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ABSTRACT

Silva, Dionn Carlo A., Vertical Transmission of ZIKV in an opossum model. Master of Science

(MS), May 2021, 43 pp., 5 tables, 6 figures, 69 references, 22 titles.

This study will identify Brazilian ZIKV infection in the offsprings of mated, inoculated
Monodelphis domestica females. Unlike non-human primates (NHP) and transgenic mice, M.
domestica provides an opportunity to study ZIKV infection in a novel animal model possibly
useful for in-utero studies. M. domestica has also been used in cancer and dietary research with
varying degrees of success. ZIKV infection will be identified using antibody staining and in situ
hybridization. The expected result of this study is that ZIKV will be identified in various tissues
and reveal that ZIKV is transmitted vertically in this animal model. The significance of this
study is by identifying ZIKV infection and confirming vertical transmission in M. domestica,

this will lay a foundation for future in-utero studies with this animal model.
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CHAPTER I

INTRODUCTION

1.1 Overview of this Chapter

This chapter will describe Zika virus and discuss the various vertical transmission studies

done on ZIKV-infected animals. This chapter will also introduce Monodelphis domestica, as a

possible novel animal model for ZIKV pathogenesis studies.

1.2 Zika Virus

Zika virus (ZIKV) is a flavivirus that originates from the Ziika forest in Uganda, where
the virus was isolated from a rhesus monkey in 1947 (Dick et al., 1952). ZIKV is positive-sense
single-stranded RNA that contains three structural and seven non-structural proteins. ZIKV has a
single open reading frame (ORF) flanked by a 5” and 3’ untranslated region. The ORF is what
encodes the polyprotein to yield the three structural and seven nonstructural proteins. One of
these proteins, the envelope (E) protein, is responsible for targeting virus to host cell receptor
interactions and functions as a mediator in allowing viral entry into the cell (Kuhn, 2015).
Similar to other flaviviruses such as dengue and yellow fever, ZIKV is transmitted through
infected female mosquitoes, such as the Ae. aegypti and Ae. albopictus species. Both Ae.
aegypti and Ae. albopictus have high vectoral capability for ZIKV, meaning that the efficacy of
transmitting ZIKV in these species increases based on several factors such as number of bites

and population density of female mosquitoes (Rather et al., 2017). In addition to transmission by
1



infected female mosquitoes, various studies have shown vertical transmission of the virus from

mother to offspring.

1.3 Vertical Transmission of ZIKV

Early ZIKV studies of the possibility of vertical transmission showed the presence of
viral particles and RNA in the amniotic fluid of the fetus, as well as ZIKV viral antigens being
present in the placenta and miscarriage tissues of infected mothers (Calvet et al., 2016; Meaney-
Delman et al., 2016). More recent studies reported how routes of perinatal transmission are
mainly transplacental and how primary human endometrial stromal cells are able to support
ZIKV replication (Colt et al., 2017; Pagani et al., 2017). Lastly, a recent study about ZIKV
replication in prostate cells may lead to the explanation on how ZIKV is sexually transmitted.
That study described how ZIKV can infect human prostate stromal mesenchymal stem cells as
well as epithelial cells and lead to their replication in the human prostate, perhaps a potential
source of the sexually transmitted disease (Spencer et al., 2017). These studies illustrated various
transmissions of ZIKV and how ZIKYV is present in the developing fetus. The importance of the
effects of viral replication on the developing fetus have been previously studied in humans,
NHPs, and mice. Animal models such as transgenic mice and non-human primates (NHPs) used
in ZIKV research do display many limitations, such as a lack of an intact immune system as well
as long developmental times. Here, we introduce an opossum model, Monodelphis domestica, as
a novel model for ZIKV pathogenesis. At birth, M. domestica pups are developmentally
equivalent to a 5-week-old human and they are beginning to develop an immune response. This

makes the pups a unique extrauterine model in terms of early developmental animals.



1.4 Problem Statement

Studying ZIKV infection from an early developmental period and its possible vertical
transmission has its difficulties not only in NHPs, but also in transgenic mice. Here, a novel
marsupial model, M. domestica, was introduced in order to study the disease progression of
ZIKV in newborn pups from ZIKV-infected dams.

1.5 Research Objective

The purpose of this study addresses three key points. The first was to confirm vertical
transmission from the dams to the pups at various age points: 0-days, 3-days, 6-days, 9-days, and
12-days. The second was to determine the frequency of infection of ZIKV in newborn pups, as
at birth, newborn pups are developmentally equivalent to a 5-week-old human. Lastly, this
animal model will be evaluated to determine if M. domestica can be a viable model for future in-
utero studies.

Based on initial studies with this model, it is expected that the pups be susceptible to
vertical transmission. However, varying amounts of anti-NS1 antibody detected may vary
depending on the age of these newborn pups. Antibody staining was used to confirm ZIKV-
infection of these newborn pups and infection rates based on tissues analyzed and infection rate

was determined.



CHAPTER II

REVIEW OF THE LITERATURE

2.1 Overview of this Chapter

This section reviews information about ZIKV vital to understanding the purpose of
studying ZIKV pathogenesis in a novel opossum model. The importance of the laboratory

opossum, M. domestica, will be discussed as well as its purpose in this study.

2.2 Viral Structure and Genomics

Research concerning the ZIKV genome illustrated two principal viral lineages
originating from Asia and Africa. Phylogenic analysis using nucleotide sequences of 29 ZIKV
genomes revealed that strains like PRVABC-59 is an Asian lineage-derived American strain
(Yun et al., 2016).

The ZIKV particle is spherical in nature, approximately 50nm in diameter, and
encompasses three structural proteins: the capsid (C), the pre-membrane/membrane (prM/M),
and the envelope (E) (Suchetana et al., 2005). The capsid plays an important role in flavivirus
assembly. Similar to other flaviviruses, ZIKV E protein contains four domains. Both the E and
M glycoproteins are located at the lipid bilayer, which allows for the formation of heterodimers
due to their transmembrane domains leading to the rise of the viral particle’s outer surface (Yun
and Lee, 2017). Other than the 3 structural proteins, ZIKV also has 7 structural proteins. Unlike
the structural proteins that aim to form the viral particle, the nonstructural proteins function in
genome packing as well as assisting in viral replication (Sirohi et al., 2017).

When compared to other flaviviruses, however, ZIKV structure illustrates a common
4



organization apart for some minor differences (Sirohi et al., 2017). One example can be seen in
viral E proteins of Dengue virus (DENV) being almost structurally similar to that of ZIKV.
Another example is in the organization of the protein in flaviviruses being very similar but not
entirely identical to that of ZIKV. In many flaviviruses, the NS1 protein is associated with the
viral replication complex on the ER, which can exit cells to form hexamers, and can even bind
to uninfected cells via glycosaminoglycan interactions (Avirutnan et al., 2007).

Another important protein for viral replication in ZIKV is nonstructural protein 5 (NS5).
The NS5 protein in ZIKV consists of two domains: a RNA-dependent RNA polymerase (RdRp)
domain at the C- terminal and a methyltransferase (MTase) domain at the N-terminal
(Elshahawi et al., 2019). In DENV, RdRp and MTase domains interact and increase RNA
replication efficiency. First, the primers would be synthesized complimentary to the 3’ end
followed by conformational changes which elongate the RNA. Following research depicted the
importance of the MTase domain at increasing efficiency of initiation, priming, and elongation
steps and was found to be the same in ZIKV (Potisopon et al., 2014; Zhao et al., 2017). In
addition, research has shown that ZIK'V NS5 protein shares many structural similarities to that
of Japanese encephalitis virus (JEV) due to how conserved the loops and beta sheets are in the

MTase domain (Zhao et al., 2010).

2.3 Transmission Cycle and Viral Replication

ZIKV can persist in two transmission cycles. The first is an enzootic cycle that includes
primates and primarily the Aedes genus of mosquitos. Some species, such as the Aedes
albopictus has a high potential of circulating the virus in this cycle (Bueno et al., 2016). The
other is an urban cycle in which transmission of ZIKV is from humans to urban mosquitoes

(Weaver et al., 2016). Mosquitoes will acquire the virus through a blood meal, host it in their



bodies throughout their lifetime, and can transmit the virus through the bite of infected Aedes
species, such as A. aegypti and A. albopictus (Zhao et al., 2018). Other possible routes of
transmission can include perinatal transmission from mother to fetus, blood transfusions, and

sexual activities (Musso et al., 2014).

When an infected female mosquito feeds on the host, viral particles will be released to
the bloodstream which then infect various cells. Because ZIKV is a flavivirus, the viral particles
will enter through specific receptors or clathrin-coated vesicles of the cell membrane. ZIKV
does this by attaching the E protein to host receptors and allowing it to enter the host cell
through apoptotic mimicry. Following this, the virus membrane then fuses with the host
endosome. Following membrane fusion, E trimers are formed due to acidic pH triggers that lead
to the release of the nucleocapid into the cytoplasm (Rodriguez et al., 2019). In the cytoplasm,
the single stranded RNA will be translated into a polyprotein, then cleaved into the 3 structural
and 7 nonstructural proteins. The viral genome will then be replicated, and viral assembly will
take place on the surface of the endoplasmic reticulum. The immature viral particle will travel
through the Golgi network, where the virions will mature and then be released via exocytosis
(Roby et al., 2015). The virions are then able to spread throughout the body and possibly
reproduce in certain immune-privileged sites. Research has shown the persistence of ZIKV in
varying immune-privileged sites like the eyes and testes (Jampol and Goldstein, 2016; Venturi

etal., 2014).

2.4 Neurological Effects and Complications

ZIKV has been linked to numerous neurological conditions and complications such as
Guillain-Barre syndrome (GBS), meningoencephalitis, transverse myelitis (TM), and many

other others. ZIKV-induced pathogenesis and the mechanisms surrounding it are still poorly



understood. However, researchers have described mechanisms in which ZIKV can avoid host
IFN signaling of STAT2. When IFN-1 pathways are activated in response to viral infection,
IFN-simulated response elements will be expressed. The NS5 ZIKV protein can then bind and
destroy the STAT2 through proteasomal degradation, thus having resistance to IFN (Kumar et
al., 2016; Grant et al., 2016). Another mechanism that may link ZIKV infection to a
neurological disease can be seen in the inhibition of RIG-I molecules. These RIG-I-like
receptors are viral RNA sensors that trigger an immune response through type I IFN production
(Oshiumi et al., 2016). Therefore, defects in these defense mechanisms may facilitate GBS
manifestation when infected with ZIKV. Research has also shown ZIKV infection triggering
cytopathic effects in infected cells, which leads to morphological changes in the cell and
eventually implosive cell death (Monel et al., 2017). In addition, any failure in the expression of
the IFN induced transmembrane family proteins may lead to an increase in ZIK'V-induced cell
death (Savidis et al., 2016).

In terms of ZIKV proteins, a recent study suggests that cell-cycle disturbances,
inhibition of cell proliferation, and cell death are due to ZIKV protein expression. Expression of
proteins such as the M protein, E protein, and NS4A lead to cells accumulating in the G2/M
phase, while expression of the prM protein results in cells accumulating in the G1 phase (Li et
al., 2017).

Viral survival in the central nervous system (CNS) may be associated with the
activation of mTOR and anti-apoptotic pathways, which may explain various neurological
manifestations caused by ZIKV, even when there is viral clearance from the blood (Aid et al.,
2017). GBS, for example, can be characterized as the activation of the immune response leading
to damage in the peripheral nervous system (Sejvar et al., 2011). Research in ZIKV has depicted
the virus to be a cause for triggering onset of GBS (Monsalve et al., 2017). Although the

7



molecular mechanisms for this are still not very well known, host-virus interactions focusing on
humoral immunity, T-cell immunoreactivity, and molecular mimicry have been proposed to
induce GBS (Munoz et al., 2016). In terms of molecular mimicry, ZIKV polyproteins do share
peptides with human proteins. Research has shown that if ZIKV infection cross-reacts with
these human proteins, any alterations may contribute to ZIKV-associated neurological

complications such as GBS (Lucchese and Kanduc, 2016).

2.5 Current ZIKV Animal Models

Several studies in various animal models have illustrated adverse effects of viral
replication in the developing fetus. The sudden declaration of ZIKV as a global health
emergency in 2016 launched a campaign to establish animal models to explore transmission and
pathogenesis of ZIKV. These animal models would then be used to evaluate therapies and
vaccines produced. Some of these animal models include various mouse models, non-human
primates (NHPs), and other atypical models.

One type of mouse model is the immunocompetent mouse, meaning the mouse has a
normal immune response. In 1-day-old C57BL/6 mice that were subcutaneously inoculated with
ZIKV, there was no evidence of viral infection in the spleen or liver (Manangeeswaran et al.,
2016). Virgin female C57L/6 mice that were intravaginally inoculated with ZIKV showed
persistence of the virus, and there was significant intrauterine growth retardation (IUGR) in the
fetesus of those mice infected on E4.5 (Yockey et al., 2016). This study also showed the
presence of ZIKV in the fetal brains, suggesting the sexual transmission of ZIKV in mice
(Yockey et al., 2016). In addition, ZIKV has been inoculated into pregnant mice or directly into
the brain of the developing fetus of wild-type (WT) mice or immunocompetent mouse

(Morrison and Diamond, 2017). Results for many of the WT mice studies reveal how ZIKV



does not cause consistent infection of healthy WT mice. An explanation for this is because
ZIKV must overcome type I interferon (IFN) signaling in order to multiply and cause infection
in vertebrates (Cao et al., 2017). Furthermore, unlike the human STAT2 ortholog, ZIKV will
not promote degradation of mouse STAT2 and does not establish sustained infection and
viremia in mice (Grant et al., 2016; Kumar et al., 2016). Researchers would then go on to use
immunodeficient mice such as IFNAR-deficient mice in order to show the effects of viral
replication during pregnancy.

Other than immunocompetent mouse, immunocompromised mice are the main type of
mouse used when studying ZIKV infection. Immunocompromised mice, such as A129 mice
subcutaneously treated with ZIKV, show a reduction in weight as well as ZIKV RNA detection
in various organs of the body, with the highest levels of ZIKV RNA detected in the spleen
(Dowall et al., 2016). Interestingly, similar to the immunocompetent mouse, these mice showed
ZIKV persisting in the sexual organs. When these pregnant A129 mice were mated with WT
mice, ZIKV RNA was shown to be present in various trophoblast cells in the placenta, which
are consistent with results from a cell culture study showing ZIKV can infect human trophoblast
cells (Miner et al., 2016; Bayer et al., 2016). These ZIKV-infected placentas would also depict
vascular injury, reduced fetal capillaries, and other abnormalities demonstrating how ZIKV is
able to pass through the fetal blood barrier during pregnancy (Miner et al., 2016). In pregnant
MARI1-5A3 mice, there was no fetal demise after ZIKV infection, however, the fetuses
demonstrated a substantial amount of IUGR as well as other abnormalities (Miner at al., 2016).
Another study using MAR1-5A3 showed how subcutaneous and intraperitoneal inoculation of
the mice lead to high viremia and neuropathological changes; acute encephalitis and
encephalomyelitis were also observed and may suggest the importance of type I I[FN in
suppressing ZIKV pathogenesis (Smith et al., 2017). AG129 mice were another type of

9



immunocompromised mice used. In ZIKV-infected AG129 mice, research has shown an
increase in inflammatory cytokines and chemokines (Zmurko et al., 2016). These
immunocompromised mice models, although valuable to understanding ZIKV pathogenesis,
cannot support ZIKV infections in vivo as fatality in these mice models are common. Other than
mouse models, NHPs are another model used to study ZIKV pathogenesis.

The importance of NHPs in ZIKV research is illustrated in their ability to exhibit
clinical signs unlike in mouse models. One example of a NHP commonly used for ZIKV
research is the rhesus macaques. Pregnant macaques that were infected with ZIKV showed an
increase in innate and adaptive immunocytes at 6 days post infection (dpi), a decrease in total
leukocyte numbers at 10 dpi, and high neutralizing antibody (nAb) titers at 14 dpi (Dudley et
al., 2016). An in-utero transmission was successfully done on a pregnant pigtail macaque with
Cambodian ZIKV strain corresponding to around 28 weeks of human pregnancy; these results
would reveal reduced growth of the fetal brain, white matter deficiency and gliosis, and axonal
damage (Adams Waldorf et al., 2016). These macaque studies and other NHP studies are
important in depicting that ZIKV can pass through the fetal blood barrier, damage the fetal
brain, and illustrate the impact of sexual transmission of ZIKV and its affects on the mother and
fetus.

ZIKV infection has also been shown in other atypical models, more specifically the
chick embryo and in cell culture. Chick embryos have many uses in developmental biology, and
when infected with ZIKV, researchers found that the total brain volume decreased and the
ventricular space increased. This suggests less cortical tissue in the ZIKV-infected chick
embryos compared to the controls (Goodfellow et al., 2016). Other than chick embryos, various
cell cultures have also been used to study ZIKV infection.

ZIKYV infection in human neural progenitor cells (hNPCs) have been shown to lead to

10



dysregulation of various cell cycle genes and lead to apoptotic death (Tang et al., 2016).
Furthermore, an organoid study on the forebrain revealed similar features to that of
microcephaly in ZIKV-infected samples. The significance of that study illustrated the decrease
of neuronal layer in terms of thickness and overall brain size (Qian et al., 2016).

With its unique molecular mechanisms, further research on ZIKV pathogenesis is
needed. Although these animal models have their benefits, they have many limitations which
include but are not limited to: costs, time of growth, and high mortality. Perhaps with these

limitations, novel animal models may arise to help further understand ZIKV pathogenesis.

2.6 Advantages of the lab opossum

Monodelphis domestica, the gray short-tailed opossum, is a marsupial native to Brazil.
These opossums can produce large litters, are generally docile, can breed in captivity, and have
been well established as a laboratory marsupial by VandeBerg and researchers (VandeBerg
1983, 1990). These large litters and the ability to reproduce consistently allow this animal
model to have the advantage of being more cost friendly as well as having a larger sample size
than other traditional animal models. In addition, these species of laboratory marsupials have
made great contributions to biomedical research. What is especially interesting about these
opossums is that birth after a short gestation period allows for additional manipulation of
opossum pups at an immature stage of development (Tyndale-Biscoe and Janssens, 1988).
These neonatal pups are equivalent to a 5-week-old human embryo (Cardoso-Moreira et al.,
2019). Another advantage for these female opossums is that they lack a pouch, meaning the
pups will remain attached to the mother opossum for the first 14 days. These pups serve as
important exteriorized fetal models, as observing ZIKV pathogenesis in ZIKV infected pups

would give a better understanding of ZIKV pathogenesis in the first trimester of human
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pregnancy (Caine et al., 2018). Other reasons for the use of these opossums arose in order to
study their physiological systems.

Monodelphis domestica has previously been used in cancer and dietary studies, which
may prove insightful when using this animal model as a candidate for ZIK'V infection. One
cancer study describes how researchers were able to identify dimers in DNA of M. domestica as
a major photoproduct associated with induction of sunburn cells and hyperplasia (Ley and
Applegate, 1985). Other melanoma studies would include exposing the opossums to various
grade doses of ultraviolet radiation A (UVA) in which the results would show the efficacy to
induce focal melanocytic hyperplasia (FMH) and nonmelanoma skin tumors (NMST) using
UVA is not effective as only high doses of UVA significantly induced FMH and NMST (Ley,
2007). Skin and eye tumor studies were also conducted on this opossum model in which the
results suggested dimers play a role in the induction of cutaneous tumors and photoreactivating
light significantly delayed the appearance of corneal tumors (Ley, 1991). All of these cancer
studies illustrate the importance and significance of this opossum model in further
understanding tumor studies. Furthermore, M. domestica has also been used in several dietary
studies.

One dietary study describes how genetic variation in ABCB4 genes are responsible for
dramatic differences in their non-HDL cholesterol response due to an atherogenic diet
(Kammerer et al., 2010). Another study illustrates the effect dietary cholesterol with or without
saturated fat on plasma lipoprotein cholesterol levels, revealing that perhaps the genes for
dietary response affects the response to dietary cholesterol but not to saturated fat (Kushwaha
and VandeBerg, 2004). These cancer and dietary studies both show the viability of the opossum
animal model, and perhaps how it can be further expanded to in utero studies.

What makes this opossum model worth studying is the similarities in immune systems
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when compared to humans. Research on the cellular immune response of M. domestica reveals
a significant finding: the immune response of M. domestica is similar to that of eutherian
mammals except for the observation of weak MLC responses (Infante et al. 1990). With similar
immune responses to that of a human, perhaps this animal model may be considered. In
addition,

This study will evaluate Brazilian ZIKV infection in the offspring of mated,
inoculated M. domestica, which has been used for diabetic research and has a similar immune
response to that of a human. The analysis of ZIKV in the possum will be performed via

antibody staining and confirmation tests from dissected heads and bodies.

2.7 Limitations of ZIKV Research

Although current and conventional methods of studying ZIKV pathogenesis have
provided an insight on many pathways and mechanisms, there are nonetheless practical and
biological limitations present. For example, studies looking at ZIKV infection from a
gestational stage do not go past the 20-day post infection stage in mice models (van Den Pol et
al., 2017). Many ZIKV infection studies evaluate these animal models past their immature
stages, but more research is needed to understand how ZIKV pathogenesis impacts the
immature animal models leading to their maturation. One mice study, however, did evaluate
ZIKV infection in neonatal mice and found abnormalities in brain pathology, but did not

mention about infection in other tissues (Nem de Oliveira Souza et al., 2018).
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CHAPTER III

MATERIALS AND METHODS

3.1 Overview of this Chapter

This experiment will be conducted at the University of Texas Rio Grande Valley —
Edinburg Campus. A colony of Monodelphis domestica is kept at the Brownsville campus
where the organs will be dissected, harvested, fixed, and then transported to the Edinburg

campus. Tissue fixation can be done in either campus.

3.2 Newborn opossums

All newborn opossum pups used in this study were produced in the breeding colony by
mating infected females with non-infected males. The breeding colony is maintained at the
University of Texas Rio Grande Valley and maintained under standard conditions (Vandeberg

and Blangero, 2010).

14



3.3 Ethics Statement

All animal work described herein was subject to review and approval by the UTRGV
Institutional Animal Care and Use Committee (IACUC), as well as oversight provided by the
UTRGYV Department of Laboratory Animal Resources (LAR). LAR maintains compliance with
the National Institutes of Health Office of Laboratory Animal Welfare (NIH OLAW) Public
Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals; PHS Assurance
number A4730-01, and the United States Department of Agriculture (USDA); USDA Assurance
number 74-R-0216. The animal protocol for this work was approved and conducted under the

IACUC protocol of Dr. John Thomas (#2016-005-IACUC).

3.4 Tissue Fixation

The tissues will be dissected and prepared as needed. Next, the following will be added
to the tissues: 200 pl of 0.5 M egtazic acid (EGTA), 200 ul 10X Phosphate buffered saline
(PBS), and 140 pul formaldehyde (37%). The tissues will be nutated at room temperature for 30
minutes to 2 hours, depending on the size of the tissue and degree of fixation. Next, the tissues
will be washed three times, 5 minutes each with Embryo wash buffer or 1X PBS. Then remove
half of the wash and replace with 100% methanol (MeOH), incubating at room temperature
with gentle mixing for 5 minutes. The step that removes half of the wash, replaces the wash
with MeOH, and incubates at room temperature for 5 minutes will be repeated a second time.
Following the repeated step, the tissues will be washed once with 100% ethanol (EtOH).
Finally, replace the wash with fresh 100% EtOH, label the type of tissue, date and store at -

20°C.
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3.5 Tissue embedding in preparation for sectioning

Before continuing with tissue imbedding for sectioning, the fixed tissue will be
inspected for dehydration; if dehydrated, perform serial rehydration before continuing to tissue
imbedding. Tissue organs will be equilibrated in optimal cutting temperature (OCT) compound.
The organs will undergo a quick wash and a slow wash. For the quick wash, dispose of the
fixing solution first and the tissue organs will be washed with 2 mL of PBtween three times
quickly, disposing of the solution each time. For the slow wash, the organs will be washed with
2 mL of PBtween three times slowly, giving 10 minutes for each solution, disposing of the
solution each time. Next, transfer about 30% OCT: 70% 1X PBS into organ containing tube.
The tube will be transferred in a nutator (GyroMini) and will be incubated at room temperature
for 60 minutes. The solution will be disposed of, and the organ will be washed quickly 3 times
with PBtween. Transfer 60% OCT: 40% 1x PBS into organ containing tube. This tube will be
transferred to the nutator (GyroMini) and will be incubated at room temperature for 60 min.
After the 60 min, the solution will be disposed of and the tissues will be quickly washed 3 times
with PBTween. Following the 3 quick washes, 100% OCT will be transferred into the organ
containing tubes. The tube will be transferred in a nutator (GyroMini) and will be incubated
overnight. The following day, these organs will be sliced and placed into slides using the

Cryostat machine.

3.6 Cryostat Sectioning

A layer of OCT is applied to a base foundation where the tissues will lie. In the Cryostat
machine, this layer of OCT will freeze and form a solid layer. The prepared tissue will be placed
on top of this OTC layer. Surrounding this OTC layer is a clamp that will allow the inside of the

clamp to be filled with OTC, forming an OTC layer around the tissue. From there, the tissues
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will simply be sliced and placed onto slides. The slides will be properly labeled with the type of
tissue, the number associated with the tissues, and the date sliced. Following tissue slicing in the

cryostat, they are ready for antibody staining and in situ hybridization.

3.7 Antibody Staining

PBTween (50 mL PBS and 500 uL Tween 20) and 2% BSA PBTween will be prepared.
A hydrophobic pen will be used to form a barrier around the sliced tissues in the slide. Next is
the blocking step, which will take 1 hour and includes the addition of 100 uL of 2% BSA
PBTween in each tissue. The primary antibody (1:500, NS1 and ENV) will be added for two
hours or overnight and will be kept in a high humidity environment if done for two hours. Three
quick washes and three slow washes with a ten-minute duration each will be done following the
two hour or overnight incubation period. The secondary antibody (1:200, Alexa Flor 647 or
546) will be applied and will be incubated for two hours or overnight at 4°C. Three quick
washes and three slow washes lasting 10 minutes will be applied. In the 2" slow wash, a
phalloidin mix will be added (2.5 phalloidin, 0.5ul Dapi, 500 uL PBTween 20). Next, 20 uL of
mounting media or PBTween will be added to the slide and a slide cover will be applied. The
slides will be sealed with nail polish and will be ready for confocal microscopy. Triplicates of
each slice were done in order to ensure the most accurate reading of NS1 signal. Furthermore,
each slide had two tissues slices, in which one would contain no primary antibody and the other
would. Doing this would ensure that the NS1 signal coming from the tissue slice with primary

antibody was true signal.

3.8 Confocal Microscopy

Standard microscopy techniques will be used to examine the tissues. First, the tissue will

be lined up with the number on the strand of the microscope as these were the sections of
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interest. The sections will be registered, Alexa Flor 488 and DAPI will be selected, and
corresponding Alexa Flor will be used as a secondary. The image will appear, and then the laser
strength will be changed accordingly as well as the focus. Pictures will be taken at 10x and 60x
objective lenses. The repeat will be clicked to restart the image capture and once the image
looks ready, the repeat will be turned off as the image will be ready to be taken. Lastly,
channels will be assigned to the images and these images will be saved on the computer for

future reference.

3.9 TUNEL Assay

A TUNEL assay was used to evaluate apoptosis in a Day 9 ZIKV-infected pup and a
Day 9 control pup. First the slides were incubated at room temperature for three slow washes
each at 5 minutes using PBS. Next, the tissues were covered with 100ul of proteinase K solution
and incubated for 5 minutes at room temperature. The proteinase K solution would be removed,
and another 5-minute wash of PBS was done. In order to label these tissues, PBS is then
removed, and the premade wash buffer is used to cover the sections for 5 minutes. Next, another
slow wash of wash buffer is done for 5 minutes. Then remove the wash buffer and cover the
tissues with 50ul of the DNA labeling solution and incubate in 37[1 for an hour. After the one
hour wait, the DNA labeling solution is removed and 100ul of antibody solution is added and
incubated at room temperature for 30 minutes. Next, the tissues will be washed with double
distilled H>O (ddH»O) and incubated for 5 minutes at room temperature. The 7-AAD/RNase A
staining buffer is then added to cover the tissues and incubated in the dark for 30 minutes at
room temperature. Two slow washes for 5 minutes each with ddH,O are performed after the 30-
minute incubation period. Lastly, add a drop of antifade or Prolong Gold and add a cover slip to

the respective slides.
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CHAPTER IV

RESULTS

4.1 Antibody Stains

In order to determine possible Brazilian ZIKV vertical transmission in these pups,
immunohistochemistry (IHC) was conducted on 0 day, 3 day, 6 day, 9 day, and 12 day old pups.
The pup heads and bodies were stained separately. Heads and bodies were evaluated for ZIKV-
NS1 protein using an immunofluorescent microscope. For validation experiments, ZIK'V-
infected pups were also stained without NS1 primary antibody and did not display signs of
infection. ZIK V-infected pups that were stained with anti-NS1 antibody were able to display a
punctate red pattern in various nuclei of the brain (Figure 1). As mentioned previously,
triplicates for each individual head and body were stained and evaluated to ensure NS1 signal
was prevalent throughout (Figure 4). Furthermore, a scoring system of the NS1 signal, ranging
from 0 to 3 was created. For the scoring system, 0 means no NS1 signal, 1 means minimal
signal, 2 means medium amount of signal, and 3 means a lot of signal. Confirmation of NS1
protein in the infected pups were also confirmed at various days 0, 3, 6, 9, and 12 alongside a
sample with no NS1 added corresponding to each age group (Figure 2). Furthermore, a
comparison of the PBS-treated and ZIK V-infected pups was also done (Figure 3). A preliminary

TUNEL assay was also ran to assess the amount of apoptosis in some Day 9 samples (Figure 6).
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During initial immunofluorescent microscopy, punctate red patterns of anti-NS1
antibody were found in the spinal vertebrae as well as the eyes of ZIKV-infected pups. These
punctate red patterns in the eye were first seen in 12d pups. Sample P1467, a 12d pup, was the
first pup seen to display ocular infection of ZIKV. Two other 12d pups, P1584 and P1569, were
also found to display ocular infection. Other 12d control pups did not display this sort of ocular
infection when examined. Furthermore, when investigated in the other days, no evidence of
ocular infection was found. In addition, these punctate red patterns were also seen in the spinal
vertebrae in one sample. Punctate red patterns were also seen in the spinal vertebrae of one 12d
pup. This was first observed in the 12d pup P1504. The other 12d pups tested did not display
this sort of punctate red patterns in the spinal vertebrae. When other 12d control pups were
examined, they also did not display viral infection of the spinal vertebrae.

In total, 69% of tested and presumed ZIK V-infected pups displayed viral NS1 signal
(Table 3). Although the punctate red patterns were not easily visible at 10x magnification, at
120x magnification, they were (Figure 1). Validations were also performed for each sample as
previously stated. A percentage of infection based on the age was also done and illustrated how
the 12d ZIK V-infected group had the largest percentage of observed infected at 100% while the
lowest group was that of the 3d ZIKV-infected group at 0% (Table 4). This was primarily due to
the day 3 tissues being from PBS mothers. A completed table of the tested pups with their
corresponding litter groups is illustrated to show if there was any difference in ZIKV vertical
transmission in these various litter groups (Table 5). Lastly, an evaluation of the infected

mothers and infected pups were observed (Table 2).
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CHAPTER V

DISCUSSION

This study evaluated the vertical transmission of ZIKV-BR in pups born from infected
females and non-infected males. The selected age group of 0d, 3d, 6d, 9d, and 12d of various
pups were evaluated in determining if there was any presence of viral NS1 protein in both the
head and the body of the pups. Not only was vertical transmission seen in over 60% of the pups,
but these pups also demonstrated the possibility for a novel animal model for ZIKV research.
Furthermore, other infectious studies in animal models do not depict the impact of ZIKV from
such an early embryonic and fetal developmental stage. Because of this, these opossum pups
may even be useful in in-utero studies. In order to the susceptibility to infection these newborn

opossums were, their heads and bodies were analyzed separately using IHC.

Of the total tissues analyzed, the presence of viral NS1 within the nuclei was found in
69% of those tissues when evaluated using IHC (Table 1). The NS1 protein is not only involved
in viral replication, but it is also shared among the flaviviruses (Young et al., 2000). Through
those evaluated tissues, its detection throughout various ages of the newborn pups illustrates the
vertical transmission of ZIKV-BR in the laboratory opossum (Table 1; Figure 1). Non-specific
binding of the NS1 antibody can also be ruled out due to the validation tests (Figure 1; Figure 2).
Although vertical transmission was confirmed, the percentage of infection based on the age
groups did vary. The age group with the most percentage infected at 100% was the Day 12
group, whereas the age group with the least percentage infected the Day 3 group in which the six

tissues evaluated were all uninfected (Table 4). More research needs to be conducted, as well as
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a larger sample size per age group, if there is any correlation between a certain age group and
their percentage of infected. The results from the IHC indicate that the laboratory opossum pup

was permissive to vertical transmission, viral infection, and replication of ZIKV-BR.

Some unexpected findings in the tissues analyzed were that some pups infected in their
heads did not display viral infection in the bodies when observed through IHC. This may be due
to how young the pups are and how the virus has not been able to circulate enough throughout
the body yet. Various studies have illustrated ZIKV targeting the developing brain. One study
depicted ZIKV infecting not only astrocyte and glial cells, but also infecting the brain loci and
visual systems of mice (van del Pol et al., 2017). Another study showed the vertical transmission
of ZIKV in offspring mice. That study revealed how ZIKV would infect the radial glial cells in
the fetal brain and cause a reduction in the proliferative pool of cortical neural progenitor cells
leading to developmental issues (Wu et al., 2016). Future studies for these pups could possibly
be to identify if ZIKV can also infect radial glial cells and reduce cortical neural progenitor cells

in M. domestica and compare to various animal models.

A further explanation of why there were discrepancies in various infected tissues can also
be due to the tissues themselves. Prior to embedding, sectioning, and staining these tissues, the
samples had been fixed in 10% formalin for roughly over a year. A study evaluating the effects
of just this illustrated a decrease in the efficacy of immunohistochemical analysis after 7 weeks,
in which a recovery antigen such as proteinase K was needed to reverse the cross-linking effects
(Mostegl et al., 2011). While the formalin fixed pups may have been in formalin for a while, the
frozen pups did not encounter the issue the formalin fixed pups may have had. Furthermore, it is
important that these findings be evaluated dependent on the litters of the pups, as some litters
may be more genetically susceptible than others to ZIKV infection. In addition, future work

concerning prolonged fixation may be to use a recovery antigen prior to staining.
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Detection for viral NS1 antibody occurred at varying degrees across the age groups
(Figure 1). Interestingly, the highest NS1 antibody score of 3 was only in the heads, whereas the
NSI1 antibody scores in the bodies across the age groups would vary. To reiterate, more research
needs to be conducted to see any correlations between the age groups and the persistence of

infection in the head and bodies.

This study is unique in displaying vertical transmission of ZIKV-BR in the laboratory
opossum. This study was meant to mimic the infection patterns of infants who are exposed to
ZIKV due to vertical transmission. More importantly, this research highlights the ability for an
opossum model to be susceptible to ZIKV vertical transmission. These pups were born to
infected mothers and non-infected fathers, in which they were then harvested at Day 0, 3, 6, 9,
and 12. Furthermore, this study provides insight in the early infection stages of ZIKV, especially
when caused due to vertical transmission. It is important to keep in mind the progression of
ZIKV in these pups as they age, as complications of ZIKV may present themselves at a later age.
However, more research needs to be done in determining not only disease progression but the
complications along with it. Nonetheless, the observation of vertical transmission of ZIKV in the
laboratory opossum continues to show promise for this animal model for future viral replication

studies and in-utero studies.
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Figure 1. NS1 Antibody Validations. Figure 1A on the left shows the presence of NS1 protein
through IHC when using primary antibody. Figure 1B is a similar image without primary
antibody showing no presence of NS1 protein in the same tissue.
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D Tissues Analyzed NS1 Score (Head, Body)

Number Age (days) Treatment Pup Weight (g) Head Body Head Body Additional Comments
P1495-12 od B 0.090 - - * * Formalin Fixed
P1476-9 od B 0.104 Y Y 1 1 Formalin Fixed
P1494-9 od B 0.120 - - * * Formalin Fixed
P5078-2 0d PBS 0.120 N N 0 0 Frozen
P1520-11 3d PBS 0.178 N N 0 0 Frozen
P5077-2 3d PBS 0.128 N N 0 0 Formalin Fixed
P1541-9 3d PBS 0.151 N N 0 0 Frozen
p1569-9 6d B 0.324 N Y 0 1 Frozen
P1398-9 6d B 0.256 Y Y 1 1 Frozen
P4710-4 6d PBS 0.462 N N 0 0 Formalin Fixed
P1398-8 6d B 0.166 Y Y 0 0 Formalin Fixed
P3654-4 9d PBS 0.408 N N 0 0 Formalin Fixed
P1349-12 9d B 0.549 Y Y 1 1 Frozen
P1364-11 9d B 0.409 Y Y 3 1 Frozen
P1495-10 9d B 0.367 N - 0 * Frozen
P1359-9 9d B 0.399 N - 0 * Frozen
P1349-11 9d B 0.502 - Y * 1 Formalin Fixed
P1467-10 12d B 0.693 Y Y 1 1 Formalin Fixed
P1495-8 12d B 0.653 Y - 3 * Formalin Fixed
P1467-9 12d B 0.726 Y Y 1 1 Frozen
P1584-8 12d B 0.803 Y - 2 * Formalin Fixed
P1591-10 12d B 0.613 Y Y 2 1 Formalin Fixed
P1455-9 12d B 0.826 Y - 1 * Formalin Fixed
P2735-5 12d PBS 0.639 N N 0 0 Formalin Fixed
P1504-8 12d PBS 0.841 - Y * 2 Frozen

Table 1. Detection of ZIKV-NS1 Viral Protein in Day 0, 3, 6, 9, and 12 Pups. Presence of
NS1 protein indicated by the observation of secondary antibody AlexaFluor 546 (Thermo
Fisher Scientific, USA). B: Brazilian Zika Virus; PBS: Phosphate buffer solution; Y: Yes-
immunofluorescent signal was detected; N: No- immunofluorescent signal was not detected; *:
tissues were embedded and sectioned, but not stained due to insufficient time. Presence of NS1
protein was also scored from 0 — 3, in which 0 had no observed presence of NS1 through IHC
and 3 had a lot.
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Day 6

Day 9

Day 12

Figure 2. Confirmation of NS1 Protein in Infected Pups. White arrows show nuclei
displaying signs of ZIKV infection (red). Sections stained with anti-ZIKV NS1 monoclonal
antibody (red). Cytoskeleton is stained green; nuclei are blue. Day 3 was omitted due to no
observed infection.
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Dams Evaluated
ID
1341

1349

1350
1351
1366
1397
1424
1426
1465
1475
1477
1493
1330
1521
1540
1541
1542
1545

Table 2: Evaluation of Dams and Pups. The table illustrates the ID numbers of the Dams
of these pups that were evaluated and tested for ZIKV-BR. Of the total pups tested, three

SC

Route Sex
F ZIKV-BR

F ZIKV-BR

F ZIKV-BR
F ZIKV-BR
F ZIKV-BR
F ZIKV-BR
F ZIKV-BR
F ZIKV-BR
F ZIKV-BR
F ZIKV-BR
F ZIKV-BR
F ZIKV-BR
F PBS
F PBS
F PBS
F PBS
F PBS
F PBS

Pups Evaluated

Treatment

ID

P1349-11
P1349-12

P1541-9

Age (Days)
9
9

NS1 Score
Head

pups were found to correlate with the dams tested and their corresponding NS1 score is
listed. *; tissue was fixed and sectioned but not stained due to time constraints.
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PBS

Head

Body

arrows illustrate ZIKV

Figure 3. Comparisons of PBS-Treated and ZIKV Pups. White

infection (red).
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Total Heads Total Heads

Evaluated Infected

16 10
Total Bodies Total Bodies
Evaluated Infected

13 10
Total Tissues Total Tissues
Evaluated (Both Infected

Heads and Bodies)
29 20

Table 3. Percentage of Infection in Tissues. The table shows the whether the heads, bodies, or
heads and bodies were infected. The PBS group was omitted in the percentage infected as they

were the control.

29

Percentage Infected (Heads
only)

63%
Percentage Infected (Bodies
only)

77%
Total Percentage Infected

69%



Head Body

First

Third Second

No Primary

Figure 4: Triplicates of IHC. The images illustrate how stained images are done in triplicates.
Both the head and body are done in triplicates to show consistent infection in certain areas. A no
primary image was added to each corresponding triplicate.

30



TISSUES EVALUATED TOTAL TISSUES AGE (DAYS) PERCENTAGE

INFECTED INFECTED
2 2 0 100%
4 0 3 0%
6 3 6 50%
7 5 9 71%
10 10 12 100%

Table 4: Percentage of Infection based on Age. The table reveals the observed infection rate
of each pup age relative to the tissues evaluated in that age group. PBS group was omitted in the
calculation of percentage infected as they were the control.
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ACTIN DAPI MERGE

Figure 5. Various channels for Confocal Microscopy. The figure above illustrates the
various channels of ACTIN, DAPI, NS1, and MERGE in a Day 12 opossum pup.
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NS1 Score (Head, Body)

Group # ID Number Age (days) Treatment Additional
Head Body Comments

P1349-12 9d B 1 1 Frozen

3 P1349-11 9d B * 1 Formalin Fixed
P1359-9 9d B 0 * Frozen
P1364-11 9d B 3 1 Frozen

5 P1398-9 6d B 1 1 Frozen
P1398-8 6d B 0 0 Formalin Fixed
P1455-9 12d B 1 * Formalin Fixed

6 P1467-10 12d B 1 1 Formalin Fixed
P1467-9 12d B 1 1 Frozen
P1494-9 od B * * Formalin Fixed

7 P1476-9 od B 1 1 Formalin Fixed
P1495-10 9d B 0 * Frozen
P1495-8 12d B 3 * Formalin Fixed

8 P1504-8 12d PBS * 2 Frozen

9 P1520-11 3d PBS 0 0 Frozen

10 P1541-9 3d PBS 0 0 Frozen
P1569-9 6d B 0 1 Frozen

11 P1584-8 12d B 2 * Formalin Fixed
P1591-10 12d B 2 1 Formalin Fixed

Table 5: Pups and Corresponding litters. The table above depicts the individual pups born from
mothers of their respective groups. NS1 scores are the same from Table 1; *, illustrates a tissue
that has not been stained.
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P1364-11 9d Infected P3654-4 9d Non-infected

Figure 6: Apoptosis Assay of Day 9 pup. The figure above depicts an apoptosis assay done on
an infected Day 9 pup and a PBS control pup. Images are taken at 10x magnification of the brain.
Red depicts apoptosis; green depicts the cytoskeleton.
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