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Abstract

Background: Remdesivir is an antiviral drug approved for the treatment of

COVID-19, whose developmental toxicity remains unclear. More information

about the safety of remdesivir is urgently needed for people of childbearing

potential, who are affected by the ongoing pandemic. Morphogenetic embryoid

bodies (MEBs) are three-dimensional (3D) aggregates of pluripotent stem cells

that recapitulate embryonic body patterning in vitro, and have been used as

effective embryo models to detect the developmental toxicity of chemical expo-

sures specifically and sensitively.

Methods: MEBs were generated from mouse P19C5 and human H9 pluripo-

tent stem cells, and used to examine the effects of remdesivir. The morphologi-

cal effects were assessed by analyzing the morphometric parameters of MEBs

after exposure to varying concentrations of remdesivir. The molecular impact

of remdesivir was evaluated by measuring the transcript levels of developmen-

tal regulator genes.

Results: The mouse MEB morphogenesis was impaired by remdesivir at 1–
8 μM. Remdesivir affected MEBs in a manner dependent on metabolic conver-

sion, and its potency was higher than GS-441524 and GS-621763, presumptive

anti-COVID-19 drugs that act similarly to remdesivir. The expressions of devel-

opmental regulator genes, particularly those involved in axial and somite pat-

terning, were dysregulated by remdesivir. The early stage of MEB development

was more vulnerable to remdesivir exposure than the later stage. The morpho-

genesis and gene expression profiles of human MEBs were also impaired by

remdesivir at 1–8 μM.

Received: 12 July 2022 Revised: 9 September 2022 Accepted: 14 October 2022

DOI: 10.1002/bdr2.2111

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Birth Defects Research published by Wiley Periodicals LLC.

224 Birth Defects Research. 2023;115:224–239.wileyonlinelibrary.com/journal/bdr2

https://orcid.org/0000-0001-5720-5806
mailto:marikawa@hawaii.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/bdr2


Conclusions: Remdesivir impaired mouse and human MEBs at concentra-

tions that are comparable to the therapeutic plasma levels in humans, urging

further investigation into the potential impact of remdesivir on developing

embryos.
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1 | INTRODUCTION

Remdesivir (RDV) is the first antiviral drug approved by
the U.S. Food and Drug Administration (FDA) for the
treatment of coronavirus disease 2019 (COVID-19),
caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). RDV is administered intravenously and
is converted within cells into the active nucleoside tri-
phosphate form, which inhibits the RNA-dependent
RNA polymerase (RdRp) of RNA viruses, including
SARS-CoV-2 (Eastman et al., 2020; Kokic et al., 2021). As
RdRp is responsible for the replication and transcription
of the viral RNA genome, its inhibition is considered the
major mechanism of the antiviral action of RDV. The
efficacy of RDV to reduce SARS-CoV-2 proliferation has
been demonstrated in cultured cells, model animals, and
humans (Beigel et al., 2020; Goldman et al., 2020; Lin
et al., 2021; Pagliano et al., 2022). Regarding the safety of
RDV, hepatotoxicity and nephrotoxicity have been impli-
cated in human studies (Gérard et al., 2021; Satsangi,
Gupta, & Kodan, 2021). However, the developmental tox-
icity of RDV, namely the adverse impact on embryos, is
still unclear (Budi et al., 2022; Gutierrez et al., 2022;
Marzban-Rad, Ghafarzadeh, Bahmani, & Kazemi, 2022;
Saroyo, Rumondang, Febriana, Harzif, & Irwinda, 2021).
Due to the ongoing COVID-19 pandemic, many people,
including those who are pregnant or may become preg-
nant, will continue to be affected. Notably, COVID-19
appears to affect pregnant people more severely than
nonpregnant people (Allotey et al., 2020; Murison,
Grima, Simmons, Tuite, & Fisman, 2022; Wang
et al., 2022), which underscores the importance of
proper treatments, including antivirals, during preg-
nancy. Thus, it is particularly important to gather more
information on the developmental toxicity of RDV
through various investigative approaches. Currently,
there are registries to monitor pregnancy outcomes in
individuals exposed to RDV (FDA, 2022;
United Kingdom Teratology Information Service
[UKTIS], 2022), which are vital in order to conduct
human epidemiologic studies. Animal tests and in vitro
assays are also valuable, as they are more amenable for

controlled experiments to interrogate the actions of
RDV on specific embryological events.

To assess the developmental toxicity of chemicals,
in vitro assays using pluripotent stem cells have been
explored. Because pluripotent stem cells are capable of
self-renewal and differentiation into various types of tis-
sues, they have been used as investigative tools to model
embryo development in vitro (El Azhar & Sonnen, 2021).
The basic principle of stem cell-based assays is that the
adverse effects of chemical exposures on in vitro differenti-
ation are interpreted as a sign of developmental toxicity
(Riebeling et al., 2012). To date, numerous formats of
assays using mouse and human pluripotent stem cells
have been reported, each of which utilizes distinct differ-
entiation protocols and endpoints of analyses (Jaklin
et al., 2022; Jamalpoor et al., 2022; Lauschke et al., 2021;
Luz & Tokar, 2018; Mennen, Oldenburger, &
Piersma, 2022; Piersma et al., 2022). Although in vitro
assays are not expected to replace animal or human stud-
ies, they offer substantial advantages that can facilitate the
identification of developmentally toxic chemicals. Stem
cell-based in vitro assays are generally fast, economical,
and scalable for high-throughput screening, and they can
serve as ethical alternatives to help reduce animal usage in
developmental toxicity testing. Also, stem cell-based assays
allow precise examination of the concentration–effect rela-
tionships of specific chemicals, including metabolic prod-
ucts. Such information can be compared with the
pharmacokinetic data in humans (e.g., plasma concentra-
tions, metabolic conversions) to provide insights into the
potential developmental toxicity in vivo.

The in vitro assay used in the present study consists
of morphogenetic embryoid bodies (MEBs), which are
three-dimensional (3D) aggregates of pluripotent stem
cells that mimic many features of early development
associated with gastrulation (Arias, Marikawa, &
Moris, 2022; van den Brink & van Oudenaarden, 2021).
During in vitro culture, 3D aggregates of mouse and
human stem cells grow in size and transform from a
spherical to elongated shape, and exhibit the key charac-
teristics of gastrulation, such as germ layer formation and
axial patterning. MEBs, some types of which are referred
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to as gastruloids (Beccari et al., 2018; Moris et al., 2020),
have been used as in vitro assay tools to detect develop-
mental toxicity, and their effectiveness has been tested in
reference to a variety of chemical exposures, whose devel-
opmental toxicities, or lack thereof, are known from prior
animal or human studies (Mantziou et al., 2021;
Marikawa, 2022; Marikawa, Chen, Menor, Deng, &
Alarcon, 2020; Warkus & Marikawa, 2017). For MEBs
made of mouse P19C5 stem cells, the morphological fea-
tures, namely the size and the extent of elongation, are
significantly altered by many developmentally toxic
chemical exposures with a concordance of 82.9%
(Warkus & Marikawa, 2017). The expression levels of
developmental regulator genes, particularly those
involved in germ layer formation and axial patterning,
are also significantly altered by chemical exposures that
impair MEB morphogenesis (Kim & Marikawa, 2018;
Kirkwood-Johnson, Katayama, & Marikawa, 2021; Lau &
Marikawa, 2014; Li & Marikawa, 2015, 2016, 2020;
Warkus & Marikawa, 2018). For MEBs made of human
H9 embryonic stem cells, the expression levels of various
regulator genes are altered in response to many develop-
mentally toxic exposures with a concordance of 92.9%
(Marikawa et al., 2020). Thus, MEBs are useful in vitro
embryo models to assess the developmental toxicity of
chemicals in a sensitive and specific manner.

In the present study, MEBs of mouse P19C5 cells
were first used to examine the potential adverse effects of
RDV, namely by determining the concentrations, timing
of exposure, and impact on gene expression profiles that
are associated with morphogenesis impairment. The
effects of RDV were also compared with those of GS-
441524 (a main metabolite of RDV) and its tri-ester form
GS-621763, as they are possible anti-COVID-19 drugs that
may act similarly to RDV (Cox et al., 2021; Rasmussen,
Thomsen, & Hansen, 2022; Schäfer et al., 2022; Yan &
Muller, 2020). MEBs of human H9 cells were then used
to determine the concentrations of RDV that impair the
morphology and expression profiles of developmental
regulator genes, and were compared with the concentra-
tions that affected the mouse MEBs. The concentration–
effect relationships revealed by the MEB-based assays are
discussed in relation to the therapeutic plasma concentra-
tions of RDV in humans to evaluate whether the drug
may cause the death or malformation of embryos.

2 | MATERIALS AND METHODS

2.1 | Test chemicals

RDV (#30354), telaprevir (TVR; #20054), GS-441524
(#30469), and GS-621763 (#34125) were commercially

obtained from Cayman Chemical (San Diego, CA). These
chemicals were dissolved in dimethyl sulfoxide (DMSO;
#D2650) from Sigma-Aldrich (St. Louis, MO) at 5 or
10 mM as stocks, and were stored at �20�C. Chemical
structures of RDV, GS-441524, and GS-621763, and their
conversions into the active nucleoside triphosphate form
are depicted in Figure 1a.

2.2 | Cell culture and generation
of MEBs

Mouse P19C5 stem cells, which were derived from the
P19 embryonal carcinoma stem cell line (Lau &
Marikawa, 2014), were maintained in culture medium
consisting of 90% Minimum Essential Medium Alpha
with nucleosides and GlutaMAX Supplement
(LifeTechnologies, Carlsbad, CA), 7.5% newborn calf
serum, 2.5% fetal bovine serum, 50 units/ml penicillin,
and 50 μg/ml streptomycin. 3D cell aggregates, or embry-
oid bodies, were generated by hanging drop culture,
according to the method described previously (Lau &
Marikawa, 2014). Briefly, cells were dissociated with Try-
pLE Express (LifeTechnologies) and suspended at a den-
sity of 10 cells/μl in the culture medium, containing a
final concentration of 1% DMSO, with or without a test
chemical. Drops (20 μl each) of cell suspension were
deposited on the inner surface of Petri dish lids (16 drops
per dish), which were then inverted to make hanging
drops.

Human H9 embryonic stem cell line (WA09, National
Institutes of Health registration number 0062) was
obtained from WiCell Research Institute (Madison, WI).
H9 cells were maintained in the feeder-free culture
medium mTeSR1 (Stemcell Technologies, Vancouver,
BC, Canada) with 40 units/ml penicillin and 40 μg/ml
streptomycin in flasks that had been precoated with
iMatrix-511 (Takara Bio, Mountain View, CA). MEBs of
H9 cells were generated in round-bottom 96-well plates,
as described previously (Marikawa et al., 2020). Briefly,
cells were dissociated with TrypLE Express and sus-
pended at a density of 20 cells/μl in culture medium con-
sisting of 80% Minimum Essential Medium Alpha with
nucleosides and GlutaMAX, 20% 5X Supplement of
mTeSR1, 10 μM CHIR99021 (Calbiochem, La Jolla, CA),
2 μM SB431542 (Stemcell Technologies), and 2 nM reti-
noic acid (Sigma-Aldrich), with or without a test chemi-
cal. Then, 50 μl of cell suspension was placed in each
well to generate human embryonic stem cell aggregates
with CHIR99021, SB431542, and retinoic acid, which are
referred to as HESCA-CSR (Marikawa et al., 2020). All
cells and MEBs were cultured at 37�C in 4.5% CO2 in
humidified air.
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2.3 | Chemical treatment of MEBs

For the experiments to examine the impact on morpho-
genesis and gene expression, MEBs were exposed to a test
chemical at a given concentration from the time of cell
aggregation to the end of culture (4 and 5 days for the
mouse and human MEBs, respectively) (Figure 1b). The
ranges of test chemical concentrations were selected
based on a series of pilot experiments to include a low
concentration that did not affect the MEB morphogenesis
and a high concentration that did. For mouse MEBs, 5 μl
of DMSO, containing a test chemical (at 100X concentra-
tion), was first prepared, and then mixed with 495 μl of
10 cells/μl cell suspension, creating a desired
(1X) concentration of a test chemical with 1% DMSO.
This cell suspension was used for hanging drop culture to
generate MEBs. MEBs were cultured for 4 days without
medium change, and harvested for morphometric

analyses (Section 2.4) or gene expression analyses
(Section 2.5). Human MEBs were treated with RDV in a
manner similar to mouse MEBs with slight differences.
Namely, 0.8 μl of DMSO with a test chemical (at 100X
concentration) was mixed with 499.2 μl of 20 cells/μl cell
suspension, resulting in 0.16% DMSO, which was placed
in round-bottom wells to create MEBs.

In an experiment to examine the impact of timing of
exposure, mouse MEBs were treated with RDV (4 μM) at
different intervals during the course of a 4-day culture. In
one group, cell aggregates were cultured in RDV-
containing hanging drops from Day 0 to Day 2, followed
by transfer (manually using a glass pipet) into control
hanging drops for culture until Day 4 (designated as R-
C). In another group, MEBs were exposed in reversed
conditions, in which they were cultured in control hang-
ing drops from Day 0 to Day 2, followed by transfer into
RDV-containing hanging drops for culture until Day

FIGURE 1 (a) The chemical structures of remdesivir (RDV), GS-441524, and GS-621763, and their conversion into the nucleoside

triphosphate, which is the therapeutically active form. Cathepsin A catalyzes the first reaction that converts RDV into the alanine metabolite

GS-704277 (not shown), which is then converted to the monophosphate form. (b) The experimental scheme to examine the impact of test

chemicals on the morphogenesis and gene expressions in mouse and human morphogenetic embryoid bodies
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4 (designated as C-R). Simultaneously, two additional
groups were also prepared for comparisons, namely cell
aggregates that were transferred from control to control
hanging drops at Day 2 (designated as C-C) and those
transferred from RDV-containing to RDV-containing
hanging drops at Day 2 (designated as R-R).

2.4 | Morphometric analyses

MEBs were removed from hanging drops or culture
wells, and placed together in a dish filled with
phosphate-buffered saline for photography. Image files in
JPG format were opened in the ImageJ program
(National Institutes of Health, Bethesda, MD). The cir-
cumference of individual MEBs was traced using the
polygon selection tool, and three morphometric parame-
ters, namely area, elongation distortion index (EDI), and
aspect ratio (AR), were measured. Area was used to eval-
uate the overall size of the MEBs, and it correlates with
the cytotoxic potential (i.e., to reduce cell proliferation or
survival) of chemical exposures, as shown in the previous
studies for both mouse and human MEBs (Marikawa
et al., 2020; Warkus & Marikawa, 2017; Warkus, Yuen,
Lau, & Marikawa, 2016). By contrast, EDI and AR were
used to gauge the extent of axial elongation. EDI, which
is defined as 1/circularity �1, becomes larger when the
shape of an MEB is more elongated or distorted
(Marikawa, Tamashiro, Fujita, & Alarc�on, 2009). AR is
the ratio of the major-to-minor axis of an ellipse that
most tightly fits the circumference of an MEB, and it
becomes larger for those that are more elongated along a
single axis. For each set of experiments, the morphomet-
ric parameters were normalized relative to the average
values of control aggregates to calculate relative area, rel-
ative EDI, and relative AR, which are expressed as per-
centages of the control (control = 100%). These relative
values were compiled from three or more sets of indepen-
dent replicates.

2.5 | Gene expression analyses

Quantitative reverse transcription-polymerase chain reac-
tion (qRT-PCR) was performed to determine the relative
expression levels of developmental regulator genes. The
functional characteristics and PCR primer sequences of
the mouse genes examined are listed in Table 1. Previous
studies have shown that the expressions of these genes
are dysregulated by various chemical exposures that
impair the morphogenesis of mouse MEBs (Kim &
Marikawa, 2018; Kirkwood-Johnson et al., 2021; Lau &
Marikawa, 2014; Li & Marikawa, 2015, 2016, 2020;

Warkus & Marikawa, 2018; Yuan & Marikawa, 2017),
and that the presence of morphological impairment in
mouse MEBs correlates with the in vivo developmental
toxicity of chemical exposures with a concordance of
82.9% (Warkus & Marikawa, 2017). The characteristics
and PCR primer sequences of the human genes are
described in the previous study (Marikawa et al., 2020).
The procedures for RNA extraction, cDNA synthesis,
real-time PCR, and data analysis are described previously
(Kirkwood-Johnson et al., 2021). To assess the impact of
RDV on gene expressions in HESCA-CSR, the Altered
Level of Embryogenesis Regulator Transcript (ALERT)
score was calculated, which was formulated previously
(Marikawa et al., 2020). Briefly, ALERT score represents
the number of genes, whose transcript levels were altered
by ≥2-fold compared to the control (either increase or
decrease) with statistical significance (p < .05; see
Section 2.6) in response to a given chemical exposure.
The previous validation study showed that positive
ALERT scores correlate with the in vivo developmental
toxicity of chemical exposures with a concordance of
92.9% (Marikawa et al., 2020).

2.6 | Statistical analyses

All experiments were conducted three times or more,
using different batches of cell collections as biological
replicates. For morphometric analyses (Section 2.4), com-
piled data were presented as mean ± 95% CI. Mean
values of relative area, relative EDI, and relative AR,
were first compared among treatment groups, including
controls, by one-way analysis of variance (ANOVA) to
determine whether there were any significant differences,
followed by post hoc two-sample t test to compare
between two specific groups. p-Values of less than .01
were deemed statistically significant. For gene expression
analyses (Section 2.5), compiled data were presented as
mean ± SD. Mean values of relative expression levels
were first compared by one-way ANOVA, followed by
post hoc two-sample t test to compare between control
and chemical-treated groups. p-Values of less than .05
were deemed statistically significant.

3 | RESULTS

3.1 | RDV impairs the morphogenesis of
mouse MEBs at therapeutic concentrations

When mouse P19C5 cell aggregates were cultured in the
presence of RDV, the morphology of the resulting MEBs
at Day 4 was distinctly altered in a concentration-
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TABLE 1 Mouse developmental regulator genes examined in the present study

Gene name Characteristicsa Primer sequences (50 à 30)

Actb a. Cytoskeletal actin
b. Ubiquitous
c. Housekeeping

F: GAGAGGGAAATCGTGCGTGACATC
R: CAGCTCAGTAACAGTCCGCCTAGA

Aldh1a2 a. Aldehyde dehydrogenase
b. Trunk region
c. Retinoic acid synthesis

F: CTTGCCTCACAACAAGTGAGCTTC
R: TCACCCAGGTTAGAGACTGGCTTC

Brachyury a. T-box transcription factor
b. Primitive streak
c. Mesendoderm specification

F: CCTCGGATTCACATCGTGAGAGTT
R: AGTAGGTGGGCGGGCGTTATGACT

Cdx1 a. Homeodomain transcription factor
b. Primitive streak
c. Axial patterning

F: TCAGGACTGGACATGAGGTAGAGG
R: TGGGAAGGTGGGCATGAGCAGGTA

Cyp26a1 a. Cytochrome P450 oxidase
b. Posterior end
c. Retinoic acid catabolism

F: CGGAGCTGTGTAGGCAAAGAGTTT
R: CCTGGAAGTGGGTAAATCTTGCAG

Dll1 a. NOTCH signaling ligand
b. Posterior end
c. Somite segmentation

F: TGCCCACACGTCTATCTTGGATTA
R: GTCACATAGACCCGAAGTGCCTTT

Fgf8 a. FGF signaling ligand
b. Primitive streak
c. Mesendoderm specification

F: GTTGCACTTGCTGGTTCTCTGCCT
R: AGTCCTTGCCTTTGCCGTTGCTCT

Foxc2 a. Forkhead transcription factor
b. Somitic mesoderm
c. Somite segmentation

F: CCCATAGGGACCCCTAATGACTTC
R: GTAACAGTTGGGCAAGACGAAACC

Hes7 a. HLH transcription factor
b. Posterior end
c. Somite segmentation

F: CATACCCTTCTCCCACCTTTAGGC
R: AGTGACGAGAAAGCGATTCAAAGG

Hoxa1 a. HOX transcription factor
b. Anterior region
c. Axial patterning

F: CCCTTTCCTTCCACACTGTCTTGT
R: AAGACCCGTAAACTCTGCTCTGGA

Hoxb9 a. HOX transcription factor
b. Posterior region
c. Axial patterning

F: AAGCAGGGAGTGGTTTTATGAAGG
R: GGGATAGGAATGTATGAATGGGGA

Hoxc6 a. HOX transcription factor
b. Central region
c. Axial patterning

F: TTCGCCACAGGAGAATGTCGTGTT
R: CGAGTTAGGTAGCGGTTGAAGTGA

Lfng a. NOTCH signaling regulator
b. Posterior end
c. Somite segmentation

F: AAGCAGGGAGTGGTTTTATGAAGG
R: GGGATAGGAATGTATGAATGGGGA

Meox1 a. Homeodomain transcription factor
b. Somitic mesoderm
c. Somite differentiation

F: AAAAATCAGACTTCCCAGCGACAG
R: TTCACACGTTTCCACTTCATCCTC

Mesp2 a. HLH transcription factor
b. Somitic mesoderm
c. Somite differentiation

F: CTGCCTTGGAAGTGCCTTTATCTG
R: GATACCTAGAAGCGGGGGTGTCTT

Mixl1 a. Homeodomain transcription factor
b. Primitive streak
c. Mesendoderm specification

F: CGACAGACCATGTACCCAGACATC
R: TGAGGCTTCAAACACCTAGCTTCA

Msgn1 a. bHLH domain transcription factor
b. Posterior end
c. Somite differentiation

F: CCAGAAAGGCAGCAAAGTCAAGAT
R: TCTGTGAGTTCCCCGATGTACTTG

(Continues)
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dependent manner. With increasing concentrations of
RDV, MEBs became progressively smaller and less elon-
gated (Figure 2a). All three morphometric parameters
(area, EDI, and AR) were significantly reduced by RDV
at 2 μM, and they were more markedly reduced at higher
concentrations. Strikingly, the EDI and AR (gauging the
extent of axial elongation) were significantly reduced
even at 1 μM, although the area (measuring the overall
growth) was unaffected, suggesting that RDV can impair
morphogenesis without cytotoxic impact. These concen-
trations are close to or lower than the peak plasma con-
centrations (Cmax) of RDV in people who received the
FDA-approved therapeutic dose of the drug (4.3–9.0 μM;
Humeniuk et al., 2020; Tempestilli et al., 2020).

To test whether the morphological effects of RDV
depend on the intracellular conversion to the triphos-
phate form, MEBs were co-treated with RDV and TVR,
an inhibitor of Cathepsin A, which mediates the first step
of the conversion (Figure 1a). Co-treatment with TVR
significantly alleviated the adverse effects of RDV on all

three morphometric parameters (Figure 2c,d). Namely,
RDV (8 μM) alone markedly reduced the growth and
elongation (area = 40% of control, EDI and AR = 9–10%
of control), whereas RDV (8 μM) and TVR (5 μM)
together only modestly reduced them (area = 87% of con-
trol, EDI and AR = 34–48% of control). Note that even
though TVR alone caused a modest reduction in EDI and
AR (67% and 65% of control, respectively), it significantly
alleviated the adverse effects of RDV on the growth and
elongation of MEBs. This suggests that the intracellular
conversion to the triphosphate form is required for RDV
to impair the morphogenesis of mouse MEBs.

3.2 | GS-441524 and GS-621763 are less
potent than RDV in impairing the
morphogenesis of mouse MEBs

GS-441524 is a main metabolite of RDV in the plasma
(Cmax = 0.5–2.0 μM; Humeniuk et al., 2020; Tempestilli

TABLE 1 (Continued)

Gene name Characteristicsa Primer sequences (50 à 30)

Nanog a. Homeodomain transcription factor
b. Epiblast
c. Pluripotency maintenance

F: GCTTTGGAGACAGTGAGGTGCATA
R: GCTACCCTCAAACTCCTGGTCCTT

Nodal a. NODAL signaling ligand
b. Epiblast
c. Pluripotency maintenance

F: GTACATGTTGAGCCTCTACCGAGA
R: TCTACAGACAGCTGTCCCTCCTGG

Nrarp a. NOTCH signaling component
b. Posterior end
c. Somite segmentation

F: TGGGAAATAAAAGGGAGGCTGAAT
R: GTGCTTGTCTCAGTGTCTGCCATT

Notch1 a. NOTCH signaling receptor
b. Posterior end
c. Somite segmentation

F: GTCTGCAGGCTCCAGTGTTCTGTA
R: TCAGTTGGATTTGGATGATGCTGT

Sp5 a. Zinc finger transcription factor
b. Primitive streak
c. Wnt signaling transcriptional target

F: CAGGACAGGAAACTGGGTCGTAGT
R: GGCCTAGCAAAAACTTAGGCCTTG

Pou5f1 a. POU domain transcription factor
b. Epiblast
c. Pluripotency maintenance

F: AGGCAGGAGCACGAGTGGAAAGCA
R: GGAGGGCTTCGGGCACTTCAGAAA

Tbx6 a. T-box transcription factor
b. Posterior end
c. Axial stem cell differentiation

F: GGCCTCTCTTCCACCCTTTAGTTC
R: CACTAGTAACAAGGCCCCCAGGAG

Wnt3 a. WNT signaling ligand
b. Primitive streak
c. Initiation of gastrulation

F: CAGATGCCCGCTCAGCTATGAACA
R: AGCAGCACCAGTGGAAGACGCAAT

Wnt3a a. WNT signaling ligand
b. Posterior end
c. Axial stem cell differentiation

F: GCCACAAGAGCTTCCTGATTGGTA
R: CCAGGCAGAAGACAGTCAGTCACC

aCharacteristics are: a—molecular function, b—major expression domains around the gastrulation stage (mouse embryonic stages from E5.5 to E8.5), and c—
functional significance in early embryo development, which are based on the information available in the Mouse Genome Informatics (www.informatics.
jax.org).
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et al., 2020). Because GS-441524 can also be converted to
the triphosphate form through a mechanism distinct
from RDV (Figure 1a), its therapeutic application for
COVID-19 has been explored (Rasmussen et al., 2022;
Yan & Muller, 2020). Similar to RDV, the growth and
elongation of mouse MEBs were diminished by exposure
to GS-441524 (Figure 3a). However, much higher concen-
trations of GS-441524 than RDV were needed to elicit
similar morphological effects. For example, all three mor-
phometric parameters were reduced by GS-441524 at
32 μM and above (Figure 3b), whereas they were reduced
by RDV at 2 μM and above (Figure 2b).

GS-621763 is a tri-ester analog and pro-drug form of
GS-441524 (Figure 1a), and is also being explored as an
oral drug for COVID-19 (Cox et al., 2021; Schäfer
et al., 2022). Exposure to GS-621763 impaired the mor-
phogenesis of mouse MEBs, and all three morphometric
parameters were significantly reduced by it at 10 μM and

above (Figure 3c,d). Thus, of the three similar drugs
tested, RDV was the most potent in impairing the mor-
phogenesis of mouse MEBs.

3.3 | RDV dysregulates the expression of
developmental regulators in mouse MEBs

To gain insight into the molecular mechanisms by which
RDV impairs the morphogenesis of MEBs, the expression
profiles of developmental regulator genes were investi-
gated. The genes listed in Table 1 were selected for ana-
lyses, because they are essential regulators of embryonic
patterning, and also because their transcriptions are dys-
regulated by various chemical exposures that impair the
morphogenesis of mouse MEBs (Marikawa, 2018, 2022).
The transcript levels of the pluripotency maintenance
factors (Pou5f1, Nanog, Nodal) were not significantly

FIGURE 2 The impact of remdesivir (RDV) on the morphogenesis of mouse morphogenetic embryoid bodies (MEBs).

(a) Representative images of mouse MEBs on Day 4 of culture that have been treated with RDV at the indicated concentrations.

(b) Morphometric parameters of Day 4 mouse MEBs treated with RDV. Graphs show means ±95% confidence interval (CI) of relative area,

relative elongation distortion index (EDI), and relative aspect ratio (AR), based on measurement of 64 aggregates for each condition.

Asterisks indicate significant reduction (p < .01) compared to the control. (c) Representative images of Day 4 MEBs that have been co-

treated with RDV and telaprevir (TVR) at the indicated concentrations. (d) Graphs show means ±95% CI of the morphometric parameters of

Day 4 MEBs treated with RDV and TVR, based on measurement of 47–48 aggregates for each condition. Different letters indicate statistically

significant difference (p < .01) among treatments. Scale bars = 500 μm
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different between the control and RDV-exposed (4 μM)
MEBs during the course of the 4-day culture (Figure 4a).
However, the expression of many other genes was dis-
tinctly altered by RDV exposure. The manner of alter-
ations was variable depending on the genes: some genes
were upregulated while others were downregulated by
RDV at specific days of culture. Most notably, RDV dysre-
gulated the genes that are involved in somite formation
(Tbx6, Dll1, Hes7, Nrarp, Lfng, Mesp2, Meox1, Foxc2) and
cranial-caudal patterning (Hoxa1, Hoxc6, Hoxb9,
Aldh1a2, Cyp26a1) (Figure 4a), which may be linked to
the morphological impairment of the RDV-treated MEBs.

The impact of RDV on gene expressions was further
investigated in comparison with GS-441524, the major
metabolite of RDV in the plasma. MEBs were exposed to
RDV at 2–8 μM or GS-441524 at 16–64 μM, as these con-
centrations were comparable in the potency to impair
morphogenesis (Figures 2b and 3b). Gene expression was
then analyzed at Day 2. Of the six genes examined, five
(Tbx6, Dll1, Nrarp, Lfng, Aldh1a2) were downregulated
by both RDV and GS-441524 in a similar manner
(Figure 4b). By contrast, one gene (Hoxa1) was

upregulated by RDV, but not by GS-441524 even at the
highest concentration tested (64 μM). This suggests that
RDV and GS-441524 exert a similar, but not identical,
molecular impact on mouse MEBs.

3.4 | Early stages of mouse MEB
development are more vulnerable to RDV
exposure

The vulnerability of embryos to chemical insults depends
on the timing and duration of exposure (Friedman, 2010;
Wilson, 1973). To assess the developmental stage-
dependent impact, mouse MEBs were exposed to RDV
(4 μM) at different periods during the course of the 4-day
culture (Figure 5a), and their morphology was examined
at Day 4. Both the early exposure (Days 0–2; R-C) and
the late exposure (Days 2–4; C-R) impaired the MEB
morphogenesis, as they significantly reduced all three
morphometric parameters, compared to the control (C-C;
Figure 5b). However, reductions were more pronounced
for the early exposure. Notably, the axial elongation, as

FIGURE 3 The impact of GS-441524 and GS-621763 on the morphogenesis of mouse morphogenetic embryoid bodies (MEBs).

(a) Representative images of Day 4 MEBs that have been treated with GS-441524 at the indicated concentrations. (b) Morphometric

parameters of Day 4 MEBs treated with GS-441524. Graphs show means ±95% confidence interval (CI) of relative area, relative elongation

distortion index (EDI), and relative aspect ratio (AR), based on measurement of 47–48 aggregates for each condition. Asterisks indicate

significant reduction (p < .01) compared to the control. (c) Representative images of Day 4 MEBs treated with GS-621763. (d) Graphs show

means ±95% CI of the morphometric parameters of Day 4 MEBs treated with GS-621763. Asterisks indicate significant reduction (p < .01)

compared to the control. Scale bars = 500 μm
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FIGURE 4 The impact of remdesivir (RDV) on the expressions of developmental regulator genes in mouse morphogenetic embryoid

bodies (MEBs). (a) Graphs show means ± SD of relative expression levels in arbitrary unit over the course of 4 days of culture, based on four

replicates of experiments. Blue and red lines correspond to control and RDV-treated (4 μM) MEBs, respectively. Asterisks indicate significant

difference (p < .05) compared to the control at the same day of culture. (b) Graphs show means ± SD of relative expression levels (the

control value is set as 1) at Day 2 of culture, based on three replicates of experiments. Blue, red, and green bars correspond to control, RDV-

treated, and GS-441524-treated MEBs, respectively. Asterisks indicate significant difference (p < .05) compared to the control
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measured by EDI and AR, was markedly diminished by
R-C in a manner comparable to the continuous exposure
throughout the 4-day period (R-R; Figure 5b). Thus, the
morphogenesis of MEBs was more sensitively impaired
by exposure to RDV during the early (Days 0–2) than the
late (Days 2–4) stages.

3.5 | The morphogenesis and gene
expression of human MEBs are impaired
by RDV

To further assess the potential impact of RDV on human
embryos, MEBs made of the human H9 cell line
(or HESCA-CSR as defined previously; Marikawa
et al., 2020) were exposed to RDV (0.5–8 μM) and exam-
ined at Day 5 of culture. The morphology of HESCA-CSR
was distinctly altered by RDV in a concentration-
dependent manner. Compared to the control, RDV-
exposed HESCA-CSR appeared smaller and less elon-
gated with higher concentrations (Figure 6a). Specifically,
all three morphometric parameters were significantly
reduced by RDV at 2 μM, and the extent of reductions
was progressively larger with increasing concentrations
(Figure 6b). Notably, the concentration–effect relation-
ship of the HESCA-CSR morphogenesis is similar to that
of the mouse MEB morphogenesis (Figure 2b).

The transcript levels of the developmental regulator
genes were also significantly altered by RDV exposures.
The 15 genes examined are essential regulators of embry-
onic patterning, and are downregulated or upregulated in
HESCA-CSR in response to various developmentally
toxic chemical exposures, as described previously
(Marikawa et al., 2020). RDV dysregulated the expression
of various genes, including those involved in the pattern-
ing of the somites (MEOX1, MESP2, PAX3), the cranial-
caudal axis (ALDH1A2, FGF8, HOXB7, HOXB9, WNT5A),
and the neuroectoderm (NEUROG2, OLIG3, PAX6)
(Figure 6c). ALERT scores, which are the number of
altered genes at each concentration, were used to mea-
sure the molecular impact (Section 2.5). The ALERT
scores of RDV at 0.5, 1, 2, 4, and 8 μM were 0, 1, 5, 9, and
10, respectively (Figure 6d).

4 | DISCUSSION

The present study evaluated the potential developmental
toxicity of RDV using MEBs made of mouse and human
pluripotent stem cells as in vitro models of early embryos.
The morphology and gene expression profiles of both
mouse and human MEBs were significantly altered by
RDV exposures at the concentration range of 1–8 μM,
which is comparable to the therapeutic plasma levels

FIGURE 5 Influence of the timing of remdesivir (RDV) exposure on the morphogenesis of mouse morphogenetic embryoid bodies

(MEBs). (a) Representative images of Day 4 MEBs that have been treated with RDV (4 μM) at different intervals, as depicted by the

schematic diagrams above. Scale bar = 500 μm. (b) Graphs show means ±95% confidence interval (CI) of relative area, relative elongation

distortion index (EDI), and relative aspect ratio (AR) of Day 4 MEBs treated with RDV at different intervals, based on measurement of

48 aggregates for each condition. Different letters indicate statistically significant difference (p < .01) among treatments
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(Cmax = 4.3–9.0 μM; Humeniuk et al., 2020; Tempestilli
et al., 2020). Currently, there is no pharmacokinetic
information in humans or animals, describing the con-
centration of RDV in the uterus, where embryo develop-
ment takes place. However, in the mouse, the
concentrations of RDV in various organs (e.g., liver,
intestine, kidney, and testis) are found to be 2.2- to
20.4-times higher than in the plasma (Wang &
Chen, 2020). If the concentrations of RDV in the uterus
after therapeutic administration of the drug are also
higher than or similar to the plasma levels, developing
embryos may be exposed to adverse effect levels of RDV.
Thus, further investigations into the developmental toxic-
ity of RDV are warranted.

The sensitivity of embryos to chemical insults is
highly dependent on the developmental stage at the time
of exposure (Friedman, 2010; Wilson, 1973). The present
study showed that mouse MEBs were impaired by RDV
exposure during Days 0–2 more severely than during
Days 2–4. This raises the possibility that the impact of
RDV is different depending on the time of exposure dur-
ing pregnancy. Based on the temporal gene expression
profile, it is estimated that Days 0–2 of mouse MEB
development corresponds to the mouse embryonic stages
E5.5–E7.5, when the primitive streak emerges and the
body starts to elongate along the cranial-caudal axis (Li &
Marikawa, 2015). These stages are roughly equivalent to
the third week of human embryo development, which

FIGURE 6 The impact of remdesivir (RDV) on the morphogenesis and gene expression profile in human morphogenetic embryoid

bodies (MEBs). (a) Representative images of human MEBs on Day 5 that have been treated with RDV at the indicated concentrations. Scale

bar = 1 mm. (b) Morphometric parameters of Day 5 MEBs treated with RDV. Graphs show means ±95% confidence interval of relative area,

relative elongation distortion index (EDI), and relative aspect ratio (AR), based on measurement of 39–40 aggregates for each condition.

Asterisks indicate a significant reduction (p < .01) compared to the control. (c) Graphs show means ± SD of relative expression levels in

arbitrary unit at Day 5 of culture, based on four replicates of experiments. Blue and red bars correspond to control and RDV-treated MEBs,

respectively. Asterisks indicate significant difference (p < .05) with alteration in the expression level by more than twofold (higher or lower)

relative to the control. (d) A graph shows the Altered Level of Embryogenesis Regulator Transcript (ALERT) scores of RDV-treated Day

5 MEBs, based on the gene expression profile in (c)
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may be especially sensitive to RDV exposure. However,
this does not necessarily mean that other developmental
stages are not vulnerable to RDV. Mouse MEBs were still
significantly impaired by RDV exposure during Days 2–4
at a therapeutically relevant concentration, even though
the severity was less than the Days 0–2 exposure. In addi-
tion, a recent study showed that RDV at the therapeutic
concentrations (2–8 μM) impairs the in vitro develop-
ment of mouse embryos at the preimplantation stage,
particularly around E2.5–E3.5 (Marikawa &
Alarcon, 2022). The same study also showed that the pro-
liferation of undifferentiated human embryonic stem
cells, which roughly corresponds to the early second
week of development, is diminished by RDV. Thus, it is
possible that exposures to RDV may impair embryo
development at the stages that are much broader than
those represented by MEBs.

TVR, an inhibitor of Cathepsin A, alleviated the
morphological effects of RDV on mouse MEBs, suggest-
ing that the action of RDV requires the conversion into
the nucleoside triphosphate form (Figure 1a). While the
therapeutic target of the triphosphate form is viral
RdRp, the endogenous targets that are responsible for
the toxic effects of RDV remain unclear (Akinci
et al., 2020; Bjork & Wallace, 2021; Xu et al., 2021).
Interestingly, GS-441524 and GS-621763, which can also
be converted into the triphosphate form (Figure 1a),
were not as potent as RDV in impairing mouse MEBs. It
is possible that these chemicals are not efficiently taken
up by MEBs or converted to the triphosphate form, com-
pared to RDV. Also, the present study showed that
while many genes were similarly affected by RDV and
GS-441524, the expression of Hoxa1 was upregulated by
RDV, but not by GS-441524. This implies that the mech-
anisms of the adverse actions are not entirely identical
between RDV and GS-441524. Because GS-441524 and
GS-621763 are currently being investigated as possible
anti-COVD-19 drugs (Cox et al., 2021; Rasmussen
et al., 2022; Schäfer et al., 2022; Yan & Muller, 2020), it
is also important to gather information on their poten-
tial developmental toxicity. The concentration–effect
relationships obtained from the MEB-based analyses
may provide insight as to whether GS-441524 and GS-
621763 are developmentally toxic at the concentrations
that are therapeutically relevant.

According to the information provided by the manu-
facturer of Veklury (the brand name of RDV), “remdesi-
vir demonstrated no adverse effect on embryo-fetal
development when administered to pregnant animals at
systemic exposures (AUC) of the predominant circulating
metabolite of remdesivir (GS-441524) that were 4 times
(rats and rabbits) the exposure in humans at the recom-
mended human dose” (FDA, 2020). Notably, the

manufacturer's information also indicates that the
plasma Cmax of RDV itself is 1,580 ng/ml (= 2.62 μM) in
rats and 380 ng/ml (= 0.63 μM) in rabbits (FDA, 2020),
which are lower than the plasma Cmax in humans (4.3–
9.0 μM; Humeniuk et al., 2020; Tempestilli et al., 2020).
This suggests that RDV is more quickly metabolized to
GS-441524 in rats and rabbits than in humans (Cmax of
GS-441524 in the latter is 0.48–0.52 μM; Humeniuk
et al., 2020; Tempestilli et al., 2020). A recent study using
pregnant rats has also shown that RDV becomes unde-
tectable in the maternal plasma at 40 min after adminis-
tration, confirming the rapid metabolism and elimination
of RDV (Yang, Lin, Lin, Dalley, & Tsai, 2022). This may
also be the case for the mouse, in which the plasma Cmax

of RDV (<1 μM) is considerably lower than that of GS-
441524 (35.8 μM) (Hu et al., 2021). It is possible that in
the embryo-fetal development studies in rats and rabbits,
embryos may not have been exposed to RDV at the con-
centration comparable to the human plasma levels. In
the present study, RDV at the human plasma levels (1–
8 μM) exerted adverse effects on MEBs, where the con-
version of RDV into GS-441524 is likely to be minimal
due to the absence of maternal metabolism. Thus, assays
using MEBs, as well as other in vitro systems, may pro-
vide insights into the concentration–effect relationships
for RDV in a manner corresponding to the human
plasma levels.

As the COVID-19 pandemic persists, many people
continue to rely on antiviral treatments, such as RDV.
Even though RDV is not generally recommended for
pregnant people due to a lack of clinical trial data, it has
been administered during pregnancy on a compassionate
use basis (Budi et al., 2022; Burwick et al., 2021;
Gutierrez et al., 2022; Jorgensen, Davis, &
Lapinsky, 2021; Lampejo, 2021; Marzban-Rad
et al., 2022; Saroyo et al., 2021). There are registries to
monitor pregnancy outcomes in individuals exposed to
RDV (FDA, 2022; UKTIS, 2022), which are likely to pro-
vide crucial data for epidemiologic studies. In the near
future, there may be sufficient data to allow the definitive
assessment of the developmental toxicity of RDV in
humans. As shown in the present study, the severity of
RDV toxicity on MEB development was dependent on
the concentrations and the timing of exposures. Such
information may be useful in designing or interpreting
epidemiologic studies of RDV treatment during preg-
nancy, as the drug dosing (which affects the concentra-
tion) and the stage of pregnancy (which affects the
timing of exposure) are likely to be variable among the
patients. If the data of future epidemiologic studies are in
line with the results of the present study, it would sup-
port the usefulness of MEB-based assays to study the
developmental toxicity of new drugs, not only RDV but
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also other antivirals that are authorized or being explored
for the treatment of COVID-19.
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