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ABBREVIATIONS
AND ACRONYMS

BM-MSC = bone marrow-
derived mesenchymal stromal
cell

CHD = congenital heart disease
CPB = cardiopulmonary bypass

DEG = differentially expressed
gene

FA = fractional anisotropy

IPA = Ingenuity Pathway
Analysis

JAK = Janus kinase
miRNA = microRNA

MRI = magnetic resonance
imaging

NF-kB = nuclear factor-«B

SPIO = superparamagnetic iron
oxide

STAT = signal transducer and
activator of transcription

TF = transcription factor
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SUMMARY

Oxidative/inflammatory stresses due to cardiopulmonary bypass (CPB) cause prolonged microglia activation
and cortical dysmaturation, thereby contributing to neurodevelopmental impairments in children with
congenital heart disease (CHD). This study found that delivery of mesenchymal stromal cells (MSCs) via CPB
minimizes microglial activation and neuronal apoptosis, with subsequent improvement of cortical dysmatura-
tion and behavioral alteration after neonatal cardiac surgery. Furthermore, transcriptomic analyses suggest that
exosome-derived miRNAs may be the key drivers of suppressed apoptosis and STAT3-mediated microglial
activation. Our findings demonstrate that MSC treatment during cardiac surgery has significant translational
potential for improving cortical dysmaturation and neurological impairment in children with CHD.

(J Am Coll Cardiol Basic Trans Science 2023;8:1521-1535) © 2023 The Authors. Published by Elsevier on behalf
of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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any children with congenital
heart disease (CHD) experience a
wide range of neurologic impair-
ments"?; however, few treatment options
are available. The etiology is cumulative and
multifactorial, including genetic predisposi-

WM = white matter

tion and altered fetal cerebral circulation."?
Additionally, oxidative stress and systemic
inflammation during cardiac surgery remain major
pathologic events in the neonatal and infant brain.*
Our previous studies found prolonged microglia
expansion and cortical dysmaturation after cardiopul-
monary bypass (CPB).>° Newly acquired brain damage
is commonly recognized after surgery with current
technologies.””® Thus, further refinement of pediatric
cardiac surgery will likely assist in the improvement
of neurodevelopmental outcomes in CHD.

Bone marrow-derived mesenchymal stromal cells
(BM-MSCs) possess extensive anti-inflammatory and
immunomodulatory properties.’’ Notably, MSC-
derived therapies have been studied in multiple
clinical trials, including in neonates and infants."”” We
hypothesized that BM-MSC delivery to the early

postnatal brain at the time of cardiac surgery inhibits
neuronal damage through the suppression of inflam-
matory reactions.

Intravenous cell injection causes high accumula-
tion of cells primarily in the lungs.">'* In contrast,
intra-arterial infusion results in a higher percentage
of MSCs localizing to the damaged brain.'>'® CPB
represents a unique intervention in infants with CHD
because the brain is perfused under controlled flow.
CPB also allows intra-arterial transfusion of BM-MSCs
into the ascending aorta through arterial cannulation.
These conditions led to our proposal of using CPB
itself as a delivery system of MSCs into the systemic
circulation, including the cerebral circulation of the
infant brain. By leveraging cellular/molecular, imag-
ing, and behavioral approaches in the piglet CPB
model, the current study assessed the neuro-
protective effects of BM-MSC delivery through CPB.

METHODS

EXPERIMENTAL MODEL. This study involved a total
of 61 Yorkshire pigs (experimental piglets: n = 36;
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blood donor pigs: n = 25). Piglets at 2 weeks of age
were randomly assigned to 3 groups: 1) control (no
surgery; n = 11); 2) CPB (n = 11); and 3) CPB with BM-
MSC administration during the rewarming period
(CPB + MSC; n = 14). Naive control was used to
compare the effect of BM-MSC treatment to the
overall impact of cardiac surgery with CPB. CPB was
established via ascending aortic perfusion and right
atrial drainage. BM-MSCs were manufactured from
human bone marrow using the methods used for
clinical trials at Children’s National Hospital
(Proo0006717; STOMP [Safety and Tolerability of
Allogeneic Mesenchymal Stromal Cells in Pediatric
and  Adult Inflammatory @ Bowel Diseasel],
Proooo11914; MeDCaP [Mesenchymal Stromal
Cells Delivery through Cardiopulmonary Bypass
in Pediatric Cardiac Surgeryl) (Supplemental
Figures 1A to 1C)."” Either phosphate-buffered saline
or phosphate-buffered saline with BM-MSCs (1 x 107
cells/kg) was delivered through CPB (Supplemental
Figure 1D). Positron emission tomography was per-
formed at 1 hour after BM-MSC delivery. Magnetic
resonance imaging (MRI) and cellular/molecular as-
sessments were performed at either 3 hours or
4 weeks after CPB. Neurologic and behavioral out-
comes were assessed up to 4 weeks. Immunohisto-
chemistry was performed using coronal sections from
the frontal cortex (Supplemental Figure 1E). Total
RNA was extracted from premotor cortices and sub-
jected to RNA sequencing. We performed all experi-
ments in compliance with the National Institutes of
Health “Guide for the Care and Use of Laboratory
Animals.” The study was approved by the Animal
Care and Use Committee of the Children’s Na-
tional Hospital.

STATISTICAL ANALYSIS. The data distributions are
presented as mean + SD or box-and-whisker plots
from minimum to maximum. The Shapiro-Wilk test
was used to test if continuous data were normally
distributed. Student’s t-test was performed to
compare continuous variables between 2 groups.
One-way analysis of variance with the Bonferroni
post hoc test was used to evaluate multiple pairwise
comparisons among >2 groups. We applied 2-way
repeated-measures analysis of variance with
either time or brain region as a fixed effect for
cellular/molecular, structural, and behavioral ana-
lyses. The Spearman rank correlation coefficient (rg)
was used to evaluate the relationship between 2
variables. If continuous variables demonstrated a
significant departure from normality, we applied
nonparametric methods. P values of <0.05 were
considered statistically significant.
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Detailed methods are described in the
Supplemental Appendix.

RESULTS

CPB IS AN EFFICIENT ADMINISTRATION SYSTEM
FOR BM-MSC DELIVERY INTO THE DEVELOPING
BRAIN. BM-MSCs have been widely applied for neu-
ral repair and regeneration.'”'” However, the migra-
tion dynamics of BM-MSCs delivered through CPB
have never been determined. To assess the whole-
body distribution of BM-MSCs, cells were labeled
with ®F-fluorodeoxyglucose and delivered through
CPB (Figure 1A). Results from our positron emission
tomography study indicated that intra-arterial de-
livery via CPB uniformly distributed BM-MSCs to
most of the organs analyzed, including brain, heart,
and kidney (Figures 1B and 1C). The lungs and intes-
tine showed lower uptake (Figure 1C), demonstrating
a unique distribution of BM-MSCs after administra-
tion through CPB.

We next used an MRI-based cell-tracking tech-
nique with superparamagnetic iron oxide (SPIO)
nanoparticles to define the destinations of BM-MSCs
in the brain. Efficient uptake of SPIOs into BM-MSCs
was indicated by the fluorescent tag associated with
SPIOs (Supplemental Figure 2A). SPIOs neither dam-
age cells nor change their behavior in a variety of
assayed cell types.'® Consistent with previous find-
ings, there were no alterations in the differentiation
properties of BM-MSCs after SPIO labeling
(Supplemental Figures 2B and 2C). At 3 hours after
CPB, T2*-weighted imaging showed diffuse distribu-
tion of hypointense voxels (ie, SPIO particles)
throughout the entire brain (Figure 1D). An even ratio
of SPIO signals within the right and left hemispheres
was revealed (Supplemental Figure 2D). When the
brain was subdivided, there were no differences in
the number and percentage of SPIO particles
(Supplemental Figures 2E and 2F). On the other hand,
the density of SPIO particles was higher in the cere-
bellum and deep white matter (WM) compared with
the posterior cortex (Figure 1E). Following brain
damage, MSCs can migrate toward an injured site
through the SDF-1/CXCR4 pathway.' In our previous
studies, cerebellar Purkinje cells were more suscep-
tible to CPB-induced inflammation than other cell
populations.?°

Because SPIO-particles co-label with a green fluo-
rescence, SPIO-labeled BM-MSCs were further
analyzed histologically. SPIO particles are passive
contrast agents. Indeed, 44% of SPIO particles were
not incorporated by human nuclear antibody* BM-
MSCs (Supplemental Figures 3A and 3B). On the
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FIGURE 1 CPB Is an Efficient Cell Delivery System Into the Brain
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(A) Positron emission tomography imaging. Scale bar: 5 cm. (B, C) "®F-fluorodeoxyglucose uptakes within organs quantified (B) with SUV normalized to body weight and
(C) with normalized SUV dividing by the value of heart. (D) T2*-weighted MRI. Scale bar: 10 mm. (E) The density of hypointense signals. (F, G) Distribution of human
nuclear"SPIO" bone marrow-derived mesenchymal stromal cells within each WM region and between (F) intravascular and (G) extravascular spaces. Data are shown as
box-and-whisker plots from minimum to maximum (n = 4 each). P values were determined by 1-way analysis of variance with (C, E) Bonferroni comparisons and (B, F)
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WM = white matter.

other hand, 76% of BM-MSCs were labeled with SPIO
particles (Supplemental Figure 3C). When human
nuclear antibody*SPIO" BM-MSCs were analyzed, we
found an even distribution of delivered BM-MSCs in
cortex and WM (Supplemental Figure 3D). In our
previous studies, periventricular WM and corpus
callosum were more vulnerable to CPB-induced brain
insults compared with other WM regions.”' Although
there were no differences in the cell number between
11 cortical areas (Supplemental Figure 3E), an increase
in the number of BM-MSCs was identified in peri-
ventricular WM followed by corpus callosum
(Figure 1F). Notably, BM-MSCs were not only located
within the vasculature (Supplemental Figure 3F) but
also migrated into the extravascular space. Respec-
tively, 46% and 44% of BM-MSCs were found in

parenchyma in the cortex and WM (Figure 1G).
Together, our results indicate that CPB is an efficient
system for administering BM-MSCs into the devel-
oping brain.

When we analyzed the broad systemic effects of
BM-MSC delivery during CPB, there were no differ-
ences in operative conditions (Supplemental Table 1).
In addition, we did not observe allergic reactions and
significant detrimental changes in clinically relevant
biomarkers at 3 hours post-CPB (Supplemental
Table 2). Consistent with previous findings demon-
strating the safety of intra-arterial cell infusion after
stroke,”””* we have not observed any signs of stroke
by MRI (Supplemental Figure 4) or ischemic damage
by immunohistochemistry (ie, accumulation or clus-
tering of caspase3™ cells and ibal® microglia) after
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BM-MSC delivery. Altogether, our studies demon-
strate that BM-MSC delivery through CPB at the time
of surgery should be safe and feasible in children with
CHD.
BM-MSC TREATMENT REDUCES MICROGLIA EXPANSION
AND MODULATES THEIR ACTIVATION STATE RESULTING
FROM CPB. Rapid responses of microglia cells to brain
injury have been well characterized.”* Consistent
with the findings, increases in Iba1™ microglia were
identified at 3 hours after CPB in 6 cortical and 5 WM
regions (Figure 2A, Supplemental Figures 5A and 5B).
Notably, the CPB-induced acute increase in microglia
cells was suppressed after BM-MSC infusion
(Figure 2A, Supplemental Figures 5A and 5B). There
were no differences in Iba1" cell numbers between
the control and CPB + MSC groups (Figure 2A,
Supplemental Figure 5B), suggesting that BM-MSC
treatment normalizes CPB-induced acute micro-
glial increases.

BM-MSCs regulate microglial
participate in the phenotypic switch from a proin-

activation and

flammatory to repair-permissive state.'® When we

assessed the activation status by CD11b immunore-
activity, CPB caused an increase in CD11b*Iba1™ cells
compared to control (Supplemental Figures 5A, 5C,
and 5D). The number of CD11b" microglia after BM-
MSC treatment than CPB
(Supplemental Figures 5A, 5C, and 5D). In contrast to
their ramified morphology under normal conditions,

was lower in

activated microglia undergo structural remodeling
and adopt an amoeboid morphology with highly
retracted processes.’* In both cortex and WM, CPB
caused decreases in the total length and branch
number of microglial processes compared to control
(Figure 2B, Supplemental Figures 6A to 6D). Consis-
tent with our findings using the integrin marker
CD11b, BM-MSC treatment inhibited the CPB-induced
morphologic alterations (Figure 2B, Supplemental
Figures 6A to 6D). Brain region was not a factor in
the impact of BM-MSCs (Figures 2A and 2B,
Supplemental Figures 6A to 6D), indicative of a pan-
cerebral effect. The results indicate that BM-MSCs
delivered through CPB shift the state of microglial
activation resulting from cardiac surgery.
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BM-MSC DELIVERY SUPPRESSES MICROGLIAL SIGNAL
TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION 3
PHOSPHORYLATION CAUSED BY CPB, THEREBY
INHIBITING ITS ACTIVATION. To further characterize
the molecular events occurring during CPB-induced
oxidative and inflammatory stresses, genome-wide
RNA profiling was performed. Our analysis revealed
303 differentially expressed genes (DEGs) at 3 hours
post-CPB (229 up-regulated, 74 down-regulated)
(Supplemental Figures 7A and 7B). We focused on
subsetted down-/up-regulated DEG lists for ontology
analyses to detect biologically meaningful patterns.
Within the list, CPB up-regulated caspase 8 (Casp8)
and apoptotic chromatin condensation inducer 1
(Acini1) (Supplemental Figure 7C), which encode up-
stream/downstream effectors of the extrinsic
apoptotic signaling pathway.

Gene ontology analyses were also performed to
predict transcription factors (TFs) by binding motifs/
sites detected in promoters of genes up-regulated by
CPB. The analysis identified TP53 as the top predicted
TF (Supplemental Figure 7D), suggesting a likely role
for p53 activation after CPB. When we assessed
overlap between CPB-induced up-regulated genes
and DEGs after TF loss-of-function mutations, heat
shock factor 1 (HSF1) was the top predicted factor
whose loss of function induced similar gene expres-
sion changes to CPB (Supplemental Figure 7E,
Supplemental Table 3).

We also tested for overlap between genes up-
regulated by CPB and DEGs after various TF genetic
manipulations obtained from the Gene Expression
Omnibus database. Statistically significant fractions
of CPB-induced up-regulated genes were found
down-regulated after Tp53 and/or Stat3 in silico
knockdown (Supplemental Figure 7F, Supplemental
Table 3), suggesting that the same gene sets that
were identified as up-regulated after CPB are also up-
regulated after p53/signal transducer and activator of
transcription (STAT) 3 pathway activation. Finally,
our gene set enrichment analysis revealed Janus ki-
nase (JAK) 2 as the top predicted kinase for which in
silico knockdown leads to the down-regulation of
genes found up-regulated after CPB (Figure 2C,
Supplemental Table 3), indicating a likely activation
signature of JAK2-STAT3 signaling after CPB.
Together, our transcriptomic profiling revealed links
between CPB-induced brain insults and the activation
of p53 and JAK2-STAT3 pathways, both of which are
known to be critical in oxidative stress and inflam-
matory responses as well as cell survival.

Consistent with our transcriptomic evidence and
functional ontology data, we identified significant
increases in Stat3, Bcl2l1, Mcli, and IL6st transcripts

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 8, NO. 12, 2023
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in the frontal cortex after CPB (Figure 2D). Il6st is
required for JAK activation, which in turn leads to
STAT3 activation. Both Bcl2l1 and Mcli are known
STAT3 target genes. Microglial STAT3 phosphoryla-
tion plays a critical role in microglia activation and
subsequent inflammatory response.?>?° Indeed, CPB
caused an increase in phosphorylated STAT3"
microglial cells (Figures 2E and 2F). Notably, BM-MSC
delivery suppressed CPB-induced microglial STAT3
phosphorylation (Figure 2F). In addition, BM-MSC
treatment inhibited the expression of Stat3, Bcl2l1,
Mcli, and IL6st transcripts caused by CPB (Figure 2D).
Finally, STAT3 phosphorylation was correlated with
proinflammatory morphologic changes in microglial
processes (Supplemental Figures 7G and 7H), sug-
gesting a significant link between STAT3 phosphory-
lation and microglial activation after CPB. Altogether,
our results indicate that BM-MSC delivery during CPB
suppresses STAT3 phosphorylation and transcript
levels in microglia cells, thereby reducing their acti-
vation after cardiac surgery.

BM-MSC DELIVERY DURING CPB INHIBITS
NEURONAL APOPTOSIS AFTER CARDIAC SURGERY.
In addition to microglia activation, CPB caused sig-
nificant increases in caspase 3" cells in both upper
and lower cortical layers (Supplemental Figures 8A
and 8B). Consistent with acute caspase 3 activation
after traumatic neuronal injury,”” caspase 3 was
activated at 3 hours but not at 1 day after CPB
(Supplemental Figures 8C and 8D). Notably, following
BM-MSC treatment, CPB-induced caspase activation
was inhibited in both cortical layers (Supplemental
Figures 8A and 8B). Additionally, BM-MSC treat-
ment reduced the number of caspase3*NeuN" neu-
rons (Figure 3A, Supplemental Figures 9A to 9C). After
CPB, 40% of cortical neurons displayed activated
caspase 3 (Figure 3B). BM-MSC delivery normalized
the caspase 3 activation (Figure 3B, Supplemental
Figure 9D). Consistent with the findings, CPB-
induced increases in TUNEL'-apoptotic neurons
were inhibited after BM-MSC treatment in thr3ee
different cortical regions and both upper and lower
layers (Figure 3C, Supplemental Figures 9E and 9F),
indicating MSC-induced inhibition of neuronal
apoptosis after CPB.

Our transcriptomic profiling comparing the CPB
and CPB + MSC groups identified various DEGs
related to regulation of the intrinsic mitochondria-
dependent apoptotic pathway and mitochondrial
integrity (Figure 3D, Supplemental Figure 10A). Genes
found down-regulated by BM-MSC treatment
included Nfkbia and Bad, encoding an inhibitory
subunit of the nuclear factor kB (NF-kB) transcription
factor (IkBa) and a proapoptotic Bcl2 gene family
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(Figure 3E). Reduced expression of the IkBa subunit
allows for nuclear translocation of NF-kB and
enhanced cell survival because of antiapoptotic
NF-kB signaling.?® When we tested for in silico over-
lap between genes up-regulated by BM-MSC

treatment and genes down-regulated after G protein-
coupled receptor kinase genetic manipulations,
RAF-1 in silico knockdown was identified as the top
category (Supplemental Figure 10B), suggestive of
BM-MSC-mediated promotion of RAF-1 signaling.
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This finding is in agreement with the previously
established role for RAF-1 signaling in suppressing
apoptosis.”> When we assessed overlap between
genes down-regulated after BM-MSC treatment and
DEGs after kinase enzyme genetic manipulations,
MET (hepatocyte growth factor receptor) was identi-
fied as the top predicted receptor kinase whose
knockout leads to up-regulation of genes found up-
regulated after BM-MSC treatment (Supplemental
Figure 10C), suggesting MSC-induced inhibition of
the ¢c-MET pathway signaling that is tightly inter-
linked with STAT3 activation.>®

Overactivated microglia can promote neurotox-
icity.>' Apoptotic neurons are contacted by microglia
expressing CD11b, which controls the production of
microglial superoxide, thereby inducing neuronal
death.?” Indeed, BM-MSC delivery through CPB
caused a decrease in CD11b expression on microglia
(Supplemental Figure 5A, 5C, and 5D). When we
assessed the relationship between neuronal apoptosis
and microglial STAT3 activation, we found a positive
correlation between caspase 3" neurons and the
number of  phosphorylated STAT3* cells
(Supplemental Figure 11A). BM-MSCs can induce
microglial phenotype switching to a less proin-
flammatory state, thereby protecting neuronal
cells.’®3* In consistence with this interpretation,
there was a significant correlation between microglia
activation, as defined by their morphology, and cas-
pase activation in neurons (Supplemental Figures 11B
and 11C).

Our transcriptomic profiling comparing control and
CPB groups identified CPB-induced up-regulation of
Casp8 and Acin1 (Figure 2C), genes encoding up-
stream/downstream effectors of the extrinsic
apoptotic pathway. Consistent with these results,
quantitative reverse transcription polymerase chain
reaction analysis revealed a significant up-regulation
in the expression of these effector genes after CPB
(Figure 3F). In addition to a reduction in proapoptotic
signaling and inhibition of neuronal apoptosis, BM-
MSCs suppressed the expression of these transcripts
(Figure 3F). Together, our results indicate that BM-
MSC delivery during CPB reduces caspase activation
in cortical neurons and inhibits the induction of
apoptotic signals and neuronal apoptosis resulting
from neonatal cardiac surgery.

BM-MSC TREATMENT IMPROVES THE POSTOPERATIVE
COURSE AND BEHAVIORAL FUNCTION AFTER CARDIAC
SURGERY. To assess whether the short-term cellular
and molecular changes caused by BM-MSC treatment
affect overall postoperative course and neurologic
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function, animals were assessed up to 4 weeks after
surgery. T2*-weighted MRI showed no SPIO signals
throughout the entire brain (Figure 4A). Diffusion-
weighted imaging is highly sensitive to SPIO: how-
ever, we did not observe any image disturbance
(Figure 4B), indicating no long-term residual BM-
MSCs at 4 weeks post-CPB. Consistent with our find-
ings in the acute period (Supplemental Figure 4),
diffusion-weighted imaging displayed no signs of
stroke and/or microembolism (Figure 4B). There were
no differences in various biomarkers between groups
(Supplemental Table 4). Altogether, our results from
acute and survival studies support the safety of intra-
arterial BM-MSC infusion through CPB.

There were no differences in body weights over
time between groups (Figure 4C). When postoperative
recovery was assessed, all animals were scored as
fully recovered by postoperative day 7 (Figure 4D),
consistent with our previous studies.”*' Notably, an
improvement in overall recovery was revealed on day
2 after MSC treatment compared to CPB (Figure 4D).
Open field tests can provide a simple and general
measure of motor function and exploratory behaviors
in this animal. Although there were no differences in
open field locomotion (Figures 4E and 4F), significant
differences in exploratory behaviors were displayed
after surgery (Figures 4G and 4H). Following CPB,
surgical animals displayed an increased duration of
standing still and spent less time investigating
compared to controls (Figures 4G and 4H), indicating
reduced interest in exploring their test space.
Notably, the CPB-induced behavioral alterations were
alleviated by BM-MSC treatment (Figure 4G), partic-
ularly during the later time periods (standing still:
P = 0.030 and P = 0.049 vs CPB at weeks 3 and 4,
respectively; sniffing duration: P = 0.044 vs CPB at
week 4), demonstrating MSC-induced improvements
of the postoperative course and behavioral function
after CPB.

BM-MSC TREATMENT MITIGATES STRUCTURAL
ABNORMALITIES RESULTING FROM CPB. At 4 weeks
after surgery, the overall brain weight after CPB was
lower compared to controls (Supplemental
Figure 12A). Our structural imaging analyses demon-
strated differences in the volume of frontal cortices
among the 3 groups (Supplemental Figure 12B),
consistent with MSC-induced inhibition of neuronal
apoptosis. Similar to our previous studies,® the gyr-
ification index was lower after CPB compared to
controls (Figures 5A and 5B). Notably, CPB-induced
alterations of gyrification were improved in the
brain with BM-MSC treatment (Figures 5A and 5B).
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To further assess cortical microstructure, high-
imaging was used.
Cortical FA after CPB was higher compared to control
(Figure 5C), indicative of CPB-induced inhibition of
the maturation-dependent decrease in cortical frac-

resolution diffusion tensor

tional anisotropy (FA).>* Decreased mean diffusivity
and radial diffusivity in the CPB group also indicated
a loss of structural complexity in the developing
cortex (Figure 5D, Supplemental Figure 13A). On the
other hand, there were no differences in axial diffu-
sivity among groups (Supplemental Figure 13B).
Following BM-MSC infusion, we found a reduction in
CPB-induced microstructural alterations, as deter-
mined by fractional anisotropy and radial diffusivity
(Figures 5C and 5D). Together, our results indicate that
BM-MSC treatment during CPB mitigates CPB-
induced structural dysmaturation in the developing
cortex.

BM-MSCs REDUCE PROLONGED MICROGLIA
EXPANSION AND ACTIVATION IN CORTEX AFTER
CARDIAC SURGERY. To assess the cellular events
underlying the observed structural changes in the
frontal cortex, we analyzed cortical neurons at post-
operative week 4. Although there were differences in
the cortical volumes (Supplemental Figure 12B), the
density of neurons was similar among the 3 groups
(Supplemental Figures 12C and 12D), suggesting an
overall reduction of the number of cortical neurons.
When we assessed whether the changes in micro-
structure determined by diffusion tensor imaging
are associated with neuronal complexity,®* there
were no differences in the arborization complexity
(Supplemental Figure 14). The results suggest that
morphologic differences in pyramidal neurons are not
a likely driver of microstructural changes after CPB.
The presence of inflammation and gliosis could also
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FIGURE 5 Bone Marrow-Derived MSC Treatment Mitigates Structural Abnormalities Resulting From CPB
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*P < 0.05, **P < 0.01, ***P < 0.001. AD = axial diffusivity; FA = fractional anisotropy; RD = radial diffusivity; other abbreviations as in Figures 1 to 4.

be one of the confounding factors that affect diffusion
properties of brain tissues after injury.>> Because BM-
MSC treatment reduced acute microglial activation
(Figures 2A and 2B), microglia cells were assessed.
Consistent with our previous findings,> there was an
increase in microglia cells at 4 weeks after CPB
(Figures 5E and 5F). Notably, BM-MSC infusion
inhibited the CPB-induced prolonged microglia in-
crease (Figures 5E and 5F). We also found differences
in microglia morphology such as terminal points and
process length (Supplemental Figures 15A to 15C),
demonstrating that BM-MSC treatment inhibits not
only acute but also prolonged CPB-induced microglial
activation. There was a correlation between microglia

number and cortical FA values (P = 0.036), suggesting
possible contributions of microglia expansion and
neuroinflammation to microstructural alterations in
the frontal cortex. Altogether, our studies demon-
strate that MSC-induced inhibition of acute microglia
activation and neuronal apoptosis subsequently
limits prolonged microglia activation after CPB and
improves structural alterations of the developing
brain resulting from cardiac surgery.

EXOSOMAL microRNA miR-21-5P MAY BE A KEY DRIVER
OF THE ANTIAPOPTOTIC AND ANTI-INFLAMMATORY
EFFECTS OF BM-MSCs. BM-MSCs are known to
mediate most of their beneficial effects through
paracrine factors, which is consistent with our
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FIGURE 6 Exosomal miRNAs Play a Prominent Role in the Beneficial Effects
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findings of mno long-term residual BM-MSCs
(Figure 4A). Exosomes derived from BM-MSCs
contain various microRNAs (miRNAs) that exert
paracrine effects on surrounding cells and tissues.>°
To assess the contribution of exosomal miRNA spe-
cies, we isolated BM-MSC exosomes, followed by RNA
extraction and small RNA sequencing (Supplemental
Figure 16A). Isolated exosomes were profiled by size
and number (Supplemental Figures 16B and 16C).
Among 423 miRNAs detected, the 10 most abundant
exosomal miRNAs included miR-100-5p, miR-10a-5p,
miR-143-3p, miR-21-5p, and let-7b-5p (Figure 6A).

To understand how these miRNAs may be related
to the transcriptional changes seen in the piglet cor-
tex after BM-MSC delivery (Figure 3D), we used In-
genuity Pathway Analysis (IPA) to obtain miRNA
predicted target When

genes. experimentally

validated and high-scoring predicted targets were
overlapped with the BM-MSC-treated piglet cortex
down-regulated gene set, all target genes of the
exosomal miRNAs were found in the host tissue DEG
dataset (Figure 6B). More than 70% of genes identified
as down-regulated in the cortex following BM-MSC
treatment overlapped with the predicted target
genes of miRNAs sequenced from BM-MSC exosomes
(Figure 6B), indicating that exosomal miRNAs might
play a prominent role in the transcriptional suppres-
sion induced by BM-MSCs. The overlapping genes
were enriched for PI3K/AKT and ceramide signaling
(Figure 6C), with 2 down-regulated genes (Bad,
Nfkbia) accounting for the AKT enrichment term.
These transcriptional changes are consistent with
inhibited apoptosis initiation and an active NF-kB
pathway signature (Figures 3D and 3E). To further
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characterize the exosomal miRNAs, we used IPA to
assess disease associations with altered miRNA
expression. Notably, the exosomal miRNAs were
identified as enriched for both sporadic and progres-
sive neurologic disorder functional terms, as well
as inflammation (Figure 6D, Supplemental Tables 5
and 6). Together, our results suggest that BM-MSC
exosomal miRNAs are important in modulating neu-
roinflammatory processes that we observed in the
cortical tissues post-BM-MSC delivery.

To map our dataset to known signaling pathways,
we used the exosomal miRNAs as terms to construct
interaction networks in IPA and identified a total of
26 network clusters (Supplemental Figure 17). Within
the 26 clusters identified, 2 exosomal miRNAs, miR-
21-5p and miR-143-3p, were identified as significant
hub nodes in 7 interaction networks. Notably, miR-21-
5p was involved in 6 high-scoring clusters as a sig-
nificant network hub (Supplemental Figure 17). Our
network analysis showed that miR-21-5p indirectly
interacts with PI3K/AKT, caspase, and FAS terms
(Figure 6E). Furthermore, the miR-21-5p seed
sequence was found to align with both STAT3 and
IL6ST gene 3’ untranslated regions (Supplemental
Figure 18), suggesting its importance in modulating
PI3K/AKT signaling and the extrinsic apoptotic
pathway via STAT3 signaling modulation. The
essential role of miR-21-5p has been identified in
exosome-mediated tissue repair.?” Because miR-21-5p
is highly expressed in BM-MSC exosomes (Figure 6A),
our results suggest miR-21-5p as a potential molecular
mediator of the beneficial effects of BM-MSCs on
unique brain insults resulting from pediatric cardiac
surgery.

DISCUSSION

This study using our piglet model identifies CPB as a
safe and efficient administration system for BM-MSC
delivery into the developing brain. In the cortex,
BM-MSCs reduce microglial increase and shift their
phenotype to a less proinflammatory state. Our ana-
lyses indicate JAK-STAT3 signaling as a possible mo-
lecular target for ameliorating inflammatory stress
caused by CPB. BM-MSCs can inhibit CPB-induced
microglial STAT3 overactivation and proapoptotic
transcriptional signatures and limit neuronal
apoptosis. Notably, BM-MSC treatment improves
postoperative recovery and mitigates behavioral al-
terations resulting from CPB. Furthermore, our
studies indicate a suppression of CPB-induced
cortical microstructural abnormalities by BM-MSCs,
possibly through the reduction of prolonged micro-
glia activation. Finally, our transcriptomic analyses
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suggest that BM-MSC exosome-derived miRNAs such
as miR-21-5p may be the key drivers of suppressed
apoptosis and STAT3-mediated microglial activation
observed following BM-MSC infusion, suggesting
potential mechanisms underlying the therapeutic
actions of BM-MSCs in brain insults after CPB.

MIGRATION DYNAMICS OF BM-MSCs DELIVERED
THROUGH CPB AND THEIR PARACRINE FUNCTIONS. In
this study, an MRI-based cell-tracking technique with
SPIO nanoparticles allowed us to define the migration
dynamics of BM-MSCs delivered through CPB and
found that approximately half of BM-MSCs were
localized to parenchyma shortly after CPB. We have
previously identified disruption of the blood-brain
barrier and an increase in its permeability after
CPB.3® In addition to the extravasation capacity of
BM-MSCs,? CPB-induced alterations in blood-brain
barrier function may uniquely contribute to the
acute parenchymal localization of delivered BM-
MSCs. Similar to our findings, intra-arterial infusion
of BM-MSCs in rodents resulted in immediate cell
localization to the injury site.’® In the study, most
cells disappeared during the next 24 hours.*® We also
observed no long-term residual BM-MSCs in the brain
at postoperative week 4. Although the regenerative
capacity of BM-MSCs has been overstated because of
previous claims of BM-MSCs behaving as pluripotent
stem cells in vivo to replace lost cells, their unique
trophic properties have been well recognized.®'" Our
findings support paracrine functions playing a major
role in the beneficial effects of BM-MSCs. Indeed, our
assays suggest that exosomal miRNAs derived from
BM-MSCs account for their therapeutic actions in
CPB-induced cortical injury. Future studies using this
model should address the potential of MSC-derived
vesicle treatment containing specific miRNAs like
miR-21-5p as possible targeted CPB therapeutics.

POSSIBLE EFFECTS ON OTHER ORGANS. Our imag-
ing study demonstrates diffuse distribution of
BM-MSCs to multiple organs. The broad impact of
CPB-induced oxidative and inflammatory stress is
well recognized in various tissues.* Thus, additional
studies are required to determine cellular/molecular
events in other tissues after BM-MSC delivery.

MSC-INDUCED IMPROVEMENT OF BEHAVIORAL
ALTERATION RESULTING FROM CARDIAC SURGERY. In
addition to improvement of structural alterations,
we found that BM-MSC treatment mitigates altered
exploratory behaviors resulting from cardiac surgery.
Behavioral problems and cortical dysmaturation are
widespread among children with CHD."* Thus, the
present study may contribute to the development of
a new therapy for neuroprotection in the CHD
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population. On the other hand, neurologic deficits
associated with CHD are not simply a consequence
of surgery and exposure to CPB but are multifacto-
rial.”® Because of the multietiologic nature, a com-
bination of various treatments including the
proposed BM-MSC treatment will be required to
prevent adverse neurodevelopmental outcomes in
children with CHD.

STUDY LIMITATIONS. Because piglets share many
metabolic and physiologic similarities with humans,
the use of piglets is highly translational. Limited
genetic tools, however, prevent an in-depth inves-
tigation of causality in our findings, including the
relationship of microglial activation to neuronal
apoptosis as well as alteration in cortical micro-
structure. The limited availability of surface markers
also inhibits distinguishing cell types and confirming
findings from RNA sequencing. For instance,
Iba1*CD11b" cells may include macrophages that
have entered the brain after CPB. Similarly,
involvement of the pathways suggested by our
transcriptomic analysis is correlative. Our mecha-
nistic experiments were also performed in silico.
Future experimental validation of these in silico
target pathways would provide conclusive evidence
for their role in the therapeutic effects of BM-MSCs.
All RNA sequencing experiments in this study were
performed in cortical tissues exposed to CPB using
deep hypothermic circulatory arrest together with
clinically used pump prime including corticoste-
roids. Thus, a different CPB strategy may result in
different gene expression profiles from the ones
observed. Although we conducted a well-controlled
procedure in piglets, a small sample size because of
logistical and ethical restrictions is another limita-
tion. It is possible that the small numbers contrib-
uted to the lack of difference between groups in
neuronal complexity. Similarly, a sham surgery
group was not added in this study using piglets.
Common surgery-induced insults such as anesthesia
and/or thoracotomy may affect some of our findings.
Brain injuries associated with pediatric cardiac sur-
gery are multietiologic. Future studies will be
necessary to distinguish each factor individually
from the global impact of cardiac surgery. The pre-
sent study used the open field test for behavioral
assessments in the model. However, unlike in ro-
dents, region-specific neurobehavioral assays have
not been established in piglets. Further development
of sophisticated behavior tests will be required for
improvement of this unique model.
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CONCLUSIONS

BM-MSC delivery through CPB has significant trans-
lational potential for minimizing inflammatory stress,
microglial activation, and neuronal apoptosis during
CPB, with subsequent inhibition of behavioral and
structural deficits in children undergoing cardiac
surgery. Our porcine model has given us insights into
the therapeutic actions that explain antiapoptotic and
anti-inflammatory processes occurring after BM-MSC
treatment during CPB. Given the abundant evidence
of neuroprotective capacities of BM-MSCs and their
excellent safety record, successful completion of a
phase 1 trial will be required to design new cell-based
approaches for the improvement of neuro-
developmental impairment in children with CHD.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Many
children with congenital heart disease experience signifi-
cant neurologic impairment; however, few treatment
options are available. Oxidative stress and systemic
inflammation during cardiac surgery remain major path-
ologic events in the neonatal and infant brain.

TRANSLATIONAL OUTLOOK: Delivery of mesen-
chymal stromal cells via cardiopulmonary bypass
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minimizes inflammatory stress and reduces microglial
activation and neuronal apoptosis, with subsequent inhi-
bition of cortical dysmaturation and behavioral alteration
in our translational preclinical model. Successful
completion of a phase 1 trial will be required to design
new cell-based approaches for the improvement of neu-

rodevelopmental impairment in children with congenital

heart disease.
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