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Background: Mediastinal ionizing radiotherapy is associated with an increased risk of
valvular disease, which demonstrates pathological hallmarks similar to calcific aortic
valve disease (CAVD). Despite advances in radiotherapy techniques, the prevalence
of comorbidities such as radiation-associated valvular disease is still increasing due
to improved survival of patients receiving radiotherapy. However, the mechanisms of
radiation-associated valvular disease are largely unknown. CAVD is considered to be an
actively regulated disease process, mainly controlled by valvular interstitial cells (VICs).
We hypothesize that radiation exposure catalyzes the calcific response of VICs and,
therefore, contributes to the development of radiation-associated valvular disease.
Methods and Results: To delineate the relationship between radiation and VIC behavior
(morphology, calcification, and matrix turnover), two different in vitro models were
established: (1) VICs were cultured two-dimensional (2D) on coverslips in control medium
(CM) or osteogenic medium (OM) and irradiated with 0, 2, 4, 8, or 16 Gray (Gy); and (2)
three-dimensional (3D) hydrogel system was designed, loaded with VICs and exposed to
0, 4, or 16 Gy of radiation. In both models, a dose-dependent decrease in cell viability and
proliferation was observed in CM and OM. Radiation exposure caused myofibroblastlike morphological changes and differentiation of VICs, as characterized by decreased
αSMA expression. Calcification, as defined by increased alkaline phosphatase activity,
was mostly present in the 2D irradiated VICs exposed to 4 Gy, while after exposure
to higher doses VICs acquired a unique giant fibroblast-like cell morphology. Finally,
matrix turnover was significantly affected by radiation exposure in the 3D irradiated VICs,
as shown by decreased collagen staining and increased MMP-2 and MMP-9 activity.
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Conclusions: The presented work demonstrates that radiation exposure enhances
the calcific response in VICs, a hallmark of CAVD. In addition, high radiation exposure
induces differentiation of VICs into a terminally differentiated giant-cell fibroblast. Further
studies are essential to elucidate the underlying mechanisms of these radiation-induced
valvular changes.
Keywords: aortic valve disease, radiotherapy, extracellular matrix, in vitro modeling, valvular interstitial cells

INTRODUCTION

ability of heart valves to adapt to changes in functional demand
(20, 21).
The fibrocalcific response observed in early CAVD is thought
to be a consequence of persistent activation of VICs (18). In
addition, histological studies of end-stage stenotic aortic valves
have demonstrated the presence of osteoblast-like cells (21, 22).
Numerous reports demonstrated that activated VICs can also
differentiate into osteoblast-like cells and actively deposit calcium
in the valve interstitium (21). This osteoblast-like differentiation
is characterized by the loss of the αSMA expression and the
elevation of bone markers, including the transcription factors
Runx2 and Osterix, and increased alkaline phosphatase (ALP)
activity (23). The temporal relationship of these VIC phenotypes
and how they relate to CAVD onset or even progression in
humans is not completely understood (20, 21, 24).
Radiation-associated valvular disease cannot merely be
equated to CAVD. Specific cellular and ECM responses
to ionizing radiation used in radiotherapy have been well
documented. Exposure to radiation has shown to activate
stromal fibroblasts (25). In addition, increased activation and
production of transforming growth factor beta (TGFβ) has
been reported as a result of radiation exposure to vessels
and myocardium, which in turn leads to increased collagen
deposition (26, 27). Explanted heart valves have shown the
presence of terminally differentiated atypical giant-cell like
fibroblasts, which also have been observed in the skin after
radiation therapy (28, 29).
Despite ongoing advances in radiotherapy procedures, the
incidence of radiation-induced CAVD is still expected to rise in
the future. New radiotherapy techniques are efficient in sparing
the heart from radiation exposure while delivering adequate
radiation doses to the target area, but improved treatments also
increase the number of long-time survivors, thus increasing the
number-at-risk (3, 4, 30, 31). To our knowledge, only one other
study examined the effects of radiation on the aortic valve in cell
culture, but no studies to date have been conducted using threedimensional (3D) cell culture models of CAVD (32). Such models
allow for systematic manipulation of experimental conditions,
including radiation dose, and detailed monitoring and analysis
of the radiation effects. The aim of this work is to investigate
the relationship between radiation and the development of
CAVD, using two-dimensional (2D) and three-dimensional (3D)
in vitro models of the disease. We hypothesize that radiation
catalyzes the calcific response of VICs. The work presented
here is an initial step in the ongoing research focused on
unraveling the effects of radiation exposure on the development
of CAVD.

Despite ongoing technical advances, radiotherapy for treating
malignancies in the thoracic region, including lung cancer,
thymoma, and lymphoma, is still associated with an increased
risk of cardiovascular disease (1, 1–4). As a consequence of
exposure of the heart and great vessels to radiation, patients
receiving radiotherapy have an increased risk of developing
pericarditis, coronary artery disease, cardiomyopathy, and
valvular disease years after initial exposure (2, 3, 5–8). Moreover,
this risk is even higher in patients receiving radiotherapy
before the age of 21 (5, 9). Aortic valve disease represents
the majority of radiation-induced valvular diseases (4, 10,
11). Within 20 years after mantle radiation for lymphoma,
the incidence of aortic valve stenosis is as high as 16%
(12). The only effective treatment for aortic valve stenosis is
surgical replacement of the diseased valve (13), however, surgical
risks are significantly increased in patients that received chest
radiotherapy (14).
Radiation-associated aortic valve disease demonstrates
pathological hallmarks similar to calcific aortic valve disease
(CAVD) (11, 15, 16). Generally, CAVD is characterized by
initial fibrotic thickening of the aortic valve leaflets, which
progresses into mineralization of the valve and eventually causes
aortic valve leaflet dysfunction due to aortic valve stenosis
(17). Traditionally, CAVD was believed to be a passive disease,
culminating from years of wear and tear. However, developing
insights into the disease have changed these views, and CAVD
is now considered to be an active disease process (17). One of
the key players in CAVD are resident valvular interstitial cells
(VICs) (18). In the normal, healthy aortic valve, VICs represent
quiescent fibroblast-like cells, which can differentiate into
myofibroblast-like cells upon exposure to environmental stimuli
(18, 19). These activated VICs, characterized by alpha smooth
muscle actin (αSMA) expression, can remodel the extracellular
matrix (ECM) by expressing matrix metalloproteinases (MMPs)
or depositing ECM proteins such as collagen (19). The interplay
between the quiescent and activated state of VICs is essential in
maintaining valvular tissue homeostasis, and provides for the

Abbreviations: ALP, alkaline phosphatase; αSMA, alpha smooth muscle actin;
ATP, adenosine triphosphate; CAVD, calcific aortic valve disease; CM, control
medium; ECM, extracellular matrix; GelMA, methacrylated gelatin; Gy, Gray;
HAMA, methacrylated hyaluronic acid; MMP, matrix metalloproteinase; OM,
osteogenic medium; RT-PCR, real-time polymerase chain reaction; VIC, valve
interstitial cells; Runx2, runt-related transcription factor 2; TGFβ, transforming
growth factor beta.
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MATERIALS AND METHODS

Solutions Inc, Ontario, Canada). The resulting VIC-laden
hydrogels were then transferred to well plates for culturing
in either CM or OM. OM consisted of CM supplemented
with 10 mM β-glycerophosphate, 10 ng/mL ascorbic acid, and
10 nM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA). The
effects of radiation on hydrogel composition were evaluated by
performing a compaction assay.

To investigate the effects of radiation on aortic valvular cells and
tissue mimics, two in vitro models were used. First, the effects of
radiation were evaluated on 2D samples containing VICs. VICs,
isolated from porcine aortic valves, were cultured on coverslips in
either control medium (CM) or osteogenesis permissive medium
(OM) and exposed to increasing doses of radiation. Afterwards,
cells were kept in culture and analyzed for cell viability and
proliferation by measuring adenosine triphosphate (ATP) and
DNA content. VIC morphology and differentiation were assessed
with RT-PCR and immunohistochemical staining. Osteogenesis
in the irradiated VICs was determined by measuring ALP
activity. Next, to better mimic the microenvironment of the cells,
a methacrylated hyaluronic acid (HAMA) – methacrylatedgelatin
(GelMA) 3D hydrogel system was designed and seeded with
porcine VICs. 3D hydrogels, cultured in either CM or OM, were
then exposed to 0, 4, or 16 Gy of radiation. Experimental setup of
the 3D experiments, including the different radiation doses used,
were based on data from the 2D experiments. After irradiation
of the cell-laden 3D hydrogel constructs, a compaction assay
was performed to determine the effect of radiation on hydrogel
structure. DNA content was measured to assess cell viability.
The hydrogels were cut into sections and stained for DNA
damage and various markers to evaluate VIC differentiation.
Matrix turnover was analyzed by measuring MMP-2 and MMP9 activity, measuring gene expression of collagen-encoding genes
and immunofluorescent stainings of collagen expression.

Irradiation
For the 2D irradiation experiments, VICs were plated at a
seeding density of 10.000/cm2 24 h before irradiation. Prior to
irradiating the cells, medium was changed to CM or OM. The
cells were irradiated with 0, 2, 4, 8, and 16 Gy (0.90 Gy/min) with
a Gammacell 40 Exactor Cs-137 irradiator (Best Therotronics,
Ottawa, Ontario, Canada). Using the linear-quadratic model (34)
with an α/β ratio of 3 Gy for normal tissue late effects, a single
4 Gy dose would be estimated to have the biological effect of
a total of 8.5 Gy delivered over 30 fractions, in keeping with
modern radiotherapy techniques that seek to lower cardiac dose
when treating adjacent organs such as the lung. A single 16 Gy
dose would be estimated to have the biological effect of a total of
60 Gy delivered over 30 fractions, which would result from full
exposure of the valve to therapeutic doses. After irradiation, cells
were kept in culture for 1, 2, 7, or 14 days, depending on the type
of analysis.
The 3D hydrogels were fabricated three days before
irradiation. Prior to irradiation of the hydrogels, medium
was changed to CM with HEPES buffer. The hydrogels were
irradiated with 0, 4, and 16 Gy with an Elekta linear accelerator
of the hospital. The radiation doses were given from two
directions [anterior-posterior-posterior-anterior (AP-PA)] with
an instantaneous dose-rate of around 6 Gy/min. The mean doserate during irradiation was 4 Gy/min for the 4 Gy group (total
treatment time: 1 min) and 5.3 Gy for the 16 Gy group (total
treatment time: 3 min). After irradiation, medium was changed to
CM or OM and hydrogels were kept in culture for 1, 3, 8, 15, and
21 days, depending on the type of analysis. The control groups
of both experiments (0 Gy) were transported to the location of
irradiation together with the treated groups.

Valvular Interstitial Cell Isolation and
Culture
Porcine aortic VICs were isolated from porcine aortic valve
leaflets by sequential collagenase/elastase digestion as described
previously (33). The cells were cultured in normal growth
medium containing Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose and pyruvate (Gibco, Life
Technologies, Grand Island, NY, USA), supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(P/S) (both Gibco) at 37◦ C and 5% CO2 . This medium
condition was also used as CM. The cells were cultured until
70–80% confluency was reached, and then passaged. For all
experiments, cells between passage three and six were used.
For immunofluorescence, cells were seeded on gelatin-coated
coverslips. Cells from three different donors were used for the
2D experiments and another three donors were used for the 3D
hydrogel experiments.

Cell Viability and Proliferation
To assess cell viability after irradiation, the ATP content of the
cells in the 2D models was measured at day 2 using a luminescent
cell viability assay (Progema, Madison, WI). The DNA content
was measured in both the 2D and 3D models using the Quant-iT
PicoGreen Kit (Life Technologies).

Histological and Immunofluorescent
Stainings

Hydrogel Fabrication
For the 3D experiments, hybrid hydrogels were fabricated from
HAMA and GelMA as reported previously (33), using photocrosslinking. Briefly, VICs were resuspended in the prepolymer
solution, consisting of 1 wt% HAMA and 5 wt% GelMA, in
a concentration of 10 million cells/mL. Then, 50 µl of the
cell-laden polymer solution was added between two spacers
with a height of 450 µm. The cell-laden polymer solutions
were then subjected to UV light (wavelength 360 nm) of 2.5
mW/cm2 for 30 seconds (Omnicure S2000, EXFO Photonic
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Samples from different time points were used for histological and
immunofluorescence analysis. To assess immediate radiationinduced DNA damage in the 3D hydrogels, they were sacrificed
30 to 60 min after irradiation. The hydrogels were fixed
in 3.7% formaldehyde solution (Sigma-Aldrich) and kept
in 30% sucrose solution overnight at 4◦ C. The VIC-laden
hydrogels were then frozen in optimal cutting temperature
(OCT) compound and 10 µm cross-sections were obtained
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FIGURE 1 | Radiation affects cell viability and proliferation in a dose-dependent manner. (A) Quantification of ATP content in 2D VICs exposed to 0, 2, 4, 8, and 16 Gy
after 48 h and normalized for DNA content, n = 12. (B–D) Quantification of proliferation by measurement of the DNA content after 1, 7, and 14 days post radiation for
2D groups in control (B) and osteogenic (C) medium, and 1, 3, 8, and 15 days post radiation for 3D groups in control medium (D). Significance is represented as *(P
< 0.05), **(P < 0.01), and ***(P < 0.001), n = 3.

FIGURE 2 | Radiation causes DNA damage. Representative immunofluorescent stained sections of 3D hydrogel samples treated with 0 Gy, 4 Gy, and 16 Gy of
radiation. Samples were fixated 30–60 minutes after radiation and stained for γH2AX (red) and cell nuclei (blue). Inserts show higher magnification of cell nuclei
indicated by the arrow. Scale bars represent 100 µm.

the sections with anti-γH2AX antibodies for 1 h at room
temperature. Sections were counterstained with 4’, 6-diamidino2-phenylindole (DAPI) (Life Technologies) to visualize cell
nuclei. Sections were washed, mounted in Mowiol (SigmaAldrich) and analyzed using fluorescence microscopy (Axiovert
200M; Carl Zeiss).

using a cryostat. Sections were treated with peroxide for
antigen retrieval, permeabilized with 0.5% Triton X-100 (SigmaAldrich) and blocked with 3% bovine serum albumin (BSA)
for 30 min. In order to detect radiation-induced DNA-damage,
the sections were stained for γH2AX (Ab22551, Abcam),
a marker for double-strand DNA breaks, by incubating
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National Institute of Health). The MMP activity was normalized
to DNA content.

At 14 days post-irradiation, VICs in 2D culture were fixed
with ice-cold methanol for 30 min. Immunofluorescence staining
for αSMA and collagen was performed using anti-human αSMA
antibodies (Clone 1A4, Dako, Carpinteria, CA, USA) and a
fluorescent probe (CNA35) for live monitoring of collagen, as
previously reported by us (35). Sections were counterstained
with DAPI (Life Technologies). At 15 days the hydrogel sections
were stained for αSMA, vimentin (Ab20346, Abcam), collagen
type I (c2456, Sigma Aldrich) and collagen type III (Ab7778,
Abcam). ALP activity was visualized with a 5-bromo-4-chloro3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT) solution
(Amresco, Kaysville, UT, USA) and an eosin counterstaining
(Sigma Aldrich).

Statistical Analysis
Data are presented as mean ± standard deviation (SD) unless
indicated otherwise. To evaluate differences between groups,
a one-way ANOVA was performed. For post-hoc testing,
the Bonferroni test was used. P < 0.05 was considered as
statistically significant.

RESULTS
Radiation Affects Cell Viability and
Proliferation in a Dose-Dependent Manner

Quantification of Alkaline Phosphatase
Activity in the 2D Models

VICs were cultured on 2D coverslips and exposed to 0, 2, 4,
8, and 16 Gy of radiation. To evaluate cellular viability, we
performed an ATP activity assay. ATP content of VICs decreased
upon exposure to increasing radiation doses (Figure 1A). We
observed a 7% decrease in cell viability in the 16 Gy group,
compared to the control group (0 Gy). Next, we determined
the proliferation response of the 2D irradiated VICs by
quantifying DNA content at several time points after radiation
(Figures 1B,C). The proliferative activity of these VICs decreased
upon increased radiation doses, following a similar trend to
cellular viability, establishing a dose-dependent response of
VICs to radiation. A similar dose-dependent trend was seen
in the irradiated VICs encapsulated in 3D hydrogels, whereby
DNA content decreased for the 16 Gy groups 15 days postexposure, compared to the groups that were exposed to 0 or 4 Gy
(Figure 1D).
To evaluate potential DNA damaging effects of radiation
exposure, 3D hydrogel sections were stained for γH2AX to detect
radiation-induced double stranded DNA breaks (Figure 2).
These stainings showed that in the groups exposed to 4 and
16 Gy, more γH2AX foci are present and have an increased
intensity compared to the control group (0 Gy). Our results
suggest that radiation causes dose-dependent DNA damage
in VICs.

Alkaline phosphatase (ALP) activity in the 2D irradiated VICs
were quantified using a colorimetric assay kit (Biovision,
Milpitas, CA) on day 1, 7 and 14, and normalized to
DNA content.

Real-Time Polymerase Chain Reaction
To quantify mRNA expression of irradiated VICs, RT-PCR
was performed RNA was isolated with a RNeasy kit (Qiagen,
Valencia, CA, USA) on day 1, 7, and 14 after irradiation.
From the extracted RNA, complementary DNA was made with
oligo-(dT)12-18 primers and SuperScript II reverse transcriptase
(Life Technologies). RT-PCR was performed using SYBR Green
(BioRad, Hercules, CA, USA) for ACTA2 (cell activation),
COL1A1 and COL3A1 (cell functionality), VIM (mesenchymal
differentiation) and the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The following primer
sequences were used: ACTA2: F:5′ -AGTGCGACATTGACAT
CAGG-3′
and
R:5′ -CTGGAAGGTGGACAGAGAGG-3′ ;
′
COL1A1:
F:5 CCAAGAGGAGGGCCAAGAAGAAGG-3′
′
and R:5 -GGGGCAGACGGGGCAGCACTC-3′ , COL3A1:
F:5′ CCTGGACGAGATGGAAACCC-3′ and R:5′ -ATTTTCAC
CACGATCGCCCT-3′ , VIM: F:5′ -AGCAGTATGAGAGTGT
GGCC-3′ and R:5′ CTTCCATTTCCCGCATCTGG-3′ , and
GAPDH: F:5′ -CCCAGAAGACTGTGGATGG-3′ , R:5′ - ACCT
GGTCCTCAGTGTAGCC-3′ . mRNA expression was quantified
using the comparative Ct method.

Radiation Causes Myofibroblast-Like
Morphological Changes and Differentiation
of VICs

Quantification of Matrix Metalloproteinase
Activity

To assess different characteristics of the 2D and 3D irradiated
VICs, immunohistochemistry and gene expression analyses (RTPCR) were performed. VICs demonstrated a myofibroblastlike phenotype when cultured in both CM (Figure 3A) and
OM (Figure 4A), characterized by αSMA expression. In both
conditions, the number of cells in each well decreased when
exposed to increasing radiation doses. Conversely, the cellular
size of VICs visually increased upon exposure to higher radiation
doses. After exposure to higher radiation doses (16 Gy), VICs
were visually observed to adapt a giant cell-like fibroblast
phenotype (Figures 3A, 4A).
In addition, a decrease in the number of αSMA-positive
cells was observed in both CM and OM when exposed to
increasing doses of radiation, compared to the control group

To assess the relative difference in MMP activity, gelatin
zymography was used. The hydrogels were disrupted with a
mikro-dismembrator and loaded into a gelatin co-polymerized
SDS-PAGE gel. SDS was removed from the gel by 2.5% Triton X100 incubation. Subsequently, the gel was incubated in digestion
buffer (50 mM TRIS, 4.8 mM CaCl2 , pH = 8.5) overnight at 37◦ C
for enzymatic digestion. Next the zymogram was stained for 2
hours with 0.1% (w/v) Brilliant Blue R in 4% (v/v) methanol
and 10% (v/v) acetic acid in water followed by de-staining in 4%
(v/v) methanol and 10% (v/v) acetic acid in water for 1 h. The
zymogram was imaged with a Proxima AQ-4 scanner (Isogen
Life Science). Band intensities were analyzed using ImageJ (U.S.
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FIGURE 3 | Radiation adversely affects cell morphology in control medium. Staining of 2D cell cultures 14 days after 0 Gy, 4 Gy, and 16 Gy of radiation treatment for
αSMA (red) and collagen (green) (A). Sections of 3D hydrogels are stained for αSMA (red) and vimentin (green) (B), collagen type I (C), and collagen type III (D). Nuclei
are visualized in blue. Scale bars represents 50 µm in 2D cultures and 100 µm in 3D cultures.

Nonetheless, gene expression analysis showed that 16 Gy, but not
4 Gy, causes a significant decrease in αSMA expression in 3D
irradiated VICs (Figure 6).

(0 Gy) (Figures 3A, 4A). These observations were confirmed
by RT-PCR, where αSMA expression followed a similar trend
(Figure 5A). No differences between groups were observed at day
1 after irradiation, but a clear decrease in αSMA expression was
seen at day 7 post-exposure. In the 3D hydrogels, less αSMApositive cells were present in both culture conditions compared
to the 2D VICs (Figures 3B, 4B). However, no clear difference
could be observed between the three radiation doses after 15 days.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

Radiation Causes Osteogenesis in VICs
To assess the effects of radiation on osteogenesis in VICs, the
activity of early osteogenic marker alkaline phosphatase (ALP)
was measured at day 14 of cell culture. To visualize ALP activity,

6

August 2021 | Volume 8 | Article 687885

Meerman et al.

Radiation Induces VIC Calcific Response

FIGURE 4 | Radiation adversely affects cell morphology in osteogenic medium. Staining of 2D cell cultures for αSMA (red) and collagen (green) 14 days after 0 Gy,
4 Gy, and 16 Gy of radiation treatment (A). Sections of 3D hydrogels are stained for αSMA (red) and vimentin (green) (B). Nuclei are visualized in blue. Scale bars
represents 50 µm in 2D cultures and 100 µm in 3D cultures.

decrease in cell viability and proliferation of cultured VICs in
a dose-dependent manner. In addition, we showed decreased
myofibroblast-like differentiation of VICs when exposed to
increasing radiation doses, both in control and osteogenic media.
However, an increase in early osteogenic activity was observed
upon increasing radiation doses in an osteogenic environment.
Next, we visually observed morphological transformation of
VICs into a giant cell-like fibroblast phenotype after exposure
to higher doses of radiation in osteogenic medium. Finally, we
showed that ECM remodeling was affected by radiation exposure.
While deposition of new ECM proteins, such as collagen type
I and III, was decreased after radiation exposure, MMP activity
was induced. In sum, these results suggest that radiation exposure
catalyzes the calcific response of VICs as observed in CAVD.
However, these outcomes should be interpreted carefully.
After exposure of 2D and 3D VICs to higher doses of radiation
(8 and 16 Gy), we observed not only a decreased viability and
proliferation, but also a marked change in cell morphology as
was apparent by the giant fibroblast-like aspect they obtain
after 14 days of culture. Previous studies have reported on
these atypical giant-sized fibroblasts in skin, indicating their
terminal differentiation (28). Although we have not evaluated
DNA damage at this stage, other work has demonstrated that
high doses of radiation are associated with increased cellular
damage (37) that could suggest the abnormal morphological
changes of the VICs in our work. Importantly, these abnormal
cells exhibited ALP activity, a marker for early osteogenesis
(38). Additional analysis of the mineralization potential of these

VICs were stained with BCIP/NBT, resulting in a dark blue
staining due to ALP hydrolyzing BCIP (Figures 7A,B). We
demonstrated that ALP activity is present in 2D cultured VICs at
day 14 of culture and quantified ALP at that day. No ALP activity
was observed in the CM groups, apart from the groups that were
exposed to high radiation doses (16 Gy). However, when cultured
in OM, VICs showed ALP activity predominantly in the group
exposed to 4 Gy. Upon exposure to 16 Gy, less ALP-positive cells
were observed (Figure 7C).

Matrix Turnover in 3D Hydrogels Changes
After Radiation Exposure
In the 2D irradiated VICs, we observed a decrease in collagen
staining at day 14 of culture, which remained present in a lesser
amount after irradiation with 4 Gy but was obsolete at higher
radiation doses (Figures 3A,C,D). This was confirmed by gene
expression of collagen type 1 (COL1A1), which showed a decline
in expression alongside increasing radiation doses, both in 2D
culture (Figure 5B) and in the 3D hydrogels (Figure 6). In the 3D
hydrogels, MMP2 and MMP9 activity also increased over time
with higher radiation doses (Figure 8).

DISCUSSION
The presented work focused on studying mechanisms of
radiation-associated valvular disease using both 2D and 3D
established in vitro platforms to study CAVD (33, 36). We
demonstrated that in vitro, radiation exposure induces a
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FIGURE 5 | Myofibroblast-like differentiation is affected by radiation. Gene expression analysis of ACTA2, COL1A1, and VIM in VICs at 1, 7, and 14 days after
radiation exposure in control (A) and osteogenic medium (B) in a 2D environment. Significance is represented as *(P < 0.05), **(P < 0.01), and ***(P < 0.001), n = 3.

suggesting that matrix degradation does continue to occur. The
elevation of MMP activity after radiation exposure has already
been extensively reported in patients receiving radiotherapy for
various types of cancer, including breast cancer and malignant
gliomas (40–42). Our findings are therefore in line with other
studies that examined the effects of radiation on MMP function.
However, further studies are needed to unravel the role of these
proteases on the pathogenesis and progression of radiationassociated valvular disease. These findings also emphasize the
importance of using 3D models in this context, since these
models enable the possibility to study the interplay between VICs
and their environment.
Few reports have investigated radiation-associated CAVD
(27, 32). Studying the VIC response in conventional in
vitro models is not sufficient to recapitulate all events that
may occur in vivo. To overcome this challenge, hydrogel
micro-engineering has emerged as a powerful tool to create
3D tissue models recapitulating the VIC micro-environment

giant cells is still warranted, but our results already indicate that
radiation may induce an osteogenic VIC phenotype in vitro.
VICs have a higher radio-resistant capacity than most cancer cell
lines (39). Nevertheless, they do follow a similar dose-dependent
pattern to other cancer cell line studies (39). Osteogenic activity
was only observed in VICs cultured in osteogenic medium and
exposed to high doses of radiation, supporting our hypothesis
that radiation accelerates the osteoblast-like differentiation of
VICs, but only when exposed to an osteogenic environment.
VICs are essential in maintaining structural and functional
integrity of the aortic valve by continuous remodeling of the
ECM through deposition of matrix components, such as collagen,
and matrix degradation through increased MMP activity. Our
results indicate that ECM remodeling is significantly affected
by radiation exposure. The data show that the deposition of
newly formed collagen was decreased with exposure to higher
radiation doses. On the other hand, MMP-2 and MMP-9
proteolytic activity was increased with increasing radiation doses,
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FIGURE 6 | In a 3D environment radiation exposure to 16 Gy, but not 4 Gy, induces changes in VIC differentiation. Gene expression analysis ACTA2, VIM, COL1A1,
COL3A1, and MMP2 in VICs at 1, 3, 8, and 15 days post radiation in control medium in 3D hydrogels. Significance is represented as *(P < 0.05), **(P < 0.01), and
***(P < 0.001), n = 3.

in vitro. We have previously demonstrated that combining
hyaluronic acid and collagen by UV photo-crosslinking, a
3D environment can be created that mimics the microenvironment of the aortic valve (33, 36). Since this system
facilitates VIC quiescence, it could offer a valuable platform
to study the effects of radiation on valvular tissue as it
may occur in vivo, since culturing VICs on stiff culture
plates has been associated with myofibroblastic activation of
the cells (33). Our results demonstrate that the hydrogel
structure seems to be unaffected by radiation exposure, as
measured by changes in compaction. Possibly, elasticity and
porosity of the hydrogels should also be evaluated in future
assays. Moreover, the VICs that were being irradiated in this
study were quiescent before irradiation, which more accurately
mimics in vivo conditions than when VICs are cultured on
stiff culture plates and thus already become activated prior
to irradiation.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

Because of our observations that VICs in culture develop into
atypical giant cell-like fibroblasts when exposed to higher doses
of radiation (8 and 16 Gy), but retain their native morphology
at 4 Gy, we chose to expose the VIC-laden hydrogels to only
lower and higher doses (4 and 16 Gy, respectively). Although
radiotherapy is mostly conducted in a fractionated manner,
4 Gy is within the therapeutic range that patients undergoing
radiotherapy receive. In addition, exposure to 16 Gy caused VICs
to express osteogenic activity even in normal growth medium,
potentially accentuating the accelerated mineralization observed
in patients.
In non-radiation associated CAVD, mechanical stress is
thought to be one of the initiators of calcification of the valve
(43). This type of stress can induce lesions in the fibrosa layer
of the aortic valve, eventually leading to the development of
CAVD (18). Radiation can also cause microfractures in collagen
(44). Therefore, such microlesions in irradiated heart valves
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FIGURE 7 | Radiation increases alkaline phosphatase activity. (A,B) Staining of VICs in 2D culture for ALP in dark blue and the cytoplasm in pink. Cells were cultured
in control (A) or osteogenic (B) medium. For radiation treatment 0, 4, and 16 Gy were used. (C) Quantification of ALP activity in VICs exposed to radiation in control
medium (CM) and osteogenic medium (OM). Significance is represented with *(P < 0.05), **(P < 0.01), and ***(P < 0.001), n = 3.

FIGURE 8 | MMP activity in 3D hydrogels increases with higher radiation dose and with time. Quantification of matrix metalloproteinase (MMP) 2 and 9 activity in the
hydrogels at day 1, 3, 8, and 15 post radiation. MMP activity is normalized to background activity from the medium in cell-free hydrogels. Significance is represented
with *(P < 0.05), **(P < 0.01), and ***(P < 0.001), n = 3.
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DATA AVAILABILITY STATEMENT

can be one of the key mechanisms in valvular heart disease
after radiation therapy. Although compaction analysis showed
no effect of radiation on the hydrogels, it is not ruled out that
there is damage to the ECM proteins in the hydrogel. Structural
analysis of the hydrogels exposed to radiation is therefore needed
to investigate these possible mechanisms.
To date, little is known about the relationship between VICs
and radiotherapy. To our knowledge, only one other study
examined the effects of radiation exposure on VICs. Nadlonek
et al. demonstrated an increase in osteoblast-like differentiation
of VICs in vitro, when exposed to radiation (32). However, only
one dose of radiation was used in this study. In order to further
adjust dose regimens and protocols of radiotherapy in the future,
it is essential to consider the variation of effects radiotherapy
may have on tissue. Over the past few decades, great progress
has been made in the context of radiotherapy effectiveness
and safety (3, 4, 30, 31). With current standards, gamma
radiation can better focus on targeted tissue and surrounding
tissues can be spared from the damaging effects of radiation.
Because of these developments, it is now possible to use higher
doses of radiation targeted to a smaller area. However, these
new techniques such as inverse-planned intensity modulated
radiation therapy (IMRT), used for instance in breast cancer
treatment, still involve radiation beams passing through the
heart and exposing it to radiation (45, 46). In addition, indirect
damage by reactive oxygen species (ROS) as a consequence
of irradiation may occur in otherwise shielded areas (47, 48).
Radiation-induced valvular disease remains an important issue
in patients receiving radiotherapy.
We hypothesized that radiation accelerates the calcific
response in the aortic valve. This work demonstrates that
radiation exposure enhances loss of the myofibroblast-like
phenotype of VICs and promotes their mineralization activity.
In addition, we demonstrate that ECM remodeling, one of the
most important functions of VICs in maintaining homeostasis
of the aortic heart valve, is severely affected by radiation
exposure. This might explain the late onset valvular deterioration
that is seen in patients decades after receiving mediastinal
radiotherapy. Lastly, this work emphasizes the importance of
tissue-engineered 3D models of the valvular microenvironment
for understanding key processes of radiation-associated CAVD,
as they may occur in vivo. Further research using such models in
direct comparison with in vivo data is required to draw clinically
relevant conclusions on the development and progression of
radiation-associated CAVD of the human aortic valve.

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT
Ethical review and approval was not required for the animal
study because in this work, porcine valvular interstitial cells
(VICs) were used from rest material from pigs sacrificed
at a slaughterhouse. Therefore, it was not necessary to
obtain ethical approval from an ethics committee upon using
these cells.

AUTHOR CONTRIBUTIONS
JH, RD, NE, and CB designed the experiments and RD, NE, JH,
and IB performed the experiments. JS performed the radiation in
the Catharina Hospital, Eindhoven. Data analysis, interpretation
and creation of figures was performed by MM, RD, NE, IB, JH,
EA, CB, and DK. The manuscript was written by MM, RD, NE,
and JH. JH and CB supervised the project and secured funding.
All authors have read, commented, and agreed to the content of
the manuscript.

FUNDING
This work was supported by the Netherlands Heart Foundation
(NHF-2011T024) and the Netherlands Scientific Council (NWO92003572) (to JH); the Ministry of Education, Culture and
Science for the Gravitation Program 024.003.013 Materials
Driven Regeneration (to CB); and NIH grants R01 HL136431,
R01 HL141917 and R01 HL147095 (to EA).

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.687885/full#supplementary-material
Supplemental Figure 1 | Gelatin zymography bands for active MMP-9 (82 kDa)
and active MMP-2 (62 kDa) measured 1, 3, 8 and 15 days post radiation (with
0 Gy, 4 Gy or 16 Gy). Three donors were included for every condition and
non-radiated empty hydrogels (without VICs) were used as a negative control.

REFERENCES

3. Ratosa I, Ivanetic Pantar M. Cardiotoxicity of mediastinal
radiotherapy. Reports Pract Oncol Radiother. (2019) 24:629–
43. doi: 10.1016/j.rpor.2019.09.002
4. Lewis GD, Farach A. Cardiovascular toxicities of radiation therapy. Methodist
Debakey Cardiovasc J. (2019) 15:274–81. doi: 10.14797/mdcj-15-4-274
5. Aleman BMP, van den Belt-Dusebout AW, Klokman WJ. Van’t
Veer MB, Bartelink H, van Leeuwen FE. Long-term causespecific mortality of patients treated for Hodgkin’s disease.
J Clin Oncol Off. (2003) 21:3431–9. doi: 10.1200/JCO.2003.
07.131

1. McGale P, Darby SC, Hall P, Adolfsson J, Bengtsson NO, Bennet AM, et al.
Incidence of heart disease in 35,000 women treated with radiotherapy for
breast cancer in Denmark and Sweden. Radiother Oncol. (2011) 100:167–
75. doi: 10.1016/j.radonc.2011.06.016
2. Van Nimwegen FA, Schaapveld M, Janus CPM, Krol ADG, Petersen EJ,
Raemaekers JMM, et al. Cardiovascular disease after hodgkin lymphoma
treatment 40-year disease risk. JAMA Intern Med. (2015) 175:1007–
17. doi: 10.1001/jamainternmed.2015.1180

Frontiers in Cardiovascular Medicine | www.frontiersin.org

11

August 2021 | Volume 8 | Article 687885

Meerman et al.

Radiation Induces VIC Calcific Response

25. Qayyum MA, Insana MF. Stromal responses to fractionated radiotherapy. Int
J Radiat Biol. (2012) 88:383–92. doi: 10.3109/09553002.2012.660301
26. de Cortie K, Russell NS, Coppes RP, Stewart FA, Scharpfenecker M.
Bone marrow-derived macrophages incorporate into the endothelium and
influence vascular and renal function after irradiation. Int J Radiat Biol. (2014)
90:769–77. doi: 10.3109/09553002.2014.920967
27. Herskind
C,
Rodemann
HP.
Spontaneous
and
radiationinduced
differentiationof
fibroblasts.
Exp
Gerontol.
(2000)
35:747–55. doi: 10.1016/s0531-5565(00)00168-6
28. Lara PC, Russell NS, Smolders IJ, Bartelink H, Begg AC, Coco-Martin JM.
Radiation-induced differentiation of human skin fibroblasts: relationship
with cell survival and collagen production. Int J Radiat Biol. (1996) 70:683–
92. doi: 10.1080/095530096144572
29. Russell NS, Lara PC, Grummels A, Hart AA, Coco-Martin JM, Bartelink
H, et al. In vitro differentiation characteristics of human skin fibroblasts:
correlations with radiotherapy-induced breast fibrosis in patients. Int J Radiat
Biol. (2000) 76:231–40. doi: 10.1080/095530000138880
30. Duma MN, Baumann R, Budach W, Dunst J, Feyer P, Fietkau R, et
al. Heart-sparing radiotherapy techniques in breast cancer patients: a
recommendation of the breast cancer expert panel of the German society of
radiation oncology (DEGRO). Strahlentherapie und Onkol. (2019) 195:861–
71. doi: 10.1007/s00066-019-01495-w
31. Piroth MD, Baumann R, Budach W, Dunst J, Feyer P, Fietkau R,
et al. Heart toxicity from breast cancer radiotherapy: current findings,
assessment, and prevention. Strahlentherapie und Onkol. (2018) 195:1–
12. doi: 10.1007/s00066-018-1378-z
32. Nadlonek NA, Weyant MJ Yu JA, Cleveland JCJ, Reece TB, Meng X, et al.
Radiation induces osteogenesis in human aortic valve interstitial cells. J Thorac
Cardiovasc Surg. (2012) 144:1466–70. doi: 10.1016/j.jtcvs.2012.08.041
33. Hjortnaes J, Camci-Unal G, Hutcheson JD, Jung SM, Schoen FJ, Kluin
J, et al. Directing valvular interstitial cell myofibroblast-like differentiation
in a hybrid hydrogel platform. Adv Healthc Mater. (2015) 4:121–
30. doi: 10.1002/adhm.201400029
34. Barendsen GW. Dose fractionation, dose rate and iso-effect relationships
for normal tissue responses. Int J Radiat Oncol Biol Phys. (1982) 8:1981–
97. doi: 10.1016/0360-3016(82)90459-x
35. Krahn KN, Bouten CVC, van Tuijl S, van Zandvoort MAMJ, Merkx M.
Fluorescently labeled collagen binding proteins allow specific visualization
of collagen in tissues and live cell culture. Anal Biochem. (2006) 350:177–
85. doi: 10.1016/j.ab.2006.01.013
36. Hjortnaes J, Goettsch C, Hutcheson JD, Camci-Unal G, Lax L, Scherer K,
et al. Simulation of early calcific aortic valve disease in a 3D platform:
a role for myofibroblast differentiation. J Mol Cell Cardiol. (2016) 94:13–
20. doi: 10.1016/j.yjmcc.2016.03.004
37. Offit K, Gilad S, Paglin S, Kolachana P, Roisman LC, Nafa K, et al. Rare
variants of ATM and risk for Hodgkin’s disease and radiation-associated
breast cancers. Clin cancer Res an Off J Am Assoc Cancer Res. (2002) 8:3813–9.
38. Aikawa E, Nahrendorf M, Figueiredo J-L, Swirski FK, Shtatland T, Kohler RH,
et al. Osteogenesis associates with inflammation in early-stage atherosclerosis
evaluated by molecular imaging in vivo. Circulation. (2007) 116:2841–
50. doi: 10.1161/CIRCULATIONAHA.107.732867
39. Concin N, Zeillinger C, Stimpfel M, Schiebel I, Tong D, Wolff U, et al. p53dependent radioresistance in ovarian carcinoma cell lines. Cancer Lett. (2000)
150:191–9. doi: 10.1016/s0304-3835(99)00393-6
40. Zhou W, Yu X, Sun S, Zhang X, Yang W, Zhang J, et al. Increased expression
of MMP-2 and MMP-9 indicates poor prognosis in glioma recurrence. Biomed
Pharmacother. (2019) 118:109369. doi: 10.1016/j.biopha.2019.109369
41. Olivares-Urbano MA, Griñán-Lisón C, Zurita M. del Moral R, Ríos-Arrabal
S, Artacho-Cordón F, et al. Matrix metalloproteases and TIMPs as prognostic
biomarkers in breast cancer patients treated with radiotherapy: A pilot study.
J Cell Mol Med. (2020) 24:139–48. doi: 10.1111/jcmm.14671
42. Artacho-Cordón F, Ríos-Arrabal S, Lara PC, Artacho-Cordón A, Calvente
I, Núñez MI. Matrix metalloproteinases: Potential therapy to prevent the
development of second malignancies after breast radiotherapy. Surg Oncol.
(2012) 21:143–51. doi: 10.1016/j.suronc.2012.06.001
43. Butcher JT, Simmons CA, Warnock JN. Mechanobiology of the aortic heart
valve. J Heart Valve Dis. (2008) 17:62–73.

6. Hancock SL, Tucker MA, Hoppe RT. Factors affecting late mortality from
heart disease after treatment of Hodgkin’s disease. JAMA. (1993) 270:1949–55.
7. Cella L, Liuzzi R, Conson M, Torre G, Caterino M, De Rosa N, et al.
Dosimetric predictors of asymptomatic heart valvular dysfunction following
mediastinal irradiation for Hodgkin’s lymphoma. Radiother Oncol J Eur Soc
Ther Radiol Oncol. (2011) 101:316–21. doi: 10.1016/j.radonc.2011.08.040
8. Jaworski C, Mariani JA, Wheeler G, Kaye DM. Cardiac
complications of thoracic irradiation. J Am Coll Cardiol. (2013)
61:2319–28. doi: 10.1016/j.jacc.2013.01.090
9. van Nimwegen FA, Ntentas G, Darby SC, Schaapveld M, Hauptmann M,
Lugtenburg PJ, et al. Risk of heart failure in survivors of Hodgkin lymphoma:
effects of cardiac exposure to radiation and anthracyclines. Blood. (2017)
129:2257–65. doi: 10.1182/blood-2016-09-740332
10. Heidenreich PA, Hancock SL, Lee BK, Mariscal CS, Schnittger I.
Asymptomatic cardiac disease following mediastinal irradiation. J Am
Coll Cardiol. (2003) 42:743–9. doi: 10.1016/s0735-1097(03)00759-9
11. van Rijswijk JW, Farag ES, Bouten CVC, de Boer OJ, van der Wal
A, de Mol BAJM, et al. Fibrotic aortic valve disease after radiotherapy:
an immunohistochemical study in breast cancer and lymphoma patients.
Cardiovasc Pathol. (2020) 45:107176. doi: 10.1016/j.carpath.2019.107176
12. Hull MC, Morris CG, Pepine CJ, Mendenhall NP. Valvular dysfunction
and carotid, subclavian, and coronary artery disease in survivors of
hodgkin lymphoma treated with radiation therapy. JAMA. (2003) 290:2831–
7. doi: 10.1001/jama.290.21.2831
13. Hammermeister KE, Sethi GK, Henderson WG, Oprian C, Kim T, Rahimtoola
S, et al. comparison of outcomes in men 11 years after heart-valve
replacement with a mechanical valve or bioprosthesis. Veterans affairs
cooperative study on valvular heart disease. N Engl J Med. (1993) 328:1289–
96. doi: 10.1056/NEJM199305063281801
14. Crestanello JA, McGregor CGA, Danielson GK, Daly RC, Dearani JA,
Orszulak TA, et al. Mitral and tricuspid valve repair in patients with
previous mediastinal radiation therapy. Ann Thorac Surg. (2004) 78:826–
31. doi: 10.1016/j.athoracsur.2004.04.008
15. Veinot JP, Edwards WD. Pathology of radiation-induced heart disease:
a surgical and autopsy study of 27 cases. Hum Pathol. (1996) 27:766–
73. doi: 10.1016/S0046-8177(96)90447-5
16. Tamura A, Takahara Y, Mogi K, Katsumata M. Radiation-induced valvular
disease is the logical consequence of irradiation. Gen Thorac Cardiovasc Surg.
(2007) 55:53–6. doi: 10.1007/s11748-006-0070-x
17. Yutzey KE, Demer LL, Body SC, Huggins GS, Towler DA, Giachelli CM, et
al. Calcific aortic valve disease - a consensus summary from the alliance of
investigators on calcific aortic valve disease. Arterioscler Thromb Vasc Biol.
(2014) 34:2387–93. doi: 10.1161/ATVBAHA.114.302523
18. Aikawa E, Libby P. A rock and a hard place chiseling away at the
multiple mechanisms of aortic stenosis. Circulation. (2017) 135:1951–
5. doi: 10.1161/CIRCULATIONAHA.117.027776
19. Rabkin E, Hoerstrup SP, Aikawa M, Mayer JEJ, Schoen FJ. Evolution of
cell phenotype and extracellular matrix in tissue-engineered heart valves
during in-vitro maturation and in-vivo remodeling. J Heart Valve Dis.
(2002) 11:308–14.
20. Liu AC, Joag VR, Gotlieb AI. The emerging role of valve interstitial cell
phenotypes in regulating heart valve pathobiology. Am J Pathol. (2007)
171:1407–18. doi: 10.2353/ajpath.2007.070251
21. Rutkovskiy A, Malashicheva A, Sullivan G, Bogdanova M, Kostareva A,
Stensløkken KO, et al. Valve interstitial cells: the key to understanding the
pathophysiology of heart valve calcification. J Am Heart Assoc. (2017) 6:1–
23. doi: 10.1161/JAHA.117.006339
22. Otto CM, Kuusisto J, Reichenbach DD, Gown AM, O’Brien KD.
Characterization of the early lesion of “degenerative” valvular aortic
stenosis. Histological and immunohistochemical studies. Circulation. (1994)
90:844–53. doi: 10.1161/01.cir.90.2.844
23. Mohler ER. 3rd, Gannon F, Reynolds C, Zimmerman R, Keane MG, Kaplan
FS. Bone formation and inflammation in cardiac valves. Circulation. (2001)
103:1522–8. doi: 10.1161/01.cir.103.11.1522
24. Di Vito A, Donato A, Presta I, Mancuso T, Brunetti FS, Mastroroberto P, et al.
Extracellular matrix in calcific aortic valve disease: architecture, dynamic and
perspectives. Int J Mol Sci. (2021) 22:913. doi: 10.3390/ijms22020913

Frontiers in Cardiovascular Medicine | www.frontiersin.org

12

August 2021 | Volume 8 | Article 687885

Meerman et al.

Radiation Induces VIC Calcific Response

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

44. Sarathchandra P, Smolenski RT, Yuen AHY, Chester AH, Goldstein S, Heacox
AE, et al. Impact of γ-irradiation on extracellular matrix of porcine pulmonary
valves. J Surg Res. (2012) 176:376–85. doi: 10.1016/j.jss.2011.10.011
45. Taylor CW, Zhe W, Macaulay E, Jagsi R, Duane F, Darby SC.
Exposure of the heart in breast cancer radiation therapy: A systematic
review of heart doses published during 2003 to 2013. Int J Radiat
Oncol Biol Phys. (2015) 93:845–53. doi: 10.1016/j.ijrobp.2015.0
7.2292
46. Taylor CW, Kirby AM. Cardiac side-effects from breast cancer
radiotherapy. Clin Oncol. (2015) 27:621–9. doi: 10.1016/j.clon.2015.
06.007
47. Sylvester CB, Abe J, Patel ZS, Grande-Allen KJ. Radiation-induced
cardiovascular disease: mechanisms and importance of linear energy
transfer. Front Cardiovasc Med. (2018) 5:1–9. doi: 10.3389/fcvm.2018.
00005
48. Caron J, Nohria A. Cardiac toxicity from breast cancer treatment: can
we avoid this? Curr Oncol Rep. (2018) 20:1–8. doi: 10.1007/s11912-0180710-1

Frontiers in Cardiovascular Medicine | www.frontiersin.org

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2021 Meerman, Driessen, van Engeland, Bergsma, Steenhuijsen,
Kozono, Aikawa, Hjortnaes and Bouten. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

13

August 2021 | Volume 8 | Article 687885

