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Abstract

Despite significant morbidity among infants with single ventricle heart disease (SVHD), clinical
monitoring is limited by poor understanding of the underlying pathobiology. Proteomics can
identify novel biomarkers and important pathways in complex disease. No prior study has
evaluated whether the proteome of SVHD infants differs from healthy controls, how it shifts after
stage 2 palliation, or whether differences can predict post-operative outcomes. We present a
prospective cohort study of cardiovascular proteomic phenotyping in infants with SVHD
undergoing stage 2 palliation. Twenty-nine pre-stage-2 SVHD infants and 25 healthy controls
were enrolled. Outcomes included post-operative hypoxemia and endotracheal intubation time
(ETT). Serum samples were drawn pre-operatively (systemic and pulmonary vein) and at 24 hours
post-operation. Targeted cardiovascular proteomic analysis included 184 proteins. Partial least
squares discriminant analysis (PLS-DA) distinguished cases from controls (Accuracy=0.98,
R2=0.93, Q2=0.81) with decreased inflammatory mediators and increased modulators of vascular
tone. PLS-DA also distinguished cases pre-operation vs. post-operation (Accuracy=0.98, R?=0.99,
Q2=0.92) with post-operative increase in both inflammatory and vascular tone mediators. Pre-
operation pulmonary vein tissue inhibitor of metalloproteinase-1 (TIMP1, 1.8x-fold, p=1.6x107%)
and nidogen-1 (1.5x-fold, p=1.7x10~4) were higher in subjects with longer ETT. Post-operation
matrix metalloproteinase (MMP) 7 levels were higher in subjects with greater post-operative
hypoxemia (1.5x-fold, p=1.97x10~°). Proteomic analysis identifies significant changes among
SVHD infants pre- and post-stage 2, and healthy controls. TIMP-1, nidogen-1, and MMP?7 levels
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are higher in SVHD cases with greater morbidity suggesting an important role for regulation of
extracellular matrix production. Proteomic profiling may identify high-risk SVHD infants.
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Introduction

Congenital heart disease (CHD) is the most common severe birth defect in the United States,
with estimated incidence of 4-10 per 1000 live births.? A severe subset of CHD where
subjects are born with only one pumping chamber, single ventricle heart disease (SVHD)
represents between 2 and 8 in 10,000 live births and is fatal without intervention.! Although
there is no cure, surgical palliation for SVHD allows survival into adulthood for many
patients and typically is completed in three stages. After completion of staged palliation,
patients have pulsatile systemic arterial blood flow driven by the single ventricle but passive
flow directly into the lungs without an intervening pump.2 From the first week of life (after
stage 1 palliation for most patients) until the Stage 2 operation, subjects are referred to as
being “inter-stage”; during this period they have an unobstructed pathway from the single
ventricle to the body and a pressure-limited source of pulmonary blood flow, commonly a
shunt between the aorta or the right ventricle and the pulmonary arteries. The second of the
three typical operations, the superior cavo-pulmonary anastomosis (Stage 2-bidirectional
Glenn or hemi-Fontan), is most often performed between 4-6 months of age.? This operation
is unique in that a patient’s mechanism of blood delivery to the lungs is surgically converted
from an active process driven by ventricular systole during inter-stage to a passive process
via a direct connection of the superior vena cava to the pulmonary arteries. This transition
makes the peri-stage 2 period the optimal time to evaluate both pre-operative markers of
inter-stage pulmonary vascular growth the post-operative sufficiency of the pulmonary
vasculature to accept passive blood flow.

For many children with SVHD, pulmonary vascular inadequacy results in morbidity before
and after Stage 2 palliation.® The death or heart transplantation rate for SVHD patients is
~30% in the first year of life, including 12% mortality prior to Stage 2 palliation.*® Of those
infants who undergo Stage 2, up to 25% experience complications in the immediate post-
operative period that are directly linked to impaired pulmonary blood flow including severe
hypoxemia, respiratory failure, and persistent pleural effusions.3:6 Diagnosis and treatment
of pathologic pulmonary vascular development is limited due to poor understanding of the
underlying mechanisms. Current monitoring includes serial oxygen saturation
measurements, echocardiograms, cardiac MRI/CT, and cardiac catheterizations.”"10 There
are no validated biomarkers to identify subjects in this population at risk for pathologic
vascular development.

Proteomic analyses represent a new systems biology approach to identify novel biomarkers
and important pathways in complex disease.! Prior studies have demonstrated proteomic
fingerprints with prognostic implications in patients with idiopathic pulmonary fibrosis,
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congestive heart failure, and ventricular septal defects.12-15 No prior study has evaluated the
proteome of infants with SVHD undergoing staged palliation or its association with post-
Stage 2 outcomes.

Here we present a prospective, cohort study of targeted cardiovascular proteomic
phenotyping in infants with SVHD undergoing Stage 2 palliation. We hypothesized that
SVHD infants would have a distinct circulating pre-operative proteomic fingerprint
compared to similar age healthy controls, that the circulating proteome would shift
immediately after Stage 2 palliation, and that both the measured proteome and specific
individual proteins would be useful to identify SVHD patients at risk for post-Stage 2
complications associated with pulmonary vascular inadequacy.

Materials and Methods

Subjects

The Colorado Multiple Institution Review Board approved this study. Written informed
consent was obtained from the study subjects’ parents in all cases.

We prospectively enrolled consecutive subjects age 31 days to 2 years at Children’s Hospital
Colorado with SVHD either undergoing pre-Stage 2 catheterization or Stage 2 palliation
without plans for cardiac catheterization. Subjects who underwent Stage 2 without sample
collection at cardiac catheterization did so because 1) cardiac catheterization was performed
prior to the research team having an opportunity to obtain informed consent or 2)
catheterization was deemed not clinically required by the clinical team. Stage 2 palliation
included any form of superior cavo-pulmonary anastomosis (Glenn or Hemi-Fontan
operations) regardless of whether a patient had a prior Stage 1 palliation. Patients with a
persistent, additional pulsatile source of pulmonary blood flow after Stage 2 (so-called 1.5
ventricle repair) were excluded.

Control subject candidates were identified from the surgical schedule at Children’s Hospital
Colorado. Inclusion criteria were patients >4 kg aged 3-12 months undergoing anesthesia for
elective, non-cardiac procedures with clinical need for IV access. Control subjects were
excluded if they had any known cardiac, pulmonary, infectious, or genetic abnormalities.

Clinical Data

Clinical information was extracted from the electronic medical record (Epic Systems,
Verona, WI). Post-operative oxygen saturation measurements were extracted at 1-minute
intervals from the BedMaster hemodynamic monitoring system in the cardiac intensive care
unit (CICU) (Anandic Medical Systems, Feuerthalen, Switzerland). Study data were
collected and managed using REDCap electronic data capture tools hosted at University of
Colorado.

Pre-specified clinical variables were identified to evaluate the relationship between
proteomic biomarkers of interest and subjects with more or less favorable clinical outcomes.
The primary clinical variable of interest was percent of time in the first 24 post-operative
hours with clinically significant hypoxemia, defined as an oxygen saturation below 70%
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(24h Low Sat%). Secondary variables included endotracheal intubation time (ETT), chest
tube days, and volume of chest tube drainage.

Sample Collection

All pre-operative samples were obtained under general anesthesia. For SVHD subjects
enrolled at the time of pre-Stage 2 catheterization, systemic venous samples were obtained
prior to any procedural interventions. To evaluate whether key proteins are affected by
passing through the lung capillary network, an additional pulmonary venous sample was
collected during catheterization for comparison to the systemic venous samples. For subjects
enrolled at other times, a systemic venous sample was obtained on the day of Stage 2
palliation before initiation of cardiopulmonary bypass. Post-operative systemic venous
samples were obtained 24 hours after arrival in the CICU. Control subject samples were
obtained from a systemic vein after induction of anesthesia at the time of 1V placement.

Protein Analysis

All blood samples were processed for serum at the time of collection and stored at —80C for
batch analysis. Samples underwent a targeted cardiovascular proteomics analysis using the
Olink Cardiometabolic and Cardiovascular Il panels (Olink Proteomics, Uppsala Sweden) at
their laboratory in Boston, MA.16 The list of measured proteins can be found on OLink’s
website (www.OLink.com) as updated on 4/14/2020. Each Olink kit is a proximity extension
assay that measures the relative abundance of 92 proteins (92*2 panels=184 total proteins).
For each protein target, oligonucleotide-labeled antibody pairs bind to specific epitopes on
the protein surface. Complementary oligonucleotide sequences give rise to DNA reporter
sequences, which are then quantified using real-time PCR. Mean intra- and inter-assay
coefficients of variation are 8 and 12%, respectively. Log, scaled normalized protein
expression values were adjusted by a negative control sample. Higher expression values
correspond to higher protein levels but are not an absolute quantification of protein
concentrations.

Statistical Analysis

Demographic and clinical variables were summarized using descriptive statistics as
indicated by the distribution of the data. Wilcoxon rank sum and Spearman correlation
testing were used to compare continuous variables and chi squared testing was used for
categorical variables. JMP pro v.14.1.0 was used for descriptive analysis. P<0.05 was
considered statistically significant.

Proteomic analysis was performed using Metaboanalyst 4.0 (www.metaboanalyst.ca). Prior
to analysis, relative protein concentrations (previously log transformed) were auto scaled
(mean centered and divided by the square root of the standard deviation of each variable).
Partial least squares-discriminant analysis (PLS-DA) was performed to assess for capacity to
distinguish between specified groups of interest based on global changes in the proteomic
phenotype. Accuracy, RZ (goodness of fit), and Q2 (consistency on cross-validation) are
reported for each model. Variable importance in projection (VIP) scores were used to
identify the top proteins driving variation between groups. After log transformation to
achieve a normal distribution, Student’s tand paired ftesting were performed. Raw p-values
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are reported along with two methods of correction for multiple comparisons: Bonferroni and
the False Discovery Rate (FDR). Findings were classified as highly statistically significant if
they met the conservative Bonferroni correction threshold (p<0.00027) and of intermediate
statistical significance they met the FDR cutoff of <0.05 but not the Bonferroni threshold.

Study Population

Twenty-nine cases with SVHD and twenty-five similar age healthy controls were enrolled.
Pre-operative systemic vein samples were available for all cases and controls. A pre-
operative pulmonary vein sample was collected for 19 cases. One subject was deemed to not
be a good candidate for continued single ventricle palliation and underwent heart
transplantation instead of Stage 2 palliation. One subject ultimately underwent complete
repair with a two-ventricle circulation. Twenty-seven cases were therefore included in the
post-operative analysis. Demographics and clinical characteristics are presented in table 1.

Immediate post-Stage 2 Clinical Outcomes

The study population (n=27) experienced a moderate degree of post-operative morbidity.
Half of subjects spent >50% of the first 24 post-operative hours with systemic oxygen
saturation (SpO2) less than 80%. The median 24h Low Sat% was 4.3% (range 0.1%-60.7%;
inter-quartile range 1.7%-9.0%). Median post-operative endotracheal intubation and chest
tube duration times were 18 hours and 3 days, respectively. No patients required an
emergent return to the operating room and all patients survived to hospital discharge. All
patients received oxygen therapy throughout their post-Stage 2 course and were discharged
home on supplemental oxygen. Twelve patients were additionally treated with pulmonary
vasodilators, primarily phosphodiesterase type 5 inhibitors.

Pre-Operative Proteome in SVHD Cases and Controls

We first analyzed whether there were differences in the targeted cardiovascular proteome
between SVHD cases (n=29) and controls (figure 1). PLS-DA readily discriminated between
cases and controls based on their proteomic pattern (Accuracy=0.98, R2=0.93, Q2=0.81).
The 15 markers with greatest effect on the proteomic phenotype between the groups by VIP
analysis are shown in figure 1b. On single variable testing without correction for multiple
comparisons, p<0.05 was observed for 90/184 tested protein markers with 73 reaching
intermediate significance by FDR (supplemental table 1). After Bonferroni correction, 32
tested protein markers showed a highly significant difference (table 2). The majority of these
proteins can be categorized as related to modulation of inflammation, cell metabolism,
neurohormonal modulators of vascular tone, or coagulation. Proteins related to
inflammation, cell metabolism, and coagulation were most often decreased in SVHD cases
compared to controls while those related to vascular tone were more often increased.

We found no difference between the evaluated proteomes of the systemic vein and
pulmonary vein samples in SVHD cases (n=19) by PLS-DA (accuracy=0.38, R2=0.29, Q2=
-0.98). On single variable testing without correction for multiple comparisons, p<0.05 was
observed for 43/184 tested protein markers with 11 reaching intermediate significance by
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FDR (supplemental table 2). After adjusting for multiple comparisons there were no
individual proteins that were highly different by Bonferroni between systemic vein and
pulmonary vein samples.

Association Between Pre-Stage 2 Catheterization and Immediate Post-Stage 2 Outcomes

We next evaluated whether clinically available pre-operative variables were associated with
the post-operative outcomes of interest. Among subjects who ultimately underwent Stage 2
palliation (n=27), there was no significant relationship between pre-operative pulmonary
vascular resistance index, mean pulmonary artery pressure, or ventricular end diastolic
pressure and 24h Low Sat%, chest tube duration, total chest tube drainage, or ETT.

Proteomic Changes in the Immediate post-Stage 2 Period

We then compared the evaluated targeted cardiovascular proteome of SVHD cases prior to
Stage 2 with the samples obtained 24 hours post-operatively (n=27, figure 2). PLS-DA
readily discriminated between pre-operative and post-operative samples (Accuracy=0.98,
R2=0.99, Q2=0.92). The 15 markers with greatest effect on the proteomic phenotype
between the groups by VIP analysis are shown in figure 2b. On single variable testing
without correction for multiple comparisons, p<0.05 was observed for 99/184 tested protein
markers with 81 reaching intermediate significance by FDR (supplemental table 3). After
Bonferroni correction, 44 tested protein markers showed a highly significant difference
(table 3). While many of these proteins are related to inflammation/oxidative stress, several
others are best categorized as related to cell metabolism, angiogenesis/vascular tone, or
coagulation.

Association between Individual Proteins and Clinical Outcomes

Dividing the SVHD cohort by the population median for each clinical variable, we evaluated
whether the measured pre-operative or post-operative proteome (n=27) was associated with
the outcome variables of interest. There was no global difference in the pre-operative
systemic venous proteome between patients with more or less post-operative hypoxemia,
chest tube drainage, or ETT. No individual systemic vein proteins at the pre-operative time
point were statistical predictors of better or worse post-operative clinical outcomes. There
were also no global or individual protein differences within the SVHD cohort when divided
by patient sex.

We then evaluated whether the measured pre-operative pulmonary vein proteome was
associated with the clinical outcome variables of interest within the SVHD cohort. There
was no significant relationship between the pre-operative pulmonary venous proteome and
the primary outcome, post-operative hypoxemia burden. The measured pulmonary venous
proteome did distinguish between subjects with shorter versus longer post-operative ETT
(figure 3a, Accuracy=0.79, R2=0.99, Q2=0.49). The 10 markers with greatest effect on the
proteomic phenotype difference between subjects with shorter versus longer ETT are shown
in figure 3b. On single variable testing, subjects with longer post-operative ETT (greater
than population median 18 hours) had higher levels of the extracellular matrix regulatory
proteins tissue inhibitor of metalloproteinase (TIMP) 1 (1.8x fold difference, p=1.6x1074)
and nidogen-1 (NID1, 1.5x fold difference, p=1.7x107%).
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The measured proteome at 24 hours post-operatively distinguished between subjects with
more and less post-operative hypoxemia (figure 3c, Accuracy=0.80, R2=0.99, Q?=0.35).
Proteins with the greatest effect on the proteomic phenotype between the groups included
modulators of the extracellular matrix such as matrix metalloproteinase (MMP) 7 and MMP
12 (figure 3d). On single variable testing, subjects with more post-operative hypoxemia had
highly significant changes in levels of MMP 7 (+1.5x fold difference, p=1.97 x 107°) and
platelet activating factor acetylhydrolase (PLA2G7, —1.4x fold difference, p=2.3 x 1074
compared to those with a lower hypoxemia burden. Reaching intermediate significance by
FDR, MMP 12 (p=0.0012, FDR=0.046) and prostasin (p=0.0003, FDR=0.019) levels were
also higher in subjects with greater post-operative hypoxemia while stem cell factor (SCF,
p=0.0004, FDR=0.019) levels were lower.

Discussion

In this study we used a targeted proteomic approach to evaluate 184 circulating,
cardiovascular disease-related proteins in both SVHD patients undergoing Stage 2 palliation
and healthy controls. We report (1) downregulation of inflammatory mediators and
upregulation of vascular tone modulators in the circulating proteome of inter-stage SVHD
infants compared to healthy controls, (2) vast changes in the immediate post-Stage 2
proteome, (3) distinct pre-operative pulmonary vein and post-operative systemic vein
proteomes between subjects with more and less favorable immediate post-Stage 2 outcomes,
and (4) an association between altered circulating levels of multiple proteins, including
extracellular matrix-regulating proteins MMP 7, MMP 12, and TIMP-1, and post-Stage 2
morbidity. This is the first study to evaluate the proteome of infants with SVHD undergoing
staged palliation and to identify candidate circulating biomarkers of pulmonary vascular
inadequacy in this population.

Inter-Stage SVHD Proteome

The inter-stage period is known to be a high risk time for infants with SVHD.# Even with
optimally balanced systemic and pulmonary blood flow, during inter-stage there is systemic
arterial hypoxemia and the single ventricle is volume loaded.2 Further, any perturbation in
resistance to pulmonary or systemic flow can lead to significant morbidity either from too
much pulmonary perfusion (pulmonary edema, decreased systemic blood flow) or too little
(hypoxemia).2

Our finding that the targeted cardiovascular proteome of inter-stage SVHD subjects is
readily distinguishable from healthy controls underscores the broad-reaching implications of
the stress imposed by inter-stage SVHD physiology. This finding is aligned with prior work
demonstrating distinct proteomic patterns in patients with other cardiovascular stressors
including children with pulmonary hypertension secondary to CHD, those with ventricular
septal defect, and adults with congestive heart failure.14:1517 Further, the breadth of the
biochemical changes seen underscores the importance of systems-based approaches to
define complex interactions not well captured by single biomarker strategies.

Focusing on the individual proteins that differ between SVHD infants and healthy controls,
three patterns are notable. First, SVHD subjects have decreased concentration of molecules
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related to circulating platelet and white blood cell adhesion. Specific examples include L-
selectin, CD40-ligand, intercellular adhesion molecule 3 (ICAM3), and P-selectin
glycoprotein ligand 1 (PSGL-1). Although not previously studied in patients with CHD,
prior reports suggest that circulating levels of these molecules may be decreased by
treatment with non-steroidal anti-inflammatory agents.18-20 Therefore, these changes may
reflect the effect of aspirin therapy that is standard practice for inter-stage SVHD patients at
most institutions. Whether these changes truly represent aspirin effect or are markers of
altered leukocyte migration in SVHD subjects is an important area for future study.

Second, there is downregulation among SVHD subjects of circulating pro-inflammatory
cytokines. Specific examples include interleukin (IL) 18, IL1 receptor ligand 2, and tumor
necrosis factor receptor superfamily member 13B (highly significant) along with CXC motif
chemokine 1, IL7 receptor, leukocyte immunoglobulin-like receptor subfamily B1, serum
amyloid protein A4, and lymphotactin (intermediate significance). These findings align with
prior work demonstrating lymphopenia in many SVHD infants before both the stage 2 and
stage 3 operations.2! Certain of these individual pro-inflammatory proteins have previously
been associated with chronic lung disease; increased IL 18 levels in particular have been
implicated in worsening pulmonary fibrosis and pulmonary arterial hypertension,22:23
Decreased circulating pro-inflammatory mediators, and IL 18 in particular, in SVHD cases
may reflect an anti-inflammatory protective adaption to inter-stage physiology. These
changes could also have implications for maintenance of proper immune function in this
population and may be affected by the sub-total thymectomy associated with sternotomy for
stage 1 operation in 26 of the 29 SVHD cases.

Third, SVHD subjects have increased circulating levels of mediators of vascular tone.
Specific examples include angiotensin converting enzyme 2 (ACE2), adrenomedullin
(ADM), and B-type natriuretic peptide (BNP). ACE2 decreases the activity of the
vasoconstrictive and pro-remodeling renin-angiotensin-aldosterone (RAA) axis and is
protective against both systemic and pulmonary hypertension.24 Higher circulating ACE2
levels are associated with survival among adult subjects with acute respiratory distress
syndrome.2> ADM is an endogenous pulmonary vasodilator that also inhibits the RAA axis,
decreases pulmonary vascular permeability, and is protective in pulmonary hypertension
patients.28:27 Subjects in our SVHD cohort also had increased BNP compared to controls,
likely due to the chronic volume load on the single ventricle.28 While frequently measured
as a peripheral blood biomarker of heart failure, BNPs direct effect /n vivois to promote
diuresis and vasodilation while opposing RAA axis activity in line with the effects of ACE2
and ADM.2? We hypothesize, therefore, that increased circulating ACE2, ADM, and BNP in
SVHD subjects represents a counter-regulatory response to elevated neuro-hormonal tone.

Two additional proteins of note showed markedly higher levels in cases than controls.
Fibroblast growth factor (FGF) 23, highly involved in phosphate and vitamin D metabolism,
is linked to cardiomyocyte hypertrophy, hypoxia response, and pulmonary artery
vasoconstriction.30 In the context of prior work showing higher circulating levels associated
with adverse hemodynamics in pulmonary hypertension, FGF 23 activation in SVHD
patients may reflect a pathologic response.30 Pappalysin-1 is a metalloproteinase produced
by several tissues that has been detected in high levels among adult patients with pulmonary
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pathology including obstructive sleep apnea.3! Not well studied in children, the significance
of pappalysin elevation in this population will be an important area for future study.

Proteomic Shifts after Stage 2 Palliation

All SVHD subjects who underwent Stage 2 had their operation performed using
cardiopulmonary bypass (CPB). Prior studies investigating the effect of CPB on the
proteome of infants have shown significant post-operative changes in proteins involved in
systemic inflammation and regulation of coagulation.32-34 Qur results mirror these findings
with increased concentration (highly significant) of several proteins involved in the
inflammatory cascade, including known acute phase reactants IL6, IL27, oncostatin-M-
specific receptor (OSMR), and pentraxin-related protein 3 (PTX3) as well as increased
levels of 1L18, FGF 23, C-C motif chemokines 14 and 18, and IL1 receptor-like2 reaching
intermediate significance.

Proteomic analysis also demonstrated changes in multiple proteins involved in regulation of
fluid status and vascular tone. Similar to a prior study of the Stage 3 operation for SVHD,
BNP concentration rose post-operatively in our population.3® Two key vascular mediators
were significantly increased after surgery: ADM and FGF 21. Both are vasodilator
molecules with RAA antagonism activity.26:36 A prior study of the RAA axis in subjects
with SVHD undergoing stage 2 and 3 operations found that subjects with greater RAA
activation had greater risk of post-operative complications, including pleural effusions.3”
Activation of ADM and FGF 21 may be a helpful response to balance RAA activity.

Proteomic Phenotype Associated with post-Stage 2 Clinical Outcomes

In this study we report the novel finding that, within the SVHD cohort, proteomic patterns
readily distinguish between groups of infants with variable clinical outcomes. Several
clinical studies have noted the significant risk SVHD subjects face for post-Stage 2
morbidity.3:6:89:38 Our cohort experienced a similar morbidity burden that was not well
predicted by conventional markers of post-operative risk such as pulmonary vascular
resistance and pulmonary artery pressure. Previous studies have shown an association
between an individual’s proteomic fingerprint and disease severity in idiopathic pulmonary
fibrosis, chronic heart failure, and end stage renal disease.12:13:39 Our results align with
these findings and underscore the potential role of proteomic phenotyping in understanding
an individual patient’s clinical risk.

Extracellular Matrix Proteins in Infants Undergoing Stage 2 Palliation

Among the seven proteins associated with unfavorable clinical outcomes in our study, three
are modulators of extracellular matrix composition: MMP 7, MMP 12, and TIMP-1. The
MMP family of proteins act as proteolytic agents and regulators of the extra-cellular matrix
in a variety of tissues.%0 Increased circulating concentrations of both MMP 7 and MMP 12
have been implicated in the pro-fibrotic phenotype of chronic remodeling seen in pulmonary
arterial hypertension, idiopathic pulmonary fibrosis, and systemic sclerosis with pulmonary
involvement patients.#143 Acutely, increases in circulating levels of multiple MMP family
members occur after cardiopulmonary bypass in other populations and are associated with
severity of acute lung injury.#4-46 Our finding that post-operative MMP concentrations are
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increased in the subset of SVHD subjects with greater hypoxemia burden may reflect
increased post-operative acute lung injury in that sub-cohort. Whether MMP activation
persists late after stage 2 palliation and causes chronic extra-cellular matrix remodeling will
be an important area for future research.

TIMP-1 is an inhibitor of the MMPs and major regulator of extra-cellular remodeling.4’
Although we do not know of any prior study of TIMP-1 measured in human pulmonary
veins, increased systemic circulating TIMP-1 is strongly associated with pathologic
remodeling in patients with pulmonary hypertension, idiopathic pulmonary fibrosis, and
chronic obstructive pulmonary disease.4”-49 Our finding that TIMP-1 measured in the pre-
operative pulmonary veins but not in the systemic veins was associated with prolonged
endotracheal intubation time suggests that certain SVHD patients may have an inter-stage
pro-remodeling pulmonary milieu that places those children at higher risk for difficulty
separating from the mechanical ventilator.

SCF concentration was decreased post-operatively in subjects with greater hypoxemia
burden. In addition to its hematopoietic effects, SCF modulates endothelial permeability and
increases endogenous NO production through phosphorylation of NO synthase.>? The role
of SCF in the response to stage 2 palliation and cardiopulmonary bypass is an important area
for future study.

This study has several important limitations. Our center is located approximately 5000 feet
above sea level potentially affecting generalizability to centers at lower elevation. As a
single center study focusing on a rare disease, the sample size is modest. Because of this and
the large number of protein targets selected, the power of subgroup analyses is limited.
Variations in clinical practice between subjects including vasoactive medication and blood
product exposure may confound our results, including analysis of the post-operative samples
in particular. Our data also include a large number of proteins with p values between 0.05
and 0.00027 between the various groups, indicating that the conservative Bonferroni
correction is likely underestimating the number of proteins affected both during the inter-
stage period and following stage 2 palliation (type 2 error). We therefore additionally report
the less-conservative FDR correction as a complement to Bonferroni. Studies using absolute
quantification methodologies in larger populations will be important to validate these results.
Quantitative mapping of the protein families and their regulators found to be important in
this cohort will also be an important area for future work. As this study is focused entirely
on the peri-stage 2 period, longitudinal studies evaluating the relationship between change in
protein targets over time and clinical outcomes will also be of great interest. Despite similar
inclusion criteria, the enrolled control subjects were slightly older and trended toward a
greater male predominance than the SVHD cases. Given the biologic plausibility of the
proteins identified as different between the groups and the small absolute demographic
difference (median 4 months versus 6 months), we believe it is unlikely that these variables
are playing a major role in our results. However, future studies focusing on the effect of age
and sex on the proteome will be important. This study includes comparison of SVHD
patients with healthy controls but no evaluation of non-SVHD CHD patients; comparison of
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the proteome between subjects with SVHD and those undergoing cardio-pulmonary bypass
for repair of biventricular lesions is needed. Given our modest sample size and the multiple
factors that can affect the clinical outcomes chosen, the associations noted between proteins
of interest and clinical outcomes should be considered hypothesis generating; future studies
validating these findings and exploring their pathophysiologic significance will be of great
importance.

Conclusions

We report the novel finding that the circulating proteome of inter-stage infants with SVHD
differs significantly from healthy controls, showing decreased inflammatory cytokines and
increased vascular tone modulators. Twenty-four hours after Stage 2 palliation, SVHD
infants demonstrate a significant acute phase reaction as well as increased levels of RAA
axis antagonists compared to their pre-operative baseline. Altered post-operative MMP 7,
PLA2G7, prostasin, SCF, and MMP 12 and pre-operative TIMP-1 and nidogen-1 are
associated with adverse post-operative clinical outcomes.
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Brief Commentary
Background

Single ventricle heart disease (SVHD) affects ~1/1000 live births and is fatal without
intervention. Clinical monitoring of SVHD infants is limited by poor understanding of
underlying pathobiology. Proteomics can identify novel biomarkers in complex disease
such as SVHD.

Trandational significance

The circulating proteome of inter-stage infants with SVHD differs from healthy controls,
showing decreased inflammatory cytokines and increased vascular tone modulators.
Twenty-four hours after Stage 2 surgical palliation, subjects demonstrate an acute phase
reaction and increased renin-angiotensin-aldosterone axis antagonists. Altered MMP 7,
PLA2G7, prostasin, SCF, MMP 12, TIMP-1, and nidogen-1 are associated with adverse
post-operative clinical outcomes.
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Figure 1:

Comparison of the Proteomic Signature between Inter-Stage SVHD Cases (1) and Controls
(0). A) Partial least squares-discriminant analysis demonstrates a significant global shift in
the proteome between controls (red circles) and SVHD cases pre-operatively (green circles).
Accuracy=0.98, R2=0.93, Q2=0.81. B) Variable importance projection scores for the 15 most
important proteins to distinguish the proteome of SVHD cases and controls. FGF=fibroblast
growth factor, AGRP=Agouti-related protein, SELL=L-selectin, ADM=adrenomedullin,
ICAM=intercellular adhesion molecule, PSGL=P-selectin glycoprotein ligand,
APOM=apolipoprotein M, THPO=thrombopoietin, ACE=angiotensin converting enzyme,
IL=interleukin, IL1 RL2=IL1 receptor ligand 2, GIF=gastric intrinsic factor, TF=tissue
factor, CR=complement receptor.
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Figure 2:
Comparison of the Proteomic Signature between SVHD Cases before Stage 2 (1) and 24-

hour Post-Stage 2 (2). A) Partial least squares-discriminant analysis demonstrates a
significant global shift in the proteome between pre-op (red circles) and 24h post-op (green
circles). Accuracy=0.98, R?=0.99, Q%=0.92. B) Variable importance projection scores for the
15 most important proteins to distinguish the proteome of SVHD cases and controls.
CNDP=B-Ala-His dipeptidase, IL=interleukin, PTX=pentraxin-related protein,
LPL=lipoprotein lipase, SERPIN=plasma serine protease inhibitor, OSMR=oncostatin-M-
specific-receptor, TIMP=tissue inhibitor of metalloproteinases, HO=heme oxygenase,
SOD=superoxide dismutase, VEGFD=vascular endothelial growth factor D, GDF=growth/
differentiation factor, F7=factor VII, TNFR SF=tumor necrosis factor receptor superfamily.
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Figure 3:
Comparison of the post-operative proteomic signature between SVHD Cases with better (0)

and worse (1) clinical outcomes. A) Partial least squares-discriminant analysis (PLS-DA)
demonstrates a distinct pre-operative pulmonary vein (PV) proteome between those with
shorter (red circles) and longer (green circles) post-operative intubation time.
Accuracy=0.79, R2=0.99, Q2=0.49. B) Variable importance projection scores for the 10
proteins with greatest impact distinguishing between the pre-operative PV proteome of those
with shorter v. longer post-op intubation duration. C) PLS-DA demonstrates a distinct post-
operative proteome between those with lesser (red circles) and greater (green circles)
hypoxemia burden in the first 24 hours after surgery. Accuracy=0.80, R2=0.99, Q2=0.35. B)
Variable importance projection scores for the 10 proteins with greatest impact distinguishing
between the post-operative proteome of those with lesser v. greater hypoxemia burden.
TIMP1=tissue inhibitor of metalloproteinases, NID=nidogen, TIMD=t-cell immunoglobulin
and mucin domain protein, CA=carbonic anhydrase, COL=collagen, ITGB1BP2=integrin
betal binding protein 2, C2=complement 2, GP1BA=Platelet glycoprotein 1b alpha,
CTSL=cathepsin, BNP=Db-type natriuretic peptide, MMP=matrix metalloproteinase,
PLA2G7=platelet activating factor acetyl hydrolase, PRSS8=prostasin, SCF=stem cell
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factor, THPO=thrombopoietin, FGF=fibroblast growth factor, PRSS2=trypsin 2,
DECR1=2 4dienoyl-CoA reductase, SAA=serum amyloid A.
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Demographics

Table 1.

SVIFnEZ%?ses Controls(n=25) P Value
Sex (F) 15 (52%) 8 (32%) 0.224
Weight [kg] 55(52-6.2)  7.9(7.1-8.8) 0.001
Age [m] 45(3.9-54)  6.8(6.0-8.7) 0.001
HLHS 17 (59%)
Unbalanced AVSD 4 (14%)
Diagnosis DORV 5 (17%)
DILV 2 (7%)
TA 1(3%)
Norwood 17 (59%)
PA Band 4 (14%)
Stage 1
Shunt 5 (17%)
None 3 (10%)
Mean PA Pressure [mmHg] 12 (11-15)
PVRI [units*m?] 1.6 (1.3-2.3)
Pre-Stage 2 Cath Qp/Qs 1.3(0.9-1.8)
02 Saturation [%] 75% (73-80)
Cath-Surgery Delay [d] 20 (12-43)
CPB time [m] 138 (106-176)
Chest tube duration [d] 3(2-4)
Chest tube drainage [mL] 153 (90-163)
ET intubation duration [h] 18 (9-40)
Post Stage 2 Outcomes  Mean saturation first 24 hours [%] 79 (76-80)
Percent of Time below 70% SpO2 first 24 hours [%] 4.3 (1.7-9.0)
Discharge SpO2 [%] 83 (80-86)
Discharge ETRA or PDE 5i [n] 12 (41%)
Discharge oxygen therapy [n] 29 (100%)

Page 21

Data represented as median (IQR) or n (%). HLHS=hypoplastic left heart syndrome, AVSD=atrioventricular septal defect, DORV=double outlet

right ventricle, DILV=double inlet left ventricle, TA=tricuspid atresia, PA=pulmonary artery, PVRi=indexed pulmonary vascular resistance,
CPB=cardio pulmonary bypass, ET=endotracheal, ETRA=endothelin receptor antagonist, PDE 5i=phosphodiesterase type 5 inhibitor.
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Table 2.

Proteins with Different Concentration (corrected p<0.05) Between Pre-Op SVHD Cases and Controls

Protein Fold Change | Raw P Value Category
PSGL-1 -1.3x 1.70E-07 Inflammation
CD46 -1.4x 8.62E-05 Inflammation
ILIRL2 -1.5x 4.70E-06 Inflammation
TNFR SF13B -1.5x 1.74E-04 Inflammation
ICAM3 -1.6x 1.30E-08 Inflammation
CD84 -1.7x 1.15E-05 Inflammation
THPO -1.7x 2.87E-07 Inflammation
CR2 -1.8x 3.91E-06 Inflammation
L-Selectin -1.9x 7.62E-12 Inflammation
I1L18 -1.9x 9.07E-07 Inflammation
CD40-L -3.0x 5.61E-05 Inflammation
AGRP +2.4x 2.55E-12 Cell Metabolism
Sortilin 1 -1.3x 2.06E-04 Cell Metabolism
CA3 -1.4x 1.18E-04 Cell Metabolism
APOM -1.6x 1.80E-07 Cell Metabolism
GIF -2.1x 4.61E-06 Cell Metabolism
BNP +3.2x 7.28E-06 Vascular Tone
ACE2 +1.9x 9.19E-07 Vascular Tone
Adrenomedullin +1.6x 6.19E-09 Vascular Tone
ANGPT1 -1.7x 3.06E-04 Vascular Tone
Tissue Factor -1.4x 3.36E-06 Coagulation
™ -1.5x 1.09E-04 Coagulation
Protein C -1.7x 4.01E-05 Coagulation
FGF-23 +5.2x 1.04E-12 Other
Pappalysin-1 +3.1x 4.02E-05 Other
AMBP -1.3x 4.77E-06 Other
hOSCAR -1.3x 1.89E-04 Other
KIT -1.4x 9.71E-07 Other
CRTAC1 -1.4x 1.06E-04 Other
SPARCL1 -1.4x 1.35E-04 Other
PRSS 27 -1.5x 2.27E-05 Other
IGFBP6 -1.5x 4.20E-05 Other

Bold signifies concentration higher in cases than controls, Bonferroni corrected P<0.05. Values represent mean fold difference in protein
concentration between cases and controls. FGF=fibroblast growth factor, ICAM=intercellular adhesion molecule, PSGL=P-selectin glycoprotein
ligand, THPO=thrombopoietin, IL=interleukin, CR=complement receptor, ILIRL2=IL1 receptor ligand 2, TNFR SF=tumor necrosis factor
receptor superfamily, AGRP=Agouti-related protein, APOM=apolipoprotein M, GIF=gastric intrinsic factor. CA=carbonic anhydrase,
ACE=angiotensin converting enzyme, BNP=B-natriuretic peptide, ANGPT=angiopoietin, TM=thrombomodulin, PRSS=serine protease,
IGFBP=insulin-like growth factor binding protein, CRTAC=cartilage acidic protein, SPARCL=Sparc-like protein, hOSCAR=0steoclast-associated
immunoglobulin-like receptor. N=29 cases and 25 controls.
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Table 3.
Proteins with Different Concentration (corrected p<0.05) Among SVHD Cases Between Pre-Op and Post-Op

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Protein Fold Change | Raw P Value Category
IL6 +47.2x 2.62E-17 Inflammation
IL-1RA +3.8x 1.63E-10 Inflammation
PTX3 +2.9x 1.05E-15 Inflammation
LCN2 +2.9x 1.15E-05 Inflammation
CEACAM 8 +2.2X 1.67E-05 Inflammation
CTsL1 +2.0x 1.96E-08 Inflammation
1L27 +1.9x 2.04E-12 Inflammation
FCGR2A +1.8x 1.39E-04 Inflammation
TNFR SF10A +1.7x 2.98E-08 Inflammation
TRAILR2 +1.5x 9.81E-06 Inflammation
OSMR +1.4x 1.49E-09 Inflammation
IGGFcRIIb +1.4x 4.14E-05 Inflammation
SOD2 +1.2x 5.15E-08 Inflammation
DPP4 -1.3x 3.42E-05 Inflammation
CD4 —-1.4x 1.07E-05 Inflammation
FAP -1.4x 8.88E-06 Inflammation
TNFR SF13B —-1.4x 4.21E-06 Inflammation
XCL1 -1.5x 6.60E-05 Inflammation
Ficolin2 -1.6x 2.75E-05 Inflammation
SERPINA5 -2.3x 2.39E-11 Inflammation
CAl +3.0x 2.89E-06 Cell Metabolism
CA3 +1.7x 4.65E-06 Cell Metabolism
SAA4 +1.7x 6.13E-07 Cell Metabolism
Intrinsic Factor -1.7x 2.43E-05 Cell Metabolism
FABP2 —2.0x 2.12E-07 Cell Metabolism
LPL -2.3x 2.86E-13 Cell Metabolism
FGF21 +6.5x 3.16E-07 Vascular Tone
BNP +4.3x 1.96E-09 Vascular Tone
TIMP1 +3.0x 1.16E-08 Vascular Tone
ADM +1.8x 5.13E-07 Vascular Tone
Decorin +1.3x 2.46E-06 Vascular Tone
GDF2 -1.7x 1.34E-08 Vascular Tone
VEGFD —2.0x 2.39E-11 Vascular Tone
TPO +1.4x 6.57E-06 Coagulation
Factor VII -1.7x 5.90E-08 Coagulation
PAR1 -2.3x 6.90E-06 Coagulation
CNDP1 +5.0x 1.39E-16 Other
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Protein Fold Change | Raw P Value Category
HO +2.3x 1.54E-09 Other
FetuinB -1.3x 1.59E-04 Other
NCAM1 -1.5x 4.86E-07 Other
BOC —-1.5x 1.30E-05 Other
HAOX1 -3.0x 1.38E-04 Other
Pappalysin-1 -3.3x 1.23E-04 Other

Bold signifies serum concentration higher in post-op than pre-op Bonferroni corrected P<0.05. Values represent mean fold difference in protein
concentration between pre-op and post-op. IL=interleukin, PTX=pentraxin-related protein, IL-1RA=IL-1 receptor antagonist, SERPIN=serine
protease inhibitor, OSMR=oncostatin-M-specific-receptor, FCGR=Fc region gamma receptor, SOD=superoxide dismutase, TNFR SF=tumor
necrosis factor receptor superfamily, CTSL=cathepsin L, LCN=neutrophil gelatinase-associated lipocalin, TRAIL=TNF-related apoptosis-inducing
ligand, FAP=prolyl endopeptidase, CEACAM=carcinoembryonic antigen related cell adhesion molecule, DPP=dipeptidy! peptidase,
XCL=lymphotactin, LPL=lipoprotein lipase, CA=carbonic anhydrase, SAA=serum amyloid A, FABP=fatty acid binding protein,, TIMP=tissue
inhibitor of metalloproteinases, VEGFD=vascular endothelial growth factor D, GDF=growth/differentiation factor, ADM=adrenomedullin, BNP=b-
natriuretic factor, FGF=fibroblast growth factor, PAR=proteinase-activated receptor, TPO=thrombopoietin, CNDP=B-Ala-His dipeptidase,
HO=heme oxygenase, NCAM=neural cell adhesion molecule, BOC=brother of CDO, HAOX=hydroxyacid oxidase. N = 27.
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