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ABSTRACT
ZIKA VIRUS-INDUCED PREGNANCY LOSS: LESSONS FROM THE MOUSE EMBRYO
By
Jennifer Leticia Watts
Adults contracting Zika virus (ZIKV) exhibit mild cold-like symptoms, whereas newborn babies
exhibit fetal defects ranging from mild growth retardation to miscarriage. Aside from transmission
via mosquito, ZIKV is also sexually transmitted, which introduces the possibility that ZIKV
infection could occur shortly after conception. However, the mechanisms underlying ZIKV-
induced birth defects in early development are not understood. I hypothesize that sexually
transmitted ZIKA virus infects embryos around the time of conception, leading to the most severe
congenital defects. Consistent with this hypothesis, I have discovered that candidate proviral
factors are present in mouse embryo-derived stem cell lines and preimplantation development.
However, embryo-derived stem cell lines exhibited low viral infection and replication.
Nevertheless, Puerto Rican (ZIKVPR) and the Ugandan (ZIKVUG) strains of ZIKV caused two-
cell embryos to undergo developmental arrest. Moreover, infected blastocyst exhibited reduced
SOX2 expression, an epiblast cell marker, CDX2 a trophectoderm cell marker, and SOX17, a
primitive endoderm marker. Therefore, my results suggest that preimplantation ZIKV infection
causes embryonic demise or embryonic cell fate defects depending on the time of infection. My
studies are significant to human health because they will further our knowledge of viral infection

in early pregnancy and the outcomes.
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CHAPTER 1

INTRODUCTION

1.1 ZIKV infection: A window into the 2015 epidemic

1.1.1 ZIKYV epidemiology

Zika virus (ZIKV) was first discovered in 1947 in Uganda in non-human primates [1] (Figure
1.1). ZIKV is under the flavivirus classification, which includes West Nile, yellow fever, and
dengue viruses based on the genome, structure, and transmission. ZIKV is transmitted by Aedes
mosquitos which typically reside in tropical and subtropical climates. ZIKV garnered attention
after a sizeable human outbreak that occurred decades later in French Polynesia in 2013 [1, 2].
Adults contracting the virus were often asymptomatic or experience cold or flu-like symptoms
[3]. More severe effects include Guillain Barré syndrome, an autoimmune disorder of the nerves,
causing mild limb weakness to temporary paralysis [1, 4]. Nevertheless, Guillain-Barré is treatable,
and no ZIKV-associated Guillain Barré disease-related deaths were reported [5].

Upon increased frequency of ZIKV infection in 2013, infection-associated birth defects also
emerged [2]. Clinically, pregnant women were tested for ZIKV infection and found that babies
had developed microcephaly [6, 7, 8]. Microcephaly, the malformation of the head, is exhib-
ited in approximately 6% of newborns from ZIKV-infected pregnant mothers in the US [9, 10].
The decreased head size is characterized by at least two standard deviations below the average
head size and is primarily concentrated in the occipitofrontal region of the brain [11]. Other
microcephaly-associated defects include ocular malformations, intrauterine growth restriction, and
other neurological conditions [12, 13]. ZIKV epidemiological and regional case studies have shown
a spectrum of effects in fetuses: no effect, microcephaly, and fetal demise [6, 14]. Additionally,
infected babies can postnatally develop neurological defects such as visual impairment and epileptic

seizures [15]. Most devastatingly, congenital ZIKV infection can also result in fetal loss, accounting



for up to 5% of American infected pregnant population [16, 17, 18]. However, it is still unknown
how the timing of infection could contribute to the severity of ZIKV fetal effects.

In 2015 and 2016, ZIKV-induced microcephaly became a public health concern with the
outbreak in South America [19, 20]. This alarming birth defect caught the world’s attention,
especially with the Rio Olympic Games occurring in the 2015 [21, 22]. At the same time sexually
transmitted route ZIKV infection was widely recognized due to the rise and spread of cases in
more northern geographical regions such as Mexico and the US [23]. As a result, the Centers of
Disease Control and Prevention (CDC) recommended that men and women not conceive for up
to 2 months from time of possible ZIKV contact regardless of ZIKV testing results to lower risks
of adverse pregnancy outcomes [21, 24, 25]. ZIKV vaccines and viral inhibitory molecules (i.e.,
Chloroquine) became another means to attempt to control the disease, targeting at-risk individuals
such as pregnant women [26, 27, 28, 29, 30]. Unfortunately, clinical trials stalled at Phase I/II
and ZIKV treatments were not successfully distributed [31]. However, as other pathogen vaccines

emerge, such as SARS-CoV-2, they can set a precedent for vaccines to reduce ZIKV infections.

1.1.2 ZIKY infection at a molecular level: Host and virus interactions

A window into ZIKV microscopically has mainly been based on other flaviviruses’ properties,
specifically Dengue virus [32, 33, 34]. The virus’s 10,800 single-stranded RNA base-pair sequence
genes code for proteins essential for viral replication and assembly [35]. Specifically, ZIKV
has three structural proteins: the capsid, precursor membrane, and envelope [36, 37]. These
proteins determine the shape of the virus and influence its selcetion of host receptors [38, 39,
40]. Additionally, seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) are
expressed in ZIKV and involved in viral replication and host immune suppression [41, 42] (Figure
1.2A).

Because ZIKV has an envelope, the virus must undergo receptor-mediated endocytosis for
the host to internalize the virus. Identified host receptors, such as the TIM and TAM family

proteins, facilitate ZIKV infection [43]. After endocytosis, the endosome enzymes degrade the



protein coating of viral particles, releasing positive-sense, single-stranded RNA into the host cell.
Structural and non-structural proteins are produced from viral RNA to create new viral particles
[44, 45] (Figure 1.2B). Studies have shown that ZIKV cannot efficiently infect host cells lacking
key components such as TAM receptors [43, 46]. Additionally, the upregulation of proviral factors
increases the cell’s susceptibility to ZIKV infection [46, 47, 48]. Efficient viral replication tools
are present in their genome. Nevertheless, the virus uses the host transcriptional and translational
machinery to assemble progeny, become secreted, and then infect neighboring cells [49, 50, 51].
Conversely, host cells contain innate defenses against viral infection, such as interferon-
stimulated genes [52]. ZIKV-infected cells release interferons to warn neighboring cells by binding
to receptors such as interferon-alpha receptor 1 (IFNART) [53, 54, 55]. Downstream of this signal-
ing, genes are transcribed that are known to inhibit infection. These classes of interferon-stimulated
genes (ISGs) are involved in multiple steps of the viral cycle from viral genome release to progeny
release [56, 57, 58] (Figure 1.3). Studies have implicated interferon-induced genes, IFITs and
IFITMs, in ZIKV infection inhibition in human embryonic stem cells [59]. The knowledge of
both proviral and antiviral mechanisms in virus-host interactions can be utilized for elucidating

mechanisms of infection in understudied cells and tissues.

1.1.3 ZIKY targets neural and placental cells during pregnancy

The structure, function, and epidemiology of ZIKV in humans have provided opportunities to study
why some cells are targets of ZIKV and others are not. As previously discussed, the expression of
putative ZIKV virus receptors have been an indicator of ZIKV susceptibility. For example, AXL, a
phosphatidylserine receptor, is highly expressed in neural cells [60, 61, 62]. Coincidently, AXL is
also a receptor for viruses such as ZIKV, and could facilitate viral-induced neural ailments such as
Guillain-Barré syndrome in adults [4, 53, 63]. However, other organs, such as the skin, lack many
proviral factors and are not highly infected [46].

Developing fetal neural tissues are vulnerable to ZIKV infection. Microcephaly, the malforma-

tion of the head, presents itself in varying degrees, and it is currently unknown why some exposed



babies are more impacted than others [6, 9]. However, it is hypothesized that viral-induced neural
cell death causes microcephaly. Previous studies have shown that infected fetuses can experience
brain cortex depletion and hindbrain apoptosis [54, 60]. Moreover, ZIKV infectivity is increased
at a cellular level in neural progenitor cells compared to differentiated neural cells [61, 64, 65],
suggesting that early development is more vulnerable to infection. In addition, even with less severe
ZIKYV infected fetuses, babies could experience other postnatal neurological effects, such as hearing
loss and epileptic seizures [66, 67].

Another target of ZIKV infection is the placenta. The descending route of infection via the
maternal-fetal interface has been widely studied [68, 69, 70]. Placental infection could cause
abnormal pregnancies, such as preterm birth, leading to low birth weight and other comorbidities
[71,72,73]. Like neural cells, placenta cells also expressed key proviral factors or ZIKV receptors
such as AXL and MERTK [48, 74]. First-trimester placenta cells were more ZIKV-infected than
third-trimester placenta cells due to higher AXL expression in first-trimester placenta cells, thus
resulting in severe placental damage and fetal defects [48, 75, 76, 77].

More recently, pre-placental cells or trophectoderm cells in human preimplantation embryos
have been shown to be a target of ZIKV infection via the ascending route or vaginal transmission
[78]. However, ZIKV infection in embryos near fertilization and pre-fetus and pre-yolk sac cells, or
the inner cell mass, has yet to be explored. The discovery of molecular targets of ZIKV infection,
such as receptors and inhibitory mechanisms such as ISGs, may predict the ZIKV pathogenesis in

early embryo, preimplantation, development.
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Figure 1.1: A cartoon of a mosquito-borne virus, Zika virus (ZIKV), with its transmission
vector and the disease it causes. All introduction images were generated by biorender.com and/or
illustrator.
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1.2 Preimplantation Development Overview

1.2.1 Fertilization to blastocyst: a mouse perspective

The mouse has served as a research organism for human development and disease. In preim-
plantation development, the similarities between mouse and human morphology and cell fate are
remarkable [79, 80]. For decades, preimplantation development studies have led to an understand-
ing of how one fertilized cell can develop complex tissues in the fetus. Many early discoveries are
based on fundamental and exploratory science and, today, these early stages of development offer
health-related insight into pregnancy. Therefore, studying ZIKV infection in early preimplantation
could further the understanding of ZIKV-associated fetal outcomes. The preimplantation embryo
stage starts at the fertilization of the egg to make a zygote, E0.5 or a half-day after insemination,
which occurs in the oviduct (comparable to the fallopian tube in humans) [81]. At this stage,
maternal transcripts and proteins are present in the zygote for embryo survival [82].

One day into embryo development, E1.5, the zygote cell divides into 2 to make up the two-cell
stage within the oviduct. The two-cell mouse embryo (four-cell in humans) undergoes zygotic
genome activation (ZGA) to make de novo transcipts while maternal transcipts and proteins start
to degrade [83]. Due to two-cell embryos’ transcriptional and translational needs, these embryos
have an extended G2 phase [84].

After a few more cell divisions, two days into development, eight-cell embryos start to confront
the first cell fate decision: the emergence of outside cells called the trophectoderm (TE) [85]. Eight-
cell embryos then develop into the sixteen-cell stage embryo establishing the TE and developing
inside cells called the inner cell mass (ICM). Finally, the embryo moves out of the oviduct and into
the uterus at three days of development.

Between the 16-cell and 32-cell (early blastocyst) stage or E2.75-3.5, the embryo cavitates,
and the newly formed blastocoel begins to expand. Epithelialized TE makes up the outer layer
encapsulating the inner cell mass and cavity of the spherical blastocyst. Until this point, and for

approximately four days of development, embryos have a zona pellucida (ZP) glycoprotein coat.



However, mid-blastocyst stage embryos begin to hatch out of the zona pellucida [86, 87]. Shortly
after, the second cell fate decision occurs when the ICM delineates into two lineages: epiblast
(EPI) and primitive endoderm (PE) [88]. Late blastocysts hatch out of the zona pellucida and are

exposed to the uterine environment for implantation into the uterine wall (Figure 1.4A).

1.2.2 Preimplantation cell fate specification

Cell lineage specification is an essential process in preimplantation embryogenesis. From zygote to
eight-cell embryos, all cells are totipotent. Evidence of totipotency in early preimplantation stages
is shown by the ability of dissociated blastomeres to produce blastocysts in culture and complete
organisms when derived from two to eight-cell stage embryos [89, 90, 91]

HIPPO signaling plays arole in determining the cell fate of outside and inside cells between eight
to 16-cell stage embryos [92]. The apical membrane of outside cells expresses a membrane-bound
protein atypical protein kinase C (aPKC). Downstream of aPKC, LATS?2 is repressed, allowing
YAP1/WWTRI/TEAD4 phosphorylation. The YAPI/WWTRI1/TEAD4 complex promotes the
expression of CDX2 and GATA3 proteins in mice, specifying TE cells [92, 93, 94, 95, 96].
Conversely, inside cells do not express CDX2 and express SOX2 in cells in the absence HIPPO
signaling. In addition, loss of aPKC in embryos causes ectopic expression of SOX2 in outside cells
[97].

The second cell fate decision occurs at mid-blastocyst, approximately four days into develop-
ment, in the I[CM. The ICM initially expresses SOX2 in all cells. However, during the second cell
fate decision, SOX2 becomes restricted to half of the ICM cells, thereby specifying epiblast (EPI)
fate. SOX17 expression emerges, specifying primitive endoderm (PE) within the other half of ICM
cells [98, 99, 100]. Evidence shows that FGF4 and possibly BMP4 signaling is involved in the
sorting of EPI and PE cells in blastocyst ICM [95, 101, 102, 103]. Remarkably, embryos undergo
these lineage decisions autonomously by self-organization, and the loss of these cell fates leads to

embryo demise and failure of implantation (Figure 1.4A).



1.2.3 Embryo-derived stem cells as a proxy for preimplantation development

Embryo-derived stem cells have served as a proxy for preimplantation development and the study
of the cell lineage separately due to their transcriptional similarities to cells in the blastocyst (Figure
1.4B). Embryonic stem cells (ESCs) have been widely studied and informed how we understand
the regulatory networks of pluripotency, the ability for cells to differentiate into adult cells [104,
105, 106]. These stem cells transciptionallhy resemble epiblast (EPI). Trophoblast stem cells
(TSCs), resembling trophectoderm (TE) cells, are utilized to study placenta, an essential organ at
the maternal-fetal interface [107, 108, 109]. In addition to programming, TSCs have also been
utilized to understand placental disease states such as preeclampsia and viral infections [110, 111].
The latest and least studied stem cells are extraembryonic endoderm stem cells (XEN). XEN cells
are derived from the primitive endoderm (PE) in blastocysts [112, 113]. Studies are underway to
understand XEN cell line regulatory networks and multipotency [114, 115, 113]

All three embryo-derived stem cells can self-renew and differentiate into developed cell states.
Since XEN and TSCs are multipotent, they differentiation into only a subset of terminal extraembry-
onic cell fates, including placental and yolk sac endoderm tissue, respectively [116, 117, 118, 119,
120]. In addition, embryonic stem cells can differentiate into embryos cell fates such as neurons
and cardiomyocytes [121]. Evidence of embryo-derived stem cell potency has been determined by
lineage tracing and chimera assays [108, 122, 123]. Thus, murine embryo-derived stem cells are a

robust model for preimplantation development.

1.2.4 Mouse as a research organism for human development

The mouse has been a classical model for human development and disease. One of the ways
the preimplantation mouse is similar to human preimplantation is the staging and morphology of
embryos. However, the timing of the stages differs as mouse embryos take about four days in the
preimplantation stage while human takes seven days [80, 97]. Although the timing of stages differs,
the stages are comparable in cell number and size.

Cell fate specifications of EPI, PE, and TE between mice and humans are remarkably similar.
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In particular, TE cell fate specification via HIPPO signaling is conserved between multiple species,
showing the significance of this pathway in pre-placenta cell programming [97]. However, HIPPO
signaling represses SOX2, a classically accepted pluripotency marker in mice. Conversely, in
humans and cows, outside TE cells still express SOX2, giving new meaning to the proposed
pluripotent marker in different species [124]. Thus, regardless of the initial expression of SOX2
in preimplantation development, SOX2 eventually becomes restricted to EPI cells, like mouse
embryos.

What is the most different about mouse and human is the ability for their embryos to give rise to
stem cells. Like mice, human ESCs (hESCs) have been used to understand pluripotency networks
[125]. Recently, human TSCs (hTSCs) have been derived from embryos, making headway to
understand the placental programming and in vitro model of placental differentiation [126]. Human
XEN cells are yet to be derived from embryos, advancing studies to understand PE role in human
embryo development [127]. Given the gaps in human embryo-derived cells, mouse embryo-derived
stem cell lines are still a proxy for mouse and human development. Despite minor differences
between human and mouse development, the similarities in preimplantation development between

species are translatable. Therefore, the mouse is a good model for ZIKV infection (Figure 1.5A-B).
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Figure 1.4: Mouse Preimplantation and stem cells. A. Mouse primplantation development
illustrating the following: cleavage divisions, cell fate specification, and hatching. B. Three
stem cell line can be derived from the mouse blastocyst in vitro are embryonic stem cells (ESC),
trophoblast stem cells (TSC) and extraembryonic endoderm stem cells (XEN).
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Figure 1.5: Preimplantation embryo cell lineages confer fetal development tissues similarly
in A. mice and B. humans.
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1.3 Infections during Pregnancy

1.3.1 ZIKY can affect mice

ZIKV is a significant health concern because fetal infections can result in microcephaly and
miscarriage [6, 128]. Interestingly, some ZIKV-infected babies are seemingly healthy at birth,
creating a gap in understanding why fetal ZIKV infection causes a spectrum of phenotypes (Figure
1.6). Most studies have examined the consequences of ZIKV infection of pregnant mothers via
the descending route of infection (maternal blood to the placenta and then fetus) which provided
essential insight into the effects of ZIKV on placental and neural tissues. However, the descending
route paradigm assumes ZIKV infection occurs after the formation of the placenta, which is thought
to transmit the virus from the mother’s blood to the fetus [75, 64, 48]. At this stage, the neural
tissues might be sufficiently well developed to resist infection. By contrast, relatively little is known
about how earlier ZIKV infection would impact neural development. Arguably, the effects could be
more deleterious if infection occurred earlier, but this would involve a placenta-independent route
of infection. Sexual transmission provides an alternative route to the developing fetus, prior to the
formation of the placenta. ZIKV infection via the ascending route is not well understood, nor is
it understood how infection could impact the fetal lineage at very early stages, around the time of
conception (Figure 1.7).

The mouse is a robust research organism for studying ZIKV infection for several reasons, such
as embryonic similarities to human and in vitro embryo cell lineage models [79, 80, 129, 104,
115, 109, 130]. Most importantly, infected mouse fetuses exhibit similar phenotypes as humans
infected with ZIKV (Figure 1.7). Fetuses from ZIKV infected pregnant dams via subcutaneous
and intravenous exhibit placental and neural defects similar to infected humans fetuses [60, 6, 27,
54, 29, 128, 74]. The similarities in ZIKV-induced fetal effects are evidence that the mouse could
model human infection. However, minimal studies have observed preimplantation infection and

the effects on embryogenesis before neural and placenta specification [78, 131].
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1.3.2 ZIKV persists in male and female reproductive tracts

In addition to being transmitted by mosquitos, ZIKV is sexually transmitted [132, 133, 55, 134]
(Figure 1.7). This route of infection raises the possibility that embryos could become infected
around the time of conception, a highly vulnerable developmental stage. Notably, there is evidence
that ZIKV can persist in rodent and human male and female reproductive tracts and potentially
infecting preimplantation embryos [135, 136, 137, 134]. An earnest effort has focused on how
ZIKV affects the fetus via the descending route of infection. While these studies are essential
in helping us understand how maternal infection impacts pregnancy, they do not help researchers
understand the most severe defects. However, since this route of infection relies on a functional
placenta for ZIKV transmission to the fetus, the descending route of infection encompasses a
later window in fetal development, after specification of head and brain structures [53, 60, 64, 4,
47, 39, 61, 138] (Figure 1.7). Since ZIKV can be sexually transmitted and persist in male and
female reproductive tracts, embryos could be exposed to ZIKV more directly and at much earlier
developmental stages. Preimplantation embryo exposure to ZIKV may have more widespread and
devastating effects on fertility and development. There is evidence that ZIKV infects trophectoderm
cells in the blastocyst, and embryos fail to implant. However, it is unknown how ZIKV infection
effects embryo stages between fertilization and blastocyst formation at a cellular level [78, 131].
our studies will shine light on infections that could lead to human-borne, ZIKV-induced sexually
transmitted birth defects. Studies elucidating the effects of ZIKV infection in early pregnancy will
inform epidemiologists and health care professionals about the fetal health risks in early ZIKV

infection and why a spectrum of fetal phenotypes is observed (Figure 1.6).

1.3.3 Overview of viral infections in preimplantation development

Placental infection has been widely studied because there is evidence that viruses are transmitted
via the maternal-fetal interface, also known as the descending route [68, 69, 139, 140, 141, 142].
However, there is an assumption that ZIKV infection occurs after placental specification. Before

placental and neural specification, the preimplantation stage is a critical stage of pregnancy because
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embryos possess few cells essential for tissues for later fetal development and formation of adult
cells [143, 144]. Thus, ZIKV infection of these early stages could be detrimental to embryo health
and potentially manifest only later in development.

Preimplantation embryos are vulnerable to certain viral infections (Table ??) Two-cell and
morula infection by a variety of viruses can cause developmental arrest, preventing development to
blastocysts [145, 146, 147, 148, 149, 150, 151, 152]. The cause of viral-induced embryo demise
is unknown. However, there is speculation that viruses can evade the innate cellular immune
response and rewire the host machinery to induce cell [51, 153]. Since there are only a few cells
in early preimplantation embryos and lack immune cells, infections could induce developmental
arrest directly. In addition, blastocyst infection can cause implantation failure due to trophectoderm
dysfunction and apoptosis of cells [78, 131]. Notably, some viruses cannot infect preimplantation
embryos, which reveals embryo resistance to some viral infections [149, 154]. The presence of
intrinsic factors could explain the viral resistance in embryos, such as interferon-stimulated genes,
or the physical barrier provided by the zona pellucida [59, 155]. The zona pellucida is a glycoprotein
layer that encapsulates preimplantation stage embryos until four days in mice [156]. While the
structure of the zona pellucida, such as pore size and the thinning throughout embryogenesis, is
controversial, there is evidence that the zona pellucida could provide a barrier to infection by
some viruses [157]. Studies have shown that the artificial removal of the zona pellucida permitted
viruses to infect embryonic cells [149, 148]. As a consequence of this infection, embryos did not
develop into advanced preimplantation stages. Conversely, some viruses evade the zona pellucida
layer and infect preimplantation embryos [147, 150]. Interesting that smaller viruses, averaging
approximately 70 nm in diameter, can diffuse through the zona pellucida easier than larger viruses
averaging more than 150 nm in diameter (Table ??). It is currently unknown if ZIKV, a 45 nm in

diameter virus, can infect embryos with and without the zona pellucida.
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The spectrum of pregnancy outcomes from ZIKV
infected pregnant mothers

common : pregnancy
birth* microcephaly loss

severit

*some babies have post-natal effects

Figure 1.6: A cartoon of the spectrum of pregnancy outcomes from ZIKV-infected pregnant
mothers: common birth, microcephaly, and pregnancy loss. The asterisk next to common birth
reveals that some babies experience the postnatal diagnosis of neurological effects such as epilepsy
and vision loss.
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Two Routes of Infection During Prenancy

Descending Route Ascending Route

Figure 1.7: A cartoon of the two routes of ZIKV transmission: the descending route or
maternal-fetal interface transmission and the ascending route or sexual transmission.
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Table 1.1: Studies of preimplantation development viral infections

Embryo Stage Infected Virus Species If any, genotype Pcl?:cniada? Virus size (nm) | Passed through zona? Citation
Blastocyst ZIKVUG Mouse and Human | WT B6 zona-free | 45 N/a Tan et al. 2019
Morula Sendai Virus Mouse ICR zona-free 150-300 N/a Lavilla-Apelo et al. 1991
Zygote, Blastocyst ZIKVPR Rhesus Macaque n/a zona-free | 45 N/a Block et al. 2020
Blastocyst SARS-CoV-2 Human n/a zona-free | 50-200 N/a Montano et al. 2021 bioRxIV
4-8C A7 strain of Semliki Forest virus (SFV) | Mouse Q/Fa zona-free 50-70 N/a Hearne et al., 1986
Blastocyst ICM SFV and Rubella virus Mouse Q/Fa n/a 60-70 (RV) N/a Hearne et al., 1986
2-4C, 5-8C, Morulae, Blast, Hatched Blastocyst | Pseudorabies strain 89V87 Pig n/a zona-free | 200-250 N/a Mateusen et al., 2007
2-4C, 5-8C, Morulae, Blast, Hatched Blastocyst | PRRSV Pig n/a zona-free | 45-70 N/a Mateusen et al., 2007
2C Mengovirus Mouse SWISS zona-free | 30 N/a Gwatkin, 1963
2C, Morula Mengovirus Mouse SWISS zona-free | 30 N/a Gwatkin, 1966
Morula, Blastocyst BHV-1 Cow n/a zona-free 120-200 N/a Makarevich et al., 2007
2C, Morulae, Blastocyst, Isolated ICM/ TE Reovirus (1 and 3) Mouse ICR zona-free 81 N/a Abramczuk et al., 1983
2C, Morulae, Blastocyst SvV40 Mouse ICR zona-free 45 N/a Abramczuk et al., 1978
2C, Morulae, Blastocyst Polyoma virus Mouse ICR zona-free 50 N/a Abramczuk et al., 1978
4-8C embryos m-MuLv Mouse BALB/c zona-free 120 N/a Jaenisch et al., 1975
Embryo Stage Infected Virus Species If any, genotype Pe]ﬁ‘cni:a? Virus size (nm) | Passed through zona? Citation
2C, 4C, 8C, Blastocyst Sendai Virus Mouse ICR zona-intact | 150-300 no Lavilla-Apelo et al. 1991
4-8C A7 strain of Semliki Forest virus (SFV) | Mouse Q/Fa zona-intact | 50-70 no Hearne et al., 1986
2-4C, 5-8C, Morulae, Blast, Hatched Blastocyst | Pseudorabies strain 89V87 Pig n/a zona-intact | 200-250 no Mateusen et al., 2007
2-4C, 5-8C, Morulae, Blast, Hatched Blastocyst | PRRSV Pig n/a zona-intact | 45-70 no Mateusen et al., 2007
2C Mengovirus Mouse SWISS zona-intact | 30 yes Gwatkin, 1963
2C, Morula Mengovirus Mouse SWISS zona-intact | 30 yes Gwatkin, 1966
Morula, Blastocyst BHV-1 Cow n/a zona-intact | 120-200 yes Makarevich et al., 2007
Zygote, 2C, 4C AAV Mouse C57BL/6 T zona-intact | 20-25 yes Romeo et al., 2020
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Table 1.2: Table of abbreviations

Abbreviations | Definition

ZIKV Zika Virus

TS or TSCs Trophoblast Stem Cells

ES or ESCs Embryonic Stem Cells

XEN eXtraembryonic ENdoderm Stem Cells
ZIKVFR Puerto Rican ZIKV Strain

ZIKVYG Ugandan ZIKV Strain

HCMV Human Cytomegalovirus

MOI Multiplicity of Infection

RTqg-PCR Real-Time Quantitative Polymerase Chain Reaction
ISGs Interferon-Stimulated Genes

/P Zona Pellucida

DENV Dengue Virus

POWV Powassan Virus

WNV West Nile Virus
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1.4 Dissertation Objectives

Zika virus (ZIKV) infection causes detrimental fetal effects such as microcephaly and mis-
carriage. Previous studies focused on fetal infection through maternal blood via the placenta, the
descending route of infection [54, 68, 76]. Additionally, ZIKV can infect developing neural cells
which is hypothesized to cause microcephaly [62, 64]. However, ZIKV is sexually transmitted,
suggesting that infection could occur during peri-conception or preimplantation development and
cause more severe effects by an ascending route of infection. Recent studies of the ascending
route of infection have shown the effects of ZIKV infection in blastocysts causing trophectoderm
dysfunction [78, 131]. Although these findings provide insight into preimplantation infection, the
effects of ZIKV infection in stages before blastocyst formation and lineage fates are still unknown.

The objective of my dissertation studies are to 1) identify proviral and antiviral intrinsically
expressed in embryo-derived stem cells and embryos hosts to predict ZIKV infectivity, 2) examine
ZIKV infection of embryo-derived stem cells in vitro, and lastly, to 3) explore the effects of ZIKV
infection on embryos and its fetal lineages. In chapter 2, I determined the transcriptional profiles
of proviral genes in mouse preimplantation embryos and embryo-derived stem cells, supporting
ZIKV infectivity of early embryos. I also have shown the antiviral genes are expressed in human
embryos, suggesting that these embryos could be resistant to infection. In chapter 3, I established
infection protocols for embryo-derived stem cells. Additionally, I showed that all embryo-derived
stem cells, embryonic stem cells, trophoblast stem cells, and extraembryonic endoderm stem cells
are resistant to ZIKV infection and replication. In chapter 4, I showed that ZIKV could infect all
cell lineages, trophectoderm, epiblast, and primitive endoderm, of murine blastocysts, resulting in
the significant loss of these cell fates. We have also shown that two-cell embryos are vulnerable
to infection regardless of ZIKV strain. Altogether, my studies will advance the knowledge of the

consequences of ZIKV infection in pregnancy and human health.
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CHAPTER 2

PRO- AND ANTI-ZIKA VIRUS FACTORS EXPRESSION IN EMBRYO-DERIVED
STEM CELLS AND EMBRYOS

Jennifer L. Watts

This study was supported by the James K. Billman, Jr., M.D. Endowment at Michigan State

University and National Institutes of Health awards RO1 GM 131759 and T32 HDO087166.
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2.1 ABSTRACT

Zika virus exploits host factors to survive and replicate within host cells. Conversely, the host
can have protective measures to eliminate or inhibit further infection from viruses. The presence or
the absence of these factors can be an indicator of the infectibility of cells or organisms. Previous
studies have shown that proviral and antiviral factors can influence ZIKV infection in human cells,
even in late-stage mouse development. However, it is unknown if these factors are also expressed
in preimplantation development. This study will describe the expression of proviral and antiviral
factors in embryo-derived stem cells and embryos using publicly available sequencing data to

predict preimplantation susceptibility to ZIKV infection.

2.2 INTRODUCTION

Zika virus became an epidemic and major public health crisis in 2015 and 2016 in the Americas.
The virus was typically understood as mosquito-borne and isolated in specific tropical regions.
However, more recent findings implicates human transmission of ZIKV infection through the
spread of sexual interactions [136, 137]. Adults contracting ZIKV experience mild symptoms of
the virus, such as headaches and rashes, whereas fetuses exhibit more severe symptoms. These
symptoms consist of mild growth restriction, microcephaly, or fetal demise [6, 67, 10].

Much of the knowledge of ZIKV infection is based on facts and studies performed on other
flaviviruses, such as West Nile Virus (WNV) and Powassan Virus (POWYV), which can infect
developing fetuses and decrease fetal viability [34, 76], though the severity and prevalence of these
viral fetal effects are lower. Nevertheless, like other flaviviruses, the most essential step of infection
is the viral attachment via host receptors for downstream infection and replication. Previous studies
in human cell lines revealed proviral factors that are sufficient and necessary for ZIKV infection
[46]. Additionally, proviral factors such as AXL were expressed in mouse and human placentas,
an organ known to transmit the virus to the baby [48, 74, 135]. These receptors, or proviral factors,
promote infection in mammalian cells causing detrimental effects such as cell death [54, 60, 78].

In contrast to proviral factors that facilitate ZIKV infection, host cells also possess innate
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survival mechanisms, known as antiviral factors. A particular class of antivirals known to inhibit
flavivirus infection are interferon stimulated genes (ISGs) [57, 158]. In response to infection,
cells transcribe ISGs to inhibit further infection in neighboring cells [52]. Functional studies of
the interferon pathway and ISGs revealed that antiviral factors are necessary and sufficient for the
protection of stem cells much like proviral factors [54, 55, 78, 159]

Currently, there is no comparative study of pro- and antiviral factors in preimplantation devel-
opment. In this study, I used RNA-seq and microarray data to examine the expression patterns
of proviral factors and INF pathway genes in embryo-derived stem cells and preimplantation em-
bryos. Moreover, predictions made on infectivity throughout preimplantation development could
corroborate early infection. These observations will reveal the risk of ZIKV infection at a cellular

level in early pregnancy, explaining the spectrum of viral-induced congenital effects.

2.3 MATERIALS AND METHODS

2.3.1 Trophoblast Stem (TS) Cells Maintenance and Differentiation

Four-well Nunc plates with 30 nm coverslips or six-well plates were treated with 0.1% gelatin
(Millipore, ES-006-B) and immediately aspirated. 100,000 TSCs (passage 23-28) for four-well or
600,000 TSCs for six-well are seeded in each well in 500 uL. complete TSC media (70% feeder
conditioned media and 30% incomplete media: RPMI, 20% FBS, 100 uM beta-mercaptoethanol, 2
mM L-glutamine or glutamax, ImM sodium pyruvate and 50 pg/mL and penicillin/streptomycin)
with 25 ng/mL of FGF4 and 1 u/mL of Heparin. TSCs were maintained in 5% CO, at 37°C and
fed every two days while passaged every six days. To differentiate TSC, cells were plated on gelatin
in complete TSC media (day 0). The following day, and for every day thereafter for six days, the
media was replaced with incomplete TSC media. Morphological changes were observed between

two and six days.
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2.3.2 Extraembryonic Endoderm Stem (XEN) Cells Maintenance and Differentiation

CD-1 derived XEN cells (<38 passage) were plated gelatinized dishes in XEN Cell Medium (15%
fetal bovine serum (FBS), 55 mM beta-mercaptoethanol (55x, Gibco), 0.1 mM nonessential amino
acids, 1 mM sodium pyruvate, 2 mM L-glutamine or glutamax, 50 U or pug/mL pen/strep in
DMEM) and incubated in 5% CO, at 37°C. To differentiate XEN cells to Visceral Endoderm like
cells, culture dishes were treated with Poly-L-ornithine 0.01% solution (Sigma) for 30 minutes at
room temperature and Laminin (Sigma L.2020) at a concentration of 0.15 pg/cm3. 2000 cell/mm? of
XEN cells were cultured in each well in N2B27 Medium (50% DMEM-F12 mixture (Invitrogen),
50% Neural Basal Medium (Invitrogen), 100x N2 Medium (Invitrogen), 50x B27 (Invitrogen),
10000 U Pen/Strep and 55 mM beta-mercaptoethanol) and cultured overnight in 5% CO, at 37°C.
N2B27 medium was replaced on the next day with N2B27 supplemented with 50 ng/mL. BMP4

(R&D Systems) and every other day for 6-8 days.

2.3.3 Embryonic Stem Cell Maintenance

R1 ES cells were plated on 0.1% gelatin in ES medium (15% fetal bovine serum (FBS), 55 mM beta-
mercaptoethanol, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine
or glutamax, 50 U or pg/mL pen/strep and 10 ng/mL LIF in DMEM) and cultured in 5% CO, at

37°C . ES cells underwent media change every and passaged every 2 days.

2.34 RT-gPCR

RNA was harvested using TriZol method (Thermo Fisher Scientific, 15596018, Pub No. MANO0001271)
and made into cDNA using the QuantiTect Reverse Transcriptase kit (Qiagen, 205313). Newly
produced cDNA was diluted 1:10. A master mix was made using Sybr Green PCR Master Mix
(Applied Biosystems, 4309155), water, and each primer pair (Table 2.2). An auto-pipetter made
four replicates of each well (resulting in 384 wells) and started the Light Cycler PCR machine for

50 cycles. We example the melt curve for primer dimers, amplification, and the program’s standard
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curve. From these results, we narrowed down the gene candidates. We used the same method but

harvested RNA from D2, D4, D6 of TSC.

2.3.5 Immunofluorescence Assays

Cells were fixed in 4% formaldehyde for 10 minutes at room temperature, permeabilized with 0.5%
Triton X-100 for 30 minutes at room temperature and blocked with 10% FBS and 0.1% Triton X-100
blocking buffer for 1 hour at room temperature or longer at 4°C. Primary antibodies were prepared
in blocking buffer, and embryos and cells were incubated at 4°C overnight with the following
primary antibodies (also, see table 2.3) : rabbit anti-MERTK (Abcam, ab95925), rabbit anti-
Syntenin (Abcam, ab19903), rabbit anti-M6PR (Abcam, ab134153), goat anti-SOX2 (GT15098,
Neuromics), mouse anti-mCDX2 (CDX2-88, BioGenex), and goat anti-mGata4 (sc1237, Santa
Cruz Biotechnology Inc). Cells were washed with blocking buffer for 30 minutes, incubated with
the following secondary antibodies for an hour: donkey anti-mouse/goat Alexa 488 (Invitrogen),
donkey anti-rabbit/mouse CY3 (Jackson Immuno Research), and donkey anti-rabbit Alexa 647
(Jackson Immuno Research), and washed with blocking buffer for 30 minutes. Nuclei were stained
with DRAQS (Cell Signaling, 40845) or Hoechst 33342 (Thermo Fisher Scientific, 62249). Embryo
and cell images were captured on a Nikon Al Confocal Laser Scanning Microscope using 60X

Plan Apo IR Water Objective (NA 1.27 WI).

2.3.6 Image Analysis
Images were analyzed with FIJI Image J software. Graphs were generated with Prism GraphPad.

2.4 RESULTS AND DISCUSSION

2.4.1 Embryo-derived XEN cells express ZIKYV receptor candidates

To predict ZIKV ability to infect preimplantation development cells, I first observed the expression

of proviral factor genes in embryo-derived stem cells. Putative ZIKV receptors or proviral factors
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were discovered in humans cells [43]. Moreover, the upregulation of these proviral factors increased
ZIKV infection, whereas inhibition of receptors decreased ZIKV infection [46]. Therefore, I
performed a qRT-PCR screen for proviral factors in trophoblast (TS) and extraembryonic endoderm
(XEN) stem cells (Table 2.1). TSC and XEN cells are cell lines representative of trophectoderm
and primitive endoderm in blastocysts and give rise to extraembryonic tissues such as the placenta
and the yolk sac in fetal development. These tissues are also known to be infected by ZIKV [48,
74,75, 128, 160, 161].

I found that seven proviral factor genes were expressed in embryo-derived stem cells. Specifi-
cally, XEN cells express Icam2, M6pr, Sdcbp, Tyro3, Axl, and Mertk genes, whereas TSCs express
Mo6pr, Sdcbp, Tyro3, Hla-G, Axl, and Mertk genes. Tim1 (Havcrl mouse variant) and Icam5 (Icam3
mouse variant) genes were not expressed in XEN and TS cells. Of the seven genes, only five proviral
genes were common in both TS and XEN cells (Table 2.1). The five receptors are characterized
into three categories: Mertk, Tyro3, and Axl genes encode phosphatidylserine receptors, M6pr gene
encodes for a C-leptin type receptor, and Sdcbp encodes a glycosaminoglycan [43].

Next, I examined the transcript levels of the five verified proviral genes in all three embryo-
derived stem cells, TS, XEN, and ES cells, using publicly available microarray data [162]. I
examined embryo-derived stem cell specific genes such as Nanog and Sox2 for ES cells, Cdx2
and Gata3 for TS cells, and Sox17 and Sox7 for XEN to show expression levels of functionally
important genes (Figure 2.1A). Notably, Mertk expression is higher in XEN cells than in TS and
ES cells (Figure 2.1A). Similarly, MERTK protein expression is higher in XEN cells than TS and
ES cells (Figure 2.2A).

I then examined protein expression of other proviral factors that I previously verified. Specif-
ically, TYRO3 presence correlated to high expression of 7yro3 in XEN cells (Figure 2.1A, 2.5A).
Axl gene expression was low in all embryo-derived stem cells (Figure 2.1A) and AXL protein was
undetectable in all embryo-derived stem cells. Interestingly, M6pr gene expression was high in all
three embryo-derived stem cells (Figure 2.1). However, M6PR protein was only detectable in ES

and XEN cells (Figure 2.3A, 2.5A). Similarly, SDCBP protein was expressed in ES and XEN cells
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(Figure 2.3A, 2.5A), although, Sdcbp expression levels in all three embryo dervied stem cells were
moderate (Figure 2.1A). Based on the levels of proviral genes, XEN cells could be more susceptible

to ZIKV infection than TS and ES cells.

2.4.2 ES cells express antiviral genes

Previously, I had shown that proviral factors are expressed in embryo-derived stem cells. However,
antiviral factors could interfere with infection, decreasing the embryo-derived stem cell suscep-
tibility to ZIKV. One of the classes of antiviral factors is called the interferon-stimulated genes
(ISGs) [58]. There is evidence that specific antiviral genes, such as Ifitm1 and Bst2, target flavivirus
or ZIKV infection. In human embryonic stem cells (hESCs), basal ISGs activity, particularly
within the IFITM family, plays a role in inhibiting ZIKV infection [59]. I, therefore, examined
the expression of antiviral factors in three murine embryo-derived stem cells [162]. Remarkably, I
found that more antiviral genes are expressed in mouse ESCs (mESCs) compared to TS and XEN
cells, consistent with hESCs antiviral factor patterns (Figure 2.1A). These results, coupled with the
decrease expression of proviral genes, suggest that ESCs are more resistant to ZIKV infection than
other embryo lineages. Furthermore, the conservation of ISG patterns between species could be

significant to protect pluripotent lineage [59, 143, 163, 164].

2.4.3 Murine preimplantation embryos express proviral genes

Previously, showed that individual embryo cell lineages dynamically express anti- and proviral
factors and predict ZIKV infection in blastocysts. However, the expression of viral factors prior
to blastocyst development has not been examined. I, therefore, examined the expression of pro-
and antiviral factors to predict the infectability of ZIKV infection throughout preimplantation
development.

To understand the susceptibility of preimplantation development to ZIKV infection, I examined
the gene expression of proviral and antiviral factors such as ZIKV receptors and ISGs [165]. First,

genes such as Sox2 for Epiblast (EPI), Cdx2 for Trophectoderm (TE), and Sox/7 for Primitive
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endoderm (PE) were established to show functional transcript levels. I then observed that proviral
factors were more highly expressed throughout preimplantation development than the antiviral
genes (Figure 2.6A). However, there were no substantial differences observed across different
preimplantation stages. These results suggest that mouse preimplantation embryos are susceptible
to ZIKV infection.

To explore the localization of the proviral factors, I harvested mouse embryos at zero, one, two,
and three-days post-conception (zygote, two-cell, eight-cell, and blastocyst), including the egg, and
examined the protein expression of the putative proviral factors. I found that MERTK, SYTENIN
(SDCBP), and AXL are expressed in embryos at the two-cell stage (Figure 2.8C, D, E-F), and
MERTK, SDCBP, and TYRO3 are expressed in blastocyst (Figure 2.8A, D, E-F). M6PR was not
detected in preimplantation embryos. The zygote and eight-cell embryos express the fewest proviral
factors. Consistent with the localization of receptors, MERTK, AXL, SDCBP, and TYRO3 proteins
localized near the cell surface of embryos (Figure 2.8A-F). These results suggest that two-cell and

blastocyst stage embryos are more susceptible to ZIKV infection than other preimplantation stages.

2.4.4 Human preimplantation embryos express antiviral genes

While understanding the viral susceptibility in mice is relevant, there is little known about human
preimplantation embryo susceptibility to ZIKV infection. Human preimplantation stages slightly
differ in time. The first four days (EO-E4) of human development are fertilization and cleavage
division into morula [80]. At five days of development/post-conception (ES), the embryo had
developed into blastocyst and is prepared to implant into the uterine wall by day seven (E7) until
about two weeks of pregnancy [80]. Mouse embryos, however, develop to blastocyst and implant
within the first four days of development [79, 80]. Even with time differences between the species,
preimplantation embryo stages are similar.

To characterize the expression of proviral and antiviral factor genes, I first observed functional
genes during human preimplantation development using single-cell RNA-seq: GATA3, SOX2, and

SOX17 (Figure 2.7A) [129]. Contrary to mouse preimplantation development, more antiviral factor
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genes were expressed in human embryos between ES5-E7, particularly in epiblasts, than proviral
factors (Figure 2.7A). These results are similar to their expression of antiviral genes in human and
mouse ESC, an epiblast stem cell and in vitro model [59, 80, 104]. The expression patterns of
ISGs could indicate the inhibition of ZIKV infection in preimplantation development, revealing the

significance of viral protection of human pluripotent cells and early embryo development.

2.4.5 Undifferentiated embryo-derived stem cells express putative proviral factors

Previously, I have shown that proviral genes are expressed in mouse embryo-derived stem cells
and embryos and can therefore predict embryonic cell’s infectability to ZIKV. The basis of stem
cells is that they can self-renew or differentiate into different cell types. Along with morphological
differences, the gene expression changes through differentiation resembling more developed or
mature cells. Therefore, I hypothesize that expression of gene encoding proviral factors changes
throughout the differentiation of embryo-derived stem cells. Since the placenta and the yolk sac
are the first lines of defense for infection in fetal development, I focused on TS and XEN cell
differentiation for this [48, 49, 68, 166].

To predict the infectibility of differentiated TS cells, I differentiated TSCs for six days and
harvested cells to examine proviral gene expression (Figure 2.9A). I examined multiple genes
known to fluctuate during differentiation, such as Gata3 and Cdx2 to confirm differentiation (Figure
2.9C) [118]. As expected, Cdx2 decreased, whereas Gata3 increased during TSC differentiation.
Furthermore, I observed morphological changes in cells where TSC transitioned from epithelial
colonies to resembling post-implantation placental giant cells and syncytial trophoblasts (Figure
2.9A-B). I then examined the expression of proviral genes. I found that Mertk increases, whereas
Sdcbp and Axl decreases as TSC cells differentiate (Figure 2.9D). M6pr and Tyro3 proviral genes
were dynamically expressed (Figure 2.9D). Overall, expression of proviral genes tended to decrease
during differentiation (Figure 2.11A). These trends show that the undifferentiated TSC could be
more susceptible to infection than differentiated TSC. This prediction is consistent with previous

studies, where undeveloped placenta cells in the first trimester or trophectoderm cells were more
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susceptible to infection than more developed third-trimester placental cells [48, 76, 78].

I previously studied how proviral gene expression fluctuates during the TSC differentiation
of cells to study the windows of susceptibility to ZIKV infection. However, it is unknown if
pre-yolk sac cells or XEN cells can be infected with ZIKV. Similarly, I studied the expression of
proviral genes throughout XEN cell differentiation. Undifferentiated XEN cells have mesenchymal
characteristics and differentiate to epithelial sheets, post-implantation visceral endoderm-like cells
(Figure 2.10A-B). To verify the differentiation of XEN cells, I found that Apoal and Tnncl
increases, consistent with previous studies (Figure 2.10C) [114, 116, 117, 122]. I then examined
ZIKV receptor expression during XEN cell differentiation. I observed that Mertk, Sdcbp, and Axl
were expressed at higher levels in undifferentiated XEN cells than differentiated XEN cells (Figure
2.10D). By contrast, Tyro3 is expressed at higher levels in differentiated XEN cells while M6pr
expression did not change over differentiation (Figure 2.10D). More proviral genes were expressed
in undifferentiated XEN cells, while fewer receptors were expressed in differentiated XEN cells
(Figure 2.11B). These results suggest that pre-yolk sac lineage cells are more susceptible to infection

than developed yolk sac cells.

2.4.6 Conclusion

ZIKV infection is known to cause developmental conditions that can be devastating to families.
Knowing the risk and the developmental windows of susceptibility to infection is crucial for
epidemiology experts. Until recently, the focus has shifted towards preimplantation ZIKV infection,
which is known to cause severe developmental arrest and cell apoptosis [78, 131]. While embryos
can be infected, not all preimplantation developmental stages have been explored. It is imperative to
understand the patterns of molecules that influence ZIKV infection: proviral and antiviral factors.

Here, I examined the expression levels of proviral and antiviral throughout preimplantation
as well as differentiated tissues. I found that mouse ES cells may be more resistant to infection
because they express antiviral factors, consistent hESCs and human epiblast cells in preimplantation

development [59]. Additionally, undifferentiated extraembryonic lineage cells, TS and XEN cells,
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express more proviral factors than their differentiated cell progeny. While the observed expression
patterns of the pro- and antiviral genes could reveal the susceptibility of embryos to ZIKV infection,
other important pathways may exist. Since viruses exploit the host machinery to survive and
other genes, receptors and intracellular proteins could be involved in viral infection [167, 168].
Additionally, other antiviral factors outside of ISGs could inhibit ZIKV infection. Nevertheless,

these observations of proviral genes could corroborate ZIKV infection in early mouse development.
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Figure 2.1: XEN cells express proviral factors. A. Heatmap displaying the Log, expression of
Control, proviral factors, and antiviral factors genes in embryo-derived stem cell: Embryonic (ES),
Trophoblast (TS), and Extraembryonic endoderm (XEN) stem cells.
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Figure 2.2: MERTK is detectable in XEN, but not in ES and TS cells. A. The protein expression
of MERTK in embryo-derived stem cells: ES, TS, and XEN cells.Scale bar = 50 um.
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Figure 2.3: SDCBP and M6PR proviral proteins are detected in ES cells. A. Confocal imaging
of ES cells immunostained for SOX2 and proviral factors, AXL, TYRO3, SDCBP, and M6PR.
Scale bar = 100 um.
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Figure 2.4: No proteins are detected in TS cells. A. Confocal imaging of TS cells immunostained
for CDX2 and proviral factors, AXL, SDCBP, TYRO3, and M6PR. Scale bar = 100 um.
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Figure 2.5: SDCBP and TYROZ3 proviral proteins are detected in XEN cells. A. Confocal
imaging of XEN cells immunostained for GATA4 and proviral factors, SDCBP, TYRO3, AXL, and
MG6PR. Scale bar = 100 um
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Expression Patterns of Pro- and Antiviral Factors in
Murine Preimplantation Development (Dataset from Xie et al., 2010)
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Figure 2.6: Mouse preimplantation embryos express proviral factors. A. A heatmap displaying
the LOG, expression of three cell fates in blastocysts, proviral factors, and antiviral factors in murine
preimplantation development.
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Figure 2.7: Protein expression of proviral factors at preimplantation two-cell (2C), eight-cell
(8C), and blastocyst stages. A. Confocal imaging of TYRO3 immunofluorescence and nuclear
stain. B. Confocal imaging of M6PR immunofluorescence and nuclear stain. C. Confocal imaging
of AXL immunofluorescence and nuclear stain. D. Confocal imaging of SDCBP immunofluores-
cence and nuclear stain. E. Confocal imaging of MERTK immunofluorescence and nuclear stain.

F. Summary of proviral proteins expressed in 2C, 8C, and blastocyst embryos. Scale bar for all
confocal images = 50 pm.
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A. Expression Patterns of Pro- and Antiviral Factors
in Human Preimplantation Embryos
(Dataset from Petropoulos et al., 2016)
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Figure 2.8: Human preimplantation embryos express antiviral factor genes. A. A heatmap
displaying the Log, expression of cell fate, proviral factors, and antiviral factor genes in human
preimplantation from E3 (morula) to E7 (late blastocyst) split into different cell lineages TE
(trophectoderm), EPI (epiblast), and PE (primitive endoderm).
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Figure 2.9: Undifferentiated TSCs express more proviral factors than differentiated TSCs. A.
Experimental Design: The differentiation scheme of trophoblasts stem cells in vitro B. Brightfield
images of undifferentiated TS cells (D0) and differentiated TS cell at Day 6 (D6). The morphological
images shows that DO TS cells grow in colonies whereas D6 TS cells transform to giant cells and
syncytial trophoblast cells. C. Bar graphs show the expression of Cdx2 and Gata3 relative to Actf3
at day 0 XEN (DO0) and day 6 (D6) of XEN cells differentiation. D. Bar graphs show the expression
of Mertk, Sdcbp, Axl, Tyro3, and M6pr genes relative to Actf3 throughout XEN differentiation using
RT-gPCR of three replicates. For all bar graph n=3 and statistics = paired t-test.
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Figure 2.10: Undifferenitated XEN cells express more proviral factors than differentiated
XEN cells. A. Experimental Design: The differentiation scheme of extraembryonic endoderm
(XEN) cells in vitro B. Brightfield images of undifferentiated XEN cells and differentiated XEN
cell (DO) at Day 8 (D8). DO XEN cells grow in colonies whereas D8 XEN cells transform to
epithelial sheet and visceral-like cells C. Bar graphs show the expression of Tnncl and Apoal
relative to Actf at day 0 XEN (D0) and day 8 (D8) of XEN cells differentiation. D. Bar graphs
show the expression of Mertk, Sdcbp, Axl, Tyro3, and M6pr genes relative to Actf throughout XEN
differentiation using RT-qPCR of three replicates. For all bar graph n=2 or more and statistics =
paired t-test
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Figure 2.11: Summary of proviral factors dynamics throughout embryo-derived stem cell
differentiation. A. Summary of the expression patterns of proviral factors throughout XEN
differentiation using three replicates of RT-qPCR. B. Summary of the expression patterns of
proviral factors throughout XEN differentiation using three replicates of RT-qPCR.
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Table 2.1: Initial screen of candidate proviral genes in XEN and TS cells

Genes Icam2 | Mépr | Sdcbp | Tyro3 | Hla-G | Axl | Havcrl (Timl) | Mertk | Icam3 (Icam5)
Cell types | XEN | X X X X X X
TSC X X X X X X
Table 2.2: ZIKV Receptor Primers
Marker types | Gene name Forward Sequence (5’-3’) Reverse Sequence (5°-3’)
Housekeeping | beta-Actin F* CTGAACCCTAAGGCCAACC R’ CCAGAGGCATACAGGGACAG
TS Markers Cdx2 FP AGACAAATACCGGGTGGTGTA | R’ CCAGCTCACTTTTCCTCCTGA
Gata3 F° GGGTTCGGATGTAAGTCGAG R’ CCACAGTGGGGTAGAGGTTG
XEN Markers | Cldn6 F° GCTCTGAACCACACAGCACA R> AGACAAAGCTGACCGAGCAC
Sox17 F CTTTATGGTGTGGGCCAAAC GCTTCTCTGCCAAGGTCAAC
Tnncl FF CAGCAAAGGGAAGTCTGAGG | R’ TAGTCAATTCGGCCATCGTT
Proviral factors | M6pr FF CAAAGAACGAGGTGGCTCTC | R’ CCCAACCACTGTCTCCTTGT
Sdcbp FP CAACGGACAGAACGTCATTG R’ GGTGTGATCCATCAGGCTTT
Tyro3 F’ GCGGGGACTATTATCGTCAG R’ GCTCGAGCACTGGTACATGA
Axl F° GTCAAGGAAATCGGCTGAAA | R’ GTCAGCTGCAGTGAGACAGC
Mertk F’ GACTCCCTATCCCGGAGTTC R’ CACAGAGAAGGTGGGTCGAT
Table 2.3: Antibodies
Marker Types Antigen Animal Isotype Source Cat No./Clone | Working conc.
TE/TSC mCDX2 mo IgG1, kappa | BioGenex CDX2-88 1 to 2000
EPIES SOX2 goat IgG Neuromics GT15098 1 to 2000
PE/XEN hSOX17 goat IeG R&D Systems AF1924 1 to 2000
mGATA4 goat IegG Santa Cruz Biotechnology Inc | sc1237 1 to 2000
proviral factors | mAXL rat IgG2A R&D Systems MABS8541 1 to 500
M6PR Rabbit | IgG Abcam ab134153 1 to 200
MERTK Rabbit | IgG Abcam ab95925 1 to 400
SYNTENIN | Rabbit | IgG Abcam ab19903 1 to 400
TYRO3 Rabbit | IgG Abcam ab79778 1 to 500
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CHAPTER 3

ZIKV INFECTIONS ARE LOW IN EMBRYO-DERIVED STEM CELLS

Jennifer L. Watts
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3.1 ABSTRACT

Mammalian stem cells have been a robust in vitro model for infection in tissues. Preimplantation
embryos develop three cells types at the blastocyst stage from which stem cells can be derived:
trophoblast, extraembryonic endoderm, and embryonic stem cells. These in vitro representations
of the blastocyst lineage can serve as a model of embryo cell population infection. However, ZIKV
infection of all three embryo-derived stem cells have not been explored. I have discovered that
candidate proviral factors are present in early embryos. Among these, MERTK and TYRO3 are
present in both mouse embryo-derived stem cell lines and preimplantation embryos. Nevertheless,
ZIKV did not highly infect undifferentiated embryo-derived stem cells compared to known infected
cells. Moreover, ZIKV did not replicate in undifferentiated and differentiated embryo-derived cells
were not infected. These results suggest that exposed preimplantation embryo cells in vivo will

exhibit low infection and display less severe effects.

3.2 INTRODUCTION

ZIKV virus infection in pregnant mothers is known to cause severe congenital effects such as
microcephaly and pregnancy loss. Efforts to understand ZIKV pathogenesis studies have examined
fetal infection peri-placental and neural development using in vitro systems. Evidence shows that
ZIKV can infect tissue-derived cells from placental and brain tissues via putative proviral factors
such as AXL and MERTK [39, 48, 76, 169, 170, 166]. These in vitro studies are consistent with in
vivo studies with more evidence of placental and neural damage [54, 60, 74]. While the studies on
the pathology of ZIKV in fetal development are informative, there is an assumption that infection
happens after the specification of placental and neural cells, about ten days post fertilization in
mice and eight weeks in humans. However, ZIKV is sexually transmitted and affects embryos near
conception, and it is unknown if implantation cells are infected by ZIKV.

There are very few studies capturing ZIKV infection in early pregnancy. Specifically, there is
evidence that ZIKV infection can target preimplantation embryos up to four days post-fertilization

in mice and one week in humans via ascending or sexual transmission [78, 131]. However, there
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is little evidence of ZIKV infection in all embryo lineages. Embryo-derived stem cells, embryonic
stem (ES) cells, trophoblast stem (TS) cells, and extraembryonic endoderm stem (XEN) cells serve
as in vitro a proxy of epiblast (EPI), trophectoderm (TE), and primitive endoderm (PE) cells within
the embryo, respectively [104, 109, 113]. Human embryonic stem cells and cultured TS cells have
been modeled for ZIKV infection in early development. ES cells are resistant to ZIKV infection due
to the antiviral gene expression of IFITs and IFITMs [59]. Conversely, TS cells were permissive to
infection and expressed ZIKV receptors (proviral genes) such as AXL [78]. These findings of in
vitro embryo-derived cell infections could provide insight to preimplantation development in vivo
infections.

In human embryo-derived stem cells, ZIKV infection has been demonstrated in ES and TS
cells . However, infection of human XEN cells is unknown because XEN cells have yet to be
derived from human embryos. The challenges in human embryo-derived stem cells create a need
for the study of mouse stem cell lines research organism. Previously, I found that antiviral genes
are expressed at higher levels in mouse ES cells than in TS and XEN. Conversely, proviral genes
were expressed higher in TS and XEN than in ES cells. I therefore hypothesize that ES cells will be
more resistant to infection than TS and XEN cells. In this study, I infected all three embryo-derived
stem cells with ZIKV to gain insight into how infection may happen in the three cells types in
blastocysts. The gene expression of proviral and antiviral genes and proteins previously studied

could corroborate ZIKV infectivity within stem cell progenitors in the embryo.

3.3 MATERIALS AND METHODS

3.3.1 Plaque Assay

Vero cells (ATCC, CRL-1586,) were cultured in 6-well plates to 100% confluency in 10% FBS
EMEM in 5% CO, at 37°C. Cells were washed in EMEM without FBS and infected with ZIKVFPR
or PRVABC (ATCC, VR-1843) and ZIKVYCG or MR776 (ATCC, VR-1838) diluted 102-10% in
500 mL of 2% FBS EMEM. Cells were infected or mock-infected for 15 minutes rocking at room

temperature and incubated for 45 minutes in 5% CO, at 37°C. 4 mL of overlay (2% methylcellulose
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prepared in 0% FBS EMEM) was added on top of inoculum in each well and incubated for 6-7
days. The overlay was then removed, and cells were fixed in 4% EM grade paraformaldehyde
(Electron Microscopy Sciences, 15710). Vero cells were stained with 0.1% crystal violet solution
prepared in 20% ethanol and 4% paraformaldehyde. Crystal violet stain was washed gently with
water until the water was clear. Plaques were allowed to dry for 1-24 hours and counted under a

transilluminator to determine viral titer (pfu/mL).

3.3.2 Chloroquine treatment

Cells were cultured in the incubator at 5% CO, at 37°C. Chloroquine (Invivogen, tlrl-chq) was
prepared in XEN cell media at 0, 2, 20 and 200 uM. Cells were washed with PBS and treated with
chloroquine for 1 hour. Chloroquine was rinsed with PBS and replaced with XEN cell media for

toxicity experiment or infected with ZIKV and incubated for 24 hours.

3.3.3 Cell ZIKY infection

Vero, 293T (ATCC, CRL-3216), XEN (embryo-derived), ES (ATCC, SCRC-1036), and TS cells
(passage <38) were cultured to 90-95% confluency in 12-well dishes in triplicates. Cells were
washed with PBS (without Ca* and Mg2+). Cells were inoculated with mock media or ZIKVFR
in the appropriate cell media modified with 2% FBS. Cells were infected or mock-infected for 15
minutes rocking at room temperature and incubated for 45 minutes in 5% CO, at 37°C. Mock
medium or ZIKV inoculum was removed, and cells were washed with PBS. The normal media for

each cell type was added to the wells and incubated for 24, 48, and 96 hours.

3.3.4 Trophoblast Stem (TS) Cells Maintenance and Differentiation

Four-well Nunc plates with 30 nm coverslips or six-well plates were treated with 0.1% gelatin
(Millipore, ES-006-B) and immediately aspirated. 100,000 TSCs (passage 23-28) for four-well
plates or 600,000 TSCs for six-well plates were seeded in each well in 500 uL. complete TSC
media (70% feeder conditioned media and 30% incomplete media: RPMI, 20% FBS, 100 uM
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beta-mercaptoethanol, 2 mM L-glutamine or glutamax, 1mM sodium pyruvate and 50 pg/mL and
penicillin/streptomycin) with 25 ng/mL of FGF4 and 1 u/mL of Heparin. TSCs were maintained
in 5% CO, at 37°C and fed every two days while passaged every six days. To differentiate TSC,
cells were plated on gelatin in complete TSC media (day 0). The following day, and for every day
thereafter for six days, media were replaced with incomplete TSC media. Morphological changes

were observed between two and six days.

3.3.5 Extraembryonic Endoderm Stem (XEN) Cells Maintenance and Differentiation

CD-1 derived XEN cells (<38 passage) were plated gelatinized dishes in XEN Cell Medium (15%
fetal bovine serum (FBS), 55 mM beta-mercaptoethanol (55x, Gibco), 0.1 mM non-essential amino
acids, 1 mM sodium pyruvate, 2 mM L-glutamine or glutamax, 50 U or ug/mL pen/strep in
DMEM) and incubated in 5% CO, at 37°C. To differentiate XEN cells to Visceral Endoderm like
cells, culture dishes were treated with Poly-L-ornithine 0.01% solution (Sigma) for 30 minutes at
room temperature and Laminin (Sigma L.2020) at a concentration of 0.15 pg/cm3 . 2000 cell/mm?
of XEN cells are cultured in each well in N2B27 Medium (50% DMEM-F12 mixture (Invitrogen),
50% Neural Basal Medium (Invitrogen), 100x N2 Medium (Invitrogen), 50x B27 (Invitrogen),
10000 U Pen/Strep and 55 mM beta-mercaptoethanol) and cultured overnight in 5% CO, at 37°C.
N2B27 medium was changed on the next with N2B27 supplemented with 50 ng/mL BMP4 (R&D

Systems) and every other day for 6-8 days.

3.3.6 Embryonic Stem Cell Maintenance

R1 ES cells are plated on 0.1% gelatin in ES medium (15% fetal bovine serum (FBS), 55 mM beta-
mercaptoethanol, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine
or glutamax, 50 U or pg/mL pen/strep and 10 ng/mL LIF in DMEM. ES cells underwent a media

change every and passaged every 2 days.
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3.3.7 RT-qPCR

For each time point, RNA was harvested using TriZol (Thermo Fisher Scientific, 15596018, Pub
No. MANO0001271) and then cDNA was prepared using the QuantiTect Reverse Transcriptase kit
(Qiagen, 205313). Newly produced cDNA was diluted 1:10. A master mix was made using Sybr
Green PCR Master Mix (Applied Biosystems, 4309155), water, and each primer pair (Table 3.1).
The master mix and cDNA were added to the 96-well plate and analyzed using a QuantStudio3

instrument in technical triplicates.

3.3.8 Immunofluorescence and Confocal Microscopy

Cells were fixed in 4% formaldehyde for 10 minutes at room temperature, permeabilized with
0.5% Triton X-100 for 30 minutes at room temperature, and blocked with 10% FBS and 0.1%
Triton X-100 blocking buffer for 1 hour at room temperature or longer at 4°C. Primary antibodies
were prepared in blocking buffer, and embryos and cells were incubated at 4°C overnight with
the ZIKV-E antibody (GTX133314, GeneTex). Embryos and cells were washed with blocking
buffer for 30 minutes, incubated with the following secondary antibodies for an hour: donkey anti-
mouse/goat Alexa 488 (Invitrogen), donkey anti-rabbit/mouse CY3 (Jackson Immuno Research),
and donkey anti-rabbit Alexa 647 (Jackson Immuno Research), and washed with blocking buffer
for 30 minutes. Nuclei were stained with DRAQS (Cell Signaling, 40845) or Hoechst 33342
(Thermo Fisher Scientific, 62249). Images were captured on a Nikon A1 Confocal Laser Scanning
Microscope using 60X Plan Apo IR Water Objective (NA 1.27 WI). Each embryo was imaged

entirely through a z-stack at 5 um optical sections.

3.3.9 Image Analysis

Images were analyzed with FIJI Image J software cell counter. Cells were counted throughout the
z-stack for total cells, each cell lineage marker, and ZIKV-E positive cells and imported into the

Excel and GraphPad software. In addition to raw cell counts, the proportion of each cell lineage
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marker and ZIKV infected cells were calculated relative to total cells. Graphs were generated with

GraphPad.

3.4 RESULTS AND DISCUSSION

3.4.1 Determining Viral Titer of Infectious ZIKV

Before performing infection experiments, it is imperative to determine infectious viral titers to
control the virus concentrations by performing plaque assays [171]. First, African green monkey
cells or Vero cells were grown to 100% confluency. Then, I infected the cells with ZIKV in multiple
serial dilutions, placed a CMC overlay, and incubated them for seven days. No plaques were
observed in control or noninfected wells. However, increased concentrations exhibited increased
number of plaques (Figure 3.2A). Plaques were counted from a desired well, and then used to

calculate the viral titer for further experiments.

3.4.2 Reagent optimization for detecting ZIKV

Next, I optimized ZIKV infection protocols for embryo-derived stem cells. I used qPCR techniques
because it is commonly used to detect ZIKV in human clinical infection [172]. I performed an
initial infection comparing infection in human epithelial kidney (HEK 293T) cells and murine
extraembryonic endoderm stem (XEN) cells with mock, one, and ten multiplicity of infection
(MOI) concentrations of ZIKVFR, T found that infection was hardly detectable with Cp values
reaching 40 and above, the limit of detection (Fig. 3.2B). I therefore designed a new primer pair
aligned to the ZIKVFPR genome to test its efficiency in detecting viral RNA (Figure 3.2A-B). I then
compared the detection of the original primer (primer pair 1) and the new primer pair (primer pair
2) and observed that primer pair 2 had a lower Cp value compared to primer pair 1 (Figure 3.1B).
The results show that primer pair 2 significantly outperformed primer pair one. Primer pair 2 was
used for further analyses.

Previously, I detected viral RNA. Antibodies can also detect ZIKV, particularly the emergence

of new viral proteins. Initially, I used a flavivirus antibody verified in ZIKV infections but did not

51



exhibit specific immunofluorescence [75, 173]. Subsequently, I identified a polyclonal antibody
verified to detect envelope protein of multiple strains of ZIKV in human astrocytes [47, 174]. 1
tested the antibody and found that it detected ZIKVFR in Vero cells (as shown in Figure 3.5A). The
combination of optimized ZIKV RNA and ZIKV envelope detection allows adequate analysis of

ZIKYV infection in future studies.

3.4.3 Serum starved culture enhances ZIKV uptake in embryo-derived stem cells

Previously, I had optimized reagents to detect ZIKV for further analysis. Next, I attempted to
optimize culture conditions for effective infection. Conventionally, less than 1 MOI has been used
to infect cells [175]. However, I have shown that 1 MOI ZIKVPR was not detected in XEN cells,
whereas 10 MOI of ZIKVFR exhibited detectable infection levels (Figure 3.2B). Therefore, I used
10 MOI infection for further experiments. I then compared 10 and 100 MOI ZIKVFPR exposure to
verify the correlation between viral exposure and intracellular infection. I compared 10 and 100
MOI ZIKV exposure and found that intracellular detection of ZIKV was significantly higher in
XEN cells post 100 MOI ZIKVFPR exposure than in 10 MOI exposed XEN cells (Figure 3.2C).
After considering the concentration of ZIKV infections, I became curious about how the serum
content could affect infections. Serum-starved media was used to infect Vero cells to propagate
fresh ZIKV particles [171]. However, in the initial infections of XEN cells, when ZIKV was
not detected, serum was present. I then hypothesized that the serum hindered ZIKV infection.
Subsequently, I inoculated XEN cells in normal serum (15% FBS) and serum-starved media (2%
FBS) at 10 and 100 MOI ZIKV concentrations for 24 hours. I observed that serum-starved XEN
cells were more highly infected than normal serum conditions, although the differences were not
significant (Figure 3.2D). Subsequent experiments were performed in serum starved conditions

nonetheless.
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3.4.4 Chloroquine reduces ZIKYV infection in embryo-derived stem cells

I previously optimized conditions for embryo-derived stem cells infection. Next, to confirm that
intracellular ZIKV due to infection and viral uptake, I inhibited endocytosis of which is required
for ZIKV entry. Chloroquine is a small molecule inhibitor of endocytosis and acidifies endosomes
to destroy the endosome’s cargo [176]. Initially, chloroquine was FDA-approved as an antimalaria
drug, particularly for pregnant individuals, because the risk to fetuses is low [176, 177]. In addition
to malaria treatment, chloroquine and its analogs have been suggested as a therapeutic for COVID-
19 although it did not perform well in clinical trials [14, 178]. Conversely, published studies
have shown that chloroquine has successfully reduced ZIKV infection in human cells and mouse
embryos [26, 27, 29, 179].

Since chloroquine had been effective in preventing ZIKV infection in other cells types, I wanted
to verify its effectiveness in embryo-derived stem cell infection. Therefore, I first performed a
toxicity test in XEN cells using 0, 2, 20, and 200 uM concentration of chloroquine. I found 2 and 20
uM did not cause adverse effects on cell viability, and therefore used these concentrations for further
experiments (Figure 3.3B). Next, I pre-treated XEN cells with cell viable doses of chloroquine, and
then infected cells with ZIKVFPR (Figure 3.3A). I found that intracellular ZIKV was significantly
decreased in a dose-dependent manner compared to untreated infected cells (Figure 3.3C). These
observations support the conclusion that XEN cells are susceptible to endocytosis-mediated ZIKV

infection.

3.4.5 ZIKY infection is low in embryo-derived stem cells

Since I had optimized protocols for infection of embryo-derived stem cells, I examined ZIKVFPR
infection of embryo-derived stem cell lines. Therefore, I infected embryo-derived stem cells:
embryonic (ES), trophoblast (TS) and extraembryonic endoderm (XEN) stem cells, and African
green monkey cells (Vero) and human embryonic kidney cells (HEK 293T) with 10 and 100 MOI
ZIKVFPR (Figure 3.4A). After one, two, and four days post-infection, Vero and HEK 293T cells

ZIKV infections were significantly higher compared to the embryo-derived stem cells throughout
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the time course (Figure 3.4B). Interestingly, TS cells were the only cell lines that exhibited increased
ZIKVPR after two days (Figure 3.4B).

Since most of the cells showed the highest levels of infection after two days, I performed an
immunofluorescent assay to evaluate ZIKV envelope protein (ZIKV-E) in the five cell lines. I
observed that Vero and 293T cells had exhibited higher immunofluorescence intensity than all
three embryo-derived stem cells (Figure 3.5A-E). The immunofluorescence results were consistent
with the ZIKVPR RNA results (Figure 3.4B). The expression of antiviral genes in ES cells could
support ES cells’ resistance to ZIKV infection (Figure 2.1A) [48, 59, 76, 78]. However, ZIKV
also does not replicate in TS and XEN cells. These results could indicate that the blastocyst could

exhibit low infection and resist replication in comparison to other more highly infected tissues.

3.4.6 Undifferentiated and differentiated embryo-derived stem cells cannot replicate ZIKV

Previously, I showed that all three embryo-derived stem cells are resistant to ZIKVFR infection,
similar to what was reported for human ES cell infection [59]. However, these observations were
surpising given the high expression levels of proviral factors in XEN and TS cells (Figure 2.5A-C,
2.7A-C). Furthermore, undifferentiated TS and XEN express more proviral genes than differentiated
TS and XEN. Therefore, I sought to compare ZIKV infection between the two differentiation states
to observe infection through development.

I cultured trophoblast stem cells with FGF4 and Heparin to initiate differentiation [118]. After
six days of differentiation, where TS cells resemble more developed placental cells, cells were
infected at 100 MOI for two days, and were then imaged (Figure 3.6A-B). ZIKV-E in undifferentiated
TS cells (as shown in Figure 3.5C) was compared to ZIKV-E in differentiated TS cells. I observed
no difference in the detection of ZIKV between undifferentiated and differentiated TS cells (Figure
3.6C), indicating that differentiated cells were resistant to infection. These results were unexpected
because my previous analysis indicated that fewer proviral factors were expressed in differentiated
TS cells than in undifferentiated TS cells (Figure 2.6C). Additionally, trophectoderm and 1st

trimester placental cells are ZIKV infection in other published studies[180].
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I then wanted to study the differences in infection of both undifferentiated and differentiated
XEN cells. A case study following a miscarriage of a fetus showed positive ZIKV staining in the
amnion during viral-induced pregnancy loss [128]. Interestingly, the primitive endoderm and their
stem cell population, XEN, give rise to the yolk sac amnion, suggesting that ZIKV could infect
the XEN cell lineage [99, 114]. To examine the infectivity of undifferentiated and differentiated
XEN, I cultured XEN cells in N2B27 media with BMP4 to initiate differentiation [116, 117, 122].
After the eight days of differentiation, cells were ZIKV-infected for two days and were then imaged
(Figure 3.7A-B). I found that ZIKV infection did not differ between the two differentiation states
of XEN (Figure 3.7A-B). Furthermore, these results did not correlate with the increased levels
of putative proviral factors in undifferentiated XEN cells than in differentiated XEN cells (Figure
2.8C). Overall, these results also reveal that the expression levels of putative proviral factors do not

predict ZIKVPR infection in embryo-derived stem cells.

3.4.7 Conclusion

ZIKV can cause deleterious effects within several developmental structures. In the context of fetal
infection, the primary known targets are placental and neural cells [48, 54, 60, 76]. However,
infection of these targets must occur at a specific time in gestation, when placental and neural cell
types have been specified. A few studies of preimplantation ZIKV infection have focused on the
placenta/trophectoderm lineage, causing TE dysfunction [78, 131]. ZIKV infection of the other
blastocyst cell lineages, however, has not been investigated.

In this study, I utilized embryo-derived stem cells to understand the effect of ZIKV infection
of the three cell lineages. 1 reveal two significant findings: 1) ZIKV can infect all embryo-derived
of the three cell lineages at low levels, and 2) there is little to no replication in ZIKV-exposed
undifferentiated and differentiated TS and XEN cells. While the ZIKV resistance in ES has
been established, TS and XEN low ZIKV infections are novel findings [59] and suggest other
preimplantation embryo-derived stem cell lines will have this same low ZIKV infection. These

observations, however, are not consistent with the observation of increased proviral gene expression
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in embryo-derived stem cells. Therefore, the specific proviral and antiviral factors studied in Chapter
2 may be too limited. Other viral factors such as STAT2 and other viral replication mechanisms in
control cell lines could promote infections that have not been studied [168, 167, 181] . Alternatively,
other antivirals not studied could have reduce ZIKV infection in embryo-derived stem cells. ZIKV
studies in preimplantation development are necessary to capture the vulnerability of embryos and

their relation to human health.
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Figure 3.1: Newly designed primer pair detects virus. A. ZIKV primer pair 1 and 2 design
aligned with the ZIKV Puerto Rican strain (ZIKVPR) between the membrane and envelope exons.
B. The average Cp values from primer pairs 1 and 2. Error bars = technical error and statistical
test: unpaired t-test
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Figure 3.2: Optimization of ZIKV detection protocols and reagents. A. A plaque assay on
Vero cells using control (MOCK) and ZIKVPR dilution 102-10° after seven days. B. Bar graph of
the average Cp values ZIKVFR infection relative to ActB of human embryonic kidney cells (HEK
293T) and mouse extraembryonic endoderm (XEN) cells at MOCK, 1 MOI, and 10 MOI after 24
hrs. C. Bar graph of the average ZIKVFR infection relative to Act8 of XEN cells at MOCK, 10
MOI, and 100 MOI after 24 hrs. Error bars = technical error and statistical test: unpaired t-test. D.
Bar graph of the average ZIKVPR infection relative to Aczf of XEN in normal and serum-starved
(2% FBS) medium at MOCK, 10 MOI, and 100 MOI after 24 hrs. Error bars = technical error and
statistical test: unpaired t-test.

58



ﬂ ZIKVPR infection

< MoCKor1oMOl_ >
> | =SS > == =

" CQ Toxicity on Embryo-derived C. CQ treatment on ZIKVFR

XEN Cells infected cells
2.0%106= S ol 0.0033
0.0127 ‘.6 2.5
<
' o 0.0142
1.5%10°+ 08905 ‘q>'; 2.0
n 0.4765 = 0.0252
5 1.0x106+ | | e 157
(S g
;,3 1.0
5.0x105+ ]
3 0.5
0.0 ; 00
> & & N 5.9°
(9
€ S S NN
& a9 N N o R R o
o v Q & )
(&) Vv oo(\ a4 ,»Q oo(\
4
<8
&
é@

Figure 3.3: Chloroquine inhibits ZIKVFR infection in embryo-derived stem cells. A. Exper-
imental design: XEN cells were cultured and treated with Vehicle (Veh), 2 uM, and 20 uM of
chloroquine (CQ) for 1-hr. Cells were then infected with MOCK or 100 MOI of ZIKV infection for
24-hrs and evaluated for infection. B. A bar graph of the average cell number after CQ treatment
alone at Veh, 2, 20, and 200 uM for 24 hours. Error bars = SEM and Statistics = two-way ANOVA.
C.Bar graph of the average ZIKV infection relative to Actf of co-treated/infected XEN after 24 hrs.
Error bars = SEM and statistics = two-way ANOVA.

59



A.

Control or Embryo- Infection?
derived Stem Cell lines

ZIKVPR infection
MOCK or 100 MOI

24 hrs
< """ BRSO > ><
""" S8 hrs T

o ZIKVPR Infected Cells
Q koK
<1015_
] - \/ero Control
_"2’ = \ero Infected
51010- -+ 293T Control
e -+ 293T Infected
E ES Control

5]
2 10 ﬂ @ ES Infected
& % XEN Control
(.'52 -4 XEN Infected
o 10° ¥ ——T——4% ¢ T5Control
- 0 24 48 72 96

- TS Infected

Hours

Figure 3.4: ZIKYV infections are low in embryo-derived stem cells. A. Experimental design:
Vero, 293T, ES, TS, and XEN cells were infected with MOCK or 100 MOI of ZIKV infection for
24, 48, and 96 hrs and evaluated for infection. B. A line graph depicting LOG;y ZIKV infection
relative to Actf over 24, 48, 96 hrs in Vero, 293T, ES, TS, and XEN cells. Error bars = SEM and
statistics = ANOVA at each time point.
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Figure 3.5: ZIKYV does not replicate in embryo-derived stem cells. A. Confocal images with
DNA and ZIKV-E stain on MOCK and 100 MOI ZIK VPR infected Vero cells. B. Confocal images
with DNA and ZIKV-E stain on MOCK and 100 MOI ZIKVFR.infected 293T cells. C. Confocal
images with DNA and ZIKV-E stain on MOCK and 100 MOI ZIKVFR infected ES cells. D.
Confocal images with DNA and ZIKV-E stain on MOCK and 100 MOI ZIKV*R.infected XEN
cells. E. Confocal images with DNA and ZIKV-E stain on MOCK and 100 MOI ZIKVPR infected
TS cells.
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Figure 3.6: ZIKYV does not replicate undifferentiated and differentiated TS cells. A. Exper-
imental design: TS cell differentiation in culture absent of factors (see methods) to grow from
colony morphology into giant and syncytial trophoblast morphology. After TS differentiation,
cells were infected with mock or 100 MOI ZIKVFR for 48 hrs and images for ZIKV detection. B.
Brightfield images of undifferentiated and differentiated TS cells. C. Confocal images with DNA
and ZIKV-E stain on MOCK and 100 MOI ZIKVFR infected undifferentiated (from Figure 3.5E)
and differentiated TS cells.
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Figure 3.7: ZIKV does not replicate undifferentiated and differentiated XEN cells. A. Ex-
perimental design: XEN cells differentiation in culture in the presence of BMP4 (see methods)
to grow from a mesenchymal morphology into visceral endoderm-like morphology. After XEN
differentiation, cells were infected with mock or 100 MOI ZIKVPR for 48 hrs and images for ZIKV
detection. B. Brightfield images of undifferentiated and differentiated XEN cells. C. Confocal
images with DNA and ZIKV-E stain on MOCK and 100 MOI ZIKVPR infected undifferentiated
(from Figure 3.5E) and differentiated XEN cells.
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Table 3.1: ZIKV Primers

Marker types

Gene name

Forward sequence (5°-3”)

Reverse sequence (5°-3)

Housekeeping

mouse beta-Actin

F° CTGAACCCTAAGGCCAACC

R’ CCAGAGGCATACAGGGACAG

human beta-Actin

F° GAGCACAGAGCCTCGCCTTT

R’> ACATGCCGGAGCCGTTGTC

Vero beta-Actin

F° AAGGATTCATATGTGGGCGATG

R’ TCTCCATGTCGTCCCAGTTGGT

ZIKYV Primer Pair 1

ZIKV

F TTGGTCATGATACTGCTGATTGC

R’ CCTTCCACAAAGTCCCTATTGC

ZIKYV Primer Pair 2

ZIKV

F CTTTTGGGAAGCTCAACGAG

R’ TTACGGTGACACAACCTCCA
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4.1 ABSTRACT

Adults contracting Zika virus (ZIKV) typically exhibit mild symptoms, yet the consequences of
ZIKYV infection can be much more severe for the newborn offspring of infected mothers sometimes
resulting in severe birth defects. Many studies have focused on the role of maternal blood and the
placenta in transmitting ZIKV to the fetus. Notably however, ZIKV is also transmitted sexually,
raising the possibility that ZIKV could infect the embryo shortly after fertilization long before the
placenta is established. Here, we evaluate the consequences of ZIKV infection in mouse embryos
during the first few days of embryogenesis. We show that divergent strains of ZIKV can infect the
fetal lineage and cause developmental arrest, raising concern for the developmental consequences

of sexual ZIKV transmission.

4.2 INTRODUCTION

The Zika virus (ZIKV), a zoonotic member of the Flaviviridae family, is on the watch-list
for preventing the next pandemic [182]. Mosquito-borne ZIKV infection of humans results in
relatively mild symptoms including fever, rash and joint pain [3]. However, during pregnancy,
vertical transmission of ZIKV from mother to fetus can result in outcomes ranging from normal
development, to more severe outcomes such as microcephaly or fetal demise [77, 6, 19, 128, 10,
183]. The reasons for the widely varying pregnancy outcomes are unclear, but could include
genetic or epigenetic variation among humans, prior priming of the immune system by exposure to
ZIKV-related flaviviruses, or the timing of ZIKV infection during pregnancy [68, 70, 76].

Less commonly discussed is the role that the route of infection bears on pregnancy outcomes.
Prior studies have primarily focused on the descending route of vertical transmission, from mother
to fetus via the placenta [69]. By contrast, fewer studies have focused on the ascending route of
infection, wherein virus is transmitted to developing offspring within the maternal reproductive tract
[24, 134, 137, 184]. Since ZIKYV is sexually transmitted [25, 161, 185], this raises the possibility
that ZIKV infection around the time of conception could also impact pregnancy outcomes. In fact,

sexual transmission of ZIKV reportedly increases the severity of adult infection [56, 132, 186],
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raising major concern for the role of humans in the global spread of ZIKV [187]. Nevertheless, the
effects of sexually transmitted ZIKV on embryonic development are still understudied.

The ascending route of viral transmission is concerning because, during the earliest stages
of development, embryos lack both placentas and an adaptive immune system. For several days
following fertilization, embryos develop as free-floating entities within the female reproductive
tract. During these so-called preimplantation stages, critical developmental events occur, including
establishment of the fetal, as well as crucial extraembryonic lineages, such as yolk sac and placenta
[143]. During preimplantation development, the embryo is surrounded by a thick glycoprotein coat
called the zona pellucida (ZP). However, it is currently unknown whether the ZP could help protect
embryos from viral infection during this uniquely vulnerable preimplantation stage.

How ZIKYV infection affects preimplantation development is still enigmatic; only two studies
have explored this topic. One study evaluated the effects of a Puerto Rican strain of ZIKV on
preimplantation rhesus monkey embryos [131], while another evaluated the effects of a Ugandan
strain of ZIK'V on mouse embryos [78]. While both studies generally concluded that ZIKV exposure
can be harmful to preimplantation embryos, neither study evaluated infection of the fetal lineage
directly. Moreover, the numerous differences in experimental design, including embryo species,
presence/absence of the ZP, viral strain, and analysis endpoints, make it difficult to compare these
studies to each other. Determining whether the fetal lineage is impacted by ZIKV infection requires
not only a systematic experimental design, but also evaluation of lineage-specific, including markers
of fetal and extraembryonic lineages, at the cellular level. Through this systematic experimentation,
we demonstrate that ZIKV negatively impacts preimplantation development and possibly account

for epidemiologically established viral-induced pregnancy loss outcomes.

4.3 MATERIALS AND METHODS

4.3.1 Animal Use

All animal research was conducted in accordance with the guidelines and approval of the Michigan

State University Institutional Animal Care and Use Committee. Experiments were performed using

67



male and female CD-1 mice, at least 6-8 weeks of age. Animals were maintained on a 12-hour

light/dark cycle with ad libitum access to food and water.

4.3.2 Virus propagation and preparations

Vero cells (ATCC, CRL-1586) were cultured in 75-cm? filtered cap flasks to 90-95% confluency
in 10% FBS EMEM (ATCC, 30-2003) in 5% CO, at 37°C. Cells were washed with 5 to 10 mL
of DPBS (Life Technologies, 14040133). Before infection, one flask was used to determine cell
count. The remaining flasks of Vero cells were infected for 1 hour at an MOI of 0.01 in 5 ml of 2%
FBS EMEM at 5% CO, at 37°C, rocking every 15 minutes, after which, 4 mL 10% FBS EMEM
was added. Cell culture supernatants were collected 40-48 hours later, and then centrifuged for 10
minutes 1,300 x g at 4°C. Supernatants were pooled, and 1-mL aliquots were then stored at -80°C.
For negative control experiments, Vero cell medium or Vero cell conditioned medium was used as

has been done previously [131, 188, 167].

4.3.3 Plaque Assay

Vero cells (ATCC, CRL-1586) were cultured in a 6-well plate to 100% confluency in 10% FBS
EMEM in 5% CO, at 37°C. Cells were washed in EMEM without FBS and infected with ZIKVFPR
or PRVABC (ATCC, VR-1843) and ZIKVUC or MR776 (ATCC, VR-1838) diluted to 10?-10° in
500 mL of 2% FBS EMEM. Cells were infected or mock infected for 15 minutes, rocking at room
temperature, and incubated for 45 minutes in 5% CO, at 37°C. 4 mL overlay (2% methylcellulose
prepared in 0% FBS EMEM) was added on top of the inoculum in each well and incubated for
6-7 days. The overlay was then removed, and cells were fixed in 4% EM grade paraformaldehyde
(Electron Microscopy Sciences,15710). Vero cells were stained with 0.1% crystal violet solution
prepared in 20% ethanol and 4% paraformaldehyde. Crystal violet stain was washed gently with
water until the water was clear. Plaques were allowed to dry for 1-24 hours and counted under a

transilluminator to determine viral titer (pfu/mL).
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4.3.4 Embryo ZIKYV infection

Before embryo culture, KSOM media (Millipore, MR-121-D) and EmbryoMax Filtered Light
Mineral Oil (Millipore, ES-005-C) were equilibrated overnight in 5% CO, at 37°C. CD-1 embryos
were collected with M2 via the oviduct from E1.5 and E2.5 and via the uterine horn, 3.5 days
post-copulatory plug. The zona pellucida remained intact or was removed two embryos at a time in
2-3 drops of 60 uL Tyrode’s acid and washed in M2 media two times. Embryos were then cultured
for 24, 48, or 96 hours in 5% CO, at 37°C in 20 uL KSOM with ZIKVUG, ZIKVFPR | or equivalent
concentration mock medium to create the inoculum. Final concentrations of ZIKVYC and ZIK VPR
were 6 x 10* pfu/mL. Mock medium was either Vero cell medium or Vero cell conditioned medium

no developmental differences were observed among embryos cultured in either control medium.

4.3.5 Immunofluorescence and confocal microscopy

Embryos were fixed in 4% formaldehyde for 10 minutes at room temperature, permeabilized with
0.5% Triton X-100 for 30 minutes at room temperature, and blocked with 10% FBS and 0.1%
Triton X-100 blocking buffer for 1 hour at room temperature or longer at 4°C. Primary antibodies
were prepared in blocking buffer, and embryos and cells were incubated at 4°C overnight with
the following primary antibodies: goat anti-mouse anti-mCDX2 (CDX2-88, BioGenex), SOX2
(GT15098, Neuromics), goat anti-hSox17 (AF1924, R&D Systems), and ZIKV-E (GTX133314,
GeneTex). Embryos and cells were washed with blocking buffer for 30 minutes, incubated with
the following secondary antibodies for an hour: donkey anti-goat Alexa 488 (Invitrogen), donkey
anti-rabbit/mouse CY3 (Jackson Immuno Research), and donkey anti-rabbit Alexa 647 (Jackson
Immuno Research), and washed with blocking buffer for 30 minutes. Nuclei were stained with
DRAQS (Cell Signaling, 40845) or Hoechst 33342 (Thermo Fisher Scientific, 62249). Embryo
and cell images were captured on a Nikon A1 Confocal Laser Scanning Microscope using 60x
Plan Apo IR Water Objective (NA 1.27 WI). Every embryo was imaged by collecting a complete

z-stack, with 5 um between each image.
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4.3.6 Image analysis for embryos

Images were analyzed with FIJI Image J software. Cells were counted manually in each plane
of each z-stack, and resulting data were and imported into Excel or GraphPad software. Graphs
were generated with GraphPad. A chi-squared or an unpaired T-test was performed to examine

significance.

44 RESULTS

4.4.1 ZIKY can infect all blastocyst lineages, including the fetal lineage

A prior study reported that wildtype mouse preimplantation embryos can be infected by exposing
blastocysts (embryonic day E3.5) to 6 x 104 plaque forming units (pfu)/mL of a Ugandan strain of
ZIKV (ZIKVYO) at the blastocyst stage (embryonic day E3.5), when the ZP is removed [78]. Con-
sistent with this observation, we observed significantly compromised developmental progression
in ZP-removed embryos exposed to ZIKVYC on E3.5, compared with mock-infected ZP-removed
embryos (Figure 4.5A-B).

Next, we evaluated the localization of the ZIKV viral envelope protein (ZIKV-E) within cells
of the embryo, as a measure of infection [78]. Since the blastocyst contains three distinct cell types,
we evaluated infection of each cell type individually. First, we focused on trophectoderm cells.
The trophectoderm, which contains progenitors of the placenta, surrounds the blastocyst and is
specifically labeled by the essential transcription factor CDX2 [119]. We detected ZIKV-E within
CDX2-positive cells of blastocysts after ZIKVUG exposure (Figure 4.5C), and not in mock-infected,
control blastocysts (Figure 4.2A-C), consistent with prior observations [78].

We then evaluated ZIKV-E within the epiblast lineage, which has not been previously examined
in blastocysts. Epiblast cells are the pluripotent progenitors of the entire fetus and are located within
the inner cell mass of the blastocyst. At this stage, epiblast cells comprise about half of all inner cell
mass cells, and are intermixed with cells of the primitive endoderm [88], an extraembryonic lineage

that is crucial for many developmental events [127]. Epiblast cells can be discerned within the inner
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cell mass based on the expression of the pluripotency marker SOX2 [95]. Remarkably, ZIKVYG
was detected within SOX2-positive cells of blastocysts exposed to ZIKVUG (Figure 4.5D). This is
the first evidence that the fetal lineage can become infected by ZIKV during preimplantation.
Finally, we evaluated the expression of ZIKV-E within the primitive endoderm, which has not
been previously examined. The primitive endoderm will give rise to crucial extraembryonic tissues
including the anterior visceral endoderm, which plays critical roles in neural patterning [189]. In
the blastocyst, primitive endoderm cells are interspersed with epiblast cells within the ICM at this
stage [88], and can be identified on the basis of SOX17 expression [190]. We observed that ZIKV-E
was detected in SOX17-positive primitive endoderm cells in blastocysts (Figure 4.5E). Therefore,

all three blastocyst lineages are susceptible to infection during preimplantation.

4.4.2 ZIKVVYG infection disrupts cell fate specification in the blastocyst

In our previous analysis, as in the published study [78], we only examined whether CDX2-positive
cells were also ZIKV-E-positive. We next evaluated whether ZIKV infection impacted the number
of cells in embryos infected as in Figure 4.5A, which has not been reported. We observed a
significant reduction in the average total number of cells across all ZIKVYC-infected blastocysts
(Figure 4.5A). Additionally, we observed a significant decrease in numbers of both trophectoderm
and inner cell mass cells in infected blastocysts (Figure 4.5B-C). These results strongly suggest
that ZIKV infection could disrupt cell fate specification in the blastocyst, a previously unexplored
possibility.

To further investigate the ZIKVYC induced phenotype we next evaluated the expression levels
of lineage-specific proteins. First, we quantified the number of cells within the outer layer of the
blastocyst (as defined by position of nuclei) expressing CDX2 in embryos infected as in Figure 4.5A.
In ZIKVYG -exposed embryos, we observed a significant decrease in the average number of outside
cells expressing CDX2, compared with mock-infected (Figure 4.5D). Moreover, the proportion
of CDX2-positive cells was also significantly lower in ZIKVYC infected embryos (Figure 4.4A).

The CDX2-negative trophectoderm cells could be considered to have morphological features of
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trophectoderm differentiation (i.e., outside position), but they had lost or failed to express a key
trophectoderm gene. Since Cdx2 is essential for trophectoderm cell development [119], these data
provide the first evidence that ZIKV infection interferes with trophectoderm cell fate specification.

We next investigated the effects of ZIKVYG on the inner cell mass cell lineages. In normal
embryos, the epiblast marker SOX2 and primitive endoderm marker SOX17 are each detected in
approximately half of all inner cell mass cells [95, 190]. We observed that the average number
of SOX2-positive cells per embryo was significantly reduced in embryos exposed to ZIKVUC
compared with mock-infected embryos (Figure 4.5E). In addition, we noted a significant decrease
in the average number of SOX17-positive cells per embryo compared with mock-infected embryos
(Figure 4.52F). The proportion inner cell mass cells expressing either marker was also lower than
expected in infected embryos (Figure 4.4B-C), consistent with a failure to specify or maintain cell
fates, rather than a change in cell fate or failure to developmentally progress [95, 99, 191] . Since
expression of both SOX2 and SOX17 were reduced by ZIKVYC infection and since both Sox2 and

Sox17 are required for the development of their respective lineages [99, 192], we conclude that

ZIKVYC infection is detrimental to inner cell mass cell fate specification.

4.43 ZIKVYG.induced lethality of mouse embryos at multiple preimplantation stages

Up to this point, we had focused on the susceptibility of mouse blastocysts to ZIKV, starting on day
three of embryo development. However, the effects of ZIKV exposure on embryos during earlier
development has not been reported. We therefore evaluated the ex vivo development of embryos
exposed to ZIKVYC in the absence of ZP starting from earlier stages of development.

We first exposed embryos to ZIKVYG at the eight-cell stage (E2.5), and then cultured these
to the same endpoint as for our prior studies (Figure 4.5A). For this and subsequent experiments,
embryos were cultured in 6 x 10* pfu/mL, as for previous experiments. Although embryo cell
number increases during preimplantation development, cell divisions proceed by cleavage, halving
cell size so that the embryo maintains the same diameter. Therefore, we reasoned that the effective

multiplicity of infection (MOI) would remain comparable during the course of each experiment.
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Following infection at the eight-cell stage, we observed a significant decrease in embryo viability
after ZIKVYO exposure, compared with mock-infected embryos (Figure 4.5B). However, we note
that the degree of the ZIKVYS induced lethality was lower at this stage than it had been when
embryos were exposed starting on E3.5.

VUG

Next, we examined the viability of ZIK -infected embryos at the two-cell stage (E1.5)

(Figure 4.5C). At the two-cell stage, removal of the ZP decreased viability of cultured two-cell

VUG

embryos, as anticipated [193]. In ZIK -exposed embryos, viability was dramatically decreased,

vUG

compared with mock-infected embryos (Figure 4.5D). Notably, the degree of the ZIK -induced

lethality at this stage was similar in degree to what we had observed at the blastocyst stage. These

VUG induced

observations indicate that multiple preimplantation stages are susceptible to ZIK
lethality in the absence of the ZP.

Finally, we evaluated the levels of transcripts encoding several known flavivirus entry proteins
[43] in mouse and human preimplantation embryo gene expression data [165, 129]. Among
commonly studied flavivirus entry proteins, Tyro3, and Mertk were more abundant than Ax/ (Figure
4.6A). Similarly, expression of TYRO3 and MERTK is elevated during human early embryonic
development (Figure 4.6B). Our observations indicate that mouse embryos are susceptible to

ZIKVUGe-induced lethality at multiple stages, and implicate TYRO3 and MERTK as ZIKV entry

targets for future study.

4.4.4 The zona pellucida fails to protect embryos from ZIKV-induced lethality

During preimplantation, the embryo resides within the ZP until around E4.5, when the embryo
hatches from the ZP [156]. The results presented above, in addition to published evidence [131, 78],
raise concern for the susceptibility of ZP-free preimplantation embryos to ZIKV infection. However,
several viruses have been observed to penetrate the ZP and infect preimplantation embryos [147,
150, 194, 195], including viruses that are larger in diameter than ZIKV. Whether ZIKVUG ig
capable of penetrating the ZP of preimplantation embryos has not been examined.

To evaluate whether the ZP can protect preimplantation embryos from ZIKVYG induced lethal-
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VUG, and then observed their ex vivo

ity, we exposed ZP-intact embryos of multiple stages to ZIK
development, similar to previous experiments (Figure 4.5E). We noted a small but significant de-
crease in the viability ZP-intact blastocysts exposed to of ZIKVUG compared to mock-exposed
controls (Figure 4.5F). However, the viability of ZP-intact eight-cell embryos was unaffected
by ZIKVUG-exposure (Figure 4.5G). Strikingly, the viability of ZP-intact two-cell embryos was

severely compromised by ZIKVUG

exposure compared to controls, with around half of infected
embryos arresting around the 4-cell stage, in spite of the ZP (Figure 4.5H). We conclude that the

ZP is not a complete barrier to ZIKVYG-induced lethality.

4.4.5 Two-cell embryos are vulnerable to multiple ZIKYV strains

We and others [78] have observed that an African strain of ZIKV (ZIKVYY) can impact the
development of preimplantation mouse embryos, but it is unknown whether other strains may affect
mouse embryo development. A recent study showed that non-human primate preimplantation
embryos are vulnerable to a ZIKV strain of Asian lineage [131], but a comparative study of the
two lineages has not been performed during preimplantation in any species. We felt that it was
important to perform this comparison because studies have shown that ZIKV strains of both African
and Asian lineage can affect fetal and adult tissues [38, 39, 40, 196], with no clear consensus on
which strain is the more virulent. We therefore evaluated whether the Asian-derived Puerto Rican
strain of ZIKV (ZIKVFR) would affect the development of preimplantation mouse embryos.

For this comparison, we focused on two-cell embryos with and without ZP (Figure 4.7A), since
this appeared to be a uniquely susceptible stage. We noted that ZIKVFR disrupted development
of two-cell embryos lacking the ZP (Figure 4.7B), as well as two-cell embryos retaining their ZP
(Figure 4.7C). These observations indicate that two-cell embryos are vulnerable to ZIKV strains

from different viral lineages.
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4.5 DISCUSSION

According to the World Health Organization, ZIKV presents a major threat to human health,
and its epidemic potential is widely recognized [8]. Disturbingly, the Aedes mosquitoes that
transmit ZIKV are considered among the top invasive, dangerous species in the world [197, 198].
Moreover, ZIKV can be transmitted sexually [25, 161, 185], providing a second mechanism of
global expansion. Indeed, the capacity of human-borne pathogens to spread beyond control are
unfortunately all too familiar. ZIKV vaccines are under development, but are not yet widely
available [31].

Although ZIKV infection asymptomatic in many individuals, the consequences can be more
severe for some, for reasons that are still under active investigation. Of particular concern is
the effects of ZIKV on unborn babies. We have identified new developmental windows of embryo
susceptibility to ZIKV (Figure 4.6D). We do not yet understand why the two-cell stage is particularly
vulnerable to infection, but we consider several possible mechanisms, including ultrastructural
changes to the ZP, which could be initially more permeable to ZIKV, heightened expression of novel
ZIKV entry proteins, and/or proximity to the maternal-to-zygotic transition in gene expression.

We have shown that all three blastocyst lineages are susceptible to infection, including the fetal
lineage. Importantly, a prior study reported increased levels of apoptosis in ZIKV-infected mouse
blastocysts [78], providing a possible mechanism for the observed disruptions to cell fate. These
observations reinforce the concern that human-borne ZIKV infection poses a significant threat to
human embryo viability [132, 186].

ZIKYV infection of the primitive endoderm could create additional developmental complications.
In mouse, the primitive endoderm-derived extraembryonic endoderm plays critical roles in the
development of the brain, intestine, heart, germ cells, and blood [189, 199, 200, 201, 202, 203]. In
human embryos, the epiblast and primitive endoderm (known as hypoblast) are physically adjacent
as in mouse [127], suggesting conservation of function. However, whether hypoblast damage
results in severe birth defects, such as microcephaly or other defects, has not been investigated.

These observations provide rationale for examining the susceptibility of human epiblast and
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primitive endoderm to ZIKV infection. As in mouse, epiblast, primitive endoderm (hypoblast),
and trophectoderm are specified by blastocyst stage in human embryos [204]. However, it remains
unknown whether ZIKV can infect human epiblast or hypoblast and whether ZIKV can pass through
the ZP of human embryos. Since studies of human preimplantation embryos are, necessarily
performed ex vivo, our findings and conditions are directly applicable to this artificial, experimental
setting. Nevertheless, elucidating the impact of sexually transmitted ZIKV on human pregnancy
will require special epidemiological attention.

An additional benefit of ex vivo embryo study is that it permits evaluation of the effects of
viral infection on embryos without influence of the maternal immune system. This is important
because maternal immune response to ZIKV can vary among species and individuals [56, 205].
Our observations establish the intrinsic susceptibility of preimplantation embryos to infection by
both Asian and African ZIKV lineages, and warrant follow-up studies to determine whether and

how sexually transmitted ZIKV may impact human fertility and pregnancy outcomes.
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Figure 4.1: ZIKVUC causes defects in blastocyst development. A. Experimental design: em-
bryos were harvested on day three of development (blastocyst stage). ZP were removed, embryos
were transferred to embryo culture medium containing ZIKVYS or mock medium, and then allowed
to develop for indicated period of time, when endpoint analyses were performed. B. The propor-
tion of blastocysts remaining expanded, with representative images. Asterisk indicates expanded
blastocoel. Statistical test: Chi-squared. Scale bar = 20 ym C. Max projection of all sections of
z-stack confocal imaging of CDX2 and ZIKV-E immunofluorescence of a representative ZIKVUG.
infected blastocyst. Arrowhead indicates a ZIKV-E-positive cell. Pie chart shows proportion of
ZIKV-E-positive/negative CDX2-positive cells across all embryos examined (see next page).
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Figure 4.1 (cont’d) : D. Max projection of all sections of z-stack confocal imaging of SOX2
and ZIKV-E immunofluorescence of a representative ZIKVYC infected blastocyst. Arrowhead
indicates a ZIKV-E-positive cell. Pie chart shows proportion of ZIKV-E-positive/negative SOX2-
positive cells across all embryos examined. E. Max projection of all sections of z-stack confocal
imaging of SOX17 and ZIKV-E immunofluorescence of a representative ZIKVYS infected blasto-
cyst. Arrowhead indicates a ZIKV-E-positive cell. Pie chart shows proportion of ZIKV-E-positive
SOX17-positive/negative cells across all embryos examined. For all panels, n= the number of
embryos examined.
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Figure 4.2: Negative control for ZIKV-E immunofluorescence experiments. A. Embryos were
not exposed to ZIKV, and were then immunofluorescently stained with antibodies to detect CDX2
and anti-ZIKV-E, demonstrating ZIKV-dependent ZIKV-E signal detected in Fig. 4.5. B. Similar
to panel A, uninfected embryos were immunofluorescently stained with antibodies to detect SOX2
and anti-ZIKV-E. C. Uninfected embryos were immunofluorescently stained with antibodies to
detect SOX17 and anti-ZIKV-E.
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Figure 4.3: ZIKVYG disrupts cell fate specification in the blastocyst. A. Number of cells
in each blastocyst after 48 hr from E3.5 in mock and ZIKV-infected conditions. Statistical test:
unpaired t-test. B. Number of trophectoderm (TE) cells in each blastocyst after 48 hr from E3.5 in
mock and ZIKVYC-infected conditions. Statistical test: unpaired t-test. C. Number of inner cell
mass (ICM) cells in each blastocyst after 48 h from E3.5 in mock and ZIKVYGC.infected conditions.
Statistical test: unpaired t-test. D. Max projection of all sections of z-stack confocal imaging of
CDX?2 immunofluorescence and nuclear stain for a representative mock-infected and a representative
ZIKVYGG-infected blastocyst. Column chart shows average number of CDX2-positive cells in all
embryos (sample sizes provided in the image panels) for each condition. Statistical test: unpaired

t-test (see next page).
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Figure 4.3 (cont’d) E. Max projection of all sections of z-stack confocal imaging of SOX2
immunofluorescence and nuclear stain for a representative mock-infected and a representative
ZIKVYC infected blastocyst. Column chart shows average number of SOX2-positive cells in all
embryos (sample sizes provided in the image panels) for each condition. Statistical test: unpaired
t-test. F. Max projection of all sections of z-stack confocal imaging of SOX17 immunofluorescence
and nuclear stain for a representative mock-infected and a representative ZIKVYC infected blasto-
cysts. Column chart shows average number of SOX17-positive cells in all embryos (sample sizes
provided in the image panels) for each condition. Statistical test: unpaired t-test. For all images,
scale bar = 50 pum, n = number of embryos.
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Figure 4.4: Lineage marker expression as a proportion of cells in each lineage. A. Pro-
portion of outside cells in which CDX2 was detected among blastocysts described in Fig. 4.5.
TE=trophectoderm, statistical test: Chi-squared. B. Proportion of inner cell mass (ICM) cells in
which SOX?2 was detected among blastocysts described in Fig. 4.5. Statistical test: Chi-squared.
C. Proportion of inner cell mass (ICM) cells in which SOX17 was detected among blastocysts

described in Fig. 4.5. Statistical test: Chi-squared.
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Figure 4.5: ZIKVUG infects embryos at multiple stages, and the ZP fails to protect embryos
from ZIKVVUG at all stages. A. Experimental design: embryos were collected at the 8-cell stage
(E2.5), ZP removed, and then cultured for 72 hr in ZIKVYC or mock medium. B. Representative
images of embryos cultured as described in panel A. Column chart shows the proportion of embryos
progressing to blastocyst stage. Statistical test: unpaired t-test. Scale bar = 20 um. C. Experimental
design: embryos were collected at the 2-cell stage (E1.5), ZP removed, and then cultured for 96 hr
in ZIKVYG or mock medium. D. Representative images of embryos cultured as described in panel
C. Column chart shows the proportion of embryos progressing to blastocyst stage. Statistical test:
unpaired t-test. Scale bar = 20 um. E. Experimental design: embryos were collected at indicated
stages, ZP were left intact,and then embryos were cultured until the same developmental endpoint

(see next page).



Figure 4.5 (cont’d) F. Representative images of embryos cultured as described in panel E. Column
chart shows the proportion of embryos progressing, evidenced by hatching from the ZP. Statistical
test: unpaired t-test. Scale bar = 100 um. G. Representative images of embryos cultured as
described in panel E. Column chart shows the proportion of embryos progressing to blastocyst
stage. Statistical test: unpaired t-test. Scale bar = 100 um. H. Representative images of embryos
cultured as described in panel E. Column chart shows the proportion of embryos progressing to
blastocyst stage. Asterisks indicates developmentally arrested embryos. Statistical test: unpaired
t-test. Scale bar = 100 um. For all panels, n = number of embryos.
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development (E3-E7).
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Figure 4.7: Two-cell embryos are susceptible to the Asian lineage-derived ZIKVPR, A,
Experimental design: embryos were harvested at the two-cell stage, and ZP either removed or
left intact. Embryos were then exposed to ZIKVFR for 96 hr. B. Representative images of ZP-
free embryos cultured as described in panel A. Column chart shows the proportion of embryos
progressing to blastocyst stage. Statistical test: unpaired t-test. Asterisk indicates developmentally
arrested embryo. Scale bar = 20 um. C. Representative images of ZP-intact embryos cultured as
described in panel A. Column chart shows the proportion of embryos progressing to blastocyst
stage. Statistical test: unpaired t-test. Asterisks indicates developmentally arrested embryo. Scale
bar = 100 pm. For all panels, n = number of embryos. D. Summary of key findings.
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CHAPTER 5

GENERAL DISCUSSION

5.1 Dissertation summary

5.1.1 Chapter 2 Summary

In chapter 2, I evaluated the expression levels of genes encoding proviral and antiviral factors in
early preimplantation development. I utilized mouse embryo-derived stem cells, a proxy for embryo
cells, and publicly available transcriptome data to examine the gene expression of ZIKV receptors,
viral infection facilitators, and viral inhibitory factors of the interferon pathway [43, 57, 129,
162, 165]. I found that proviral factors were expressed in extraembryonic endoderm (or primitive
endoderm-like) cells and trophoblast stem (or trophectoderm-like) cells. Similarly, mice express
higher levels of proviral than antiviral factors throughout preimplantation development (zygote
to blastocyst) (Figure 5.1A). These results suggest that embryonic cells, particularly primitive
endoderm and trophectoderm cells, could be ZIKV-infected. Conversely, I found that mouse
embryonic stem (or epiblast-like) cells and human preimplantation embryos (E3.0-E7.0) expressed
antiviral factors, revealing that epiblast and human embryos could be resistant to ZIKV infection.
Altogether, the expression patterns of proviral and antiviral genes could predict ZIKV infectivity

in early development and possible human preimplantation development

5.1.2 Chapter 3 Summary

Previously, I showed that proviral factors are expressed in embryos and embryo-derived stem
cells, suggesting ZIKV infectibility. To test this hypothesis, I first had to optimize protocols to
ensure accurate detection of ZIKV infection. In addition, I found that chloroquine can inhibit
ZIKV infection in stem cells. I then infected embryo-derived stem cells, trophoblast stem cells,

extraembryonic stem cells and found that ZIKV does not highly infect these stem cells compared to
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Vero and human cells. In addition to low infection, ZIKV could not replicate in all embryo-derived
stem cell lines (Figure 5.1B). The presence of proviral genes in the stem cells did not indicate high
ZIKYV infection. Since these stem cells are a proxy for embryonic cells in the blastocyst [106, 108,

107], these results suggests that embryos will also exhibit low infection.

5.1.3 Chapter 4 Summary

Despite low infection of embryo-derived stem cells, there is evidence that ZIKV infects mouse
and human blastocysts [78, 131]. In chapter 4, I showed that ZIKV exposure in ZP-removed
preimplantation embryos caused developmental arrest. In addition, all three blastocyst cell lineage
fates, epiblast, primitive endoderm, and trophectoderm were significantly reduced. However, ZP-
intact embryos developed normally except for two-cell embryos. Lastly, I showed that two different
ZIKYV strains have the same deleterious effects in two-cell embryo development. These results
reveal that two-cell embryos are most vulnerable to infection, and the blastocyst fails to maintain
cell fates after infection (Figure 5.1C). These infection results are supported by the presence of
proviral factors. Altogether, preimplantation ZIKV infection can lead to embryo demise and

contribute to the miscarriage phenotype found in human infections.
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Figure 5.1: A schematic of the chapter findings. A. proviral genes are expressed in embryo-
derived stem cells and thoughout preimplantation development. B. ZIKV-exposed embryo-derived
stem cells were not infected. C. ZIKV-infected preimplantation embryos resulted in developmental
arrest or failure to maintain embryo cell fates.
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5.2 Concluding remarks

The shift in focus from the descending route of ZIKV infection to the ascending route offers
an opportunity to understand infections in preimplantation development, developmental stages
in which the mother would not know they are pregnant. Since ZIKV causes embryo demise,
miscarriage could be undetected and epidemiologically underestimated. My dissertation studies
are significant to human health because it advances the knowledge on ZIKV infection impact on early
pregnancy outcomes. There are still questions to inquire about the oviduct/uterine environment
effects on embryo infection and the long-term outcomes of ZIKV-exposed preimplantation embryos.

The oviduct houses early preimplantation stages (approximately 3-4 days post fertilization)
across multiple species. Previous studies have shown oviduct cells have intrinsic expression of
immune factors to support bovine embryo development during preimplantation stages, some of
which include antiviral genes [206, 207]. However, it is unknown how oviduct antiviral factors
effect embryo infections. Since antiviral factors reduce viral susceptibility, I speculate that ZIKV-
induced antiviral factors will cross-talk with preimplantation embryos, protecting them from the
virus. Alternatively, resident oviduct immune cells may attack preimplantation embryos due to
pathogen-induced and embryo death observed in Chapter 4 and other studies [78, 131]. Even with
the expression of antiviral genes in the oviduct, there is evidence that ZIKV persists in female
reproductive tracts [136, 134]. This suggests that proviral factors are expressed in the uterus.
However, the expression pattern of the proviral factors in the oviduct and uterus has not been fully
explored during to ZIKV infection.

The correlation between infections in embryo-derived stem cells and embryos was starkly dif-
ferent. Since embryo-derived stem cells (TS, ES, and XEN cells) are a proxy to the preimplantation
embryo, initially these cells were thought to be a predictor of in vivo embryo infection. However,
infection was low in all embryo-derived stem cells and new ZIKV particles were not produced
(Chapter 3). Conversely, infection was higher in embryos (Chapter 4). One major difference
between the embryo in vitro system and the in vivo embryo is the homogeneity of the cells in cul-

ture. Embryonic cells, however, are intrinsically heterogeneous [94]. Additionally, the expression
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of antiviral and proviral genes could differ between embryo-derived cells and embryos. These
differences could result in infection differences between these two systems. Embryo-derived stem
cell co-cultures or synthetic embryos (warmflash) could more accuratley recapitulates the embryo
and enable cross-talk between distinct lineages which would be required for high ZIKV infection
and replication.

Lastly, the long-term effects of preimplantation ZIKV infection are left to be investigated. While
infected embryos exhibited reduced development to later preimplantation stages, a small proportion
of embryos survive. It is unknown if these ZIKV-exposed preimplantation embryos survive post-
implantation or exhibit ZIKV syndrome phenotypes at birth. Anideal experiment would be to infect
embryos in culture, and then introduce them to a pseudopregnant recipient females [208]. After
allowing embryos to grow in utero, the embryos can be examined in the perinatal stages to determine
if preimplantation ZIKV infection manifests defects later in development. If fetuses exhibit fetal
demise, microcephaly, or growth restriction phenotypes, then preimplantation ZIKV exposure may
impact later development. Alternatively, if fetuses are born normally, then preimplantation exposure
does not impact late fetal development.

This thesis sets a precedent to study other pathogens, bacteria and viruses, that affect newborn
children post preimplantation embryo exposure. Particularly, Human Cytomegalovirus (HCMV),
in the Herpesviridae tamily, and ZIKV have strikingly similar effects such as microcephaly, in-
trauterine growth restriction, and fetal loss [209, 210] . Both can also be transmitted via placenta
and sexual contact [211, 212, 213]. Interestingly, the prevalence of congenital HCM V-related birth
defects according to the US Centers of Disease Control and Prevention is 20% while ZIKV is
less than 10%. With this growing concern for future emerging pathogens, studies of HCMV or
other viral infections in early development will be necessary to understand the full spectrum of

viral-induced birth defects.
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