cytometry plots representing neutrophil populations in spleen and a total percentage of (Q)
neutrophils (CD11b*LY6G™); placebo (N=8), ponatinib (N=5), and ponatinib+CY09 (N=7),
and (R) proliferating neutrophils (CD11b*LY6G*Brdu*); placebo (N=10), ponatinib (N=6),
and ponatinib+CY09 (N=7). Data (G-1) and (Q-R) were analyzed by using Kruskal-Wallis
followed by Dunn test and represented as mean+SEM.
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Fig. 8|. Inhibition of S100A8/9 is critical to protect against ponatinib-induced cardiotoxicity.
(A) Experimental overview. Eight-week-old C57BL6 wild-type (WT) mice were subjected

to TAC surgery. After 1 week, mice were given paquinimod (3.75 mg/Kg weight ad libitum
in drinking water) and concurrently ponatinib for four weeks (15 mg/Kg/day). Only TAC
groups have been taken for this study. (B-C) Ejection Fraction and Fractional Shortening
as measured by echocardiography at 2 and 4 weeks. (B) Ejection Fraction - At Base

line (BL), placebo (N=5), ponatinib (N=4), paquinimod (N=4) and ponatinib+ paquinimod
(N=4); At 2 weeks, placebo (N=13), ponatinib (N=12), paquinimod (N=9) and ponatinib+
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paquinimod (N=8); At 4 weeks, placebo (N=13), ponatinib (N=12), paquinimod (N=10) and
ponatinib+ paquinimod (N=8). (C) Fractional Shortening; At Basal (BL), placebo (N=5),
ponatinib (N=4), paquinimod (N=4) and ponatinib+ paquinimod (N=4); At 2 weeks, placebo
(N=13), ponatinib (N=13), paquinimod (N=9) and ponatinib+ paquinimod (N=8); At 4
weeks, placebo (N=13), ponatinib (N=12), paquinimod (N=10) and ponatinib+ paquinimod
(N=8). Significance was compared between TAC placebo vs TAC ponatinib and TAC
ponatinib vs TAC ponatinib + paquinimod for 2 weeks and 4 weeks separately by using
Kruskal-Wallis followed by Dunn test and represented as mean+SEM. (D) Data showing the
concentration of S100A8/9 in serum placebo (N=5), ponatinib (N=4), paquinimod (N=4),
and ponatinib + paquinimod (N=4) placebo (N=11), ponatinib (N=11), paquinimod (N=9),
and ponatinib + paquinimod (N=9). (E-O) The figures mention quantitation of immune cells
as a percentage of total cells isolated from the heart of animal groups. Data represents %
total of (E) total leukocytes (CD45™%); placebo (N=9), ponatinib (N=9), paquinimod (N=7),
and ponatinib + paquinimod (N=7), (F) total myeloid cells (CD45*CD11b"); placebo (N=9),
ponatinib (N=9), paquinimod (N=8), and ponatinib+ paquinimod (N=8), (G) total NLRP3*
myeloid cells (CD45*CD11b*NLRP3*); placebo (N=6), ponatinib (N=5), paquinimod
(N=8), and ponatinib + paquinimod (N=4), (H) total neutrophils (CD45"CD11b*LY6G™");
placebo (N=9), ponatinib (N=9), paquinimod (N=6), and ponatinib + paquinimod (N=5)

(1) total proliferating neutrophils (CD45*CD11b*LY6G*Ki67*); placebo (N=9), ponatinib
(N=5), paquinimod (N=7) and ponatinib+ paquinimod (N=5), (J) total NLRP3* neutrophils
(CD45*CD11b*LY6G*NLRP3*); placebo (N=6), ponatinib (N=6), paquinimod (N=7) and
ponatinib+ paquinimod (N=5) (K) total macrophages (CD45*CD11b*F4/80%); placebo
(N=6), ponatinib (N=6), paquinimod (N=6) and ponatinib + paquinimod (N=5), (L) total
CCR2* macrophages (CD45*CD11b*F4/80*Ly6Ch*CCR2*); placebo (N=6), ponatinib
(N=5), paquinimod (N=6) and ponatinib+ paquinimod (N=5), (M) total IL-1p producing
cells (IL-18%); placebo (N=7), ponatinib (N=5), paquinimod (N=6) and ponatinib+
paquinimod (N=6), (N) total IL-6 producing cells (IL-6%); placebo (N=5), ponatinib (N=5),
paquinimod (N=6), and ponatinib+ paquinimod (N=6), and (O) total TNF-a. producing
cells (TNF-a*); placebo (N=7), ponatinib (N=6) paquinimod (N=6), and ponatinib+
paquinimod (N=6). (P-W) Quantitation of immune cells as a percentage of total cells
isolated from the spleen of animal groups mentioned in the figures. Data represents
quantitation of percent of (P) total macrophages (CD11b*F4/80™); placebo (N=6), ponatinib
(N=8), paquinimod (N=9), and ponatinib + paquinimod (N=6), (Q) total M1 macrophages
(CD11b*F4/80*CD86*); placebo (N=6), ponatinib (N=7), paquinimod (N=8), and ponatinib
+ paquinimod (N=7) (R) total IL-1p producing cells (IL-18*); placebo (N=6), ponatinib
(N=7), paquinimod (N=6), and ponatinib + paquinimod (N=7). (S) total IL-6 producing cells
(IL-6™); placebo (N=7), ponatinib (N=6), paquinimod (N=6), and ponatinib+ paquinimod
(N=7), and (T) total TNF-a producing cells (TNF-a™); placebo (N=5), ponatinib (N=5),
paquinimod (N=5), and ponatinib+ paquinimod (N=5), (U) total T-cells (TCRap*); placebo
(N=6), ponatinib (N=7), paquinimod (N=6), and ponatinib+ paquinimod (N=6), (V) total
proliferating T-cells (TCRaf*Ki67"); placebo (N=6), ponatinib (N=6), paquinimod (N=5),
and ponatinib+ paquinimod (N=5), and (W) total activated T-cells (TCRap*CD69™);
placebo (N=6), ponatinib (N=5), paquinimod (N=5), and ponatinib+ paquinimod (N=5).
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Data (D-W) were analyzed by using Kruskal-Wallis followed by Dunn test and represented
as mean£SEM. (X) Schematic depicting findings of the study.
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