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Abstract

Myocardial dysfunction after Fontan palliation for univentricular congenital heart disease is a challenging
clinical problem. The medical treatment has a limited impact, with cardiac transplant being the
ultimate management step. Cell-based therapies are evolving as a new treatment for heart failure. Phase 1
clinical trials using regenerative therapeutic strategies in congenital heart disease are ongoing. We report
the first case of autologous bone marrow—derived mononuclear cell administration for ventricular
dysfunction, 23 years after Fontan operation in a patient with hypoplastic left heart syndrome. The cells
were delivered into the coronary circulation by cardiac catheterization. Ventricular size decreased and
several parameters reflecting ventricular function improved, with maximum change noted 3 months
after cell delivery. Such regenerative therapeutic options may help in delaying and preventing cardiac
transplant.
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culminating in a Fontan circulation

represent the standard of care for
most patients with functionally single ven-
tricles, such as those with hypoplastic left
heart syndrome (HLHS). Long-term compli-
cations of the Fontan procedure include
myocardial dysfunction secondary to multi-
ple factors including prolonged increased
workload, leading to heart failure requiring
cardiac transplant in many cases." With
the growing population of patients with
Fontan palliation and the relatively un-
changed limited availability of organs for
transplant, it is imperative that alternative
treatment strategies be sought. Medical
treatment of heart failure with afterload-
reducing agents and other medications
used in structurally normal myopathic
hearts has not shown clear benefit in these

S taged surgical palliative procedures

patients. Cell-based therapies, primarily us-
ing bone marrow—derived cells, have been
tested in clinical trials for adults with
ischemic heart disease’*” and nonischemic
dilated cardiomyopathy””*” for many years.
These studies are now being applied in chil-
dren and adults with congenital heart disease.
However, the utility, safety, and efficacy of
cell-based therapies are not established in
these patients. We have initiated a phase 1
clinical trial (NCT 02549625) for use of bone
marrow—derived mononuclear cells (BM-
MNCs) in Fontan procedure—treated patients
with myocardial dysfunction. The mononu-
clear cell preparation is a heterogeneous
mixture of cells containing CD34 progenitor
stem cells thought to promote myocardial
regeneration through paracrine mediators.
We report the first case of intracoronary
delivery of autologous BM-MNCs for single
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right ventricular dysfunction after Fontan
palliation.

REPORT OF CASE

The patient presented for enrollment in our cell
therapy clinical trial at age 25 years with clinical
heart failure symptoms. He was born with HLHS
(mitral and aortic valve stenosis, severely hypo-
plastic left ventricle, and ascending aorta). His
surgical history consisted of Norwood operation
at age 1 month followed by hemi-Fontan pro-
cedure at age 4 months, and finally creation of
a nonfenestrated, lateral tunnel-type Fontan
connection at an early age (18 months). At age
20 years, he began to experience dyspnea with
activity that progressed over the next 2 years.
One year after the onset of symptoms, obvious
ascites developed. He did not have enteric pro-
tein loss or hypoalbuminemia but was found
to have severe regurgitation of the neoaortic
valve and severe right (systemic) ventricular sys-
tolic dysfunction. He underwent a number of
procedures and trials of medical therapy,
including embolization of aortopulmonary col-
laterals, catheter dilation/stenting of the left
lower pulmonary vein and left pulmonary ar-
tery, and a course of intravenous inotropic sup-
port, with no lasting change in symptoms or
ascites. He was evaluated for cardiac transplant
because he was not a candidate for surgical
replacement of neoaortic valve due to severe
ventricular dysfunction with estimated ejection
fraction (EF) of 15%. Evaluation revealed
marked prior sensitization to human leukocyte
antigens (85% unacceptable antigen profile),
creating a prohibitive risk for cardiac transplant.
Medical treatment was subsequently optimized
with multiple drugs including enalapril, carvedi-
lol, digoxin, and diuretics. The doses were esca-
lated over several months to the maximum
tolerated by the patient. He had resolution of
most of his symptoms within a period of 4 to 6
months. He remained clinically stable over the
next 2 years. However, his right ventricle (RV)
remained severely dilated because of persistent
neoaortic regurgitation, and ventricular EF
remained moderately decreased at 30% to
35%. Despite these improvements, the risk of
aortic valve replacement was still felt to be pro-
hibitive. Transcatheter neoaortic valve replace-
ment was not possible because of the massively
dilated neoaortic root, which was larger than
any available device. Pacemaker therapy was

not attempted as an isolated approach because
the risk of epicardial placement was felt to
outweigh the benefit of restoring heart rate
response in the setting of his dysfunction and
previous cardiac operations.

Atage 25 years, the patient was enrolled into
the phase 1 clinical trial using BM-MNCs in pa-
tients with myocardial dysfunction after Fontan
procedure (NCT 02549625). Preenrollment
screening revealed an increased N-terminal
pro-B-type natriuretic peptide (NT-proBNP)
level of 503 pg/mL (normal, <51 pg/mL),
with a normal creatine kinase-MB (CK-MB)
level and undetectable cardiac troponin T. Base-
line C-reactive protein was normal. Holter
monitoring revealed sinus bradycardia (heart
rate range, 32-69 beats/min) with multiple
pauses, the longest being 3.11 seconds. There
was a short 10-beat run of supraventricular
tachycardia at a rate of 111 beats/min and
occasional (<1%) ventricular and supraventric-
ular ectopic beats. Transthoracic echocardiog-
raphy revealed severe RV enlargement with
estimated EF of 30% to 35%. Cardiac magnetic
resonance (CMR) imaging identified an RV end-
diastolic volume of 213 mI/m” and calculated
RV EF of 34%. The origins and proximal
courses of the coronary arteries were normal
on CMR imaging.

Under deep conscious sedation and local
anesthesia, 75 mL of bone marrow was aspi-
rated from the iliac spine and collected in a hep-
arinized collection bag. The bone marrow
aspirate was transported to the Human Cell
Therapy Laboratory at Mayo Clinic, where it
was stored at refrigerated temperature (2°C-
8°C) and processed to obtain the mononuclear
cell fraction using a Ficoll density gradient
closed system the following day. The final
dose of 2 x 10° cells’kg (94% viability) was sus-
pended in 12 mL of 2.5% human albumin in
Plasma-Lyte A. The Gram stain was negative
and cultures (aerobic and anaerobic) remained
negative for 14 days.

Cardiac catheterization was performed af-
ter the cells were processed and passed quality
control. Bivalirudin was used for anticoagula-
tion during the procedure instead of heparin
to avoid potential disruption of cell migration
and engraftment.”® Hemodynamic assessment
revealed a mean pressure of 16 mm Hg in
Fontan circuit and a transpulmonary gradient
of 1 mm Hg, both of which were normal.
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The RV end-diastolic pressure was moderately
increased to 16 mm Hg with no significant
gradient across the neoaortic valve or the
aortic arch. The calculated cardiac index by
Fick’s principle was reduced at 1.7 L/min per
m?” (normal, 2.5-4.0 I/min per m*). Angiog-
raphy revealed no evidence of coronary artery
disease. The cell product was administered
within 3 hours of completion of the BM-
MNCs preparation. Two million total nucle-
ated cells per kilogram were dispensed in a
12-mL volume. Six milliliters of the cell prod-
uct was infused in the right coronary artery
over 10 seconds without interrupting blood
flow. The catheter was maintained in position
for an additional 20 seconds after the infusion
was completed, administering a 1- to 2-mL
flush of sterile saline to deliver the full dose
of cells within the “dead space” of the catheter
while avoiding washing them out of the coro-
nary vasculature. The same process was
repeated for the left coronary artery, in accor-
dance with the study protocol. Electrocardio-
graphic monitoring did not reveal any
ST-segment or T-wave changes during the
procedure. The patient tolerated the proce-
dure well with no evidence of acute complica-
tions or adverse effects.

After cell infusion, the patient remained in
a monitored unit for 24-hour telemetry.
Troponin T was undetectable at 3, 6, and 24
hours after cell delivery. The CK-MB level at
24 hours remained normal. The NT-proBNP
level was elevated to 969 pg/mL at 24 hours.
Glucose levels were checked every 2 hours
and remained normal for 24 hours. A fever
to 39.8°C developed 18 hours after cell deliv-
ery, with elevated C-reactive protein to 70.8
mg/L (normal, <8 mg/L) but a normal leuko-
cyte count. Empiric antibiotics were not
started. The patient was discharged from the
hospital and seen in the clinic the following
day, with resolution of fever. Blood cultures
remained negative after 14 days.

Scheduled follow-up visits occurred at 1,
3, and 6 months after cell delivery. At the first
visit, the C-reactive protein and NT-proBNP
levels had returned to baseline levels. The pa-
tient reported one episode of palpitations,
which resolved spontaneously. Holter moni-
toring at that visit revealed 2 short runs of sup-
raventricular tachycardia (maximum 4 beats).
Ventricular and supraventricular ectopic beat

TABLE 1. Summary of Echocardiographic Data

Echocardiographic parameters Baseline | mo 3 mo 6 mo
Estimated RV EF (%) 30-35 35 45 35-40
RV area analysis
Apical areas
Diastole (cm?) 515 52.8 527 524
Systole (cm?) 328 326 330 334
Apical FAC (%) 363 382 374 360
Short-axis areas
Diastole (cm?) 537 534 47.8 488
Systole (cm?) 405 344 254 28.1
Short-axis FAC (%) 24.6 356 46.9 424
Biplane FAC (%) 305 369 42.2 393
TAPSE (cm) 10.7 14.0 20.0 16.0
RV MPI 0.59 0.75 0.6l 0.63
TVY 0.07 0.08 0.1 0.07
Myocardial deformation analysis
Apical longitudinal strain —17 -6 —19 —16
Circumferential strain —7 — |7 —16 —19
Radial strain 25 36 I8 28

EF = ejection fraction; FAC = fractional area change; MPl = myocardial performance index; RV =

right ventricle; TAPSE = tricuspid valve annular plane systolic excursion; TVS = tricuspid valve

annular systolic velocity.

frequency remained less than 1%. Subse-
quently, the patient reported no cardiac
symptoms and no additional palpitations. All
blood test levels remained at the baseline
levels. Holter recording at the 3- and
6-month visits were unrevealing. By the final
6-month follow-up visit, the patient had
started playing basketball and reported a
greater activity level than before the cell infu-
sion. The NT-proBNP level had increased to
1094 pg/mL, whereas the CK-MB level and
the troponin T level remained normal. No
medication changes were made during the
study period.

Echocardiography was performed at each
of the 3 follow-up visits, and detailed CMR
imaging was obtained 6 months after cell infu-
sion. Results from these scans are summarized
in Tables 1 and 2. Both modalities revealed a
favorable decrease in ventricular size. Visually
estimated EF increased from 30% to 35% to
45% at 3 months but decreased to 35% to
40% at the 6-month visit. Biplane fractional
area change improved from 31% at baseline
to 39% at 6 months (normal, >35%). The
maximal fractional area change value of 42%
was observed 3 months after cell infusion.
Improved myocardial function was also
evident by measurement of tricuspid annular
plane systolic excursion and circumferential
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myocardial strain, which revealed maximal in-
crease at the 3-month follow-up time point.
Tricuspid annular plane systolic excursion
declined modestly, but RV longitudinal strain
had decreased to baseline at 6 months. Little
change was detected in systolic annular tissue
Doppler velocity, myocardial performance in-
dex, and radial strain.

The CMR scan at the 6-month visit
revealed a 10% reduction in RV diastolic vol-
ume (Table 2) and an increase in calculated
EF from 34% to 38%. Myocardial deformation
analysis performed on the CMR images illus-
trated improvement in RV longitudinal,
circumferential, and radial strain values from
baseline.

Two months after the last study visit, the
patient underwent neoaortic valve replace-
ment with an On-X 27/29 mechanical pros-
thesis, reduction neo-ascending aortoplasty,
and placement of an epicardial pacing system
for sinus bradycardia with frequent long
pauses. Intraoperative transesophageal echo-
cardiography after valve replacement revealed
the estimated RV EF to be 25% to 30%. The
patient tolerated the procedure very well and
was discharged home on the eighth postoper-
ative day. The discharge echocardiography
illustrated improved RV systolic function rela-
tive to the immediate postoperative transeso-
phageal echocardiography with an estimated
RV EF of 40%.

DISCUSSION

This case describes the first patient with HLHS
to receive intracoronary infusion of autologous
BM-MNCs for RV dysfunction after Fontan
palliation. The primary objective of the clinical

TABLE 2. Summary of Cardiac Magnetic Resonance Imaging Data

Magnetic resonance imaging parameters Baseline 6 mo
Right ventricular volumetric analysis
End-diastolic volume (mL) 304 279
Indexed end-diastolic volume (mlL/m?) 213 192
End-systolic volume (mL) 200 173
Stroke volume (mL) 104 106
Ejection fraction (%) 34 38
Myocardial deformation analysis (average values of all segments)
Four-chamber longitudinal strain (%) —109 —132
Short-axis circumferential strain (%) —103 —134
Short-axis radial strain (%) 6.7 214
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trial was safety and feasibility of intracoronary
delivery of BM-MNCs. The case highlights
these aspects, as well as the secondary objec-
tive of efficacy. The patient tolerated bone
marrow harvest and the intracoronary delivery
of BM-MNCs by cardiac catheterization
without complications. The only observed
adverse event was fever and elevated C-reactive
protein, which resolved spontaneously and
were attributable to an inflammatory response
to the delivered cells. The RV size decreased
and most measures of systolic function
improved with maximal change observed at
the 3-month follow-up time point. A slight
decline in ventricular function was noted
over the next 3 months. However, almost all
parameters had improved at the end of the
study compared with baseline.

The proposed mechanism of action of cell-
based therapy is the paracrine effect of mono-
nuclear cells on the surrounding myocardium.
The infused cells adhere to and cross the cor-
onary artery walls (margination) and migrate
into the myocardial tissue. The BM-MNCs
are expected to survive only a few weeks after
infusion. However, there is an increasing body
of evidence supporting the hypothesis that
paracrine mechanisms mediated by a broad
variety of cytokines, growth factors, and che-
mokines released by these cells play an essen-
tial role in creating the regenerative potential
in the surrounding myocardium.” " These
mediators favorably impact cardiomyocytes,
endothelial cells, vascular smooth muscle cells,
fibroblasts, and the native cardiac stem cells.
The overall effect is manifested by myocardial
regeneration and neovascularization, culmi-
nating in reverse remodeling and better ven-
tricular performance.

In our case, the maximum beneficial effect
of cell-based therapy was 3 months after the
cell delivery. This was also observed in our
previously reported case of intramyocardial in-
jection of autologous umbilical cord blood—
derived mononuclear cells in a patient with
HLHS.”" It is possible that the beneficial effects
of cell-based therapy may be attenuated by un-
resolved structural and hemodynamic prob-
lems. In the present case, neoaortic valve
regurgitation posed a major hemodynamic
concern. The patient was initially not a candi-
date for surgical valve replacement because of
severe ventricular dysfunction. Improvement
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in his clinical status after medical management
and cell-based therapy made him a better
candidate for surgical intervention. Most pa-
tients with severe neoaortic valve regurgitation
have reduced ventricular function after valve
replacement because of sudden reduction in
preload, as was seen in our case. It is difficult
to determine whether his rapid recovery of
ventricular function can be attributed to his
cell-based therapy 8 months earlier. Notwith-
standing, cell-based therapy may prove to be
an adjunct to medical and surgical therapy
for the treatment of ventricular dysfunction.
Severe neoaortic valve regurgitation and resul-
tant volume overload to the ventricle was
likely the predominant cause of ventricular
dysfunction in this case. It is possible that
such individuals may have a better response
to cell therapy similar to how they respond
favorably to afterload reduction. Additional
experience on a cohort of patients with varied
physiology will be required to determine the
optimal target populations and timing for these
treatments.

The ventricular dysfunction in patients
with single ventricle physiology is a difficult,
multifactorial problem, attributed to factors
such as prolonged hypoxia, multiple cardio-
pulmonary bypass runs, arrhythmia, increased
pressure load for single RV, and increased
volume load at earlier palliative stages and
due to valve dysfunction. It often does not
respond to standard heart failure management,
other than temporary stabilization and symp-
tomatic improvement. Progressive, medically
refractory heart failure often leads to need for
intravenous inotropic support and listing for
cardiac transplant. Given the palliative nature
of transplant and limited organ availability,
it is essential to seek alternative treatment
strategies to strengthen the native single
ventricle. The experience with cell-based ther-
apy in children with congenital heart disease is
limited.”* " To date, there has been only one
published clinical trial in which autologous
cardiosphere-derived cells were infused in
the coronary arteries of children with HLHS
after stage 2 and 3 palliative operations.”*””
This was a phase 1 clinical trial that showed
that the delivery of such cells was safe
and feasible. The 3-year follow-up revealed
improved RV EF and somatic growth, with
reduction in incident heart failure in children

receiving cell-based therapy compared with
the control group. Further studies are needed
addressing different clinical scenarios and
cell types to establish the most safe, effec-
tive, and cost-effective cell-based therapy in
congenital heart disease.

CONCLUSION

This is the first case report of intracoronary de-
livery of autologous BM-MNCs administered
for ventricular dysfunction, 23 years after Fon-
tan operation in an adult with HLHS and se-
vere neoaortic valve regurgitation. Several
ventricular functional parameters and ventric-
ular size improved, with maximum change
noted 3 months after the cell delivery. Devel-
oping regenerative therapeutic options may
help in delaying and preventing cardiac trans-
plant in patients with such single ventricle

physiology.

BM-MNCs = bone
marrow—derived mononuclear cells; CK-MB = creatine
kinase-MB; CMR = cardiac magnetic resonance; EF = ejection
fraction; HLHS = hypoplastic left heart syndrome; NT-
proBNP = N-terminal pro-B-type natriuretic peptide; RV =
right ventricle
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