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The transcatheter aortic valve replacement (TAVR) procedure has emerged as a minimally invasive
treatment for patients with aortic valve stenosis (AVS). However, alterations in serum factor
composition and biological activity after TAVR remain unknown. Here, we quantified the systemic
inflammatory effects of the TAVR procedure and hypothesized that alterations in serum factor
composition would modulate valve and cardiac fibrosis. Serum samples were obtained from
patients with AVS immediately before their TAVR procedure (pre-TAVR) and about 1 month
afterward (post-TAVR). Aptamer-based proteomic profiling revealed alterations in post-TAVR
serum composition, and ontological analysis identified inflammatory macrophage factors
implicated in myofibroblast activation and deactivation. Hydrogel biomaterials used as valve
matrix mimics demonstrated that post-TAVR serum reduced myofibroblast activation of valvular
interstitial cells relative to pre-TAVR serum from the same patient. Transcriptomics and curated
network analysis revealed a shift in myofibroblast phenotype from pre-TAVR to post-TAVR and
identified p38 MAPK signaling as one pathway involved in pre-TAVR-mediated myofibroblast
activation. Post-TAVR serum deactivated valve and cardiac myofibroblasts initially exposed to pre-
TAVR serum to a quiescent fibroblast phenotype. Our in vitro deactivation data correlated with
patient disease severity measured via echocardiography and multimorbidity scores, and
correlations were dependent on hydrogel stiffness. Sex differences in cellular responses to male
and female sera were also observed and may corroborate clinical observations regarding sex-
specific TAVR outcomes. Together, alterations in serum composition after TAVR may lead to an
antifibrotic fibroblast phenotype, which suggests earlier interventions may be beneficial for
patients with advanced AVS to prevent further disease progression.

One-sentence summary:

Transcatheter aortic valve replacement alters a patient’s serum proteome, reversing valvular
interstitial cell and cardiac myofibroblast activation.

Editor’'s Summary: Responding to replacement

Aortic valve stenosis (narrowing of the aortic valve) contributes to inadequate blood flow, fibrosis,
hypertrophy, and, ultimately, heart failure. Transcatheter aortic valve replacement (TAVR)
improves blood flow, but little is known about cardiac remodeling after the procedure. Aguado and
colleagues performed proteomics on serum samples collected from patients before and after TAVR
and studied the effects of serum on valve and cardiac cells using hydrogel culture platforms. A
role for p38 MAPK signaling in activating cells was identified using pre-TAVR serum, whereas
post-TAVR serum returned cells to a quiescent state. Along with preliminary insights into sex-
specific differences, the authors’ research supports a role for TAVR-induced alteration of
circulating inflammatory cytokines in regulating valve cell phenotype.

INTRODUCTION

Severe aortic valve stenosis (AVS) is a progressive disease characterized by aberrant fibrosis
and/or calcification of aortic valve leaflets, leading to inadequate blood flow (1). AVS affects
more than the aortic valve; patients also experience increased cardiac hypertrophy and
fibrosis during disease progression, which eventually leads to heart failure (2—-4). The
prevalence of degenerative AVS increases with patient age, affecting 12.4% of the
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population over 75 years old, and is considered severe in 3.4% of patients (3). Unfortunately,
over 50% of patients succumb to severe AVS 2 years after diagnosis if the disease remains
untreated (5). Currently, surgical or transcatheter aortic valve replacements (SAVR or TAVR)
serve as the gold standard of treatment for AVS, where a biomaterial-based artificial valve is
implanted at the aortic valve site to restore efficient blood flow (6-8). The transfemoral and
transapical TAVR procedures were approved for patient use by the Food and Drug
Administration in 2011 and 2012, respectively, as less-invasive alternatives to SAVR for
high-risk and/or elderly patients (9). Randomized clinical trials suggest that patients
receiving TAVR show comparable survival rate outcomes to patients receiving SAVR and
that TAVR reverses left ventricular hypertrophy and fibrosis in high-risk surgical patients (9,
10). Hence, there is a need to improve our understanding of how fibrotic tissue remodels
after a TAVR procedure and how patient-specific responses to a valve implant may dictate
TAVR outcomes.

One hallmark and key mediator of AVS progression is the chronic activation of tissue-
specific fibroblasts to myofibroblasts, which are known to cause aberrant tissue stiffening
and subsequent fibrosis upon repeated tissue injury (11). Valvular interstitial cells (VICs)
activate to myofibroblasts to maintain tissue homeostasis during routine valve injury but
remain persistently activated during AVS progression, accompanied by pathological
stiffening of the valve leaflets (11). Likewise, patients with AVS experience increased
hemodynamic and mechanical stresses during disease progression, subsequently driving
increased myofibroblast activation in cardiac tissues (12). After a TAVR procedure,
hemodynamic and mechanical stresses on the valve and cardiac tissues are substantially
reduced, which can improve left ventricle (LV) function and reduce myofibroblast activation
and/or promote myofibroblast deactivation in subsets of patients with AVS (13). Although
reductions in mechanical stress likely account for partial reductions or reversal in
myofibroblast activity, additional biological mechanisms may also be involved in regulating
observed reductions in myofibroblast activation after a TAVR procedure.

Here, serum from patients with AVS was collected before and after a TAVR procedure to
elucidate changes in key biological signals that may regulate myofibroblast phenotype after
surgery. Postprocedural inflammation has been hypothesized to play a role in mediating
TAVR patient outcomes (14). We posit that the systemic inflammatory response to the valve
implant and subsequent release of inflammatory cytokines in patient serum may influence
fibrotic valve tissue remodeling via regulation of myofibroblasts. We hypothesized that the
combination of inflammatory factors in patient serum before TAVR would activate VICs and
cardiac fibroblasts to a myofibroblast state, whereas serum factors after TAVR would
participate in reversing myofibroblast activation. To test this hypothesis, we characterized
the proteome of patient serum samples before and after a TAVR procedure to quantify the
global alterations in serum composition and ontologically identified candidate inflammatory
factors that may mediate myofibroblast activation [bone morphogenic protein 6 (BMP-6),
chemokine C-X-C motif 9 (CXCL9), and interferon-y (IFN-y)] and deactivation [tumor
necrosis factor-a (TNF-a) and interleukin-1p (IL-1p)]. We used patient sera to treat VICs
and adult rat ventricular fibroblasts (ARVFs) cultured on hydrogels that mimic the valve and
cardiac extracellular matrix (ECM) to assess myofibroblast activation as a function of serum
factors. Quantifying the dynamic alterations in the composition of inflammatory cytokines
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after a TAVR procedure may provide insight into the role of circulating serum factors on the
fibroblast-to-myofibroblast transition and potential signals that reverse the pathogenic
myofibroblast phenotype in patients with AVS.

RESULTS

Pre-TAVR serum activates fibroblasts, whereas post-TAVR serum maintains quiescence

We hypothesized that circulating serum factors in patients with AVS would be altered in
response to a TAVR procedure due to the inflammatory response to the implant, which
would subsequently affect myofibroblast phenotypes (15). Serum samples were collected
from patients immediately before and about 1 month after their TAVR procedure (table S1 in
data file S1). Proteomic characterization of patient sera was performed using a SOMAscan
DNA aptamer array, where the relative abundances of 1317 proteins were quantified. After
comparing the logp-transformed relative fluorescence unit (RFU) values representing protein
abundance before and after the TAVR procedure, we identified 283 differentially regulated
proteins [false discovery rate (FDR)—adjusted £ < 0.05; table S2 in data file S1]. A total of
156 proteins were more abundant in pre-TAVR serum, and 127 proteins were more abundant
in post-TAVR serum. Unsupervised hierarchical clustering of differentially expressed serum
proteins, based on correlation distance and average linkage, revealed clustering of protein
composition for 8 of 12 pre-TAVR and 8 of 12 post-TAVR serum samples (Fig. 1A).
SOMAscan data were subsequently analyzed using a scaled principal component analysis
(PCA) to visualize variation between serum samples before and after a TAVR procedure.
Principal component (PC) 1 (45.3%) differentiated pre-TAVR and post-TAVR samples into
clustered groups, suggesting a shift in serum protein composition after a TAVR procedure
(Fig. 1B).

Next, we queried whether factors present in pre-TAVR and post-TAVR sera would affect
myofibroblast activation in vitro. Myofibroblast activation was quantified as the percentage
of cells containing a-smooth muscle actin (a-SMA) stress fibers in an immunofluorescence
image. Aortic VICs seeded on tissue culture polystyrene (TCPS) treated with serum from
patients before and after TAVR showed no significant differences in myofibroblast
activation, although serum from patients A, B, C, D, and E showed trends toward decreased
activation in post-TAVR serum (fig. S1). Recognizing that TCPS causes rampant
myofibroblast activation, in part due to its supraphysiologic stiffness, we next identified
hydrogel formulations (16) that would promote VIC attachment, with moduli that more
closely match the mechanical microenvironments associated with cells in the valve.
Synthetic poly(ethylene glycol) (PEG) hydrogels were generated using photoinitiated thiol-
ene click chemistry (17) to create defined microenvironments that mimic the mechanical
properties of valvular tissue (Fig. 1C). By altering the final PEG polymer weight percent (4
and 10%), soft and stiff hydrogel scaffolds were generated with elastic moduli (E) of 5.8 and
40.4 kPa, which correspond to healthy and fibrotic valve leaflet stiffness, respectively (fig.
S2) (18). Hydrogel stiffness could be tuned to regulate VIC myofibroblast phenotype, where
stiffer hydrogels (intended to mimic fibrotic valve tissue) activated VICs to a myofibroblast
state and the baseline soft formulation allowed long-term culture of quiescent VIC
fibroblasts (19, 20).
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We used the soft PEG hydrogel formulations as a substrate to probe the effects of pre-TAVR
and post-TAVR sera on the VIC fibroblast phenotype. We confirmed that VICs retained a
quiescent fibroblast-like phenotype on soft hydrogels in the presence of both fetal bovine
serum (FBS) (31.3 + 9.5%) and human serum from a healthy male patient (28.1 + 10.8%),
whereas they activated to myofibroblasts (62.3 + 7.1%) in the presence of transforming
growth factor—p1 (TGF-p1) (fig. S3) (21). Using these parameters as negative and positive
controls for myofibroblast activation, respectively, we hypothesized that serum from a
patient obtained before a TAVR procedure would promote a myofibroblast phenotype,
whereas serum from the same patient obtained after a TAVR procedure would maintain
fibroblast quiescence (Fig. 1D). Consistent with our hypothesis, we observed that pre-TAVR
serum activated VICs to a myofibroblast state, and post-TAVR serum maintained fibroblast
quiescence (Fig. 1E). VICs treated with pre-TAVR sera from six of eight patients had
elevated percentages of activated myofibroblasts relative to post-TAVR serum treatments
from the same patient (Fig. 1F). After normalizing the quantified post-TAVR activation
percentages to the average pre-TAVR activation percentage, we observed patient-specific
differences in the fold change reductions of myofibroblast activation in the presence of post-
TAVR serum factors (Fig. 1G).

The phenotypic shifts in myofibroblast activation observed as a function of serum treatment
led us to hypothesize that specific serum factors may be mediating activation and quiescence
in pre-TAVR and post-TAVR sera, respectively. We performed an ontological analysis using
the Database for Annotation, Visualization, and Integrated Discovery (DAVID version 6.8)
to identify enriched gene ontology (GO) functions, including biological processes,
molecular functions, and cellular components categories for proteins up-regulated in pre-
TAVR (table S3 in data file S1) and post-TAVR (table S4 in data file S1) sera. After
categorizing proteins associated with the immune response, extracellular space, and cytokine
signaling, we narrowed down our list of candidate factors that may mediate fibrotic tissue
remodeling. In pre-TAVR serum, we identified 15 candidate factors that promote a fibrotic
phenotype (Fig. 1H). Using the same strategy, we identified 14 candidate factors in post-
TAVR serum that likely promote reverse remodeling of fibrotic tissue (Fig. 11).

VIC transcriptome reveals pathways regulating myofibroblast phenotype in TAVR serum

Next, we sought to identify critical signaling pathways involved in serum-mediated
myofibroblast activation. Using next-generation RNA sequencing techniques to characterize
the transcriptome of VICs treated with pre-TAVR and post-TAVR sera, we hypothesized that
key signaling pathways would emerge as potential regulators of serum-mediated
myofibroblast activation. After comparing the counts per million read values for all samples
(n =8 pre-TAVR patients and 7= 8 post-TAVR patients), 1193 genes were differentially
expressed in VICs treated with pre-TAVR serum relative to post-TAVR serum (FDR-
adjusted Pvalue cutoff of 0.05; table S5 in data file S1). A mean-difference (MD) plot
depicted the 619 up-regulated and 574 down-regulated genes in pre-TAVR serum, as well as
the genes with expression changes greater than 1.0 or less than —1.0 log-twofold change
relative to post-TAVR samples (Fig. 2A). From the differentially regulated gene list, we
curated genes specific to cytoskeletal organization (nine up and two down), ECM
remodeling (seven up and six down), and fibrocalcification (five up and three down)
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processes (Fig. 2B), which revealed a myofibroblast phenotypic shift from pre-TAVR to
post-TAVR (Fig. 2C).

Next, we cataloged the most relevant pathways up- and down-regulated in response to
patient serum samples using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. For up-regulated genes, the mitogen-activated protein kinase (MAPK) pathway,
Hippo pathway, and pathways associated with focal adhesion were enriched and top ranked
according to the gene ratio of up-regulated genes to the total number of genes in the pathway
(table S6 in data file S1 and Fig. 2D). Pathways associated with infection, proteoglycan
signaling, and protein processing in the endoplasmic reticulum were enriched and top ranked
according to the gene ratio for down-regulated genes (table S7 in data file S1 and Fig. 2E).
Next, we identified upstream regulators of myofibroblast activation present in pre-TAVR
serum that act on the MAPK signaling pathway. We generated interaction networks with our
list of differentially regulated genes in pre-TAVR serum using the Ingenuity Pathway
Analysis (IPA) and added the 15 candidate factors regulating myofibroblast activation in pre-
TAVR serum (Fig. 1H) to the top-ranked curated interaction network. Expanding the
network by one interaction to include our 15 candidate factors as nodes showed 7 of 15
factors connected to the network generated using IPA, which serve as upstream regulators of
p38 MAPK (Fig. 2F).

Individual factors in pre-TAVR serum activate VICs on hydrogel valve—ECM mimics

To validate candidate factors as inducers of myofibroblast activation, we used
physiologically relevant hydrogel microenvironments that allow culture of quiescent VIC
fibroblasts. We evaluated the role of IFN-y, BMP-6, and CXCL9, three of the seven
candidate factors identified as upstream regulators of MAPK signaling from our IPA
analysis (Fig. 2F). We observed increased myofibroblast activation as a function of IFN-vy,
BMP-6, and CXCL9 concentrations in VICs seeded on soft hydrogels (fig. S4).

Next, we evaluated the ability of post-TAVR serum to deactivate VICs initially activated
with BMP-6, CXCLD9, or IFN-y and assessed variability in deactivation as a function of
patient sera. During a 5-day study, VICs were seeded on soft hydrogels, treated with 100
ng/ml of IFN-y, BMP-6, or CXCLJ9, and then treated with control or post-TAVR serum from
four patients (Fig. 3A). VICs activated to a myofibroblast state when treated with BMP-6,
despite removing BMP-6 in exchange for control medium, whereas post-TAVR serum
deactivated VICs (Fig. 3B). BMP-6-activated VICs deactivated in the presence of post-
TAVR serum (four of four patient sera tested) (Fig. 3C), with patient-specific differences in
the extent of deactivation (Fig. 3D). Similarly, CXCLJ9 activated VICs to a myofibroblast
state, whereas post-TAVR serum deactivated cells (Fig. 3E). CXCL9-activated VICs
returned to a quiescent state in the presence of post-TAVR serum from all four patient sera
tested (Fig. 3F), with patient-specific differences in deactivation (Fig. 3G). In contrast, IFN-
v did not maintain VIC activation upon removal of the cue (Fig. 3H). Using post-TAVR
serum treatments, only one of four patients’ sera reduced VIC activation after IFN-y
treatment (Fig. 3I), although we did observe patient-specific differences in deactivation as
previously observed with BMP-6 and CXCL9 (Fig. 3J). Together, our data suggest that post-
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TAVR serum contains factors that deactivate myofibroblasts initially treated with candidate
factors identified in pre-TAVR serum.

Pre-TAVR serum regulates myofibroblast activation via MAPK signaling

The convergence of our proteomic and transcriptomic results on MAPK signaling as a
candidate pathway mediating myofibroblast activation in pre-TAVR serum suggested that we
validate the potential role of p38 MAPK in mediating downstream a-SMA stress fiber
formation. We first confirmed VICs had reduced a.-SMA stress fiber formation, even in the
highly activating TCPS microenvironment, in the presence of SB203580, a small-molecule
inhibitor of p38 MAPK activity (fig. S5). Using SB203580 to inhibit p38 MAPK activity in
VICs seeded on soft hydrogels, we observed that p38 MAPK-inhibited VICs had decreased
myofibroblast activation in response to pre-TAVR serum from four patients (selected
because of serum availability) (Fig. 4A). For three of four serum samples tested, we
observed decreased a-SMA stress fiber formation in VICs treated with 20 uM SB203580
relative to vehicle controls (Fig. 4B). We also observed decreased myofibroblast activation
using SB203580 in the presence of individual cytokines (Fig. 4C). Specifically, treatment
with 20 pM SB203580 reduced myofibroblast activation in the presence of BMP-6 and
CXCL9 relative to vehicle controls (Fig. 4D).

Post-TAVR serum reverses valvular myofibroblast activation on soft and stiff hydrogels

Next, we tested the ability of post-TAVR serum to reverse the activated myofibroblast
phenotype using our controlled in vitro hydrogel model. VICs are rampantly activated
toward a myofibroblast state on TCPS, and we did not observe any deactivation of TCPS-
cultured VICs in the presence of post-TAVR serum (fig. S6). VICs activated to a
myofibroblast state using pre-TAVR serum for 48 hours were then treated with either pre-
TAVR or post-TAVR serum from the same patient (Fig. 5A). In the soft hydrogel
microenvironments, we observed deactivation, or reversal of the pre-TAVR-mediated
activation of VICs, by exposure to post-TAVR patient serum (Fig. 5B). For six of eight
patients, VICs remained highly activated in pre-TAVR serum, but the activation was reversed
in the presence of post-TAVR serum (Fig. 5C). We also observed differences in the fold
change deactivation of myofibroblasts between patients (Fig. 5D). There was no significant
correlation between the fold change deactivation values for each patient according to aortic
valve area values measured using echocardiography (Fig. 5E).

To determine whether VIC activation was context specific, we tested whether myofibroblasts
would revert to a fibroblast (quiescent) phenotype in response to serum cues if the
microenvironment was stiffer, similar to that of diseased, fibrotic valve tissue. First, we
confirmed the percentage of activated myofibroblasts was greater on stiff (55.5 £ 10.5%)
relative to soft (37.0 + 11.0%) hydrogels (fig. S7). Post-TAVR serum deactivated
myofibroblasts on stiff hydrogels (Fig. 5F). VICs treated with pre-TAVR serum remained
highly activated on stiff hydrogels, but the myofibroblast population decreased in the
presence of post-TAVR serum from six of eight patients (Fig. 5G). Patient-specific
differences in post-TAVR serum-mediated deactivation were also apparent on stiff hydrogels
(Fig. 5H). We observed a significant negative correlation between fold change deactivation
values and aortic valve area measured by echocardiography, suggesting a link between in

Sci Transl Med. Author manuscript; available in PMC 2020 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aguado et al.

Page 8

vitro myofibroblast deactivation on stiff hydrogels and valve area, where decreased valve
area serves as an indicator of AVS disease severity (Fig. 5I).

Post-TAVR serum reverses cardiac myofibroblast activation on soft and stiff hydrogels

Given clinical data suggesting fibrotic left ventricular tissue remodels after TAVR, we
investigated how post-TAVR serum factors deactivate cardiac myofibroblasts. LV ARVFs
were seeded on soft or stiff hydrogels and treated with pre-TAVR and post-TAVR sera, as
described for VICs (Fig. 5A). Fibrotic cardiac tissue is considerably stiffer than fibrotic
valvular tissue (22, 23); therefore, we altered our stiff hydrogel formulation to generate 278-
kPa hydrogels (fig. S2). We confirmed ARVFs are mechanosensitive, because ARVFs
maintained low activation on soft hydrogels in both FBS (24.0 + 6.6%) and healthy human
serum (28.6 + 21.4%) but increased activation on stiff hydrogels (FBS, 61.7 £ 8.1%; healthy
human serum, 60.1 + 16.8%) (fig. S8).

Pre-TAVR serum activated ARVFs seeded on soft hydrogels to differentiate into
myofibroblasts, and a subsequent post-TAVR serum treatment deactivated the cells (Fig.
6A). For five of eight patients, ARVFs activated in pre-TAVR serum and deactivated when
treated with post-TAVR serum (Fig. 6B). Patient-specific deactivation fold changes were
observed (Fig. 6C), which correlated with deactivation fold changes observed in VICs (fig.
S9). Cardiac myofibroblasts showed high activation in pre-TAVR serum on stiff hydrogels,
and activation was significantly reduced in post-TAVR serum (Fig. 6D). For seven of eight
patients, ARVFs were activated by pre-TAVR serum and deactivated upon treatment with
post-TAVR serum (Fig. 6E), showing patient-specific deactivation (Fig. 6F).

Fold change deactivation values of ARVFs treated with individual patient sera on soft
hydrogels did not correlate with Society of Thoracic Surgery (STS) risk scores of patient
mortality after TAVR (Fig. 6G); however, STS scores correlated with patient-specific serum
deactivation values on stiff hydrogels (Fig. 6H). Similarly, ARVF deactivation data on soft
hydrogels did not correlate with left ventricular internal diameter measurements in both
systole (LVIDs; Fig. 61) and diastole (LVIDd; Fig. 6J), whereas stiff hydrogel ARVF
deactivation data negatively correlated with LVIDs (Fig. 6K) and LVIDd (Fig. 6L)
measurements. Thus, ARVFs that were less reversible in vitro corresponded to more
severely diseased patients with reduced LV diameters due to wall thickening.

Validating inflammatory factors mediating myofibroblast deactivation using stiff hydrogels

Given the complex milieu of factors present in post-TAVR serum that override mechanical
signals from the matrix environment, we next sought to validate key serum proteins as
mediators of the observed myofibroblast deactivation. On the basis of our SOMAscan
results, we selected the inflammatory cytokines IL-1p and TNF-a,, which were both more
abundant in post-TAVR serum relative to pre-TAVR serum. We hypothesized that TNF-a
and IL-1p would deactivate myofibroblasts on stiff hydrogels, and subsequently observed
decreases in myofibroblast activation as a function of cytokine concentration (fig. S10).
VICs cultured on stiff hydrogels treated with pre-TAVR serum remained activated when
subsequently treated with control media, whereas activated cells subsequently treated with
IL-1B and TNF-a. (10 ng/ml) deactivated, with reduced a-SMA stress fiber formation (Fig.
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7, A and B). For three of four serum samples tested, IL-1p and TNF-a deactivated pre-
TAVR-activated VICs (Fig. 7C). Patient-specific differences were observed in the
deactivation fold changes (Fig. 7, D and E).

Next, we queried the role of inflammatory cytokines released from M1 proinflammatory
macrophages in deactivating VICs. THP-1 monocytes were differentiated into M1
macrophages and used to generate conditioned media for VIC culture. As hypothesized,
conditioned medium from M1 macrophages deactivated VICs seeded on stiff hydrogels in a
concentration-dependent manner (Fig. 7, F and G). Enzyme-linked immunosorbent assay
(ELISA) confirmed that conditioned medium from M1 macrophages contained increased
TNF-a (562.7 £ 68.5 pg/ml) and IL-1p (207.1 = 12.3 pg/ml) relative to control medium
(Fig. 7H), further suggesting these M1 macrophage factors are involved in deactivating
myofibroblasts.

Sex-specific differences in serum-mediated activation and deactivation

Recognizing that male and female patients experience different outcomes in fibrotic tissue
remodeling after TAVR (24, 25), we reanalyzed our VIC activation and deactivation data,
looking for differences in responses to serum from male and female patients. We observed
that five of eight pre-TAVR samples and six of eight post-TAVR samples from male patients
clustered together and three of four post-TAVR serum samples from female patients
clustered together (fig. S11). Pooling the quantified myofibroblast activation results
according to the sex of the patient demonstrated that 26.5 + 9.8% of VICs treated with post-
TAVR serum from male patients were activated to myofibroblasts, lower than 37.4 + 8.4% of
VICs treated with post-TAVR serum from female patients (Fig. 8A). The fold change in VIC
activation was reduced in male serum relative to female serum (Fig. 8B). Upon reanalyzing
our pre-TAVR versus post-TAVR proteomic results and separating by sex (=8 male
patients and /7= 4 female patients), we observed a total of 39 proteins with abundance
changes in female serum, whereas we observed 347 proteins to have altered abundances in
male serum, with 88 differentially regulated proteins in common between sexes (Fig. 8C).
IL-1B and TNF-a were more abundant in male post-TAVR serum relative to pre-TAVR
serum; BMP-6 was more abundant in male pre-TAVR serum relative to post-TAVR; and
CXCL9 and IFN-y were more abundant in both male and female pre-TAVR serum relative
to post-TAVR serum (table S8 in data file S1). Reanalyzing our transcriptomics data (7= 4
male patients and /7= 4 female patients) revealed a total of 23 genes in VICs were
differentially regulated when treated with female serum, whereas 452 genes were
differentially regulated when treated with male serum, with 35 differentially regulated genes
in common between male and female serum-treated VICs (Fig. 8D and table S9 in data file
S1).

We also observed sex-specific differences in our deactivation experiments on hydrogel
substrates. On soft hydrogels, VICs treated with male pre-TAVR serum for the entire
experiment had higher activation relative to female pre-TAVR serum treatments, and VICs
deactivated with post-TAVR serum showed less deactivation in male serum relative to
female serum (Fig. 8, E and F). Similar trends were observed in ARVFs, where male and
female post-TAVR serum deactivated myofibroblasts on soft substrates, with less
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deactivation in male serum relative to female serum (Fig. 8, G and H). Because we
demonstrated that deactivation fold changes on stiff hydrogels correlated with patient data,
we next analyzed sex differences in deactivation on stiff hydrogels. VICs treated with serum
from male and female patients activated in pre-TAVR and deactivated in post-TAVR
similarly (Fig. 81), with no change in fold change deactivation (Fig. 8J). However, ARVFs
treated with male post-TAVR serum showed greater deactivation relative to ARVFs treated
with female serum (Fig. 8K), with a reduction in fold change activation levels (Fig. 8L).

DISCUSSION

Here, we quantified the differences in circulating factor composition in patient sera after a
TAVR procedure, identifying factors that promote valvular and cardiac myofibroblast
deactivation. We suggest inflammatory macrophages arriving to valve implants partially
contribute to altering secreted factors in the blood and promote an antifibrotic phenotype to
assist left ventricular reverse remodeling (24). Prior studies of transcatheter aortic valves
suggest proinflammatory immune cells accumulate along the artificial valve leaflet,
indicating immune cells arrive and adhere to the implant (26). Although other contributors,
including activation of the renin-angiotensin system (27) and reduction in sympathetic
activity after TAVR (28), can lead to systemic alterations in serum factors, our data suggest
that the systemic inflammation response to the TAVR implant is involved in altering the
composition of patient serum factors, at least when measured at an acute 30-day time point.
Our SOMAscan proteomic (29) and GO analysis strategy shows enrichment of dozens of
proteins associated with the inflammation response after TAVR, particularly proteins
traditionally secreted by inflammatory macrophages, including TNF-a and IL-1B. TNF-a
and IL-1p secreted from proinflammatory macrophages were shown to deactivate
myofibrablasts on stiff hydrogels, supporting the premise that inflammatory proteins
partially regulate myofibroblast deactivation after a TAVR procedure.

The role of TNF-a and IL-1f in mediating myofibroblast phenotypes has been controversial
(30, 31). TNF-a has been previously shown to reduce a-SMA expression in myofibroblasts
(32), reduce collagen production via nuclear factor kB signaling (33), inhibit TGF-p
myofibroblast signaling (34), and have increased abundance in serum after TAVR and SAVR
(14, 35). Likewise, IL-1p has been shown to mitigate TGF-B1-mediated cardiac
myofibroblast activation (36). In contrast, other studies suggest TNF-a secretion from
inflammatory macrophages promotes osteogenic differentiation of VICs (37-40). In
addition, IL-1 receptor antagonist knockout mice spontaneously develop AVS, which
implicates IL-1p in promoting calcification (41). Considering our in vitro results, we posit
that the effects of TNF-a and IL-1p after TAVR are tissue specific. In valvular tissue, VICs
likely adopt an antifibrotic and procalcific phenotype in response to TNF-a and IL-1B
during AVS progression. After a TAVR procedure, elevated TNF-a and IL-1p secreted from
proinflammatory macrophages would contribute to modifying the valve tissue
microenvironment, potentially influencing bioprosthetic and native valve restenosis and
other structural deteriorations around the annulus in the long term (14, 42, 43). In cardiac
tissue, TNF-a and IL-1p likely participate in deactivating myofibroblasts in left ventricular
tissue, because previous work has shown these factors decrease collagen production and
increase MMP activity (44). Open questions remain regarding the effects of TNF-a and
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IL-1B (and potentially other post-TAVR factors) in mediating osteogenic VIC differentiation
and subsequent valve restenosis given their procalcific effects, even though these factors
may provide antifibrotic benefits to diseased cardiac tissue. Collectively, evidence supports
the notion that serum factors (such as TNF-a, IL-1p, and other post-TAVR factors) may play
a critical role in myofibroblast deactivation after TAVR, which could further affect valvular
and cardiac fibrosis and potentially be used as markers to monitor a patient’s beneficial
response to TAVR.

The use of soft hydrogel culture platforms enabled the unambiguous assessment of
inflammatory factors on the fibroblast-to-myofibroblast transition by decoupling
mechanically induced myofibroblast activation. Because TCPS automatically activates
fibroblasts to myofibroblasts, hydrogel culture platforms are an essential tool for studying
valvular and cardiac fibroblast phenotypes and myofibroblast activation in vitro (18, 21, 45—
48). Our results on soft hydrogels implicate serum factors in patients with AVS as drivers of
myofibroblast activation in valvular and cardiac tissue relative to healthy serum controls,
suggesting serum factors exacerbate tissue fibrosis during AVS. Merging high-throughput
datasets (49-51) yielded candidate proteins in the pre-TAVR serum milieu that may serve to
promote myofibroblast activation via the p38 MAPK pathway. Signaling via p38 MAPK has
been implicated in driving myofibroblast activation during fibrosis progression in different
tissues (52-55). Proteins upstream of the MAPK pathway according to our IPA analysis,
including IFN-y, BMP-6, and CXCL?9, were validated as candidate factors mediating
myofibroblast activation, thus implicating these factors in partially contributing to AVS
progression (56, 57). Future work comparing concentrations of IFN-y, BMP-6, and CXCL9
in patients with AVS relative to healthy patients may further implicate these factors as
biomarkers and contributors to AVS progression. Together, our soft hydrogel system serves
as a critical tool for maintaining fibroblast quiescence to probe the roles of serum factors and
signaling pathways that may drive myofibroblast activation and subsequent AVS
progression.

Post-TAVR serum also deactivates valvular and cardiac myofibroblasts on stiff, fibrotic-like
microenvironments, and the fold change in deactivation correlates with measures of patient
disease severity (smaller aortic valve area, higher STS score, and lower LVIDs/LVIDd
measurements). We suggest that our engineered hydrogels can serve as in vitro models to
support precision medicine and serve as precision biomaterials that enable patient-specific
evaluation of disease (58). As an example, previous clinical work suggests LV reverse
remodeling is predictive of improved survival outcomes after TAVR, where patients lacking
LV reverse remodeling were observed to die within the first year after TAVR (13). Given that
improvements in LV remodeling correlate with TAVR outcomes and serum factors after
TAVR mediate myofibroblast deactivation in fibrotic microenvironments, we posit that
earlier TAVR procedures may prove beneficial for patients with AVS to prevent further
fibrosis progression and promote tissue remodeling. Because valve and cardiac fibrosis are
difficult to treat and no known drugs exist to reverse or slow disease progression (59), we
also envision an opportunity to develop in vitro models that more accurately reflect in vivo
disease context to identify new pathways for drugs to target fibrosis. Although our results
reveal the potential impact of this strategy, future work is needed to fully evaluate our in
vitro correlations with patient data, especially studies that include larger sample sizes,
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tracking patient sera with time, and/or using human-derived fibroblast populations. Given
prior reports suggesting cardiac tissue remodeling occurs over months after aortic valve
replacement (24), evaluating the longitudinal effects of post-TAVR serum factors in patients
(at least 6 months) may further reveal the potential role of serum factors in mediating long-
term fibrotic tissue remodeling. However, the reported results support the role of engineered
biomaterials and in vitro models to advance the understanding of disease context in vivo;
this complementary integration of in vitro and in vivo studies should prove beneficial for
considering earlier TAVR procedures to improve patient outcomes.

Sex-specific AVS progression (60-62) and TAVR outcomes (63, 64) have also been
observed, suggesting an opportunity to identify sex differences in how serum factors altered
after a TAVR procedure may mediate resolution of fibrotic valvular and cardiac tissue. Our
sex-separated pre-TAVR versus post-TAVR characterization of myofibroblast activation on
soft hydrogels revealed VICs treated with male post-TAVR serum have reduced
myofibroblast activation relative to female post-TAVR sera, possibly due to the increased
abundance of TNF-a and IL-1p in male sera after TAVR. In addition, VICs preexposed to
male pre-TAVR serum have reduced ability to deactivate in male post-TAVR serum on soft
hydrogels relative to female sera. We suggest that male pre-TAVR serum factors likely prime
VICs toward cellular phenotypes that promote calcification. Ultimately, this reduces their
ability to deactivate after TAVR and is consistent with clinical observations that men have
worse comorbidities, increased reintervention risks, and reduced survival rates due to
increased fibro-calcification at the valve relative to women (63, 64). Further, in the LV,
female ventricular tissue is predominantly hypertrophic with reduced interstitial fibrosis
compared with male patients (65, 66), which is consistent with our observation that ARVFs
treated with female sera have improved deactivation relative to male sera treatments on soft
hydrogels. The factors leading to these sex differences are likely multivariate, including
differences in renin-angiotensin activation, postmenopausal estrogen concentrations, nitric
oxide levels, and circulating noradrenaline (among other factors) in female serum (67).
However, our ARVF deactivation results, where male sera showed more pronounced ARVF
deactivation relative to female sera on stiff hydrogels, seem to corroborate the clinical
observation that males experience superior reverse LV remodeling relative to women due to
increased initial adverse remodeling before TAVR (24). Our results suggest that this may be
due to more abundant TNF-a and IL-1p in male sera, and because LV reverse remodeling is
beneficial for TAVR patients, these results further motivate future investigations into earlier
TAVR placements for patients with AVS, particularly men. Together, we propose that the sex
differences observed in this study are context specific, namely, requiring appropriate
biomaterial culture systems, because they depend on synergies between in vitro
biomechanical and biochemical cues. Although future work is required to fully dissect the
sex-specific mechanisms guiding VIC and ARVF deactivation after TAVR, our work
demonstrates the importance of considering sex as a biological variable not only in clinical
data but also in in vitro experimentation.

In summary, proteomic analysis of patient sera demonstrates that TAVR procedures, as well
as the introduction of a biomaterial device into the heart, alter circulating protein
composition in a beneficial way that can reverse myofibroblast activation in fibrotic valve
and cardiac tissues. This was confirmed by in vitro experiments that enabled a systematic
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evaluation of the effects of patient-specific serum factors on VICs and ARVFs and their
myofibroblast activation and deactivation. Specifically, hydrogel culture systems that
recapitulate soft tissue, as well as fibrotic microenvironments, were used to generate in vitro
models of heart disease to provide a bridge to better understand disease progression and
resolution after TAVR in vivo. Of course, the complex interplay between extracellular
biochemical and mechanical cues regulating valvular and cardiac fibrosis will certainly
require further investigation. Because the field seeks to identify drugs and treatments to
reduce detrimental, persistent myofibroblast activation in fibrotic tissues, model systems that
allow researchers to elucidate the effects of differential and synergistic micro-environmental
factors will become increasingly important. Collectively, we suggest engineered biomaterial
in vitro culture systems coupled with biochemical cues from sera provide a more clinically
relevant in vitro model for understanding disease context in vivo, which may lead to
identifying patient-specific mechanisms of AVS progression and pathways to customized
treatments and earlier interventions.

MATERIALS AND METHODS

Study design

We hypothesized serum factors before a TAVR procedure would activate valvular and
cardiac fibroblasts to myofibroblasts, whereas serum factors after a TAVR procedure would
lead to their deactivation. Patient serum was collected under approval from the Colorado
Multiple Institutional Review Board (IRB) (CO-MIRB 07-0516). All patients completed an
IRB-approved informed consent form. All samples for research purposes have been
deidentified. Patients were seen in a multidisciplinary valve clinic where they were evaluated
by a cardiac surgeon and interventional cardiologist. The patients were all deemed either
high or intermediate risk for SAVR. All patients received the Sapien 3 (Edwards
Lifesciences) balloon expandable transcatheter heart valve via femoral artery access. Blood
samples were obtained at the time of access for TAVR and at the one month outpatient
follow up visit. All patients underwent equivalent treatment protocols before and after
surgery. A total of 7 =12 pre-TAVR serum samples and 7= 12 post-TAVR serum samples
were collected (table S1 in data file S1) for proteomic characterization using a SOMAscan
DNA aptamer array (SomaLogic) according to the manufacturer’s protocol and previous
studies (29, 68). Serum samples were also used to treat porcine VICs and ARVFs seeded on
PEG hydrogels to characterize the effects of serum factors on myofibroblast activation and
deactivation. Animal studies were performed in accordance with institutional guidelines and
protocols approved by the University of Colorado Boulder Institutional Animal Care and
Use Committee. Healthy serum samples were also used for in vitro experimentation from
one male and one female patient for control experiments (both patients 60 years in age). The
minimum sample size for all experiments was calculated using a type | error rate of 0.05 and
power of 0.8 in detecting differences in means of at least 30%. Researchers performing in
vitro work were blinded to clinical data until results were obtained to perform correlation
analyses. Detailed methods on the SOMAscan array, PEG-norbornene synthesis, hydrogel
fabrication, rheological characterization, VIC/ARVF/macrophage cell culture, myofibroblast
characterization, M1 macrophage conditioned media generation, RNA library preparation,
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transcriptome analysis pipelines used (69-72), and protein validation studies can be found in
the Supplementary Materials and Methods.

Statistical analysis

Data are shown as the means + SD unless otherwise stated. Significance was claimed at *P<
0.05, **P<0.01, ***P< 0.001, and ****P < 0.0001 using a one-way or two-way analysis
of variance (ANOVA) with Tukey posttests for multiple comparisons in GraphPad Prism
unless otherwise stated. Correlations between data were determined using standard linear
regression and goodness-of-fit tests in GraphPad Prism. Individual subject-level data are
provided in data file S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Pre-TAVR serum activates VICs to a myofibroblast state, whereas post-TAVR serum

mediates fibroblast quiescence.

(A) SOMAscan DNA aptamer array heatmap of individual log,-RFU values representing
relative abundances for 283 significantly altered human serum proteins before and after a
TAVR procedure (7= 12 pre-TAVR samples and 7= 12 post-TAVR samples, paired ¢test,
FDR-adjusted P< 0.05). (B) PCA plot of pre-TAVR and post-TAVR serum samples. (C)
Photograph of a PEG hydrogel on a 12-mm-diameter glass coverslip. Scale bar, 12 mm. (D)
Schematic of in vitro experiments using pre-TAVR and post-TAVR sera to treat porcine
VICs on soft hydrogels (created with BioRender). (E) Representative images of VICs treated
with pre- and post-TAVR serum. Green, a-SMA; magenta, cytoplasm; blue, nuclei. Scale
bars, 100 um. (F) Percentage of activated VICs treated with sera from TAVR patients (7= 9
measurements per group, one-way ANOVA with Tukey posttests, means + SD shown, *P<
0.05, **P<0.01, ***P< 0.001). (G) Fold change reduction of VIC activation in post-TAVR
serum (Xpost Values) normalized to the mean activation in pre-TAVR serum from the same
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patient (Upre). Groups with different letters indicate statistical significance (7=9
measurements per group, one-way ANOVA with Tukey posttests, means + SD shown, P<
0.05). (H) Pre-TAVR and (I) post-TAVR ontological categorization of serum proteins to
identify factors contributing to myofibroblast activation and quiescence, respectively.
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Fig. 2. Transcriptomics analysis reveals p38 MAPK signaling activity in pre-TAVR-mediated

myofibroblast activation.

(A) MD plot reveals differentially expressed genes in porcine VICs treated with pre-TAVR
and post-TAVR sera (n= 8 patients, quantile-adjusted conditional maximum likelihood
method in edgeR, FDR-adjusted P < 0.05). (B) Log,-transformed counts per million (CPM)
values for key myofibroblast-associated genes (/7= 8, all pre-TAVR versus post-TAVR
comparisons, FDR-adjusted £ < 0.05) and organized into cytoskeleton, ECM remodeling,
and fibrocalcification categories. (C) PCA plot of key myofibroblast-associated genes. (D
and E) Enriched KEGG signaling pathways for (D) up-regulated and (E) down-regulated
genes in pre-TAVR serum relative to post-TAVR serum. (F) Ingenuity Pathway Analysis.
Pre-TAVR serum protein candidates are represented by pink nodes and arrows among up-

regulated genes.
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Fig. 3. Pre-TAVR serum factors (BMP-6, CXCLJ9, and IFN-y) mediate myofibroblast activation.
(A) Schematic of valvular activation experiments with BMP-6, CXCL39, and IFN-y (created

with BioRender). Representative images of porcine VICs treated initially with (B) BMP-6,
(E) CXCLY, or (H) IFN-+y for 2 days (left column) and then treated with either control
media or post-TAVR serum (right column). Stains: green, a-SMA; magenta, cytoplasm;
blue, nuclei. Scale bars, 100 pm. Percentage of activated VICs initially treated with (C)
BMP-6, (F) CXCLY, or (1) IFN-y and deactivated with post-TAVR serum from four
patients. Patient-specific fold changes in post-TAVR deactivation in VICs initially activated
with (D) BMP-6, (G) CXCLJ9, or (J) IFN-y. Groups with different letters indicate statistical
significance (7= 9 measurements per group, means = SD shown, one-way ANOVA with
Tukey posttests, £ < 0.05).
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Fig. 4. Validation of p38 MAPK signaling in mediating myofibroblast activation on soft hydrogels
in the presence of various factors.

(A) Representative images of porcine VICs treated with pre-TAVR serum in the absence or
presence of 20 pM SB203580. Stains: green, a-SMA,; magenta, cytoplasm; blue, nuclei.
Scale bars, 100 pm. (B) VIC activation in pre-TAVR serum (/7= 4 patients) in the absence or
presence of SB203580 (/7= 9 measurements per group, means + SD shown, unpaired #test
for each patient, *P< 0.05, **P < 0.01). (C) Representative images of VICs treated with
BMP-6, CXCLDY9, and IFN-y in the absence or presence of 20 uM SB203580. Stains: green,
a-SMA,; magenta, cytoplasm; blue, nuclei. Scale bars, 100 um. (D) VIC activation in
BMP-6, CXCLD9, and IFN-y in the absence or presence of SB203580 (7= 9 measurements
per group, means = SD shown, two-way ANOVA with Tukey posttests, *P < 0.05, ****P <
0.001).
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Fig. 5. Post-TAVR serum deactivates valvular myofibroblasts activated with pre-TAVR serum on
soft and stiff hydrogels.

(A) Schematic of myofibroblast deactivation experiments (created with BioRender). (B)
Representative images and (C) percentage of activated porcine VICs on soft hydrogels
treated initially with pre-TAVR serum and subsequently with either pre-TAVR or post-TAVR
serum. (D) Fold change of VIC deactivation on soft hydrogels in post-TAVR serum (Xpost
values) normalized to the mean activation in pre-TAVR serum from the same patient (Upre).
(E) Scatter plot of fold change in VIC deactivation on soft hydrogels versus aortic valve area
measurements. (F) Representative images and (G) percentage of activated VICs on stiff
hydrogels treated initially with pre-TAVR serum and subsequently with either pre-TAVR or
post-TAVR serum. (H) Fold change of VIC deactivation on stiff hydrogels in post-TAVR
serum (Xpost Values) normalized to the mean activation in pre-TAVR serum from the same
patient (Upre). (1) Scatter plot of fold change in VIC deactivation on stiff hydrogels versus
aortic valve area measurements. Stained images: green, a-SMA; magenta, cytoplasm; blue,
nuclei. Scale bars, 100 um. For all bar graphs, 7= 9 measurements per group, means + SD
shown, and significance tested with one-way ANOVA for all data and indicated as *P <
0.05, **P<0.01, ***P< 0.001, ****P< 0.0001, or groups with different letters indicate
statistical significance (P < 0.05).
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Fig. 6. Post-TAVR serum deactivates cardiac myofibroblasts activated with pre-TAVR serum on
soft and stiff hydrogels.
(A) Representative images and (B) percentage of activated ARVFs on soft hydrogels treated

initially with pre-TAVR serum and subsequently with either pre-TAVR or post-TAVR serum.
(C) Fold change of ARVF deactivation on soft hydrogels in post-TAVR serum (Xpost Values)
normalized to the mean activation in pre-TAVR serum from the same patient (Upye). (D)
Representative images and (E) percentage of activated ARVFs on stiff hydrogels treated
initially with pre-TAVR serum and subsequently with either pre-TAVR or post-TAVR serum.
(F) Fold change of ARVF deactivation on stiff hydrogels in post-TAVR serum (Xpggt Values)
normalized to the mean activation in pre-TAVR serum from the same patient (Upre). (G and
H) Scatter plots of fold change in ARVF deactivation on (G) soft and (H) stiff hydrogels
versus patient STS scores. (I and J) Scatter plots of patient fold change in ARVF
deactivation on soft hydrogels versus (1) LVIDs and (J) LVIDd measurements. (K and L)
Scatter plots of fold change in ARVF deactivation on stiff hydrogels versus patient (K)
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LVIDs and (L) LVIDd measurements. Stained images: green, a-SMA; yellow, cytoplasm;
blue, nuclei. Scale bars, 100 pm. For all bar graphs, /7= 9 measurements per group, means +
SD shown, and significance tested with one-way ANOVA for all data and indicated as *P<
0.05, **P<0.01, ***P< 0.001, ****P < 0.0001, or groups with different letters indicate
statistical significance (P < 0.05).
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Fig. 7. Inflammatory macrophage factors identified in post-TAVR serum mediate myofibroblast
deactivation on stiff hydrogels.
(A) Schematic of myofibroblast deactivation experiments with IL-1p or TNF-a (created

with BioRender). (B) Representative images and (C) percentage of activated porcine VICs
treated with pre-TAVR serum (1= 4 different patients), followed by treatments with control
media, IL-18 (10 ng/ml), or TNF-a (10 ng/ml). (D and E) Patient-specific fold changes in
(D) IL-1p- or (E) TNF-a—mediated deactivation in VICs initially activated with pre-TAVR
serum (17 = 4 patients). (F) Representative images and (G) percentage of activated VICs
treated with proinflammatory M1 macrophage conditioned media at varying dilutions. (H)
IL-1B and TNF-a concentrations in control and M1 macrophage conditioned media
measured with ELISA. Stained images: green, a-SMA; magenta, cytoplasm; blue, nuclei.
Scale bars, 100 pm. For all bar graphs, 7= 9 measurements per group, means + SD shown,
and significance tested with one-way ANOVA for all data and indicated as *~ < 0.05, **P<
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0.01, ****P < 0.0001, or groups with different letters indicate statistical significance (P <
0.05).
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Fig. 8. VIC and ARVF response to pre-TAVR and post-TAVR sera from male and female patients
with AVS.
(A) Porcine VIC activation on soft hydrogels in the presence of female and male pre-TAVR

and post-TAVR sera. (B) Fold change of VIC activation on soft hydrogels in post-TAVR
serum (Xpost Values) normalized to the mean activation in pre-TAVR serum from female and
male patients (Upre). (C) Total number of differentially abundant proteins in pre-TAVR
serum relative to post-TAVR serum for male and female patients (paired #test, < 0.05). (D)
Total number of differentially expressed genes in VICs treated with pre-TAVR serum
relative to post-TAVR serum from male and female patients (quantile-adjusted conditional
maximum likelihood method in edgeR, FDR-adjusted £< 0.05). (E) VIC deactivation and
(F) deactivation fold change on soft hydrogels in the presence of female and male post-
TAVR serum. (G) ARVF deactivation and (H) deactivation fold change on soft hydrogels in
the presence of female and male post-TAVR serum. (1) VIC deactivation and (J) deactivation
fold change on stiff hydrogels in the presence of female and male post-TAVR serum. (K)
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ARVF deactivation and (L) deactivation fold change on stiff hydrogels in the presence of
female and male post-TAVR serum. For all bar graphs, /7= 36 measurements were pooled
together per group, means + SD shown, with significance tested using unpaired #tests or
one-way ANOVA and indicated as *~ < 0.05 and **P< 0.01.
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