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ABSTRACT

Morales, Marisol, The Long-Term Persistence and Tissue Tropism of Brazilian Zika Virus in

Monodelphis domestica. Master of Science (MS), August 2020, 45 pp., 3 tables, 5 figures,

references, 63 titles.

Zika virus (ZIKV) rose as a major public health concern due to the congenital
abnormalities of infants born to infected mothers during the 2015 Latin American outbreak.
While animal models such as transgenic mice and nonhuman primates are used to study ZIKV
pathogenesis, they display various limitations. Additionally, the persistence and tissue
distribution of long-term ZIKV infection remains unknown. We describe the laboratory
opossum, Monodelphis domestica, as a potential new model for ZIKV pathogenesis research to
address these issues. We utilized immunohistochemistry, RT-PCR, and ELISA to show that:
infant animals inoculated intracerebrally were susceptible to infection, ZIKV infection persisted
through juvenile age in the brain, sex organs, and spleen, and that some animals developed an

immune response to ZIKV infection.
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CHAPTER I

INTRODUCTION

Zika virus (ZIKV) is an enveloped, single-stranded positive-sense RNA virus belonging
to the family Flaviviridae. The name originates from the Ziika forest of Uganda, wherein the
virus was first isolated in 1947 from a rhesus monkey, and subsequently from the Aedes
africanus mosquito (Dick et al., 1952). The most common mode of ZIKV horizontal
transmission is now attributed to A. aegypti and A. albopictus mosquitos, which pose the greatest
threat to human health due to their feeding behavior and wide distribution across warm, urban
environments (Powell and Tabachnick, 2013). ZIKV emerged to the forefront of research
following the 2015 Brazilian outbreak, during which an increase of infants with neurologic
abnormalities, particularly microcephaly, were born to infected mothers (Zanluca et al., 2015).
The link between ZIKV and neurologic abnormalities in infants resulting from vertical
transmission is supported by signs of ZIKV infection detected in the neurologic tissue of
microcephalic fetuses, as well as the amniotic fluid of pregnant mothers (Calvet, et al., 2016).
Additionally, ZIKV displays a wide range of tissue tropism, particularly in immune-privileged
sites such as the brain, ocular tissue, and sex organs. Viral infection of the sex organs is of
particular importance, as this could contribute to the sexual transmission of ZIKV and may have
detrimental effects on fertility (Ma et al., 2016; Miner and Diamond, 2017). Due to the various
consequences of ZIKV infection, animal models are an important tool to study its biology and

pathogenesis, which remains poorly understood. While animal models such as transgenic mice



and non-human primates (NHPs) are used in ZIKV research, they display limitations such as
long developmental times, and lack of an intact immune system. Therefore, a more suitable
model is needed for ZIKV research. We describe the laboratory opossum, Monodelphis
domestica, as a new model for the study of ZIKV pathogenesis. At birth, these marsupials are
developmentally equivalent to a 5-week-old human embryo and subsequently begin to develop a
robust immune system. This makes them a convenient extrauterine model for experimental
manipulation from an early developmental point. Pilot studies utilizing the Puerto Rican strain of
ZIKV (ZIKV-PR) in the laboratory opossum show that wild-type animals are permissive to
infection and result in brain pathology analogous to that of humans and other animal models
(Thomas and VandeBerg, personal communication). While initial studies support the suitability
of laboratory opossum as a model for ZIV research, more investigation is needed to further
analyze the consequences of ZIKV infection as it pertains to long-term infection coupled with

tissue distribution.

The long-term effects of viral infection in children infected in utero during the 2015
Brazilian outbreak remain unknown at this time. Currently, it is unclear whether viral infection
persists long-term in animal models, from an early developmental period through juvenile age.
This period of time is difficult to study in NHPs and transgenic mice. At the onset of sexual
maturity, healthy brain and sexual organ development is crucial. It is unknown whether these
tissues retain long-term infection. The purpose of this study was to determine the permissiveness
of the laboratory opossum to Brazilian Zika virus (ZIKV-BR) infection, as well as the viral tissue
distribution for animals that retain long-term infection. This study mimics the timeline of
children infected in utero, as animals were initially inoculated during what is equivalent to the

first trimester of human development, and sacrificed at 22 and 26 weeks of age, during which



sexual maturity begins. The tissues we analyzed for viral infection were the brain, sex organs,
and spleen. This study provides insight into the long-term persistence and tissue distribution of

ZIKV-BR, and further establishes the Monodelphis domestica as a model for ZIKV research.



CHAPTER II

REVIEW OF THE LITERATURE

Flaviviruses

The flaviviridae is a family of viruses comprised of four genera: Pestivirus, Hepacivirus,
Pegivirus, and Flavivirus. Flavivirus is the largest and contains over 70 viruses, particularly
arboviruses of clinical relevance due to their pathogenicity in humans (Suchetana et al., 2005).
Viruses belonging to this genus include yellow fever virus (YFV), West Nile virus (WNV),
dengue virus (DENV), and Zika virus (ZIKV). Despite causing a range of clinical symptoms,
flaviviruses share a similar genomic structure and replication strategy. ZIKV outbreaks in Asia
and South America during the last decade have led to an renewed interest in the pathogenesis of
this arbovirus, particularly as it pertains to neonatal health when vertical transmission occurs

from pregnant mother to child.

Virus Architecture and Genome Organization

The spherical ZIKV particle is approximately 50 nm in diameter and encompasses three
structural proteins: the capsid (C), pre-membrane/ membrane (prM/ M), and envelope (E)
(Hamel et al., 2015; Suchetana et al., 2005). The capsid encompasses multiple monomers of a-
helices of C protein that run anti-parallel to each other to form the nucleocapsid core (NC); this

structure houses the viral genome (Suchetana et al., 2005; Fernandez-Garcia, 2009). Surrounding



the NC is a lipid bilayer derived from the host’s endoplasmic reticulum (ER). The lipid bilayer
contains the E and M glycoproteins, which form heterodimers tethered by their respective
transmembrane domains, giving rise to the smooth, outer surface of the virus particle (Kuhn et
al., 2002; Yun and Lee, 2017).

The NC of the virus particle houses a single stranded, positive-sense RNA genome of
~11 kb in length (Apte-Sengupta et al., 2014). Starting at the 5°- end, the genome contains a type
1 cap structure (m7GPPAmp) followed by an untranslated region (UTR), a single open reading
frame (ORF), and a second UTR adjacent to the 3’-end, which lacks a poly-A tail (Yun and Lee,
2017). The ORF encodes a polyprotein precursor that is co- and post-translationally cleaved into
the three structural and seven non-structural (NS) proteins, which are oriented from N-terminus
to C-terminus on the polypeptide molecule: C, pr/M, E, NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5 (Iglesias et al., 2009). The NS proteins are associated with virus assembly, RNA

replication, and host immune response (Fernandez-Garcia, 2009; Yun and Lee, 2017).

Life Cycle and Replication

While information regarding ZIK'V-specific replication is lacking, the general flavivirus
life cycle is well-characterized. Upon entering the host, the virion will attach to the surface of a
target cell and gain access via receptor-mediated endocytosis (Suchetana et al., 2005; Yun and
Lee, 2017). Following internalization, acidic conditions trigger a conformational change of the
endosome, particularly the outer E protein (Yun and Lee, 2017), which allows fusion of virus
and host membranes, followed by disassembly of the viral particle (Suchetana et al., 2005).
Subsequently, the NC is released into the cytoplasm, where the viral RNA strand will dissociate
and serve as mRNA to drive genome replication on intracellular membranes and virus particle

assembly on the endoplasmic reticulum. Immature viral particles travel through the trans-Golgi



network, after which maturation occurs as a result of cleavage by the host protease furin; the
mature virions are then released from the target cell via exocytosis (Suchetana et al., 2005; Yun

and Lee, 2017; Apte-Sengupta et al., 2014).

ZIKYV Pathology in the Developing Fetus

Clinical symptoms associated with ZIKV infection encompassed a mild, febrile illness
(Simpson, 1964), and it is now estimated that only 19% of individuals display symptoms
(Petersen et al., 2016; Minder and Diamond 2017). However, recent outbreaks in French
Polynesia and South America described additional manifestations of disease, such as Guillain-
Barré syndrome in adults (Cao-Lormeau, et al., 2016) and congenital abnormalities in 1 to 13%
of infections (Franga et al.,2016). In Brazil, 850 infants born to ZIK'V-infected mothers displayed
signs of microcephaly characterized by calcifications leading to irregular cortical development,
as well as decreased myelination and hypoplasia of the cerebellum and brainstem (de Fatima et
al., 2016). The risk of microcephaly was disproportionately greater when women became
infected during the first trimester of pregnancy (Brasil et al., 2016). Additional morbidities
included intrauterine growth restriction (IUGR) in 9% of ZIKV-exposed infants, as well as fetal
demise and spontaneous abortion (Martines et al., 2016). Zika virus-infected neonatal mice have
displayed signs of microcephaly characterized by decreased cortical thickness and a “vacuolar
nuclei” appearance in neurons, as well as [UGR, when compared to mock-infected animals
(Cugola, et al., 2016; Miner et al., 2016). In non-human primates, fetal brain pathology resulting
from ZIKV infection is less severe and lacks the cortical and cerebellar malformations seen in
human and mice (Adams et al., 2016). However, animals inoculated with more clinically
relevant virus strains have displayed significant fetal demise, reduced brain volumes, and brain

lesions such as microcalcifications and gliosis (Magnani et al., 2018; Martinot et al., 2018).



Congenital abnormalities linked to ZIKV are supported through post-mortem examination of

fetal tissue, as well as experimental infection of different animal models.

ZIKYV Tissue Distribution

Zika virus displays a range of tropism, particularly in immune-privileged sites including
neural, ocular (Nelson et al., 2019), and reproductive tissues. Zika virus RNA has been
identified in amniotic fluid (Calvet et al., 2016) and Hotbauer cells of placental tissue, as well as
in microcephalic fetal brains (Bhatnagar et al. 2017; Miner and Diamond, 2017), supporting the
link between ZIKV infection and microcephaly via the vertical transmission from mother to
child. Particularly, ZIKV infects cortical neural progenitor cells in humans, NHPs, and mice,
attenuating their growth and attributing to the brain pathology observed in neonates infected
during early pregnancy (Tang et al., 2016; Li et al., 2016; Martinet, 2018). While most data
concerning fetal infection focuses on the CNS, evidence of viral dissemination to other organs
has been described. Zika virus RNA has been found in the brain, spleen, kidney, and liver of
neonatal mice, with the highest viral loads in the brain, followed by the spleen (Cugola et al.,
2016). In NHP fetuses, antigen has been observed in the brain, lymph nodes, lungs, intestines,
and in sex organs including the prostate, seminal vesicles, and uterus (Nguyen et al., 2017).

Studies with adult animal models provide more insight into the tropism of ZIKV beyond
the CNS, as evidence of infection in the spleen, liver, kidneys, and sex organs has been shown
(Miner and Diamond, 2017). The reproductive tract is a key topic of study due to the
implications of ZIKV related to sexual transmission (Musso et al., 2015; Counotte et al., 2018)
and fertility. In humans, ZIKV can persist in cervical secretions (Prisant et al., 2016) and semen,
which can shed virus for up to 6 months post-infection (Atkinson et al., 2016; Barzon et al.,

2016). Zika virus has been shown to infect the Leydic and Sertoli cells of the testes, and



epithelial cells of the vagina (Miner and Diamond, 2017). Studies in mice have shown a high
viral load in the testes resulting in impaired sex hormone levels, which has been attributed to
testicular damage and infertility (Ma et al., 2016; Govero et al., 2016; Lazear et al., 2016).
Female gonads have also displayed high viral loads in NHP ovaries (Hirsh et al., 2017) and in
the ovarian follicles of mice (Duggal et al., 2018), further suggesting an association between
viral replication and tissue tropism. Interestingly, ovarian infection and damage in mice is less
prominent than that of the testes, and no long-term implications on fertility have been observed

in this model (Morelli et al., 2020).

Monodelphis domestica as a Model for Research

In this study, we utilized a novel animal model for ZIKV pathogenesis research. The gray
short-tailed opossum, Monodelphis domestica, is a small marsupial native to South America.
While its role in infectious disease research has not yet been widely established, the laboratory
opossum has been utilized as a competent lab model in genetics, reproduction, and
developmental biology research (Samollow, 2006). Extensive insight into human metabolism has
also been provided using the laboratory opossum to study the effects of diet on lipoprotein
composition (Rainwater and VandeBerg, 1992; Kushwaha et. al, 2004), as well as genetic factors
that affect intestinal absorption of cholesterol (Chan et al., 2010). The laboratory opossum is
particularly valuable in oncogenic research, as neonatal pups have been shown to act as natural
vessels for xenografted human cancer cells of the skin, colon, and prostate, allowing for in vivo
studies (Wang et al., 2008). This finding suggests favorable characteristics of the neonatal
opossum’s immune system that render it receptive to the establishment of xenogeneic tumors as
a foreign antigen. This attribute can be exploited for a new area of biomedical research using the

Monodelphis domestica, particularly in the realm of viral pathogenesis.



Advantages of the Laboratory Opossum

The laboratory opossum is the most widely used marsupial in laboratory settings
(Samollow, 2006) owing to its various favorable characteristics. The opossums are docile and
small, typically 80-120 grams, and are highly prolific induced-ovulators. Females can produce
litters of 6-13 pups three to four times a year, as allowed by gestation and weaning periods
(VandeBerg and Blangero, 2010). These characteristics make them more economically viable
than NHPs and provide greater sample sizes over a shorter time period. Unique to marsupials is
their birth at an embryonic stage of development. In addition, females of the genus Monodelphis
do not have a pouch, enabling newborn pups to be easily manipulated experimentally. Newborn
pups are developmentally equivalent to a 5-week-old human embryo (Cardoso-Moreira et al.,
2019) and attach to the mother’s nipple, where they remain attached as they continue the first 14
days of embryonic and fetal development (VandeBerg and Blangero, 2010). Neonatal pups
essentially serve as an exteriorized fetus model, providing a unique opportunity for virus
inoculation during what is equivalent to the first trimester of human pregnancy, a crucial time
period for ZIKV infection (Caine et al., 2018). These characteristics make the laboratory

opossum a convenient model to handle during experimental procedures.

Finally, through initial studies utilizing the PRVABCS59 strain of ZIKV (ZIKV-PR),
neonatal opossums have been shown to harbor the virus and survive post-infection, without the
need for immunologic abatement (Thomas and VandeBerg, personal communication). The viral
NS5 protein antagonizes human STAT?2 as part of the type 1 interferon (IFN) response, but has
no effect on mouse STAT2 (Grant et al., 2016). Mice therefore do not serve as natural hosts for
ZIKV. Consequently, there is a need to actively adapt the mouse model to ZIKV research. This

has been accomplished by utilizing embryonic, 1-day-old mice, and transgenic mice lacking the



IFN o/p receptor. These models are permissive to ZIKV infection, but often do not survive long
enough for extensive long-term studies (Pawitwar et al., 2017). Studies with the laboratory
opossum have shown the susceptibility of the animal to infection, while also displaying brain
pathology and occasional growth restriction in infected animals (Thomas and VandeBerg,
personal communication), parallel to that seen in humans, NHPs, and mice. Infected laboratory
opossums at 10 weeks of age continued to show signs of infection (Thomas and VandeBerg,
personal communication), indicating that long-term persistence of the virus can be analyzed in
this model. Without the need to remove host immunity factors, this model allows us to
thoroughly study the repercussions of infection long-term, while maintaining normal immune

development.

Limitations in ZIKV Research

Although insight into ZIKV biology has been acquired through various animal models,
each displays some limitations from a practical and biological aspect, as previously described.
Additionally, studies with ZIKV have not combined the infection of early embryonic animals
with the resulting tissue distribution as it pertains to long-term persistence into young adulthood.
Studies that investigated ZIKV infection from a gestational stage did not evaluate animals
beyond 10-20 days post-infection in mice (Manangeeswaran et al., 2016; van Den Pol et
al.,2017). Similarly, in NHPs, animal evaluation did not occur at the juvenile stage (Mavigner et
al., 2018). Juvenile age is relevant to ZIKV biology due to the maturation of the sex organs,
which have been shown to serve as host tissues. Long-term studies in mice up to 4 months of age
address the persistence of ZIKV in the brain, kidney, liver, spleen and testes, but animals were
initially exposed between 4 to 7 weeks of age (Lazear et al., 2016; Govero et al., 2016) and not

during gestation. One study evaluated ZIKV infection in immunocompetent, neonatal mice all

10



the way to adulthood and found significant impacts in brain pathology (Nem de Oliveira Souza

et al., 2018), but failed to mention infection in other tissues.

Statement of the Problem

The long-term effects and tissue distribution of ZIKV infection in children infected in
utero during the 2015 Brazilian outbreak are unknown at this time. It is also unclear whether
viral infection persists in animal models from an early developmental period through juvenile
age, a critical point in sexual maturity. This period of time is difficult to study in NHPs and

transgenic mice, and therefore a more suitable animal model is needed.

Purpose of the Study

The purpose of this study addresses three key points. First, the laboratory opossum was
evaluated for its susceptibility to the Brazilian strain of Zika virus (ZIKV-BR), supplementing
pilot studies that utilized the Puerto Rican strain (ZIKV-PR) for the first time in this model.
Second, the persistence of infection is evaluated from an early “gestational” stage through the
onset of young adulthood at 22 and 26 weeks of age. Lastly, we looked at the tissue distribution
resulting from long-term persistence, particularly in the brain and sex organs, which are of key
importance in adolescent development. The spleen was also evaluated due to its high viral load
in the initial ZIKV-PR studies (Thomas and VandeBerg, personal communication).
Immunohistochemistry and RT-PCR were used to analyze the persistence and location of
infection at the end of the experimental timepoint. Additionally, ELISA titers were included in

the analyses to determine whether any animals produced antibodies against ZIKV infection.

Based on initial studies with this model, it is expected that the laboratory opossum will be

susceptible to ZIKV-BR infection, and that viral dissemination will occur in the sex organs and

11



spleen following intracerebral inoculation. While persistence of infection has not been studied
beyond a 10-week time period in this model (Thomas and VandeBerg, personal communication),
it is also hypothesized that evidence of infection will remain detectable in the juvenile animals,
as has been seen in long-term studies with adult mice (Lazear et al., 2016; Govero et al., 2016).
Animals infections took place between 3-8 days of age, so a negative ELISA titer is expected for

most serum samples.

12



CHAPTER III

MATERIALS AND METHODS

Animals

The laboratory opossums used in this study were produced in the breeding colony
maintained at The University of Texas Rio Grande Valley and maintained under standard

conditions (VandeBerg and Blangero, 2010).

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
UTRGV 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)

13



Virus Preparation and Cells

Virus preparation was done by senior research lab member, Juan Garcia at the University
of Texas Rio Grande Valley. ZIKV isolate BR1911 was used for the inoculations. Vero cells
(CCL-81; ATCC, USA) were used for virus titration, and C6/36 cells (CRL-1660; ATCC, USA)
derived from Aedes albopictus were used to amplify lyophilized virus for scale-up. Virus
generated from the initial reconstituted lyophilized stock was passaged once in C6/36 cells, and
the resulting supernatant was clarified and purified over a sucrose cushion. Virus supernatants
were quantified in duplicate by plaque assay, as described previously (Shan et al., 2016).
Aliquots were stored at -80°C for further use (John Thomas and Juan Garcia, personal

communication).

Animal Infections

All animal infections took place under the direction of Dr. John VandeBerg and his
research associates led by Susan Mahaney at the South Texas Diabetes & Obesity Institute,
University of Texas Rio Grande Valley. Animals were intracranially injected with 2um of ZIKV-
BR (BR1911) at 10"5 PFU, or mock-infected with 2um of sterile PBS. Viral infections took
place when animals were between 3-8 days of age, and animals were sacrificed at 22 or 26 weeks
of age. One animal, P1967 was euthanized early at 19 weeks due to an inflamed, bleeding
scrotum. Another animal, P1968 was euthanized at 21 weeks of age as an approximate age-
matched control for P1967. Both of these animals are considered to be in the 22-week-age group.
At the time of animal processing, blood was collected for serum and organs were harvested and
placed either in 10% formalin or kept frozen at -80°C for storage until the time of tissue analysis

(Susan Mahaney, personal communication).

14



Tissue Fixation and Sectioning

Dissected tissue was fixed in sterile PBS (Gibco, USA) + 4% formaldehyde solution and
stored at room temperature. Fixative was then cleared from tissue by performing three quick
washes in sterile PBS+Tween 20 (PBTB) followed by three 10-min washes in sterile PBTB.
Next, the tissue was incubated for 60 min in 33% OCT mounting media: sterile PBS, followed
by 3x quick washes in sterile PBTB. Tissue was then incubated for 60 min in 66% OCT: sterile
PBS, followed by 3x quick washes in PBTB. Finally, tissue was incubated overnight in 100%
OCT. Tissue was mounted in OCT and cooled to -20°C for sectioning by a cryostat (Leica
Biosystems, USA). Sections of 5 pm were mounted onto Frost + microscope slides and stored at

-20°C.

Antibody Staining

Tissues analyzed through immunohistochemistry (IHC) included the brain, sex organs,
and spleen of 22- and 26-week-old animals. Mounted sections of tissue were incubated in PBTB
(sterile PBS +.01% Tween20 + 0.2% BSA) for 1 hour followed by incubation in 1:500 dilution
of primary antibody (Arigo Biolaboratories, Taiwan), for either 1 hour at room temperature or
overnight at 4°C. Anti-ZIKV monoclonal antibody directed against NS1 protein constituted the
primary antibody. Primary antibody was removed by washing 3X quickly, then 3X for 10 min
each in PBTB. Tissue was then incubated in 1:200 dilution of AlexaFluor (546 — Thermo Fisher
Scientific, USA) conjugated secondary antibody in PBTB for 1 hour. Secondary antibody was
removed in the same manner as primary antibody, except that DAPI (Thermo Fisher Scientific,
USA), and AlexaFluor 488 (Thermo Fisher Scientific, USA) conjugated phalloidin were

included in the first 10-min wash at 1:1000 and 1:200 dilution, respectively. Tissue was imaged

15



using an Olympus FV10i confocal microscope. Protocol for Antibody staining was provided by

Dr. Matthew D. Terry, associate professor at University of Texas Rio Grande Valley.

Validation of the anti-NS1 antibody was done by analyzing one tissue slide with primary
antibody, and another slide of the same tissue from the same animal without primary antibody.
The rest of the staining protocol was followed as stated above. Tissue was imaged using an
Olympus FV10i confocal microscope, and images were compared to detect the presence/
absence of primary antibody. Once it was determined that no non-specific binding of NS1 was
occurring, ovary for ZIKV-infected P2141 animal was utilized as a positive control for
remaining immunohistochemistry procedures. PBS-mock infected tissues were utilized as a

negative control.

Viral RNA Extraction of Tissue and RT-PCR Analysis

Tissues from 22-week-old animals frozen at -80°C were extracted for viral RNA utilizing
one of two kits, depending on the tissue type. Brains were considered fatty tissue and were
extracted following the steps for the QIAGEN RNeasy® Lipid Tissue Mini Kit (50), while
spleen, ovary, vagina, testis, and epididymis were extracted following steps for the QIAGEN
RNeasy® Fibrous Tissue Mini Kit (50). Samples were lysed using the TissueLyser II from
QIAGEN. Following extraction, samples were analyzed for concentration of RNA and run on the

7500 Fast RT-PCR machine.

The SuperScript I1I Platinum One-Step qRT-PCR (Ref. 11732-088) was utilized to
complete the reactions. A primer/probe mix working stock was made for ZIKV-NS5 (Pabbaraju
et al., 2016). Reagents and tissue samples were loaded on to a 96-well reaction plate (Ref.

4346906) in sets of duplicate wells. DH20 was utilized as a negative and NTC control, and ZIKA
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NS5 RNA was utilized as a positive control. The plate was sealed with and optical adhesive
cover and centrifuged using the Allegra X-15R centrifuge at 1000 rpm for 3 minutes. The
reaction took place and standard cycle settings (Pabbaraju et al., 2016). Results were evaluated
for amplification at Cr values between 12 and 38, as recommended by CDC guidelines under the
Trioplex Real-time RT-PCR Assay (Juan Garcia, personal communication). Results were
displayed as either positive (+), in which both wells per tissue displayed amplification within the
detectable Ct range; mixed (+/-), in which one well fell within the detectable Ct range while
another fell out of the detectable Ct range; negative (-) in which both wells per tissue fell out of

the detectable Ct range.

ELISA

ELISA analyses were established and conducted by Dr. Andre Pastor and Dr. John
VandeBerg at the South Texas Diabetes & Obesity Institute, University of Texas Rio Grande
Valley. This analysis included 22- and 26-week old animal serum. ELISA was conducted in 96-
well plates using, in each well, 10?> PFU of inactivated ZIKV [PRVABC59] as the capture
antigen, 100 pL of opossum serum diluted 1:50 in PBS-T supplemented with 1% BSA (PBS-
T/B), and 100uL of goat anti-opossum IgG (H+L)-HRP conjugate (Alpha Diagnostic) diluted
1:1,000 in PBS-T/B as the detection antibody. The plates were read at 450 nm using a Thermo
Multiskan FC. The result for each sample was expressed as an “endpoint titer,” which is defined
as the mean optical density of the sample assayed in triplicate divided by the negative/positive
cut-off optical density. The cut-off optical density was determined for each plate by a
mathematical manipulation of the mean optical density of multiple wells containing a negative
serum pool. Samples with endpoint titers greater than 1.000 were scored as positive, samples

with endpoint titers of 0.900 — 1.000 inclusive were scored as indeterminate (probably negative),
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and samples with endpoint titers < 0.900 were scored as negative (John VandeBerg, personal

communication).
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CHAPTER IV

RESULTS

Antibody Stain

To determine animal susceptibility to ZIKV-BR infection and viral tissue distribution
over a long-term period, immunohistochemistry (IHC) was first conducted on 22- and 26-week-
old males and females. Tissues evaluated for ZIKV-NS1 protein via immunofluorescent
microscopy included the brain, spleen, testes, epididymis, vagina, and ovaries. For the viral NS1
protein validation experiments, ZIKV-infected tissue stained without anti-NS1 antibody did not
display signal of infection. ZIKV-infected tissue from the same animal stained with anti-NS1

antibody showed a distinct, punctate red pattern within various nuclei of the tissue (Figure 1).

In total, 38% of the tested animals displayed viral NS1 signal in at least one tissue type,
indicating persistent infection at the time of organ harvesting. The teste showed the highest
infection rate (40%), followed by the epididymis (33.33%), the female sex organs (25%), brain
(23.08%), and finally the spleen (7.69%). Two 22-week females, P2142 and P2141, displayed
signs of ZIKV-infection in the brain, ovary, and vagina, but not the spleen (Figure 2). The
remaining females did not display NS1 signal in any of the four evaluated tissues. In the male
22-week-age group, P1968 only displayed NSI signal in the teste, and P1967 displayed signs of

NS1 protein in the brain, teste, epididymis, and the spleen. All animals that displayed positive
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signs of viral infection in at least one tissue were infected at day 5 and belonged in the 22-week-
age group, except for P1937, which was inoculated at day 7 and displayed viral infection in the

epididymis at 26 weeks (Table 3).

One 26-week male displayed infection in the epididymis, which was the only tissue analyzed in
this animal (Table 1). P1967 displayed an abnormal morphological appearance in the sex organs,
which appeared necrotic, dark brown, and tumor-like (Figure 3). No other infected males
displayed a similar morphology. Mock-infected animals displayed normal testicular appearance,
which were smooth, round, and white (not pictured). The four age- and sex-matched PBS mock-
infected control animals analyzed for antibody stain did not display any signs of NSI protein in

the brain, spleen, testes, epididymis, vagina, or ovaries.

RT-PCR

Next, to genetically confirm susceptibility of the animals to ZIKV-BR and viral tissue
distribution over a long-term period, viral RNA was extracted from tissue and RT-PCR was
conducted on 22-week-old animals. Frozen tissue, parallel to those used in the
immunohistochemistry analysis (brain, spleen, and sex organs), were evaluated for the ZIKV
NS5 gene via RT-PCR. Ten of the twelve 22-week animals in the study had frozen tissue
available for analysis. A mixed result indicated that one well amplified for viral NS5 gene within
the detectable Ct range, while the duplicate well did not amplify within the same range. A mixed
result was considered positive since NS5 amplification was detected in at least once instance.
Out of this group, 100% of the animals displayed evidence of viral infection to some capacity (+
or mixed +/- result) in at least one tissue type (Table 2). The tissue with the highest infection rate
analyzed through RT-PCR was the spleen (77.78%), followed by the epididymis (66.67%), teste

(60%), ovary (50%), brain (44.4%), and finally vagina (25%). All tissue types displayed NS5
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amplification to some degree (Table 2). All of the animals that displayed a positive RT-PCR
result in at least one tissue type were inoculated at either 5 or 8 days of age (Table 3). No PBS-
infected frozen animal tissue was available for this analysis. The positive control ZIKV-NS5
RNA amplified in duplicate within the detectable Ct range, and the DH20 negative control did

show amplification withing the detectable Ct range (data not shown).

ELISA

To determine whether any animals developed an antibody response to ZIKV infection at
the time of inoculation, serum was collected, and ELISA titers were obtained for animals in the
22- through 26-week age group (Figure 4). Three of the animals of the 22-week age group,
P2142, P2141, and P2241, displayed a positive ELISA titer of 1.085, 1.043, and 1.663,
respectively. These animals were infected at 5, 5, and 8 days of age, respectively. In the 26-
week-group, three animals P1934, P1937 and P2187 had positive endpoint titers of 1.226, 1.475,
and 1.143, respectively. These animals were infected at 7, 7, and 3 days of age, respectively.
Surprisingly, one mock-infected PBS animal displayed and unexpected titer of 2.90; the rest of

the animals had titers too low to be considered positive.
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CHAPTER V

DISCUSSION

This study evaluated the long-term persistence and tissue distribution of ZIKV-BR in the
juvenile laboratory opossums that were inoculated intracerebrally as infants with the virus; this is
a novel model for ZIKV research. A basic requirement for developing a new model for disease
transmission is its ability to harbor pathogen infection and replication. Moreover, long-term
studies of infection from an age of early embryonic and fetal development through juvenile age
are not feasible in other animal models. The nature of the laboratory opossum’s developmental
biology can be exploited for this type of study. To determine the susceptibility of the laboratory
opossum to ZIKV-BR infection, as well as viral persistence and organ distribution, we analyzed

tissues with IHC and RT-PCR.

Analysis of fixed tissue supported the presence of viral NS1 protein within the nuclei of
various tissues in 38% of the infected animals that were evaluated through IHC (Table 1). The
NSI protein is shared among flaviviruses and is involved in viral replication (Young et al.,
2000). Its detection through antibody staining shows that the laboratory opossum supports long-
term ZIKV replication in the brain, testes, epididymis, ovaries, and vagina (Table 1; Figure 5).
Non-specific binding of the anti-ZIKV NS1 antibody was ruled out through validation tests
(Figure 1). Although animals were infected with an injection to the brain, evidence of viral
replication is further shown by its dissemination to the sex organs. Three out of four animals that
displayed NS1 signal were infected at 5 days old and sacrificed at 22 weeks, whereas only one
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infected at 7 days of age and harvested at 26 weeks displayed NS1 signal (Table 3). More
research needs to be conducted to determine any correlation between age of inoculation and viral
persistence, as developmental time point could be relevant to persistence of infection. Animals
nearing 6 days of age are developmentally equivalent to about a 12-week-old human fetus
(Cardoso-Moreira 2016), the end point of the first trimester where fetal tissue may be more
reactive to ZIKV infection. The results obtained from IHC overall indicate that the laboratory
opossum was permissive to viral infection and replication of ZIKV-BR, and that chronic

infection remained present in the brain, spleen, and sex organs at the time of tissue harvesting.

Unexpected findings in the analyzed tissue include the small number of samples that
were observed to have viral NS1 signal. Possible explanations for this discrepancy can be
attributed to a number of factors. First, we consider the possibility that some animals did not
become infected at the time of inoculation. One limitation of this study is that animals were not
screened for ZIKV infection prior to the study endpoint at 22 and 26 weeks. To the author’s
knowledge, there is not yet an established rate of successful infection for ZIKV in the neonate
laboratory opossum. However, RT-PCR results that showed most 22-week-old animals had viral
RNA to a limited extent in their tissues. This supports the idea that infection rates were higher
than that observed through immunohistochemistry. RT-PCR also removes the possibility that
animals did not retain infection long-term. This study also used ZIKV-BR for the first time in
this model, while pilot studied have utilized the ZIKV-PR strain at different concentrations.
Genetic differences can play a role, although both strains share similar nucleotide sequences

(Sheridan at al., 2018).

23



The low number of infected tissues observed through antibody staining may be due to the
amount of time tissues spent in fixative prior to their embedding, sectioning, and staining. At the
time of tissue processing, samples had been fixed in 10% formalin for over a year. A study
evaluating the effects of prolonged formalin fixation determined that for certain antigens, a
decrease in the efficacy of immunohistochemical analysis may be observed after 7 weeks and
they emphasize the use of antigen retrieval strategies to overcome prolonged fixation (Webster et
al., 2009). While this study did not include the NS1 viral antigen, it is important to consider how
long-term storage in formalin may have affected tissue integrity for antibody staining. Another
study found that cross-linking between RNA, DNA, and proteins in tissue resulting from
prolonged formalin fixation lasting one year limited the detection of nucleic acid from viral
pathogens when analyzed with in situ hybridization (Mostegl et al., 2011). They also mention the
use of proteinase K to reverse the effects of cross linking and found that it recovered antigen
detection (Mostegl et al., 2011). While our study was still able to detect viral NS1 antigen
despite prolonged fixation, a future direction may implement strategies to recover antigen and

give more complete results for immunohistochemistry.

In establishing the Monodelphis domestica for ZIKV pathogenesis, various
methodologies to test for infection remain to be optimized. One such analysis includes viral
RNA extraction from tissue and subsequent RT-PCR analysis. We utilized RT-PCR to further
evaluate the permissiveness and long-term tissue distribution of ZIKV-BR in our model.
Previous attempts for RNA extraction of infected laboratory opossum tissues were unsuccessful
when analyzed through RT-PCR. This could be in part due to the use of a viral RNA extraction
kit that was not specific for fibrous and fatty tissue, such as those analyzed in this study.

Previous studies with NHPs and mice have utilized RT-PCR for quantification of viral load in

24



tissues (Lazear et al., 2016; Li et al., 2016). To a very limited extent, we attempted RNA
extraction with kits specific for fatty and fibrous tissue (discussed in the methods section) in the
frozen tissues available for 22-week-old infected animals. No mock-infected animals were used

in this procedure because frozen tissue was unavailable at the time of this analysis.

Detection of viral RNA occurred to some degree across all tissue types: brain, ovary,
testis, epididymis, and spleen (Table 2 and 3; Figure 5). Interestingly, the tissue with the highest
infection rate was the spleen (Figure 5). This correlates with findings that utilized RT-PCR also
reported the spleen as one of the tissues with the highest viral load (Li et al., 2016), followed by
the brain and testes (Lazear et al., 2016). We observed amplification of viral RNA in the same
tissue types, as well as in female sex organs, which are also prone to ZIKV. Animals where
persistent infection was determined were inoculated at 5 and 8 days of age (Figure 3), not
showing a distinct preference for date inoculation as it relates to long-term persistence. Like in
IHC findings, more studies need to be conducted to identify any correlations between
developmental age of infection and persistence into juvenile age. While we could not develop a
standard curve based on our limited data, detecting ZIKV RNA to some extent in our target
tissues is a positive first step in developing and optimizing RNA extraction procedures for RT-

PCR analysis. This may provide an opportunity to determine viral load in individual tissues.

A large number of mixed (+/-) results were observed in this analysis (Table 3), in which
one well amplified for viral RNA and the other well in the duplicate set did not amplify within a
valid Cr range, even though both samples were derived from the same tissue eluate. This finding
can probably be attributed to the amount of time that passed from the time of tissue collection to
the time of analysis, which occurred two years apart. While DNA is stable and may be stored for

long-term at freezing temperatures, RNA is less stable and more prone to degradation by various
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ribozymes that can retain enhanced reactivity at -70°C (Fabre et al., 2014). The tissues in this
study may have experienced RNA degradation and fragmentation due to their long storage. Cr
values for tissues displaying mixed amplification of viral RNA often reached the minimal
threshold of detection, meaning that there was only a small amount of detectable RNA present.
Mixed and negative data may therefore not be a result of lack of viral infection, but more of a
question of tissue integrity and RNA preservation. More studies need to be conducted utilizing
the method of RNA extraction used in this experiment with properly stored samples in order to

validate an assay for RT-PCR in the laboratory opossum.

Overall, more tissues were identified to contain ZIKV-BR infection through RT-PCR
analysis than with IHC staining procedures (Figure 5). While the IHC staining was validated and
NS1 was not determined to have non-specific binding (Figure 1), RT-PCR seemed to be more
sensitive in detecting viral infection in tissues. Given the overall question of integrity of the
analyzed tissues, inconsistent findings in infection between tissues of the same animal analyzed
through different methods is not surprising. For this study, both methods provide an overall view

into the different types of tissues that retained infection long-term.

To detect whether any animals developed antibodies against ZIKV at the time of
infection, ELISA was conducted on the serum of 22- and 26-week-old animals. The laboratory
opossum gives birth to underdeveloped pups that lack immunologic organs and an adaptive
immune system (Old and Deane, 2000). During the first two weeks post-partum, pups latch on to
the mother’s teat and do not begin to produce their own antibodies until about day 7 (Belov et al.,
2007). Subsequently, the pups detach and undergo intermittent suckling for about 20 days,
during which exposure to new pathogens occurs, as well as an increase in immunocompetence

(Belov at al., 2007). The animals in this study were exposed to ZIVK-BR between 3 and 8 days
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of age. It was expected that newborn (embryonic) pups would be too young to recognize a
foreign pathogen, would become immunologically tolerized to it, and would not develop
antibodies against ZIKV even after the development of their immune system. ELISA results
utilizing ZIKV-PR (PRVABCS59) as the capture antigen showed that indeed, most ZIKV-infected
animals had a negative endpoint titer (Figure 4). However, 6 infected animals had positive titers.
These animals were infected throughout the entire range of age post-partum (3,5,6,7,8 days).
This result suggests that those animals were not tolerized and they became capable of
recognizing ZIKV as foreign as their immune systems developed, and that the date of inoculation
did not have an effect in antibody production in these animals. More research is needed to
evaluate any correlation between age of inoculation and production of antibodies against ZIKV.
However, for the purposes of this study, animals with positive titers further support the notion
that at least some of the infant laboratory opossums developed ZIKV infection. Additionally, the
production of antibodies in this analysis was directed against ZIKV-PR, whereas animals were
infected with ZIKV-BR. These results indicate the possibility of cross-reactivity between
antibodies produced against different strains of ZIKV. This result is not surprising, as ZIKV-PR
and ZIKV-BR strains both belong to the Asian lineage and vary by less than 4% in their nucleic
acid sequence (Sheridan et al., 2018). It should be noted that one mock-infected animal produced
a positive endpoint titer. It remains unclear as to why such a result occurred, but it may be
attributed to the inadvertent exposure of this specific animal to ZIKV during the long
experimental time period of 6 months. IHC analysis and RT-PCR remain to be conducted to

further analyze evidence of infection in this animal.

The long-term nature of this study is unique to this model and mimics the infection

pattern of infants who were exposed to ZIKV as a result of vertical transmission. Pups were
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intracerebrally injected at 3-8 days old and were evaluated between 19-22 weeks of age. The
laboratory opossum reaches sexual maturity at about 6 months of age (VandeBerg and Blangero,
2010), meaning that the animals in this study were reaching this timepoint. The onset of sexual
maturity is a critical period in the health of humans, the repercussions of which remain unknown
in children that were infected in utero during the 2015 ZIKV outbreaks. The sexual transmission
of ZIKV can be explained by the findings of viral RNA in the sex organs and secretions of
humans, mice, and NHPs (Musso et al., 2015; Atkinson et al., 2016; Lazear et al. 2016; Hirsh et
al., 2017). One study noted that infected male mice displayed ZIKV in the testes, which led to
orchitis and epididymitis, as well as a dark-brown appearance and reduced testosterone levels
(Ma et al., 2016). Interestingly, this correlated with one of the males in our study group, P1967,
which was euthanized prior to the experimental endpoint due to an inflamed scrotum. Upon
closer examination during necropsy, its sexual organ appeared as a necrotic, tumor-like mass and
displayed viral NS1 protein in the brain, teste, and epididymis (Figure 3). It is likely that this

morphological abnormality is a result of ZIKV infection, as has been described in other models.

It is important to consider whether infected infants continue to harbor infection into
puberty, as this could potentially have detrimental impacts on their sexual health. Moreover, the
possibility of vertical transmission must be considered in these individuals. Anecdotal evidence
in the laboratory opossums has shown incidences of animals infected at an early developmental
stage reaching sexual maturity, breeding, and giving birth to pups that remain infected with
ZIKV-BR. This study provides some insight into the persistence of viral infection in the tissues
crucial to the sexual development of males and females: the brain, testis, epididymis, ovary, and

vagina.
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Due to the novel nature of the laboratory opossum in realm of arboviral research, there is
room for improvement and future studies. Based on the limitations of this study, future directions
in research can implement the use of antigen retrieval strategies for improved recovery of antigen
in fixed tissue. This study also displayed promising RT-PCR results as a new method of tissue
RNA extraction was implemented. Future studies could optimize this procedure. Moving
forward, studies to determine the sexual health of infected juveniles, such as determining how
sex hormone levels are affected, could provide insight into the significance of ZIKV in juvenile

lives and the possibility for future vertical transmission.

Through immunohistochemistry, we were able to identify signs of ZIKV infection across
the following tissues: Brain, spleen, ovary, vagina, testis, and epididymis. The ELISA data
supports the susceptibility of neonatal pups to ZIKV infection, as some were shown to develop
antibodies against ZIKV. Moreover, RT-PCR showed to a limited extent that genetic
confirmation of ZIKV can be determined in tissues of infected animals. Each individual analysis
conducted in this study, while limited to some capacity, together display support for the
Monodelphis domestica as a competent model for ZIKV pathogenesis research. Moreover, we
showed that animals infected at a neonatal stage can retain infection long-term into juvenile age,
where target organs such as the brain and sex organs continue to display signs of infection.
Overall, the laboratory opossum continues to show promise as a model for in vivo ZIKV

replication studies.
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Figure 1. Confirmation of NS1 Protein in Infected Ovary. Immunofluorescence staining of
brain section from ZIKV-infected 22-week-old female (P2141) incubated without primary anti-
NSIprimary antibody (left) and with primary anti-NS1 antibody (right) at 60x (picture zoomed
in for detail). White arrows point out nuclei displaying signs of ZIKV infection (red). Sections

stained with anti-ZIKV NS1 monoclonal antibody (red). Cytoskeleton is stained green; nuclei are
blue.
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Immunofluorescent Signal Detection (Y/N)

ID number Age(wks) Sex Treatment Brain Ovary Vagina Spleen Teste Epididymis
P2133 22 F BZV N N N N -

P2142 22 F BZV Y Y N -

P2141 22 F BZV Y Y Y N -

P2241 22 F BZV N N N N -

P1965 22 F BZV N N N N -

P2087 22 F BZV N N N N -

P1967 19 M BZvV Y - Y Y Y
P1968 21 M BZV N - N Y N
P2138 22 M BZV N - N N N
P2146 22 M BZvV - - -

P2246 22 M BZV - - -

P2090 22 M BZV N - N N N
p2275 26 F BZV N N N N -

P2276 26 F BZV N N N N -

P1937 26 M BZV - - - - -

P2279 26 M BZV N - N N

P2300 22 F PBS N N N N -

P2306 22 M PBS N - - N N N
P1945 26 F PBS N N N N -

P2296 26 M PBS N - N N N

Table 1. Detection of ZIKV-NS1 Viral Protein in Animal Tissues Intracerebrally
Inoculated with Virus or PBS. Presence of NS1 protein indicated by the observation of
secondary antibody AlexaFluor 546 (Thermo Fisher Scientific, USA). BZV: Brazilian Zika
Virus; PBS: Phosphate buffer solution; Y: Yes- immunofluorescent signal was detected; N: No-
immunofluorescent signal was not detected; Not stained: tissues were embedded and sectioned,
but not stained due to insufficient time.
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Figure 2. Immunohistochemical Detection of ZIKV in Tissue. (a) Inmunofluorescence
staining of brain section from mock-infected female (left) and BZV-infected female (right) at
60x. (b) Vagina section from mock-infected female (left) and BZV-infected female (right) at
60x. (¢) Ovary section from mock-infected female (left) and BZV-infected female (right) at 60x.
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White arrows point out nuclei displaying signs of ZIKV infection (red). Sections stained with
anti-ZIKV NS1 monoclonal antibody (red). Cytoskeleton is stained green; nuclei are blue.
Picture zoomed in for detail.
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Figure 3. Immunohistochemical detection of ZIKV in abnormal teste from animal P1967.
(a) Image shows necrotic tumor-like appearance of reproductive tissue prior to sectioning. (b)
Immunofluorescence staining of sectioned tissue from panel (a) at 60x. White arrows point out
nuclei displaying signs of ZIKV infection (red). (¢) Immunofluorescence staining of aged-
matched mock-infected control (P2306) at 60x. Sections stained with anti-ZIKV NS1
monoclonal antibody (red). Cytoskeleton is stained green; nuclei are blue.
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RT-PCR Results

ID Number Age(wks) Sex Brain Ovary Vagina Spleen Teste Epididymis
P2133 22 F + + / / /
P2241 22 F - - - mix (+/-) / /
P1965 22 F / mix (+/-) - mix (+/-) / /
P2087 22 F mix (+/-) - - mix (+/-) / /
P1967 19 M - / / mix (+/-) * *
P1968 21 M / / - + mix (+/-)
P2138 22 M mix (+/-) / / mix (+/-)

P2146 22 M + / / + - mix (+/-)
P2246 22 M / / mix (+/-) - mix (+/-)
P2090 22 M mix (+/-) / / mix (+/-) mix (+/-) +

Table 2. RT-PCR Results for 19-22-Week-Old Animals. Each set of tissues was run in
duplicate wells on PCR 96-well plate. BZV RNA was used as positive control and gave a valid
Cr value (data not shown). DH20 was used as negative control and gave a valid Cr value (data
not shown). Negative sign (-) indicates C values that fell out of the detectable amplification
range. Positive sign (+) indicates Cr values that fell within detectable amplification range. Mix
(+/-) indicates one set of values that fell within detectable range, while the second set fell outside
of the detectable amplification range. Slash (/) indicates tissue was not analyzed for RT-PCR.
*P1967 frozen tissue not available for analysis due to unusual reproductive morphology.
Definitive positive results are highlighted.
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Figure 4.

ELISA Titers for BZV and Mock-Infected Animals
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Figure 4 ELISA Results. (a) ELISA absorbance values for serum of BZV-inoculated and PBS-
inoculated animals. (b) 22-week-age group only. (c¢) 26-week-age group only. Values above 1.00
are considered positive titers. Values between 9.00 and 1.00 are considered inconclusive. Values
below 9.00 are considered negative. PBS values indicate the average titers of all PBS-inoculated
22-week-old animals, except P2297, which showed an unexpected high titer. *P1967 and P1968
are 19 and 22-week-animals, respectively.
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Persistent Infection Detected

Inoculation Age (Yes/No)

ID (Days After Birth) Age at Necropsy (Wks)  Treatment Sex IHC RT-PCR ELISA Titer (+/-)
P2133 5 22 ZIKV-BR F N Y ()
P2142 5 22 ZIKV-BR F Y N/A (+)
P2141 5 22 ZIKV-BR F Y N/A (+)
P2241 8 22 ZIKV-BR F N Y (+)
P1965 5 22 ZIKV-BR F N Y ()
P2087 8 22 ZIKV-BR F N Y {-)
P1967 5 19 ZIKV-BR M Y Y (-)
P1968 5 21 ZIKV-BR M Y Y -)
P2138 5 22 ZIKV-BR M N Y ()
P2146 5 22 ZIKV-BR M N/A Y (-)
P2246 8 22 ZIKV-BR M N/A Y {-)
P2090 8 22 ZIKV-BR M N Y {-)
P2275 6 26 ZIKV-BR F N N/A (-)
P2276 6 26 ZIKV-BR F N N/A {-)
P1937 7 26 ZIKV-BR M Y N/A {-)
P2279 6 26 ZIKV-BR M N N/A (-)
P2300 6 22 PBS F N N/A ()
P2306 6 22 PBS M N N/A ()
P1945 7 26 PBS F N N/A ()
P2296 6 26 PBS M N N/A ()
P1934 7 26 ZIKV-BR F N/A N/A (+)
p1937 7 26 ZIKV-BR M N/A N/A (+)
P2187 3 26 ZIKV-BR M N/A N/A (+)
P2297 6 22 PBS M N/A N/A (+)

Table 3. Summary of Results for ZIKV- and Mock-Infected Animals. Table shows results
for three assays described in this study: antibody staining (IHC), RT-PCR, and ELISA. ELISA
titers are only shown for animals that were analyzed by IHC and/or RT-PCR, except for three

26-week animals displaying positive titers, and one 22-week PBS mock-infected control that
displayed an unexpected high titer. Date of inoculation of either ZIKV-BR or PBS is included. F-
female; M-male; Y-yes, evidence of infection was detected; N-no, evidence of infection was not
detected; N/A-tissues not analyzed with the indicated assay; (+)-positive ELISA titer >1.000; (-)-
negative ELISA titer <0.900. RT-PCR results displaying (Y) indicate that at least one well of
tissue sample amplified for ZIKV-NS5 gene within the detectable Crrange (12-38); RT-PCR
results displaying (N) indicate that no wells amplified for ZIKV-NS5 gene within the detectable
Crrange.
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Percent of ZIKV-Infected Tissues Displaying Persistent Infection by IHC and RT-PCR
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Figure 5. Comparison of Infected Tissue Analyzed through IHC and RT-PCR. Black bars
represent IHC-analyzed tissue; red bars represent RT-PCR-analyzed tissue.
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