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Abstract

Zika virus (ZIKV) infection during pregnancy can result in pregnancy loss and fetal malformations. In
addition, ZIKV was detected in human, nonhuman primate, and mouse placentas with associated placental
pathology. Overall, this thesis addresses the impact of ZIKV on pregnancy and the placenta in nonhuman
primate models. The first chapter describes a case study of a pregnant rhesus macaque who experienced a
miscarriage ~50 days post-ZIKV exposure. Extreme placental and fetal ocular pathology were observed.
The outcome from this case study raised questions as to how ZIKV impacted the placenta. The objective
of this thesis was to evaluate the impact of ZIKV on early embryonic and placental development with in

vitro rhesus macague models.

Sexual transmission of ZIKV also has been demonstrated, yet the impact of infection during the initial
stages of pregnancy remains unexplored. The second chapter aimed to determine the impact of ZIKV on in
vitro oocyte fertilization and embryo development rates. ZIKV exposure at the time of conception did not
impact subsequent in vitro embryo development rates. Exposure of embryos to ZIKV at the peri-
implantation stage of development significantly impacted embryo development with decreased rates of
embryo survival, attachment, and growth. Overall, the early stages of pregnancy may be profoundly
sensitive to infection and pregnancy loss, and the negative impact of ZIKV infection on pregnancy

outcomes in the human population may be underestimated.

The permissiveness of the trophectoderm to ZIKV infection in the peri-implantation stage prompted the
study of ZIKV infection on the early trophoblast cells of the fully formed placenta. Trophoblast cells present
in the mature placenta include trophoblast stem cells (TSCs), syncytiotrophaoblasts (STs), and extravillous
trophoblasts (EVTs). Altogether, these trophoblast cell types work to ensure the fetus receives sufficient
nutrients and oxygen from mom as well as protect the fetus from pathogens potentially present in maternal

blood. Inoculation of trophoblast cell cultures revealed that TSCs and STs are susceptible to ZIKV infection



and that infection inhibits cell death. EVTs maintained a level of resistance to infection; however, this was

not due to lack of expression of putative ZIKV receptors.

Extracellular vesicles (EVs) are widely studied as a means to monitor cell function as a “liquid biopsy”
since they are secreted by all cells into various bodily fluids. EV cargo, which includes nucleic acids and
proteins, can be altered during diseased and infected states. Extensive alterations in EV cargo were observed
following ZIKV exposure. EVs isolated from infected TSC and ST culture media were shown to be
infectious. Although the presence of virions in the EV isolations could not be completely ruled out, data

support the possibility that ZIKV proteins, and potentially ZIKV genomes, are packaged within EVs.

In summary, these experiments demonstrate that in vitro rhesus macaque embryos and
trophoblasts representative of early pregnancy are permissive to ZIKV infection. In addition, EV
cargo was altered by ZIKV exposure. These changes suggest that EVs have the potential to serve
as biomarkers of placental ZIKV infection, and perhaps more broadly to provide a means to

monitor placental changes that portend adverse pregnancy outcomes.



Chapter 1

Introduction

1.1 Infection during pregnancy can have severe consequences.

Immunological, hormonal, and physiological changes occur during pregnancy [1]. A successful
pregnancy requires a degree of immune tolerance because the fetus and placenta are semi-
allografts since half of the genetic material expressed comes from the sperm. Hormone changes
are necessary to signal the presence of an embryo/fetus and to alter the immune response to be less
inflammatory and more tolerant [2]. Due to these physiological changes, infections during
pregnancy can have dire consequences. Transmission of maternal infection to the fetus is estimated
to cause 2-3% of congenital anomalies [3] and the World Health Organization estimates that ~11%
of maternal deaths are due to sepsis [1]. Nicely put, “The corollary of this capacity for

immunological tolerance is an increased susceptibility to infection” [1].

Viral infection during pregnancy results in more severe outcomes for both the mother and fetus
than seen in nonpregnant persons [1]. Pregnant persons infected with Lassa fever,
SARS/MERS/SARS-COV-2 coronaviruses, dengue, hepatitis E, influenza, and herpes simplex
viruses often experience increased severity of infection with worse outcomes in comparison to
infected individuals that are not pregnant [1, 4-9]. For example, pregnant persons have 45%

increased morbidity and mortality from an Influenza infection than nonpregnant persons [1].



Adverse pregnancy outcomes can arise if there is an infection from a pathogen in the TORCHZ
group. It should be noted though that this acronym is not all encompassing. Pathogens included in
this group are Toxoplasma gondii, Other [Listeria monocytogenes, Treponema pallidum, varicella
zoster virus (VZV), human immunodeficiency virus (HIV), enteroviruses and parvovirus B19],
Rubella virus, Cytomegalovirus (CMV), Herpes simplex virus, and Zika Virus (ZIKV) [10, 11].
ZIKV, the newest addition to the TORCHZ group, will be the main topic of this thesis, but
information regarding the pathogenesis of related viruses and viruses with similar transmission

routes can be enlightening and is discussed throughout.

1.2 The impact of ZIKV and other flaviviruses on pregnancy

Several viruses in the Flaviviridae family can infect the placenta and cause adverse pregnancy
outcomes, including dengue virus (DENV), japanese encephalitis virus (JEV), yellow fever virus
(YFV), West Nile virus (WNV), and ZIKV [12-21]. Maternal DENV infection early in pregnancy
is associated with miscarriage and, in several cases, DENV has been detected in the placenta [22-
24]. JEV can infect the placenta and cause adverse pregnancy outcomes in mice [25]. Vaccination
of pregnant women against YFV with the live attenuated virus may be associated with increased
pregnancy loss [26]; however, more recent studies reported no increased risk [27, 28]. To
determine whether YFV vaccine could be associated with pregnancy loss, mice were vaccinated
at gestation day (gd) 0.5, 5.5, or 11.5 (term = gd 20). Vaccination was shown to negatively impact
embryo implantation, and in post-implantation pregnancies YFV was detected in placental and

fetal tissues of infected mice [29].



There is limited information regarding the potential for WNV to be vertically transmitted or cause
adverse pregnancy outcomes in humans [30, 31]. To determine if WNV could be vertically
transmitted, 77 women infected with WNV during pregnancy were monitored [17]. At birth, blood
and tissue biopsies were collected from the newborn and the placenta, respectively. WNV was
only detected in one of 50 human term placentas analyzed and all other samples were negative
[17]. However, evidence from mouse in vivo pregnancy and in vitro embryo culture studies
suggests that WNV negatively impacts pregnancy and can infect the trophoblast cells of the

placenta [32, 33].

Although ZIKV was first discovered in a sentinel rhesus macaque in the Zika Forest in Uganda in
1947, it was not until the 2015 outbreak in Brazil that ZIKV was identified as a teratogen, a
substance that causes malformations in an embryo/fetus [14]. ZIKV infection during pregnancy is
associated with abnormal fetal development in 5-10% of cases, some with lifelong complications
[14]. Common effects of ZIKV infection on the fetus include brain and skull abnormalities (e.g.
microcephaly and thinning of the cerebral cortices), eye malformations (e.g. colobomas),
congenital contractures of the joints, and motor and cognitive impairments [14]. The impact of
ZIKV on fetal development is termed “congenital ZIKV syndrome” (CZS) [12-14]. In addition to
ZIKV, maternal infection of rubella, cytomegalovirus, chikungunya virus, and WNV have been

associated with fetal microcephaly [34-36].

In addition to abnormal fetal development, ZIKV infection during pregnancy can also result in

pregnancy loss [37-40]. ZIKV infection before 10 weeks of gestation has been directly correlated



with an elevated risk of developing fetal microcephaly [36]. Data collected across six national
nonhuman primate research centers showed that nonhuman primates experimentally infected with
ZIKV in early pregnancy resulted in 26% pregnancy loss [41]. However, it is unclear whether viral
infection itself, or rather, the maternal immune response to infection is the primary cause of
pregnancy loss. Regardless of what is causing the adverse effect(s), ZIKV can infect the placenta

and cause placental damage [42, 43].

1.3 Sexually transmitted viruses can infect and impact embryos.

Sexual transmission of pathogens can be detrimental to pregnancy. Assisted reproductive
technologies, including in vitro fertilization (IVVF), are commonly used in human clinical, research,
and livestock production settings. Devastating consequences of viral presence in semen during
artificial insemination have been reported in livestock [44] as sexually transmitted viruses can
infect both embryos and the dam [44-47]. Human case reports and studies utilizing animal models
of infection have demonstrated that flaviviruses can infect the male reproductive tract and be
sexually transmitted [48]. ZIKV has been detected in human semen for up to 181 days [49] and
infectious virus has been detected [50]. ZIKV can be sexually transmitted in humans [51-53], and
two cases of human sexual transmission during pregnancy have been reported [54, 55].
Importantly, significantly more ZIKV infection cases were observed in women of sexually
reproductive age, despite accounting for increased surveillance [56]. This finding supports that
sexual transmission of ZIKV was a significant contributor to increased cases. In endemic areas, it
was estimated that 3% of ZIKV cases were due to sexual transmission [34]. Vaginal inoculation

of ZIKV to mimic sexual transmission in mice also resulted in decreased pregnancy rates [57, 58].



Since ZIKV can be sexually transmitted and is known to impact pregnancy, part of the work
presented in this thesis attempts to determine when viral exposure can impact oocyte fertilization
and embryo development in a nonhuman primate model. It should be noted that several studies
have detected Zika viral RNA (VRNA) in nhonhuman primate semen and male reproductive tract
tissues [59-61], which support the translatability of the model. To date, human, mouse, and
nonhuman primate embryos have been shown to be permissive to ZIKV in vitro [57, 62]. In
addition, vaginal inoculation of pregnant baboons resulted in maternal viremia and infection of
reproductive and placental tissues [63, 64]. Altogether, these data indicate that ZIKV can be

sexually transmitted, which can have devastating consequences on the pregnancy.

1.4 The early placenta

The placenta ensures that the developing fetus receives sufficient nutrients and oxygen for
development throughout the pregnancy [65, 66]. The first placental progenitor cells, termed
trophectoderm, arise during embryogenesis. The trophectoderm allows the embryo to attach to and
implant into the uterus [66], where it then differentiates to give rise to the trophoblast cells that
constitute the placenta proper [66]. The placenta comprises several trophoblast cell types including
syncytiotrophoblasts (STs), extravillous trophoblasts (EVTs), villous cytotrophoblasts (vCTB),
and trophoblast stem cells (TSCs). The placenta is also populated by placental macrophages
(Hofbauer cells), other immune cells, fibroblasts, and fetal endothelial cells [67] (Figure 1). TSCs
are postulated to reside in the human placenta at the base of the chorionic villi and within the

proximal cell columns and serve as progenitor cells (Figure 1) [68, 69]. The vCTBs divide and



differentiate into STsand EVTs [70]. STs provide a continuous barrier between maternal and fetal
blood, which in part works to protect the fetus from any pathogens present in maternal blood [66,
70]. STs also exchange nutrients, waste, and oxygen as well as secrete hormones. Conversely,
EVTs migrate away from the placenta proper to invade and remodel maternal spiral arteries to

increase blood flow to the placenta [70].

It should be acknowledged that the human placenta changes drastically over its nine-month
lifespan. For the first few weeks, the placenta is in a hypoxic environment as trophoblast plugs
prevent blood flow to the developing placenta [65, 71]. In addition, early placental development
occurs within a pro-inflammatory environment that shifts to an anti-inflammatory state as
pregnancy progresses [1, 72]. Placental miRNA expression [73], hormone secretion [74], and
receptor expression [75] as well as nutritional sources [76] change over gestation as well. These
factors could contribute to differences in infection outcome and are important to consider as the
trimester in which infection occurs is often correlated to the severity of an adverse outcome [1, 11,
77]. Maternal ZIKV infection in the early stages of pregnancy has often resulted in worse outcomes
[13, 14, 36, 40, 78-80], thus comprehensively evaluating the impact of ZIKV at this stage is

warranted.
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Figure 1.1. Cells of the human placenta proper placenta proper. A schematic of the trophoblast cell
types, Hofbauer cells, fibroblasts, and capillaries that comprise the placenta proper. Question marks are
placed on the TSC populations the location of these cells has not been confirmed with molecular or
histological methods. Figure made by LNB.

1.5 Viral infection of the placenta
The trimester in which infection occurs is often correlated with the likelihood of a poor outcome.
For Lassa, influenza, and hepatitis E viruses, infection in the third trimester has been associated

with very high fetal loss rates [1, 11]. The rate of CMV transplacental transmission actually



increases with gestational age, while severity of outcome decreases, partly due to the fetus being
more developed before infection occurs [11, 77]. However, transplacental transmission of rubella
virus is greatest within the first 12 weeks of pregnancy [11]. The severity of ZIKV infection is also
trimester dependent with worse outcomes occurring if infection occurs during the first or second
trimesters [14, 36, 78-81]. These trends are important to keep in mind when considering the
translatability and appropriateness of the model used. The studies presented in this thesis focus on
the impact of ZIKV infection early in pregnancy, spanning oocyte fertilization through the
first/early second trimester. For that reason and for brevity, only studies on early pregnancy will
be discussed, although the impact of in utero infection on postnatal life is well-recognized [36,

82].

Placental ZIKV infection in humans has been documented [42, 81, 83-86]. Severe placental
pathologies have been observed including infarcts, hemorrhage, and atypical quantities of
calcifications [42, 81, 83-86]. Following in vivo maternal infection, ZIKV has been detected in the
placenta of experimentally infected mice [87-90] and nonhuman primates [64, 91]. In vitro ZIKV
inoculation has shown that first trimester placental explants [92-95], first trimester primary cells
[92, 95], embryonic-stem cell derived trophoblasts [75], and various immortalized placental cell
lines [75, 93, 96-98] are permissive to ZIKV. The placenta is essential for proper fetal development
and impaired function is associated with adverse pregnancy outcomes. It is therefore important to
determine which trophoblast cells are permissive to ZIKV, when these cells are most vulnerable,

and how infection impacts cell function.



1.6 The flavivirus life cycle

First, to understand how ZIKV infection could impact the placental cell, the flavivirus life cycle is
briefly described and illustrated in Figure 2. Flaviviruses consist of 40-60 nm virions in the
Flaviviridae family. Their genomes are ~11 kilobases and consist of a positive sense single strand
of RNA (+ssRNA), which is translated into a polyprotein once inside a host cell [19]. Viral and
host enzymes cleave the polyprotein into three structural proteins (capsid (C), pre-membrane
(preM), and envelope (E)), and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5). Together, these proteins work to ensure viral progeny are properly assembled

and released from infected cells [19, 99].

ZIKV E protein attaches to specific receptors on the host cell and then virions enter the cell via
clathrin-mediated endocytosis [100]. Although the specific receptors are not known, candidate
receptors include AXL, MERTK, DC-SIGN, TYRO3, and TIM1 [75, 101]. Once inside the host
cell, fusion with the lysosome results in a decrease in the pH of the environment containing the
virus. This decrease alters the conformation of the virion, and leads to release of the capsid shell,
which contains the genome, into the cell’s cytoplasm [19, 100]. Viral protein translation and viral
genome replication then ensues via usage of the host cell’s machinery. To deceive host RNA
degradation mechanisms and evade host immune response elements, the viral genome, like other
endogenous mRNAs in the cell, has a 5> methyl-cap. However, the viral genome lacks a poly-A
tail, which is unlike that of endogenous mRNAs. For genome replication, first a negative sense (-
sSRNA) copy is transcribed and then positive sense strands (+ssRNA) are transcribed from the

negative sense template. For efficient propagation, viral protein translation occurs prior to genome
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transcription as the virus encodes its replication machinery. Since eukaryotic cells do not transcribe
RNA from RNA, the virus must provide an enzyme capable of doing so and NS5 is the RNA-

dependent RNA-polymerase that facilitates genome transcription [99].

Immature virions are pre-infectious viral particles that assemble in the endoplasmic reticulum, and
then travel through the Golgi network[19]. Viral protein maturation occurs in the Golgi where
furin cleaves the structural pre-membrane protein (prM) into two segments: pr and M [100].
Mature virions continue through the secretory pathway and are then secreted by the cell into the
extracellular environment. The final virion consists of 180 copies of E, 180 copies of prM/M, and

one complete +ssRNA genome that resides within the C protein shell.
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Zika virion

pH change triggers
conformational change
in envelope and release
of the genome

J Rl "m 20y 20 1y
+ssRNA - -ssRNA intémediate m w

. virion release

Figure 1.2. The ZIKV life cycle. 1) A Zika virion (with the genome encased) binds to a receptor on the
cell surface, which triggers clathrin-mediated endocytosis. Once the endosome containing the virion is
internalized, 2) endosomal fusion with a lysosome and exposure to the lysosomal pH triggers a
conformational change in the virion (as depicted by the change from a solid to a dashed line). This results
in genome release into the cytoplasm. 3-4) Once in the cytoplasm, translation and genome replication
occur. 3) Viral proteins are translated in the endoplasmic reticulum. 4) For vRNA replication a negative
sense single RNA (-ssRNA) is first synthesized and then more positive sense single RNA (+ssRNA) strands
are made. 5) The viral proteins and genome come together in the ER and mature in the Golgi apparatus
(as depicted with a change in virion color from yellow to dark green). Viral maturation requires prM
cleavage into pr and M. 6) Mature infectious virions are then released at the plasma membrane. Figure
made by LNB.

1.7 The impact of ZIKV on trophoblast cells: how ZIKV overcomes intrinsic host defense

mechanisms
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The mechanism(s) of ZIKV entry and its subsequent impact on trophoblasts is a key aspect of
placental infection that remains poorly understood. As mentioned previously, two types of
trophoblast cells are in direct contact with maternal blood, EVTs and STs. STs serve as a barrier
to infection; however, ZIKV-mediated changes to cellular permeability may compromise its
barrier function. Inoculation of JEG3 cells, an EVT-like trophoblast choriocarcinoma cell line,
with ZIKV resulted in increased cell permeability due to decreased expression of tight junction
proteins, tight junction protein ZO-1 and occludin [96]. Exposure of JAr cells, an EVT-like
trophoblast choriocarcinoma cell line and first trimester placental explants to Zika NS1 protein
increased cell permeability and reduced cellular expression, and increased secretion, of hyaluronic
acid, heparan sulfate, and sialic acid, which are all important for extracellular matrix integrity and
signaling [93]. Importantly, flaviviruses interact with glycosaminoglycans, such as hyaluronic
acid and heparan sulfate, for cell entry [102], and increased secretion of these may enhance viral
infection. Another means by which ZIKV can overcome the cell barrier is via transcytosis, passage
across and through a cell [96]. The increased permeability, alterations in extracellular matrix, and
transcytosis are possible mechanisms by which ZIKV could breach the ST barrier and reach the
fetus. In summary, STs are a barrier to protect the other trophoblast cells and fetus from pathogens;
however, if ZIKV can breach this barrier without directly infecting these cells then other

trophoblast cells, such as TSCs, could become infected.

Apoptosis, programmed cell death, is one way a cell can prevent viral spread [103]. However, it
remains unclear under what circumstances apoptosis may advance or suppress ZIKV infection.

ZIKV infection was reported to induce apoptosis via caspase-3 activation [98], however, another
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study reported that infection was not cytotoxic [96]. ZIKV infection was more widespread in the
immortalized human trophoblast cell line Sw.71 in the log phase of growth [98], which further
supports the idea that maintenance of cell proliferation, as opposed to induction of cell death,
contributes to viral dissemination. Interferon (IFN)-induced transmembrane protein (IFITM)
expression is regulated by type I and 1l IFNs; however IFITMs are constitutively expressed in
many cells [104]. IFITM-1 and -3 work to inhibit viral entry by preventing virion fusion to the cell
membrane, viral replication, and cell death induced by ZIKV in human cervical carcinoma (HeLa)
cells [105, 106]. IFITM expression also impairs syncytiotrophoblast formation, which occurs via
cell-cell fusion, and is an essential aspect of placental formation [107]. Flaviviral proteins may be
more pro-apoptotic than anti-apoptotic as increased apoptosis has been associated with less
infection and decreased severity [102]. Additional research is needed to clarify when ZIKV may

induce apoptosis and what advantages to the virus this may provide.

Autophagy is another important antiviral pathway cells use in response to infection that many
flaviviruses actually induce as part of their life cycle [108-110]. Autophagy-related 16-like 1
(ATG16L1) protein is important for autophagosome maturation, and ZIKV infection in ATG16L1"
" mice results in limited placental infection and vertical transmission [111]. Chemical inhibitors
of autophagy also result in decreased viral replication in JEG3 trophoblast cells and in mouse
placentas and fetuses [111]. This finding suggests that ZIKV replication and infection is largely
mediated by the induction of autophagy in trophoblasts [108, 111]. In human fetal neural stem

cell cultures, it was shown that ZIKV proteins NS4A and NS4B work to increase autophagy by
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interfering with the Akt-mTOR pathway [110]. Altogether, these data show that ZIKV can surpass

barriers and manipulate cell function to produce progeny and disseminate.

1.8 The innate immune defense and its interaction with ZIKV

In addition to the intrinsic host defenses (cell barriers, apoptosis, and autophagy) [112] previously
discussed, cells have additional mechanisms to identify infection called the innate immune system
[112]. The intrinsic and innate immune responses activate the adaptive immune response, which
will not be discussed. This includes a range of proteins that identify various aspects of the pathogen
life cycle to then alert the adaptive immune system. IFNSs, interferon stimulatory genes (1SGs), and
Toll Like Receptors (TLRs) are important elements of the innate immune response and are
discussed in terms of data collected during ZIKV infection. Low levels of TLRs and ISGs are
present within cells to screen for the presence of viral genomes and proteins. While the figure
below depicts TLR or RIG-I/MDAGS activation as the first step in the host innate immune response,
it should be noted that there are already low levels of these proteins and others (such as IFNAR
and STAT1/2) present in the cell but that their activation triggers enhanced production of innate

immune proteins in a paracrine and autocrine manner [113].
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Figure 1.3. Cellular immune response to ZIKV infection and Zika viral strategies to inhibit that
response. The innate immune response elements discussed herein are depicted alongside the ZIKV life
cycle with numerical indicators based on how the innate immune response is activated. Once the Zika VRNA
is released into the cytoplasm, it can be detected by TLR7 and TLR8 (step 1). The replication intermediate,
dsRNA, can be recognized by TLR3, RIG-I, or MDA-5 (step 1). Both steps are considered step 1 because
once the RNA is replicated, it could be recognized by either set of innate immune proteins. This recognition
triggers production of IFNa and IFNp (step 2). IFNa and IFNg are secreted products that then signal to
that cell and neighboring cells through IFNAR. Activation of this receptor results in STAT1 and STAT2
activation (step 3), which then leads to the production and release of IFN stimulated genes (1SGs) (step 4).
Zika viral proteins work to impair these recognition elements and prevent ISG production. Black arrows
indicate the ZIKV life cycle. Inhibition by ZIKV proteins is depicted by the red inhibition signs. Blue arrows
indicate activation. Yellow indicates activation and gray indicates inactive. Solid lines mean direct
activation. Dashed lines mean indirect activation. Figure made by LNB.
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Mammalian cells express proteins that monitor various aspects of the viral life cycle to thwart
infection. For instance, retinoic acid-inducible gene | (RIG-1/DDX58) and melanoma
differentiation-associated protein 5 (MDAJS) recognize dsRNA, which occurs as a transient stage
during viral genome replication. These proteins are important in flavivirus genome recognition
and activation of the innate immune system [58]. TLRs identify pathogens via specific patterns
(pathogen-associated microbial patterns; PAMPS). The presence of VRNA triggers TLR3 and
TLR7. The activation of these receptors leads to cellular production of IFNf and IFNy [101]
followed by downstream activation of ISGs including 1SG15, OAS2, MX1, and IFIT [101]. The
presence of Zika VRNA-activated TLR3 and TLR8 in HTR-8 trophoblasts, an EVT-like
immortalized trophoblast cell line, resulted in significantly increased production of tumor necrosis
factor (TNF)- o and IL-6 [97]. TNF- a and IL-6 are pro-inflammatory cytokines that trigger an

adaptive immune response [114, 115].

IFNs play an important role in the trophoblast antiviral response. IFNs work to activate genes
involved in mRNA degradation and protein translation inhibition to control viral replication, as
well as inhibit cell proliferation [116]. There are three main classes of IFNs: type I (INFa, IFNp),
type II (IFNy), and type III (IFNXA). IFNAL is constitutively released by primary human term
trophoblast cells and protects them from ZIKV infection [117]. Early gestation trophoblast cells
may not constitutively express these IFNs [75], which may explain in part increased susceptibility
to infection at this stage. However, further investigation of trophoblast defense mechanisms within
the earliest stages of gestation is needed to resolve why first trimester trophoblasts have increased

susceptibility to ZIKV infection.



17

Mice are not naturally susceptible to ZIKV infection and must be immune compromised to model
ZIKV infection in part because ZIKV cannot interfere with the immune response [118]. For
instance, the ZIKV NS5 protein can interfere with IFN signaling in humans by promoting signal
transducers and activators of transcription 2 (STAT2) degradation and preventing ISG expression
[119]. However, the ZIKV NS5 protein cannot recognize mouse STAT2, which allows expression
of ISGs and then IFNs [119, 120]. RIG-I deficient, IFN deficient, IFNAR deficient, and humanized
STAT2-deficient mouse models are used to study the impact of ZIKV in vivo [58, 118, 120, 121].
The importance of IFNs in ZIKV infection was further established by in vivo mouse experiments.
For instance, mice with a fully functioning type I IFN response had minor symptoms with ZIKV
infection, whereas IFN” increased severity. Also, vaginal inoculation of pregnant wild type mice
resulted in modest fetal growth restriction (FGR), whereas inoculation of immunocompromised
(IFNAR deficient) pregnant mice resulted in severe FGR and a significant elevation in fetal death
[58]. Stimulator of IFN genes (STING) activates IFN regulatory factors (IRF) 3, which results in
type | IFN production [122]. An IRF 3 and IRF7 knockout mouse study further supports the
importance of these ISGs in controlling ZIKV replication in the placenta since these IRFs trigger
the type I IFN response [58]. These studies show the importance of IFN in controlling and ablating

ZIKV infection.

To overcome the cell’s immune response, several ZIKV proteins function to block the antiviral
IFN pathway. For example, the host cell’s STING protein is targeted by the NS2B-NS3 protein
complex to impair IFNB production, which also is impeded by NS1 and NS4B [101]. NS3

interferes with the 14-3-3 pathway, which prevents RIG-1 and MDAS from activating their
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downstream antiviral pathways [123]. The NS2B-NS3 complex and NS5 block STAT1 and
STAT?2 activation, and STAT? triggers degradation of Janus kinase 1 (JAK1) and STAT2 [101,
124, 125]. These actions limit a productive IFN response by preventing transcription of ISGs [101,

124, 125], thereby allowing increased ZIKV replication.

In summary, cells possess numerous means of detecting and truncating a viral infection. The
presence of ZIKV initially triggers an innate immune response [101] and the release of 1SGs and
proinflammatory cytokines, which alert the adaptive immune system. An immune response can
also trigger a cell to undergo apoptosis or autophagy with the goal being to prevent further viral
replication and spread. In order to ensure viral propagation, ZIKV possesses several mechanisms
to overcome these barriers. Overall, it is the ability of ZIKV to impede the immune response that

allows dissemination and continued infection.

1.9 Extracellular vesicles may modulate viral infection.

Another way viruses can evade the immune response and host defenses is by using extracellular
vesicles (EVs). EVs are cell-derived particles that are released into the extracellular environment
and contain cargo such as proteins, nucleic acids, and lipids [126]. EV cargo is altered under
various disease and infection conditions [126-133], and viral proteins and genomes have been
found within EVs [128-130, 134, 135]. Viruses may use EVs to alter cell permissiveness. Non-
permissive cells (cells lacking CCR5 and CXCR4) exposed to EVs that contained CCR5 and

CXCR4 became permissive to HIV infection [136, 137].
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EVs can disseminate viruses in the Flaviviridae family as demonstrated by studies of hepatitis C
virus, DENV and WNV. For example, EVs were shown to carry and deliver hepatitis C VRNA to
other cells. The hepatitis C virus used was modified such that the genome could be replicated but
infectious virions could not be produced or released. A subsequent study in which exosome
secretion was inhibited with a chemical resulted in decreased VRNA genome transfer to susceptible
target cells; therefore supporting EVs as a means of viral dissemination [129]. EVs released by
DENV-infected cells also were shown to be infectious, and chemical inhibition of exosome release
resulted in decreased dengue VRNA quantities [134]. Furthermore, Langat virus and WNV, two
arboviruses, have been shown to utilize EVs to enhance transmission [135]. These data suggest
that viruses may utilize EVs as a Trojan horse to promote infection by hijacking these extracellular

shuttles.

1.10 Thesis Overview

ZIKV infection remains an important research focus given the severe effects of infection on fetal
and neonatal development, and the historical threat of sporadic outbreaks. The motivating
objectives of this thesis are 1) to determine how early ZIKV can impact the placenta, 2) to assess
which trophoblast cell types are permissive to infection, and 3) to evaluate the use of EVs as a

readout of cellular infection.
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The rhesus macaque is a highly translational model for human pregnancy as it has similar placental
structure, prolonged gestation, and gives birth to precocious offspring [126, 138]. Numerous
studies with pregnant rhesus macaques support their use to understand the impact of ZIKV on
human pregnancy as infection has a similar outcome [139-141]. In the case study discussed in the
Chapter 2, a dam was infected towards the end of the first trimester with ZIKV. This resulted in
prolonged maternal viremia and pregnancy loss during the second trimester. Although ZIKV was
not detected in the placenta, there was extreme placental pathology including infarcts,
hemorrhages, and extensive calcifications. This study, as well as other studies across different
National Primate Research Centers [41], further supports that infection early in pregnancy can
result in an adverse pregnancy outcome in the macaque. The outcome from this case study raised
questions as to how ZIKV may impact the placenta and at what time points of gestation placental

infection could occur.

Due to practical limitations of early pregnancy detection in humans, the inability to typically detect
infection onset in symptomatic and asymptomatic individuals, and limitations of knowing when
pregnancy first begins in human patients as well as limited access to sampling opportunities, an
animal model is imperative to understanding how early ZIKV can impact pregnancy. Since ZIKV
can be sexually transmitted, it is critical to know how early infection can disrupt pregnancy. We
hypothesized that zona-enclosed oocytes are not permissive to infection, whereas trophoblast cells
of the implanting blastocyst that are exposed to the maternal uterine environment are permissive.
Using in vitro fertilization in a rhesus macaque model, we determined that ZIKV was embryotoxic

at high doses and impeded cellular growth at lower doses. These findings are presented in Chapter
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3 and supported our hypothesis, in agreement with previous and subsequently published studies
[13, 36, 40, 78-80], that early gestation trophoblast cells were more permissive to infection than

those from later stages of gestation.

We next transitioned to an in vitro macaque trophoblast cell culture system to determine which
trophoblast cell types were permissive to infection, and to determine how infection impacted cell
function. This model adds tremendous value to this study as these cells are more representative of
in vivo trophoblast cells than currently established cell lines and provides more clarity than
placental tissue explants, which contain numerous cell types in a platform of limited lifespan. We
hypothesized that all trophoblast cell types would be permissive to infection and that EVs could
serve as a readout of cellular infection. The results from this study are presented in Chapter 4 and
demonstrate that TSCs and STs are permissive to infection, whereas EVTs were not readily

infected.

As mentioned above, ZIKV uses the secretory pathway for viral propagation. Exosomes, a type of
EV, are also derived in the secretory pathway and therefore, we hypothesized that ZIKV proteins
or whole virions are likely to be packaged as EV cargo. The evaluation of placenta derived EV
cargo is important because EVs secreted by trophoblast cells could be used to monitor placental
health with minimal invasiveness since EVs can be isolated from various body fluids, including
blood. There are limited means to access the placenta during pregnancy and they all require
invasive procedures. EVs could be used to determine if vertical transmission occurred and what

placental damage may be occurring so as to determine the risk of an adverse pregnancy outcome



22

[126]. The potential for EVs to provide a readout to prospectively identify pregnancies at risk for
adverse outcomes, both physiological complications and pathogen-induced complications, was
further expanded on as a published review paper [126] that is provided here as a Supplemental

Chapter.

1.11 Significance

This work furthers our recognition that ZIKV can impact early pregnancy in the highly
translational rhesus macaque pregnancy model. Our findings with the ZIKV embryo outgrowth
study support epidemiological data that suggests ZIKV could impact very early pregnancy. These
findings are significant for couples trying to conceive as ZIKV presence in semen does not impact
oocyte fertilization. Semen collected from men positive for ZIKV may not need to be cleaned and
stripped of ZIKV if used for assisted reproduction, including IVF or intracytoplasmic sperm
injection. However, the embryo used for transfer should be cleaned and stripped of any potential

virus as the human female reproductive tract is permissive to infection [142-144].

In addition, we showed that trophoblast cells are permissive to ZIKV infection, which impacted
cellular function and EV cargo. These findings are significant as our model is more representative
of the first trimester human placenta than most of what has been published. We know that ZIKV
infection early in pregnancy is associated with worse outcomes and increased pregnancy loss [13,
14, 36, 40, 78-80]. However, Hofbauer cells are often the only placental cells that test positive for

ZIKV [83, 145, 146], which raises questions as to whether trophoblast cells are permissive. Our
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highly translational model shows these cells are permissive, which suggests placental infection
may be involved in adverse outcomes. Prolonged viremia is often observed in pregnancy [40, 55,
80, 140, 147, 148], and we hypothesized the placenta could be a reservoir. Our data support this
hypothesis because not only were trophoblast cells permissive, but they released EVs that
contained the ZIKV E protein and may be infectious. This finding is significant as infectious
trophoblast EVs shed into maternal blood could then infect other maternal cells. Overall, these
findings shed light on the impact ZIKV has on early gestation trophoblasts and delves into the

potential for EVs to be a readout of cellular infection.

1.12 References

1. Cornish EF, Filipovic I, Asenius F, Williams DJ, McDonnell T. Innate Immune
Responses to Acute Viral Infection During Pregnancy. Front Immunol 2020; 11:572567.

2. Littauer EQ, Skountzou I. Hormonal Regulation of Physiology, Innate Immunity and
Antibody Response to HIN1 Influenza Virus Infection During Pregnancy. Front
Immunol 2018; 9:2455.

3. Jaan A, Rajnik M. TORCH Complex. In: StatPearls. Treasure Island (FL); 2021.

4. Zhang H, He Z, Zeng W, Peng HJ. Roles of Interferons in Pregnant Women with Dengue
Infection: Protective or Dangerous Factors. Can J Infect Dis Med Microbiol 2017,
2017:1671607.

5. Kourtis AP, Read JS, Jamieson DJ. Pregnancy and infection. N Engl J Med 2014;
370:2211-2218.

6. Kudo T, Wei EQ, Inoki R. Activation of calcium ion-dependent proteinases by
bradykinin in dental pulp of the rat. Adv Exp Med Biol 1989; 247B:627-631.

7. Huntley BJF, Mulder IA, Di Mascio D, Vintzileos WS, Vintzileos AM, Berghella V,
Chauhan SP. Adverse Pregnancy Outcomes Among Individuals With and Without Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2): A Systematic Review and
Meta-analysis. Obstet Gynecol 2021; 137:585-596.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

24

Karimi L, Vahedian-Azimi A, Makvandi S, Sahebkar A. A Systematic Review of 571
Pregnancies Affected by COVID-19. Adv Exp Med Biol 2021; 1321:287-298.

Villar J, Ariff S, Gunier RB, Thiruvengadam R, Rauch S, Kholin A, Roggero P, Prefumo
F, do Vale MS, Cardona-Perez JA, Maiz N, Cetin I, et al. Maternal and Neonatal
Morbidity and Mortality Among Pregnant Women With and Without COVID-19
Infection: The INTERCOVID Multinational Cohort Study. JAMA Pediatr 2021.

Coyne CB, Lazear HM. Zika virus - reigniting the TORCH. Nat Rev Microbiol 2016;
14:707-715.

Silasi M, Cardenas I, Kwon JY, Racicot K, Aldo P, Mor G. Viral infections during
pregnancy. Am J Reprod Immunol 2015; 73:199-213.

Freitas DA, Souza-Santos R, Carvalho LMA, Barros WB, Neves LM, Brasil P,
Wakimoto MD. Congenital Zika syndrome: A systematic review. PLoS One 2020;
15:e0242367.

Lima GP, Rozenbaum D, Pimentel C, Frota ACC, Vivacqua D, Machado ES, Sztajnbok
F, Abreu T, Soares RA, Hofer CB. Factors associated with the development of
Congenital Zika Syndrome: a case-control study. BMC Infect Dis 2019; 19:277.

Rasmussen SA, Jamieson DJ. Teratogen update: Zika virus and pregnancy. Birth Defects
Res 2020; 112:1139-1149.

Brar R, Sikka P, Suri V, Singh MP, Suri V, Mohindra R, Biswal M. Maternal and fetal
outcomes of dengue fever in pregnancy: a large prospective and descriptive observational
study. Arch Gynecol Obstet 2021.

Tougma SA, Zoungrana/Yameogo WN, Dahourou DL, Salou/Kagone 1A, Compaore TR,
Kabore A, Kagone T, Drabo MK, Meda N. Dengue virus infection and pregnancy
outcomes during the 2017 outbreak in Ouagadougou, Burkina Faso: A retrospective
cohort study. PL0oS One 2020; 15:e0238431.

O'Leary DR, Kuhn S, Kniss KL, Hinckley AF, Rasmussen SA, Pape WJ, Kightlinger LK,
Beecham BD, Miller TK, Neitzel DF, Michaels SR, Campbell GL, et al. Birth outcomes
following West Nile Virus infection of pregnant women in the United States: 2003-2004.
Pediatrics 2006; 117:e537-545.

Diniz LMO, Romanelli RMC, de Carvalho AL, Teixeira DC, de Carvalho LFA, Ferreira
Cury V, Filho MPL, Perigolo G, Heringer TP. Perinatal Yellow Fever: A Case Report.
Pediatr Infect Dis J 2019; 38:300-301.

Chong HY, Leow CY, Abdul Majeed AB, Leow CH. Flavivirus infection-A review of
immunopathogenesis, immunological response, and immunodiagnosis. Virus Res 2019;
274:197770.



20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

25

Charlier C, Beaudoin MC, Couderc T, Lortholary O, Lecuit M. Arboviruses and
pregnancy: maternal, fetal, and neonatal effects. Lancet Child Adolesc Health 2017;
1:134-146.

Chaturvedi UC, Mathur A, Chandra A, Das SK, Tandon HO, Singh UK. Transplacental
infection with Japanese encephalitis virus. J Infect Dis 1980; 141:712-715.

Ribeiro CF, Lopes VGS, Brasil P, Pires ARC, Rohloff R, Nogueira RMR. Dengue
infection in pregnancy and its impact on the placenta. Int J Infect Dis 2017; 55:109-112.

Ribeiro CF, Lopes VG, Brasil P, Coelho J, Muniz AG, Nogueira RM. Perinatal
transmission of dengue: a report of 7 cases. J Pediatr 2013; 163:1514-1516.

Nunes PC, Paes MV, de Oliveira CA, Soares AC, de Filippis AM, Lima Mda R, de
Barcelos Alves AM, da Silva JF, de Oliveira Coelho JM, de Carvalho Rodrigues F,
Nogueira RM, Dos Santos FB. Detection of dengue NS1 and NS3 proteins in placenta
and umbilical cord in fetal and maternal death. J Med Virol 2016; 88:1448-1452.

Mathur A, Arora KL, Chaturvedi UC. Congenital infection of mice with Japanese
encephalitis virus. Infect Immun 1981; 34:26-29.

Nishioka Sde A, Nunes-Araujo FR, Pires WP, Silva FA, Costa HL. Yellow fever
vaccination during pregnancy and spontaneous abortion: a case-control study. Trop Med
Int Health 1998; 3:29-33.

Suzano CE, Amaral E, Sato HK, Papaiordanou PM, Campinas Group on Yellow Fever
Immunization during P. The effects of yellow fever immunization (17DD) inadvertently
used in early pregnancy during a mass campaign in Brazil. Vaccine 2006; 24:1421-1426.

Porudominsky R, Gotuzzo EH. Yellow fever vaccine and risk of developing serious
adverse events: a systematic review. Rev Panam Salud Publica 2018; 42:e75.

da Silva FC, Magaldi FM, Sato HK, Bevilacqua E. Yellow Fever Vaccination in a Mouse
Model Is Associated With Uninterrupted Pregnancies and Viable Neonates Except When
Administered at Implantation Period. Front Microbiol 2020; 11:245.

Tsai TF. Congenital arboviral infections: something new, something old. Pediatrics 2006;
117:936-939.

Centers for Disease C, Prevention. Intrauterine West Nile virus infection--New York,
2002. MMWR Morb Mortal Wkly Rep 2002; 51:1135-1136.

Julander JG, Winger QA, Rickords LF, Shi PY, Tilgner M, Binduga-Gajewska I, Sidwell
RW, Morrey JD. West Nile virus infection of the placenta. Virology 2006; 347:175-182.

Platt DJ, Smith AM, Arora N, Diamond MS, Coyne CB, Miner JJ. Zika virus-related
neurotropic flaviviruses infect human placental explants and cause fetal demise in mice.
Sci Transl Med 2018; 10.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

26

Musso D, Bossin H, Mallet HP, Besnard M, Broult J, Baudouin L, Levi JE, Sabino EC,
Ghawche F, Lanteri MC, Baud D. Zika virus in French Polynesia 2013-14: anatomy of a
completed outbreak. Lancet Infect Dis 2018; 18:e172-e182.

Cauchemez S, Besnard M, Bompard P, Dub T, Guillemette-Artur P, Eyrolle-Guignot D,
Salje H, Van Kerkhove MD, Abadie V, Garel C, Fontanet A, Mallet HP. Association
between Zika virus and microcephaly in French Polynesia, 2013-15: a retrospective
study. Lancet 2016; 387:2125-2132.

Brady OJ, Osgood-Zimmerman A, Kassebaum NJ, Ray SE, de Araujo VEM, da Nobrega
AA, Frutuoso LCV, Lecca RCR, Stevens A, Zoca de Oliveira B, de Lima JM, Jr.,
Bogoch, 11, et al. The association between Zika virus infection and microcephaly in
Brazil 2015-2017: An observational analysis of over 4 million births. PLoS Med 2019;
16:€1002755.

Martines RB, Bhatnagar J, Keating MK, Silva-Flannery L, Muehlenbachs A, Gary J,
Goldsmith C, Hale G, Ritter J, Rollin D, Shieh WJ, Luz KG, et al. Notes from the Field:
Evidence of Zika Virus Infection in Brain and Placental Tissues from Two Congenitally
Infected Newborns and Two Fetal Losses--Brazil, 2015. MMWR Morb Mortal WKly Rep
2016; 65:159-160.

van der Eijk AA, van Genderen PJ, Verdijk RM, Reusken CB, Mogling R, van Kampen
JJ, Widagdo W, Aron GlI, GeurtsvanKessel CH, Pas SD, Raj VS, Haagmans BL, et al.
Miscarriage Associated with Zika Virus Infection. N Engl J Med 2016; 375:1002-1004.

Gonce A, Martinez MJ, Marban-Castro E, Saco A, Soler A, Alvarez-Mora M, Peiro A,
Gonzalo V, Hale G, Bhatnagar J, Lopez M, Zaki S, et al. Spontaneous Abortion
Associated with Zika Virus Infection and Persistent Viremia. Emerg Infect Dis 2018;
24:933-935.

Musso D, Ko Al, Baud D. Zika Virus Infection - After the Pandemic. N Engl J Med
2019; 381:1444-1457.

Dudley DM, Van Rompay KK, Coffey LL, Ardeshir A, Keesler RI, Bliss-Moreau E,
Grigsby PL, Steinbach RJ, Hirsch AJ, MacAllister RP, Pecoraro HL, Colgin LM, et al.
Miscarriage and stillbirth following maternal Zika virus infection in nonhuman primates.
Nat Med 2018; 24:1104-1107.

Melo AS, Aguiar RS, Amorim MM, Arruda MB, Melo FO, Ribeiro ST, Batista AG,
Ferreira T, Dos Santos MP, Sampaio VV, Moura SR, Rabello LP, et al. Congenital Zika
Virus Infection: Beyond Neonatal Microcephaly. JAMA Neurol 2016; 73:1407-1416.

de Carvalho NS, de Carvalho BF, Doris B, Silverio Biscaia E, Arias Fugaca C, de
Noronha L. Zika virus and pregnancy: An overview. Am J Reprod Immunol 2017; 77.

Guerin B, Pozzi N. Viruses in boar semen: detection and clinical as well as
epidemiological consequences regarding disease transmission by artificial insemination.
Theriogenology 2005; 63:556-572.



45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

27

Al Ahmad MZ, Pellerin JL, Larrat M, Chatagnon G, Cecile R, Sailleau C, Zientara S,
Fieni F. Can bluetongue virus (BTV) be transmitted via caprine embryo transfer?
Theriogenology 2011; 76:126-132.

Haegeman A, Vandaele L, De Leeuw I, Oliveira AP, Nauwynck H, Van Soom A, De
Clercq K. Failure to Remove Bluetongue Serotype 8 Virus (BTV-8) From in vitro
Produced and in vivo Derived Bovine Embryos and Subsequent Transmission of BTV-8
to Recipient Cows After Embryo Transfer. Front Vet Sci 2019; 6:432.

Hebia I, Fieni F, Duchamp G, Destrumelle S, Pellerin JL, Zientara S, Vautherot JF,
Bruyas JF. Potential risk of equine herpes virus 1 (EHV-1) transmission by equine
embryo transfer. Theriogenology 2007; 67:1485-1491.

Counotte MJ, Kim CR, Wang J, Bernstein K, Deal CD, Broutet NJN, Low N. Sexual
transmission of Zika virus and other flaviviruses: A living systematic review. PLoS Med
2018; 15:e1002611.

Barzon L, Pacenti M, Franchin E, Lavezzo E, Trevisan M, Sgarabotto D, Palu G.
Infection dynamics in a traveller with persistent shedding of Zika virus RNA in semen for
six months after returning from Haiti to Italy, January 2016. Euro Surveill 2016; 21.

Mansuy JM, Dutertre M, Mengelle C, Fourcade C, Marchou B, Delobel P, 1zopet J,
Martin-Blondel G. Zika virus: high infectious viral load in semen, a new sexually
transmitted pathogen? Lancet Infect Dis 2016; 16:405.

Sakkas H, Bozidis P, Giannakopoulos X, Sofikitis N, Papadopoulou C. An Update on
Sexual Transmission of Zika Virus. Pathogens 2018; 7.

Joguet G, Mansuy JM, Matusali G, Hamdi S, Walschaerts M, Pavili L, Guyomard S,
Prisant N, Lamarre P, Dejucg-Rainsford N, Pasquier C, Bujan L. Effect of acute Zika
virus infection on sperm and virus clearance in body fluids: a prospective observational
study. Lancet Infect Dis 2017; 17:1200-1208.

Turmel JM, Abgueguen P, Hubert B, Vandamme Y M, Maquart M, Le Guillou-
Guillemette H, Leparc-Goffart I. Late sexual transmission of Zika virus related to
persistence in the semen. Lancet 2016; 387:2501.

Oliveira DB, Almeida FJ, Durigon EL, Mendes EA, Braconi CT, Marchetti I, Andreata-
Santos R, Cunha MP, Alves RP, Pereira LR, Melo SR, Neto DF, et al. Prolonged
Shedding of Zika Virus Associated with Congenital Infection. N Engl J Med 2016;
375:1202-1204.

Desclaux A, de Lamballerie X, Leparc-Goffart I, Vilain-Parce A, Coatleven F, Fleury H,
Malvy D. Probable Sexually Transmitted Zika Virus Infection in a Pregnant Woman. N
Engl J Med 2018; 378:1458-1460.

Coelho FC, Durovni B, Saraceni V, Lemos C, Codeco CT, Camargo S, de Carvalho LM,
Bastos L, Arduini D, Villela DA, Armstrong M. Higher incidence of Zika in adult women



S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

28

than adult men in Rio de Janeiro suggests a significant contribution of sexual
transmission from men to women. Int J Infect Dis 2016; 51:128-132.

Tan L, Lacko LA, Zhou T, Tomoiaga D, Hurtado R, Zhang T, Sevilla A, Zhong A,
Mason CE, Noggle S, Evans T, Stuhlmann H, et al. Pre- and peri-implantation Zika virus
infection impairs fetal development by targeting trophectoderm cells. Nat Commun 2019;
10:4155.

Yockey LJ, Varela L, Rakib T, Khoury-Hanold W, Fink SL, Stutz B, Szigeti-Buck K,
Van den Pol A, Lindenbach BD, Horvath TL, Iwasaki A. Vaginal Exposure to Zika Virus
during Pregnancy Leads to Fetal Brain Infection. Cell 2016; 166:1247-1256 e1244.

Schmidt JK, Mean KD, Puntney RC, Alexander ES, Sullivan R, Simmons HA, Zeng X,
Weiler AM, Friedrich TC, Golos TG. Zika virus in rhesus macaque semen and
reproductive tract tissues: a pilot study of acute infectiondagger. Biol Reprod 2020;
103:1030-1042.

Osuna CE, Lim SY, Deleage C, Griffin BD, Stein D, Schroeder LT, Omange RW, Best
K, Luo M, Hraber PT, Andersen-Elyard H, Ojeda EF, et al. Zika viral dynamics and
shedding in rhesus and cynomolgus macaques. Nat Med 2016; 22:1448-1455.

Peregrine J, Gurung S, Lindgren MC, Husain S, Zavy MT, Myers DA, Papin JF. Zika
Virus Infection, Reproductive Organ Targeting, and Semen Transmission in the Male
Olive Baboon. J Virol 2019; 94.

Block LN, Aliota MT, Friedrich TC, Schotzko ML, Mean KD, Wiepz GJ, Golos TG,
Schmidt JK. Embryotoxic impact of Zika virus in a rhesus macaque in vitro implantation
modeldagger. Biol Reprod 2020; 102:806-816.

Newman CM, Tarantal AF, Martinez ML, Simmons HA, Morgan TK, Zeng X, Rosinski
JR, Bliss MI, Bohm EK, Dudley DM, Aliota MT, Friedrich TC, et al. Early Embryonic
Loss Following Intravaginal Zika Virus Challenge in Rhesus Macaques. Frontiers in
Immunology 2021; 12.

Gurung S, Nadeau H, Maxted M, Peregrine J, Reuter D, Norris A, Edwards R, Hyatt K,
Singleton K, Papin JF, Myers DA. Maternal Zika Virus (ZIKV) Infection following
Vaginal Inoculation with ZIKV-Infected Semen in Timed-Pregnant Olive Baboons. J
Virol 2020; 94.

Maltepe E, Fisher SJ. Placenta: the forgotten organ. Annu Rev Cell Dev Biol 2015;
31:523-552.

Knofler M, Haider S, Saleh L, Pollheimer J, Gamage T, James J. Human placenta and
trophoblast development: key molecular mechanisms and model systems. Cell Mol Life
Sci 2019; 76:3479-3496.

Feinberg WM, Bruck DC, Jeter MA, Corrigan JJ, Jr. Fibrinolysis after acute ischemic
stroke. Thromb Res 1991; 64:117-127.



68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

29

Okae H, Toh H, Sato T, Hiura H, Takahashi S, Shirane K, Kabayama Y, Suyama M,
Sasaki H, Arima T. Derivation of Human Trophoblast Stem Cells. Cell Stem Cell 2018;
22:50-63 €56.

Gamage TK, Chamley LW, James JL. Stem cell insights into human trophoblast lineage
differentiation. Hum Reprod Update 2016; 23:77-103.

Turco MY, Moffett A. Development of the human placenta. Development 2019; 146.

Chang CW, Wakeland AK, Parast MM. Trophoblast lineage specification, differentiation
and their regulation by oxygen tension. J Endocrinol 2018; 236:R43-R56.

Robinson N, Mayorquin Galvan EE, Zavala Trujillo IG, Zavala-Cerna MG. Congenital
Zika syndrome: Pitfalls in the placental barrier. Rev Med Virol 2018; 28:e1985.

Morales-Prieto DM, Ospina-Prieto S, Chaiwangyen W, Schoenleben M, Markert UR.
Pregnancy-associated miRNA-clusters. J Reprod Immunol 2013; 97:51-61.

Cunningham FG, Leveno KJ, Bloom S, Dashe JS, Hoffman BL, Casey BM, Spong C.
Williams Obstetrics. McGraw-Hill Medical; 2018.

Sheridan MA, Yunusov D, Balaraman V, Alexenko AP, Yabe S, Verjovski-Almeida S,
Schust DJ, Franz AW, Sadovsky Y, Ezashi T, Roberts RM. Vulnerability of primitive
human placental trophoblast to Zika virus. Proc Natl Acad Sci U S A 2017; 114:E1587-
E1596.

Burton GJ, Cindrova-Davies T, Turco MY. Review: Histotrophic nutrition and the
placental-endometrial dialogue during human early pregnancy. Placenta 2020; 102:21-26.

Navti OB, Al-Belushi M, Konje JC, Frcog. Cytomegalovirus infection in pregnancy - An
update. Eur J Obstet Gynecol Reprod Biol 2021; 258:216-222.

Brasil P, Pereira JP, Jr., Moreira ME, Ribeiro Nogueira RM, Damasceno L, Wakimoto
M, Rabello RS, Valderramos SG, Halai UA, Salles TS, Zin AA, Horovitz D, et al. Zika
Virus Infection in Pregnant Women in Rio de Janeiro. N Engl J Med 2016; 375:2321-
2334.

Hoen B, Schaub B, Funk AL, Ardillon V, Boullard M, Cabie A, Callier C, Carles G,
Cassadou S, Cesaire R, Douine M, Herrmann-Storck C, et al. Pregnancy Outcomes after
ZIKV Infection in French Territories in the Americas. N Engl J Med 2018; 378:985-994.

Pomar L, Malinger G, Benoist G, Carles G, Ville Y, Rousset D, Hcini N, Pomar C,
Jolivet A, Lambert V. Association between Zika virus and fetopathy: a prospective cohort
study in French Guiana. Ultrasound Obstet Gynecol 2017; 49:729-736.

Honein MA, Dawson AL, Petersen EE, Jones AM, Lee EH, Yazdy MM, Ahmad N,
Macdonald J, Evert N, Bingham A, Ellington SR, Shapiro-Mendoza CK, et al. Birth
Defects Among Fetuses and Infants of US Women With Evidence of Possible Zika Virus
Infection During Pregnancy. JAMA 2017; 317:59-68.



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

30

Pierson TC, Diamond MS. The emergence of Zika virus and its new clinical syndromes.
Nature 2018; 560:573-581.

Bhatnagar J, Rabeneck DB, Martines RB, Reagan-Steiner S, Ermias Y, Estetter LB,
Suzuki T, Ritter J, Keating MK, Hale G, Gary J, Muehlenbachs A, et al. Zika Virus RNA
Replication and Persistence in Brain and Placental Tissue. Emerg Infect Dis 2017;
23:405-414.

Rabelo K, Goncalves A, Souza LJ, Sales AP, Lima SMB, Trindade GF, Ciambarella BT,
Amorim Tasmo NR, Diaz BL, Carvalho JJ, Duarte MPO, Paes MV. Zika Virus Infects
Human Placental Mast Cells and the HMC-1 Cell Line, and Triggers Degranulation,
Cytokine Release and Ultrastructural Changes. Cells 2020; 9.

Culjat M, Darling SE, Nerurkar VR, Ching N, Kumar M, Min SK, Wong R, Grant L,
Melish ME. Clinical and Imaging Findings in an Infant With Zika Embryopathy. Clin
Infect Dis 2016; 63:805-811.

Martines RB, Bhatnagar J, de Oliveira Ramos AM, Davi HP, Iglezias SD, Kanamura CT,
Keating MK, Hale G, Silva-Flannery L, Muehlenbachs A, Ritter J, Gary J, et al.
Pathology of congenital Zika syndrome in Brazil: a case series. Lancet 2016; 388:898-
904.

Yockey LJ, Jurado KA, Arora N, Millet A, Rakib T, Milano KM, Hastings AK, Fikrig E,
Kong Y, Horvath TL, Weatherbee S, Kliman HJ, et al. Type | interferons instigate fetal
demise after Zika virus infection. Sci Immunol 2018; 3.

Miner JJ, Cao B, Govero J, Smith AM, Fernandez E, Cabrera OH, Garber C, Noll M,
Klein RS, Noguchi KK, Mysorekar 1U, Diamond MS. Zika Virus Infection during
Pregnancy in Mice Causes Placental Damage and Fetal Demise. Cell 2016; 165:1081-
1091.

Shan C, Xia H, Haller SL, Azar SR, Liu Y, Liu J, Muruato AE, Chen R, Rossi SL,
Wakamiya M, Vasilakis N, Pei R, et al. A Zika virus envelope mutation preceding the
2015 epidemic enhances virulence and fitness for transmission. Proc Natl Acad Sci U S
A 2020; 117:20190-20197.

Vermillion MS, Lei J, Shabi Y, Baxter VK, Crilly NP, McLane M, Griffin DE, Pekosz A,
Klein SL, Burd I. Intrauterine Zika virus infection of pregnant immunocompetent mice
models transplacental transmission and adverse perinatal outcomes. Nat Commun 2017;
8:14575.

Mohr EL, Block LN, Newman CM, Stewart LM, Koenig M, Semler M, Breitbach ME,
Teixeira LBC, Zeng X, Weiler AM, Barry GL, Thoong TH, et al. Ocular and
uteroplacental pathology in a macaque pregnancy with congenital Zika virus infection.
PLo0S One 2018; 13:e0190617.



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

31

Chen Q, Gouilly J, Ferrat YJ, Espino A, Glaziou Q, Cartron G, El Costa H, Al-Daccak R,
Jabrane-Ferrat N. Metabolic reprogramming by Zika virus provokes inflammation in
human placenta. Nat Commun 2020; 11:2967.

Puerta-Guardo H, Tabata T, Petitt M, Dimitrova M, Glasner DR, Pereira L, Harris E.
Zika Virus Nonstructural Protein 1 Disrupts Glycosaminoglycans and Causes
Permeability in Developing Human Placentas. J Infect Dis 2020; 221:313-324.

Tabata T, Petitt M, Puerta-Guardo H, Michlmayr D, Harris E, Pereira L. Zika Virus
Replicates in Proliferating Cells in Explants From First-Trimester Human Placentas,
Potential Sites for Dissemination of Infection. J Infect Dis 2018; 217:1202-1213.

El Costa H, Gouilly J, Mansuy JM, Chen Q, Levy C, Cartron G, Veas F, Al-Daccak R,
Izopet J, Jabrane-Ferrat N. ZIKA virus reveals broad tissue and cell tropism during the
first trimester of pregnancy. Sci Rep 2016; 6:35296.

Chiu CF, Chu LW, Liao IC, Simanjuntak Y, Lin YL, Juan CC, Ping YH. The Mechanism
of the Zika Virus Crossing the Placental Barrier and the Blood-Brain Barrier. Front
Microbiol 2020; 11:214.

Luo H, Winkelmann ER, Fernandez-Salas I, Li L, Mayer SV, Danis-Lozano R, Sanchez-
Casas RM, Vasilakis N, Tesh R, Barrett AD, Weaver SC, Wang T. Zika, dengue and
yellow fever viruses induce differential anti-viral immune responses in human monocytic
and first trimester trophoblast cells. Antiviral Res 2018; 151:55-62.

Aldo P, You Y, Szigeti K, Horvath TL, Lindenbach B, Mor G. HSV-2 enhances ZIKV
infection of the placenta and induces apoptosis in first-trimester trophoblast cells. Am J
Reprod Immunol 2016; 76:348-357.

Bollati M, Alvarez K, Assenberg R, Baronti C, Canard B, Cook S, Coutard B, Decroly E,
de Lamballerie X, Gould EA, Grard G, Grimes JM, et al. Structure and functionality in
flavivirus NS-proteins: perspectives for drug design. Antiviral Res 2010; 87:125-148.

Owczarek K, Chykunova Y, Jassoy C, Maksym B, Rajfur Z, Pyrc K. Zika virus: mapping
and reprogramming the entry. Cell Commun Signal 2019; 17:41.

Ferraris P, Yssel H, Misse D. Zika virus infection: an update. Microbes Infect 2019;
21:353-360.

Okamoto T, Suzuki T, Kusakabe S, Tokunaga M, Hirano J, Miyata Y, Matsuura Y.
Regulation of Apoptosis during Flavivirus Infection. Viruses 2017; 9.

Kvansakul M. Viral Infection and Apoptosis. Viruses 2017; 9.

Bailey CC, Zhong G, Huang IC, Farzan M. IFITM-Family Proteins: The Cell's First Line
of Antiviral Defense. Annu Rev Virol 2014; 1:261-283.

Savidis G, Perreira JM, Portmann JM, Meraner P, Guo Z, Green S, Brass AL. The
IFITMs Inhibit Zika Virus Replication. Cell Rep 2016; 15:2323-2330.



106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

32

Monel B, Compton AA, Bruel T, Amraoui S, Burlaud-Gaillard J, Roy N, Guivel-
Benhassine F, Porrot F, Genin P, Meertens L, Sinigaglia L, Jouvenet N, et al. Zika virus
induces massive cytoplasmic vacuolization and paraptosis-like death in infected cells.
EMBO J 2017; 36:1653-1668.

Buchrieser J, Degrelle SA, Couderc T, Nevers Q, Disson O, Manet C, Donahue DA,
Porrot F, Hillion KH, Perthame E, Arroyo MV, Souquere S, et al. IFITM proteins inhibit
placental syncytiotrophoblast formation and promote fetal demise. Science 2019;
365:176-180.

Liang B, Guida JP, Costa Do Nascimento ML, Mysorekar IU. Host and viral mechanisms
of congenital Zika syndrome. Virulence 2019; 10:768-775.

Chiramel Al, Best SM. Role of autophagy in Zika virus infection and pathogenesis. Virus
Res 2018; 254:34-40.

Liang Q, Luo Z, Zeng J, Chen W, Foo SS, Lee SA, Ge J, Wang S, Goldman SA,
Zlokovic BV, Zhao Z, Jung JU. Zika Virus NS4A and NS4B Proteins Deregulate Akt-
mTOR Signaling in Human Fetal Neural Stem Cells to Inhibit Neurogenesis and Induce
Autophagy. Cell Stem Cell 2016; 19:663-671.

Cao B, Parnell LA, Diamond MS, Mysorekar 1U. Inhibition of autophagy limits vertical
transmission of Zika virus in pregnant mice. J Exp Med 2017; 214:2303-2313.

Yan N, Chen ZJ. Intrinsic antiviral immunity. Nat Immunol 2012; 13:214-222.

Sadler AJ, Williams BR. Interferon-inducible antiviral effectors. Nat Rev Immunol 2008;
8:559-568.

Idriss HT, Naismith JH. TNF alpha and the TNF receptor superfamily: structure-function
relationship(s). Microsc Res Tech 2000; 50:184-195.

Hunter CA, Jones SA. IL-6 as a keystone cytokine in health and disease. Nat Immunol
2015; 16:448-457.

Micallef A, Grech N, Farrugia F, Schembri-Wismayer P, Calleja-Agius J. The role of
interferons in early pregnancy. Gynecol Endocrinol 2014; 30:1-6.

Bayer A, Lennemann NJ, Ouyang Y, Bramley JC, Morosky S, Marques ET, Jr., Cherry
S, Sadovsky Y, Coyne CB. Type IlI Interferons Produced by Human Placental
Trophoblasts Confer Protection against Zika Virus Infection. Cell Host Microbe 2016;
19:705-712.

Lazear HM, Govero J, Smith AM, Platt DJ, Fernandez E, Miner JJ, Diamond MS. A
Mouse Model of Zika Virus Pathogenesis. Cell Host Microbe 2016; 19:720-730.

Miner JJ, Diamond MS. Zika Virus Pathogenesis and Tissue Tropism. Cell Host Microbe
2017; 21:134-142.



120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

33

Gorman MJ, Caine EA, Zaitsev K, Begley MC, Weger-Lucarelli J, Uccellini MB,
Tripathi S, Morrison J, Yount BL, Dinnon KH, 3rd, Ruckert C, Young MC, et al. An
Immunocompetent Mouse Model of Zika Virus Infection. Cell Host Microbe 2018;
23:672-685 e676.

Tripathi S, Balasubramaniam VR, Brown JA, Mena I, Grant A, Bardina SV, Maringer K,
Schwarz MC, Maestre AM, Sourisseau M, Albrecht RA, Krammer F, et al. A novel Zika
virus mouse model reveals strain specific differences in virus pathogenesis and host
inflammatory immune responses. PLoS Pathog 2017; 13:e1006258.

Taguchi T, Mukai K. Innate immunity signalling and membrane trafficking. Curr Opin
Cell Biol 2019; 59:1-7.

Riedl W, Acharya D, Lee JH, Liu G, Serman T, Chiang C, Chan YK, Diamond MS, Gack
MU. Zika Virus NS3 Mimics a Cellular 14-3-3-Binding Motif to Antagonize RIG-I- and
MDAS5-Mediated Innate Immunity. Cell Host Microbe 2019; 26:493-503 e496.

Grant A, Ponia SS, Tripathi S, Balasubramaniam V, Miorin L, Sourisseau M, Schwarz
MC, Sanchez-Seco MP, Evans MJ, Best SM, Garcia-Sastre A. Zika Virus Targets Human
STAT2 to Inhibit Type I Interferon Signaling. Cell Host Microbe 2016; 19:882-890.

Kumar A, Hou S, Airo AM, Limonta D, Mancinelli V, Branton W, Power C, Hobman
TC. Zika virus inhibits type-1 interferon production and downstream signaling. EMBO
Rep 2016; 17:1766-1775.

Block LN, Bowman BD, Schmidt JK, Keding LT, Stanic AK, Golos TG. The promise of
placental extracellular vesicles: models and challenges for diagnosing placental
dysfunction in uterodagger. Biol Reprod 2021; 104:27-57.

Anderson MR, Kashanchi F, Jacobson S. Exosomes in Viral Disease. Neurotherapeutics
2016; 13:535-546.

Schorey JS, Cheng Y, Singh PP, Smith VL. Exosomes and other extracellular vesicles in
host-pathogen interactions. EMBO Rep 2015; 16:24-43.

Longatti A, Boyd B, Chisari FV. Virion-independent transfer of replication-competent
hepatitis C virus RNA between permissive cells. J Virol 2015; 89:2956-2961.

Meckes DG, Jr., Gunawardena HP, Dekroon RM, Heaton PR, Edwards RH, Ozgur S,
Griffith JD, Damania B, Raab-Traub N. Modulation of B-cell exosome proteins by
gamma herpesvirus infection. Proc Natl Acad Sci U S A 2013; 110:E2925-2933.

Gould SJ, Booth AM, Hildreth JE. The Trojan exosome hypothesis. Proc Natl Acad Sci
U S A 2003; 100:10592-10597.

Slonchak A, Clarke B, Mackenzie J, Amarilla AA, Setoh Y X, Khromykh AA. West Nile
virus infection and interferon alpha treatment alter the spectrum and the levels of coding
and noncoding host RNAs secreted in extracellular vesicles. BMC Genomics 2019;
20:474.



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

34

Jabalee J, Towle R, Garnis C. The Role of Extracellular Vesicles in Cancer: Cargo,
Function, and Therapeutic Implications. Cells 2018; 7.

Vora A, Zhou W, Londono-Renteria B, Woodson M, Sherman MB, Colpitts TM,
Neelakanta G, Sultana H. Arthropod EVs mediate dengue virus transmission through
interaction with a tetraspanin domain containing glycoprotein Tsp29Fb. Proc Natl Acad
Sci U S A 2018; 115:E6604-E6613.

Zhou W, Woodson M, Neupane B, Bai F, Sherman MB, Choi KH, Neelakanta G, Sultana
H. Exosomes serve as novel modes of tick-borne flavivirus transmission from arthropod
to human cells and facilitates dissemination of viral RNA and proteins to the vertebrate
neuronal cells. PLoS Pathog 2018; 14:e1006764.

Rozmyslowicz T, Majka M, Kijowski J, Murphy SL, Conover DO, Poncz M, Ratajczak J,
Gaulton GN, Ratajczak MZ. Platelet- and megakaryocyte-derived microparticles transfer
CXCRA4 receptor to CXCR4-null cells and make them susceptible to infection by X4-
HIV. AIDS 2003; 17:33-42.

Mack M, Kleinschmidt A, Bruhl H, Klier C, Nelson PJ, Cihak J, Plachy J, Stangassinger
M, Erfle V, Schlondorff D. Transfer of the chemokine receptor CCR5 between cells by
membrane-derived microparticles: a mechanism for cellular human immunodeficiency
virus 1 infection. Nat Med 2000; 6:769-775.

Carter AM. Animal models of human placentation--a review. Placenta 2007; 28 Suppl
A:S41-47.

Nguyen SM, Antony KM, Dudley DM, Kohn S, Simmons HA, Wolfe B, Salamat MS,
Teixeira LBC, Wiepz GJ, Thoong TH, Aliota MT, Weiler AM, et al. Highly efficient
maternal-fetal Zika virus transmission in pregnant rhesus macaques. PLoS Pathog 2017;
13:€1006378.

Hirsch AJ, Roberts VHJ, Grigsby PL, Haese N, Schabel MC, Wang X, Lo JO, Liu Z,
Kroenke CD, Smith JL, Kelleher M, Broeckel R, et al. Zika virus infection in pregnant
rhesus macaques causes placental dysfunction and immunopathology. Nat Commun
2018; 9:263.

Dudley DM, Aliota MT, Mohr EL, Newman CM, Golos TG, Friedrich TC, O'Connor
DH. Using Macaques to Address Critical Questions in Zika Virus Research. Annu Rev
Virol 2019; 6:481-500.

Prisant N, Bujan L, Benichou H, Hayot PH, Pavili L, Lurel S, Herrmann C, Janky E,
Joguet G. Zika virus in the female genital tract. Lancet Infect Dis 2016; 16:1000-1001.

Prisant N, Breurec S, Moriniere C, Bujan L, Joguet G. Zika Virus Genital Tract Shedding
in Infected Women of Childbearing age. Clin Infect Dis 2017; 64:107-109.



144,

145.

146.

147.

148.

35

Murray KO, Gorchakov R, Carlson AR, Berry R, Lai L, Natrajan M, Garcia MN, Correa
A, Patel SM, Aagaard K, Mulligan MJ. Prolonged Detection of Zika Virus in Vaginal
Secretions and Whole Blood. Emerg Infect Dis 2017; 23:99-101.

de Noronha L, Zanluca C, Burger M, Suzukawa AA, Azevedo M, Rebutini PZ, Novadzki
IM, Tanabe LS, Presibella MM, Duarte Dos Santos CN. Zika Virus Infection at Different
Pregnancy Stages: Anatomopathological Findings, Target Cells and Viral Persistence in
Placental Tissues. Front Microbiol 2018; 9:2266.

Quicke KM, Bowen JR, Johnson EL, McDonald CE, Ma H, O'Neal JT, Rajakumar A,
Wrammert J, Rimawi BH, Pulendran B, Schinazi RF, Chakraborty R, et al. Zika Virus
Infects Human Placental Macrophages. Cell Host Microbe 2016; 20:83-90.

Meaney-Delman D, Oduyebo T, Polen KND, White JL, Bingham AM, Slavinski SA,
Heberlein-Larson L, St George K, Rakeman JL, Hills S, Olson CK, Adamski A, et al.
Prolonged Detection of Zika Virus RNA in Pregnant Women. Obstet Gynecol 2016;
128:724-730.

Pomar L, Lambert V, Matheus S, Pomar C, Hcini N, Carles G, Rousset D, Vouga M,
Panchaud A, Baud D. Prolonged Maternal Zika Viremia as a Marker of Adverse Perinatal
Outcomes. Emerg Infect Dis 2021; 27:490-498.



36

Chapter 2

Ocular and uteroplacental pathology in macaque

congenital Zika virus infection

Publication:

Mohr EL*, Block LN*, Newman CM*, Stewart LM, Koenig M, Semler M, Breitbach ME,
Teixeira LBC, Zeng X, Weiler AM, Barry GL, Thoong TH, Wiepz GJ, Dudley DM, Simmons
HA, Mejia A, Morgan TK, Salamat MS, Kohn S, Antony KM, Aliota MT, Mohns MS, Hayes JM,
Schultz-Darken N, Schotzko ML, Peterson E, Capuano S 3rd, Osorio JE, O'Connor SL, Friedrich
TC, O'Connor DH, Golos TG. Ocular and uteroplacental pathology in a macaque pregnancy with
congenital Zika virus infection. PLoS One. 2018 Jan 30;13(1):e0190617. doi:
10.1371/journal.pone.0190617. PMID: 29381706; PMCID: PMC5790226.

*These authors contributed equally to this work.



37

Author Contributions

Emma L. Mohr, Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project
administration, Supervision, Visualization, Writing — original draft, Writing — review & editing

Lindsey N. Block, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization,
Writing — original draft, Writing — review & editing

Christina M. Newman, Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Project administration, Supervision, Validation, Writing — original draft

Laurel M. Stewart, Data curation, Formal analysis, Investigation, Validation

Michelle Koenig, Data curation, Formal analysis, Investigation, Software, Validation

Matthew Semler, Data curation, Formal analysis, Investigation, Validation

Meghan E. Breitbach, Data curation, Formal analysis, Investigation, Validation

Leandro B. C. Teixeira, Data curation, Formal analysis, Investigation, Validation

Xiankun Zeng, Data curation, Formal analysis, Investigation, Validation

Andrea M. Weiler, Data curation, Formal analysis, Investigation, Validation

Gabrielle L. Barry, Data curation, Formal analysis, Investigation, Validation

Troy H. Thoong, Formal analysis, Investigation

Gregory J. Wiepz, Data curation, Formal analysis, Validation

Dawn M. Dudley, Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Project administration, Supervision, Validation, Writing — original draft

Heather A. Simmons, Data curation, Formal analysis, Investigation, Validation, Visualization, Writing —
original draft, Writing — review & editing

Andres Mejia, Data curation, Formal analysis, Investigation, Validation, Visualization, Writing —
original draft, Writing — review & editing

Terry K. Morgan, Formal analysis, Writing — review & editing

M. Shahriar Salamat, Formal analysis



38

Sarah Kohn, Data curation, Investigation, Validation

Kathleen M. Antony, Data curation, Formal analysis, Investigation, Validation, Visualization
Matthew T. Aliota, Data curation, Formal analysis, Investigation, Methodology, Validation, Writing —
original draft

Mariel S. Mohns, Formal analysis, Investigation, Validation

Jennifer M. Hayes, Investigation, Validation

Nancy Schultz-Darken, Investigation, Validation

Michele L. Schotzko, Investigation

Eric Peterson, Investigation

Saverio Capuano, I11, Funding acquisition, Resources, Supervision

Jorge E. Osorio, Supervision

Shelby L. O’Connor, Methodology, Supervision, Validation

Thomas C. Friedrich, Formal analysis, Supervision, Validation, Writing — original draft

David H. O’Connor, Conceptualization, Data curation, Formal analysis, Funding acquisition,
Methodology, Project administration, Resources, Software, Supervision, Validation, Writing — original
draft

Thaddeus G. Golos, Conceptualization, Formal analysis, Funding acquisition, Methodology, Project

administration, Resources, Supervision, Validation, Writing — original draft, Writing — review & editing



39

2.1 Abstract (Original by LNB; edited by ELM, TGG, and others)

Congenital Zika virus (ZIKV) infection impacts fetal development and pregnancy outcomes. We
infected a pregnant rhesus macaque with a Puerto Rican ZIKV isolate in the first trimester. The
pregnancy was complicated by preterm premature rupture of membranes (PPROM) and fetal
demise 49 days post infection (gestational day 95). Significant pathology at the maternal-fetal
interface included acute chorioamnionitis, placental infarcts, and leukocytoclastic vasculitis of the
myometrial radial arteries. ZIKV RNA was disseminated throughout the fetus tissues and maternal
immune system at necropsy, as assessed by quantitative RT-PCR for viral RNA. Replicating ZIKV
was identified in fetal tissues, maternal lymph node, and maternal spleen by fluorescent in situ
hybridization for viral replication intermediates. Fetal ocular pathology included a choroidal
coloboma, suspected anterior segment dysgenesis, and a dysplastic retina. This is the first report
of ocular pathology and prolonged viral replication in both maternal and fetal tissues following
congenital ZIKV infection in rhesus macaques. PPROM followed by fetal demise and severe
pathology of the visual system have not been described in macaque congenital infection
previously; further nonhuman primate studies are needed to determine if an increased risk for

PPROM is associated with congenital Zika virus infection.
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2.2 Introduction (Original by ELM; edited by LNB, TGG, and others)

First isolated from a febrile rhesus macaque in Uganda in 1947, Zika virus (ZIKV) generally did
not result in recognized widespread clinical disease in subsequent outbreaks across Asia and the
South Pacific, until late 2015, when clinicians in Northeast Brazil reported a surge in babies born
with severe birth defects (1). By early 2016, the US Centers for Disease Control and Prevention
(CDC) asserted that there was a causal relationship between prenatal ZIKV infection and serious
brain anomalies including microcephaly (2). The constellation of fetal and neonatal abnormalities
and birth defects associated with ZIKV infection in utero is designated congenital Zika syndrome
(CZS) (3-9). Characteristics of CZS include ocular anomalies, brain anomalies, stillbirth, cranial
dysmorphologies, musculoskeletal contractures and neurologic sequelae (10). Infection during the
first trimester increases the risk for birth defects (5) because critical cell proliferation and
differentiation occurs during this trimester (11). One striking characteristic of CZS is a high
frequency of ocular malformations, observed in as many as 55% of infants with evidence of
congenital ZIKV infection and microcephaly (12, 13). Multiple case reports and case series have
identified infants with ocular anomalies, which include macular pigment mottling, optic nerve
hypoplasia, chorioretinal and iris coloboma, lens subluxation, retinal vascular abnormalities,
cataracts and maculopathy (5, 14-21). Specific retinal defects include retinal thinning,
discontinuity of the retinal pigment epithelium, and colobomatous-like excavation in the
neurosensory retina, retinal pigment epithelium and choroid in multiple infants (17). Because the
retina develops as an outpocketing from the neural tube (22), the presence of retinal lesions implies

CNS damage even without brain abnormalities.
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Other recognized outcomes of congenital ZIKV infection are miscarriage, stillbirth and PPROM
(23-26). The etiology of PPROM is multifactorial (27). Prenatal ZIKV infection in the first
trimester of gestation results in up to 25% of pregnancies with miscarriage, fetal loss or stillbirth,
with lower frequencies in the second and third trimesters in a study including 125 pregnancies
(28). The CDC reports 15 fetal demise cases with birth defects out of 4,695 live births in women
with confirmed ZIKV infection (29). However, this number likely does not capture the total
number of fetal demises following congenital ZIKV infection because it does not include fetuses
without overt birth defects even though there may be vertical transmission, or early pregnancy
losses from women who were not aware of infection, or never sought a diagnosis. The
pathophysiology of preterm birth or fetal loss before viability following congenital ZIKV infection
has not been defined. In murine models, pregnancy following a systemic viral infection can result
in an ascending bacterial uterine infection, inflammation, and preterm birth (30). It has also been
reported that viral persistence of ZIKV in the lower female genital tract in the rhesus monkey is
prolonged in animals treated with Depo-Provera, a synthetic progestogen (31). The specific
etiology of adverse pregnancy outcomes in congenital ZIKV infection, however, is yet to be

defined and requires further study.

One novel feature of ZIKV infection is the persistence of both ZIKV RNA (32-37) and replication
competent virus in body fluids (33, 38) for weeks after infection. ZIKV RNA has been identified
in semen between 3-188 days after infection (39, 40) with a median of 34 days (32), in urine up to
29 days after infection (41) with a median of 8 days (32), in saliva up to 29 days after infection

(41), and in serum with a median of 14 days (32). Both ZIKV RNA and infectious particles have
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been isolated from breast milk 2 days after infection (42). In comparison, RNA from dengue virus
(DENV), the flavivirus most closely related to ZIKV, has only been isolated from urine up to 3-4
weeks after infection (43); no DENV RNA has been isolated from semen, prolonged plasma
viremia has only been reported in hematopoietic stem cell recipients (44, 45), and only DENV

RNA has been isolated from breast milk around the time of acute infection (46).

Defining the body fluid and tissue persistence of ZIKV is critical to the development of public
health recommendations and solid organ and hematopoietic stem cell transplant guidelines. Non-
human primate (NHP) models have begun to define the tissue distribution of ZIKV following
infection because defining tissue distribution in humans is not possible. Following ZIKV infection
in nonpregnant NHPs, ZIKV has been identified in multiple tissues up to 35 days after infection,
including the brain, spinal cord, eye, spleen, lymph nodes, muscles and joints (47, 48) and in
cerebrospinal fluid (CSF) up to 42 days after infection (48), suggesting that one of these tissues
may support prolonged ZIKV replication. Since prolonged ZIKV viremia is a feature of ZIKV
infection during pregnancy, we hypothesized that ZIKV tissue persistence would be longer in
pregnant NHPs compared to nonpregnant NHPs. Indeed, following ZIKV infection in pregnant
NHPs, ZIKV RNA detection in plasma is prolonged (47) and can be detected up to 70 days after
infection (49), far longer than the plasma viremia duration reported for nonpregnant NHPs (48,

50).

NHP models of both congenital infection and tissue distribution following ZIKV infection provide

insight into the pathophysiology of ZIKV infection not possible through epidemiological and
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clinical human studies. As with humans, the rhesus macaque placenta has a hemochorial
placentation with extensive endovascular invasion of the maternal endometrial spiral arterioles and
arteries and innate immune cellular populations homologous with that found in the human decidua
(51-53). There are multiple similarities between human and NHP ZIKV infection natural history,
including the duration of viremia and viruria (47, 48, 50, 54), robust neutralizing antibody
responses (47, 50, 54, 55), vertical transmission (49), and fetal pathology (49, 56). To define the
tissue distribution of ZIKV and fetal pathology following infection with a clinically relevant Puerto
Rican isolate of ZIKV, we infected a pregnant rhesus macaque in the first trimester and performed
a necropsy of the dam and fetus to comprehensively define maternal and fetal viral tissue
distribution following spontaneous fetal death 49 days post-infection. Here, we describe the
pregnancy outcome, maternal and fetal viral tissue distribution, and fetal pathology associated with

first trimester ZIKV infection in a case of fetal demise.

2.3 Materials & Methods

Study Design (Original by ELM; edited by LNB, TGG, and others)

A 3.8-year-old, primigravida rhesus macaque (Macaca mulatta) of Indian ancestry was infected
subcutaneously with 1x10* PFU Zika virus/H.sapiens-tc/PUR/2015/PRVABC59 v3c2
(PRVABCS59) during the first trimester, 46 days gestation (term 165+10 days). This macaque was
part of the Specific Pathogen Free (SPF) colony at the Wisconsin National Primate Research
Center (WNPRC) and was free of Macacine herpesvirus 1 (Herpes B), Simian Retrovirus Type D

(SRV), Simian T-lymphotropic virus Type 1 (STLV), and Simian Immunodeficiency Virus (SIV).
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Ethics (Original by ELM; edited by LNB, TGG, and others)

All monkeys are cared for by the staff at the WNPRC in accordance with the regulations and
guidelines outlined in the Animal Welfare Act and the Guide for the Care and Use of Laboratory

Animals and the recommendations of the Weatherall report (https://royalsociety.org/topics-

policy/publications/2006/weatherall-report/). This study was approved by the University of
Wisconsin-Madison Graduate School Institutional Animal Care and Use Committee (animal

protocol number G005401).

Care & Use of Macaques (Original by ELM; edited by LNB, TGG, and others)

The female monkey described in this report was co-housed with a compatible male and observed
daily for menses and breeding. Pregnancy was detected by ultrasound examination of the uterus at
approximately 20-24 gestation days (gd) following the predicted day of ovulation. The gd was
estimated (+/- 2 days) based on the dam’s menstrual cycle, observation of copulation, and the
greatest length of the fetus at initial ultrasound examination which was compared to normative
growth data in this species (57). For physical examinations, virus inoculations, some ultrasound
examinations, blood and swab collections, the dam was anesthetized with an intramuscular dose
of ketamine (10 mg/kg). Blood samples from the femoral or saphenous vein were obtained using
a vacutainer system or needle and syringe. The pregnant macaque was monitored daily prior to
and after inoculation for any clinical signs of infection (e.g., diarrhea, inappetence, inactivity and
atypical behaviors). This macaque developed chronic diarrhea prior to conception and was treated

daily with oral tylosin throughout pregnancy.
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Inoculation and monitoring (Original by ELM; edited by LNB, TGG, and others)

ZIKV strain PRVABC59 (GenBank: KU501215), originally isolated from a traveler to Puerto Rico
and passaged three times on Vero cells (American Type Culture Collection (ATCC): CCL-81),
was obtained from Brandy Russell (CDC, Ft. Collins, CO). Virus stocks were prepared by
inoculation onto a confluent monolayer of C6/36 cells (Aedes albopictus larval cells; ATCC: CCL-
1660) with two rounds of amplification. The inoculating stock was prepared and validated as
previously described (49, 50). The animal was anesthetized as described above, and 1 mL of
inoculum at 1 x 10* PFU dilution in PBS was administered subcutaneously over the cranial
dorsum. Post-inoculation, the animal was closely monitored by veterinary and animal care staff

for adverse reactions or any signs of disease.

Pregnancy monitoring and fetal measurements (Original by ELM; edited by LNB, TGG, and

others)

Weekly ultrasounds were conducted to observe the health of the fetus and to obtain measurements
including fetal femur length (FL), biparietal diameter (BPD), head circumference (HC), and heart
rate, with methods as previously described (49). Growth curves were developed for FL, BPD, and
HC (58). Mean measurements and standard deviations at specified days of gestation in rhesus
macaques were retrieved from Tarantal et al. (57) and the data were plotted against normative data
for fetal rhesus macaques (58). The actual growth measurements were obtained from weekly
ultrasound data and used to retrieve the predicted growth measurement by plotting the obtained
experimental growth measurement against the growth curves. Data were then graphed as actual

gestation age versus predicted gestation age to depict rate of growth compared to uninfected,



46

control rhesus macaques (method described previously in (49)). Doppler ultrasounds to measure

fetal heart rate were performed as requested by veterinary staff.

Amniocentesis (Original by ELM; edited by LB, TGG, and others)

For the amniocentesis procedures reported, animals were shaved, and the skin was prepped with
Betadyne® solution, and sterile syringes, needles and gloves were used during the amniocentesis
procedure. Under real-time ultrasound guidance, a 22 gauge, 3.5 inch Quincke spinal needle was
inserted into the amniotic sac as described previously (49). The first 1.5-2 mL of fluid was
discarded due to potential maternal contamination, and an additional 3-4 mL of amniotic fluid was
collected in a new sterile syringe for viral qRT-PCR analysis as described elsewhere (50). These
samples were obtained at the gestational ages specified in Figure 1. All fluids were free of any

blood contamination.

VRNA isolation from body fluids and tissues (Original by ELM; edited by LNB, TGG, and

others)

RNA was isolated from maternal plasma, urine, saliva and amniotic fluid using the Viral Total
Nucleic Acid Purification Kit (Promega, Madison, WI, USA) and from maternal and fetal tissues
using the Maxwell 16 LEV simplyRNA Tissue Kit (Promega, Madison, WI) on a Maxwell 16
MDx instrument as previously reported (50). Fetal and maternal tissues were processed with
RNAlater® (Invitrogen, Carlsbad, CA) according to manufacturer protocols. 20-40 mg of each

tissue was homogenized using homogenization buffer from the Maxwell 16 LEV simplyRNA
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Tissue Kit and two 5 mm stainless steel beads (Qiagen, Hilden, Germany) in a 2 mL snap-cap tube,
shaking twice for 3 minutes at 20 Hz each side in a TissueLyser (Qiagen, Hilden, Germany). The
isolation was continued according to the Maxwell 16 LEV simplyRNA Tissue Kit protocol, and

samples were eluted into 50 pL RNase free water.

Viral quantification by plaque assay (Original by ELM; edited by LNB, TGG, and others)

Titrations for replication competent virus quantification of amniotic fluid was completed by plaque
assay on Vero cell cultures as described previously (50). Vero cells were obtained from American
Type Culture Collection (CCL-81), were not further authenticated and were not specifically tested
for mycoplasma. Duplicate wells were infected with 0.1ml of aliquots from serial 10-fold dilutions
in growth media and virus was adsorbed for 1 h. Following incubation, the inoculum was removed,
and monolayers were overlaid with 3 ml containing a 1:1 mixture of 1.2% oxoid agar and 2 DMEM
(Gibco, Carlsbad, CA, USA) with 10% (vol/vol) FBS and 2% (vol/vol) penicillin/streptomycin.
Cells were incubated at 37°C in 5% CO- for 4 days for plaque development. Cell monolayers then
were stained with 3 ml of overlay containing a 1:1 mixture of 1.2% oxoid agar and 2 DMEM with
2% (vol/vol) FBS, 2% (vol/vol) penicillin/streptomycin and 0.33% neutral red (Gibco). Cells were

incubated overnight at 37°C and plaques were counted.

Plaque Reduction Neutralization test (PRNT) (Original by MTA,; edited by ELM, LNB, TGG,

and others)
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Macaque serum samples were screened for ZIKV neutralizing antibodies utilizing a plaque
reduction neutralization test (PRNT). End point titrations of reactive sera, utilizing a 90% cutoff
(PRNT90), were performed as described (59) against ZIKV strain PRVABC59. Briefly, ZIKV was
mixed with serial 2-fold dilutions of serum for 1 hour at 37°C prior to being added to Vero cells
and neutralization curves were generated using GraphPad Prism software (La Jolla, CA). The
resulting data were analyzed by nonlinear regression to estimate the dilution of serum required to

inhibit both 90% and 50% of infection.

Maternal and neonatal necropsy (Original by ELM; edited by LNB, TGG, and others)

At 49 days post infection (dpi) (gd 95), no fetal heartbeat was detected. The dam was sedated,
euthanized, and sterile instruments were used for the dissection and collection of all maternal, fetal,
and maternal-fetal interface tissues during the gross post-mortem examination. Amniotic fluid was
aspirated with a syringe and needle inserted through the uterine wall into the lumen. Each tissue
was collected with a unique set of sterile instruments and placed in a separate sterile petri dish
before transfer to appropriate containers for viral RNA analysis and histology, to prevent cross-
contamination between tissues. Tissue distribution for subsequent analysis was as previously

described (49).

Histology (Original by ELM; edited by LNB, TGG, and others)

For general pathology, tissues were fixed in 4% PFA as for IHC, routinely processed and

embedded in paraffin. Paraffin sections (5 um) were stained with hematoxylin and eosin (H&E).
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Two veterinary pathologists were blinded to VRNA findings when tissue sections were evaluated
microscopically. Lesions in each tissue were described and assigned morphologic diagnoses as
described previously (49). Photomicrographs were obtained using brightfield microscopes
Olympus BX43 and Olympus BX46 (Olympus Inc., Center Valley, PA) with attached Olympus
DP72 digital camera (Olympus Inc.) and Spot Flex 152 64 Mp camera (Spot Imaging, Sterling
Heights, MI), and captured using commercially available image-analysis software (cellSens
DimensionR, Olympus Inc. and Spot software 5.3). Uteroplacental pathology was specifically

performed by an experienced placental pathologist (T.K.M.).

In situ hybridization (Original by ELM; edited by LNB, TGG, and others)

In situ hybridization (ISH) was conducted with tissues fixed in 4% PFA, and alcohol processed
and paraffin embedded, as for IHC. ISH probes against Zika genome were purchased commercially
(Advanced Cell Diagnostics, Cat No. 468361, Newark, California, USA). ISH was performed
using the RNAscope® Red 2.5 Kit (Advanced Cell Diagnostics, Cat No. 322350) according to the
manufacturer’s instructions. Briefly, after deparaffinization with xylene, a series of ethanol
washes, and peroxidase blocking, sections were heated in boiling antigen retrieval buffer for 15
minutes and then digested by proteinase K (2.5 ug/ml, to completely cover the section) for 16
minutes at 40°C. Sections were exposed to ISH target probe and incubated at 40°C in a
hybridization oven for 2 h. After rinsing, ISH signal was amplified using company-provided Pre-
amplifier and Amplifier conjugated to horseradish peroxidase (HRP), and incubated with a red

substrate-chromogen solution for 10 min at room temperature.
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Multiplex fluorescent in situ hybridization (Original by ELM; edited by LNB, TGG, and others)

Multiplex fluorescent in situ hybridization (mFISH) was conducted with tissues fixed in 4% PFA
as for IHC. mFISH was performed using the RNAscope® Fluorescent Multiplex Kit (Catalog #
320850, Advanced Cell Diagnostics) according to the manufacturer’s instructions with
modifications. Probes with C1 channel (Cat# 468361, red) targeting ZIKV positive sense RNA
and probes with C3 channel (Cat# 467911, green) targeting ZIKV negative sense RNA were
synthesized by Advanced Cell Diagnostics. Paraformaldehyde fixed paraffin embedded rhesus
monkey fetus tissue sections underwent deparaffinization with xylene and a series of ethanol
washes. These tissue sections were treated with 0.1% Sudan Black B (Sigma-Aldrich, St. Louis,
MO, USA) to reduce autofluorescence, heated in antigen retrieval buffer (Citrate buffer with pH
6.0), and digested by proteinase. Sections were exposed to ISH target probes and incubated at 40°C
in a hybridization oven for 2 h. After rinsing, ISH signal was amplified using company-provided
Pre-amplifier and Amplifier conjugated to fluorescent dye. Sections were counterstained with 4,
6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, Waltham, MA, USA), mounted,
and stored at 4°C until image analysis. mFISH images were captured on an LSM 880 Confocal
Microscope with Airyscan (Zeiss, Oberkochen, Germany) and processed using open-source

ImagelJ software (National Institutes of Health, Bethesda, MD, USA).

Placental alpha microglobulin-1 (PAMG-1) immunochromatographic assay (Original by

LNB, edited by ELM, TGG, and others)

A PAMG-1 immunochromatographic assay (AmniSure® ROM (Rupture of [fetal] Membranes)

test, Qiagen, Boston, MA, FMRT-1-10-US) was performed according to the manufacturer’s
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protocol with urine and amniotic fluid samples that had been stored at -80°C. A sterile polyester
swab, provided by the manufacturer, was inserted into a tube containing the sample fluid for 1
minute. The swab was then added to the solvent microfuge tube and rotated by hand for 1 minute.
Finally, the test strip was placed into the solvent and incubated at room temperature for 10 minutes
before the test strip was read and photographs were taken. A term amniotic fluid sample was the
positive control and non-pregnant urine was the negative control. Open-source ImageJ software
was used to measure the relative pixel density of each band (control and test band) (National
Institutes of Health, Bethesda, MD, USA). The pixel density of each band was measured, the
background density was subtracted, and the relative pixel density of each test band was calculated

by subtracting the control band density from the test band density.

Insulin-like growth factor-binding protein 1 (IGFBP-1) ELISA (Original by LNB, edited by

ELM, TGG, and others)

An IGFBP-1 ELISA kit (Abcam, Cambridge, MA, ab100539) was used to determine if a marker
for amniotic fluid was detectable in maternal urine. The protocol was followed as specified by the
manufacturer and all samples were frozen undiluted at -80°C until use. Duplicates were run for the
standards, samples, positive, and negative controls. A term amniotic fluid sample was used as the
positive control and male urine and non-pregnant female urine were used as negative controls. All
urines were diluted 1:5000 and all amniotic fluid samples were diluted 1:20,000. Immediately
upon addition of the stop solution the plate was read at 450 nm. A standard curve was calculated
from the average of each standard. This standard curve equation was used to calculate the

concentration of each sample.
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Data availability (Original by ELM; edited by LNB, TGG, and others)

Primary data that support the findings of this study are available at the Zika Open-Research Portal
(https://zika.labkey.com/project/OConnor/ZIKV-019/begin.view?). Zika virus/H.sapiens-tc/PUR
/2015/PRVABC59-v3c2 sequence data have been deposited in the Sequence Read Archive (SRA)
with accession code SRX2975259. The authors declare that all other data supporting the findings

of this study are available within the article and its supplementary information files.

2.4 Results (Original by ELM and LNB, edited by all)

Pregnancy outcome

A pregnant rhesus macaque was subcutaneously inoculated with 1x10* PFU ZIKV-Puerto Rico at
gd46. She had no fever, rash, or inappetence detected following inoculation. The pregnancy was
monitored by ultrasonography, vVRNA titers in blood, and urine samples, and neutralizing antibody
titers at multiple times throughout pregnancy; amniotic fluid and maternal CSF were collected at

several time points (Figure 1).
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Figure 2.1. Timeline depicting body fluid sampling and procedures throughout pregnancy. Blood,
urine, saliva, amniotic fluid, and CSF were collected as indicated in the schedule above, and ultrasounds
were performed weekly. The axes are not drawn to scale.

Maternal plasma viremia was detected from days 1 through 18 post-infection, peaking at 5 dpi
with 2.55 x 10° VRNA copies per mL, and was also detected at 24 dpi (Figure 2). At 21 dpi the
viral load dropped below 100 VRNA copies per mL, the limit of quantification of the qRT-PCR
assay. Amniotic fluid at 28 dpi had a viral load of 1.84 x 10* vVRNA copies per mL. The amniotic
fluid was reported as clear, and a plaque assay performed on the amniotic fluid was negative (data
not shown). Saliva samples remained negative throughout pregnancy (data not shown). CSF
samples taken at 7, 14, and 49 dpi were all negative. ZIKV RNA was first detected in a passively
collected urine sample (i.e. in pan at the bottom of the cage) at 42 dpi, with a concentration of 7 x

10* vVRNA copies per mL, and was present in the urine until euthanasia at 49 dpi.
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Figure 2.2. ZIKV vRNA levels in maternal body fluids. vRNA was measured by quantitative RT-PCR in
plasma, urine, amniotic fluid and CSF. The limit of assay quantification is 100 copies/mL and the limit of
detection is 33 copies/mL. Data collated and figure designed by LNB.

In addition to VRNA in body fluids, the development of maternal ZIKV-specific antibodies was
assessed. Plague reduction neutralization tests (PRNT) were performed on serum collected at 10,
28, and 49 dpi. All post-infection time points demonstrated the presence of ZIKV-specific
neutralizing antibodies with an increasing concentration of neutralizing antibodies throughout the

post-infection period (Figure 3).
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Figure 2.3. Neutralizing antibody titers following ZIKV infection. PRNT titers were measured pre and
post infection. The x-axis represents the reciprocal serum dilution (log:w) and the y-axis represents the
percent reduction. The dashed lines indicate 90% and 50% reduction. Data collected, collated, and figure
designed by MTA.

Because identifying urine VRNA so long after infection was unexpected, and its presence

coincided with the presence of VRNA in the amniotic fluid, we wanted to determine whether the
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passively collected urine contained amniotic fluid, a potential harbinger of an adverse pregnancy
outcome. We performed an AmniSure® test, which detects an amniotic fluid protein, placental
alpha microglobulin-1, (PAMG-1), and determined that urine contained detectable PAMG-1
(Figure 4). As expected, the 28 dpi amniotic fluid was positive for PAMG-1, as was the positive
control term amniotic fluid from a different animal. The 28 dpi urine (collected just prior to the
amniocentesis) was negative for PAMG-1, however the 45 and 49 dpi urine samples were positive
for PAMG-1. The negative control was a non-pregnant urine sample. AmniSure® is not a
quantitative test but the result suggested there was amniotic fluid in the urine samples at 45 and 49
dpi. To confirm this finding, we performed an insulin-like growth factor binding protein-1
(IGFBP-1) ELISA on the animal’s pan-collected urine and amniotic fluid samples, along with
appropriate controls. IGFBP-1 is a 25 kB protein synthesized and secreted by the fetal liver and
maternal decidua, and is present in amniotic fluid from the second trimester of pregnancy until full
term (60). It is not found in urine. In the pregnant animal, IGFBP-1 was detected in pan-collected
urine at levels similar to that in amniotic fluid alone, confirming the presence of amniotic fluid-
specific protein in the urine (Figure 4). The IGFBP-1 levels in urine from this dam were higher
than negative control urine samples (urine from a male and a nonpregnant female) but lower than
amniotic fluid from a control macaque late in gestation, which is consistent with dilution from
urine from passive collection. Thus, the presence of amniotic fluid in the urine is consistent with

premature rupture of membranes.
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Figure 2.4. Amniotic fluid (AF) markers confirm rupture of membranes. (A) An AmniSure®test, which
measures PAMG-1 protein, was performed on pan urine collection (28 dpi, 45 dpi, 49 dpi) and AF (28 dpi)
from the pregnant animal. Nonpregnant control animal urine and pregnant animal AF are included as
controls. (B) Relative pixel density of the Amnisure® test strip test band and control band. (C) Amniotic
fluid protein IGFBP-1 ELISA. Body fluids from the pregnant animal (pan urine collection 28, 42, 45, 49
dpi and AF 28 dpi), nonpregnant negative control male and female urine samples, amniotic fluid from a
control pregnancy were evaluated for the presence of IGFBP-1. In Panels B and C, white bars denote body
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fluids from the experimental animal and grey bars denote control fluids from other animals in the colony.
Assays completed, data collated, and figure made by LNB.

Ultrasonography

The fetus displayed typical growth in all parameters when compared with normative data (Figure
5) (58). Plotting the predicted gestational age (pGA) vs. the clinically estimated (actual) gestational
age (aGA) can reveal changes in the trajectory of a specific growth parameter (49, 57); this analysis

did not reveal any growth trajectory anomalies (Figure 5B growth chart).
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Figure 2.5. Fetal growth measured by ultrasonography. (A) Head circumference (HC), biparietal
diameter (BPD), and femur length (FL) were measured in weekly ultrasounds. All measurements are
depicted as millimeters (mm). The solid grey lines were derived from reference ranges from Tarantal et al.
2005 to show the mean (black lines) and one, two, and three standard deviations from the mean (grey lines).
The HC, BPD, and FL were then plotted along these reference ranges to observe any deviations from the
mean. Representative images of the HC, BPD, and FL ultrasounds are located to the right of the respective
graph. (B) The pGA is plotted against the aGA (based on gestational age estimated from breeding and
menstrual history). The pGA is shown separately for each measurement: BPD (triangle), HC (square), and
FL (circle). Data collated and figure made by LNB.
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We also closely observed placental and fetal health by ultrasonography. No significant placental
lesions were identified until 35 dpi (gd 81) when ultrasonography identified a possible area of
placental abruption and a retroplacental clot along the edge of the placenta over the cervix, which
was resolving by 42 dpi (gd 88). No fetal abnormalities were noted at either time point, and the
fetus did not demonstrate any persistent tachycardia or bradycardia. Because of these small
placental lesions, daily heart rate monitoring was initiated and remained within a normal range

until 49 dpi (gd 95) when no fetal heartbeat was detected.

The dam underwent euthanasia and necropsy for a comprehensive collection of both maternal and
fetal tissues. During the necropsy, the cervix was noted to be closed and no debris was noted in
the vaginal vault. The amniotic sac contained significant amounts of adherent purulent matter, and
purulent fibrinous material covered the decidua and fetus (Figure 6). The fetus showed advanced
tissue autolysis, including severe autolysis of the fetal brain (not shown). Bacterial culture obtained
by swab of the fibrinopurulent amniotic fluid at the time of necropsy demonstrated Staphylococcus
epidermidis. We also identified clusters of gram-positive cocci in the fetal esophageal lumen
(Supplementary Figure 1). S. epidermidis is part of the vaginal flora in rhesus macaques (61). No

additional samples were obtained for culture or bacterial 16s rDNA-PCR.
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Figure 2.6. Maternal and fetal necropsy images. (A) The uterus was removed in entirety from the
abdominal cavity of the dam using sterile instruments and a syringe was used to aspirate the purulent fluid
from inside the uterine cavity. (B) The fetus was removed from the uterus and was covered in thick fibrinous
material. (C) and (D) Placental discs 1 and 2 were covered in the same thick fibrinous maternal that
covered the fetus. Figure made by ELM.
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Supplementary Figure 2.1. Histology and gram stain of fetal esophagus. A & B) representative H&E
images of the fetal esophagus with the lumen running centrally from upper left to lower right. Panel B
shows the boxed area of Panel A at higher magnification. C) Gram stain of a section of the fetal esophagus
epithelial surface, where gram positive cocci were abundant. Images taken by AM. Figure made by LNB.
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Fetal and maternal vVRNA tissue distribution

At necropsy, a range of fetal and maternal tissues were processed for gRT-PCR to determine ZIKV
RNA burden. ZIKV RNA was widely distributed within fetal tissues, maternal lymphoid
structures, and the reproductive tract: 33 fetal, maternal and maternal-fetal interface tissues were
positive for VRNA (Table 1); of these, 27 were fetal tissues. Amniotic fluid collected during
necropsy also contained VRNA (Figure 2) but did not contain replicating virus as assessed via
plaque assay (not shown). The highest viral loads were detected in fetal colon and fetal lung tissue.
Most organs of the fetal digestive system had detectable vVRNA: stomach, jejunum, and colon. The
presence of VRNA in fetal ocular structures and cerebellum indicates a central nervous system
infection. VRNA was detected in four maternal lymph nodes and the spleen, indicating that ZIKV
RNA was still present in the maternal immune system structures at 49 dpi, despite the absence of

detectable maternal viremia.



Table 2.1: Tissues with detectable ZIKV RNA from mother and fetus.

Tissue Source | Organ System Tissue Name VRNA copies/mg
Axillary LN 258.3
Inguinal LN 1774.8
Immune Mesenteric LN 9763.8
Spleen 981.9
Maternal .
Pelvic LN 583.7
Decidua 278.2
Reproductive Uterus 1471.7
Uterus/placental bed 486.5
Stomach 6140.4
. Colon 355157
Alimentary Canal .
Jejunum 2055.9
Liver 5.4
Kidneys 51.1
Renal .
Urinary Bladder 185.1
Aorta-thoracic 921.3
Cardiovascular Heart 366
Pericardium 1196.3
Amniotic Chorionic Membrane 4933.7
Extraembryonic Placental Disc 1 64.4
Umbilical Cord 6
Fetal Connective Adipose Tissue-Omentum 5102.2
Axillary LN 287.6
Immune Spleen 261.1
Thymus 215.3
Musculoskeletal Muscle-quadriceps 387
Pulmonary Lung 37947
. Sem vesicle/Prostate 5700
Reproductive .
Testis 5188.1
Cerebrum 72.9
Central Nervous
Dura Mater 74.3
Cornea 135.1
Ocular Retina 316.5
Sclera 370.8
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127 maternal biopsies and fetal tissues were assayed for vVRNA. All the tissues positive for ZIKV RNA are
listed in this table. The maternal and fetal tissues which were vRNA negative are listed in Supplementary
Table 1. Table made by LNB.



Supplementary Table 2.1. Tissues evaluated by qRT-PCR that were negative. Table made by LNB.

Tissue Source Organ System

Tissue Name

Alimentary Canal

Bile aspirate
Colon
Jejunum
Pancreas
Salivary gland

Stomach

Cardiovascular

Thyroid

Thoracic aorta
Endocardium left ventricle
Femoral artery

Femoral vein

Pulmonary artery

Endocrine

Mammary gland
Pituitary gland

Hematopoiesis

Bone marrow

Immune

Adipose tissue/omentum
Aortic lymph node

Cervical lymph node
Oropharyngeal lymph node
Spleen

Submandibular lymph node
Thymus

Tracheobronchial lymph node

Maternal

Musculoskeletal

Articular cartilage

Cardiovascular valve

Fascia-quadriceps

Femur head w/ trabecular

Hand tendon

Hand tendon (extensor pollicis brevis)
Ligament-round head of femur

Metacarpal bone

Muscle and hand muscle (abductor pollicis brevis)

Central Nervous

Cranial lobe

Cerebellum

Cerebrum/hippocampus

Dura mater

Frontal lobe

Hand nerve

Sciatic nerve

Spinal cord (cervical, lumbar, thoracic)

Renal

Kidney
Urinary bladder

Reproductive

Ovary
Vagina

Respiratory

Bronchus primary
Lung caudal lobe

Ocular

Cornea
Optic nerve
Retina
Sclera

Central Nervous

Fetal

Cerebrum 1 right
Cerebrum 2 right
Cerebrum 4 right

Cerebellum 1 right
Spinal cord (cervical, lumbar, thoracic)

Musculoskeletal

Femur bone

Immune

Mesenteric lymph node
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Uteroplacental histopathology

Maternal-fetal interface tissues were evaluated for histological evidence of infection and lesions.
There was clear evidence of both acute chorioamnionitis consistent with bacterial infection (Figure
7A), and features of relative placental insufficiency. There is no acute or chronic villitis, but the
villi do show increased perivillous fibrin deposition (Figure 7B), and there are multiple remote
infarctions (Figure 7C), which is a finding consistent with insufficiency. Radial arteries in the
myometrium showed a pronounced leukocytoclastic vasculitis defined as an infiltrative mixture of
lymphocytes, eosinophils, and plasma cells into the smooth muscle wall of these vessels (Figure
7D). The leukocytoclastic vasculitis seen around the radial arteries is usually related to
hypersensitivity reactions or viral infections, and is not a consequence of bacterial infection. The
decidua, placenta, placental bed and amniotic/chorionic membranes also showed significant

pathology (Supplementary Table 2).
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Supplementary Table 2.2. Histology description of fetal and maternal tissues. Descriptions completed by
HAS. Table made by LNB.

Tissue Source Tissue Name Histology Summary

I Moderate sinus histiocytosis with moderate erythrophagocytosis and
minimal moderate siderophagocytosis.

Moderate to marked follicular lymphoid hyperplasia and moderate to
Spleen marked suppurative splenitis (neutrophilia)

Mesenteric lymph node

Moderate to severe diffuse suppurative and lymphoplasmacytic

Maternal endometri.tis with mult_ifocal negrosis, mineralization, fibrinoud vascu-
Uterus/placental bed |lar necrosis, and multifocal perivascular

lymphoplasmacytic myometritis with chronic myometrial interstitial

fibrosis. Myometrial radial arteries show leukoclastic vasculitis

Severe diffuse fibrinopurulent and necrotizing deciduitis with multifo-

Decidua cal mineralization.
Moderate suppurative placentitis with moderate multifocal villous

Placenta infarction, syncytial knot, nodular fibrin accumulation, marked multi-
focal mineralization with perivillous fibrin deposition, suppurative
vasculitis (amnionic vessels), severe diffuse suppurative chorioamni-
onitis, and multiple remote infarctions

Amniotic/Chorionic Severe diffuse fibrinopurulent and necrotizing choricamnionitis with

membrane multifocal mineralization

E Anterior segment dysgenesis, choroidal coloboma, moderate ventral

ye retinal dysgenesis
Esophagus Marked bacterial mucosal colonization with no inflammation

Diffuse, moderate tissue autolysis; multifocal to coalescing areas,
affecting up to 80% of the tissue sections with one of the following
changes: numerous alveoli filled with pale eosinophilic material
Lung (fibrin), cellular debris, and rare squamous cells admixed with moder-
ate numbers of viable and degenerative neutrophils; multifocally,
alveolar walls are lined by hyperplastic type Il pneumocytes with
multifocal segmental thickening of the alveolar septa with infiltrated

neutrophils
Fetal Mesenteric lymph nodel Mild diffuse suppurative lymphadenitis with moderate diffuse autoly-
sis
Adipose tissue, (Autolyzed pancreas, mesenteric lymph nodes, large arteries, and
omentum fibrovascular tissue): Moderate diffuse tissue autolysis
Moderate to advanced mucosal autolysis with no discernible histo-
Stomach logic lesion
Jejunum Moderate to advanced mucosal autolysis with no discernible histo-
logic lesion

Lumen filled with abundant pink eosinophilic material, fibrillar materi-
al, and occasional granular basophilic material consistent with nucle-
ar debris; moderate to advanced mucosal autolysis with no discern-
ible histopathological lesions

Colon
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Figure 2.7. Uteroplacental histopathology. (A) Maternal neutrophils invading chorionic plate (arrow) is
diagnostic of acute chorioamnionitis. (B) Villi show increased perivillous fibrin deposition (arrow) and
there are multiple remote infarctions (arrow, C). (D) Radial arteries in the myometrium show a
pronounced leukocytoclastic vasculitis (arrow) defined as an infiltrative mixture of lymphocytes,
eosinophils, and plasma cells into the smooth muscle wall of these vessels. Figure made by TKM.

Fetal ocular histopathology

In our previous study (49), 2/2 macaque fetuses from first trimester ZIKV infection had
suppurative inflammation in the ocular tissues at term (retina, choroid, optic nerve). In the current
study, ocular tissues were therefore carefully evaluated by qRT-PCR and histology. One fetal eye
was dissected for vVRNA detection by qRT-PCR and the contralateral eye was fixed and processed

for histological analysis. ZIKV RNA was detected by gRT-PCR in the retina, choroid, and lens at
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low levels (Table 1). At the time of demise, the fetal eyelids were still fused, suggesting that VRNA
present in the eye was not due to passage of the virus from the amniotic fluid directly across the

cornea or sclera.

In the fixed and processed globe, a chorioretinal coloboma affecting the ventral aspect of the globe
was revealed, and was characterized by extensive areas of choroidal and scleral thinning with a
central area of choroidal and retinal pigmented epithelium absence and marked dysplasia of the
adjacent retina (Figure 8). Additionally, the presence of fusion of the iris with the posterior corneal
stroma and a seeming lack of adequate maturation of the iridocorneal angle structures suggested
the presence of anterior segment dysgenesis. It is necessary to acknowledge that the histologic
interpretation of the anterior segment changes in this globe was hampered by the tissue autolysis
presence in the fetus. Although the chorioretinal lesions were obvious even with a mild degree of
autolysis, the autolytic changes impacted our ability to analyze the delicate structure of the
developing tissues of the iridocorneal angles, making it impossible to definitively diagnose anterior
segment dysgenesis. Because the retina is part of the central nervous system, the finding of retinal
dysplasia indicates that the fetus had CNS abnormalities. The presence of the coloboma, dysplastic
retina, and potential anterior segment dysgenesis are abnormalities that likely arose from
disruption of early ocular developmental processes (62), consistent with the first trimester window

of sensitivity in our earlier study (49).
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Figure 2.8. Fetal ocular pathology. (A) The left panels contain images of the ZIKV-infected eye, and the
right panels show normal features from a different infant macaque for comparison. The globe of the ZIKV-
infected fetus shows a hypoplastic choroid and dysplastic retina compared to the normal eye. The irregular
shape of the eye in the ZIKV-infected globe is a processing artifact. The anterior segment image of the
ZIKV-infected fetus shows that the iris is fused to the posterior cornea (black arrow heads), suggesting
anterior segment dysgenesis; the dotted line shows where the iris would be in normal ocular development.
The ZIKV-infected eye presents marked retinal dysplasia, characterized by retinal folding and loss of
normal retinal organization when compared with the normal retina in the control image on the right. (B)
A choroidal coloboma was identified on the ventral aspect of the globe (left image); the choroid had normal
development on the dorsal aspect of the same globe (right image). The retina, retinal pigment epithelium
(RPE), choroid (if present), and sclera are labeled with the left image demonstrating an absence of choroid.
Images taken by HAS and AM. Figure made by TGG and LNB.

Tissue pathology and detection of VRNA in maternal and fetal tissues

Histologic lesions were noted in the fetal tissues that were potentially exposed to virus in the
amniotic fluid, specifically the respiratory and gastrointestinal systems. There were significant
lesions in the lungs, mesenteric lymph node, placenta, chorioamniotic membranes, decidua,
maternal uterus, and maternal spleen (Supplementary Table 2). Consistent with the bacterial
growth of S. epidermidis from amniotic fluid, gram positive cocci were observed within the lumen
of the esophagus (Supplementary Figure 1), although there was no associated inflammatory
reaction within the epithelium or deeper tissue layers of the esophagus. The stomach and small
intestine had mucosal autolysis with no discernible histologic lesions. The lumen of the colon had

granular basophilic material consistent with nuclear debris.

The fetal lungs had notable pathology. The pulmonary alveoli had fibrin, cellular debris, edema,

occasional squamous cells, and neutrophilic infiltration (alveolitis). There were multiple areas of
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alveoli with type Il pneumocyte hyperplasia, with multifocal expansion of the alveolar septa with

fibrin. The trachea, primary and secondary bronchi, had relatively intact respiratory epithelium.

ZIKV histological analyses

ZIKV RNA localization was evaluated by ISH and mFISH on selected tissues with high VRNA
burden as determined by gRT-PCR. Figure 9 presents photomicrographs from near sections of the
same spleen, fetal membranes, and fetal lung specimens. H&E staining is presented to demonstrate
tissue organization and pathology; ISH to confirm the presence of ZIKV genome within cells, and
mFISH for both negative and positive strand ZIKV RNAs to detect the dsRNA of replicative
intermediates. Supplementary Figure 2 also presents representative images of positive and
negative strand RNAs for the tissues displayed; the merged figure colocalizes both positive and

negative sense RNA strands, indicating active ZIKV replication in these tissues.
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Figure 2.9. Tissue histology and viral

localization of maternal spleen, maternal uterus,

amniotic/chorionic membrane, and fetal lung. Each tissue was stained with H&E, ISH, and mFISH. ISH
shows localization of ZIKV vRNA. mFISH shows replicative intermediates by staining the negative sense
RNA strands green and positive sense RNA strands red. Co-localization (yellow) demonstrates dsRNA
intermediates. Black arrows denote a germinal center. Asterisks indicate neutrophils. Blue arrows
highlight green, red, or yellow fluorescence. Images taken and annotated by HAS, AM, and KZ. Figure

made by LNB.



Table 2.2. Tissue VRNA burden, ISH and mFISH results.
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Tissue Source Tissue Name VRNA copies/mg ISH mFISH
Mesenteric LN 976.38 -
Spleen 98.19 + +

Maternal Uterus 147.17 + +
Decidua 27.82 + +
Amniotic/Chorionic Membrane 493.37 + +
Colon 35515.7 + +
Stomach 614.04 -
Pericardium 119.63 -

Fetal Adipose Tissue-Omentum 510.22 + -
Lung 3794.70 + +
Seminal Vesicle/Prostate 570.00 -
Testis 518.81 -
Eye (Retina/Cornea/Sclera) 31.65/13.51/37.08 -

Tissues with a detectable VRNA burden were evaluated by ISH and mFISH. ISH detects positive sense
VRNA; mFISH detects ZIKV replicative intermediates (negative and positive sense VRNA). “+” indicates
detectable signal in these tissues sections, “-* indicates no signal. Tissues with no detectable ISH signal

were not further evaluated by mFISH. Table made by LNB.

Supplementary Figure 2.2. Multiplex fluorescent in situ hybridization of positive and negative strand

VRNA in fetal lung. Images taken and figure made by XZ.
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2.5 Discussion (Original by ELM and LNB; edited by all)

In this report of an adverse pregnancy outcome following ZIKV infection in a rhesus macaque, we
describe fetal demise following suspected PPROM, fetal and maternal ZIKV burden, and
significant ocular pathology in the fetus. ZIKV RNA was widely distributed throughout fetal
tissues at necropsy, including in the cerebellum and ocular tissues. ZIKV vRNA was also identified
in maternal lymph nodes and maternal spleen at the time of necropsy (49 dpi). Replication
competent virus was identified by ISH for the presence of negative and positive strand RNA in
fetal and maternal tissues. Abnormal histology was characterized in multiple fetal tissues including
alveolitis and pneumocyte hyperplasia in fetal lung tissue, and severe ocular abnormalities. Both
fetal ocular pathology and fetal demise have been described in human reports of ZIKV infection

and demonstrate parallels between human and NHP CZS.

Fetal demise

This is the first report of rupture of membranes and fetal demise in an NHP model of congenital
ZIKV infection. We presume that maternal membranes ruptured around 42 dpi (although some
amniotic fluid may have been present at 28 dpi) because we detected amniotic fluid markers in the
urine at this time point, and identified high VRNA burden in this urine sample, despite absence of
detectable maternal viremia at this time. A week after detection of ZIKV RNA in the pan-collected
urine/amniotic fluid mixture, abdominal ultrasound evaluation found no fetal heartbeat and the
fetus and dam were submitted for necropsy. There was no chronic villitis, which would be expected

for viral induced changes. However, sections of the decidua and myometrium revealed a
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pronounced leukocytoclastic vasculitis involving the smooth muscle walls of the radial and spiral
arteries. This is significant because this type of vasculitis is not expected in cases of bacterial
infection, but do occur as a response to viral infections associated with cutaneous vasculitis

(hypersensitivity vasculitis) (63).

Although there was fibrinopurulent material surrounding the fetus in the uterine cavity and gram
positive cocci in the esophagus, multiple sections of placenta and all other fetal tissues had no
histologic evidence of bacterial colonization. The growth of S. epidermidis from aspirated amniotic
fluid was minimal and contamination at the time of collection is a possibility. Neutrophilic
infiltration, such as that seen in the chorionic plate, is consistent with bacterial infection, but intra-
amniotic neutrophilic inflammation can also be sterile (64). Sterile neutrophilic inflammation has
been reported previously in experimental infection in animals models with this strain of ZIKV,
including mice which demonstrated neutrophil infiltration of the skeletal muscle and hippocampus
(65) and male rhesus macaques which demonstrated interstitial neutrophilic prostatitis (47).
Therefore, while this clinical presentation is consistent with an ascending bacterial intraamniotic
infection, further studies will be able to provide clarification of the histopathologic outcomes with

macague pregnancies.

Closely associated with this fetal demise is the occurrence of PPROM. Although it is not possible
to determine if the amniotic membranes ruptured because of ZIKV infection, the finding of
PPROM followed by fetal demise also occurs during human prenatal ZIKV infection (24). It could

be hypothesized that the amniocentesis at 28 dpi contributed to the possible intrauterine bacterial
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infection; however, the long duration of time separating these events, and the typical rapidity of
preterm labor in the rhesus macaque with experimental bacterial infection of the amniotic fluid
makes this unlikely (66, 67). Additional studies of ZIKV infection during NHP pregnancy are
needed to determine if there is an association between congenital ZIKV infection and an increased
risk for intra-amniotic infection leading to PPROM and fetal demise. One may speculate that ZIKV
infection early in gestation affects pregnancy-induced T-cell changes or placental invasion
involved in uterine vascular remodeling necessary for normal blood flow to the placenta. In turn,
ZIKV infection may lead to abnormal remodeling and abnormal blood flow to the placenta
culminating in pathologic infarctions and increased risk for relative placental insufficiency and

preterm birth. This working hypothesis requires further study.

Fetal ocular defects

Congenital ocular abnormalities are strongly associated with human prenatal ZIKV infection, as
demonstrated by the high frequency (up to 55%) of ocular disease in human infants with first
trimester prenatal infections (12). There is growing evidence that structures of the fetal visual
system are a significant target for ZIKV in human pregnancy. The fetal eye evaluated for pathology
in the current study had anterior segment dysgenesis, a ventral choroidal coloboma, and retinal
dysplasia. This is the first time that such severe ocular abnormalities have been reported with
macaque CZS. As far as we are aware, bacterial infections are not associated with such
abnormalities during development. In addition, an acute intrauterine bacterial infection would not
have impacted eye development, since the ocular structure damage described would likely have

occurred from the disruption of normal developmental processes which occur earlier in pregnancy.
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Anterior segment dysgenesis refers to a spectrum of developmental anomalies resulting from
abnormalities of neural crest migration and differentiation during fetal development (68). In
humans, anterior segment dysgenesis is present in rare syndromes (69), and although the rate of
anterior segment dysgenesis and related syndromes is unknown in rhesus macaques, it would be

unlikely to appear in pregnancy.

An ocular coloboma is a congenital lesion associated with a failure in the closure of the embryonic
(ocular) fissure causing defects of one or more ocular structures (i.e., the eyelids, lens, cornea, iris,
ciliary body, zonules, choroid, retina and optic nerve). The defect is essentially a bare sclera with
the overlying retinal pigmented epithelium, retina or choroid missing (70). It may be sporadic or
inherited and, in some cases, is associated with systemic disorders (70). Choroidal colobomas in
humans can be also associated with the presence of retinal dysplasia (71, 72), which was noted in
the current case. Although there are multiple genetic mutations associated with colobomatous
defects in humans (70), there is only one case report of a macaque with coloboma and no genetic
evaluations were pursued in that report (73). We did not pursue a genetic evaluation because it
seems unlikely that a rare genetic defect would occur in one of the fetuses with congenital ZIKV
infection. The defects in the eye affected the posterior and ventral aspect of the globe, which is
common, since the ocular fissure is embryologically located in the ventro-nasal quadrant of the
eye. It also mainly affected the choroid, thereby classifying it as a choroidal coloboma. In our
previous study, we identified optic nerve gliosis in the two-first trimester infections (49), but did
not identify other significant ocular pathology. CZS represents a continuum of disease from mild

to severe and the macaque model highlights this by capturing the wide disease spectrum. It is also
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important to note that the current study was conducted with a virus stock prepared from an isolate
obtained from a person infected in Puerto Rico, whereas our previous study (49) was conducted
with a virus stock prepared from a French Polynesian isolate. Our results may indicate that closely
related viruses can cause different outcomes in pregnant macaques, however further studies will
be needed to understand whether specific genetic determinants are related to these outcomes.
Although ZIKV causes ocular disease in the adult murine model (74), no ocular anomalies to this
extent have yet been observed in mouse models of congenital ZIKV infection. This also
underscores the important role the rhesus macaque model plays in studying ZIKV effects on

pregnancy outcomes.

Maternal and fetal tissue viral distribution

ZIKV RNA was detected throughout fetal tissues, affecting multiple organ systems (digestive,
respiratory, reproductive, cardiovascular, immune, and nervous), and replication competent virus
was identified in fetal lung tissue 49 dpi via negative and positive strand RNA ISH. Remarkably,
ZIKV RNA was also detected in maternal lymph nodes at 49 dpi and replication competent virus
was identified in the lymph node tested. The presence of VRNA does not imply that the virus is
replicating or may be transmissible. However, the detection of negative strand RNA by ISH and
its colocalization with positive strand VRNA is confirmation of replication competent virus, and
the finding of infectious virus in fetal and maternal tissues 49 dpi could have important
implications for transmission. The fact that replication competent ZIKV is still present in an adult
lymphoid-associated tissue at 49 dpi is critical to understanding the risk involved with organ

transplantation, although with the caveat that viral persistence may be longer in pregnancy. Viral
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persistence is not explained by a lack of maternal humoral immune response since the dam
developed neutralizing antibodies at concentrations similar to our previous NHP studies of ZIKV

infections (50, 55).

We do not know to what extent ZIKV infection of the fetus directly contributed to fetal demise,
since this case is complicated by PPROM with acute chorioamnionitis. Extended exposure of the
fetus to ZIKV is most likely responsible for the ocular pathology observed, and there is no
literature of which we are aware which suggests that bacterial infection results in ocular
malformations. The substantial viral burden in the fetal membranes also supports the hypothesis
that ZIKV contributed to PPROM. The detection of replicating ZIKV intermediates in membranes
and fetal tissues at the time of fetal demise also suggests that active ZIKV infection was ongoing

up until fetal demise.

In summary, we describe a case of congenital ZIKV infection with severe ocular and uteroplacental
pathology complicated by fetal demise following apparent PPROM. The fetal ocular pathology
recapitulates defects seen in human CZS. This is the first report of an adverse pregnancy outcome
and fetal pathology in an NHP infected with ZIKV strain PRVABC59, and thus supports the
importance of the macaque model for not only defining the risk ZIKV poses for pregnant women
and their fetuses in the Americas, but also for defining the precise pathways by which ZIKV

accesses the fetal compartment, and for testing strategies to intervene in vertical transmission.
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Chapter 3

Embryotoxic impact of Zika virus in a rhesus macaque
In vitro implantation model

Publication:
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PMC7124964.

3.1 Abstract (Original by LNB; edited by TGG and JKS)

Zika virus infection (ZIKV) is associated with adverse pregnancy outcomes in humans, and
infection in the first trimester can lead to miscarriage and stillbirth. Vertical and sexual
transmission of ZIKV have been demonstrated, yet the impact of infection during the initial stages
of pregnancy remains unexplored. Here we defined the impact of ZIKV on early embryonic and
placental development with a rhesus macaque model. During in vitro fertilization (IVF), macaque
gametes were inoculated with a physiologically relevant dose of 5.48log:o plague-forming units
(PFU) of Zika virus/H.sapiens-tc/PUR/2015/PRVABC59 v3c2. Exposure at fertilization did not

alter blastocyst formation rates compared to controls. To determine the impact of ZIKV exposure



87

at implantation, hatched blastocysts were incubated with 3.26l0g10, 4.26l0g10, Or 5.26log10 PFU,
or not exposed to ZIKV, followed by extended embryo culture for 10 days. ZIKV exposure
negatively impacted attachment, growth, and survival in comparison to controls, with exposure to
5.26logi0 PFU ZIKV resulting in embryonic degeneration by day 2. Embryonic secretion of
pregnancy hormones was lower in ZIKV-exposed embryos. Increasing levels of infectious virus
were detected in the culture media post-exposure, suggesting that the trophectoderm is susceptible
to productive ZIKV infection. These results demonstrate that ZIKV exposure severely impacts the
zona-free blastocyst, whereas exposure at the time of fertilization does not hinder blastocyst
formation. Overall, early stages of pregnancy may be profoundly sensitive to infection and
pregnancy loss, and the negative impact of ZIKV infection on pregnancy outcomes may be

underestimated.

3.2 Introduction (Original by LNB; edited by TGG and JKS)

Zika virus (ZIKV) is a human pathogen with human-to-human transmissibility. It was originally
isolated from a febrile rhesus macaque in Uganda in 1947 [1]. In the past decade, there have been
numerous outbreaks of ZIKV[2], and the most recent outbreak, in Brazil in 2015, suggested
congenital ZIKV infection is associated with fetal malformations, including microcephaly as a
severe manifestation of disease [3, 4]. Although most infections in adults do not cause significant
disease and are often asymptomatic, a ZIKV infection while pregnant can be catastrophic for the

fetus, and result in stillbirth and miscarriage [4-6].
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Placental defects are noted in many cases of adverse pregnancy outcome [4, 7]. Consistent with
these findings, ZIKV has been shown in vivo and in vitro to infect trophoblast cells, which have
specialized niches in the placenta [8-16]. A study by El Costa et. al. found that first-trimester
human placental explants and primary trophoblasts were susceptible to infection with a ZIKV
isolate obtained during the Brazil outbreak [12]. Conversely, a study by Bayer et. al. reported that
term primary human trophoblast cells were resistant to ZIKV [13]. This increased resistance to
ZIKV in later stages of development was also observed in nonhuman primate (NHP) studies, where
maternal ZIKV infection in the third trimester resulted in less severe outcomes compared to

infections in the first trimester [14].

Despite the grave repercussions of ZIKV infection during pregnancy, it is unknown how early in
development ZIKV can infect the embryo and early trophoblast lineage. This gap in knowledge is
largely due to a limited means of determining human pregnancy loss in the first month of gestation.
Bridging this knowledge gap is important as epidemiological and experimental data suggest that
an infection earlier in pregnancy may be more likely to result in birth defects or pregnancy loss
than an infection in later stages of pregnancy [17, 18]. Sheridan et. al demonstrated that human
embryonic stem cells differentiated to form more primitive trophoblast cells were highly
susceptible to African ZIKV strains (Nigeria, Senegal and the lab adapted Uganda) [19].Thus, the
earliest placental lineage may have differential susceptibility to infection. This necessitates

evaluation of how infection impacts embryonic trophoblasts.

Previous in vivo NHP pregnancy studies modeling ZIKV infection in our lab and others have

reported similar findings regarding pregnancy outcomes and associated pathologies as those
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observed in humans [7, 14, 16, 20, 21]. Both macaques and humans are similar in placental
development forming an interstitial implantation site, in which the trophoblast cells invade through
the luminal epithelium of the uterus [22]. Thus, the NHP model recapitulates early human
trophoblast development and is an essential and appropriate model to study the impact of ZIKV

during pregnancy.

Sexual transmission of ZIKV may negatively impact an established pregnancy, but its impact on
embryo development and the establishment of pregnancy is unknown. ZIKV RNA (VRNA) has
been detected in human semen and cases of sexual transmission have been reported [23-27]. This
is a concern as Zika VRNA has been sporadically detected in human semen for up to 370 days after
infection [28]. Furthermore, Zika VRNA was detected in 25% of sperm cell fraction samples
prepared by washing on a 90% gradient, the method of preparation recommended for HIV-infected
men [23]. This may have implications in assisted reproductive technologies (ART), as it is unclear
if infectious semen can impact fertilization and embryo development. NHP studies have also
observed Zika VRNA shedding in semen and detectable VRNA in male reproductive tract tissues
including the testes, epididymis, seminal vesicle, and prostate [29-33]. Hence, the NHP model
presents an opportunity to evaluate how sexual transmission of ZIKV can impact the initial stages
of embryo development to ensure ARTS, including in vitro fertilization (IVF) and intracytoplasmic

sperm injection (ICSI), are safe and do not compromise developmental outcomes.

In order to study the direct impact of ZIKV on the earliest trophoblast cells, we implemented an
in vitro implantation NHP model. Combining this model with I\VVF allowed us to study the effect

of ZIKV on the earliest stages of pregnancy by monitoring implantation stage trophoblast/embryo
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outgrowths in a controlled environment, which are difficult to study in vivo. Our primary objective
for this study was to determine the earliest stage that ZIKV could impact embryo development and
the establishment of pregnancy, as well as how infection alters trophoblast function during
implantation. Embryo implantation in the uterus is a critical event in establishing pregnancy, as
disruption of this process is estimated to account for 60% of pregnancy loss [34]. Based on the
adverse pregnancy outcomes from in-utero ZIKV exposure, we hypothesized that ZIKV would
have a detrimental impact on the development of the implanting embryo and on subsequent
trophoblast growth. ARTS, such as IVF, are used to overcome infertility, and the risk of viral
infection decreasing success rates would be devastating. The outcomes of this research directly
define the impact of ZIKV infection on early embryo development and implantation, and address

concerns regarding parental infection and the use of ARTSs.

3.3 Materials and Methods (Original by LNB and JKS; edited by TGG)

Rhesus macaque IVF and embryo culture

Rhesus monkeys (Macaca mulatta) were from the colony maintained at the Wisconsin National
Primate Research Center. All procedures were performed in accordance with the NIH Guide for
the Care and Use of Laboratory Animals and under the approval of the University of Wisconsin
College of Letters and Sciences and Vice Chancellor Office for Research and Graduate Education
Institutional Animal Care and Use Committee. A total of five semen donors and 22 oocyte donors
were used for these studies, where oocytes from 9 donors were designated to assess the impact of

ZIKV at the time of fertilization, and hatched blastocysts from 13 oocyte donors were evaluated



91

for the impact of ZIKV during the peri-implantation stage of development. Note that oocyte donors

could undergo up to three ovarian stimulation events for oocyte collection.

Rhesus IVF embryos were generated as previously described [35-38] and methods are briefly
outlined here. Female oocyte donors underwent ovarian hyperstimulation by administration of 30
international units (1U) recombinant human follicle stimulating hormone (FSH; follitropin beta,
Merck Sharp & Dohme Corp, Whitehouse Station, NJ, USA), twice daily for eight to nine days
followed by one injection of 1000 IU recombinant human choriogonadotropin (hCG; Ovitrelle,
Merck Serono Ltd, Middlesex, UK) the next day. Oocytes were retrieved by laparoscopic
aspiration between 30-33 hours post hCG injection. Those that had resumed meiosis and were in
metaphase | were placed into maturation medium, consisting of CMRL (Thermo Fisher Scientific,
Cat #11530037, Waltham, MA, USA) medium supplemented with 0.5 mM sodium pyruvate
(Sigma Aldrich, Cat #2256, St. Louis, MO, USA), 2 mM Alanyl-glutamine (Sigma, #G8541) and
20% fetal bovine serum (FBS; Peak Serum, Cat #PS-FB1, Wellington, CO, USA). MI oocytes
were evaluated for progression to metaphase Il (MI1) at 36 h post hCG and those that had extruded
a polar body were transferred to fertilization medium composed of IVF-TL medium (Caisson
Laboratories Inc, Smithfield, UT) supplemented with 0.5 mM sodium pyruvate, 2 mm Alanyl-
glutamine, and 0.1 mg/ml Polyvinyl alcohol (PVA; Sigma, Cat #P8136). Oocytes that were Ml at

the time of recovery were placed directly into fertilization medium.

Semen was collected from male rhesus macaques by electroejaculation [39]. The coagulum was

removed 30 min post-collection and sperm were washed twice in HEPES-TL (Caisson
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Laboratories, Cat #I\VVLO1) supplemented with 0.1 mM sodium pyruvate and 3 mg/ml bovine
serum albumin (Sigma, Cat #A8806). A total of 40 million sperm were added to 2 ml of
capacitation medium consisting of IVF-TL (Caisson Laboratories, Cat #1\VL02) supplemented
with 0.1 mM sodium pyruvate and 0.1 mg/ml PVA. To facilitate capacitation, caffeine (Sigma,
Cat #C0750) and dibutyryl-cAMP (Sigma, Cat #D0627) were added to the capacitation medium
30 minutes prior to fertilization at a final concentration of 1 mM and 0.5 mM, respectively [39].
At the time of fertilization, 2.5 pl sperm, 2 pul 100 mM caffeine, and 2 pl of 50 mM dibutyryl-
CAMP were added to each fertilization drop (93.5 ul drops for gametes not exposed to ZIKV and
81 ul drops for gametes exposed to ZIKV). The difference in drop size it to account for the amount

of ZIKV added.

Gametes were co-incubated for ~16 hours and individual presumptive zygotes were transferred
into microwells of CultureCoin Miri-TL® dishes (Esco Medical, Denmark). A CultureCoin Miri-
TL® dish contains 14 microwells that contain 25 pul of media overlaid with 3 ml Ovoil (Vitrolife,
Cat #10029, Englewood, CO, USA). Embryos were cultured in G-TL medium (Vitrolife, Cat
#10145) supplemented with 5% FBS for eight to eleven days corresponding to the hatched

blastocyst stage.

Inoculation of gametes and embryos with ZIKV

Zika virus/H.sapiens-tc/PUR/2015/PRVABC59 v3c2 (PRVABC59) (GenBank: KU501215) was
originally isolated from a traveler to Puerto Rico and passaged three times on Vero cells (American
Type Culture Collection (ATCC): CCL-81), was obtained from Brandy Russell (CDC, Ft. Collins,

CO). Virus stocks were prepared by inoculation onto a confluent monolayer of C6/36 cells (Aedes
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albopictus larval cells; ATCC: CCL-1660) with two rounds of amplification and confirmed to be
identical to the reference sequence at the consensus level. This isolate was chosen as it would
complement other in vivo studies that utilized ZIKV-PRVABC59 and observed adverse pregnancy

outcomes [7, 40].

To determine if ZIKV could impact oocyte fertilization, gametes were inoculated with 5.48log1o
PFU (16 pl at 7.26log10 PFU/mI added to 81 pl fertilization medium) ZIKV-PRVABC59 at
fertilization. To determine if ZIKV could impact trophoblast function and embryo implantation,
blastocyst stage embryos were plated on Matrigel (BD Biosciences, Cat # 354253, Bedford, MA)
[36] within 24 hours of hatching, which occurred on ~day 8-10 of development. Embryos were
then either exposed to ZIKV or were cultured as non-exposed controls. The day the blastocysts
were plated on Matrigel, they were incubated with either 5.26log1o (high), 4.26log10 (medium), or
3.26log1o (low) PFU ZIKYV for five hours (Figure 1) or left as uninfected controls. Co-incubation
of embryo and virus was accomplished by addition of 10 pl of ZIKV (or serially diluted ZIKV
dependent on dose) to 90 pl culture medium. Mock infected embryos were exposed to C6/36 cell
conditioned medium for five hours they day they were plated on Matrigel to verify that the

conditioned medium in which the ZIKV stock was produced was not embryotoxic.
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Figure 3.1. Schematic depiction of ZIKV exposure to gametes (A) and hatched blastocysts (B). (A)
Rhesus gametes were co-incubated with ZIKV at the time of fertilization, followed by evaluation of embryo
cleavage and blastocyst formation rates. (B) In vitro fertilized hatched blastocysts were plated on Matrigel
and immediately exposed to one of three doses of ZIKV for five hours or cultured as unexposed controls.
On day (d) 2, d6 and d10 post-plating, media were collected, embryo outgrowths were imaged, and area
and diameter were measured. Figure made by LNB.

Extended embryo culture utilizing an in vitro peri-implantation model.

Embryos were cultured as previously described [38] with modifications. Hatched blastocyst stage
embryos were plated on Matrigel (Corning, Cat # 354230, Corning, NY, USA) with 200 ul of
Buffalo Rat Liver (BRL) conditioned medium, which is equal parts EMEM (Quality Biologics,
Cat #112018, Gaithersburg, MD, USA) and CMRL (Thermo Fisher Scientific, Cat #11530037)
with 5% FBS. The medium was conditioned for 24-hours, ultracentrifuged (SW41 rotor at 130,000

X g average) overnight to remove large particles and extracellular vesicles, sterile-filtered, and
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frozen back. Media were changed on days 2 and 6 post-plating (Figure 1B). Prior to media
exchange, embryo outgrowths were imaged using a Nikon Eclipse TE300. Outgrowth area was
calculated using 4x images and ImageJ using a ratio of one millimeter (mm) equal to 620 pixels.
Embryos that grew up the side of the well were excluded from the analysis (one control, two low-
dose, and two medium-dose). Of note, four control embryos were removed from initial
experiments to serve as age matched controls for transcriptome analysis (not shown) and no data

from these four controls is present in the dataset.

Hormone secretion

Progesterone secretion was analyzed using an enzyme immunoassay (EIA) (Cat #582601,
Cayman, Ann Arbor, Michigan, USA). Samples were diluted in enzyme-linked immunosorbent
assay (ELISA) buffer, run in duplicate, the manufacturer’s protocol was followed as directed,
and the plate was read at 410 nm. The minimum level of detection was 0.01 ng/ml (Figure 3A).
To control for baseline quantities of hormones in the conditioned media, blank media samples
conditioned by BRL cells but not conditioned by an embryo, were collected. For the blank
samples that could reliably be quantified, the amount of progesterone detected was 0.063 ng/ml

+/- 0.016.

Monkey CG (mCG) secretion was analyzed by radioimmunoassay as previously published[41].
Samples were diluted in EMEM and run in duplicate. The amount of mCG detected in blank media
samples was 13.202 ng/ml +/- 6.977. Interassay variation (CV) was 6.3%. For statistical purposes,

samples that fell below the limit of detection (0.1 ng/ml) were assigned that value.

Luminex assay for cytokine, chemokine and growth factor secretion by embryo outgrowths
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To analyze the secretion of cytokines, chemokines, and growth factors an NHP 37-plex Procarta
Luminex assay (Thermo Fisher Scientific, Cat # EPX370-40045-901, Waltham, MA, USA) was
used and the manufacturer’s instructions were followed. Samples were run in duplicate on a
Bioplex 200 (BioRad, Cat #171000201, Hercules, CA, USA) and analyzed with the Bioplex
Manager Software. The lower level of detection was obtained for each analyte based on the

manufacturer’s quantifications (Figure 3B-H).

Infectious virus detected by plaque assay

Plaque assays were used to assess embryo susceptibility to ZIKV by determining if infectious virus
was produced in culture [7]. Three embryos were exposed to the medium dose of ZIKV for 5-
hours. Due to the different collection timepoints, the media used for this aspect of the study were
not used for any other analysis. For each media change, all media were removed and fresh media
were added. The quantity of virus detected was the total amount of new virus produced between

media collections which occurred at 12-hour, 1-day, 2-day, 4-day, 6-day, and 10-days post-plating.

Statistical analysis

A Fisher’s exact test with a Bonferroni correction was used to determine significance (p < 0.05)
for the ZIKV exposure at the time of fertilization dataset, as well as attachment and survival. For
the growth and secretion data, analysis was completed using GraphPad Prism 8.0 (GraphPad
Software) and a nonparametric Kruskal-Wallis test with Dunn’s corrections applied (p < 0.05). All

graphs show the mean +/- standard error of the mean (SEM).

3.4 Results (Original by LNB and JKS; edited by TGG)
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ZIKV exposure at the time of fertilization

Since ZIKV is present in semen and can be sexually transmitted, we exposed gametes to ZIKV at
the time of fertilization to determine if exposure impacted in vitro embryo development. A total of
102 MII oocytes were obtained from nine ovarian stimulation events, in which 57 oocytes were
inoculated with ZIKV and cultured in parallel to 45 control oocytes. Embryo development in terms
of cleavage rate was significantly higher in ZIKV exposed versus control embryos as shown in
Table 1 (p <0.01). Of note, the control cleavage rate was lower in experimental replicates towards
the end of the IVF season. However, no significant difference for blastocyst rate was observed
between the ZIKV exposed gametes and control (p<0.81). These results suggest that ZIKV

exposure at the time of fertilization does not impact preimplantation embryo developmental rates.

# oocyte Blastocyst
Embryo group retrievals #M2  #Cleaved Cleavage Rate # Blastocysts Rate
Controls 9 45 26 57.78% 8 30.77%
ZIKV 9 57 47 82.46% 14 29.79%
p-value p <0.01 0.81

Table 3.1. In vitro embryo development rates following ZIKV exposure at fertilization. The
number of MII oocytes for each group that subsequently underwent cleavage and blastocyst
formation. Cleavage rate was determined by dividing the total number of embryos by the number
of mature oocytes. Blastocyst rate was determined by dividing the total number of embryos that
reached the blastocyst stage by those that cleaved. For the nine oocyte retrieval replicates, the
ratio of MIl oocytes for control/ZIKV exposed are as follows: 2/7, 5/8, 11/5, 6/11, 5/6, 4/5, 5/7,
3/4, 4/4. Table made by LNB.

ZIKV exposure decreased peri-implantation embryo survival, attachment, and growth.
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To determine the impact of ZIKV on development in the peri-implantation phase, we exposed 32
hatched blastocysts to ZIKV and cultured 18 embryos as unexposed controls. At this stage of
development the embryo has shed its zona pellucida, thus leaving the trophectoderm in direct
contact with its environment. Embryo survival was evaluated based on the following parameters:
attachment to the Matrigel, trophoblast outgrowth dissociation, and overall appearance, e.g. dark
or grainy appearance indicating cellular degeneration. 83% of control trophoblast outgrowths
survived until day 10 post-plating on Matrigel while only 60%, 33%, and 0% of the low, medium,
and high-dose survived, respectively (Table 2). There was a significant difference between control
and high-dose embryo survival on days 2, 6, and 10 (p < 0.05) and between low-dose and high-
dose on day 2 as demonstrated in Table 2 (p <0.05). The difference in survival between control
and medium-dose embryos (83% and 33%, respectively) approached significance on day 10 (p =

0.052). Together, these results suggest a dose-related effect of ZIKV exposure on embryo survival.

Table 3.2. The percent of embryos attached to the Matrigel and alive on each day post-plating is
shown.

Embryo group d2 dé d10
% Artached
Control 50 78 93
Low 70 70 60
Medium 42 42 33
High 0 ae 0
% Survival
Control 952 83" 83
Low 1002 6020 60
Medium §3abe 50ab 332k
High 200 ae Qb

A Fisher’s exact test with a Bonferroni correction on the number of embryos attached or alive was
calculated to determine significance. Values that do not share superscripts are statistically different at P <
0.05 and a superscript asterisk indicates P < 0.001. Table made by LNB.
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Embryo outgrowths were imaged on days 2, 6, and 10 post-plating to measure embryo growth and
representative images are shown in Figure 2A. Supplemental Figure 1 shows a representative
image of primitive syncytiotrophoblast and extravillous trophoblast cells. A decrease in outgrowth
diameter was observed for embryos exposed to 5.26logio PFU ZIKV (high-dose) on day 2.
Likewise, embryos that were exposed to 4.26logio PFU ZIKV (medium-dose) had significantly
reduced diameter (p<0.001) and area (p<0.05) in comparison to control outgrowths at day 6 post-
plating. The trend towards decreased size for embryos exposed to ZIKV continued through day 10

post-plating.
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Figure 3.2. Peri-implantation in vitro embryo outgrowths exposed to ZIKV reduces growth. (A)
Representative images of day 2, 6, and 10 post-plating of a control, a low-dose exposed, and a medium-
dose exposed trophoblast outgrowth (scale bars = 50 um). (B) Trophoblast outgrowth diameter. (C)
Outgrowth area. Blastocyst experimental groups are denoted as follows: controls = black circles, low-dose
ZIKV= light gray triangles, medium-dose = medium gray upside-down triangles, and high-dose =dark gray
squares. Figure made by LNB.

Supplemental Figure 3.1. Trophoblast cell morphology. A) Multinucleated cells from a trophoblast
outgrowth are circled. B) Arrows point to extravillous trophoblast-like cells from a trophoblast outgrowth.
Scale bars = 20um. Figure made by LNB and JKS.
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Establishment of pregnancy requires attachment of the embryo to the uterine epithelium. In this
study, 50% of control embryos attached to the Matrigel culture surface by day 2 post-plating, and
83% were attached by day 10 (Table 2). Decreased attachment to the Matrigel was noted with
exposure to increasing doses of ZIKV. There was a significant (p<0.05) decrease in attachment for
embryos exposed to the high dose of ZIKV compared to controls on days 6 and 10 post-plating.
No attachment for high-dose blastocysts reflects the degeneration of these embryos by day 2. The
difference in attachment between medium-dose and control blastocysts (33% and 93%,
respectively) approached significance on day 10. By day 2, 70% of the blastocysts exposed to low-

dose ZIKV were attached and there was a slight decrease in attachment over time.

Trophoblast function assessed by secretion of pregnancy-related hormones, cytokines,

chemokines and growth factors.

To determine how ZIKV exposure impacted trophoblast function, we analyzed the media for the
pregnancy-associated hormones, progesterone and mCG, that are produced by trophoblasts.
Embryo conditioned and non-conditioned media were collected on days 2, 6, and 10 post-plating
to quantify the amount of hormone secreted relative to the area of the embryo outgrowth (Figure
3). All high-dose exposed blastocysts had degenerated by day 2, hence no data could be collected
for this group. No significant differences were observed between ZIKV and control embryos,
although there was a trend towards decreased progesterone and mCG secretion on day 6 for ZIKV
exposed embryos. If progesterone and mCG secretion were not normalized to the area of the

trophoblast outgrowth, hormone secretion decreased between control and ZIKV exposed embryos



103

with a significant difference between controls and medium-dose day 6 post-plating (p<0.01;

Supplemental Figure 2).
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Figure 3.3. Secretion of hormones and immunomodulators by embryo outgrowths. (A) Progesterone
and mCG secretions normalized for outgrowth area (pg/mL/mm?) on days 2, 6, and 10 post-plating are
shown as individual graphs as the y-axis is changed for ease of reading. Trophoblast cytokine and growth
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factor secretions normalized for outgrowth area (pg/mL/mm?) and are depicted over days post-plating. (B)
MCP1, (C) VEGF-A, (D) IL-6 (E) IL-8, (F) IL-1RA (G) bNGF (H) BDNF. The lower limit of detection
(LLD) in picograms (pg) is depicted in the corner of each graph. Fisher’s exact test with Bonferroni’s
correction was used to determine significance, which is indicated directly on the graphs. The following
analytes were not detected in any sample: IL-2, IL-17A, IL-23, IP-10, GM-CSF, IFN-gamma, IL-1beta, IL-
10, IL-12p70, IL-13, ITAC, MIG, MIP-1alpha, IL-7, and VEGF-D. The following analytes were detected in
5 samples or less: FGF-2, Eotaxin, IL-4, IL-18, IL-5, TNF-alpha, BLC, MIP-1beta, SDF-lalpha, CD-
40ligand, G-CSF, IFN-alpha, IL-15, PDGF-BB, and SCF. Figure made by LNB.
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Supplemental Figure 3.2. Secretion of progesterone and mCG by embryo outgrowths. Hormone
secretion is depicted as ng/ml over days post-plating. Embryo outgrowth groups are denoted as follows:
controls = black circles, low-dose ZIKV= light gray triangles, and medium-dose = medium gray upside-
down triangles. Significance was tested with Kruskal-Wallis test with Dunn’s Correction and is depicted
on the graph. Figure made by LNB.

To assess if ZIKV triggers an embryonic immune response, a Luminex assay was performed to
measure secretion of cytokines, chemokines, and growth factors. The amount of analyte secreted
was normalized to the area of the outgrowth. Seven cytokines and growth factors were consistently

detected in the conditioned media: monocyte chemoattractant protein 1 (MCP1), brain-derived
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neurotrophic factor (BDNF), interleukin-8 (IL-8), interleukin-6 (IL-6), interleukin 1 receptor
antagonist (IL-1RA), vascular endothelial growth factor A (VEGF-A), and beta nerve growth
factor (0NGF) (Figure 3). There was a significant increase in MCP1, VEGF-A, and IL-6 secretion
by ZIKV-exposed embryos compared to controls on day 6 post-plating (p<0.05, p<0.002, and
p<0.05, respectively). There was also a trend towards increased IL-8 and IL-6 secretion on day 10,
and increased MCP1, BDNF, VEGF-A, IL-1RA, and bNGF secretion on days 6 and 10 between

controls and ZIKV.

Verification of embryonic ZIKV infection

To determine if the embryo outgrowths were productively infected by ZIKV, embryo-conditioned
media were tested for infectious virus via plaque assay. The embryos were exposed to ZIKV
immediately after being plated on Matrigel. The titer of the inoculum for the three embryos was
5.1log10 PFU ZIKV on average (data not shown). At each time point (12-hours and 1, 2, 4, 6, and
10 days post-plating/post ZIKV exposure), all media were collected, and new media were added.
Minimal virus was produced within the first 24 hours post ZIKV exposure but enhanced viral
production occurred 2 and 4-days post-plating (3.29 and 3.92 logio PFU ZIKV on average,
respectively) (Figure 4). ZIKV titers dropped off day 6 post-plating and remained low day 10 post-

plating.
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Figure 3.4. Infectious virus was detected in culture media following ZIKV exposure. Three embryos
(A, B, and C) were exposed to medium-dose of ZIKV for 5 hours. All media was removed from the well and
collected at 12-hours and 1, 2, 4, 6, and 10-days post plating/days post ZIKV exposure. The graph depicts
the amount of virus detected (log:o PFU) over days post-plating. Figure made by LNB.

3.5 Discussion (Original by LNB; edited by TGG and JKS)

Embryo implantation is essential for the establishment of pregnancy and is difficult to directly
study in humans, therefore the present study utilized rhesus macaque IVF-produced embryos an
extended culture system to evaluate the impact of ZIKV exposure around the time of implantation.
ZIKV-exposed oocytes had a higher cleavage rate than controls but an equivalent blastocyst rate,
which suggests that ZIKV exposure at fertilization does not hinder preimplantation development
rates. However, ZIKV exposure at the time of implantation is embryotoxic and impacts trophoblast
function. ZIKV exposure in the zona-free stages of development severely impacted survival,
growth, and attachment in a dose-related manner. Alterations in embryo secretions including mCG,

MCP1, VEGF-A, and IL-6 support the hypothesis that ZIKV can impact the implanting blastocyst
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and impede trophoblast function as well as alter immune-related signaling by the trophoblasts. In
addition, plaque assay data support the embryos were susceptible to productive ZIKV infection.
These findings are supported by a recent study which demonstrated that the trophectoderm of both
human and mouse embryos is susceptible to ZIKV infection [42]. Collectively, the observations
that ZIKV impacts NHP, mouse, and human embryos should caution couples trying to naturally
conceive or utilize ARTSs for conception as the abundance of virus present in the semen of infected

males may determine pregnancy success or failure.

Implantation encompasses the initial attachment and growth of the embryo as it invades into the
endometrium. A decrease in the growth of embryo outgrowths was observed in response to ZIKV
exposure, indicating that the trophoblast cells are either not proliferating or are undergoing cell
death. High-dose ZIKV exposure was rapidly embryotoxic, which suggests cell death was the more
likely scenario. However, it remains unclear whether exposure to low and medium-doses of ZIKV
were mainly impacting cellular proliferation or survival, both of which could be detrimental to the
events of implantation. The negative impact of ZIKV infection near the time of implantation was
recently demonstrated in an in vivo mouse pregnancy model. Tan et al. [42] reported ~50-70%
reduction in pregnancy rates in a mouse model following subcutaneous ZIKV inoculation during
the preimplantation stage of development at E2.5 and E3.5, whereas inoculation at the E4.5, during
the peri-implantation stage, reduced the pregnancy rate by ~11%. Mating of male mice infected
with ZIKV to wild-type females resulted in reduced pregnancy rates and fewer viable fetuses,
although, sperm counts were also reduced [43]. Similarly, fetal demise was observed at day 10 and

12 post-mating in pregnancies where the virus was sexually transmitted to the female by mating
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with infected males 7 days post-inoculation [44]. These studies demonstrate that, in the presence

of ZIKV, embryo survival is impeded near the time of implantation.

To better understand how ZIKV impacts trophoblast function, we measured the secretion of two
trophoblast-secreted pregnancy hormones and several immune modulators. Embryos exposed to
ZIKV had altered hormone secretion, which could impact the establishment of a pregnancy.
Progesterone is a marker of trophoblast differentiation and important for maintaining pregnancy.
Embryos exposed to ZIKV had decreased progesterone secretion compared to controls on day 6.
However, on day 10, there was an increase in the amount of progesterone secreted. CG promotes
trophoblast differentiation [35], cytotrophoblast growth [45], and the establishment of the
pregnancy [46, 47], and decreased CG could impact the maintenance of the pregnancy. Based on
morphology, the presence of multinucleated cells and the detection of mCG suggests
syncytiotrophoblast are present in our model [38]. The decrease in mCG secretion by trophoblast
outgrowths exposed to ZIKV suggests trophoblast differentiation and syncytiotrophoblast
formation are impaired, an outcome that would be consistent with increased risk of early pregnancy

loss.

Cytokines and growth factors are important signaling molecules between the blastocyst and uterus
during implantation [48]. VEGF-A is an important growth factor during implantation as it
promotes vascular remodeling of the maternal spiral arteries, while insufficient levels can lead to

preeclampsia [49]. MCP1 is a mediator of angiogenesis, vascular remodeling, and plays a role in
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inflammation [50]. Flavivirus infection during pregnancy has been documented, and in one dengue
virus-infected pregnancy that resulted in stillbirth, the placenta was inflamed, hemorrhagic, and
necrotic and had increased levels of MCP1 and VEGF compared to control tissues [51]. This in
vivo data is consistent with our observation that ZIKV exposure resulted in increased MCP1 and
VEGF-A secretion. BDNF is involved in trophoblast growth and proliferation of the
trophectoderm [52], and increased BDNF secretion was observed by embryos exposed to ZIKV,
an observation which seems contrary to the decreased trophoblast outgrowth size of embryos
exposed to ZIKV. Nonetheless, these cytokines and growth factors play important roles in
trophoblast function, and their altered secretion supports the concept that ZIKV exposure can lead

to aberrant placental development and function.

The plaque assay data demonstrated that the blastocysts were susceptible to ZIKV. In addition,
these three embryos appeared dead around day 4 post-plating, which aligns with decreased ZIKV
production detected days-6 and 10 post-plating, potentially due to a lack of live cells to produce
virus. Several blastocysts were exposed to C6/36 conditioned medium to verify that C6/36 media
itself is not embryonic lethal. These five embryos were exposed to the same duration and quantity
of inoculating medium as the high-dose ZIKV embryos. Although the exact pathways and receptor
mediating infection remain unclear, numerous in vitro and in vivo studies indicate ZIKV can infect
cells of the placenta [4, 9, 13, 53]. The extent of trophoblast susceptibility may be variable

throughout gestation [4, 53] and dependent upon the ZIKV strain [15, 19, 31].
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Human and NHP studies show that first-trimester placentas are more vulnerable to pathogenic
outcomes from a ZIKV infection [4, 40, 54]. Sheridan et. al. evaluated primitive (i.e., embryonic
stem cell-derived) trophoblast cell susceptibility and their conclusions further support our findings
that the trophoblast cells present at the time of implantation are susceptible to ZIKV [19]. In
another study, exposure of first trimester placental explants to ZIKV showed that various placental
cell types were susceptible to infection, and that infection of proliferating cytotrophoblasts resulted
in cellular arrest [11]. This supports the current study’s finding that ZIKV exposure resulted in

decreased trophoblast size and survival.

ZIKV has been detected in the semen of infected men [23] and NHPs [30, 33, 55]. The highest
quantities of ZIKV detected were 8.5l0og10 [24], 8.610g10 [27], and 7.5log10 [26] copies/mL of
semen. PRVABCH59, the isolate used in these studies, has been shown to infect human male
reproductive tract cells in vitro [28], which is relevant for this study in regards to ARTs and sexual
transmission. ZIKV VRNA has been detected in both the seminal plasma and sperm cell fractions
of human and NHPs isolated using a sperm wash method recommended for HIV-infected men [23,
55], which implies that sperm wash preparations prior to IVF may not completely remove ZIKV.
Moreover, Mansuy et al. [56] detected ZIKV within the head of a human spermatozoon by
immunostaining against ZIKV. It is uncertain whether transmission outcomes may differ when
ZIKV is present and delivered to the oocyte as cargo within the sperm head or when bound to the

exterior surface.
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While sexual transmission of ZIKV is known to occur [26, 28, 57, 58], its impact on the female
reproductive tract, oocytes, and embryos remains unclear. VVaginal/endocervical swabs from non-
pregnant humans were positive for ZIKV by gRT-PCR [59-62]. Comparatively, ZIKV infection
during pregnancy in the mouse results in higher viral titers in female reproductive tract tissues than
infection during the non-pregnant state [44, 63]. However, uterine viral loads in the non-pregnant
state are detectable following sexual transmission [63] or intravaginal inoculation [44]. In vitro
studies have shown that ZIKV can infect human endometrial stromal cells (HESC) and
decidualized HESC [64]. In a clinical study of women undergoing oocyte vitrification cycles, no
ZIKV was detected in 13 patient endometrial biopsies where five of the patients presented with
positive vaginal VRNA at 19 days, 8, 14, 17 or 29 weeks prior to the endometrial biopsy [62]. It is
plausible that ZIKV infection may have been cleared by endometrial cells at the time of biopsy
collection, and biopsy collection closer to the time of infection, whether vector-born or sexual
transmission, may be more informative. Mouse and NHP models of ZIKV infection in the non-
pregnant state have demonstrated that intravaginal and subcutaneous inoculations result in positive
ZIKV detection in female reproductive tract tissues as well as vaginal washes/swabs [20, 30, 44,

63, 65, 66] which supports potential embryo exposure to ZIKV in the female reproductive tract.

3.6 Conclusions

Following the ZIKV outbreak in Brazil in 2016, a significant decline in pregnancy rates was
observed, which Castro, et. al. hypothesized to be due to postponement and selected termination
of pregnancy [67]. In the present study, ZIKV exposure at the time of in vitro implantation resulted
in decreased embryo survival, attachment and growth, and altered the quantity of secreted products

compared to controls. We speculate that the decline in pregnancy rates immediately following the
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ZIKV epidemic may in part be due to a decline in the successful establishment of pregnancies, via
ZIKV impeding embryo implantation, sexual transmission of ZIKV, or potentially infectious
follicular fluid, oocytes, or female reproductive tract tissues. However, further in vivo research into
the impact of ZIKV infection on embryo implantation is required to elucidate how ZIKV infection
may have impacted the pregnancy rates during the Brazil outbreak. The present study shows ZIKV
can infect embryos and impact the earliest trophoblast cell function, and therefore suggests that

ZIKV exposure could impact pregnancy sooner than previously demonstrated.
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4.1 Abstract (Original by LNB; edited by TGG and JKS)

Zika virus (ZIKV) infection of maternal and placental cells at the maternal-fetal interface is
associated with a spectrum of adverse pregnancy outcomes including fetal demise and pregnancy
loss. Trophoblast cell types that comprise the placenta include cytotrophoblasts,
syncytiotrophoblasts (STs), and extravillous trophoblasts (EVTS). To determine which trophoblast
cells are permissive to ZIKV infection and to understand how infection impacts cellular gene
expression, we utilized a rhesus macaque in vitro trophoblast stem cell model. Trophoblast stem
cells (TSCs) have been derived from primary cytotrophoblasts and represent a proliferative
trophoblast. The TSCs can be differentiated into STs and EVTs. TSCs and ST3Ds were highly
permissive to infection with ZIKV strain DAK AR 41524 (DAKAR), whereas EVTs maintained
a level of resistance to productive ZIKV infection. The impact of ZIKV on cellular gene expression
was determined by transcriptomic and miRNAome analysis. Infection of TSCs and ST3Ds results
in increased expression of immune related genes, including those in the type | and type I
interferon response. Infection impacts the size of EVs released by all three trophoblast types as
well as their protein, MRNA, and miRNA cargo, regardless of productive infection. Overall, ZIKV
exposure results in increased quantities of proteins and miRNASs detected in EVs. Altogether, these
findings suggest TSCs and STs of the nonhuman primate are permissive to ZIKV infection and
that EV analysis has the potential to identify ZIKV infection. These findings provide a foundation
for further ZIKV study and allow for potential ZIKV infection biomarker identification in a highly

translational model.
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4.2 Introduction (Original by LNB; edited by TGG and JKS)

Maternal Zika virus (ZIKV) infection is associated with adverse pregnancy outcomes including
pregnancy loss and fetal malformations [1, 2]. Zika viremia is prolonged during human and
nonhuman primate (NHP) pregnancy [2-7], which suggests there is a pregnancy-specific viral
reservoir. ZIKV has been detected in placental and fetal tissues and its presence is correlated with
pathological observations [8]. Prolonged maternal viremia and the presence of virus at the maternal

fetal interface support the premise that the placenta may serve as the viral reservoir.

The placenta is an essential organ in pregnancy as it not only conveys sufficient nutrients and
oxygen for proper development [9], but also provides signals for the adaptation of maternal
physiological systems to pregnancy. Errors in placental development and function are often
associated with adverse pregnancy outcomes [9]. The placenta comprises several trophoblast cell
types, including villous cytotrophoblasts (vCTBs), syncytiotrophoblast (STs), extravillous
trophoblasts (EVTs), as well as fetal macrophages (hofbauer cells), other immune and vascular
cells, and fibroblasts [10]. vCTBs can be induced to a proliferative stem cell-like state in vitro,

termed trophoblast stem cells (TSCs) that can be differentiated into STs or EVTs [10, 11].

Extensive data support that ZIKV infection early in pregnancy is associated with worse outcomes
than infections which occur later in pregnancy [2, 4, 12-16]. In addition, in vitro studies also have
demonstrated that early pregnancy trophoblasts are permissive to ZIKV infection, however the

impact on placental cells has not been deeply characterized. Regardless of the human culture
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systems available, the ability to relate back to early human pregnancy is limited. The ability of
clinicians and investigators to assess the risk of vertical transmission is also hindered by the lack
of knowledge of timing of infection, and inability to intervene in infected pregnancies. In addition,
based on the inconsistency with which cells are infected in vivo and, in some cases, in vitro, it is
important to establish models which can provide a platform to better understand the impact of
ZIKV on the different populations of trophoblasts present in vivo and develop methods by which
placental function can be monitored in vivo with minimal invasion. Extracellular vesicles (EVS)
are widely studied as a means to monitor cell function as a minimally invasive “liquid biopsy”
from in vivo body fluids or in vitro culture media [17, 18]. EVs also contain cell-type specific
markers, which can be used to monitor the function of specific cells [17]. The cargo packaged
within EVs, which includes nucleic acids and proteins, is often altered under diseased and infected

states [19-21].

Macaques are relevant models of human pregnancy [22] and ZIKV infection during pregnancy
[23]. In this current study, a newly established rhesus macaque early gestation TSC model [11]
was utilized to determine which trophoblast cells were permissive to infection and how infection
impacted those cells. This model has been shown to express functional characteristics
representative of early pregnancy trophoblasts. For instance, the STs secrete chorionic
gonadotropin (CG), a feature that is restricted to the first 4-5 weeks of pregnancy in the macaque
[24, 25]. The objectives of this study were to 1) determine which macaque trophoblast cell types
were permissive to ZIKV infection, 2) determine the molecular and secretory impact of ZIKV

infection, and 3) analyze placental EVs (PEVS), to determine if they could be used as surrogates



123

of trophoblast cell function. Although strains that were related to Asian lineage ZIKV have been
identified in the recent ZIKV epidemic in South America [26], in vivo mouse [27, 28] and porcine
[29] studies and in vitro human studies [30-32] suggest that strains of the African lineage may be
more detrimental to pregnancy. Hence, a strain from the African lineage was utilized to inoculate
macaque trophoblasts in vitro to assess the impact of ZIKV on cell function and EV cargo. The
outcomes of this in vitro study provide insight into how ZIKV impact trophoblasts in the first

trimester and suggests that PEV cargo may serve as readout of placental ZIKV infection.

4.3 Methods (Original by LNB; edited by TGG and JKS)

Trophoblast cell culture

Rhesus monkey TSCs [11] were graciously provided by Dr. Jenna Kropp Schmidt. The four TSC
lines used for this study were: rh010319 (male; gestation date (gd) 58; line 1); rh090419 (female;
gd 75; line 2), r121118 (male; gd 62; line 3), and rh020119 (female; gd 74; line 4). The same
protocols as previously published [11] were followed with some modifications as described. TSCs
were differentiated into either EVTs or ST3D aggregates (Supplemental Figure 1A). TSCs were

grown in 13 ml media, EVTs in 15 ml media, and ST3Ds in 10 ml media (Supp Figure 1B).

TSCs were differentiated to EVT by seeding into T75 flasks coated with 1 pg/ml collagen (col 1V;

Corning, NY, USA, Cat #354233) with 2% Matrigel added to the EVT media (Corning, Cat #
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354234). No additional Matrigel was added on day 3 when the media were changed as previously

described. Growth Factor Reduced Matrigel (0.5%; Corning, Cat #354230) was added on day six.

For ST3D culture, TSCs were plated in non-adherent T75 flasks (Thermo Fisher, Cat #174952 and
Cat #156800) and cultured for five days total. After three days, the media were removed, and fresh
media added. For additional details on the media composition and growth conditions, please see

Schmidt, et al. 2020 [11].
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Media collection

1. pooled all conditioned media
2. spun media at 500 x g for 5 min at RT

=

for EViisolation <%\
T

\y
for cytokine/growth

facter/hormone analyis

for plaque assay

~

Cell collection

/' A
% cells for RNA
/@Q cells for DNA
a

cells for protein

coverslipped cells for
immunofluorescence

d1 60 hrsy |
ZIKV/mock LDH assay
inoculation
cells were lifted,
Collected: 1 hr counted, and
plaque assay = aliquoted equally
sample (3x)
d3 48 hrs g
ZIKV/mock I
inoculation LDH assay
aggregates collected
Collected: 2 hr . over a 0.45 ym strainer,
plaque assay <= pelleted, then aliquoted
sample (3x) A \3\ equally
d3 dé 72 hrs |
ZIKVimock |
inoculation LDH assay —
cells were scraped off
j'{/\ Collected: 1 hr the flask, pelleted, then
\X} plaque assay aliquoted equally
“Y sample (2x)
B . Table 1. Logistics of trophoblast cell infections.
TSC EVT ST3iD
Vessel for cell T75 T75 T75 non-
culture adherent
Number cells/flask 7.5x10°- [ 1.5-2.0x 750,000
1.2x10°8 108
Mol 5 5 10
Inoculation vessel T75 T75 15 mL tube
Day(s) post plating 1 6 3
cells were
inoculated
Volume of 1ml Tml 300 wl
inoculum
Length of ZIKV 1 hr 1 hr 2 hrs
exposure
Length of culture 60 hr 72 hr 48 hr
post-inoculation
Volume post 13 ml 15 ml 10 ml
inoculation

Supplemental Figure 4.1. Methods overview. A) A timeline depiction of how TSCs, ST3Ds, and EVTs
were cultured, when samples were collected, and for what assay samples were collected. B) The logistics
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of trophoblast cell infection including the type of vessel used for cell culture, the number of cells plated, the
MOI, inoculation vessel, the day of differentiation cells were inoculated, volume of inoculum, length of
ZIKV exposure, length of culture post-inoculation, and media volume post inoculation. Figure made by
LNB.

ZIKV stock and infection

IKV, DAK AR 41524, NR-50338 (“DAKAR”) was obtained through BEI Resources, NIAID,
NIH, as part of the WRCEVA program. To propagate this stock for subsequent experiments, the
previously published protocol was followed [33] with minor adaptations. Briefly, Vero cells
(ATCC, Manassas, VA, USA, Cat #CCL-81) were plated at 4 x 10° cells/T75 flask in MEM
(ThermoFisher, Cat #11-095-080) containing 2% FBS (Peak Serum, Wellington, Colorado, USA,
Cat #PS-FB1) and 100 mM sodium pyruvate (Sigma Aldrich, St. Louis, MO, USA, Cat #2256).
The following day, they were exposed to DAK at an MOI of 0.1 for 1 hr in 2 ml of MEM medium.
Cytopathic effect was observed at 48 hr in the ZIKV exposed cultures, and media were collected
and spun at 15,000 x g for 30 mins at 4°C. The supernatants were then aliquoted and frozen at -
80°C until used for infection studies. The final stock was sequenced by Dr. Shelby O’Connor’s
laboratory at UW-Madison using an Illumina MiSeq instrument and compared to the ZIKV stock
reference sequence (Genbank Accession KY348860). Three single nucleotide (nt) substitutions at
nt positions 470 (synonymous mutation; serine -> serine), 3868 (missense, alanine - valine), and
3790 (missense, alanine - valine) were identified in the ZIKV stock used. The frequencies of these
substitutions were all below 16%. The stock concentration (4.6 x 107 PFU/mI) was determined by

plaque assays that were run in triplicate, as previously described [34].
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For infection of the TSCs and EVTs, one flask of cells from each TSC line was lifted and counted
just prior to infection. The MOI used was determined based on the quantity of virus calculated
from the Vero cell plaque assay described above. To infect the ST3Ds, the number of “cells” (at
this point they are aggregates) present was based on the number of TSCs added to the flask three
days prior (Supplemental Figure 1B). Duration of culture and MOI were first optimized prior to
generating experimental infection replicates. Both ZIKV-infected cells and uninfected controls
underwent the same processing except that uninfected cells were exposed to ZIKV-free Vero cell

conditioned media that was collected alongside the ZIKV stock (mock infected).

Trophoblast ZIKV Inoculations

For TSCs and EVTs, media were aspirated, and 1 ml of inoculum was added to the flask. Cultures
were incubated at 37°C and rocked gently every 15 mins for 1 hr to spread the inoculum. The
inoculum was then removed, and cells were washed once with PBS followed by addition of fresh
medium. To infect the ST3Ds that were grown in suspension, aggregates/cells were pelleted by
centrifugation at 500 x g for 3 mins, the supernatant was removed, and the cells were resuspended
in 300 ul of inoculum. Aggregates were incubated in the ZIKV inoculum for 2 hrs at 37°C and
gently disturbed every 30 mins. Since ST3Ds are grown in suspension, a larger volume of
inoculum was used, and the length of inoculation was extended to account for this increase. Next,
2 ml of PBS was added, the cells were re-pelleted by centrifugation as above, and the supernatant
was removed. A volume of 10 ml ST3D medium was added to the cells and they were then
transferred back into a T75 flask. Once fresh media were added back for all cell types, a 500 pl

aliquot was removed to serve as a baseline of initial viral titer in the culture. The aliquot was spun
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at 500 x g for 5 mins to remove any cellular debris and a plaque assay was conducted. For EVTSs,
Growth Factor Reduced Matrigel (0.5%; Corning, Cat #354230) was supplemented to the cultures
after this step. EVTs were cultured for a day longer than previously reported [11] (72 hrs total) to

extend the duration of ZIKV infection.

Sample collection: cells and media

After (mock) infection, all cells were rinsed once with PBS. At the end of the culture period, TSCs
were lifted, EVTs were scraped off the flasks, and ST3Ds were pelleted prior to aliquoting cells
for RNA, DNA, and protein isolation (Supplemental Figure 1A). Conditioned media collected
from all flasks were spun at 500 x g for 5 mins to remove dead cells and debris, pooled, and then
aliquoted and frozen back at -80°C for EV isolation, hormone analysis, Luminex assay, or plaque

assay.

EV isolation

To isolate EVs, 20 ml of media was placed onto a concentration column (Sartorius, Swedesboro,
NJ, USA, Cat # 1208L91) and spun for 60 mins at 3,000 x g at room temperature (RT). For EVT
EV samples, due to a high density of Matrigel in the conditioned media, the media were first
filtered using a 0.22 um filter (Millipore Sigma, Cat # SLGP033RS) and then spun for 60 - 90
mins. The concentrated sample was then passed through a size exclusion column (Izon, Medford,
MA, USA, Cat # SP5, serial #1000788) according to the manufacturer’s protocol and the 1.5 ml

flow through was collected. The sample was then concentrated using an Amicon concentration
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column (Millipore Sigma, Cat # UFC801024) for 45-60 min at 3,000 x g at RT. Four replicates of
20 ml media volumes were processed for EV isolation and then combined into one sample. This
sample was quantified and characterized thrice by Zetaview Nanoparticle Tracking Analysis
(NTA; methods described below). The sample was then divided into three aliquots, one each for
RNAseq by freezing in Qiazol (Qiagen, Germantown, MD, USA, Cat #217004), mass
spectrometry by freezing in PBS (FisherScientific, Cat #BP3991), and Western Blot by freezing
in Pierce RIPA buffer (Fisher Scientific, Waltham, MA, USA, Cat #P18990) with 1X HALT

(Thermo Fisher, Cat #78440).

EV sample quantification and characterization

PBS utilized for all EV dilutions was first filtered through 0.02 um filters (Millipore Sigma, Cat #
WHAG68091002) and the absence of particles was confirmed using the Zetaview NTA (Particle
Metrix, Meerbusch, Germany). EVs were quantified by NTA using the following parameters:
minimum brightness = 23, maximum size = 800, minimum size = 8, tracelength = 16, nm/class =
4, class/decade = 64, sensitivity = 80.2, frame rate = 30, and shutter = 100. Each sample was
analyzed thrice, and the coefficient of variation (CV) was calculated. The CV within each sample
set was less than <6%. To determine the percentage of potential Zika virions in the EV samples,

the percentage of particles 50-54 nm in size [35] was calculated for each sample.

To determine if Zika virions were present in the EV preparations and to co-localize ZIKV E protein

with EVs released by infected cells, an AlexaFluor-488 labeled E antibody (1:10 dilution) was
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added to EV samples and incubated for 2 hrs at RT in the dark prior to quantification with the
Zetaview NTA. Samples were diluted at least 1:1000 according to the Zetaview NTA fluorescence
protocol. As a positive control, 5.5 ml ZIKV stock was put through the EV isolation protocol,

stained with the conjugated E antibody, and evaluated by NTA following the same protocol as

described for the EV preparations. The fluorescent settings were minimum brightness = 20,

maximum size = 800, minimum size = 5, tracelength = 11, nm/class = 4, class/decade = 64,

sensitivity = 80, frame rate = 30, and shutter = 100.

Detection of ZIKV via immunofluorescence

To evaluate cells exposed to ZIKV by immunocytochemistry, additional cells were infected and
cultured as described above. For staining, TSCs were cultured for 60 hrs on col IV coated
coverslips (5 ug/ml), rinsed in PBS, and fixed with 4% paraformaldehyde (PFA; Fisher Scientific,
Cat #50-980-487) in PBS for 10 mins. Previous work showed that EVTs did not grow well on
glass coverslips. So after culture, EVTs were lifted, rinsed in PBS, fixed in 4% PFA, and cytospun
at 1000 x g for 1 min onto coverslips. ST3Ds were cultured for 48 hrs, then transferred to wells
containing col IV coated coverslips (5 pg/ml) and allowed to attach for 2 hrs. The cells were rinsed
with PBS and fixed in 4% PFA for 10 mins. After fixation, all coverslipped cells were rinsed twice
more with PBS and stored at 4°C in PBS. For immunostaining, he cells were permeabilized for 10
mins with 0.1% Triton-100 (Millipore Sigma, cat #T-9284) and then blocked for 10 mins with
Background Punisher (Biocare Medical, Pacheco, CA, USA, Cat #BP974H). For antibody details
please see Supplemental Table 1. Cells were incubated with either primary specific or IgG isotype

control antibodies diluted in DaVinci Green Diluent (Biomedical Care, PD900M) for 1 hr at RT,
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washed 3 times at 5 mins each with Tris-buffered saline with 0.1% Tween (TBST), and then
exposed to secondary mouse and rabbit antibodies and phalloidin-488 for 45 mins at RT. Finally,
the cells were stained with DAPI for 5 mins, washed in Milli-Q water, and then coverslips were
adhered to slides using ProLong Diamond Mountant (Fisher Scientific, Cat # P36961). The
following day the sides were imaged using a Nikon confocal microscope and Elements software

(Nikon, Tokyo, Japan).
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Lactate Dehydrogenase (LDH) Apoptosis Assay

To determine if ZIKV induced cell death, an LDH (Cytotox96 non-radioactive cytotoxicity assay,
Promega, Madison, WI, Cat #G1780) time course was completed on each cell type; infection of
Vero cells was done as a positive control. For this assay, additional cells were inoculated at the

same MOI and length of duration as previously stated and shown in Supplemental Figure 1A.

TSCs (100,000 cells/well) were seeded into 24-well col 1V coated plates (Corning, Cat #3527).
The following day they were exposed to ZIKV or mock infected. EVTs were plated (100,000
cells/well) in collagen 1V coated 24-well plates and differentiated in the wells following the
previously stated media changes. ST3Ds were differentiated in non-adherent T25 flasks and after
they were exposed to ZIKV (day 3 of differentiation, as previously stated) they were transferred
(three-quarters of a T25 flask/well) to non-adherent 24-well plates (Eppendorf, Hamburg,
Germany, Cat #0030 722.019). Vero cells were plated in 24-well plates and then exposed to ZIKV
atan MOl of 1, 5, or 10 for 1 hr the following day. Cells were plated such that three ZIKV-exposed

and three control wells were quantified at each time point.

After the ZIKV exposure (as previously determined for each cell type), cells were rinsed once with
PBS and then an LDH assay was performed. For the LDH assay, media were removed, the cells
rinsed with PBS, and then 100 ul of 1X lysis solution was added. The cells were incubated in lysis

solution at 37°C for 45 mins. After the 45 min incubation, 50 pl was removed and put into a 96-
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well plate. A volume of 50 pl of the CytoTox 96 reagent was added and the plate incubated for 30
mins at RT in the dark. Finally, 50 pl of Stop Solution was added, and the plate was immediately
read at 490 nm. The average among the three wells was calculated and the change in LDH in
infected cells compared to controls was determined. To determine the change in LDH, ZIKV LDH

absorbance was divided by the control LDH absorbance.

Plaque assay

To determine the quantity of virus in the conditioned media, plague assays on Vero cells were
conducted as previously reported [34]. Samples were assessed in duplicate (EVT samples) or

triplicate (TSC and ST3D samples).

Hormone quantification

Monkey chorionic gonadotropin (mCG) and progesterone assays were performed as previously
reported [34]. Samples were run in duplicate and unconditioned media were analyzed to determine
background mCG and progesterone. The lower limit of detection for the mCG and progesterone is

0.1 ng/ml and 10 pg/ml, respectively.

Total RNA isolation from cells

Total RNA was isolated from cells using an RNeasy kit (Qiagen, Cat #74104) following kit

recommendations with modifications. A volume of 700 ul of Qiazol was added to the cell pellet
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and then frozen at -80°C until RNA extraction. The protocol was followed with the same minor
adaptations as with the miRNeasy kit. A 15 min DNAse treatment was performed on the column

using RNase-Free DNase (Qiagen, Cat # 79254) prior to washing the column.

Total RNA isolation from EVs

Each EV sample was diluted in 5x Qiazol and incubated for 5 mins at RT prior to freezing at -
80°C until RNA extraction. The miRNeasy serum/plasma kit (Qiagen, Cat #217184) was used to
isolate total RNA from EVs following the manufacturer’s protocol with minor adaptations. The
Qiazol with Chloroform was overlaid onto phase maker tubes (ThermoFisher, Cat #A33248) and
then spun at 4°C at 16,000 x g for 15 mins. In addition, two RPE washes of 500 pl were applied
prior to RNA elution. All samples were eluted in 30 pl RNAse free water and the initial elution
was placed back on the column to increase RNA concentration. Sample concentration and purity

was determined with the NanoDrop One (ThermoFisher, Cat # ND-ONE-W).

miRNA-seq library prep, sequencing and statistical analyses

The total RNA quality and quantity was assessed using a Bioanalyzer 2100 (Agilent, CA, USA).
Approximately 1 pg of total RNA were used to prepare small RNA cDNA libraries utilizing the
specified protocol for the TruSeq Small RNA Sample Prep Kit (lllumina, San Diego, USA).
Single-read sequencing of 50 bp was performed on an Illumina Hiseq 2500 at LC Sciences LLC

(Houston, Texas, USA).
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Raw reads were subjected to a proprietary, ACGT101-miR program (LC Sciences) to remove
adapter dimers and to filter out junk, low complexity, common RNA families (rRNA, tRNA,
SnRNA, snoRNA) and repeated reads. Subsequently, unique sequences of 18-26 nucleotides in
length were mapped to macaca mulatta precursors in miRBase 22.0 via an NCBI BLAST search
to the macaque reference genome 10 (mmul 10) to identify known and novel miRNAs. Length
variation at both 3’ and 5’ ends and one mismatch inside of the sequence were allowed in the
alignment. The unique sequences mapping to mature miRNASs in hairpin arms were identified as
known miRNAs. The unique sequences mapping to the other arm of known selected species
precursor hairpin opposite to the annotated mature miRNA-containing arm were considered to be
novel 5p- or 3p derived miRNA candidates. The remaining sequences were mapped to other
selected species precursors in miRBase 22.0 by BLAST search, and the mapped pre-miRNASs were
further BLASTed against the specific species genomes to determine their genomic locations. The
above two were defined as known miRNAs. The unmapped sequences were BLASTed against the

specific genomes, and the hairpin RNA structures containing sequences were predicated from the

flank 80 nt sequences using RNAfold software (http://rna.tbi.univie.ac.at/cqgi-bin/RNAWeb
Suite/RNAfold.cgi). The criteria for secondary structure prediction were: (1) number of
nucleotides in one bulge in stem (<12) (2) number of base pairs in the stem region of the predicted
hairpin (>16) (3) cutoff of free energy (kCal/mol <-15) (4) length of hairpin (up and down stems
+ terminal loop >50) (5) length of hairpin loop (<20). (6) number of nucleotides in one bulge in
mature region (<8) (7) number of biased errors in one bulge in mature region (<4) (8) number of
biased bulges in mature region (<2) (9) number of errors in mature region (<7) (10) number of

base pairs in the mature region of the predicted hairpin (>12) (11) percent of mature in stem (>80).


http://rna.tbi.univie.ac.at/cgi-bin/RNAWeb
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Differential expression of miRNAs based on normalized deep-sequencing counts was analyzed by
either using the student t-test (two group comparison) or ANOVA (three group comparison) with

R software.

Poly(A)RNAsequencing: library prep, sequencing and statistical analyses

RNA integrity was checked with Agilent Technologies 2100 Bioanalyzer. Poly(A) tail-containing
MRNAs were purified using oligo-(dT) magnetic beads with two rounds of purification. After
purification, poly(A) RNA was fragmented using a divalent cation buffer in elevated temperature.
The poly(A) RNA ¢cDNA sequencing library was prepared following Illumina’s TruSeq-stranded-
MRNA sample preparation protocol. Quality control analysis and quantification of the sequencing
library were performed using Agilent Technologies 2100 Bioanalyzer High Sensitivity DNA Chip.
Pair-end sequencing reads of 150 bp reads were generated on an Illumina NovaSeq 6000

sequencing system.

For cell poly(A)seq data, sequencing reads were filtered to remove adaptors and primer sequences
and to remove sequences with a quality score lower than 20 [36]. The cleaned sequencing reads
were aligned to the reference genome
[https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/003/339/765/GCF_003339765.1 Mmul _10]
using the HISAT2 package [37]. Multiple alignments with a maximum of two mismatches were

allowed for each read sequence (up to 20 by default). HISAT2 also built a database of potential
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splice junctions. Transcript abundance estimation and differential expression analysis of aligned
reads of individual samples were assembled using StringTie [38]. Transcriptomes from all samples
were then merged to reconstruct a comprehensive transcriptome using a proprietary Perl script
designed by LC Sciences. Following transcriptome reconstruction, raw read counts were filtered,
normalized, and differential expression determined with DESeq2 [39] and edgeR [40, 41]. The
gImLRT test was used for edgeR differential expression analysis. EdgeR normalized values were

used to produce the heatmaps.

For EV poly(A)seq data, sequences were filtered, adaptors removed, and sequences aligned with
Salmon. Since only eight samples were sequenced, EVs released by control TSCs and ST3Ds (five
total samples) were combined and compared to EV data obtained from ZIKV exposed TSCs and
ST3Ds (three total samples). Due to limited sample size differential expression analysis was not

performed.

Validation of gene expression by gRT-PCR

A second RNA sample was extracted to generate technical replicates to validate gene expression
changes by gRT-PCR that were initially identified by Poly(A)-sequencing analysis. cDNA was
synthesized with a SuperScript Il First-Strand Synthesis kit (ThermoFisher, Cat # 18080051)
using 1 pg RNA per reaction. The manufacturer’s protocol was followed and the Oligo dT primer
was used. qRT-PCR was performed with iQ SYBR Green Supermix (Bio Rad, Cat #1708882)

following the manufacturer’s recommendation for primer concentration, master mix formulation
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and primer concentration. Beta-actin mRNA was amplified in parallel to serve as the reference
gene and the primer sequences are listed in Supplemental Table 2. cDNA was diluted 1:10 and
reactions were run in triplicate. The cycling protocol indicated with the kit was followed. Beta-
actin was used to normalize and 222" method [42] was used to determine changes in transcript
abundance. Data are presented as the log. fold change in expression with the p-values calculated

via a t-test on the ACt values for each transcript.

Supplemental Table 4.2. Primer sequences for qRT-PCR.

Gene Forward (3°->3°) Reverse (57 -> 37) Amplicon size
ACTB | CTA CCA TGA GCT GCG TGT GG GTA CAT GGC TGG GGT GTT GA 130
INFLI | ATC GTG GTG CTG GTG ACT TT TTG AGT GAC TCT TCC AAG GCA 170
ISG20 | TGC TGT GCT GTA CGA CAA GT CCA AGC AGG CTG TTC TGG AT 339
04SL | CAT CGT GCC TGC CTA CAG AG GAC CTG GCT TTC ACA TAC TGC T 219

DDX538 | CTG GTT CCG TGG CTT TTT GG CCC CTT AGT GGA GCA AAT CTG T 238
IFNB] | CTC CTG TTG TGC TTC TCC ACT AAT GCA GCG TCC TCC TTC TG 203

DHX58 | AAG ATC CTG CAA AGG CAG TTC A TAC TTC TTG CTG GTC CCT CTG G 204

PARPI4 | CCA AGA ATG GCC AGA CAA TGA CTT TCC ATA TGC CAC AGC ATT C 128
MTIE | CTG GCT GCG TTT TTG CCT TA TCT TCT TGC AGG AGG TGC ATT 147
MTXI | CGT GTT TGC CTC TTC ATT GGG CAC AGG AAC CAT CAG GCG AG 86

Protein quantification and sample preparation

EV and cell protein samples for Western Blots were solubilized in Pierce RIPA buffer with 1X
HALT, sonicated for 3-6 s, spun down at 10,000 x g for 10 mins, and frozen at -80°C. Samples
were quantified using the BCA assay as previously described [11]. For cell samples, 2-4 samples

were quantified to estimate the total amount of cell protein in the study.

Western Blots

EV samples were diluted in 2 or 4X TPA buffer (2X recipe: 20 mM TRIS, 2 mM EDTA, 1 mM

NazVOs, 2 mM DTT, 2% SDS, 20% glycerol, and a few drops of bromophenol blue) and heated
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for 5 mins at 70°C. Cluster of differentiation (CD) 9, Heat shock protein 70 (Hsp70), and calnexin
were stained for based on the MISEV 2018 guidelines [43]. To detect ZIKV, the envelope (E) and
nonstructural protein 2B (NS2B) antibodies were used; see Supplemental Table 1 for antibody

information.

A total of 3 pg of cell, EV, or an in-house quality control (QC) protein sample was added per well
of a 12% polyacrylamide gel along with 8 ul PageRuler Standard (Thermo Fisher, Cat #26616).
Samples were prepared such that 2 identical blots were run at the same time. Gels were run in
Running buffer (National Diagnostics, Cat # EC870). Protein transfer was done using the GENIE
Electrophoretic Transfer (IdeaScientific, Minneapolis, MN, USA) and Transfer buffer (National
Diagnostics, Cat # EC880) with 20% methanol (Fisher Scientific, Cat #A412P-4). Protein was
transferred onto PVDF paper (Millipore Sigma, Cat # IVPH00010, Billerica, MA, USA) for 90
mins at 0.5 amps with a Power Pac HC power supply (Bio Rad, Cat #1645052). The blots were
blocked at 4°C overnight in 5% nonfat dry milk (RPI, Cat # M17200, Mount Prospect, Illinois,
USA) in 1X TBST. Blots were incubated in primary antibody (at the concentrations specified in
Supplemental Table 1) for 1 hr on a rocker in 5% milk at 37°C. The blots were then washed in 1X
TBST three times for 5 mins each at RT and then exposed to either mouse or rabbit secondary
antibody for 1 hr on a rocker in 5% milk at 37°C. The blots were washed again in TBST three
times for 5 mins each at RT and then exposed to Immobilon Crescendo HRP (Millipore Sigma,
Cat # WBLURO0100) for 3 mins at RT and imaged in a Bio-Rad ChemiDoc XRS+ with ImageLab

software.
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Mass spectrometry for proteomics: sample processing, data collection, and data analysis

EV preparations were submitted to the University of Wisconsin Mass Spectroscopy/Proteomics
Facility through the Biotechnology Center. Isolated EVs in PBS (5 - 10 pg protein) were acidified
with trichloroacetic acid (TCA,; Fisher Scientific, Cat #A322-100) (10% vol:vol final) to inactivate
ZIKV, diluted with water to 200 pl total volume, and then 250 pl of acetone and 50 ul of TCA
were added. Samples were sonicated for 2 mins at 6°C in a sonication bath to lyse and release
protein content, incubated on ice for 45 mins to facilitate protein denaturation and precipitation
and then spun for 10 mins at RT with max speed (16,000 x g). Protein pellets were washed once
each in acetone and methanol and then re-solubilized and denatured in 20 pl of 8 M Urea, 50 mM
NHsHCO3z (pH 8.5), 1ImM TrisHCI. Samples were then diluted to 60 ul with 2.5 pul of 25 mM DTT,
5 ul MeOH, and 32.5 pl 25 mM NH4HCO3 (pH8.5), incubated at 52°C for 15 mins, cooled on ice
to RT, and then 3 pl of 55 mM lodoacetamide (IAA) was added for alkylation and incubated in
darkness at RT for 15 mins. Reactions were then quenched by adding 8 pl of 25 mM DTT. Finally,
6 ul of Trypsin/LysC solution [100 ng/ul 1:1 Trypsin (Promega) and LysC (FujiFilm) mix in 25
mM NH4HCOz3] and 23 ul of 25 mM NH4HCO3 (pH8.5) was added to 100 pl final volume.
Digestion was conducted for 2 h at 42°C, 3 ul of trypsin/LysC mix was added, and then the
digestion proceeded overnight at 37°C. Reaction was terminated by acidification with 2.5% TFA

[Trifluoroacetic Acid] to 0.3% final concentration.

NanoLC-MS/MS was completed as previously described [44]. The Lumos acquired MS/MS data
files were searched using Proteome Discoverer (ver. 2.2.0.388) Sequest HT search engine against

Uniprot Rhesus macaque proteome database (UP000006718, 11/19/2020 download, 44,378 total
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entries) using previously published settings. Static cysteine carbamidomethylation, and variable
methionine oxidation plus asparagine and glutamine deamidation, 2 tryptic miss-cleavages and
peptide mass tolerances set at 15 ppm with fragment mass at 0.6 Da were selected. Peptide and
protein identifications were accepted under strict 1% FDR cut offs with high confidence XCorr
thresholds of 1.9 for z=2 and 2.3 for z=3 and at least 2 PSMs per protein identification. Strict
principles of parsimony were applied for protein grouping. Chromatograms were aligned for
feature mapping and area-based quantification using unique and razor peptides. Normalization was

performed on total peptide amount and scaling on all averages.

Luminex assay on conditioned media

To quantify secreted immunomodulatory proteins and growth factors, conditioned media were
analyzed with the Protcarta 37-plex as previously described [34] and a custom Bio-Rad 6-plex
based on the Human Inflammation Panel 1 (BioRad, Cat# 171AL001M). For both assays, samples
were run in duplicate on a Bioplex 200 instrument (BioRad, Cat #171000201). Data were analyzed
with the Bioplex Manager Software. The lower level of quantification for each analyte is listed in

the figure legend and is based on the manufacturer’s quantifications.

DNA preparation

Cell pellets were frozen at -80°C until DNA extraction. DNA was extracted using a Qiagen
FlexiGene kit (Qiagen, Cat # 51206) according to the “Isolation of DNA from cultured cells”

protocol. Two to four samples were extracted per sample type and DNA was dissolved in 100-500
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ul of the kit’s FG3 buffer. If the sample was viscous after the heat incubation, it was sonicated for

3-6 s on ice. DNA was quantified using a Nanodrop One spectrophotometer.

Statistical analysis

Data are represented as the mean + standard error of the mean (SEM) of four biological replicates.
For Zetaview NTA, each sample was processed at least thrice and the CV was calculated. All
secreted protein data was normalized to the total DNA calculated for that sample set. Statistical
analysis of secretion data was performed using GraphPad Prism 9.0 (GraphPad Software) by first
log transforming the data prior to conducting a one-way ANOVA test with a post-hoc Bonferroni
correction applied (p < 0.05). Zetaview NTA data were also analyzed in GraphPad Prism using a

Kruskal-Wallis test and post-hoc Dunn’s correction.

For the mass spectrometry and Poly(A)seq data, significance was determined with an adjusted p-
value < 0.05 and 1 < log> fold change < -1. For the miRNAseq data, a p-value < 0.05 and 1 <1 log>
fold change < -1 were cut-off values. For heatmaps, the rows were organized by hierarchical
clustering using agglomerative clustering with Ward's minimum variance method and the

Euclidean distance metric.

Data availability

Data has not yet been uploaded to GEO but will be uploaded prior to manuscript submission.
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4.4 Results (Original by LNB; edited by TGG and JKS)

Differentiation of trophoblast stem cells alters cell permissibility to ZIKV.

Since maternal ZIKV infection early in pregnancy is associated with a high rate of pregnancy loss
and fetal malformations, an early-gestation in vitro macaque TSC model was used to determine
which trophoblast cell types are permissive to infection. Preliminary time-course experiments
testing two to three multiplicities of infection (MOIs) were performed for each cell type to assess
viral replication through 72 hrs of culture (Figure 1A). The amount of infectious virus detected in
TSCs and syncytiotrophoblasts (ST3Ds) plateaued at 60 and 48 hrs, respectively. For TSCs, an
increase in infectious virus was observed with an MOI of 5 resulting in more virus production than
an MOI of 1 or 10. In ST3Ds, more infectious virus was produced at an MOI of 10 than an MOI
of 1. An increase in infectious virus was not observed during the EVT time course; however, to
determine if the extracellular matrix (collagen-coated wells and Matrigel supplemented to the
media) used to differentiate EVTs masked accurate quantification of ZIKV, a subsequent
experiment was performed in which ZIKV was inoculated to collagen-coated wells containing
media supplemented with Matrigel that lacked cells (“no cells”). A ~100-fold decrease in
infectious virus was observed in the “no cells” wells after inoculation confirming that the matrix
did not “trap” virus being released by EVTs, and thus that there was indeed limited infection in
EVT cultures (Figure 1A). Compared to the amount of virus detected in the “no cells” wells at 60
hrs (mean 2.2 plaque forming units (PFU) logio/ml), there was over 100-fold more virus (mean 3.8
PFU logio/ml) in the EVT samples at 60 hrs. The half-life of ZIKV is ~12 hours [45], which
supports the decrease in infectious virus observed over time in the “no cell” wells. For subsequent

EVT infection experiments, cells were inoculated at an MOI 5 and cultured for 60 hrs.
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The analysis of extracellular vesicles (EVSs) as a readout of cell function was of great interest in
this study. For that reason and for the desire to minimize cytotoxic effects, the length of culture
was chosen based on when the amount of virus being produced began to plateau, with the idea
being that EVs released by cells during peak viral infection would show the most impact. MOls
were chosen based on whether there was a substantial increase in viral production. An MOI of 5,
10, and 5 were used to infect the TSCs, ST3Ds, and EVTs, respectively. Inoculated and mock-
inoculated control TSCs were cultured for 60 hrs, while ST3Ds and EVTs were cultured for 48
and 72 hrs, respectively. At the culture endpoint, cells and culture media were collected to assess
the cellular impact of ZIKV and to isolate EVs for cargo analysis, respectively. Supplemental
Figure 1A illustrates the sample collection paradigm. After cells were exposed to ZIKV or treated
as mock-infected controls, an aliquot of culture medium was immediately collected to assess
baseline (initial=i) viral titers. After 48-72 hrs of culture, a final (f) aliquot of medium was
collected to assess viral replication by plaque assay. The quantity of infectious virus detected in
the TSC and ST3D samples increased significantly by ~100-fold between the initial and final time
points within the respective cell type (TSCi = mean 4.20 logio + SEM 0.16, TSCs= mean 6.35 log1o
+ SEM 0.17, ST3Di = mean 4.53 logio + 0.04, ST3Ds= mean 6.32 logio + 0.07; Figure 1B). A
minimal change in infectious virus was detected in the EVT samples (EVTi = mean 4.28 logio

0.14, EVT= mean 4.58 logio £ 0.23; Figure 1B).

Cellular ZIKV infection was validated by evaluating the presence of ZIKV envelope (E) and non-

structural (NS2B) within inoculated and mock-inoculated trophoblasts. ZIKV E and NS2B
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proteins were detected via Western Blot in the ZIKV exposed cells but not in uninfected (control)
cells (Figure 1C). Neither ZIKV protein was observed in inoculated EVT samples, supporting the
minimal increase of infectious virus from the plaque assays. Positive ZIKV E protein detection via
immunofluorescent staining further supported that TSC and ST3D are clearly permissive to ZIKV,
while few EVTs stained positive for ZIKV. (Figure 1D). Full Western Blot and isotype control

immunofluorescence staining images are shown in Supplemental Figures 2 and 3, respectively.

To determine if the MOIs chosen for infection induced a cytotoxic effect, cellular Lactate
Dehydrogenase (LDH) was assayed in each cell type (TSC, ST3D, and EVT). Vero cells were
used as a positive control as they are highly permissive to ZIKV, and cytopathic effect is observed
following ZIKV infection (Figure 1E). If ZIKV induced cell death there would be less LDH
detected in infected cells than in the controls, which would result in a ZIKV: control ratio less than
one. However, a consistent decrease in LDH absorbance was not observed in trophoblasts, whereas
a decrease in the LDH ratio was observed in Vero cells at 48 hrs that continued through 86 hrs.
These data suggest that ZIKV did not induce cell death in the trophoblast cells used in this study.

These findings further support the MOI and length of culture chosen for this study.
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Figure 4.1. Early gestation trophoblast cells are permissive to ZIKV infection. A) Quantification of
infectious virus by plaque assay upon testing the duration of culture and multiplicity of infection (MOI)
dose response for each cell type (TSC, ST3D, EVT, or “no cells”). The number of cell lines, n, is indicated
within parentheses next to the MOI. The quantity of infectious virus detected at each time point represents
accumulated virus over time since the previous time point from the same well. B) Quantification of
infectious virus by plaque assay with optimized MOI and duration of culture (i subscript = initial time
point; f subscript = final time point) for each cell type and cell line (indicated by circle color). The mean
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plaque forming units (PFUs) + the standard error of the mean (SEM) is shown for the four samples per
group. Significance, determined with unpaired t-tests, is indicated directly on the graph. C) Western
Blotting of ZIKV E, NS2B, CD9, Calnexin, and Heat shock protein 70 (HSP70; loading control) proteins
for each cell line (n = 4) and cell type. Equal amounts of protein (3 pg) were loaded into each lane. D)
Immunostaining for ZIKV E protein. The top panel shows bright field images of trophoblasts after ZIKV
exposure. ZIKV infected cells (middle panels) and control cells (bottom panel) were stained with an
antibody against ZIKV E protein (yellow) and a nuclear stain (DAPI; blue). E) LDH time course data
collected on TSCs, ST3Ds, EVTs, and Vero cells. Data is presented as the mean of biological and technical
replicates at each time point. The y-axis is presented as ZIKV LDH absorbance/control LDH absorbance,
where a value > 1 indicates less cell death in ZIKV exposed cells and a value <1 indicates more cell death
in ZIKV exposed cells. Figure made by LNB.

ST3D EVT

TSC

Supplemental Figure 4.2. Rabbit 1gG controls and ZIKV uninfected control images. A) Rabbit 1gG
controls on TSC, ST3D, and EVT cells to verify the ZIKV E antibody was specific. Figure made by LNB.

uninfected IgG control

ZIKV IgG control
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Supplemental Figure 4.3. Full Western Blots and control immunocytochemistry images. Full Western
Blots. A-C) The full Western Blots of TSCs, ST3Ds, EVTs lysates are shown with the ladder merged with
the stained blot. D) The Western blots completed on six EV lysates with three cellular lysates included as a
control. E) A Western Blot completed on six of the EV lysates submitted for mass spectroscopy. Figure
made by LNB.
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ZIKYV infection impacted cellular innate immune gene expression.

Next generation RNA sequencing was performed to assess the impact of ZIKV on the cellular
transcriptome. Transcriptomic analysis by Poly(A)seq found 82 (52 upregulated, 30
downregulated) and 113 (90 upregulated; 23 downregulated) genes to be differentially expressed
in infected TSCs and ST3Ds, respectively, compared to control with a greater proportion of the
DEGs being upregulated in response to infection (Figure 2A, 2B). Figure 2C presents a Venn
diagram of upregulated mRNAs within the three trophoblast cell types. Transcriptomic analysis
identified 13 genes significantly upregulated by ZIKV infection in both ST3Ds and TSCs,
including: APOL2, CXCL11, DDX58, IFIT2, IFNB1, IFNL1, INFL2, IFNL3, IRF1, 1SG20,
OASL, PARP14, and SCNN1D. No significantly down regulated genes were similar between
ST3Ds and TSCs. PILR alpha-associated neural protein (PIANP) was the only gene found to be
significantly different (ZIKV mean 15.25 logio + SEM 2.72, control mean 0 logio + SEM 0) in

EVTs exposed to ZIKV (Figure 2D).

Integrated Pathway Analysis (IPA) was performed on the TSC (Figure 2E) and ST3D (Figure 2F)
data sets. IPA identified “role of hypercytokinemia/hyperchemokinemia in the pathogenesis of
Influenza” to be highly upregulated and the ‘“coronavirus pathogenesis pathway” to be
downregulated by ZIKV infection in TSCs and ST3Ds. The “role of PKR in interferon induction
and antiviral response” was another top canonical pathway upregulated by ZIKV infection in TSCs
(TSC-2) (Figure 2E). Of the top five most significant diseases or functions identified by IPA in
the TSC-Z cell mMRNA data, four of them were related to viral replication and three were predicted

to have decreased activation (data not shown).
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The top canonical pathways upregulated by ZIKV infection in ST3D (ST3D-Z) cells included
“interferon signaling”, “activation of IRF by cytosolic pattern recognition receptors”, “role of
pattern recognition receptors in recognition of bacteria and viruses”, “systemic lupus
erythematosus in B cell signaling pathway”, and “retinoic acid mediated apoptosis signaling”
(Figure 2F). The “LXR/RXR activation” also was downregulated in ZIKV infected ST3D cells.
Diseases and function IPA analysis of the ST3D-Z data predicts increased activation of the

29 ¢¢

“antiviral response” and decreased “activation of viral infection,” “replication of viral replicon,”

and “replication of RNA virus” (data not shown).

The expression of seven of genes (PARP14, 1SG20, DHX58, INFL1, DDX58, IFNb1, and OASL)
involved in the antiviral response and two genes (MT1E and MT1X) involved in the anti-apoptosis
pathway [46, 47] were validated with qRT-PCR (Figure 2G). The trends in expression observed
with gRT-PCR agreed with those identified by Poly(A)-seq analysis (Supplemental Table 3). TSC-
Z or ST3D-Z samples had a significant increase in expression of six and seven genes, respectively,
of these genes with only minor elevations in PAPR14, DHX58, IFNL1, DDX58, IFNb1, and OASL
genes in EVTs (Figure 2G). A trend in decreased expression of MT1E and MT1X was confirmed

in TSC-Z samples.

Potential receptors for ZIKV entry were detected in the Poly(A)seq data, including AXL, TYRO3,

MERTK, and HAVCR1 (TIM1) (Figure 2H) [31]. DC-SIGN was not detected. AXL and HACVR1
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expression were greatest in TSCs whereas TYRO3 expression was greatest in EVTs. No
significant difference in receptor expression was observed between infected and control cells.

These findings suggest that receptor expression is not the limiting factor in EVT infection.
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Figure 4.2. The impact of ZIKV on the cellular transcriptome. A-B) Heatmaps of significantly
differentially expressed mRNAs in TSCs and ST3Ds. C) A Venn diagram of the number of genes upregulated
by ZIKV infection in TSCs, ST3Ds, and EVTs. D) A scatter plot of PIANP mRNA expression in EVTs with
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significance indicated on the graph. E, F). Top 10 canonical pathways identified in the TSC and ST3D
datasets (-logio (p-value)). Purple indicates a positive Z-score (decreased in ZIKV); green indicates a
negative Z-score (increased in ZIKV); white indicates 0 z-score (no clear indication of whether the pathway
is decreased or increased in ZIKV); and gray indicates unknown direction. The number of genes identified
in each pathway are stated on the graph. G) A bar graph of differential mMRNA expression (log, fold change)
validated by gRT-PCR in TSCs, ST3Ds, and EVTs. Significance is depicted on the graphs (* p <0.05; ** p
<0.01; *** p <0.001; **** p <0.0001). H) Normalized log (x + 1) transformed counts per million reads
(CPM) determined by edgeR for candidate ZIKV receptors. Figure made by LNB.
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ZIKV infection altered the cellular miRNAome.

Placental miRNAs are temporally expressed throughout gestation and have critical roles in
trophoblast differentiation and function [48, 49], thus the miRNAome was profiled to assess
alterations in expression relative to infection. miRNA-seq identified 849 miRNAs in the TSCs,
704 miRNAs in ST3Ds, and 668 miRNAs in the EVTs were detected. In the TSCs, 5 miRNAs
were significantly decreased and 10 significantly increased in infected versus control cells (Figure
3A). Despite modest infection of EVTs, as determined by plaque assay of culture media (Figure
1A), 19 miRNAs were significantly increased in infected versus control EVTs (Figure 3B).
Although ST3Ds were highly infected, only PC-3p-49144 396 (ZIKV 3.89 CPM % 1.38 SEM,
control 1.48 CPM % 0.30 SEM) and mml-miR-324-3p (ZIKV 2.88 CPM * 1.59 SEM vs control
0.40 CPM £ SEM 0.81) had significantly (p<0.05) increased expression in ST3D-Z cells (Figure
3C). PC-3p-49144 396 has sequence homology to the human miRNA hsa-miR-328-3p

(Supplemental Table 4).

The chromosome 19 miRNA cluster (C19MC) is exclusive to primates and predominantly
expressed in the placenta [49], and antiviral roles have been associated with miRNAs of this cluster
[50]. Expression of C19MCs miRNAs were compared across all infected and control trophoblasts
(Figure 3D). The miR-371-3 miRNA cluster is also highly expressed in the placenta [49] and was
assessed in infected and control trophoblasts (Figure 3E). One of the TSC lines (4) expressed very
high levels of the miR-371-3 miRNAs compared to the other TSC lines or other cell types. C19MC
and C371-373 expression was not consistently impacted by infection across or within cells, but

rather individual cell lines had different responses to infection.
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To determine how ZIKV infection impacted miRNA expression amongst cell types, miRNAs
found to be significantly differentially expressed in one cell type were examined in the other cell
type datasets (Supplemental Figure 4A). miR-324-3p, miR-99b-3p, miR-335-5p, miR-145-3p,
miR-132-5p, miR-421, miR-497-5p, miR-671-5p, miR-491-5p, mir-1249, and miR-7189-3p were
upregulated by ZIKV infection in all three cell types (TSC, ST3D, EVT). miR-30b-3p, miR-30d-
3p, and mir-517b were downregulated by ZIKV infection in all three cell types. miR-145-3p was

only detected in EVTs and was significantly increased by ZIKV infection.
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Figure 4.3. The impact of ZIKV exposure on the cellular miRNAome. A) Significantly differentially
expressed miRNAs are highlighted in the volcano plots for TSCs and (B) EVT mRNA expression. Orange
indicates a decrease in ZIKV samples and green indicates an increase. C) Significantly differentially
expressed miRNAs detected within the ST3Ds depicted as two scatter plots. Significance is indicated on the
graphs. (D) C19MC and (E) miR-371-2 cluster expression was compared among all samples with the
Euclidean distance metric. Figure made by LNB.
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Supplemental Figure 4.4. miRNA comparison across cell types. A) A bar graph of miRNAs found
significantly differentially expressed in the different cell types. B-D) Bar graphs of miRNAs found
significantly differentially expressed in TSC, ST3D, and EVT EVs. A positive log, fold change indicated
upregulation in ZIKV infected cells/EVs and a negative log, fold change indicated downregulation. miRNAs
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with an infinite fold change (positive or negative) reach the edge of the x-axis. Significance is indicated on
the graphs (* p <0.05; ** p <0.01, *** p <0.001). Figure made by LNB.

ZIKV infection did not alter trophoblast secretion of hormones and modestly impacted

cytokine secretion.

To assess the impact of infection on trophoblast function, secretion of hormones, cytokines,
chemokines, and growth factors within conditioned cell culture media was assayed. Chorionic
gonadotropin (CG) and progesterone are two key hormones in the recognition and maintenance of
pregnancy [51]. There were no differences in CG or progesterone secretion between infected and
control samples for TSC, ST3D, and EVTs (Supplemental Figure 5A). TSCs secreted minimal CG
or progesterone, in agreement with our previous report [11]. ST3Ds and EVTs secreted
significantly more CG than TSCs. Control and ZIKV EVTs secreted significantly more
progesterone than control and ZIKV TSCs (p <0.001, p <0.01, respectively). Control ST3Ds also

secreted significantly more progesterone than control TSCs (p <0.001).

Cytokines and growth factors associated with infection and the inflammatory response were also
quantified (Supplemental Figure 5B). ITAC (CXCL11) was significantly upregulated in infected
ST3Ds compared to control (a similar trend was observed in CXCL11 mRNA expression, Figure
2B), and was more highly expressed in infected ST3Ds compared to infected TSCs. Otherwise, no
significant differences in cytokine or growth factor secretion between infected and control cells

were observed.



161

While there was not an impact of infection, there were significant differences in the secretion of a
number of cytokines and growth factors between trophoblast cell types (Supplemental Figure 4B).
Control and infected ST3D and EVTs expressed significantly more IL-1RA and bNGF than TSCs.
IL-6 was significantly upregulated in control EVTs compared to control ST3Ds. FGF-2, VEGF-
A, and VEGF-D expression was significantly increased in ST3D cells compared to TSCs or EVTs.
Conversely, some cytokines and growth factors showed no significant differences across cell type
or infection status (Supplemental Figure 5C). A list of analytes that were not detected is presented

in the Methods section.
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Supplemental Figure 4.5. Hormone, cytokine, and growth factor secretion by cell type and infection
group. A) Individual scatter plots of CG and progesterone and cytokines and (B) growth factors are shown.
C) Luminex assay data on seven analytes (MIP-1b, MCP1, IFN-beta, MMP2, IL-8, IL-28A, and IL-29)
which were detected in more than five samples but has no significant changes in expression between ZIKV
and control or between cell types. All secretions were normalized to cellular DNA quantity. Significance is
depicted on the graphs (* p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001). Figure made by LNB.

Characterization and impact of ZIKV infection on EVs

Trophoblast-secreted EVs were isolated from ZIKV and control cell conditioned media to assess
changes in their physical properties (e.g. size or quantity) and cargo (e.g. RNA and protein)
following ZIKV exposure. EV samples were characterized by Zetaview nanoparticle tracking
analyzer (NTA; Figure 4A), transmission electron microscopy (TEM; Figure 4B), and Western
Blot (Figure 4C). Collectively, the results of these analyses support the enrichment of trophoblast

EVs by the methods employed.

A consistent trend towards increased particle size was observed in TSC-Z and ST3D-Z EVs
compared to their controls (Figure 4A). This trend also was seen with EVT samples, which were
not widely infected. No differences in particle concentration were observed in any cell type,
although Figure 4A shows that TSCs tended to release fewer EVs. Six EV samples from control
and ZIKV exposed cells (two from each cell type) were imaged with TEM to verify the appropriate

shape and size of EV particles (Figure 4B).
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To determine if ZIKV proteins were packaged into EVs, EV preparations were assessed for E and
NS2B proteins by Western Blot. The ZIKV E protein was readily detected in the TSC-Z and ST3D-
Z EV samples with little detected in the EVT-Z EV samples and none in any controls via Western
Blot (Figure 4C; full blots are shown in Supplemental Figure 3D). Since ZIKV infection was not
widespread in the EVT cultures, it is not surprising that the E protein was not detected. The
presence of two proteins commonly enriched in EVs, CD9 and HSP70, was also determined. CD9
was more highly presented in the two TSC EV (one C and one Z) samples compared to the cell
samples or EVs from ST3D or EVTs. Additionally, Calnexin, an ER resident protein not expected
to be present within EVs, was confirmed to be absent from all EV samples. In addition, Calnexin
was observed in cell samples along with CD9 (Figure 1C). Interestingly, a higher molecular weight
cross-reactive band was seen in the TSC-Z sample, however calnexin was not detected in EVs by
mass spectroscopy data so it is unlikely that the cross-reactive protein is calnexin. As a control,
three cell samples were evaluated alongside the six EV samples (Supplemental Figure 3D). In
addition, EV samples submitted for mass spectroscopy were stained for CD9 (Supplemental Figure

3E).

To assess whether ZIKV virions were present in the EV preparations, EVs were stained with a
fluorescently labeled ZIKV E antibody and analyzed by Zetaview NTA. EV preparations and
concentrated ZIKV stock (positive control) were analyzed under scatter and fluorescent modes
(Figure 4D and 4E, respectively) and the average number of particles were calculated. Through

this analysis, the total number of particles, the number of non-EV contained ZIKV-E virions (based
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on a particle size of ~50 nm and fluorescence), and the number of ZIKV-E-associated EV particles

(based on a particle size > 50 nm along with positive fluorescence) were quantified.

Zika virions are ~ 50 nm in size [35] and a shift to the left was observed in the “ZIKV stock”
histogram indicative of the abundant presence of ZIKV virions (Figure 4D) (larger particles in this
preparation may represent Vero cell-secreted EVs). The fluorescence histogram of EVs isolated
from ZIKV cultured trophoblasts, termed “ZIKV” in the figure, showed that the size of particles
ranged from ~50-300 nm (Figure 4E). The detection of ZIKV E protein in particles that are larger
in size than virions suggests that the protein was associated with the EVs. To further support these
data, the number of particles detected in the size range of ZIKV (~50 nm) were quantified in the
main 24 EV samples (same data seen in Figure 4A) and the percentage of particles between 50 and
54 nm was calculated (Figure 4F). ZIKV ST3D and EVT EV samples contained fewer “ZIKV-
sized” particles than controls, again suggesting Zika virions were not abundant in the EV samples.

Overall, these data indicate that ZIKV E protein is a component of EVs,

DAVID enrichment analysis was used to further verify the mass spectroscopy and Poly(A)-seq
data gathered from EVs (Figure 5A and 5B). Proteins identified in among all 24 EV samples
(ZIKV and control) were pooled and analyzed with DAVID. The results showed high enrichment
of “extracellular exosome” (Figure 5A). Other highly enriched cellular components include
membrane, plasma membrane, and cytosol, as expected. Based on the top 1000 genes identified in
the eight EV Poly(A)-seq samples, the most enriched cellular component also was “extracellular

exosome” (Figure 5B). Lastly, IPA on all proteins detected in the TS, ST3D, and EVT EV mass
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spectroscopy data show that ~50% of proteins isolated were cytoplasmic with ~20-25% associated
with the plasma membrane (Figure 5C). Enzymes, transporter proteins, kinases, transcription
regulators, translation regulators, transmembrane receptors, and peptidases were some of the more
abundantly detected protein types (Figure 5D). Altogether, these data support the integrity and

authenticity of these trophoblast-produced EV preparations.
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Figure 4.4. EV characterization from trophoblast-conditioned media. A) NTA analysis of the
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all 24 EV samples. B) TEM images of four EV samples (two control and two ZIKV) with scale bars
included. C) Western Blots from cell and EV samples for ZIKV E, ZIKV NS2B, Calnexin, HSP70,
and CD9. D) EV samples were characterized with NTA scatter mode and (E) fluorescent mode.
The average number of particles detected across the control samples, ZIKV samples, and ZIKV
stock were plotted. The number of samples is indicated in the parentheses. F) The percentage of
“ZIKV-sized” particles (50-54 nm) was calculated for all 24 EV samples and is plotted by
treatment group. Figure made by LNB.
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Figure 4.5. EV verification analyses and protein information analyses. A) The 392 proteins identified
in all 24 EV samples and were analyzed with DAVID enrichment. The bar plot shows the top cellular
components. B) DAVID pathways enriched on the top 1,000 genes detected among the eight EV samples
by Poly(A)-seq. For DAVID enrichment analysis, a minimum of five genes for that pathway/process and an
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adjusted p-value < 0.05 (Benjamini-Hochberg correction) were required. C-D) IPA on all proteins detected
in the TSC, ST3D, and EVT EV data provide the protein location and type. Figure made by LNB.

Mass spectroscopy analysis on EV proteins

Proteomic data analysis revealed that many proteins were significantly differentially detected in
TSC (191 total: 180 up, 11 down), ST3D (75 total: 63 up, 12 down), and EVT EVs (128 total: 78
up, 50 down) released from ZIKV exposed cells (Figure 6A-C). Interestingly, unsupervised

clustering of protein expression revealed that samples do not group by infection status.

Top diseases and biological functions predicted in TSC-Z EVs were decreased “death of embryo”,

2 ¢C

“necrosis”, “cell death of tumor cell lines,

99 ¢

organismal death,” “apoptosis of tumor cell lines,”

2 ¢

and “apoptosis” with increased prediction of “organization of cytoplasm,” “viral infection,”
“infection of cells,” and “organization of cytoskeleton” (Figure 6E upper graph). The topmost
significant predicted canonical pathways increased in TSC-Z EVs were tRNA charging, EIF2
signaling, purine nucleotide biosynthesis, actin cytoskeleton signaling, Rho GTPAse signaling,

and RhoA signaling (Figure 6E lower graph).

Top diseases and biological functions predicted in ST3D-Z cells were decreased death, lifespan,
and apoptosis with enrichment for infection and viral infection (Figure 6F upper graph). ZIKV
infection of ST3Ds was predicted to impact various pathways but directional shifts were not
identified (Figure 6F lower graph). The BAG2 (Bcl2-associated athanogene 2) signaling pathway

is enriched in the ST3D samples.
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Top diseases and biological functions predicted in EVT-Z EVs were decreased degranulation of
various cells and decreased adhesion of immune cells (Figure 6G upper graph). Despite low EVT
infection, EVs released from EVT-Z had altered granzyme A and glucocorticoid receptor signaling
(Figure 6G lower graph). EVT-Z EVs had increased NAD, Protein Kinase A, actin cytoskeleton,

and 14-3-3 mediated signaling. Ferroptosis and p70S6K signaling were decreased in EVT-Z EVs.

To determine if there are trends in protein cargo shared among the three cell types, significant
proteins detected by mass spectroscopy were compared. This comparison revealed two proteins
common among the three cell types, eight proteins between TS and EVT, two proteins between
ST3D and EVT, and 13 proteins between TS and ST3D (Figure 7H). The log: fold change is
plotted for each of those proteins with a positive change indicative of increased presence in ZIKV
EVs and negative change indicative of increased presence in control EVs. TPM2, RPS14,
RANBP1, PSMD12, PDLIM2, NMT1, MYH14, HNRNPF, EML4, DPP3, CAPNS1, Gm5621,
SLC35F6, MACF1, and EEF1D were increased in ZIKV EVs. RPL31, CLSTN1, and IFI16 were
consistently decreased in ZIKV-EVs. The other six genes (LAMC2, PYCR3, KRT16, HAT1, FLNB,

MAPT, KRT15) were increased in some cell types but decreased in others.

In terms of placenta specific protein detection in EVs, MAMU-AG4 (NCBI ID: Q5TM80) was
detected in all 24 samples. Endogenous retrovirus group FRD member 1 (Uniprot ID:

AOA1D5RO0I7) was detected in six of eight ST3D EV samples. Placenta growth factor (Uniprot
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ID: AOA1D5R9B1) and pregnancy specific beta-1-glycoprotein 7 (Uniprot ID: F6YVT1) were
detected in six of eight EVT EV samples. Pappalysin 1 (Uniprot ID: F6ZUN7) was detected in all

ST3D and EVT EV samples but no TS EV samples.
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Figure 4.6. EV proteomics analysis. A-C) Heatmaps of significantly differentially detected proteins in
TSC, ST3D, and EVT EV samples. E-G upper graphs) Top diseases and functions identified in the TSC,
ST3D, and EVT EVs. E-G lower graphs) Top canonical pathways identified in the TSC, ST3D, and EVT
EVs. Purple indicates a positive Z-score (predicted down in ZIKV); green indicates a negative Z-score
(predicted up in ZIKV); white indicates 0 z-score (no clear indication of whether the pathway is decreased
or increased in ZIKV); and gray indicates unknown direction. H) Log. Fold Change of genes identified in
multiple cell types. A positive log. fold change indicated increased detection in ZIKV EVs and negative
indicated decreased detection in ZIKV EVs. Figure made by LNB.

The impact of ZIKV on EV poly(A) and miRNA cargo

A total of 24 EV samples were submitted for Poly(A)-seq and cDNA libraries could be prepared
for eight samples (3 TSC-C, 1 TSC-Z, 2 ST3D-C, and 2 ST3D-Z). A total of 31,320 transcripts
were identified of which 2,329 transcripts were detected in all eight EV samples. Conversely,
10,085 and 3,949 transcripts were specific to either control or ZIKV EV samples, respectively.
When comparison was restricted to transcripts detected in a majority of samples (three-fifths of
control or two-thirds of ZIKV-exposed; see Figure 7A for sample flow diagram), 871 and 602
transcripts were detected only in control or ZIKV EVs, respectively. A total of 66 and 35
transcripts were identified in all three ZIKV EV samples or all five control EV samples,

respectively.

IFNL1 transcripts were only detected in EVs released by ZIKV infected cells. Two different
interleukin 1 receptor antagonist (IL1RN) transcripts were detected in the control or ZIKV EVs,
with each transcript being unique to either group (XM_001091833.4 and XM _015113137.2 in

control or ZIKV, respectively) .
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To determine what pathways were enriched in the ZIKV or control EV group, transcripts identified
in a majority of samples in that group (602 and 871 for ZIKV and control, respectively) were
uploaded to IPA (Figure 7B). Of the top 10 canonical pathways identified, only the aryl
hydrocarbon receptor signaling pathway was decreased by ZIKV exposure. Otherwise, the
pyridoxal 5’-phosphate salvage pathway, the salvage pathways of pyrimidine ribonucleotides,
ferroptosis signaling pathway, sirtuin signaling pathway, and autophagy were increased by ZIKV

exposure.

MiRNAseq on EVs

TSC-derived EVs predominantly contained miRNAs that have not been previously annotated in
the macaque reference genome. Overall, ZIKV infection resulted in more of an increase in miRNA
detection rather than decrease, except for EVT EVs. A total of 35 miRNAs were detected at
significantly different levels between ZIKV exposed and control TSC EVs (Figure 7E). Three
miRNAs (PC-5p-85350 217, PC-5p-134078, and PC-3p-116110 151) were significantly
decreased in the TSC ZIKV EV samples while 32 were increased. Of the three miRNAs with
decreased expression in TSC ZIKV EVs, only PC-3p-116110_ 151 was detected in one of the TSC
samples and none of the others were detected in any cell type. Twenty-three miRNAs were
significantly differentially detected between ZIKV exposed and control ST3D EVs (Figure 7F).
Three miRNAs (miR-122a-5p, miR-519c¢, and miR-424-5p) were significantly decreased in the
ST3D ZIKV EV and were slightly decreased in ST3D ZIKV cells (data not shown). PC-3p-
229848 66 was significantly increased in ST3D EVs and was not detected in ST3D cells. For EVT

EVs, 24 miRNAs were significantly differentially detected between ZIKV and control (Figure
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7G). One miRNA (miR-520a-3p) was significantly increased in the EVT ZIKV EV samples and

23 were decreased.

miRNAs significantly differentially represented in one cell type’s EVs were assessed in the other
cell type EV datasets (Supplemental Figure 4B-D). In all, miRNAs significantly increased by
ZIKV infection in TSC EVs were also increased (not significantly) in ST3D and EVT EVs with a
few exceptions (Supplemental Figure 4B). PC-5p-134078_127 and PC-5p-85350 217 were
significantly decreased in ZIKV TSC EVs but had increased presence in ST3D-Z and EVT-Z EVs
(3.4 and 3.5 log2 fold change, respectively), though not significantly. PC-3p-229848 66 was
significantly increased in TSC and ST3D but was not detected in EVT EVs (Figure 7E, 7F, and

Supplemental Figure 4C).
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Figure 4.7. mRNA and miRNA transcripts vary between EVs from ZIKV exposed cells and
uninfected controls. A) Schematic of the total number of transcripts detected across the eight EV samples,
the number of transcripts solely detected in either the ZIKV or control samples, the number of transcripts
detected in a majority (three of five control; two of three ZIKV samples) of the samples per group, and the
number of transcripts detected in all samples of that group. The 66 and 34 gene IDs that correspond with
transcripts identified are written below. B) Top 10 canonical pathways identified in a majority of either the
ZIKV or control EV samples (-logio (p-value)). Purple indicates a positive Z-score (decreased in ZIKV);
green indicates a negative Z-score (increased in ZIKV); and white indicates 0 z-score (no clear indication
of whether the pathway is decreased or increased in ZIKV). The number of transcripts identified in each
pathway are stated on the graph. C-E) Significantly differentially expressed miRNAs detected in TSC,

ST3D, and EVT EVs. A blue asterisk indicates that miRNA was found in other cell types. Figure made by
LNB.
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4.5 Discussion (Original by LNB; edited by TGG and JKS)

To determine which trophoblast cells are permissive to ZIKV infection and to understand how
infection impacts function, we established a novel in vitro trophoblast cell model. TSCs and ST3Ds
were highly permissive to infection, as observed by plaque assay, immunocytochemistry, and
Western Blots. Conversely, EVTs maintained a level of resistance to either ZIKV infection. The
impact of ZIKV on cell gene expression was observed in the transcriptomic and miRNAome

analyses. Infection impacted the size of EVs as well as their protein, mRNA, and miRNA cargo.

Experimental infection of in vitro macaque trophoblasts presented in this study supports the
hypothesis that ZIKV can infect early gestation trophoblast cells. Significant virus production after
TSC and ST3D ZIKV exposure, but minimal virus production after EVT exposure was observed.
First trimester trophoblast cells, first trimester placental explants, and human embryonic stem cell
(ESC)-derived trophoblast cells were shown to be permissive to ZIKV infection [31, 52, 53].
Maternal ZIKV infection early in pregnancy is associated with increased risk for pregnancy loss
and more severe complications [2, 4, 12-16]. Despite the reported placental pathologies observed
after a ZIKV infection, placental macrophages (Hofbauer cells) were often the only cells shown to
contain ZIKV VvRNA or protein with in vivo infected placentas [54]. However, human
observations can be difficult to interpret because of uncertainty about the infecting viral dose,
potentially uncertain times of infection during gestation, and limitations in the extent at which an
entire placenta can be evaluated. Thus, additional in vivo studies during the first trimester are
needed to verify trophoblast permissibility and potentially the interplay between trophoblasts and

Hofbauer cells relative to trophoblast infection. Animal models of maternal ZIKV infection will
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be critical for addressing the in vivo impact of infection on the cells of the maternal fetal interface

during early gestation.

Elevated expression of IFNs and IFN pathway-associated genes in the transcriptome data in the
current study was noted, which agrees with other studies [55-57]. The protective effect of IFNs
against ZIKV infection has been reported by others [57-59]. Secreted type Il IFNs, which are
constitutively expressed in term trophoblast cells, have been reported to protect other cells against
ZIKV infection [57]. Trophoblast cells derived from human ESCs, which are described as
primitive trophoblasts, expressed only low levels of type I and 111 IFNs [31]. However, in the
current study IFN-beta (type | IFN) and IFNL1 and IFL3 (type Il IFNs) transcript abundance
increased in ZIKV exposed cells. The different responses between human ESC-derived
trophoblasts and the TSC-derived trophoblasts in the current study suggests that the trophoblasts
derived from TSCs utilized in the current study are more representative of a different
developmental stage than trophoblasts derived from human ESCs. It should be noted that changes
in IFN concentrations measured by Luminex assay were not detected in response to ZIKV
infection, which could be due to suboptimal cross-reactivity or sensitivity of the Luminex assay

with the macaque protein, or translational block of the mRNAs detected in RNAseq experiments.

Based on the transcriptomic and gRT-PCR data, ZIKV exposure induced a cellular immune
response. Cells maintain multiple mechanisms to identify and curtail a viral infection, including
inhibiting protein translation, degrading viral mRNA transcripts, and alerting immune cells via

cytokine secretion [60, 61]. While an immune response is critical for mitigating infection, the
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interplay between the trophoblast response and the maternal immune response to infection, and

the impact of both on the semi-allograft fetoplacental unit remains unclear.

miRNAs also are important for the trophoblast antiviral response [62]. miR-24 was significantly
increased in TSCs exposed to ZIKV and is involved in antiviral functions against RSV and
influenza viruses via the MAPK pathway [63]. In the current study, PC-3p-49144 396 miRNA
was significantly upregulated in ST3D-Z cells and had a trend towards increased levels in EVT-Z
cells. PC-3p-49144_396 is homologous to the human hsa-miR-328-3p. Hepatitis B infection of
HLE-2, a liver cell line, resulted in increased expression of hsa-miR-328-3p and increased cell
injury [64]. The authors found that miR-328-3p mediated its effect via Forkhead box protein O4
(FOXO04) regulation [64]. FOXO4 was not differentially expressed in the cells used in the current
study. mml-miR-324-3p was significantly increased in ST3D-Z cells and increased (although not
significantly) in EVT-Z and TSC-Z cells. miR-324-3p also was detected in greater quantities in
Hepatitis B infected cells, which promoted cellular proliferation, migration, and invasion [65].
Increased levels of PC-3p-49144_396 and mmI-miR-324-3p in infected cells offer two potential

candidates for further study in placental viral infections.

ZIKV infection decreased miR-122a-5p expression, which plausibly contributed to alterations
cellular gene expression and stimulation of the type | IFN response [63]. GNPDA1, MAP1B,
MAPREL, PKM, SERPINBG6, and WARS1 were increased in TSC-Z EVs and IPA predicted miR-
122a-5p, which regulates those genes, to be decreased in TSC-Z EVs. A decrease in the miRNA’s

expression was indeed observed in TSC-Z EVs. In addition to activating the type I IFN response
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[63], miR-122a-5p inhibits cellular proliferation, migration, and invasion in Pancreatic ductal
adenocarcinoma cells [66]. Thus, although the functional significance in placental development
and trophoblast function remains to be investigated, several mMiRNA/mRNA target changes can be

seen with ZIKV infection in cultured trophoblasts.

Despite changes in the miRNAome and transcriptome, the EVTs in this study showed no evidence
for substantial viral replication with ZIKV inoculation, which is unlike findings with other in vitro
models. Two studies with placental explants showed that EVTs were permissive to ZIKV [52, 53];
however, due to the model the quantity of virus produced specifically by EVTs could not be
determined. JEG3 cells, an EVT-like trophoblast cell line, were highly permissive to ZIKV
infection [67]. The low level of EVT infection in the current study is an important finding as
endovascular EVTs that migrate into and remodel maternal spiral arteries are in direct contact with
maternal blood and circulating cells of the maternal immune system. One possible explanation for
lack of ZIKV replication in EVT cultures may be due to the extracellular matrix molecules present
(col IV and Matrigel). Experimental infection of cancer cell lines with herpes simplex virus type
1 (HSV-1) in the presence of Matrigel resulted in decreased viral replication, and the authors
concluded that the extracellular matrix hindered viral replication post-viral entry [68]. Another
explanation could be the lack of ZIKV receptors; however, candidate receptors as well as GAS6
and PROS1, two ligands potentially involved in ZIKV entry [31] were detected in rhesus TSC-
derived EVTs. Additional studies to assess diverse ZIKV strains at varying MOIs are needed to
fully elucidate the EVT response to ZIKV. Coculture studies may also provide insight as to

whether infection of other nearby cells impacts the permissiveness of EVTSs.
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The data suggest that even though minimal virus was produced in EVTs, ZIKV exposure did alter
gene expression and EV cargo. For example, PIANP gene expression was significantly increased
in EVT-Z cells. PIANP enhances cellular resistance to stress by strengthening the plasma
membrane, potentially to protect cells from proteolytic breakdown [69]. Interestingly, this protein
is cleaved by a Furin-like proprotein convertase, as is the pre-membrane ZIKV protein, before it
can localize to the plasma membrane [70]. PIANP can activate paired immunoglobulin-like type

2 receptor alpha (Pilr-alpha), an inflammation inhibitory receptor [71].

IPA on EVT EV mRNA cargo suggests that ZIKV exposure is predicted to decrease degranulation
of various cell types and decrease adhesion of immune cells. Exposure of Mast cells, another cell
type found in the placenta, to ZIKV resulted in degranulation [72]. The genes associated with
“adhesion of immune cells” biological function include: C3, F2, FLT1, ILK, LBP, MYADM, PPIB,
RAP1A, S100A9, and BMPER. It is interesting that EVTs exposed to ZIKV secreted EVs enriched
in proteins associated with this pathway as EVTs are in direct contact with maternal immune cells.
Additional studies are needed to understand the impact EVT EVs may have on maternal immune
cells. p70S6K signaling also was significantly downregulated in ZIKV EVT EVs, which is

involved in host protein translation [61] and promotes cell survival [73].

The ZIKV life cycle utilizes the secretory pathway [74], which is also the mechanism by which

exosomes form and are secreted [75]. This overlap in pathways could allow for Zika viral proteins,
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genome, and/or whole virions to be packaged within exosomes. In the present study, EVs within
the expected size range stained positive for ZIKV E protein suggestive that Zika viral proteins
were packaged into EVs. Furthermore, ZIKV E protein but not the NS2B protein were detected in
the EV preparations by Western Blot. This is an important observation, as the NS2B protein is not
packaged in the mature virion whereas the E protein is key to the mature virion. A low abundance
of virions in the EV samples cannot be ruled out; however, the size of the ZIKV-E positive EVs

suggests incorporation of the E protein.

Ultimately, an important goal is to identify biomarkers from circulating EVs that will allow insight
into placental health, or in the context of ZIKV, placental infection. A few putative biomarkers
were identified in EVs from ZIKV-exposed cells, including Proteasome 26S subunit, non-ATPase
12 (PSMD12), PDZ LIM domain protein 2 (PDLIMZ2), 5.8S ribosomal RNA mRNA, ribosomal
subunit 27 variant 1 mRNA, PC-3p-49589 392, PC-3p-92473_197, and PC-3p-229848_66.
PSMD12 is involved in normal removal of damaged/misfolded proteins [76]. In this context, as a
protein packaged into EVs, it may have chaperoned damaged proteins into the secretory pathway
for degradation in lysosomes. The increased presence of the proteasome in ZIKV infected cells
could be part of a cellular immune response to activate increased degradation of viral proteins. The
26S proteasome also plays a role in processing peptides for MHC class | expression [76], which
would elicit an immune response to infection if ZIKV peptides are presented by trophoblast MHC
class I molecules. PDLIMZ2 is a ubiquitin E3 ligase that targets STAT2 for degradation [77] and
was upregulated by infection with other Flaviviridae viruses [77]. In this study, PDLIM2 was

increased in TSC-Z and ST3D-Z EVs with no change in cellular expression. This finding could
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have two implications. One interpretation is that cells exposed to ZIKV attempt to remove or
degrade PDLIM2 so as to trigger an antiviral response, which is why it was increased in EVs. The
other is that infected cells transferred additional PDLIM2 to other cells, which could hinder their
immune response to ZIKV infection. Additional studies are needed to better understand why and

how PDLIM2 ends up in EVs and what impact this could have on recipient cells.

Overall, this study shows that macaque TSCs and STs representative of early first trimester
trophoblasts are permissive to ZIKV infection. STs are in direct contact with maternal blood and
therefore could be readily infected. Although the location and presence of the TSC niche in the
human or primate placenta is poorly understood [78], these cells are not in direct contact with
maternal blood but could become infected if the ST layer is breached. As a progenitor cell that will
differentiate to vCTB or column cytotrophoblasts to then give rise to ST and EVTs [79], their

permissiveness to ZIKV could have major implications on placental health.

To better understand the communication and impact infected cells have on neighboring cells, in
vitro studies that expose decidual cells, Hofbauer cells, and trophoblast cells to one another’s EVs
would provide insight into the impact of their potential communication in vivo. In vivo data
strongly indicate that trophoblast cells maintain a level of resistance to infection and that Hofbauer
cells are the main infected cell type at the maternal-fetal interface. However, significant placental
pathology observed with in vivo and ex vivo explant studies indicate that there may be indirect as
well as direct pathways by which ZIKV may impact pregnancy. In addition, we saw that infection

altered trophoblast function, even in EVTs that did not show prominent infection. This in turn
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could impact the maternal response to the pregnancy and maternal immune response to ZIKV at

the maternal-fetal interface. In vivo studies in which PEVs are isolated from maternal blood after

infection also are needed to validate and extend upon the changes in cargo observed in this study.
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Chapter 5

Concluding Remarks

The objective of this thesis was to enhance understanding of how and when ZIKV can impact
pregnancy by conducting targeted studies on the earliest stages of the development of the placenta,
an organ essential to a successful pregnancy. In chapter 2, we discussed a case study of a macaque
that experienced a miscarriage after late first trimester ZIKV exposure. The findings of that study
led us to investigate with more tractable model systems at what point ZIKV can begin to impact
the placenta. In chapter 3, we showed that peri-implantation rhesus macaque embryos in an in vitro
culture system were negatively impacted by ZIKV. This culture model encourages the growth of
the trophectoderm, which are the earliest trophoblast (placenta) cells. Based on the findings of this
study, we then asked which of the other early gestation trophoblast cells that arise during formation
of the definitive placenta are susceptible to ZIKV infection. In chapter 4, early gestation
trophoblast stem cells and syncytiotrophoblast cells were shown to be permissive to ZIKV
infection, whereas extravillous trophoblast cells were not readily infected, although exposure to
ZIKV impacted cellular function. We also showed that EVs released by infected cells contain
cargo that differed from that of uninfected cells. Altogether, our in vitro-derived data support that
ZIKV exposure early in pregnancy impacts placental cells that can in turn have severe
consequences on pregnancy outcomes. These findings have implications from conception through

early gestation and encompass the potential risks of sexual and vertical transmission of ZIKV.
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Maternal ZIKV exposure has been associated with congenital ZIKV syndrome (CZS) and
pregnancy loss in humans, hence translational models of human pregnancy are needed to research
ZIKV infection. Rhesus macaques are translational models of human pregnancy as they have
similar placentation, have a long gestation period, and give birth to precocious young. Since ZIKV
infection during pregnancy was associated with neurological impairments in fetal development, it
was important to use a model in which the nervous system developed in utero. Several studies
published at the University of Wisconsin support the translatability of rhesus macaques ZIKV
infection to humans [1-3]. In chapter 2, a case study highlighted that a ZIKV infection in the late
first trimester resulted in a miscarriage late in the second trimester. Placental pathology was
observed, which may have developed as a result of ZIKV infection. A key finding in this case
study was fetal ocular pathology, including a choroidal coloboma, suspected anterior segment
dysgenesis, and a dysplastic retina. It is important to note that the miscarriage was confounded by
a bacterial infection at the maternal-fetal interface that may have contributed to premature preterm
rupture of the fetal membranes (PPROM). However, there is no literature that indicates a
reproductive tract bacterial infection impacts fetal morphogenesis. Based on coincident ZIKV
exposure during ocular development, we concluded that ZIKV caused this damage, which has been
seen in ZIKV infections during the first trimester in humans [4]. Currently, this is the first and only
report of an ocular developmental defect in the nonhuman primate model of ZIKV infection during
pregnancy, supporting the macaque as a viable model for congenital Zika syndrome (CZS). These
findings thus were an important contribution to the development of the use of primates for Zika
research and support the macaque as a translational model of human pregnancy and their use in

the studies discussed below. This thesis is mainly focused on the cell biology of the placenta.
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Therefore, proposals for future in vivo studies in nonhuman primates that focus on CZS will not

be discussed.

The observations reported in human clinical literature, as well as nonhuman primate studies that
ZIKV could be sexually transmitted raised several questions relevant to our interest in the impact
of ZIKV on the maternal-fetal interface. One question we were particularly interested in was
whether sexual transmission could impact pregnancy. Since we knew ZIKV could infect the
placenta and that an infection earlier in gestation resulted in worse outcomes, we wanted to know
just how early ZIKV could impact pregnancy and at what point ZIKV can begin to impact the
placenta. To determine whether gametes were permissive to ZIKV, we exposed oocytes and sperm
to ZIKV at the time of fertilization. We found that exposure at the time of fertilization had no
impact on embryo development. This information is significant for couples trying to conceive with
IVF as ZIKV presence in semen should not be a concern. However, for couples trying to conceive
naturally, the presence of ZIKV in semen can still be transmitted sexually and a mouse study
showed decreased embryo implantation with the presence of ZIKV [5]. As such, while the
presence of ZIKV does not impact embryo development, it can still infect the implanting embryo

and the female reproductive tract.

The earliest placental cells, the trophectoderm, are exposed to uterine fluid during implantation
and exposed to maternal blood after implantation. To determine if ZIKV presence in these fluids
could infect the implanting embryo, we exposed embryos to three doses of ZIKV. From this part

of the study, we concluded that ZIKV was embryotoxic at high doses and was able to impede
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cellular growth at lower doses. Based on our findings, ZIKV exposure at the time of implantation,
potentially by sexual or vertical transmission, can negatively impact pregnancy. Unfortunately, it
is not feasible to know if this occurred in humans due to the typically delayed knowledge that
pregnancy has begun. Generally, women do not know they are pregnant until at least 3 weeks after

embryo implantation and the establishment of pregnancy.

In light of our findings, studies in which embryos are exposed to ZIKV during the peri-
implantation stage in vivo are necessary to truly determine the potential of ZIKV to disrupt the
establishment of pregnancy. Such studies would be very resource-demanding, however other
alternatives also exist. Previous studies have used in vitro models to monitor the interaction
between maternal immune cells and the developing embryo in vitro [6, 7]. Utilization of this model
alongside ZIKV exposure would provide an intermediary platform to understand how the maternal
immune system may respond to the presence of ZIKV and a partial-allograft embryo. The
implications of such a study would shed light as to the interaction and communication that occurs
between the maternal immune system and an implanting embryo, during a viral infection. While
we observed embryo growth at low doses of ZIKV, the immune response to the infection may be
very strong and could result in more embryo death than observed in the in vitro system used in
Chapter 3. Alternatively, maternal immune cells could be protective in the in vitro context, and
other in vivo factors, such as a change in maternal uterine/decidual vasculature may contribute to

an adverse outcome.
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In vivo experiments could be performed to determine whether embryos exposed to ZIKV can
implant and survive the insult. Timed mating or embryo transfer followed by intravaginal
inoculation of ZIKV followed by monitoring pregnancy establishment rates could serve as readout
of ZIKV impact at this stage. This is an alternative in vivo approach to the in vitro embryo-immune
cell system. An advantage of this system is the direct translatability of the findings. However, such
a study would be demanding of animal and experimental management resources, take a long time,
and there are more variables to control. For instance, monkeys that previously had a successful
pregnancy should be used to verify their uterus has been receptive to embryo implantation. The in
vitro experiment would be less expensive, less invasive, and easier to control; however, there is

still the question of relevance to the in vivo system.

The recently established trophoblast stem cell in vitro model allowed us to transition from studying
the earliest embryonic trophoblast cells (the trophectoderm) to studying the early trophoblast cells
that make up the placenta proper. With this model, we studied how ZIKV exposure impacted
trophoblast cell function by analyzing cellular gene expression, miRNA expression, and secreted
products, including extracellular vesicles. From these studies we found that trophoblast stem cells
and syncytiotrophoblast cells were permissive to ZIKV, while the extravillous trophoblast cells
were less permissive. Regardless of the level of viral replication by the different cell populations,
ZIKV exposure altered gene and miRNA expression. A significant increase in genes associated
with the innate immune response was observed in the trophoblast stem cells and
syncytiotrophoblast cells. Alterations in extracellular vesicle (EV) cargo released by all cell types

exposed to ZIKV were also observed. The cargo that was increased in EVs released by ZIKV
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exposed cells, such as PDLIM2 and PSMD12, should be further studied as they could be potential

biomarkers for in vivo placental infection.

We already know hormones and cytokines/growth factors are involved in cell-cell communication,
and there is extensive research supporting EVs as another means of conveying information.
However, due to their small size and the overlap in size among the different types of EVs
(exosomes, microvesicles, and apoptotic bodies), there are many unanswered questions in the EV
field in general as to the purpose behind this putative mode of communication. Deciphering how
and what impact EVs will have on recipient cells is difficult as they contain an array of cargo
(miRNAs, IncRNAs, mRNAs, DNA, and proteins) and express different proteins on their surfaces.

How/why cargo is packaged within EVs also remains unclear.

A concept | have found particularly intriguing is the possibility of specific packaging of EV cargo.
This notion is key to really understanding the purpose behind, and functional physiological
significance of, EVs. While there is extensive literature supporting the idea that EVs are not simply
secreted waste, their purposes/targets remain speculative. One goal of the EV field is to use EVs
and their cargo as biomarkers for various diseased or infected states. Their cargo has been shown
to be altered under various pregnancy complications, as discussed in great depth in the appendix
[10]. The potential for PEVs to serve as surrogates of placental health would be a tremendous
steppingstone in the prognosis of pregnancy complications. Instead of monitoring maternal
symptoms for insight into the health status of the pregnancy and the placenta, specific placental

molecular patterns could be directly monitored in maternal blood.
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Another area that needs further study is determining whether EVs express markers that
enable/encourage targeting of specific cell types. Studies in which EVs are isolated from one cell
type, ZIKV infected or uninfected, and are exposed to the other cell types would help discern how
they may communicate about an infection in vivo. One potential experiment to address whether
PEVs have specific targets in vivo would be to inject engineered PEVSs into a pregnant monkey
and monitor which tissues/cells take them up. For instance, isolate EVs secreted by trophoblast
cells in vitro, label them with Ferumoxytol, a superparamagnetic iron oxide nanoparticle [11],
inject them intravenously into a pregnant macaque, and use magnetic resonance imaging (MRI) to
monitor which tissues the PEVs target. These data would allow for future studies to focus on those
tissues of interest. This would provide a basis to understand how PEVs are involved in a healthy
pregnancy, which could then be expanded upon for studies with ZIKV infection and other
pregnancy complications. These findings also may provide additional intel as to how the placenta
communicates with mom’s immune system and various organs. The in vitro models and the in
vivo nonhuman primate model used in this thesis could provide tremendous insight into EV-based

communication, diagnostics, and therapeutics.

There are several limitations in the studies presented in this thesis. One is the limited number of
biological replicates, partially due to the expense, availability, and ethical restrictions on primate
research. The findings presented in chapter 2 are only from one pregnant rhesus macaque case
study. Congenital Zika syndrome birth defects are readily observed when there are millions of

human pregnancies in Brazil, but the number of animal replicates in primate pregnancy studies
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precludes a realistic replication of the human condition. Regardless, the primate studies do
demonstrate that the animal model can recapitulate outcomes seen in human pregnancy and this
validates the in vivo pregnancy experiments, although careful consideration of animal numbers

and experimental design is important.

Although we were able to test several different doses (three) for the embryo study in chapter 3,
due to practical limitations on the numbers of animals that could be enrolled in the study, we were
unable to explore additional viral strains or other viruses altogether. Such experiments could have
shed light as to whether ZIKV specifically caused the embryo loss or whether the abundance of a
virus was cytotoxic. In addition, exposure of embryos to inactivated ZIKV would have been
beneficial. Due to limited samples, we were unable to comprehensively analyze the transcriptome
or miRNAome to better understand how exposure impacts trophoblast function, and to be able to

relate more comprehensively the outcomes of chapter 3 studies to chapter 4.

Chapter 4 studies allowed us to overcome some of the resource limitations that the use of IVF-
derived embryos imposed. However, there remained resource limitations. One limitation in chapter
4 is that ST3Ds were exposed to a higher MOI than EVTs, which resulted in widespread ZIKV
infection. An MOI of five was not tested with the ST3Ds based on the literature in term human
primate trophoblasts that indicated STs were resistant to infection [12]. Additional studies with
ST3D exposure to an MOI of five would shed light as to whether early gestation ST3Ds also
maintain a level of resistance to ZIKV infection. Having said that, an MOI of 1 also resulted in

ZIKV replication, so ST3Ds still are more permissive than EVTSs.
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Another limitation is the use of only one ZIKYV strain for each study. As previously mentioned, the
impact of ZIKV appears to be strain dependent and comparison of different strains would give us
more detailed information as to what may be causing embryonic death or altering trophoblast cell
function. One question is whether more virus would be needed to induce similar effects with one
strain over another (i.e., would a strain from the Asian lineage lead to more changes/be more

cytotoxic than a strain from the African lineage?).

It is important to consider variations in the genome of ZIKV isolates when attempting to
understand the impact of ZIKV on pregnancy. This is partly since ZIKV was not associated with
pregnancy complications for the first 60 years since it was first identified. This suggests that as
ZIKV spread, it mutated and gained the ability to cause adverse pregnancy outcomes. There are
two main lineages of ZIKV, Asian and African, and there has been mention of there being a third
lineage (Brazilian) but this is not yet a widely recognized classification. An Asian lineage ZIKV
strain was used in chapters 2 and 3, which reflected the state of the field at the time those studies
were done. An African lineage strain was used in chapter 4 as it became recognized that there may
be relevant strain differences. The most recent outbreaks in the Americas were from the Asian
lineage, which was initially thought to be more pathogenic. However, numerous studies that have
compared various strains between the two lineages routinely find African to be more pathogenic
(in vitro cell and in vivo animal model studies). Once this information came to light, we decided
to use a strain from the African lineage. The finding that ZIKV strains from the African lineage

may be more pathogenic raise questions and concerns as to how African ZIKV outbreaks have
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“gone under the radar”. An increase in early pregnancy loss rates would be difficult to notice as
miscarriages are quite common, and the etiology is often unknown. However, CZS, and
microcephaly, in particular would be noticeable, and outbreaks in the Americas with Asian lineage
virus may have allowed pregnancies to be carried to term and revealed the impact on fetal
development. As such, studies that compare these different strains in the in vitro TSC model would
enhance our understanding as to what caused this shift in adverse pregnancy outcomes. Additional
studies with other strains in the same/similar models are needed to strengthen the findings within

this thesis.

One prominent question is why early gestation trophoblast cells are more permissive to infection.
This question cannot be directly answered from the work in this thesis since we did not compare
early to term trophoblast cells. However, isolation of trophoblast cells from term placentas is a
common technique. These cells could be isolated and exposed to ZIKV with the same paradigm
used here to determine how gestational age directly correlates with permissibility. Term
trophoblast cells are hypothesized to be resistant to ZIKV infection because they constitutively
release high levels of type Il interferons [12]. However, type I11 interferons also were expressed
in the TSC model used in chapter 4. For this reason, direct comparison studies are needed to fully

elucidate at what level interferons are protective.

Altogether, we found that ZIKV can infect early gestation trophoblast cells and that while infection
may alter gene expression and trigger an innate immune response, infection did not hinder cell

differentiation. Based on these data, if the placenta is exposed to a low dose of ZIKV, there may
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be damage and virus may disseminate to and infect the placenta. However, the infection will
subside because it will trigger an adaptive immune response. On the other hand, if the placenta is
exposed to a high dose of ZIKV, this will result in extensive cell death (as observed in other
studies) partly due to the infection itself and partly due to the maternal immune response. This
breakdown of the syncytial barrier will definitely result in virus disseminating to the fetus and may

result in an adverse pregnancy outcome.

In conclusion, this thesis delves into the impact of ZIKV on early trophoblast cells, ranging from
those present during the embryo stage through early pregnancy. In addition to increasing our
understanding of which trophoblast cell types are permissive to ZIKV (trophectoderm, TSCs, and
ST3Ds), we also analyzed EVs secreted by these cells to infer how infection could impact cell-cell
communication. The tools used throughout this work (in vitro embryo culture, trophoblast stem
cell culture, EV isolation and analysis by NTA, and next generation sequencing) were crucial to
building on the present knowledge of how ZIKV impacts the placenta. Observations from these
studies will lay the groundwork for future research into viral impact on the early placenta,

trophoblast cell-cell communication, and potential identification of biomarkers of infection.
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The promise of placental extracellular vesicles: models
and challenges for diagnosing placental dysfunction in
utero
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Block LN, Bowman BD, Schmidt JK, Keding LT, Stanic AK, Golos TG. The promise of
placental extracellular vesicles: models and challenges for diagnosing placental dysfunction in
uterot. Biol Reprod. 2021 Jan 4;104(1):27-57. doi: 10.1093/biolre/ioaal52. PMID: 32856695;
PMCID: PMC7786267.
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A.1 Abstract

Monitoring the health of a pregnancy is of utmost importance to both the fetus and the mother.
The diagnosis of pregnancy complications typically occurs after the manifestation of
symptoms, and limited preventative measures or effective treatments are available.
Traditionally, pregnancy health is evaluated by analyzing maternal serum hormone levels,
genetic testing, ultrasonographic imaging, and monitoring maternal symptoms. However,
researchers have reported a difference in extracellular vesicle (EV) quantity and cargo between
healthy and at-risk pregnancies. Thus, placental EVs (PEVs) may help to understand normal
and aberrant placental development, monitor pregnancy health in terms of developing placental
pathologies, and assess the impact of environmental influences such as infection, on
pregnancy. The diagnostic potential of PEVs could allow for earlier detection of pregnancy
complications via noninvasive sampling and frequent monitoring. Understanding how PEVs
serve as a means of communication with maternal cells and recognizing their potential utility
as a readout of placental health has sparked a growing interest in basic and translational
research. However, to date, PEV research with animal models lags behind human studies. The
strength of animal pregnancy models is that they can be used to assess placental pathologies in
conjunction with isolation of PEVs from fluid samples at different time points throughout
gestation. Assessing PEV cargo in animals within normal and complicated pregnancies will
accelerate the translation of PEV analysis into the clinic for potential use in prognostics. We
propose that appropriate animal models of human pregnancy complications must be

established in the PEV field.
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A.2 Introduction

Placental complications arise in ~15% of pregnancies, and due to pregnancy and childbirth
maternal deaths occur in ~275,000 cases worldwide annually [1]. In 2010, preterm birth (PTB)
was the most common cause of infant mortality and morbidity affecting ~15 million babies;
Southeastern Asia, South Asia, and sub-Saharan Africa had the highest rates [2]. PTB causes
approximately one million neonatal deaths each year across the world [3], with surviving
infants displaying elevated risks of cardiovascular and respiratory diseases, neurological
deficits, and developmental disabilities [4]. Fetal growth restriction (FGR) is the second most
common pregnancy complication (impacts ~8% of pregnancies) [5]. FGR increases the risks
of intrauterine demise, neonatal morbidity, cognitive delay, and adult-onset disease later in life
[6, 7]. Women with pre-gestational diabetes (pre-GD) (having type 1 or type 2 diabetes before
becoming pregnant) also have a greater risk of exacerbated symptoms during pregnancy, such
as diabetic ketoacidosis, myocardial infarctions, retinopathy, and nephropathy, as well as
obstetric complications including preeclampsia (PE), uteroplacental insufficiency, preterm
labor, shoulder dystocia, and stillbirth [8-11]. Pregnancy complications not only cause
emotional stress and trauma on the parents, but they also create an extreme financial burden
for the family and the health care system. The annual financial costs are estimated to be $26.2
billion for PTB, $2.18 billion for PE, and $1.8 billion for pregnancy-acquired diabetes
(gestational diabetes mellitus; GDM) in the United States [12-14]. Earlier detection of
complications, preventative strategies or therapeutics, and placenta-targeted treatments are
imperative to improving the in utero environment of the fetus to benefit the long-term health

of both the mother and child.
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Diagnosis of a pregnancy complication relies on close monitoring of maternal and fetal health.
Obstetricians monitor maternal health by measuring blood pressure, checking vital organs
(e.g., renal function), and monitoring fetal health by measuring uterine growth via fundal
height and fetal growth directly with ultrasound. Clinicians can also complete a biophysical
profile and use Doppler velocimetry to monitor fetal blood flow within the umbilical cord and
fetal middle cerebral artery [15]. Although the placenta is essential in pregnancy no minimally
invasive techniques to directly monitor placental health are available. If biomarkers of
abnormal placentation could be identified before the pathophysiological complication
manifests itself, they may reveal the underlying mechanism(s) that contributes to the insult and

provide a targeted approach to develop therapies/treatments.

Pregnancy complications that arise due to a malfunctioning or maldeveloped placenta include
PE, early/recurrent pregnancy loss (EPL/RPL), PTB, FGR/intrauterine growth restriction
(IUGR), and pre-GD/GDM (Table 1, Supplemental Table 1) [16]. An overview of
complications is provided in Table 1 and includes the frequency of the complication within the
population, the diagnostic measure to identify the pregnancy complication, and the known
pathophysiology for the condition. While GDM is not thought to be a placental disease per se,
it may impact fetal well-being as structural and functional alterations can occur in the placenta
[17-19]. In addition, maternal infection with vertically transmitted pathogens also gives rise to
adverse pregnancy outcomes and may impact placental function or fetal development [20, 21].

Amongst the implicated pathogens, the TORCHZ group is of particular neonatal concern and
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consists of the following: Toxoplasma gondii, Other [Listeria monocytogenes, Treponema
pallidum, varicella zoster virus (VZV), human immunodeficiency virus (HIV), enteroviruses
and parvovirus B19], Rubella virus, Cytomegalovirus (CMV), Herpes simplex virus, and Zika
virus [20, 22]. Thus, it is necessary to monitor placental health during and after maternal
infection to determine if vertical transmission has occurred and to assess the risk of developing

an adverse pregnancy outcome following infection.

PEVs may provide an excellent tool with which to monitor placental health and function in
human patients. Isolation from fluids is minimally invasive, repeated sampling is feasible, and
the ability to monitor the same patient over time provides valuable information as to how the
placenta matures, develops, and responds to insult. Most importantly, PEVs contain placenta-
specific proteins which may be used to selectively isolate them from more complex samples,
such as blood [23, 24]. However, the roles of PEVs in cellular communication and maternal
physiology are not well understood. PEVs are present in maternal blood as early as six weeks
of gestation [25], and their presence early on makes them attractive molecular packages that
may contain a readout of placental health from the early stages of placental development

through delivery of the newborn.
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csr;egl?ga?t‘i:gn Percent Impact C?g;i??frg:zgz el Underlying pathology
= 3-5% of pregnancies High blood pressure Abnormal trophoblast invasion of the maternal
[177] Proteinuria decidua and incomplete remodeling of
= Accounts for 14% of Possible renal, liver, maternal spiral arteries leads to placental
pregnancy-associated pulmonary, and ischemia and a pro-inflammatory environment
maternal deaths [177, neurological sequelae [177] [179]
178] PE is sometimes split into Often associated with IUGR [177]
PE two categories with EPE: considered a fetal disease with associated
separate pathologies: early placental dysfunction
onset PE (EPE), <34 weeks LPE: a maternal disorder; placenta usually
gestation and late onset PE functions properly and is associated with better
(LPE), >34 weeks gestation maternal and fetal outcomes, at least in part
based on later delivery (obviating prematurity
as a contributor to pathology) [180]
= 15-25% of all clinical Fetal chromosomal abnormalities are the major
EPL pregnancies [181- cause [184, 185]; however, in cases of normal
183] fetal karyotype, the cause is typically unknown
[186-189]
= ~1% of all women RPL is identified by 2 or When uterine anatomical anomalies, genetic
[190] more clinical EPLs factors, antiphospholipid syndrome, or
(pregnancy diagnosis based hormonal pathologies are ruled out, more than
RPL on ultrasound or 50% of patients suffer from unexplained RPL
tissue/pathology, not [181, 182, 192]
chorionic gonadotropin
detection alone) [191]
[181]
= 10% of pregnancies Ultrasound-estimated fetal Origins stem from errors in early placental
[193] weight less than the 10th development [194]
percentile for that Caused by placental insufficiency, genetic
gestational age or a fetus at syndromes, maternal malnutrition, multiple
<10th percentile at birth gestation, teratogens, and oxygen deprivation
FGR/IUGR [193] [134, 195] o
Maternal vascular malperfusion is considered
the leading cause of pathology in FGR
placentas and can be accompanied with
placental hypoplasia, infarction, and
hemorrhage [196]
Often associated with PE [177]
Having type 1 or type 2 Hyperglycemia can impair and disrupt fetal
diabetes prior to start of organ development [8]
Pre-GD = ~7% of all pregnancy Placentas from women with diabetes generally
pregnancies [11] have greater surface area, Hofbauer cells,
= High _rigk of maternal Glucose intolerance and vasculature, and di_ffus_ion distance_ [199] _
morbidity [197] insulin resistance Placental pathologies include chorionic villus
= Leading cause of fetal develo t duri immaturity, high villus density, stromal
GDM . pment during ) |
macrosomia [198] pregnancy edema, thicker than average collagen fibers,
and diffuse villous stromal calcifications [17],
potentially impacting function
= ~11% of all Birth before 37 weeks Oxidative stress and inflammation leading to
pregnancies [170] gestation [170] early rupture of membranes are known to be
= 75% of perinatal leading causes of PTB, in addition to
mortality is due to retroplacental abruption, chronic villitis, and
PTB PTB [200] twin gestations [201]

Other causes hypothesized to be involved
include vertically transmitted infections,
maternal environmental stress, and intra-
amniotic inflammation [170, 200]
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Supplemental Table A.1: Citations based on the pregnancy complication and animal model studied.

Pregrjangy REUIENE on.tt_we Animal model Research articles
complication human condition
NHP [153, 154, 266, 269]
Guinea pig [131]
PE [177, 179, 180,354]  Rabbit [173, 267]
Mouse/Rat [268, 270-274]
Pig [275-278]
NHP [155]
EPL&RPL  [182, 184-186, 189, 333] ﬁr‘;:p E;gl 130
Cattle [135-137, 355]
NHP [121, 155, 156]
Guinea pig [280-282, 287]
Rabbit [5, 118, 119, 285]
FGR/IUGR [193-195] Mouse/Rat [120, 272, 282, 283, 288]
Sheep [117, 134, 286, 289]
Pig [5, 117, 122, 134, 290]
NHP [157, 158]
Guinea pig [249, 291, 300]
Pre-GD & Rabbit [292]
GDM [8,9, 11, 17] Mouse/Rat [293-296, 301-303]
Sheep [249, 297, 298, 304]
Pig [299]
NHP [122, 169, 325]
Guinea pig [169, 326, 327]
Rabbit [169, 305, 306, 327]
PTB [3,170,200,201]  gpeqy [169, 316, 317, 319, 320,
Cattle 326, 327]
[321]

The purposes of this review are to 1) introduce EVs, or more specifically PEVs, as a molecular
readout of placental health, 2) provide an overview of current information known about human
PEVs, 3) discuss animal models used to study pregnancy complications, and 4) discuss future
expansion of animal model PEV research to address critical challenges in human PEV
research. Although extensive information from human EVs has been obtained from cell
cultures and maternal blood sampling, there is a limited understanding of in vivo PEV function
in humans and animal pregnancy models. Implementing animal pregnancy models will extend
our understanding of trophoblast physiology during pregnancy complications, define PEV

cargo and function, and explore the diagnostic and therapeutic potential of PEVs. In vivo
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studies in experimental pregnancy models are essential to make PEV research translational to
a human clinical setting. Due to the breadth of topics this review covers, we apologize for any

publications not discussed and refer to more specific reviews wherever possible.

A.3 What are extracellular vesicles (EVs)?

The three main subtypes of EVs are exosomes (small, 60-80 nm in diameter [26] and large 90-
120 nm [26]), microvesicles ~100-1000 nm [27], and apoptotic bodies ~ <5 um [27]. These
are distinguished not only by size, but also by their route of cellular release (Figure 1) [27-31].
Figure 1 also shows EV release and highlights some unique cargo among the different
subtypes. These naming conventions have been greatly debated since it is now well-understood
that there is overlap in the size and cargo across EV classes [32-34]. The size criteria do not
consider the mechanism(s) by which the EV is derived or secreted from the cell. For instance,
an EV population isolated based on EV size may encompass both large exosomes and
microvesicles; however, these vesicles may differ in their cargo, composition, and biological
role. The lipid content may be a more definitive criterion to classify vesicles, as Ouyang et al.
[35] demonstrated that phospholipid composition varies between EV classes. Standardized
nomenclature across studies regarding the vesicle of interest would greatly strengthen this field
of research, as inconsistent nomenclature makes it difficult to compare data across studies.
When referencing the work of others in this review, we have used the terminology stated in

that publication.
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Figure A.1. Schematic diagram of human placental villous structure and PEV biogenesis. Placental
structure with increasing magnification (organ level, tissue level, cellular level) is depicted at the left, along
with apoptotic body, microvesicle, and exosome biogenesis in a trophoblast cell. A key for molecular
elements is at the upper left. Top right) Apoptotic bodies form when a cell is undergoing apoptosis, as
depicted by the breakdown of the nucleus and packaging of DNA and organelles. Middle right)
Microvesicles are formed via pinching off of the plasma membrane, entrapping molecular cargo. Bottom
right) Exosomes are assembled within the secretory pathway. Secretory vesicles (SV) are released by the
golgi body and can fuse with endosomes (END). Endosomes also can fuse together or fuse with the lysosome
(LYS) for cargo degradation. Late stage endosomes are also referred to as multivesicular bodies (MVBs)
if they contain intraluminal vesicles (depicted as small light-yellow vesicles inside the MVB). All of these
vesicles are then released into the maternal bloodstream. Some cargo and membrane proteins specific to
the different EV classes are depicted. Lipid composition is depicted in a simplified, grouped manner on the
border of the vesicles (green, phosphatidylserine; blue, phosphatidylcholine; purple, phosphatidyl
ethanolamine), with the percent of each lipid content indicated adjacent to the membrane region. The gray
membrane of the vesicles represents other lipids that have been identified including sphingomyelin,
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phosphatidylglycerol,  phosphatidylinositol,  phosphatidic  acid, bis-monoacylglycerophosphate,
cardiolipin, lysophosphatidylcholine, and lysophosphatidylethanolamine [35].

A range of isolation techniques have been used to isolate exosomes, including differential
ultracentrifugation, size exclusion chromatography, and polyethylene glycol precipitation [33,
36-42]. A major goal of these techniques is to obtain a homogenous population of EVs (i.e.,
only exosomes), but this remains a challenge given the overlap in size across EV sub-types. It
is therefore difficult to compare data across studies, as sample types and isolation techniques
vary greatly, especially if the EV populations being analyzed are not homogenous. While there
is great scientific interest in exosomes due to their potentially bioactive cargo and ability to
be taken up by target cells, recipient cells also can also take up microvesicles [43]. Moreover,
both the quantity of exosomes and microvesicles present in maternal blood increases
throughout gestation [44]. Given the current limitations in isolating a homogeneous population
of an EV sub-type, it may be more appropriate to globally assess all PEVs to develop diagnostic
tools for pregnancy complications. Once techniques are developed to isolate vesicles of a

specific EV class, the approach to evaluating PEVs can be modified to assess specific EV sub-

types.

A.4 EV formation, cargo packaging, and function

Exosomes form within an endosome that is also referred to as a multivesicular body (MVB).
As depicted in Figure 1, MVBs can either fuse with the lysosome or the plasma membrane for
cellular release. Exosomal surface proteins, such as the tetraspanins, are widely conserved

across mammals, as shown in Table 2. Microvesicles form on the cell’s surface where they
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bleb off from the plasma membrane, and therefore, phosphatidylserine is commonly a
component within their membranes [27]. Apoptotic bodies form when a cell undergoes
apoptosis, where the cell’s organelles organize into these non-inflammatory packages [27].
Microvesicles and apoptotic bodies commonly contain heat shock protein 96 (GP96), actinin-
4, and mitofilin [34]. Although there is evidence for conservation of mammalian EV surface
markers across EV sub-types, packaging of cargo still remains poorly understood. For more
details on packaging of EV cargo and EV secretion pathways, the reader is directed to the

following reviews [27, 29, 42, 45-47].

Biologically active nucleic acids, proteins, carbohydrates, and lipids can be packaged into EVs
and secreted as a means of intercellular communication [28-30, 48-56]. Extensive research
supports the concept that EVs have roles in diverse biological processes including the immune
response [57, 58], inflammation [28-30, 59], and transmission of viral infection [28, 48-51,
60]. For example, researchers have shown that EV uptake by recipient cells induces cytokine
release [61], inhibits protein translation [53, 62], influences cell proliferation and migration
[63], and protects cells from oxidative stress [64]. Additional information on the impact of EVs
on recipient cells and EV tropism and therapeutic potential can be found in the following

papers [65-70].



Species General EV Placental markers References
markers
Human CD9 PLAP [27, 34, 202-208]
CD63 PP13
CD81 Syncytin-1 and -2
syntenin-1 PAPP-A
EHD4 HLA-G
ADAM10 PSG-1
ESCRT proteins Ci9MC
NHP CD63 PP13 [168, 209-214]
CD81 Syncytin-1 and -2
Flotillin-2 PAPP-A
Mamu-AG
C19MC
Guinea pig PLAP [215, 216]
Env-cavl
Rabbit CD9 PLAP [215, 217, 218]
CD63 Syncytin-oryl
CD81
HSP101
Mouse CD9 Syncytin-A and -B [89, 215, 219-222]
Alix PLAP
CD63
CD81
Rat CD63 PLAP* [215, 223-226]
TSG101
Sheep CD63 Syn-Rum1l [227-229]
HSP70
Cattle CD9 PLAP [103, 229-231]
CD63 Syn-Ruml
Pig CD63 [232]

215

Table A.2.
Summary of
known EV
markers and
placenta-
specific
markers across

species.

Acronyms: cluster of differentiation (CD); placenta alkaline phosphatase (PLAP); placental protein 13
(PP13); chromosome 19 microRNA cluster (C19MC); pregnancy-specific glycoprotein 1 (PSG1); and
pregnancy-associated plasma protein/pappalysin-1 (PAPP-A); EH domain containing protein 4 (EHDA4);
a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10); endosomal-sorting
complexes required for transport (ESCRT)

* indicates also expressed in other tissues

A.5 PEVs: sample sources, interactions with immune cells, and clinical

potential
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To highlight the potential information available from EV analysis, scientists have used the
terms “circulating biopsy” [71], “fingerprint” [72], and “liquid biopsies” [72, 73]. EVs have
received great attention as it has been shown that EV cargo may be altered under diseased and
infection states [62, 64, 74], and they can be isolated from minimally invasive fluid samples.
PEVs have been detected as early as six weeks of gestation [25](see Table 3 for an overview
of the outcomes from human PEV research); however, trophoblasts secrete chorionic
gonadotropin into maternal blood shortly after embryo implantation, suggesting that PEVs may

encounter maternal cells just as soon.

The cellular and molecular bases of pregnancy complications are difficult to address within the
complexities of an in vivo pregnancy setting, owing to variability in genetics, lifestyle
influences, physiology, and differing environmental exposure. Researchers examining human
PEVs have focused extensively on characterizing EVs isolated from placental cell cultures
(e.g., primary cells and immortalized trophoblast cell lines), placental explants, the perfusate
of intact placentas, and maternal peripheral blood. PEVs isolated from placental cell cultures
and explants can interact with maternal immune cells [59, 75-77], suggesting that PEVs may

modulate maternal immune responses during pregnancy.
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A.6 Current in vivo and in vitro sources for isolating PEVs

In vitro placental cell cultures provide a means to isolate an enriched PEV population. Stable
cell lines can be expanded quickly to generate a homogenous cell population, allowing
investigators to define a cell type-specific readout or secretory profile in response to an
experimental manipulation (e.g., genetic mutation, infection, hypoxia, drug treatment).
However, because some trophoblast cell lines are derived from spontaneously arising tumors
or have been immortalized by molecular tools, their gene and protein expression profiles differ

from each other and with primary trophoblast cultures [78, 79].

Primary cells provide a more accurate representation of in vivo trophoblasts and can be isolated
from gestationally age-matched healthy and maldeveloped placentas for direct comparison.
The ability to obtain trophoblasts from first and second trimester placentas, however, may be
limited due to constraints surrounding human samples. Until recently, primary term villous
cytotrophoblast cells were used only for short-term experiments as they do not proliferate and
spontaneously syncytialize [80]. Recent optimization of primate trophoblast cell culture
conditions now supports long-term cell proliferation and culture of trophoblast stem (TS) cells
derived from primary placental cells or embryos that can be directed toward cell-type specific

differentiation [81-84].

Placental explant cultures contain all cell types within the placenta (placental macrophages,

cytotrophoblasts, and syncytiotrophoblasts) and therefore provide a more complete system
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compared to primary cell cultures. Limitations of this culture system include a limited duration
of tissue viability [85, 86] and difficulty obtaining placentas from early pregnancies. It also is
well accepted that pregnancy complications often stem from errors in early placentation.
Therefore, it cannot be known if a complication would have arisen later in gestation when a
placenta sample is obtained early in pregnancy. In addition, the large volume of medium used
to culture explants can dilute the EV sample [86]. Alternative approaches include obtaining
EVs by mechanical scraping the placental villi [61, 87] or perfusing fully intact term placentas

[85]. Notably, vaginally-delivered term placentas may be confounded by the process of labor.

Overall, in vitro models are useful because they can allow for the rapid generation of PEV-
enriched samples, be used to validate antibodies, and provide physiological readout in response
to trophoblast insult (i.e., exposure to toxins, hypoxia, or pathogens). These in vitro models
also predominantly contain EVs secreted by trophoblasts, whereas maternal blood contains the
totality of EVs released by all maternal as well as placental cell types. It is likely that the
changes in plasma-derived EVs in pregnancy reflect the maternal adaptation to pregnancy by
all maternal organ systems, and not specifically placental development. While EVs from non-
placental sources during pregnancy may provide novel biological information, they do not
specifically provide direct feedback about placental health per se. Previous studies have
demonstrated that the source (bodily fluids, culture media, tissue homogenization) and sample
preparation method influence EV function [87, 88]. Therefore, when establishing a PEV model
or interpreting study results it is important to consider the origin of the PEV population being

analyzed.
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A.7 PEVs isolated from adverse human pregnancies.

The analysis of human PEVs isolated from in vitro sources and maternal blood has revealed
alterations in PEV cargo between healthy and unhealthy placentas. The isolation methods vary
greatly across studies, thus limiting the ability to identify consensus biomarkers associated
with an abnormal placental condition. A summary of the findings from studies that have
evaluated EV cargo in human and animal pregnancy models in relation to a pregnancy
complication is provided in Table 3, and here we focus on the highlights of quantity and cargo

of EVs associated with human pregnancy complications.

Elevated PEV levels offer potential to distinguish complicated from healthy pregnancies.
Increased quantities of EVs in maternal blood have been associated with various pregnancy
complications as summarized in Table 3 [56, 89-93]. However, there are two concerns with
these reports. First, it is unclear whether the research findings are specific to one complication
or if they are applicable across pregnancy complications. If it is the latter, elevated EVs would
be a general reflection of abnormal placental development and/or function. To determine the
diagnostic value of EVs, a comprehensive analysis of EVs isolated from healthy pregnant
women and women with a range of pregnancy complications is needed. Second, the techniques
used to isolate and quantify (different instruments and/or different setting for the same
instrument) EV samples vary widely, which dramatically hinders interstudy comparisons.
Until standardized isolation and sample analysis techniques are implemented, variation in EV

quantity will continue to be an uncertain indicator of a pregnancy’s health status.
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Although human PEV cargo is not well characterized, EVs may contain evidence of placental
infection and may serve as means of modulating immune responses. For instance, EVs isolated
from trophoblast conditioned media protected non-placental cells from viral infection [94-96].
Viral proteins and genomes also have been detected within exosomes and infection was found
to alter exosome cargo [60, 97]. As such, clinicians could examine PEVs to learn if a pathogen
has breached the maternal-fetal interface as they could directly monitor placental response and

health status.

A.8 PEVs interact with immune cells during pregnancy.

Maternal immune systems inappropriately adapted to pregnancy are associated with pregnancy
complications and pregnancy loss [98]. PEVs contain a range of immunoregulatory molecules
[99, 100] and interact with maternal immune cells in vitro, which suggests PEVs may be
involved in maternal immune adaptation in pregnancy. EVs are involved in the recruitment of
monocytes and macrophages as well as in cytokine and chemokine regulation [76].
Syncytiotrophoblast-derived EVs from healthy placentas suppress and/or promote
immunological pathways [77]. Thus, understanding the interaction between the maternal
immune system, the feto-placental unit, and EVs is important. In addition, EVs from pregnant
women impact immune cells differently than EVs from non-pregnant women [59, 75]. The
dynamic complexities between PEVs and the immune system in a healthy and diseased state

support the importance of in vivo models.
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Differences in EV tropism for immune cells appears to depend on the source of the EV sample,
I.e., peripheral blood versus placental tissue. Germain et al. observed strong binding of
syncytiotrophoblast microvesicles from term placentas to monocytes in first trimester blood
with decreased binding throughout gestation, as determined by ELISA [87]. However,
microvesicles from third trimester human placentas bound preferentially to monocytes and B-
cells versus T and NK cells as assessed by Image Stream technology [61]. In contrast,
microvesicles isolated from third trimester blood bound to T cells and not B or NK-cells via
FACS [59]. These studies co-incubated peripheral blood mononuclear cells (PBMCs) with EV
samples in vitro. Since the methodologies used to isolate these EVs impacted tropism and
downstream function, in vivo experiments will be important to study the interplay between
PEVs and the immune system. EVs obtained from mechanical scraping of term placental villi
did not stimulate PBMCs, whereas EV samples obtained from placental perfusate were more
stimulatory [61, 87]. Notably, these EVs were obtained from term placentas and represent the
end point of pregnancy. Pap et al. [59] found that 50% of microvesicles positive for Human
leukocyte antigen G (HLA-G) were also positive for Fas ligand (FasL). The authors
hypothesized that these two molecules present on the EV surface are involved in maternal

immune tolerance [59].

A.9 Surveying PEV markers and cargo to identify pregnancy complications.

Classic EV markers, such as tetraspanins and ESCRT proteins [27], have been routinely
identified in human and animal EVs, as listed in Table 2. As an adjunct to monitoring maternal

systemic physiological changes (e.g., blood pressure or proteinuria), clinicians could directly
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monitor placental health and development by surveying PEVs. The application of PEVs as a
prognostic molecular tool, however, is hindered by the current lack of validated placental
biomarkers associated with a pregnancy complication in humans or animals. Furthermore,
there are few validated placenta-specific EV surface markers to isolate PEVs. The most widely
used placenta-specific marker for PEV isolation is placenta alkaline phosphatase (PLAP) [23,
24, 87, 101]. A PLAP ELISA has been used to quantify PEVs from human [25, 90, 102] and
bovine samples [103]; however, validation and information regarding cross-reactivity of this
antibody is lacking. Despite its use by several labs, there are challenges with specificity as
other alkaline phosphatases have been detected in various healthy tissues that can be
recognized by PLAP antibodies [104-106]. Validating these PLAP antibodies and making
other in-house antibodies, such as NDOG2 and ED822 [74, 87, 107], commercially available
will increase reproducibility across studies. HLA-G, another placenta-specific protein, also has
been used to isolate and detect PEVs [24, 59], recognizing that this would be an extravillous
trophoblast marker. Other placenta-specific protein candidates include: syncytin-2, placental
protein 13 (PP13), pregnancy-specific glycoprotein 1 (PSG1), and pappalysin-1 (PAPP-A)

(Table 2).

Changes in PEV cargo highlight a difference between healthy and pathological placentas, as
shown in Table 3. Cuffe et al. discussed the presence of two classes of molecules: “passive”
and “bioactive” [108]. Passive molecules are hypothesized to have high predictive potential,
whereas bioactive molecules are constitutively secreted by the placenta [108]. Further

supporting the use of PEVs to monitor placental health. PE is perhaps one of the more well-
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studied pregnancy complications in which PEV quantities and cargo have been evaluated
[109]. Nair and Salomon’s recent review on human GDM [110] discussed systemic and
placental changes in EVs. Several studies have focused on RPL and procoagulant
microparticles, EVs secreted by platelets and endothelial cells [111-114]; however, we were
unable to find any reports regarding the association of PEVs and EPL/RPL. Researchers have
observed alterations in PEV cargo between women experiencing PTB compared to controls;
however, they have not identified a consistent biomarker [115, 116]. For instance, one study
only detected miR-525-5p in EVs from a pathological condition (PTB, PE, or cells grown
under hypoxia) [115]. Another study found miR-525-5p to be significantly lower in PTB EVs
compared to controls [116]. To understand the changes in PEV cargo associated with the cell’s
physiological state, it is necessary to first understand whether EV cargo is selectively
packaged. The survey of PEV cargo upon experimental knock out of lysosomal enzymes would
provide insight to the critical question of cargo selection that spans all disciplines of the EV

field.

The dearth of placenta-specific markers for PEV isolation and lack of agreement upon
biomarkers of a pregnancy complication highlight the need for consistent methodologies and
nomenclature in studies that isolate PEVs from these various pregnancy complications.
Identification of biomarkers resulting from aberrant placental development may allow for
earlier diagnosis and intervention or earlier application of a placental therapy. PEV analysis
also could enable better categorization of adverse pregnancy outcomes via specific molecular

changes in the placenta rather than by less specific maternal symptoms and fetal measurements.
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A.10 Animal models of human pregnancy complications

Most PEV research has been performed using human fluid samples and in vitro trophoblast
cultures, with relatively few studies in animal models. Due to the complexities of obtaining
and working with human samples and the limitations of vitro systems discussed thus far, other
systems are needed to advance the study of PEVs. Animal models can provide the rigor and
reproducibility that are difficult to achieve with human samples, due to uncontrolled external
factors and genetic diversity among clinical patients. Advantages of collecting PEV data from
animal models include: access to large cohorts raised in controlled environments; rigorous
sampling (i.e., the ability to collect samples early in pregnancy and at precise time points);
control of the factor(s) causing the pregnancy complication (in some instances); the ability to
utilize an animal as its own control during the same or subsequent pregnancy; the potential for
longitudinal studies spanning pre-conception to the delivery of the offspring; and the

opportunity for transgenerational studies.

Despite the differences in placentation across animal models, each animal model has strengths
and shares similarities to humans that are useful when disentangling the mechanisms
underlying pregnancy complications. When selecting an animal model to study a pregnancy
complication, the following considerations should be addressed: placentation (i.e., depth of
invasion, trophoblast cell organization, immune cell presence), animal husbandry for
maintaining a study cohort (without/or without manipulation of an environmental factor), and
the specific questions asked during the study (i.e., the importance of the fetus being born

precocial; monotocous versus polytocous species). For example, the lack of endometrial
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trophoblast invasion by the pig placenta and minimal invasion in sheep has limited their utility

in modeling PE. Although the pig placenta may not ideally model PE, its similarities in fetal

development with humans could be beneficial to study FGR [117]. Furthermore, FGR studies

in sheep and rabbit models provide an opportunity for the animal to serve as its own control

by evaluating the unmanipulated, opposite uterine horn [5, 118-120]. An overview of

placentation is depicted in Figure 2 and details regarding pregnancy and translatability of each

animal model discussed in this review are listed in Table 4 [121-125].

Laboratory Animal Models
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Figure A.2. Experimental models of human pregnancy. Laboratory animal models (NHP, guinea pig,
rodent, and rabbit), large animal models (pig, sheep, and cow), and in vitro systems (placental perfusion,
tissue/cell culture, and blood) are depicted to represent experimental models of human pregnancy.
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Animal models allow for longitudinal study to identify early biomarkers prior to or at the onset
of a complication, which is not possible in humans due to the delays in confirming pregnancy
and the need to avoid perturbing early gestation. Identifying changes or biomarkers at the onset
of a complication, even before placentation is complete, may be important for diagnosing or
preventing a further adverse outcome. Once biomarkers have been identified in an animal
model, they can then be validated for tissue-specificity and reproducibility within and across
species for subsequent translation to humans. For example, miR-210 is more highly expressed
in the placentas of mice with PE compared to healthy placentas. It is also expressed in human
and ovine placentas [126, 127] with aberrant regulation in human PE and upregulation of the
miRNA in hypoxic human placentas. Thus, animal models have led to the identification of a
putative biomarker of PE, where upon further refinement of the timing of aberrant expression
and identification of target MRNAs may reveal the biological processes contributing to the

manifestation of the placental complication.
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Animal studies will have an essential role in showing proof of principle for the potential of a
therapeutic intervention or diagnostic assay prior to translation into human clinical studies. For
example, pregnant guinea pigs and sheep were used to test an experimental placental treatment,
in which injection of an adenoviral vector overexpressing VEGF reduced FGR [128, 129]. Due
to the positive outcomes in these animal models, this therapy subsequently was transitioned
into a clinical trial in Europe (EVERREST project) [130]. Further use of animal models will
not only enable the development of improved diagnostics, but they also can provide a platform
for developing and evaluating the efficacy of placental therapies [120]. In these animal models
a thorough understanding of the complication as well as the safety of a therapeutic can be
appropriately evaluated prior to transition into a clinical trial; however, there must be a
thorough understanding of the etiology of that pregnancy complication. The guinea pig and
macaque, for example, are both ideal for placenta-targeted therapies as they similarly share a
hemochorial type of placentation, bypassing additional maternal layers present in livestock
species. Thus, a common workflow in placental research, and other fields, is to identify in
rodents, verify in nonhuman primates (NHPs), and then translate to humans. This approach
can be implemented in the PEV field by broadly utilizing various experimental animal

pregnancy models.

A.11 Spontaneous versus induced animal models of adverse pregnancies

While pregnancy complications can develop spontaneously in animal models, they are
frequently induced. Similar to the selection of the animal model, there are distinct advantages

and limitations for choosing between a spontaneous or induced model to study adverse
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pregnancy outcomes in animals. For the sake of brevity, we have collated the induction

methods of a complication for the various species that are listed in Table 5.

Spontaneous development of a pregnancy complication in animals is valuable as it suggests
there may be mechanistic overlap with humans. Although PE is observed primarily in humans,
spontaneous cases have been documented in mice, rats, rabbits, guinea pigs, and monkeys
[122, 131, 132]. Here we briefly describe a few examples that support the use of an animal
model for various complications. In general, litter-bearing species can serve as natural models
of FGR and IUGR [5, 117, 133]. For example, spontaneous IUGR occurs in 15-20% of swine
[134]. Likewise, spontaneous pregnancy loss is common in cattle (~40%) [135-137], pigs (20-
45%) [136, 138, 139], and marmoset monkeys (26%) [140]. In a cohort of guinea pigs, 20%
of pregnancies spontaneously developed toxemia, and the observations from those animals
validated their induced toxemia model [131]. Decreased reproductive efficiency has been
observed in both humans and sheep at high altitudes; however, this environmental factor would
limit the ability to study FGR in sheep to specific locations and might limit the relevance of
such studies to the general human population. While spontaneous instances of these pregnancy
complications can be used for experimental modeling, by definition, spontaneous
complications are difficult to predict. Events preceding the adverse outcome cannot be
efficiently studied and may require larger animal cohorts or specific conditions than is practical

for many investigators.
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In contrast to the uncertainty in occurrence and timing of a spontaneous complication,
researchers can administer precise insults or experimental treatments to control the induction
of a pregnancy complication (Table 5). Pregnancy complications may be induced by drug
treatment, diet, surgery, or genetic manipulation. Genetic manipulation is commonly used in
rodent models to induce a pregnancy complication, where a gene knock-in or knock-out can
aid in further investigating causative genes underlying the development of a complication.
Information derived from these genetic mutations then can be translated to other animal
models, such as nonhuman primates (NHPSs), that more closely model human pregnancy. The
biological relevance of the induced complication must be determined on a species and
approach basis. As with any laboratory study, there are limitations to the comparisons that can
be made to natural cases of disease. Data gleaned from induced models should be compared to

data obtained from spontaneous cases of pregnancy complications whenever possible.

Etiology is important when selecting an approach to induce a pregnancy complication, as the
mechanisms impacted may not be translatable to humans. For example, diet-restricted guinea
pigs displayed similar symptoms and pathology as those with spontaneous PE [141]; however,
the etiologies appear different. Spontaneous PE resulted from uteroplacental ischemia induced
by aortic compression caudal to the renal arteries. In contrast, induced PE from fasting led to
ketosis and resulted in less severe symptoms and pathology [131]. Notably, similar symptoms
of varying severity were observed in this study, and it is important to consider the mechanistic
differences underlying the PE symptoms observed as they may relate or differ from the human

pathogenesis of the complication.
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A.12 Animal models of experimental infections during pregnancy

Pathogens can be host restricted, so ensuring that a pathogen can induce similar
pathophysiology in an animal model of human pregnancy is essential to better understanding
the downstream implications. Other important considerations for congenital infection models
include the route of infection, maternal symptoms, fetal/congenital symptoms, and the role the
maternal immune system plays in fighting the infection. Researchers have used in vitro animal
and human placental cell culture systems to identify the cell types most susceptible to vertically
transmitted pathogens and to unravel the mechanisms behind infection [20]. While in vitro
systems have aided in understanding the cellular mechanisms of vertical transmission (e.g.,
receptors that mediate pathogen trophoblast entry), these mechanisms largely remain elusive.
The various animal models that have been used to model TORCHZ infections during

pregnancy are broadly summarized in Table 6.
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Table A.6. Pathogens in animal models that cause adverse pregnancy outcomes (APOs)

Pathogen Animal model Observed APO
= Cattle [333] Pregnancy loss

Brucella = Sheep [333]
= Sheep [334] Pregnancy loss

. = Mice [334, 335]

Chlamydia = Guinea pigs [336]
= Pigs [337]
= Mice [338] Neurological sequelae, pregnancy loss

Cytomegalovirus

Guinea pigs [338, 339]
NHP [159, 160]

Hepatitis E virus

Rabbit [340, 341]

Pregnancy loss

Group B Streptococcus

Mice [342]
NHP [343]

Pregnancy loss, meningitis, pneumonia,
neurological developmental disabilities

Listeria monocytogenes

NHP [161-163]
Guinea pigs [254, 344]

Pregnancy loss

Rubella

Rats [345, 346]

Pregnancy loss, neonatal demise, ocular
abnormalities

Toxoplasma gondii

Sheep [347, 348]
Mice [349]
NHP [350]

Pregnancy loss

Zika virus

NHP [164-166]
Mice [351]
Guinea pigs [352]
Pigs [353]

Pregnancy loss, fetal malformations

A.13 Current knowledge of PEVs in animal pregnancy models

This section provides a brief overview of PEV studies that have been performed using mouse

and livestock pregnancy models, with more details presented in Table 3. Similar to humans

[102, 142], the total number of exosomes and PLAP-positive vesicles isolated from blood

increased throughout bovine gestation (Table 3) [103]. Sequencing of miRNAs from bovine

exosomes revealed unique expression profiles across trimesters [103]. The placental miRNA

profile also changes throughout gestation in humans [143] and rhesus macaques [144]. These

data suggest that despite minimal placental invasion in the cow, placental exosomes similarly

circulate in the maternal bloodstream as observed in humans. Thus, there may be conservation
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in marker expression and function of cargo given the similarities in EV miRNA profiles during

gestation.

Data collected from mouse and human studies support that EV clearance may impact
pregnancy health status. Excess vesicles in lactadherin -/- pregnant mice resulted in elevated
blood pressure, proteinuria, and fewer litters, suggesting that EV clearance opposes
development of PE-like symptoms (Table 3) [89]. Moreover, elevated levels of PEVs or PEVs
from injured murine placentas can induce PE symptoms when injected into pregnant mice [89].
This impact supports and expands upon human data. An in vitro human trophoblast culture
study found that less syncytin-1 and -2 cellular expression resulted in decreased exosome
uptake and thus, an excess of released EVs [145]. Interestingly, placentas from women with
PE expressed less syncytin-1 and -2 than controls [145]. Germain et al. [87] also reported
elevated levels of circulating free and fewer bound syncytiotrophoblast microvesicles in
patients with PE than healthy subjects. The overlap in findings is an excellent example of the

insight rodent models offer into unraveling the impact of EVs.

Observations from rodent pregnancy models have revealed that PEVs may serve as a means of
communication at the maternal fetal interface. In mice, fetal and maternal exosomes trafficked
across the maternal-fetal interface and fetal exosomes impacted maternal cell function [146].
Similarly, PEV trafficking to maternal cells also has been shown in large animal pregnancy
models. A recent study showed that the binucleate trophoblast cells of the ruminant placenta

also secrete exosome-like vesicles to the maternal uterine epithelium and connective tissue
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[147]. Similarly, in vitro study showed that porcine trophectoderm cell lines secreted EVs that
influenced the proliferation of porcine aortic endothelial cells (Table 3). This supports feto-
maternal cross-talk in the pig [148], a phenomenon similarly observed in sheep [149]. In
addition, EVs isolated from ovine uterine fluid are taken up by embryos/trophectodermal cells
and vice versa [149, 150]. EV uptake by these cells suggests maternal-fetal communication
occurs very early in pregnancy and shows the potential to assess embryo-derived PEVs as early
as the pre/peri implantation stages. Investigation of the earliest stages of development could

reveal how these EVs may be altered in EPL.

While the results of in vitro PEV studies are intriguing, the prevalence of PEVs in ovine and
porcine maternal blood remains unclear. PEVs are expected to be present in ovine maternal
circulation as they have been detected in bovine maternal blood, and these species share similar
placental architecture. Further isolation of PEVs from all stages of pregnancy, including
embryo-derived EVs, across livestock species will help to understand complications that arise
from errors in the establishment of pregnancy as well as maldeveloped placentation. Although
there are few published animal PEV studies, the similarities in findings between animal models

and human in vitro data further supports the need for additional in vivo animal studies.
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A.14 Future perspectives: expansion of PEV research in animal pregnancy

models

The studies discussed in the previous section represent all current, but limited, publications on
PEVs in animal pregnancy models. Studies with animal models provide an opportunity to
improve our understanding of the consequences of placental complications through
comprehensive study of PEVs and their cargo. Additional studies in the animal models
discussed above, especially in those with a hemochorial placenta, are needed to identify
biomarkers and expand our knowledge of PEV cargo and function. The development of PEV
animal models is especially important to elucidate the impact EVs have on the maternal
immune system and maternal physiology in healthy and complicated pregnancies, as this

cannot be studied in vitro.

The use of NHPs in PEV research would be particularly valuable as there are extensive
similarities between humans and NHPs as listed in Table 4. Macaques share a similar
hemochorial type of placentation with extensive remodeling of decidual spiral arteries by
endovascular trophoblasts [121, 123]. Unlike rodent models but similar to humans, NHPs
express miRNAs from the primate-specific chromosome 19 microRNA cluster (C19MC)
(Table 4). miRNAs of the C19MC are almost exclusively expressed in the placenta, and have
been detected within human EVs [35]. The C19MC miRNAs have roles in placental function,
and are aberrantly expressed in pregnancy complications [151, 152]. Several pregnhancy
complication paradigms are already in place with NHPs [121, 153-167]. Applying the study of

PEVs to these established models will enable advances not feasible in human pregnancy
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research -- for example, monitoring vertical pathogen transmission by PEV analysis with timed
infection studies. Investigators have recently characterized and validated rhesus and
cynomolgus macaque TS cell lines that can be differentiated into syncytiotrophoblasts and
extravillous trophoblasts [84, 168]. These cell lines may have tremendous value in terms of

identifying PEV biomarkers of infection and disease.

Guinea pigs may also offer utility in PEV research as they have a discoid, hemomonochorial,
labyrinthine placenta, and are relatively low cost compared to NHPs. Their longer gestation
(~68 days) compared to the mouse and rat (~20 and ~22 days, respectively) allows for
enhanced longitudinal sampling. They also naturally experience PTB at ~7% rate (the human
rate is 5-11%) [169, 170]. Hence, guinea pigs may be a useful model for biomarker
identification as well as drug development as an intermediate model between rodents and

NHPs.

The use of rabbits could be beneficial as they are induced ovulators [122, 171], which allows
for early and precisely timed pregnancy sample collection. Rabbits, like humans, have a
syncytial trophoblast layer [122], and their genome has been fully sequenced. Their relatively
short gestation (~32 days) allows for short studies that can assess the impact of pregnancy on
the fetus as the offspring are born precocial [172], a feature more similar to humans than
rodents. A representative example of the rabbit model being used to understand a pregnancy
complication is a study in which injection of fetal hemoglobin resulted in proteinuria, fetal

demise, and increased apoptosis in the kidneys and placentas [173]. This study helped elucidate
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the impact fetal hemoglobin may have on PE in humans and showed the efficacy of alphal-

microglobulin (A1M) as a therapy to alleviate PE-like symptoms [173].

There are additional advantages and limitations of a model that are particularly relevant to
PEV biomarker identification. Animal models with smaller litter sizes, such as the macaque or
the sheep, allow for more focused biomarker detection for singleton pregnancies as in humans.
In animals with large litters, some fetuses may normally develop, while others are resorbed. If
healthy fetuses are present, it may be difficult to parse out and identify a biomarker of the
pregnancy complication. Animals that mature more quickly typically have shorter gestations
and allow for transgenerational study design. Moreover, animal pregnancy models are
advantageous as they provide the ability to survey PEVs in relation to fetal growth and
development over time, as well as in association with offspring physiology throughout their

lifespan in a manageable time fram.

A.15 Next steps in establishing animal pregnancy models for PEV research.

A major limitation in the use of PEVs to diagnose pregnancy complications is the lack of
information regarding early, predictive markers [108], which makes identification of
longitudinal markers difficult. As illustrated in Table 2, there is overlap between general
human EV markers and those of the animal models; however, only a few studies have
specifically looked at PEVs in animal models despite similarity in some placental markers. For

PEV research to be translational, we propose the following goals:
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1. Rigorous assessment of placenta-specific markers in longitudinal in vivo studies, in
additional cohorts for repeatability, and across species to ensure translatability
2. Validation of antibodies that are subsequently made commercially available for use

across labs and species (when applicable).

3. Thorough assessment of the prognostic potential of a biomarker associated with a
pregnancy complication in various animal models
4. Development of a database for placenta-specific markers and biomarkers of pregnancy

complications using high-throughput techniques (i.e. next-generation RNA sequencing,
mass spectrometry for proteomics, and lipidomics)

5. Pre-clinical evaluation of a biomarker associated with a human pregnancy condition in
human samples (retrospective and prospective studies)

Animal models will enable the development of datasets with predictive markers because
researchers will have control over sample collection and the timing of the insult. Researchers
also can use established animal models to determine the predictive power of potential
biomarkers that were identified in humans [108]. The harrows of identifying a single biomarker
in humans also supports the need for induced pregnancy complication studies because a marker
consistently identified across species with varied disease severity has translational potential.
Overall, animal models can greatly strengthen the PEV field in terms of studying and

prospectively identifying pregnancy complications.

A.16 Current questions and future opportunities in the PEV field

Having discussed the opportunities in pregnancy complication research with a range of animal
models, there remain questions in PEV research that are cross-cutting, regardless of the species

used, including research with human clinical samples.

= IsPEV cargo selectively packaged? — If so, how?
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= How are the presence of PEV membrane proteins and cargos altered when EVs are
derived from a diseased placenta?

= Do the embryo and the placenta use PEVs to communicate to maternal cells before and
during implantation?

= What role(s) do PEVs have in regulating maternal immune adaptation to pregnancy? Are
PEVs essential for the successful establishment of pregnancy?

= Do PEVs from a maldeveloped placenta cause or contribute to a pregnancy complication
by triggering a maternal physiological or immune response, or is their presence a
manifestation of the impact of the pregnancy complication on placental function?

PEVs hold the promise of future prognostic and diagnostic development as they can provide
high “clinical predictive power” [101] for pregnancy complications. Unraveling the
mechanisms of cargo packaging is crucial to understand how EV cargo of a malfunctioning
placenta may be altered in comparison to those derived from a healthy placenta. There is
currently a debate in the EV literature as to what “exosomes” are, and whether these truly can
be isolated from a complex EV population [32]. Consistent nomenclature and standard
techniques to isolate EVs would allow comparison among studies. There are currently three
EV databases, EVpedia [174], ExoCarta [175], and Vesiclepedia [176]; however, a database
specifically for PEV research would enable meta-analysis of results, allow for marker
identification reported across pregnancy complication research, and enable the field to quickly
advance. Since placental development is continuous and gene expression changes throughout
pregnancy, it is important that investigators develop a database of EV cargo from all stages of
pregnancy. The NIH Human Placenta Project would be an excellent platform to support such

a database.
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In conclusion, representative in vitro and in vivo animal models are necessary to identify
biomarkers of pregnancy complications. A better understanding of PEV biology will allow
deeper insights into placental function and development throughout gestation, help to identify
maldeveloped and/or infected placentas, and potentially underpin development of placental
therapeutics. We propose that to achieve these advances, appropriate animal models of human

pregnancy complications must be established.
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