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1. ABSTRACT

Caspase-1 activation senses metabolic danger- density in heart and decreases cardiomyocyte death
associated molecular patterns (DAMPs) and mediates in a mouse model of MI; and 4) Caspase-1'/' Sca-1*
the initiation of inflammation in endothelial cells. Here, we progenitor cell therapy improves mouse cardiac function
examined whether the caspase-1 pathway is responsible after MI. Our results provide insight on how hyperlipidemia
for sensing hyperlipidemia as a DAMP in bone marrow activates caspase-1 in Sca-1" progenitor cells, which
(BM)-derived Stem cell antigen-1 positive (Sca-1%) subsequently weakens Sca-1" progenitor cell repair
stem/progenitor cells and weakening their angiogenic of vasculature injury. These results demonstrate the
ability. Using biochemical methods, gene knockout, therapeutic potential of caspase-1 inhibition in improving
cell therapy and myocardial infarction (MIl) models, we progenitor cell therapy for MI.
had the following findings: 1) Hyperlipidemia induces
caspase-1 activity in mouse Sca-1" progenitor cells 2. INTRODUCTION
in vivo; 2) Caspase-1 contributes to hyperlipidemia-
induced modulation of vascular cell death-related gene Cardiovascular diseases (CVDs) including
expression in vivo; 3) Injection of Sca-1"* progenitor cells myocardial infarction and stroke are the numberone cause
from caspase-1'/' mice improves endothelial capillary of death in US and globally. Dyslipidemia/hyperlipidemia,
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an independent risk factor for cardiovascular diseases
(CVDs), is defined as pathologically elevated plasma
concentrations of cholesterol and other lipids (1).
Reports from our lab and others support the idea that
hyperlipidemia, along with other risk factors such as
glucose and homocysteine, promotes CVDs via several
mechanisms including inducing endothelial activation
and injury (2-4), increasing monocyte differentiation and
recruitment (5-8), decreasing the population of regulatory
T cells (9,10), and impairing the vascular repair ability of
bone marrow (BM)-derived progenitor cells (11).

The roles of the pattern recognition receptors
(PRRs) for pathogen-associated molecular patterns
(PAMPs) have recently been characterized as bridging
the sensing systems for host defense against the invasion
of infectious agents and uncontrolled metabolic stress
including  dyslipidemia/hyperlipidemia  (danger signal-
associated molecular patterns, DAMPs) to the initiation of
inflammation. Among PRRs, the Toll-like receptors (TLRs)
recognize a variety of conserved microbial PAMPs/DAMPs.
In addition, TLRs also work in synergy with cytosolic sensing
receptor families including NLRs (NOD (nucleotide binding
and oligomerization domain)-like receptors) in recognizing
endogenous metabolic stress-derived DAMPs to upregulate
and activate a range of inflammatory genes (12). Pro-
caspase-1 is present in the cytosol as an inactive zymogen
and requires the assembly of a NLR-containing protein
complex termed “inflammasome” for activation. Caspase-1
activation is subsequently required for the maturation of
proinflammatory cytokinesincluding pro-interleukin-1f (IL-13)
and pro-IL-18. Previous reports showed that hyperlipidemia
stimuli cholesterol crystals formed in the advanced stage
of atherosclerosis (13) activate the NLRP3 (NLR family,
pyrin domain containing 3) inflammasome in BM-derived
macrophages, which is required for atherogenesis (14,15).
In addition, we have reported that NLRP3 inflammasome is
not constitutively expressed in vascular tissue (16); and that
early hyperlipidemia promotes endothelial activation and
early atherosclerosis development via a caspase-1-sirtuin 1
pathway (4). However, an important question remains that
whether the caspase-1 pathway is responsible for sensing
hyperlipidemia as a DAMP in BM-derived progenitor cells,
which contributes to hyperlipidemia-induced impairment of
vascular cell repair.

In this study, we examined the hypothesis
that the caspase-1 pathway in BM-derived Sca-
1* progenitor cells can sense dyslipidemia and that
caspase-1 activation in Sca-1* progenitor cell impairs
their angiogenic ability during ischemic injury. To examine
this hypothesis, we examined caspase-1 activity in mouse
Sca-1* progenitor cells in atherogenic apolipoprotein E
deficient (ApoE'/') mice after high fat (HF) diet feeding
in vivo. We also performed cDNA microarray analysis
to determine the downstream effects of hyperlipidemia-
induced caspase-1 activation in vivo. In addition, we
utilized a mouse model of myocardial infarction (MI)

to determine whether caspase-1 gene depletion could
enhance the therapeutic efficacy of progenitor cell therapy
in ischemic myocardium. Our results demonstrate that
caspase-1 activation is responsible for hyperlipidemia-
induced vascular dysfunction by impairing vessel repair f
of Sca-1" progenitor cells.

3. MATERIALS AND METHODS

3.1. Reagents

EGM-2 Medium was purchased from Lonza
corporation (CC-3202). Histopaque®—1083 was from
Sigma-Aldrich  (10831). FAM-YVAD-FMK caspase-1
detection kit was from Cell Technology (FAM600-2).
Anti-APC MultiSort kit and MicroBeads were from MACS
(130-091-255/130-048-801). Rat IgG2a K Isotype control
APC was from eBioscience (17-4321-81). Biotinylated
Griffonia simplicifolia lectin | (isolectin B4) from Vector
(B-1205), Biotin-XX conjugate was from Invitrogen
(121414). APC anti-mouse Ly-6A/E (Sca-1) antibody were
from Biolegend (121906/108112). All other reagents were
purchased from Sigma-Aldrich (St. Louis, MO).

3.2. Mice and diets

All mice were in a C57B/L6 strain background.
Wild-type (WT) and ApoE™ mice were purchased from
the Jackson Laboratories (Bar Harbor, Maine). Caspase
17" mice were generously provided by Dr. Flavell's
laboratory (Department of Immunobiology, Yale University
School of Medicine) (17). ApoE/caspase-1 double gene
deficient (ApoE”/caspase-17") mice were generated
by crossing caspase-1"' mice into ApoE"‘ mice as we
reported (4). Male mice were fed either standard rodent
chow diet (catalog #8640; Harlan Teklad, Madison, WI)
or HF diet (catalog #88137, Harlan Teklad) starting from
8 weeks to induce dietary dyslipidemia as we reported (4).
Allmouse protocols were approved by the Temple University
Institutional Animal Care and Use Committee.

3.3. Transcriptome microarray analysis

Total RNA was extracted from the aortas of
mice using the RNeasy Kit (Qiagen, Valencia, CA). RNA
quantity was determined by the NanoDrop ND-2000
(Thermo Scientific, Wilmington, DE). The RNA integrity
was determined by the RNA 28S/18S ratio using the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). Then samples were labeled and hybridized
to the Affymetrix Genechip Mouse Gene 2.0.ST
Arrays (Santa Clara, CA) following the manufacturer’s
instructions at the Expression Microarray Core Facility
in the Fox Chase Cancer Center, Temple University.
Scanned microarray images were analyzed using the
Affymetrix Gene Expression Console with Robust Multi-
array Average normalization algorithm.

3.4. Microarray data analysis

Our affymetrix data analysis was done in the R
statistical environmentusing “oligo” and “limma” packages.
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Venn diagram analysis was performed in the R statistical
environment using the package “VennDiagram”. Heat
map and scatter plot were performed using the statistical
tools provided by the R and Bioconductor projects.

3.5. Ingenuity pathway analysis

In order to categorize clinical functions and
molecular and cellular functions related to the identified
genes in our microarray analysis, the Ingenuity Pathway
Analysis (IPA, Ingenuity Systems, www.ingenuity.com)
was used. The differentially expressed genes were
identified and uploaded into IPA for analysis. The IPA Tox
analysis was used for clinical pathology functions and
the Core analysis was used for molecular and cellular
pathways.

3.6. Flow cytometry analysis of Sca-1" cells

After mouse BM was harvested from the femurs
and tibiae, the collected cells were added with ACK buffer
to lysis red blood cells and homogenized into a single cell
suspension afterwards by mixing and filtering through a
70 micron filter. After centrifugation, cells were washed
and resuspended in EGM-2 medium. Active caspase-1
levels were determined with APO LOGIX kit (Cell Tech.,
Mountain View, CA). The kit contains a carboxyfluorescein
(FAM)(Excitation/Emission (nm):490/520)-labeled peptide
fluoromethyl ketone (FMK) caspase-1 inhibitor (FAMYVAD-
FMK), which enters the cell and irreversibly binds to
activated caspase-1 but not pro-caspase-1. All procedures
were performed according to the manufacturer’s instruction.
Briefly, cell suspension were incubated at 37°C with 1 x
FAM-YVAD-FMK for 1 hour and then washed with 1x
washing buffer. For the cell surface marker Sca-1 staining,
cells were incubated for 30 minutes with monoclonal
antibody against mouse Sca-1 or isotype control. Cells
were washed afterwards and fixed in 2% paraformaldehyde
before flow cytometry analysis. The data were analyzed by
LSR Il flow cytometer (BD Biosciences, San Jose, CA) and
the FlowdJo software (Tree Star, Ashland, OR).

3.7. Magnetic cell sorting and cell trace of
Sca-1" cells

BM-derived mononuclear cells were isolated
from the BM of WT mice or caspase-1"" mice by density
gradient using Histopaque-1083. Sca-1* cells were
purified by an autoMACS separator (Miltenyi Biotec),
using magnetic beads-coated mouse APC anti-mouse
Ly-6A/E (Sca-1) antibody and an Anti-APC MultiSort Kit
according to the manufacturer’s instructions. To evaluate
the homing of injected cells to infarcted heart, purified
Sca-1" cells were labeled with CellVue® NIR (near-
infrared) 780 (Excitation max: 745nm/Emission max:
776nm, Mol. Targeting Tech. Inc. West Chester, PA) and
injected peri-orbitally into C57/B6 mice, 6 hours before
MI procedure. Images for tracing CellVueR NIR-labelled
Sca-1" cells were performed using the Multispectral FX
Pro (Fixed Lens) Image Station (Carestream Health,
Woodbridge, CT) for near-infrared fluorescence (NIRF)

signals both prior to and at 0, 21, 24 and 45 hours post-
CellVueR and post-PSVue injection.

3.8. Experimental Ml and cell therapy

Experiments were performed in 14-16 weeks
old male WT mice fed a HF diet for 6 weeks. Acute Ml
was induced by permanent left anterior descending
coronary artery ligation as previously described (18).
Briefly, mice were anesthetized with 2% isoflurane. A skin
incision was made over the left thorax, and the pectoral
muscles were retracted to expose the ribs. At the level of
the fourth intercostal space, the heart was exposed and
pumped out through an expanded space between ribs.
After a permanent knot was made around the left anterior
descending coronary artery (LAD) at 2-3 mm from its
origin with 6-0 silk suture, the heart was immediately
placed back into the intrathoracic space, followed by
manual evacuation of pneumothoraces and closure of
the incision. Sham-operated animals were subjected to
the same surgical procedures except that the suture was
passed under the LAD but was not tied. After full recovery
from cardiac surgery (four hours after Ml), animals were
randomized into two cell therapy groups. Purified Sca-1*
cells were injected peri-orbitally into those mice.

3.9. Measurement of cardiac function

Mouse cardiac function was measured with
echocardiography (ECHO). ECHO was performed with
VisualSonics Velvo 770 high-resolution in vivo micro-
imaging system (FUJIFILM VisualSonics, Toronto,
Canada). Mice were anesthetized with 2% isoflurane
initially and then 1% during the ECHO procedure. Hearts
were examined in the short-axis between the two papillary
muscles of the left ventricle (LV) and analyzed in M-mode.
The parameters of cardiac function were measured offline
with the Velvo 770 software including LV end diastolic
diameter (EDD), end-systolic diameter (ESD), posterior
wall thickness (PWT), and septal wall thickness (SWT) to
determine cardiac morphological changes and ejection
fraction (EF), heart rate and fractional shortening (FS).
The EF and FS were calculated as reported (19).

3.10. TUNEL assay

Apoptotic cells were detected by terminal
deoxynucleotidyl transferase-mediated nick-end labeling
(TUNEL) using the APO-BrdU TUNEL Assay Kit (Millipore)
as per the manufacturer’s protocol. Briefly, Hearts were
embedded in OCT media (Sakura Finetechnical Co.,
Ltd. Japan). Frozen ventricular sections (5 ym) were
fixed in 4% (w/v) paraformaldehyde for 15 min on ice,
permeabilized with 70% ethanol for 30 min on ice, and
incubated with 50 yL DNA-labeling solution containing
TdT enzyme and Br-dUTP at 37°C for 60 min. After
the labeling reaction, the sections were washed and
stained with fluorescein-labeled anti-BrdU antibody
for 30 min. Before mounting, the cells were stained
with 4', 6-diamidino-2-phenylindole (DAPI) and Alexa
Fluor 594-labeled phalloidin (Invitrogen). Images were
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captured using a Zeiss 710 confocal microscope, 63 x oil
objective, 1.4. x digitial zoom with excitations at 405, 488,
and 594 for nuclei, TUNEL, and phalloidin, respectively.
The percentage of TUNEL positive cells was quantitated
using Image J (NIH) from 4-5 regions per heart, and an
area of at least 100 cardiac myocytes.

3.11. Capillary density assay

Mouse hearts were removed at two weeks after
MI and kept at -80°C until histological analysis. Frozen
heart tissues were cut into 5 pm thick slices. Adjacent
sections (taken at the midpoint between LAD ligation
site and apex) were stained with Biotinylated Griffonia
simplicifolia lectin | (isolectin B4) to stain endothelial cells
in neovasculature from the mouse myocardial infarcted
heart section (20). Images were captured using a Zeiss
710 confocal microscope using a 63 x oil objective and
1.4. x digital zoom with excitations at 405 and 594 for
nuclei and IB4, respectively. Capillary density was
expressed as IB4" endothelial cells per field.

3.12. Data analysis

All the experiments were performed at least
twice, and results were expressed as the mean + standard
error (S.E.). Statistical comparison of single parameters
between two groups was performed by paired Student ¢
test. One-way ANOVA was used to compare the means
of multiple groups. Data were considered statistically
significant if p was <0.0.5.

4. RESULTS

4.1. Hyperlipidemia increases caspase-1
activity in Sca-1* progenitor cells

We and the others have shown previously that
caspase-1 activation is responsible for hyperlipidemia-
induced endothelial cell activation and macrophage
inflammation (4,14,15). However, the question of
whether caspase-1 is activated in Sca-1" progenitor
cells in response to hyperlipidemia remained unknown.
We hypothesized that Sca-1* progenitor cells also
had a functional inflammasome pathway, which could
sense hyperlipidemia and activate caspase-1. To test
this hypothesis, we measured caspase-1 activity in
BM-derived Sca-1" progenitor cells after hyperlipidemia
challenge. We collected BM cells from WT mice and
ApoE'/' mice fed with either chow diet or HF diet for
12 weeks and prepared single cell suspensions for flow
cytometry analysis (Figure 1A). Within the mononuclear
cell populations of BM, we gated Sca-1* progenitor cells
to measure their caspase-1 activity (Figure 1B). We
found that when compared with either ApoE"' mice or
WT mice fed with chow diet, HF diet feeding significantly
increased caspase-1 activity in mouse Sca-1" progenitor
cells (p<0.0.5) (Figure 1C), suggesting that at least one
type of NLR inflammasomes and caspase-1 are fully
expressed/functional in progenitor cells and could be
post-translationally activated by hyperlipidemia stimuli.

4.2. Caspase-1 contributes to hyperlipidemia-
induced modulation of vascular cell death
gene expression

A recent report showed that stem cells/
endothelial progenitor cells were present at low levels
in mouse organs with the highest levels in adipose
and aorta (21). To determine the functional effects
of  hyperlipidemia-induced caspase-1  activation
in Sca-1" progenitor cells in mouse aortic context
related to hyperlipidemia diseases, we performed
cDNA microarray analysis in WT mice, ApoE'/' mice,
and ApoE'/'Caspase-‘l'/' mice fed with 3 weeks of HF
diet. Since we have found that caspase-1 serves as a
hyperlipidemia sensor during early hyperlipidemia (4),
use of three-week HF diet feeding is justified. Of note,
at this age of mice, plasma cholesterol triples in both
ApoE'/' and ApoE'/'Caspase-T/' mice when compared
with that in WT mice (4,22,23). This allows us to identify
genes whose RNA expressions are changed in response
to hyperlipidemia (ApoE"' mice compared with WT mice)
and identify how many genes whose RNAexpressions are
changed in response to hyperlipidemia can be reversed
by caspase-1 gene deletion (ApoE"'Caspase—T" mice
compared with ApoE™ mice) (Figure 2). We found that
among 23,470 genes that could be detected by the
microarray analysis, 6,745 genes were significantly
changed in response to hyperlipidemia, while 2,541
genes were significantly changed in response to
caspase-1 gene deletion (Figures 3A and 3C). More
importantly, most of the genes that were induced by
hyperlipidemia could be significantly down-regulated
by caspase-1 deficiency (Figure 3B). Moreover,
among 6,745 differentially expressed genes induced
by hyperlipidemia, 969 genes could be reversed by
caspase-1 deficiency (Figures 3C). Interestingly, IL-1f3,
the proteolytic substrate of caspase-1, was among the
most significantly decreased genes besides caspase-1
after caspae-1 deficiency (Figure 3D). This result
suggested that caspase-1 could also transcriptionally
up-regulate IL-1p gene expression independent from
its well-characterized enzymatic cleavage activity.
In addition, we found that apoptosis-related gene
caspase-4 was among the genes that decreased
the most after caspase-1 deficiency, suggesting that
caspase-1 also promotes apoptosis (programmed
cell death) besides its ability to induce pyroptosis
(inflammatory cell death). Moreover, a group of different
microRNAs (Mir) such as Mir 145 and Mir 143 were
among the most significantly increased genes after
caspase-1 gene deficiency instead, which suggested
that caspase-1 could negatively affect regulatory non-
coding RNA gene expressions, thereby contributing to
epigenetic regulation of gene expression changes.

To identify the functional pathways of the
pathological effects of Caspase 1 in hyperlipidemia,
we analyzed the signatures of the 969 genes regulated
by caspase-1 deficiency using IPA software. When we
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Figure 1. Hyperlipidemia increases caspase-1 activity in Sca-1" progenitor cells. A. Experiment design. Wild-type (WT) mice and ApoE'/' mice were
fed with either chow diet or high fat (HF) for 12 weeks (w) before their bone marrows (BM) were collected for fluorescence activated cell sorter (FACS)
analysis. B. After gating mononuclear cells from the BM, Sca-1* stem cells were gated from the mononuclear cells. C. Among Sca-1* stem cell populations
in the BM, caspase-1 activity was measured. Gating of caspase-1 positive (Casp1™) cells in Sca-1* population of mouse BM was shown in the left.

Quantification was shown in the right.

examined top molecular pathways that were regulated
by caspase-1 in hyperlipidemia condition, “Cellular
Growth and Proliferation”, “Cell Death and Survival”
were the top two pathways identified, suggesting that
hyperlipidemia-induced caspase-1 regulates vascular
cell death (Figure 3E). In addition, we identified 13 genes
associated with apoptosis and necrosis of endothelial cells
that are regulated by hyperlipidemia-induced caspase-1
activation, such as tumor necrosis factor (TNF) super

182

family members including tumor necrosis factor (ligand)
superfamily member 10 (TNFSF10) and Fas ligand
(FASLG), matrix degradation enzyme metallopeptidase
9 (MMP9), and mitogen-activated protein kinase (MAPK)
family member MAP3K5 (Figure 3F). When we chose
clinical endpoints as the readouts in our IPA analysis, we
found that “Cardiac Hypertrophy” and “Increase Heart
Failure” were among the top pathways that are regulated
by  hyperlipidemia-induced caspase-1 activation
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Figure 2. Flow chart of experiment design that was used for cONA microarray analysis.

(Figure 4). Although mouse aortas instead of heart
were used in our analysis, caspase-1 might mediate
hyperlipidemia-induced cardiac dysfunction and hypoxia-
triggered damage by inducing vascular cell death in
these tissues.
4.3. Caspase-1"' Sca-1" progenitor cell therapy
improves cardiac function after Mi

Based on our results above that that
dyslipidemia increases caspase-1 activity in Sca-1"
progenitor cells; and that caspase-1 contributes to the
regulation of hyperlipidemia-induced vascular cell death,
we hypothesized hyperlipidemia-induced caspase-1
activation in Sca-1* progenitor cells leads to vascular
cell damage by impairing their vessel repair capacity.
To test this hypothesis, we compared the angiogenesis
capacity of purified Sca-1* cells from WT mice and
those purified from caspase-1 deficient mice in a mouse
model of Ml (24). We used four groups of mice, (i) the
mock-MI control group (n=13), (i) the MI with no cell
therapy control group (n=4), (i) the MI with WT Sca-1"
progenitor cell therapy group (n=5), and (iv) the MI
with caspase—1'/' Sca-1" progenitor cell therapy group
(n=5). As shown in Figure 5A, we first pre-conditioned
the mice with a six week HF diet feeding (from day -42
to day 0). Sca-1" progenitor cells were purified using a
magnetic Sca-1" cell purification column, and Sca-1*
cells were enriched from 35.5.% to as high as 85.4.%
after the purification (Figure 5A). Then, we performed
experimental acute MI procedures at the day 0 (18),
to the three groups of the recipient mice, followed by
Sca-1" progenitor cell therapy (2 x 10° cells/mouse).
The numbers of transferred Sca-1+ progenitor cells
were similar to 1 x 10° BM-derived cells per mouse in a

previous report (25). After MI, the control mice received
purified WT Sca-1* progenitor cells and the experimental
mice received caspase-17~ Sca-1" purified progenitor
cells. To ensure that Sca-1" progenitor cells migrate to the
acute MI lesion site, we used CellVue® NIR780-labelled
Sca-1" progenitor cells (2 x 108 cells/mouse, n=4) to
perform adoptive transfer to trace the Sca-1" progenitor
cell migration. 45 hours after the injection, we found
that the CellVue® NIR780 near-infrared labeled Sca-1*
progenitor cells mostly migrated to the infarcted heart
(Figure 5B). To examine whether caspase-17" Sca-1*
progenitor cell therapy has an enhanced therapeutic
effects, we performed cardiac function analysis one
day before Ml and 14 days after Ml using the M-mode
echocardiography. The M-mode tracings presented
in Figure 5C were obtained from WT mice without MI
(control) and with MI using a 13 MHz transducer with
the depth from 0 to -1 cm for 500 milliseconds as
reported (26). The ejection fraction (EF) and fractional
shortening (FS) are two commonly examined cardiac
functions assayed by the M-mode echocardiography.
As shown in Figure 5D left panel, the ejection fraction
in the mouse group receiving caspase-1'/' Sca-1*
progenitor cell therapy was increased to 39.9.% from
23% in the mouse group receiving WT Sca-1" progenitor
cell therapy control (p<0.0.5). Similarly, the faction
shorten index (Figure 5D right panel) in the mouse
group receiving caspase-1'/' Sca-1* progenitor cell
therapy was also increased to 19.5.% from 10.4.% in
the mouse group receiving WT Sca-1* progenitor cell
therapy control (p<0.0.5). These results suggest that
caspase-17" Sca-1" progenitor cell therapy significantly
improves cardiac function compared to WT Sca-1*
progenitor cell therapy. In addition, we also examined
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Figure 3. Caspase-1 contributes to hyperlipidemia-induced gene changes related to vascular cell death. A. Volcano plots of apoliprotein E deficient
’ApoE'/') mice versus Wild type (WT) mice aorta DNA expression comparisons (blue), with the overlay of Caspase-1 (Casp1)"'/ApoE'/' versus ApoE”
"~ comparisons (red) are depicted by estimated fold change (FC)(log2 FC, x-axis) and statistical significance (—log10 P value, y-axis). B. Cooperation
between Caspase1 and hyperlipidemia is shown by Log2 FC/Log2 FC plot comparing gene expression value for Caspase1/ApoE DKO versus ApoE
KO (x-axis), and parallel ApoE KO versus WT (y-axis). C. Venn diagram shows the profile of two gene expression comparisons. Among 23,470 mapped
genes, a total of 6,745 genes were significantly changed induced by hyperlipidemia and 2,541 genes were significantly changed caused by Caspase1
deletion. Among the changed genes, there are 969 genes changed in condition of hyperlipidemia and reversed by Caspase1 deletion. D. The heat-
maps represent the z-score of the expression level of top 50 reversed genes (hyperlipidemia increased or decreased genes which are down-regulated
or up-regulated by deletion of Caspase1). E. Core analysis with Ingenuity pathway analysis (IPA) shows that the major molecular and cellar functional
pathways are cellular growth and proliferation and cell death. F. The network show the connection of the caspase-1 reserved genes associated with
apoptosis and necrosis of endothelial cells.

184 © 1996-2016



Caspase-1 mediates weakened vessel repair

-log(p-value)
15,,20 25 30

00 05 10

Increases Liver Damage

Cardiac Hypertrophy

Hepatic Fibrosis

Increases Heart Failure

Cardiac Fibrosis

Increases Dx ization of Mit ia and Mi

Liver Necrosis/Cell Death

Increases Liver Steatosis

Increases Damage of Mitochondria

Increases Liver Hepatitis

Increases Liver Hyperplasia/Hyperproliferation

Increases Cardiac Dilation

LPS/IL-1 Mediated Inhibition of RXR Function

Renal Necrosis/Cell Death

Hypoxia-Inducible Factor Signaling

Cardiac Hypertrophy
as 4.0 45 5.0 Down Up
-2.0 Bl 50
— WT ApoE KO | ApoE DKO
- —

Heart Failure

Down Up
[ e
-15 5

Casp1/
ApoE KO

0.00 0.05 0.10 015 020
Ratio

WT ApoE DKO

Figure 4. Caspase-1 contributes to hyperlipidemia-induced gene changes related to heart dysfunction. A. Tox analysis with Ingenuity pathway analysis
(IPA) shows that the clinical pathology endpoints of these reversed genes. Heart hypertrophy and heart failure are the top endpoints associated with
cardiovascular disease. Heat-maps showing the expression level of the involved genes in each endpoint are listed in the right.

the heart weight/body weight ratios, lung weight/body
weight ratios and liver weight/body weight ratios in
the three MI groups. As shown in Figure 5E, the heart
weight/body weight ratios and liver weight/body weight
ratios were not significantly changed among three Ml
groups. In contrast, the lung weight/body weight ratios
in the caspase—1'/' Sca-1" progenitor cell therapy group
were significantly decreased to 0.0.075 from 0.0.119
(WT Sca-1" cell therapy) and 0.0.094 (no cell therapy
control)(p<0.0.5). The results suggest that the improved
cardiac function in caspase-1'/' Sca-1* progenitor
cell therapy group may have relieved lung congestion
and edema. Taken together, our results suggest that
caspase-17" Sca-1" progenitor cell therapy significantly
improves cardiac function.

4.4. Caspase-1"' Sca-1* progenitor cell therapy
improves endothelial capillary density and
decreases cardiomyocyte cell death in the
infarcted heart zone after Ml

To determine the mechanisms underlying
the beneficial effects of caspase-17" Sca-1" progenitor
cell therapy, we then hypothesized that the enhanced
regenerative capacity of caspase-1"' Sca-1" progenitor
cell therapy resulted from improved neovasculature
formation and reduced cardiac myocyte cell death in
comparison to the mice receiving WT Sca-1" progenitor
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cells. Totestthis hypothesis, we examined whether mouse
hearts receiving caspase—1'/' progenitor cell therapy have
higher endothelial capillary density after Ml than mouse
hearts receiving WT Sca-1" cell therapy using 1B4 to stain
endothelial cells in neovasculature from the infarcted
heart sections (20). The immunohistochemistry results
in Figure 6A showed that the infarcted heart section from
the mice receiving caspase—1"‘ Sca-1" progenitor cell
therapy have higher numbers of IB4* endothelial cells
than that of untreated MI hearts and that of the MI mice
receiving WT Sca-1" progenitor cell therapy. The fold
change of IB4+ endothelial cell numbers in caspase—1"‘
Sca-1* progenitor cell therapy group over no treatment
MI group is 1.3.1 (p<0.0.5). Then, we examined whether
the enhanced angiogenesis in the Ml lesion area of mice
receiving caspase—1"‘ Sca-1" progenitor cell therapy
leads to the reduction of cardiomyocyte cell death
using TUNEL assay. The results in Figure 6B showed
that the infarcted heart sections from the mice receiving
caspase-1'/' Sca-1" progenitor cell therapy have lower
numbers of TUNEL® cardiomyocytes (14.9.%) than
that of untreated MI hearts (30.8.%) and that of the
MI mouse hearts receiving WT Sca-1" progenitor cell
therapy (25.1.%)(p<0.0.5). Taken together, our results
suggest that caspase-1"‘ Sca-1" progenitor cell therapy
improves cardiac function from enhanced angiogenesis
and reduction of cardiomyocyte cell death after MI.
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Figure 5. Caspase-1'/’ Sca-1" progenitor cell therapy improves cardiac function after MI. A. Myocardiac infarction (M) and cell therapy model. Schematic
representation of experimental plan including high fat diet feeding, cardiac function monitoring with echocardiography, cell therapy with purified
Sca-1+ bone marrow cells followed by immunohistochemistry and flow cytometry analyses. B. The CellVueR® NIR780 fluorescence-labeled cells were
traced to heart after intravenous injection. The CellVueR® NIR780 fluorescence-labeled purified Sca-1* bone marrow cells (2 x 10° cells/mouse) were
traced to mouse heart after cell therapy (n=4 for tracer group, n=2 for non-cell tracer group). CT: no cell therapy control; cell: cell therapy C. M-mode
Echocardiography. Representative M-mode echocardiographs of control mice and myocardiac infarcted mice. D. Cardiac functions measured with
echocardiography. The cardiac function measurements of control mice, myocardial infarction (MI) mice, mice receiving wild-type (WT) Sca-1* BM cells
and mice receiving caspase-1(Casp1)” Sca-1" BM cells. The numbers shown indicate the numbers of mice in the group. E. Heart, Lung, Liver weight/
body weight. The ratios of heart weight/body weight, lung weight/body weight and liver weight/body weight of mice receiving cell therapy and control mice.
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Figure 6. Caspase-1’/’ Sca-1" progenitor cell therapy increases IB4+ capillary density and decreases TUNEL+ cardiomyocytes. A. Capillary density
detected with IB4 staining for endothelial cells in neovasculature. Histochemical analysis of heart cross sections showed that cell therapy with Sca-1* BM
cells from casp-17" mice increases IB4+ capillary density (endothelial cells) in comparison to the cell therapy with Sca-1* BM cells from wild type (WT)
mice. B. TUNEL Assay for detecting cell death in myocardial infarcted heart. Histochemical analysis of heart cross sections showed that the cell therapy
with Sca-1* BM cells from casp-1’/’ mice decreases TUNEL+ cardiomyocytes in comparison to the cell therapy with Sca-1* BM cells from WT mice.

5. DISCUSSION

Stem cell based therapies for the prevention and
treatment of CVDs such as myocardial infarction have
attracted considerable interest since it was reported in
2001 that BM-derived stem cells could repair myocardial
infarcts in mice (27). Originally it was considered that
stem cell therapies reverses myocardial remodeling by
directly incorporate into the myocardium for de novo
myocardiogenesis, it is believed today that the beneficial
effects of stem cell therapy on ischemic myocardium
are mainly due to neovascularization and paracrine
effects (28). The results from clinical trials suggest that
stem cell therapy for the prevention and treatment of
cardiac dysfunction is safe and potentially efficacious,
but the therapeutic efficacy of stem cell therapy is greatly
hampered by poor survival, proliferation, engraftment,
and differentiation of the grafted stem cells due to the
hostile microenvironment of ischemic tissue such as
hyperlipidemia, hypoxia, and inflammation (29,30). To
overcome these limitations, a number of studies utilized
genetic engineering and pharmacological approaches to
empower stem cells for myocardial regeneration (31).
However, three important questions remained poorly
determined: first, whether progenitor cells have a
functional caspase-1 pathway in sensing dyslipidemia/

hyperlipidemia; second, whether caspase-1 induced
cell death pathways including pyroptosis, apoptosis,
and necrosis weaken angiogenesis and vascular
repair function of progenitor cells after hyperlipidemia
stimulation; and third, whether inhibition of caspase-1
in progenitor cells improves their angiogenesis capacity
after MI. In this report, by using various techniques
including immunological, biochemical, microarray
analysis followed by bioinformatics analysis, gene
deficient mice, cell therapy, experimental MI model,
and mouse cardiac function assessment, we have
made the following important findings: 7) Dyslipidemia
increases caspase-1 activity in Sca-1* progenitor cells;
2) Caspase-1 gene deficiency significantly reversed
hyperlipidemia-induced gene changes in mouse aortas
including progenitor cells, some of which are involved
in vascular cell death; 3) Caspase-1'/' Sca-1" progenitor
cell therapy significantly improves mouse cardiac
functions after MI compared to the Sca-1* progenitor
cell treatment; and 4) Caspase-1"' Sca-1* progenitor
cell therapy improves capillary endothelial cell density
and decrease cardiomyocyte cell death after Ml. Taken
together, our novel findings have provided the first
insight on the role of dyslipidemia as DAMP in promoting
caspase-1 dependent impairment of progenitor cell
repairing capacity after MI.
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Figure 7. A new working model that caspase-1 inhibition improves Sca-1" stem cell therapy for myocardial infarction. Hyperlipidemia activates caspase-1
activation in Sca-1* stem cells and vascular cells in aorta. Activation of caspase-1 upregulates proinflammatory gene expression and promotes pyroptosis
and apoptosis presumably in Sca-1" stem cells, endothelial cells and cardiomyocytes and causes cardiac dysfunction. Inhibition/depletion of caspase-1
improves survival of Sca-1* stem cells/progenitor cells, and cardiomyocytes, promotes angiogenesis, and improves cardiac function after myocardial

infarction.

As we pointed out in our recent review, several
types of inflammasomes involved in activating caspase-1
have been characterized including NLRP1, NLRP3,
NLRC4 (IPAF), NFLRP6 and NLRP12 (12). Among
these, the NLRP3 inflammasome is the only one found to
activate caspase-1 in response to endogenous metabolic
danger signals (DAMPs) including lipid metabolites.
Nevertheless, future work is needed to verify the role of
NLRP3 inflammasome in activating caspase-1 in Sca-1"
progenitor cells. A previous report showed that inhibition
of caspase-1 in BM-derived progenitor cells from patients
and mice with systemic lupus erythematosus improves
their differentiation ability (32). However, the questions
related to caspase-1 activation in progenitor cells in
response to dyslipidemia and its effects on angiogenesis
and vascular repair after Ml have not been examined
until this study.
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In addition to the phenotypic characterization of
caspase—1'/'Sca—1 * progenitor cell therapy for MI, we have
also made the findings that after MI, caspase-17" Sca-1*
progenitor cells improved capillary density and enhanced
cardiomyocyte survival after Ml, which are the mechanisms
underlying the better efficiencies of caspase-1"" Sca-
1* progenitor cell therapy and better cardiac function in
comparison to that of WT Sca-1" progenitor cells. Since
that caspase-1 is the converting enzyme responsible
for the maturation of pro-interleukin-1p (pro-IL-1pB)
and pro-IL-18 into IL-18 and IL-18, respectively (33);
and that caspase-1 deficiency results in deficiency of
functional IL-1p and IL-18 and decreased secretion of
tumor necrosis factor-a (TNF-o)(12), there might be
less proinflammatory cytokines IL-1p, IL-18 and TNF-o
in the downstream of caspase-1 activation, resulting in
improved vessel repair ability in the caspase-1'/‘ Sca-1*
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progenitor cells. Finally, we and others have reported
previously that Sirtuin 1 (Sirt1), an inhibitory NAD+-
dependent histone deacetylase, is cleaved by caspase-1
after hyperlipidemia stimulation (4,34). Disruption of
Sirt1 gene results in defective blood vessel formation
and inhibits ischemia-induced neovascularization (35).
Thus, caspase-1"' Sca-1" progenitor cells might retain
the Sirt1 function, which may also benefit ischemia-
induced neovascularization during MIl. Based on these
analyses, we have proposed a new working model to
integrate our findings (Figure 7). In summary, our results
hold a promise for the future development of caspase-1
inhibitory progenitor cell therapy for inflammatory
diseases, ischemic diseases, and cancers.
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