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ABSTRACT

Zika virus (ZIKV) is an arbovirus primarily transmitted by Aedes mosquitoes.
ZIKYV typically causes asymptomatic infections or relatively mild symptoms. However,
ZIKYV infection during pregnancy can lead to congenital Zika syndrome, a unique pattern
of birth defects and disabilities. In 2016, introduction of ZIKV into naive and susceptible
populations quickly reached epidemic levels and spread to more than 65 countries
worldwide. As this was the first time that severe disease outcomes were linked to ZIKV
infection, therapeutics, vaccines, and even solid diagnostic tools were not available.
There was an immediate need for their development, but also an urgent need to control
and limit ZIKV transmission, to understand the main drivers for viral spread, and to
predict potential spreading patterns. There are multiple factors that affect the transmission
dynamics of arboviruses such as Zika. Epidemiological outcome of disease depends on
the pathogen-host interactions that are defined by numerous intrinsic factors such as
pathogen and host genetics, as well as extrinsic biotic and abiotic factors. Environmental

factors can have direct effect on virus replication and infection outcome or indirect effect



due to altered physical barrier, immune response, and overall host fitness. There are also
various socioeconomic factors and human behaviors that can shape transmission. We
demonstrated that increasing ZIKV dose in the blood-meal significantly increases the
probability of mosquitoes becoming infected and infectious. Using these data to
parameterize an Ry model, we showed that increasing viremia from 10* to 10° PFU/mL
increased relative Ry 3.8-fold, demonstrating that variation in viremia substantially affects
transmission risk. Temperature is known to be one of the strongest drivers of vector-
borne transmission. We used a temperature-dependent model to infer temperature effects
on ZIKV transmission and showed that transmission was optimized at 29°C, and had a
thermal range of 22.7°C - 34.7°C. We have also demonstrated why ZIKV transmission is
ineffective at cool temperatures and how temperature alters ZIKV replication in mosquito
cells. Assessing how biotic and abiotic factors alter our standard formulation of vectorial
capacity and model predictions is critical in order to predict the seasonality and

geography of ZIKV spread so we can deploy effective disease interventions.
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CHAPTER 1
INTRODUCTION

Zika virus (ZIKV) is a positive-sense, single-stranded RNA flavivirus. Despite the
high rate of asymptomatic infections and cases presenting with mild symptoms (1), ZIKV
was declared a public health emergency of international concern in 2016 (2) due to the
increase in loss of pregnancies, microcephaly, and other brain and eye abnormalities in
infants whose mothers became infected during pregnancy (3). The primary transmission
route of ZIKV is through the bite of 4edes mosquitoes, but the virus can also be
transmitted sexually (4), from mother to fetus (5), and through blood transfusion (6).
Currently, there are no therapeutics nor vaccines for this emerging arbovirus, therefore
the only way to mitigate the disease is through vector control and public education
campaigns. Due to adverse pregnancy outcomes associated with ZIKV infection, research
has been focusing on the development of therapeutics, vaccines, and novel vector control
tools. Yet, important ecological and molecular questions remain unanswered, such as
what role asymptomatic hosts play in transmission and how key environmental drivers
modify the mosquito-virus interaction, both of which are important for successfully

predicting virus transmission and implementing control strategies.

People with asymptomatic infections are generally considered a dead-end for
transmission, but in some systems asymptomatic carriers produce enough virus to
successfully infect mosquitoes (7, 8). Because people without clinical symptoms are

likely to be more active and potentially exposed to more mosquitoes than symptomatic



people, asymptomatic carriers may play an important role as a source of virus for
mosquito vectors. Understanding how variation in viremia influences vector competence
is the first step towards predicting the role host viremia plays in ZIKV transmission. A
better characterization of how relevant environmental variation, such as temperature,
affects transmission is critical for predicting how the virus might spread geographically
and seasonally so that efficient vector control strategies can be implemented. Mosquitoes
are small ectotherms, and their physiology, survival, and reproduction are all strongly
affected by temperature variation (9-11). Currently, no data exist on how temperature
variation affects the extrinsic incubation period (EIP) and vector competence for ZIKV,
which are two key parameters in vector-borne pathogen transmission. Although,
arboviruses can persist in different hosts across a wide range of temperatures, extreme
low and high temperatures can directly affect virus replication by altering virus structure
and fluctuation of the surface proteins (12-14), and it can alter cellular metabolism and
factors that may enhance or hinder viral replication (15, 16). To provide a better
understanding of the effects of viral dose and environmental variation on vector-virus

interactions and transmission of ZIKV, we introduce the following specific aims:

Specific aim 1: Hypothesis: Larger doses of ZIKV will result in higher infection
prevalence and vector competence, shorter extrinsic incubation period (EIP) and overall
higher transmission of the virus. To test the hypothesis, we will orally infect field-derived
populations of Ae. aegypti (Southern Mexico) with four different doses (103, 104, 103, 10°
PFU/mL) of a Mexican ZIKV isolate. We will use the fourth generation of mosquitoes
that is well adapted to membrane feeding. We will titrate mosquito bodies, heads, and

saliva to measure the effect of viral dose on infection prevalence, dissemination rates,



vector competence, and EIP. We will also track mosquito mortality rates to determine if

the virus dose influences mosquito survival.

Specific aim 2: Hypothesis: Temperature variation will have a unimodal effect on
vector competence, extrinsic incubation period (EIP), and survival of ZIKV-infected Ae.
aegypti mosquitoes. To measure the thermal performance of ZIKV in field-derived
populations of de. aegypti, we will orally infect the F4 generation of mosquitoes with
ZIKV and maintain them at eight constant temperatures (16°C, 20°C, 24°C, 28°C, 32°C,
34°C, 36°C, 38°C). We will titrate mosquito bodies, heads, legs, and saliva to measure
changes in proportion of infected mosquitoes, vector competence, and EIP. We will track

mosquito mortality at each temperature to assess the effect of temperature on survival.

Specific aim 3: Hypothesis: Sub-optimal temperatures inhibit ZIKV replication
by altering cellular environment and host factors necessary for viral replication or/and
by preventing a viral function required to complete the viral replication cycle and
produce progeny virus. To determine the mechanism responsible for inhibition of ZIKV
replication at sub-optimal temperatures, we will conduct a series of experiments in
mosquito cells (C6/36) maintained at optimal temperature or adapted to grow at cool
temperature (20°C). We will examine and compare each part of virus replication cycle at

different temperature treatments.
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CHAPTER 2

LITERATURE REVIEW

This literature review will summarize the current knowledge and contemporary
research done to understand the transmission dynamics and control of arboviral diseases.
After introducing arboviruses, their importance, history, and ways of transmission, three
arboviruses will be discussed in detail: Zika virus (ZIKV), as a focus of this dissertation,
dengue virus (DENV), an extensively studied arbovirus with a long history of
transmission in humans, and chikungunya virus (CHIKV), an arbovirus with more recent
outbreaks. Next, two main vectors (Adedes aegypti and Ae. albopictus) will be introduced,
in particular their history and spread, as well as what makes them such successful vectors.
After that, the review will focus on the mechanisms required for the establishment of the
infection in mosquito vectors and successful transmission. In particular, which
physiological barriers viruses encounter upon infection, what are the main mosquito
immune responses against these pathogens, and how can viruses overcome the barriers
and suppress or evade the immune responses. The last section will focus on the factors
that can affect arboviral transmission described through the concept of a disease triangle.
These factors include both intrinsic factors, such as genetic variation across viruses and
hosts, extrinsic factors, such as variation in abiotic and biotic factors, as well as their
interaction. The emphasis will be put on how variation in environmental temperature, one
of the main drivers of vector-borne transmission, affects the virus, vector, their

interaction, and transmission. Lastly, the main reasons for increased arboviral emergence



and spread we have witnessed in the past few decades will be summarized. With
numerous challenges, vector control remains the main solution to mitigate the disease
spread. Modeling efforts that assess the vector control strategies and predict the disease
outcome are crucial for successfully controlling arboviral transmission.

Arboviruses

Arboviruses (arthropod-borne viruses) are a specialized group of viruses that are
transmitted by arthropod vectors, including mosquitoes, ticks, and sand flies. The
pathogen, vector, and susceptible host must be in frequent, close contact to ensure
perpetuation of the virus. There are more than 130 arboviruses that are known to cause
human diseases (1). Some of the most prevalent human arboviral pathogens are
transmitted by mosquitoes and represent a major threat to human health. Historically,
these viruses were endemic in tropical and subtropical areas of the world, however in the
past few decades, arboviruses have become an emerging problem around the world. The
first connection between arthropods and disease was postulated in 1881 when a Cuban
scientist suggested that yellow fever was transmitted by mosquitoes. After it was verified
in 1900, yellow fever virus became the first identified arbovirus, but also the first known
virus to infect humans (2). Yellow fever virus (YFV) and dengue virus (DENV) were the
first documented mosquito-borne arboviruses to cause major outbreaks in the Americas
in the 17" century, while West Nile (WNV), Japanese encephalitis (JEV), Rift Valley
fever (RVFV), chikungunya (CHIKYV), and Zika viruses (ZIKV) are just some examples

of arboviruses causing major outbreaks around the world today (3).

Transmission of arboviruses in humans can occur in three ways. The first is direct

spillover during the sylvatic cycle, when the virus that circulates among the mosquito



vector and the enzootic host gets transmitted to humans (4). Some examples of
arboviruses that were transmitted to humans through bridge vectors are CHIKV, DENV,
ZIKV, and YFV. The second mechanism includes the amplification of the virus in
domestic animals that live in close proximity to people, followed by a spillover. Some
examples of epizootic cycle are JEV and RVFV that amplify in domestic livestock.
Lastly, in urban epidemic cycles, humans serve as amplification hosts and the virus can
be transmitted between humans via anthropophilic mosquitoes, such as Aedes aegypti and
Ae. albopictus (Fig 2.1). In rare occasions, some viruses can be transmitted from human
to human via sexual contact or perinatally, as was seen during the ZIKV outbreak (4).
There are several factors that affect the transmission dynamics of arboviruses such as
climate change, urbanization, and globalization. Increased trade can result in the spread
of invasive mosquito species, and increased travel can result in pathogen spread between
continents within a day. In places with well-established vector populations, imported

cases can result in local transmission, and in worst cases, in explosive epidemics.

Zika virus

Zika virus (ZIKV) belongs to the Flaviviridae family and its genome organization
resembles those of other flaviviruses, including DENV, WNV, and YFV. The 10.8
kilobases-long positive-sense, single-stranded RNA has one open reading frame encoding
for a single polyprotein (5). The polyprotein is cleaved by host or viral proteases into
three structural and seven non-structural proteins. The structural proteins (precursor
membrane (prM), envelope (E), and capsid (C) proteins) form the virus particle, while
non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) play an

important role in virus replication, polyprotein processing and manipulation of host



response (5). The ZIKV replication cycle starts with the virus binding to the host cell.
One of the most important receptors for ZIKV is the Gas6-AXL tyrosine kinase receptor
complex (6). Gas6 interacts with the surface-exposed phosphatidylserine on the ZIKV
particle and AXL on the surface of the cell. ZIKV enters the cell through receptor-
mediated endocytosis. The low pH in the endosome triggers trimerization of the E
proteins, which results in exposure of the fusion domain (7). Once viral and cell
membranes fuse, the RNA genome is released in the cytoplasm. The incoming genome
serves as mRNA and produces viral proteins. The nonstructural proteins form a
replication complex and synthesize negative-sense RNA, which serves as a template for
more positive-sense RNA. Virus replication takes place in the endoplasmic reticulum
(ER) and immature particles are released in the ER lumen. Noninfectious immature
particles consist of the nucleocapsid and a lipid membrane with 60 irregular spikes of
three prM-E heterodimers. The immature particles are then glycosylated and transported
to the Golgi. The low pH in the Golgi triggers a conformational E protein change from 60
trimers to 90 dimers. During this process, prM acts as a chaperone and covers the fusion
loop at the spike. Once the E proteins rearrange and form a smooth surface of dimers
parallel to the membrane, the prM cleavage site is unveiled. Host protease furin cleaves

the pr peptide and forms mature particles that are released by exocytosis (8) (Fig 2.2).

Zika virus is primarily transmitted through the bite of 4edes mosquitoes, but the
virus can also be transmitted from mother to fetus, sexually, and through blood
transfusion (9-11). Symptoms of ZIKV infection are relatively mild and usually start 3-14
days after the infection. Common symptoms include low-grade fever, skin rash,

conjunctivitis, headache, and arthralgia, usually lasting up to 1 week; however, 70% of

10



people exposed to ZIKV will have no symptoms at all (12). Despite the high rate of
asymptomatic infections, ZIKV was widely feared and declared a “public health
emergency of international concern” in 2016, owing to the 20-fold increase of
microcephaly in newborns, an increase in the probability of pregnancy loss, and brain and
eye abnormalities in infants born from infected mothers (12). Additionally, there was a
19% average increase in autoimmune neurological complications (Guillain-Barré

syndrome) associated with ZIKV infection in Brazil (13).

Zika virus was first detected in 1947 in a sentinel Rhesus monkey from the Ziika
Forest of Uganda and was isolated from Ae. africanus mosquitos in 1948 (14). The first
human cases of Zika were detected in 1952 during a serological study of Ugandan and
Tanzanian residents, and 2 years later the first human ZIKYV isolate was obtained from a
10-year-old girl in Nigeria (15, 16). In the following decades, the virus spread across
Africa and tropical Asia, occasionally causing dengue-like fever outbreaks. During this
period, ZIKV was not considered a major public health concern and there were no
reported links to microcephaly or other complications. That changed in 2007, when the
first outbreak outside of Africa and Asia occurred on the island of Yap (17). This key
epidemiological event was viewed as an isolated oddity by many scientists at the time,
but it was quickly followed by the spread of ZIKV across Oceania and the Pacific islands
between 2013 and 2014 (18). The following year, ZIKV was detected in Brazil, and was
spreading throughout the Americas (19). Recent research on ZIKV evolution supports the
hypothesis that two lineages of ZIKV diverged into an African group and an Asian group;

with the Asian genotype recently introduced to the Americas (20).
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Dengue virus

Dengue virus (DENV) is another positive-sense single-stranded flavivirus. Like
ZIKV, it has an icosahedral structure with the pseudo T=3 symmetry. However, DENV
surface proteins are less compact, so the particle is less stable compared to a ZIKV
particle (8). The DENYV replication cycle also starts with receptor-mediated clathrin-
dependent endocytosis. Low pH in the endosome causes DENV conformational changes
that lead to viral-cell membrane fusion. Polyprotein translation and virus replication take
place in invaginated membrane vesicles on the ER. The nucleocapsid buds into the ER
lumen and acquires a lipid membrane envelope containing prM and E proteins. After
cleavage of the pr peptide, the spiky immature particle becomes smooth (5). The
glycoproteins on the surface can move and expose the membrane underneath the E and M
proteins. This “breathing” process is particularly important during secondary infection,
when preexisting antibodies bind to the viral envelope and enter the cell via antibody-

dependent enhancement (21).

There are four genetically distinct DENV serotypes, DENV 1-4, with DENV 2
being the most virulent strain (22). The virus maintains human transmission primarily
through Ae. aegypti mosquitoes in urban environments, and Ae. albopictus in suburban,
rural, and sylvatic environments (1). DENV can also be transmitted vertically from
mother to fetus (23), and through blood transfusion (24). About 50% of people exposed
to DENV will develop dengue fever 3-14 days after the infection. Dengue fever is a
debilitating disease characterized by high fever, severe headache, retro-orbital pain,
maculopapular rash, myalgia, and arthralgia (25, 26). In most cases, the disease is self-

limiting, resulting in long immunity against that particular serotype. A secondary

12



infection to another serotype or primary infections in infants born to DENV-immune
mothers increases the risk of developing dengue hemorrhagic fever (DHF) (22). DHF is a
severe disease characterized by high fever, increased vascular permeability, and
thrombocytopenia leading to bleeding, hypotension, intense abdominal pain, and
circulatory failure and shock that leads to 20% mortality if left untreated. With proper

treatment, the mortality rate can be reduced to less than 1% (22).

DENYV, which was known to cause sporadic diseases in humans, has since
become a major public health problem. The earliest evidence of dengue-like illness dates
back to 265-420 AD in China. The first dengue-like disease in the Americas was reported
in the French West Indies in 1635 and later in Panama in 1669 (27). With the increase in
naval commerce between 1779 and 1788, epidemics of dengue-like diseases were further
described in Indonesia, Egypt, Spain, and the USA (1). A second series of dengue-like
epidemics from 1823-1916 resulted in viral spread from Africa to India, Oceania, and the
Americas; and after the World War II, dengue epidemics became pandemics (1). Dengue
fever was formally described for the first time in 1943 in Japan, while the first cases of
dengue hemorrhagic fever were described during a large outbreak in Bangkok in 1958
(25, 28). Today, with an estimated 390 million infections and 3.9 billion people in 128
countries at risk, dengue virus is the most prevalent and dangerous arbovirus causing

more illness and death in humans than any other arboviral disease (29).

Chikungunya virus

Chikungunya virus (CHIKYV) is a positive-sense single stranded RNA virus in the
Togaviridae family. Unlike ZIKV and DENYV, the 11.8 kb genome has two open reading

frames coding for four non-structural proteins (nsP1, nsP2, nsP3, nsP4) and five
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structural proteins (C, E3, E2, 6K, E1) (30). The nucleocapsid is surrounded by a host-
derived lipid membrane envelope with 240 copies of E1 and E2 glycoproteins organized
in a T=4 icosahedral symmetry. E1 (fusion peptide) and E2 (receptor binding sites)
proteins form heterodimers arranged in 80 trimeric spikes (30). After binding to the
receptor, CHIKV enters the host cell through receptor-mediated clathrin-dependent
endocytosis. Mxra8 was recently discovered to be one of the main receptors for CHIKV
and many other arthritogenic alphaviruses (31). The acidic environment within the
endosome triggers conformational changes in the virus envelope, resulting in the
exposure of the E1 peptide and membrane fusion (30). Once the viral genome is released
in the cytoplasm, the first viral polyprotein is translated and cleaved into nsP1-nsP4.
Non-structural proteins form a viral replication complex that generates the full-length
negative-strand RNA intermediate. The RNA intermediate serves as a template for both
26S subgenomic mRNA and 49S genomic RNA (32). Subgenomic RNA encodes for the
C-pE2-6K-E1 polyprotein that is further processed by autoproteolytic serine proteases
(32). Once the capsid is released in the cytoplasm, the remaining proteins are directed to
the ER. In the Golgi, pE2 and E1 form heterodimers and traffic to the plasma membrane.
During this maturation step, pE2 is cleaved by a cellular furin to form E2 and E3.
Although E3 in most cases is not incorporated in the virus particle, it plays an important
role in the proper folding of pE2 and its association with E1. Assembled particles with

icosahedral cores bud at the cell membrane (30) (Fig 2.3).

The name chikungunya is originally from the Makonde language and means “that
which contorts or bends up,” which describes the posture of patients afflicted by

symptoms of severe arthritis and joint pain (33). Approximately 85% of infected people
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develop symptoms that include rash, high fever, headache, photophobia, and severe joint
pain. A significant percentage (30—40%) of patients will suffer from chronic joint disease
that can last weeks, months, or even years after initial infection (33-35). While
chikungunya-like illness has been documented for centuries (36), it was first recognized
as an endemic disease in 1952 in East Africa (33). Shortly thereafter, with the aid of
newly developed viral diagnostic tools, CHIKV was isolated from human sera in
Tanzania, and 4e. aegypti was identified as the main vector (37, 38). From 2005 to 2006,
CHIKYV spread to several islands in the Indian Ocean, with the French island, La
Réunion, experiencing one of the largest outbreaks on record for the time, with
approximately 40% of the island’s population infected and 273 deaths (33). Interestingly,
Ae. albopictus was the predominant vector for the La Réunion outbreak. Subsequent
research demonstrated that this primary vector switch coincided with the selection for a
single amino acid change from alanine to valine at position 226 in the CHIKV E1
envelope glycoprotein (E1-A226V) that increased midgut infection, replication,
dissemination, and transmission in 4e. albopictus (39, 40). After the La Réunion
outbreak, CHIKV continued to spread and cause large outbreaks. In 2006 and 2007,
CHIKY reached India, with more than 1.5 million estimated cases (38, 41). At the same
time, the first locally acquired cases in temperate regions occurred, with outbreaks in
Italy and France (42, 43). These outbreaks were also largely driven by Ae. albopictus. In
2013, CHIKV was introduced to the Caribbean island system, likely via infected

travelers, and quickly spread throughout the Americas (44).
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Mosquito vectors

The global spread of two important mosquito vectors, Ae. aegypti and Ae.
albopictus, resulted in the explosive spread of many arboviruses around the world,
including ZIKV, DENV, and CHIKV. 4e. aegypti, also known as the yellow fever
mosquito, is the primary vector for some of the most important arboviruses in humans.
Ae. aegypti diverged from the generalist zoophilic tree-hole breeder Ae. aegypti formosus
into a domestic anthropophilic form (45). The mosquito was introduced to the new world
from Africa during human migration and trade between the 15" and 19™ centuries (46).
Today, Ae. aegypti is well-established in tropical and subtropical regions around the
world. Outside of Africa, Ae. aegypti is almost exclusively found in close association
with humans in domestic environments, where it breeds in artificial water storage
containers. There are several reasons why Ae. aegypti is one of the most capable vectors
of the aforementioned arboviruses. Ae. aegypti has evolved to live in close proximity to
humans throughout its entire lifecycle. They prefer artificial manmade water containers
as a larval habitat, they prefer to rest indoors close to humans, and they strongly prefer
human blood and tend to feed on multiple humans during a single gonotrophic cycle.
This high human exposure increases the mosquito’s probability of becoming infected
with an arbovirus and increases the frequency with which they can transmit the virus to
another host (47). Although Ae. aegypti has a stronger host preference for humans in
comparison to Ae. albopictus, they are more geographically restricted because they do not

diapause in colder climates (48).

The Asian tiger mosquito, Ae. albopictus, has been a driving force in the

worldwide emergence of chikungunya virus. In central Africa, Ae. albopictus played a
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key role in the 2007 emergence of DENV, CHIKYV, and possibly ZIKV. This mosquito
originated from a zoophilic forest species in Asia, however its range was rapidly
expanded during 1980s. 4e. albopictus was introduced to Europe, the USA, and Brazil
probably via international trade of used tires and lucky bamboo plants, and it invaded
tropical and temperate regions around the world (49). Unlike Ae. aegypti, it lacks
preferential coexistence with humans and feeds opportunistically on humans and animals.
Ae. albopictus lives in more varied environments and breeds in both natural and artificial
containers (50). The mosquito adapted to moderate climatic conditions, and in temperate
areas it produces eggs that are resistant to desiccation and can remain viable for more
than a year (48). This greater tolerance of Ae. albopictus for cold environments poses a
threat to larger geographic areas and could lead to enhanced arboviral transmission in
temperate regions of the world. In addition to a wider geographical distribution, this
resilient and aggressive mosquito can survive both in rural and urban environments,

which makes it such an important arbovirus vector (51).

Tissue barriers and immune responses to arbovirus infection in mosquitoes

Arboviruses need to overcome different tissue barriers and the innate immune
response in order to establish persistent infection in the mosquito vector and ensure
transmission to another host. Female mosquitoes ingest virus through the viremic blood
from an infected vertebrate host. Once the virus reaches the midgut lumen, it comes in
close proximity with epithelial cells and initiates infection. A mosquito midgut consists
of a single layer of epithelial cells surrounded by basal lamina. Once the virus enters
cells, it replicates and spreads within the midgut epithelium. “Midgut infection barrier” is

a term for all the obstacles a virus needs to overcome before exiting the midgut (52). The
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virus can get diverted into the diverticulum or peritrophic matrix, or it can be inactivated
by digestive enzymes. Virus replication could also be inhibited by the absence of the
receptor or by the intracellular immune response. After successful replication inside the
midgut epithelium, the virus needs to pass through the basal lamina and overcome the
second barrier, the ‘midgut escape barrier’. This is most likely accomplished through the
tracheal system surrounding the midgut or cardia/intussuscepted foregut, which has
disordered basal lamina. Before it can infect the salivary glands, the virus needs to
undergo a second round of amplification in various tissues such as hemocytes, fat bodies,
tracheas, and muscles. Finally, to be successfully transmitted, the virus needs to get into
the saliva of the mosquito, which is then injected into the host when the mosquito takes a
subsequent blood meal. Similar to the midgut, the virus needs to overcome two tissue
barriers associated with the salivary glands, the ‘salivary gland infection barrier’ and
‘salivary gland escape barrier’ however molecular mechanisms of these barriers have not

been well understood so far (53) (Fig 2.4).

Throughout this whole process, the virus encounters numerous immune responses
that are actively interfering with virus replication. Major immune signaling pathways
involved in antiviral defenses are the Toll pathway, the immune deficiency (IMD)
pathway, and the Janus kinase/signal transducers and activators of transcription (JAK-
STAT) pathway. RNA interference (RNA1), although not considered a classical immune
pathway, also plays an important role in antiviral defense. The immune response is
initiated when pattern recognition receptors (PRRs) recognize microbial pathogen
associated molecular patterns (PAMPs). PAMP recognition can trigger different immune

signaling pathways either through the proteolytic cleavage of a cytokine in Toll pathway

18



or through various caspases and kinases in IMD and JAK-STAT pathways (54). This
cascade will result in activation of different transcription factors and expression of
effector genes that encode for antimicrobial peptides (AMPs) such as defensins,
cecropins, diptericin, etc (55). Most of the mosquito antiviral responses have been studied
in DENV system. DENV infection has been shown to activate the transcription of main
Toll components such as Spéetzle, Toll, Rell A and multiple AMPs (56). Although
silencing the IMD pathway had no effect on DENV, DENV and Sindbis virus (SINV)
have been shown to upregulate the IMD response (56), while expression of JAK-STAT
effector genes decreased DENV titers in the Ae. aegypti midgut (57) and in salivary
glands. The most well-characterized invertebrate antiviral defense system is the RNAi.
During replication, the virus creates long double-stranded RNA (dsRNA) intermediates
that are recognized and cleaved by Dicer-2 (Dcr2) into 21-nucleotide small-interfering
RNA (siRNA). Activated siRNA is loaded on to an RNA-induced silencing complex
(RISC) and degrades one strand while the other strand is used for targeted degradation of
complementary viral single-stranded RNA (ssRNA) (56). Knockdown of Dcr2 in Ae.
aegypti results in more efficient DENV replication, shorter extrinsic incubation period
(EIP; time it takes for mosquito to become infectious after ingesting infectious blood),
and increased DENV transmission efficiency, therefore it is considered a key mediator of
vector competence (58). Virus infection can also induce humoral immune response such
as extracellular phenoloxidase (PO) cascade that can directly kill viruses in mosquitoes
and other insects (53, 54), and complement-like proteins that can induce AMPs and limit

flavivirus infection in Ae. aegypti (53).
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Besides tissue barriers and immune responses, other systems can interact and have
direct or indirect effects on the infection outcomes. Blood meal digestion and hemoglobin
degradation cause the release of pro-oxidant molecules, such as heme, that can be toxic to
mosquitoes. Blood ingestion therefore triggers antioxidant response which suppresses
antiviral innate immunity and can contribute to arboviral infection (59). Studies have
shown that antioxidant responses can facilitate the establishment of DENV, but not
ZIKV, in Ae. aegypti midgut (60). Reactive oxygen species can also alter midgut

microbiome which can further affect infection outcome (61)

Arboviruses, on the other hand, have numerous strategies to escape tissue barriers
and evade or suppress mosquito immune responses. It has been shown that arboviruses
can manipulate mosquito genes to facilitate infection, dissemination, and transmission in
the vector host (62). Further, DENV was shown to downregulate immunity-related genes
and cause impaired production of AMPs in Ae. aegypti cells (63). Semliki Forest virus
(SFV), CHIKYV, and JEV were shown to suppress Toll, Imd, and JAK/STAT signaling
pathways in mosquito cells (64-66), however few studies have investigated those
mechanisms in vivo. ZIKV, DENV and many other arboviruses, replicate within vesicular
compartments of the ER. This was suggested to be an important mechanism of immune
evasion as sequestered replication intermediates become inaccessible to the RNA1
machinery (67). Arboviruses can also evade immunity through apoptosis and autophagy.
Since arboviruses have to replicate at levels high enough to ensure transmission yet low
enough to minimize the effects on mosquito fitness (62), the balance between the virus
replication and mosquito immunity allow them to coexist long enough to transmit the

virus (68).
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Genetic and environmental factors for arboviral transmission

Epidemiological outcome of the disease depends on the pathogen-host
interactions that are defined by numerous intrinsic factors such as pathogen and host
genetics, as well as extrinsic biotic and abiotic factors. A conceptual illustration that
demonstrates the interactions between the pathogen, host and the environment is called
the disease triangle. Pathogen intrinsic factors and genetics (Gp) determine its virulence,
invasion, and persistence in the population. Host intrinsic factors and genetics (Gn)
determine its susceptibility or resistance, and whether the host will clear, tolerate, or
succumb to infection. Any evolutionary changes in the pathogen or host and how they
interact (Gp x Gn) can lead to disease emergence. Environmental or extrinsic factors (E),
which can be biotic (competition, parasitism, predation) or abiotic (temperature,
humidity, photoperiod), can affect pathogens (Gp x E), the host (Gu x E), or their

interaction (Gp x Gu x E) (Fig 5).

Virus and vector genotype

Arboviruses need to alternate replication in disparate hosts and changing
environments. In order to succeed in such a dynamic system, they require significant
plasticity. All arboviruses, with the exception of African swine fever virus, have an RNA
genome with error-prone replication, lack of a proofreading mechanism, short virus
generation times, and high levels of viral progeny. RNA-dependent RNA-polymerase
(RdRp) has low fidelity with an average error frequency up to 10,000 times greater than
the host genome (69). Arboviruses often exist as a collection of variable genomes within
a host, and this mixed population of genomic variants is called mutant swarm. Genetic

diversity of a swarm is governed by a dynamic balance between mutation and selection
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towards viruses with increased virulence in vertebrate host and/or increased vector
competence in invertebrate vector (70). Despite the potential for greater mutation rates
and rapid adaptation inherent in RNA viruses, the consensus sequence of most
arboviruses is highly conserved in nature. This could be due to requirement for
replication in two distinct hosts. Only mutations that are beneficial or neutral for both can
become fixed, while adaptation to either hosts alone would impose a fitness cost. Several
studies have shown that passaging the virus in mosquitoes or mosquito cells enhanced
mosquito infectivity, but reduced viremia or virulence in vertebrates or vertebrate cells,
and vice versa. Alternating between vector and host, on the other hand, does not affect

infectivity nor viremia (70, 71).

Arboviruses typically cause persistent infection in mosquito vectors since
increased virulence could affect mosquito fitness and reduce transmission. However,
viruses tend to be more virulent in vertebrate hosts as higher virulence and viremia could
increase transmission. Many studies have shown that mosquitoes feeding on blood with
high viral titers are more likely to become infected and infectious than mosquitoes
feeding on low titers (72). However, increased pathogen loads can also have negative
effects on transmission potential. High viremia often correlates with the severity of the
symptoms (29, 73) which can decrease patients’ mobility and chances of encountering
mosquitoes. Moreover, high viremia often elicits stronger immune response which can

affect host blood quality and reduce infectivity in mosquitoes (29, 74, 75).

There are several examples of virus adaptation and selection resulting in increased
vector competence in mosquitoes. Vector competence is defined as the ability of a

particular arthropod to become infected and transmit a given virus to a susceptible host.
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Vector competence of a mosquito population may vary based on different viruses and
even different strains of the same virus (76). The best-known example of vector-driven
adaptation in an arbovirus is a single A226V amino acid substitution in E1 glycoprotein
of CHIKYV that led to a rapid adaptation and switch to a more abundant vector (40).
Another example is an outbreak of Venezuelan equine encephalitis virus (VEEV) that
was associated with a single mutation in the E2 gene which caused an increased vector
competence (77). Explosive expansion of WNV in the US in early 2000s was also the
result of a new WNO02 genotype that was transmitted earlier and more efficiently by

Culex mosquito and fully displaced NY99 genotype (78).

Besides arboviral genetic variation, vector competence is determined by vector
intrinsic factors which can vary between mosquito species, local mosquito population and
even between individual mosquitoes (76). Many studies demonstrated genetic variability
in vector competence within and between geographically distinct populations of Ae.
aegypti (79-82). Genetic variation defines physical barriers and immune response and
determines whether mosquito will clear, tolerate or succumb the infection. A lot of effort
has been put into identifying and characterizing genes that affect mosquito vector
competence with the goal to generate pathogen-resistant mosquitoes. Variability in vector
competence is usually driven by joint action of several genes. Such traits are called
quantitative traits and the individual gene locations are called quantitative trait loci (QTL)
(79). Several QTL affecting vector competence have been identified in mosquitoes (83)
however, the specific nature of the genes controlling susceptibility or refractoriness to
pathogen infection has yet to be determined. While most studies focus on vector

competence, transmission potential includes other traits that also vary across mosquito
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populations, such as biting rate, fecundity, and lifespan. Since energetic resources are
limited, there might be physiological trade-offs associated with the investment into

reproduction versus immunity, however, these relationships are yet to be explored.

The outcome of infection is governed by genotype-genotype (Gp x Gh)
interactions and it depends on specific pairing of vector and pathogen genotypes. These
interactions have been well characterized between DENV and Ae. aegypti (84-87). As
hosts induce a selective pressure on viruses, viruses can evolve in response to local host
genotypes. By doing so, viruses can further induce selective pressure on host to diversify
host defense. This concept where arbovirus selection may drive genome evolution in the
invertebrate host and vice versa is called evolutionary “arms race” (88). Most studies
demonstrating the evolutionary “arms race” were done in Drosophila (89-91) and there is
less evidence on arboviruses driving mosquito evolution. One study proposed the
polymorphism in the RNA1 pathway as an underlying mechanism for resistance of some
Ae. aegypti mosquitoes to DENV (92). However, with only a small proportion of vector
populations actually carrying arboviruses, it is questionable whether arboviruses can

induce a strong selective pressure.

Environment effect on viruses and vectors

The vector-borne transmission cycle is a dynamic system shaped by constant
environmental changes. Various biotic and abiotic environmental factors can have direct
effects on transmission via changes in virus replication and transmission probabilities or
indirect effects due to altered physical barriers, nature and magnitude of immune
responses, and changes in overall host fitness (e.g. survival and reproduction). Some

examples of biotic factors that can affect virus replication and vector competence are gut
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microbiota, coinfections with insect-specific virus or with another arbovirus, competition,
and predation. Gut microbiota is a part of vector physiology and it can affect key
processes related to pathogen transmission. Bacterial communities, which are mosquito-
specific (93), may alter vector competence directly by impeding virus replication or
indirectly by modulating host immune system. There is evidence that antibiotic depletion
of mosquito gut bacteria makes them less susceptible to arboviral infection while
introduction of some bacteria can result in enhanced vector competence (94). On the
other hand, coinfection with one arbovirus was shown to only mildly affect infection with
another arbovirus (95-97). Some examples of abiotic factors that can affect virus
replication and/or vector competence are temperature, humidity and photoperiod.
Temperature is one of the most important drivers of vector-borne transmission due to its
profound effect on the ectothermic mosquito vector, the virus, and their interaction, and

will be the focus in some of the following chapters of this thesis.

Arboviruses have evolved to replicate across a wide temperature ranges, from the
invertebrate vectors to the febrile mammalian or avian hosts. However, ambient
temperature plays an important role in virus replication. It can directly affect virus
replication by altering virus structure and fluctuation of the surface proteins which can
affect virus entry in the host cell (5, 21, 98). Cryo-electron microscopy showed that
DENV structure differs depending on the host temperature, displaying “bumpy” surface
in human hosts and “smooth” surface in mosquito hosts (21). Destabilization in the
multiple regions of the E protein can cause large scale changes on the surface of the
particle and the ability to switch from “smooth” to “bumpy” (98). ZIKV is known to have

tighter packing of E-proteins, resulting in higher thermal stability compared to DENV
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(8). Furthermore, temperature can change virus replication rate, which typically
positively correlates with the temperature. Temperature can also indirectly affect virus
replication by altering cellular membranes, metabolism, protein processing in the ER, and
by inducing heat-shock responses. Heat-shock proteins (HSP) are molecular chaperons
that play an important role in protein folding and protection during stress. HSPs can be
associated with the cell membrane and are part of a receptor complex for multiple
viruses, including DENV (99, 100), but can also be involved in virus replication. Studies
have shown that the heat shock response significantly increased DENV infectivity in
human U937 cells (101), and both DENV and CHIKYV can upregulate HSPs in mosquito

cells under optimal conditions (102, 103).

The ambient temperature shapes every aspect of mosquito life, from development
and size, to its physiology, immunity, metabolism, as well as behavior, distribution, and
abundance, all of which affect the virus transmission potential (104, 105). Warmer
temperatures expedite mosquito development and result in smaller adults. Fluctuating
temperatures can cause even faster growth and allow development outside the
temperature range where it would normally occur (106). Larval environment will further
have carry-over effects on mosquito physiology and immunity. Many studies suggest that
temperature conditions during immature stages affect vector competence in the adult
stage. For example, it has been reported that Aedes reared at low temperature are more
susceptible to RVFV, VEEV, and CHIKYV (107, 108). Other studies investigated this
phenomenon and found that cool rearing temperatures destabilize the RNAi pathway in
mosquitoes resulting in increased susceptibility to CHIKV and YFV (109). Warmer

temperatures can have positive effect on insect immunology due to accelerated
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biochemical processes, such as protein synthesis and increased enzymatic activity.
Increased levels of AMPs and hemolymph protein levels, increased activity of lysozyme-
like enzymes, and PO activity result in overall better immune performance (110, 111).
Metabolic rate of mosquitoes is extremely dependent upon environmental temperatures
and has exponential increase with increasing temperatures and gradual decrease with
decreasing temperatures. Temperature can also affect the central nervous system, which
will ultimately affect the activity of the endocrine system. Hormone production can
further affect development and reproduction (112). Reproductive output is often
considered a central output of insect fitness. Stressful temperatures can impair oocyte
development, sperm production and viability, decrease mating success and decrease
overall reproductive output. Lifetime fecundity and number of eggs produced also have
unimodal thermal performance. They reach a maximum at a certain optimal temperature
and more or less symmetrically decrease toward both lower and upper limits of tolerance
(113). Lastly, low temperatures can impair neural and muscular activity and gradually

decrease motility and even cause chill coma.

Effects of environment on virus-vector interactions

While numerous studies have investigated the effect of constant and fluctuating
temperatures on vector competence for many arboviruses including DENV, WNV,
CHIKYV (114-120), limited work has explored how environmental variation shapes
pathogen-host interactions. One of the first studies exploring Gp x Gy x E interactions in
mosquito-borne arboviral transmission was conducted for CHIKV (121). This study
demonstrated that the transmission potential of CHIKV depends on a complex interaction

between viral strain, mosquito population, and ambient temperatures. In other words, the
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probability of a viral strain emergence in a mosquito species or population changes with
environmental temperature. More recent work in the DENV-Ae. aegypti system reinforce
these insights (122), suggesting that these effects are likely important across a wider
range of mosquito-transmitted viruses. With increasing evidence indicating the
importance of pathogen and mosquito genetics and environmental variability, laboratory
and predictive mathematical models should not ignore the complexity of natural
situations, especially when assessing the risk of vector-borne emergence.

Virus emergence

There are several factors contributing to such a widespread distribution of
arboviruses. Changes in viral genetics can result in new strains with increased virulence
or cause vector switching to peridomestic vectors (123). While some viruses require
adaptation in order to amplify to epidemic levels, for others, the adaptation is not
necessary. Introducing viruses to new geographical areas with naive and susceptible
vertebrate and arthropod hosts can be sufficient to cause epidemics. Invasion of
arboviruses is often a consequence of an increased vector range. Increased
transcontinental commerce, adaptation of mosquitoes to cities, development of
insecticide resistance, and climate change contributed to mosquito expansions in the past
(3). Furthermore, geographical expansion of the human population has also facilitated the
appearance of some emerging viruses. Increased urbanization causes extreme
concentrations of susceptible hosts but also creates urban heat islands that facilitate
transmission, while intensification of agriculture and deforestation bring humans in close

contact with zoonotic reservoirs (3). Increased international travel enables movement of
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viremic humans across the globe within hours. These factors not only contributed to

arboviral emergence into new environments but also made the epidemics hard to control.

Current challenges and vector control strategies

Determining the proportion of the human population infected (prevalence) and the
number of new cases (incidence) is an important step in controlling an epidemic and
assessing the burden of a disease. These counts are required in order to appropriately plan
countermeasures and provide health care needs. Recent epidemics of ZIKV, CHIKV, and
DENYV were extremely difficult to quantify and control for various reasons. An estimated
80% of people infected with ZIKV, 50% infected with DENV, and 15% with CHIKV,
are asymptomatic and never seek treatment, even though they may still be infectious to
biting mosquito vectors (17). However, even if people develop symptoms, it can be
difficult to accurately diagnose the disease since the clinical presentation of these
diseases is nonspecific and overlaps across all three viruses (51). Diagnosis without
unique symptoms is particularly challenging in resource-poor settings where expensive
testing is not available. Serological testing may not always be a reliable technique since
neutralizing antibodies often cross-react with other closely related viruses which leads to
inconclusive results. RT-PCR is the main test for detection of viral nucleic acid in the
serum. Although more specific, RT-PCR can often lead to a false-negative diagnosis due
to the relatively short viremic phases in ZIKV and DENV infected individuals (51).
ELISA and plaque-reduction neutralization also have some disadvantages and there is
still no ideal diagnostic tool that could be used on a large scale. In addition to being
transmitted by infectious mosquito, some arboviruses may have multiple transmission

routes and can be transmitted maternally, through blood transfusions, and with ZIKV,
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through sexual contact (9, 13, 124). Finally, there are currently no available therapeutics
or effective vaccines for most arboviral diseases. The biggest challenge in vaccine
development is that the antibodies generated can be weak or cross-reactive, or in sub-
neutralizing concentrations that can lead to antibody-mediated enhancement and even
more severe manifestation of the disease. Taken together, this leaves public health
experts with only two options - vector control and public education - in the battle against

these infections.

Vector control, although remains the main solution for transmission control, still
presents a huge challenge. Currently, the most efficient method to control mosquito-
borne diseases is to reduce mosquito-human contact through reduction or elimination of
mosquitoes. Insecticides were considered to be the most important vector-control tool for
a long time. Dichlorodiphenyltrichloroethane (DDT) was heavily used during mid-
twentieth century campaigns to eliminate Ae. aegypti mosquitoes (4). Not only have
mosquitoes developed resistance against DDT, but also this highly toxic insecticide is
now considered environmentally unacceptable and its use is banned in almost all
countries. Urban centers continue to grow, and efficient deployment of vector control
strategies is particularly difficult in urban settings due to abundant habitats for the
immature stages in close proximity to people, overcrowding, and poverty. Considering
the recent arboviral epidemics, it is clear that new pathogens are likely to emerge.
Therefore, it is critical to prepare for current and new epidemics with new, efficient, and
environmentally acceptable strategies. Public education and increased awareness through
community engagement and outreach are the first steps. Relatively cheap and efficient

strategies include elimination of household oviposition and larval sites as well as
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application of larvicides and adulticide fumigation inside households (4). Innovative,
environmentally friendly, and species-specific methods that could be used for control are
the release of genetically modified male mosquitoes that carry a lethal gene or sterile
males that are not able to produce offspring (125). Another approach is the release of
Wolbachia-infected mosquitoes. It has been shown that this endosymbiont bacterium
interferes with virus replication in mosquitoes reducing arboviral transmission (4).
However, lack of deeper understanding of mosquito biology and ecology is one of the
limiting factors for this approach. While stopping current and preventing future
emergence and spread remain a challenge, increased knowledge of the virus biology,
disease ecology, human behavior and socioeconomic factors allow more effective

surveillance and implementation of control strategies.
Implications for modeling

To predict the epidemiological outcome of the disease and assess the
effectiveness of vector control strategies, mathematical model that links mosquito
biology and behavior to pathogen transmission was proposes in the early 1900s. The
elements of the model were first conceptualized in the Ross-Macdonald “vectorial
capacity” equation (126). Vectorial capacity defines the ability of a mosquito population

to spread disease among humans taking into account virus, vector, and host interaction.
Vectorial capacity

ma? x Ve x p"
Ve =

—loge?

In this model, m represents vector density in relation to the host, a represents daily

probability that the vector feeds on a host, Ve is vector competence, p is the probability of
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daily survival, and # is the extrinsic incubation period. Vector competence and vector
abundance are liner components and weak contributors to the overall vectorial capacity.
However, longevity and EIP are exponential terms, and the most powerful components
because long-lived infectious mosquitoes contribute the most to the transmission of

vector-borne pathogens.

The basic reproductive number of a pathogen (Ry) is used to express the number
of secondary infections from a single infected human in a susceptible population. Ry
model consists of a key pathogen, vector, and host parameters that are relevant for
transmission and clearance. Ry model provides the necessary information for estimating
the epidemic spread of pathogens. If Ry is greater than 1, we expect the infection to
spread, and if Ry is smaller than 1, infection will disappear. Ry works under the
assumptions that the pathogen is introduced onto virgin soil where all people at risk are
susceptible, that humans mix homogeneously, that the population is so large that
accretion of immune individuals is negligible, and that Ry is measured only during the

initial phase of the epidemic (127).

Basic reproductive number of a pathogen

a® bc exp(—u/EIR) EFD pgys MDR

R. =
0 Nru3

In this model, a is the biting rate, bc is the vector competence, u is the adult
mosquito mortality rate, EIR is the extrinsic incubation rate (the inverse of the EIP), EFD
1s fecundity, pr4 is the survival probability, MDR is the egg-to-adult development rate, N

is the density of humans, and r is the human recovery rate (128).
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Key parameters in vectorial capacity and Ry models are not static, as they are
assumed to be in many statistical and mechanistic models, yet they are influenced by
genetic variation in both the pathogen and the vector, as well as by abiotic and biotic
environmental factors. There is substantial evidence demonstrating the effects
temperature has on virus replication and dissemination inside of mosquitoes as well as
transmission rates and the extrinsic incubation period (EIP). Increased temperatures
accelerate virus replication and dissemination resulting in shorter EIP and increased
transmission efficiency. Temperature also has a strong effect on mosquito survival, which
1s very important from an epidemiological perspective, because only mosquitoes that live
beyond the EIP can be vectors (129). Temperature affects all mosquito parameters of the
equation, in a nonlinear way which can be incorporated in the model to predict the
temperature effects, seasonality and climate change on vector-borne pathogen

transmission.

Conclusion

Emerging and re-emerging arboviral diseases represent a major threat to human
health and well-being. The recent ZIKV outbreak is an example of how an arbovirus
known to cause sporadic and mild infections can turn into a pandemic and a public health
emergency. With no therapeutics and vaccines, mitigating ZIKV transmission relies on
vector control and public education. However, in order to assess the vector-control
measures, and predict the potential spread, we need to understand ZIKV transmission
dynamics, characterize the factors that can alter transmission, and use that knowledge to
generate mechanistic models. Some of the important knowledge gaps are how is ZIKV

transmission potentially affected by variation in viremia among symptomatic and
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asymptomatic hosts, and temperature, a key environmental driver of vector-borne
diseases. Current modeling efforts ignore the variation in viral concentration on
transmission and rely on the assumption that ZIKV responds to temperature similarly to
DENV. In order to fill these knowledge gaps, we need to characterize how these factors
affect some of key parameters of transmission risk models, such as vector competence,
extrinsic incubation rate, and mortality rate. Taken together, this knowledge will enhance
our ability to predict the number of people at risk and how that can change with seasons,
geographic range, climate change and land use, but also enhance the efficacy of current

and future intervention strategies.
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Fig 2.1. Arbovirus transmission cycles. Transmission of arboviruses in humans can

occur in three ways. The first is direct spillover during the sylvatic cycle, when the virus
that circulates among the mosquito vector and the enzootic host accidentally gets
transmitted to humans. The second mechanism includes the amplification of the virus in
domestic animals that live in close proximity to people, followed by a spillover. Lastly, in
urban epidemic cycle, humans serve as amplification hosts and the virus can be

transmitted between humans via anthropophilic mosquitoes.
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Figure adapted from: The immune response against flaviviruses (130)

Fig 2.2. Flavivirus replication cycle. Flaviviruses exist in a mixed population of fully or
partially matured, and fully immature noninfectious particles (1). The virus replication
starts when fully or partially matured particle attaches to the host cell (2) and undergoes
receptor-mediated endocytosis (3). Alternatively, non-neutralizing antibodies or
antibodies at subneutralizing concentrations can opsonize virus particle (4) and virus can
undergo antibody-dependent FcyR-mediated endocytosis (5). The low pH in the
endosome triggers trimerization of the E proteins, which results in the membrane fusion
(6). Once the RNA genome is released in the cytoplasm (7), it serves as mRNA and
produces viral proteins (8). Virus replication takes place in the ER vesicles (9) and
assembled immature particles are released in the ER lumen (10) and transported through
the Golgi (11). During this process, host protease furin cleaves the pr peptide and forms

mature particles (12) that are released by exocytosis (13).
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Fig 2.3. Alphavirus replication cycle. The virus enters the cell through receptor-
mediated endocytosis. The low pH within the endosome triggers conformational changes
in the virus envelope, resulting in the membrane fusion. Once the viral genome is
released in the cytoplasm, the first viral polyprotein is translated and cleaved into nsP1-
nsP4. Non-structural proteins form a viral replication complex that generates the full-
length negative-strand RNA intermediate. The RNA intermediate serves as a template for
both 26S subgenomic mRNA and 49S genomic RNA. Subgenomic RNA encodes for the
C-pE2-6K-E1 polyprotein that is further processed by autoproteolytic serine proteases.
Once the capsid is released in the cytoplasm, the remaining proteins are directed to the
ER. In the Golgi, pE2 and E1 form heterodimers and traffic to the plasma membrane.

Assembled particles with icosahedral core bud at the cell membrane.
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Fig 2.4. Mosquito tissue barriers. Female mosquito ingests virus through the viremic
blood from an infected vertebrate host. Once the virus reaches the midgut lumen, it
comes in close proximity with the midgut epithelial cells and initiates infection. A
mosquito midgut consists of a single layer of epithelial cells surrounded by basal lamina.
After successful replication inside the midgut epithelium, the virus needs to pass through
the basal and undergo a second round of amplification in various tissues. Finally, to be
successfully transmitted, the virus needs to get into the saliva of the mosquito, which is

then injected into the host when the mosquito takes a subsequent blood meal.
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Fig 2.5. Disease triangle. Pathogen intrinsic factors and genetics (Gp) determine its
invasion, virulence, and persistence in the population. Host intrinsic factors and genetics
(Gn) determine its susceptibility or resistance, and whether the host will clear, tolerate or
succumb to infection. Any evolutionary changes in the pathogen or host and how they
interact (Gp x Gn) can lead to disease emergence. Environmental or extrinsic factors (E),
which can be biotic (competition, parasitism, predation) or abiotic (temperature,
humidity, photoperiod), can affect pathogens (Gp x E), the host (Gu x E), or their

interaction (Gp x Gn x E).
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Abstract

Zika virus (ZIKV) is an arbovirus primarily transmitted by Aedes mosquitoes.
Like most viral infections, ZIKV viremia varies over several orders of magnitude, with
unknown consequences for transmission. To determine the effect of viral concentration
on ZIKV transmission risk, we exposed field-derived Ae. aegypti mosquitoes to four
doses (103, 104, 10°, 10° PFU/mL) representative of potential variation in the field. We
demonstrate that increasing ZIKV dose in the blood-meal significantly increases the
probability of mosquitoes becoming infected and infectious, as well as the rate at which
virus spreads to the saliva but found no effect on dissemination and transmission
efficiencies or mosquito mortality. We also demonstrate that determining infection using
RT-gPCR approaches rather than plaque assays potentially over-estimates key
transmission parameters, including the time at which mosquitoes become infectious and
viral burden. Finally, using these data to parameterize an Ry model, we showed that
increasing viremia from 10* to 10® PFU/mL increased relative Ry 3.8-fold, demonstrating

that variation in viremia substantially affects transmission risk.
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Author summary

The number of people at risk for contracting Zika virus (ZIKV) is difficult to
estimate accurately because most infected hosts are asymptomatic and the relationship
between variation in host viremia and transmission to local mosquitoes is unclear.
Controlling ZIKV transmission remains a major challenge due to lack of basic
information on transmission mechanisms and gaps in mechanistic models. Therefore, our
study highlights the importance of variation in viral concentration that current modeling
efforts ignore, which will enhance our ability to predict the number of people at risk for
arbovirus infection, overall disease transmission, and the efficacy of current and future
intervention strategies. We demonstrated that increased concentration of ZIKV in the
blood significantly increases the probability and the rate at which mosquitoes become

infectious, which increases the risk of ZIKV transmission.
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Introduction

Although discovered in 1947 (1), Zika virus (ZIKV) has recently become a public
health concern due to its rapid spread and newly identified teratogenic effects (2). Shortly
after isolation from a rhesus macaque in Uganda, the virus caused several mild infections
in humans (3, 4). ZIKV infections remained unapparent until the first major outbreak in
2007 on the island of Yap (5). The virus further spread across the Pacific, where it was
first associated with Guillain-Barré syndrome during the 2014 French Polynesian
outbreak (6). In 2015, transmission was confirmed in Brazil (7), after which the virus
spread rapidly across the Americas (8). ZIKV was declared a “public health emergency
of international concern” by WHO in 2016 due to rapid spread and increases in

complications associated with congenital Zika virus syndrome (9).

The primary route of ZIKV transmission is through the bite of 4edes mosquitoes,
but the virus can also be spread vertically (2), sexually (10), and through blood
transfusion (11). The principal urban vector in the Americas is Ae. aegypti, while Ae.
albopictus is believed to be a secondary vector (12). Although most cases of ZIKV
infection are asymptomatic (5), 20% of individuals develop symptoms associated with
Zika fever (13). Currently, human viremia is not well characterized. Studies suggest that
ZIKV viremia in the blood is lower than other arboviruses and does not significantly
differ between symptomatic and asymptomatic patients (14). In arboviral systems such as
dengue, variation in viremia across infectious human hosts influences the number of
mosquitoes that become infectious (15), yet this has only been minimally explored in the
ZIKV system (16-18). Further, the impact of variation in host viremia on overall

transmission has yet to be adequately addressed.
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The number of people at risk for contracting ZIKV or other similarly transmitted
arboviruses (e.g. dengue and chikungunya) is difficult to estimate accurately because
most ZIKV infected hosts are asymptomatic, the distribution of hosts with varying
viremia is unknown, and the relationship between variation in host viremia and
transmission to local mosquito populations is unclear. Ry (the basic reproductive number
of a pathogen) represents the expected number of secondary cases that result from a
single infection in a susceptible population and is comprised of a combination of human,
mosquito, and pathogen traits (19, 20). Ryp models allow for the estimation of the
epidemic spread of pathogens (19-21), are commonly used to assess the effectiveness of
mosquito control strategies (22-25), and are routinely used to predict the coverage
required for successful vaccination programs (26-28). Yet, our current ability to estimate
the number of human hosts at risk or to control ZIKV transmission is limited by the lack
of basic information on transmission mechanisms, leading to gaps in mechanistic models,
the most fundamental of which is Ry. To address this limitation, we conducted
experiments to assess the effect of variation in viral dose on vector competence, the
extrinsic incubation rate (EIR), and mosquito survival. We used these results to
parameterize a mechanistic Ry model and to estimate the number of infectious bites

contributed by mosquito populations feeding on hosts with varying viremia.
Methods
Mosquito rearing

We generated an outbred field-derived population of Ae. aegypti mosquitoes from
ovitrap collections in Tapachula, Chiapas, Mexico, 2016. Larvae were reared in trays

(200 larvae/1L ddH»0) and fed with 4 fish food pellets (Hikari Cichlid Cod Fish pellets).
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Larvae and adults were kept under standard insectary conditions at 27°C + 0.5°C, 80% =+
10% relative humidity, and a 12:12 hours light:dark diurnal cycle. Mosquitoes were
maintained on human blood (Interstate Blood Bank) and provided with 10% sucrose ad

libitum. F2 - F4 generations of mosquitoes were used for all downstream experiments.

Virus culture

For all mosquito infections, we used the ZIKV MEX1-44 strain obtained from the
University of Texas Medical Branch Arbovirus Reference Collection. The virus was
isolated from Ae. aegypti in 2016 from Chiapas, Mexico and passaged in Vero cells nine
times. Vero cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% fetal bovine serum (FBS) at 37°C and 5% CO». The virus was
harvested four days after inoculation and stored at -80°C for at least seven days before
titrating. Titers were determined by standard plaque assays on Vero cells as previously
described (29), and expressed in plaque-forming units per milliliter (PFU/mL). Virus
tested negative for Mycoplasma contamination using MycoSensor PCR Assay Kit

(Agilent).

Experimental mosquito infections

All ZIKV infections were performed under ACL3 conditions at the University of
Georgia, Athens, GA, USA. Two days prior to infectious feeding, we separated 1 to 3-
day-old female mosquitoes and sorted them into eight 64 oz paper cups with 200
mosquitoes per cup. After separation, females were provided water and transported to the
ACL3 facility. On the day of infection, we prepared infectious and control blood-meals

by washing human blood three times in RPMI medium. We then mixed 50% red blood
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cells with 33% DMEM, 20% FBS, 1% (wt/vol) sucrose, and ATP to a final concentration
of 5 mmol/L. The blood-mixture was then mixed with virus at a 1:1 ratio. We fed three to
five day-old mosquitoes on a water-jacketed membrane feeder containing uninfected (n =
80) or infectious blood-meals (n = 400 per treatment) with a final concentration of 10° (M
=4*10%, SD = 2.12*10%), 10* (M = 2.9*10%, SD = 2.65*10%), 10° (M = 2.27*10°, SD =
1.34*10%) or 10 (M = 2.13*10°, SD = 1.45*10°) PFU/mL for 30 min. We then randomly
distributed 200 engorged mosquitoes from each dose treatment into 16 oz paper cups (n =
40 per cup) for destructive sampling every 4 days post-infection (dpi). An additional 40
mosquitoes engorged with uninfected blood were placed in a 16 oz paper cup to track
mortality. At each sampling time point, 20 mosquitoes from each dose treatment group
were removed from one cup for forced salivations (n = 100 total per dose treatment
group, n =400 per experiment). Every two days, we recorded the number of dead and
alive mosquitoes across all the cups. The mosquitoes were housed at 27°C + 0.5°C, 70%
+ 5% relative humidity, and a 12:12 hours light:dark photoperiod with ad libitum access
to 10% sucrose solution and water for up to 20 days. Three full biological replicates of

this experiment were performed (n = 1200 total; Fig 3.1).
Quantifying mosquito infection via forced salivations

To determine the proportion of mosquitoes that were infected with ZIKV, had
disseminated infections, and were infectious, we processed 20 mosquitoes per treatment
group on days 4, 8, 12, 16 and 20 post-infection. Mosquitoes were cold anesthetized and
kept on ice until their legs and wings were removed. After immobilization, we transferred
the mosquitoes to a hot plate (35°C) and placed the proboscis of each mosquito into a

pipet tip containing 35 pLL FBS with 3 mmol/L ATP and red food dye, after which they
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were allowed to salivate for 45 min. After salivation, mosquitoes were decapitated, and
bodies, heads, and saliva were individually placed into tubes containing 600 puL of
DMEM with 1x antibiotic/antimycotic. Bodies and heads were homogenized in a
QIAGEN TissueLyzer at 30 cycles/second for 30 seconds, and centrifuged at 17,000xg
for 5 minutes at 4°C. Samples were then assessed for the presence/absence of virus with

plaque assays.
RT-qPCR analysis

To compare plaque assays with quantitative reverse transcription PCR (RT-
gqPCR), we performed RT-qPCR on saliva samples from mosquitoes exposed to 10° and
10 PFU/mL at days 4 and 20 post-infection. Viral RNA was extracted from saliva
samples (QIAamp® Viral RNA Mini Kit, Qiagen) and reverse-transcribed to cDNA
(High Capacity RNA-to-cDNA Kit, Applied Biosystems). ZIKV genome copies were
measured with RT-qPCR reaction assay using TagMan® Gene Expression Master Mix
(Applied Biosystems), primers (F: ZIKV 1086, R: ZIKV 1162c; Invitrogen Custom
Primers) and probes (ZIKV 1107-FAM; TagMan MGB Probe) (30). Each sample was
analyzed in duplicate, and each assay contained a standard curve (ZIKV molecular
clone), no template, and no primer controls. We extrapolated ZIKV copy numbers from
the generated standard curve using the Applied Biosystems protocol. The limit of
detection was experimentally established to be 30 copies (107'¢ g). Final copy numbers
were adjusted by back-calculations to the total RNA and cDNA volume and expressed as

copies per saliva sample.
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Statistical analysis

From these data, we ran two general sets of analyses. The first set of analyses
explored the effects of dose, day post-infection (dpi), and their interaction on the numbers
of mosquitoes infected, with disseminated infections, and infectious out of the total
number of mosquitoes exposed. These analyses were performed to estimate the effects of
variation in viral dose on vector competence and the extrinsic incubation period (the rate
of change in vector competence), both crucial parameters in estimating dose effects on
transmission potential (Ry) and the force of infection. The second set of analyses
investigated the effects of dose, dpi, and their interaction on the numbers of mosquitoes
with disseminated infection and that are infectious out of total number of mosquitoes
successfully infected, as well as on overall viral burden. These analyses are important for
exploring the effects of variation in viral dose on different aspects of the virus infection
in the mosquito (e.g. virus escape from the midgut and salivary gland tissue barriers) and

for inferring how dose affects the mosquito-virus interaction.

We used mixed effects generalized linear models (IBM® SPSS® Statistics
1.0.0.407) to estimate the effects of ZIKV dose, dpi, and the interaction (fixed factors) on
the number of mosquitoes, out of total mosquitoes exposed, that are infected (positive
bodies: negative binomial distribution, log link function), have disseminated infection
(positive heads: normal distribution, identify link function), and are infectious (positive
saliva: normal distribution, identity link function). Similar models were also constructed
to assess dose and dpi effects on dissemination efficiency (of those infected, the number
of mosquitoes with disseminated infections; negative binomial, log link function),

transmission efficiency (of those infected, the number of mosquitoes with positive saliva:
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negative binomial distribution, log link function), and viral burdens in the saliva (normal
distribution, log link function). Finally, we used a Cox mixed effects model (R version
3.3.3, package ‘coxme’ (31)) to estimate the effects of ZIKV infection (exposed /
unexposed), dose, and their interaction on the daily probability of mosquito survival.
Experimental replicate was included in all models as a random effect. Model fit and
distributions were determined based on Akaike Information Criterion (AIC), the
dispersion parameter, and by plotting residuals. Sequential Bonferroni tests were used to
assess the significance of pairwise comparisons when relevant, and p-values greater than

0.05 were considered non-significant.

Mechanistic Ry model

To estimate the effects of dose on transmission risk, we used two different
approaches. First, we calculated relative Ry as a function of dose (x) since the absolute
magnitude of Ry depends on other factors not considered here. We modified a function of

Ry used in previous work (20) (Equation 1):

__|a? be(x) exp(—u(x)/EIR(x)) EFD pga MDR

with parameters for the daily biting rate (a), vector competence (bc), the daily adult
mosquito mortality rate (u), the extrinsic incubation rate (EIR), the probability of egg to
adult survival (pe4), the mosquito development rate (MDR), the density of humans (N),
and the human recovery rate (7). For parameters we did not directly estimate (a, pea,
MDR), we used estimates generated by Mordecai et al. (20) for Ae. aegypti at 27°C and
assumed the human recovery rate to be the inverse of the average number of days ZIKV

is detectable in the blood (6 days (32)). We used the experimental infection data to
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estimate dose-dependent vector competence (bc), the EIR, and the daily mortality rate (u)
as follows. We fit logistic growth models to the proportion of infectious mosquitoes (Y)

versus dpi (¢) for each viral dose (x) (Equation 2),

bc(x)

Y(t) = 1+e—K(t-EIP(x)) (2)

using the “nls” package in R (33). Vector competence was defined as the maximum
proportion of infectious mosquitoes out of total exposed achieved per dose (the
asymptote, bc), EIR was estimated as the inverse of the extrinsic incubation period (EIP,
the inflection point or the time it takes the mosquito population to achieve 50% of
maximum vector competence), and & reflects the instantaneous rate of increase (slope at
the inflection point). Then, to estimate the daily probability of mosquito mortality (u«) we
fit a variety of non-linear curves (exponential, log-linear, Weibull, and Gompertz) to the
daily survival probabilities of mosquitoes exposed to different doses with the “flexsurv”
package in R (34). We used AIC to determine the best performing model and calculated
the area under the curve to estimate the average lifespan (/f) of mosquitoes exposed to
varying doses. The average daily probability of mortality was then estimated as the

inverse of the dose-specific lifespan (1//f).

Second, we performed an alternative calculation of transmission risk following
previously described methods (35) to account for the substantial variation in infection
outcomes observed across mosquitoes exposed to a given dose. Briefly, we multiplied the
best fitting non-linear functions describing the daily relationship between survival and the
proportion of infectious mosquitoes for each dose treatment, resulting in the number of
infectious days/dose. We then estimated the area under the curve of the resulting function

and multiplied by the daily biting rate (a) (20) to calculate the number of infectious
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mosquito bites generated for each dose treatment for a mosquito population of a given

size (n=100).
Results
The effect of viral dose on vector competence and EIR

To investigate how variation in ZIKV dose affects vector competence,
transmission efficiency, and the extrinsic incubation period in Ae. aegypti, we orally
infected mosquitoes with four different viral concentrations (103, 10%, 103 and 10°
PFU/mL) reflecting viremia in ZIKV-infected humans. We found that the mean
proportion of infected mosquitoes, mosquitoes with disseminated infections, and
infectious mosquitoes significantly increased with increasing viral dose (Table 3.1, Fig
3.2). The infectious dose required to infect 50% of the mosquito population (IDso) was
10*°® PFU/mL. We also observed a significant effect of days after infection on the
probability that mosquitoes had disseminated infection or became infectious, but not on
the probability that they became infected (Table 3.1). At the highest doses (10° and 10°
PFU/mL), the virus was detectable in mosquito bodies at all tested time points (Fig
3.3A). On average, more than 4 days were required for ZIKV to disseminate into the head
(Fig 3.3B) and more than 8 days to be present in the saliva (Fig 3.3C). Finally, the
significant interaction between ZIKV dose and days post-infection indicates that
increases in viral concentration significantly increased the rate at which mosquitoes
disseminate infection and become infectious (Table 3.1, Fig 3.3). These results suggest
that mosquitoes feeding on human hosts with varying levels of circulating virus could

experience both different probabilities of infection and overall infection dynamics.
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The effect of viral dose on ZIKV transmission efficiency

We measured the effect of viral dose on transmission efficiency; specifically, the
proportion of infected mosquitoes that have disseminated infection (dissemination
efficiency) and that became infectious (transmission efficiency). Despite the significant
effects of dose and days post-infection on the number of mosquitoes that disseminate
infection and that are infectious out of the total number of mosquitoes exposed, these
main effects did not affect measures of dissemination and transmission efficiency.
However, we did identify a significant interaction between ZIKV dose and days post-
infection for both response variables (Fig 3.4, Table 3.1). This interaction demonstrates
that variation in viral dose significantly affected the rate at which virus escapes the
midgut and salivary gland barriers, with increases in viral dose resulting in more rapid

dissemination and overall infectiousness.
The effect of ZIKV infection on mosquito survival

To determine if ZIKV infection and viral dose altered the probability of survival
in Ae. aegypti mosquitoes, we included uninfected blood-fed controls in the study. We
did not find any significant differences in the probability of survival between uninfected
and ZIKV infected mosquitoes. Further, we observed no effects of increasing viral dose
on mosquito survival among the infected mosquitoes (Table 3.2). On average, Ae. aegypti
fed on viral doses of 103, 104, 105, and 10° PFU/mL experienced an average lifespan (/f)

of 27, 24, 30, and 29 days, respectively.
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Comparison between plaque assays and RT-qPCR

Most studies utilize qPCR to assess mosquito infection status. This method not
only detects infectious particles, but also detects the viral genomic RNA in the infected
cells, producing high RNA values that do not reflect the levels of infectious particles in
the sample. When comparing the performance of plaque assays and RT-qPCR to assess
infection status, we included the two highest doses (10° and 10® PFU/mL) because we
had few to no positive saliva samples from the 103 and 10* treatment groups. Overall, the
two methods gave similar numbers of positive samples (Table 3.3); however, we can
detect the presence of ZIKV genome in mosquito saliva using RT-qPCR methods as early
as 4 dpi, which was never the case with plaque assays. In fact, infectious particles were
rarely detected at 8 dpi with plaque assays. The number of infectious particles ranged
from 3 (the limit of detection) to 120 PFU per sample and RNA molecules ranged from
10* to 107 gRNA copies (Fig 3.5A and 3.5B). Both detection methods show that viral
concentration does not have a significant effect on ZIKV levels in the saliva. However,
we do see a significant effect of days after infection on viral gRNA copies detected by

RT-gPCR (Table 3.4).
The effect of viral dose on overall transmission

The maximum proportion of the mosquito population that became infectious
(vector competence; bc) increased with viral dose (Fig 3.6A). In contrast, the estimated
EIR did not differ substantially among mosquitoes fed different viral doses (Fig 3.6B),
further suggesting that variation in infection dynamics with viral dose is driven primarily
by positive dose effects on viral infection and escape from the midgut. This in turn

resulted in increases in the relative transmission risk (Ry) of mosquito populations feeding
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on hosts of increasing viremias (Fig 3.6C) and the relative number of infectious bites a
human population would experience from a mosquito population of a given size (Fig

3.7).
Discussion

Mosquito vectors are often exposed to hosts that individually vary in pathogen
loads, which can result in variation in the proportion of the mosquito population that
becomes infectious (15, 36). To date, only a few studies have explored how viral
concentration impacts measures of vector competence for ZIKV (16-18), and no studies
have explicitly linked this source of variation to metrics of transmission risk. In this
study, we demonstrate that Ae. aegypti populations exposed to increasing ZIKV
concentrations exhibit increases in vector competence and EIR, which in turn results in
substantial increases in relative transmission risk, measured as either Ry or the force of

infection.

Consistent with previous studies (16-18), we show that increasing the blood-meal
concentration of ZIKV increases the probability mosquitoes will become infected,
disseminate infection, and become infectious. Vector competence of a mosquito is
strongly affected by the ability of a particular arbovirus to infect and escape the midgut
and salivary gland barriers (37). As in other studies, we demonstrate that increases in
viral concentration facilitates ZIKV infection and midgut barrier escape (38). A dose of at
least 10* PFU/mL was required for dissemination, and higher concentrations resulted in a
higher proportion of mosquitoes with disseminated infections at earlier time points.
Further, we show that increases in viral concentration increase the EIR of ZIKV,

consistent with other studies (18, 39), in part due to the positive effects of dose on the
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rate at which virus escapes the midgut and salivary gland tissue barriers. Finally, due to
the lack of a main effect of dose on dissemination and transmission efficiency, we show
that the effects of variation in viral dose on vector competence and EIR are largely driven
by a carry-over effect of dose on initial midgut infection. This is not surprising
considering the probability of dissemination and becoming infectious is first dependent
on successful midgut infection, as well as subsequent midgut escape and salivary gland

invasion, respectively.

Compared to previous studies of ZIKV infection in Ae. aegypti, we found higher
infection rates and a lower infectious dose 50 (IDso). Our estimated IDso (10*°% PFU/mL)
is much lower than previously reported IDso 10”4 PFU/mL (18). There is a substantial
evidence for ZIKV, dengue, and chikungunya that vector competence can vary across
mosquito populations due to genotype-by-genotype (G x G) interactions (17, 18, 39-41).
Our higher infection rates could be due to the fact that we paired a Mexican ZIKV isolate
with an Ae. aegypti population collected from the same region. Considering most ZIKV
infected patients exhibit low viremia relative to other arboviruses, the mosquito-virus
pairing may also explain why our infectious dose is more consistent with real-world

viremias than previous estimates (17, 18, 42).

Mosquito longevity, along with EIR, are the strongest drivers of Ry. Together
these two parameters determine the duration of time a mosquito is alive and infectious.
We found no effect of ZIKV infection or viral concentration on mosquito survival.
Although mosquito mortality was not checked daily, and the ability to detect small effects
1s limited, it is generally assumed that mosquitoes are fairly tolerant of viral pathogens,

allowing the virus to persist in the host without incurring fitness costs (43). However,
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most studies, including ours, have been performed in laboratory settings under relatively
optimal conditions. Thus, if the costs of infection on mosquito survival and reproduction
reflect underlying physiological trade-offs, fitness effects may only manifest in studies
that incorporate relevant environmental stressors (e.g. variation in environmental
temperature, food availability, competition, etc.) (44, 45). Finally, we assume that biting
rates are equivalent between ZIKV-exposed and unexposed mosquitoes and with
increasing ZIKV dose. However, there is evidence that exposure to malaria and dengue
can alter mosquito feeding behavior and biting rates hosts experience (46). This is
potentially an important avenue for future research, especially if ZIKV infection reduces
or increases mosquito biting rates at specific points during the infection process and if

dose modifies these relationships.

To understand how variation in viral dose affects potential transmission risk, we
used our infection and mortality data to parameterize a relative Ry model and determine
the force of infection. Both Ry and the force of infection are important measures of
disease spread, representing the number of secondary cases in a susceptible population
and the rate at which susceptible individuals acquire infectious disease, respectively. In
our study, we show that mosquito populations feeding on increasing viral doses
contribute more infectious bites and produce more secondary ZIKV cases due to
increased vector competence and the rate at which virus escaped the midgut. For
example, increasing viremia from 10* to 10 PFU/mL increased relative Ry 3.8-fold and
the number of infectious bites 18-fold. Although populations of mosquitoes in the field
are exposed to multiple doses, this was an important first step for understanding the

implications of dose-dependent transmission. Knowing transmission risk will vary with
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heterogeneity in host viremia, future studies should focus on characterizing the
distribution of viremia in the host population and incorporating individual variation in
infectiousness into mechanistic models of disease spread. Model predictions from some
pathogen systems (e.g. SARS, measles, and smallpox) that account for individual
variation in infectiousness differ greatly from predictions generated by average-based

approaches (47).

We used plaque assays to determine infection status instead of RT-qPCR, a
common technique used in other studies due to its rapidity and sensitivity (48). However,
because this method will detect all viral RNA in infected tissues, it can overestimate the
actual number of infectious particles present. While we found the results of RT-qPCR
and plaque assays to be highly correlated, the number of genomes detected by RT-qPCR
was much higher than the number of plaque-forming units. We detected ZIKV genome in
mosquito saliva (4 dpi) well before our first ZIKV infectious saliva sample was detected
by plaque assay (8 dpi). Other studies using RT-qPCR methods have reported ZIKV in
mosquito saliva as early as 3 dpi (16, 49). Since virus can be transmitted only in the form
of infectious particles, the use of RT-qPCR to determine transmission relevant

phenotypes could lead to overestimates of transmission risk.

In general, ZIKV viremia does not differ between symptomatic and asymptomatic
patients (14) and is on average lower than seen with other arbovirus systems (39, 50).
Contrary to our study, in the dengue and malaria systems, asymptomatic and pre-
symptomatic patients with lower pathogen loads can be more infectious to host-seeking
mosquitoes than symptomatic hosts with high pathogen loads (15, 51, 52). This could be

due to host factors that are absent in our study and related studies (16, 18, 39). Variation
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in host blood quality (e.g. hematocrit) and mosquito attraction, or circulating host factors
(e.g. differences in immune factors), could result in reduced infectivity of mosquitoes
feeding on hosts with high pathogen burdens (15, 53). Even the current, most frequently
used ZIKV mouse models use mice lacking a large component of the immune system and
likely do not represent transmission in the field (17, 54). Thus, our study and others

should be confirmed with mosquito feeding trials on human hosts of varying viremias.

In conclusion, we demonstrate that ingesting higher doses of ZIKV increases the
proportion and the rate at which mosquito populations become infectious. This, in turn,
results in an increase in the relative transmission risk and the force of infection
experienced by susceptible human populations. Therefore, variation in viremia, as well as
the frequency distribution of hosts of different viremias, should be accounted for when

estimating Roand in assessing the efficacy of arbovirus prevention strategies.
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Fig 3.1. Experimental design. In each biological replicate, a total of 1,600 female Aedes
aegypti mosquitoes were offered an infectious blood meal containing ZIKV at the final
concentrations of 10° PFU/mL, 10* PFU/mL, 105 PFU/mL or 10° PFU/mL (400 females
per treatment). Eighty females were offered uninfected, control blood meal. Two hundred
ZIKV-exposed engorged mosquitoes for each treatment (800 total) and 40 engorged
control mosquitoes were randomly distributed into mesh-covered paper cups (40 per cup)
and housed at 27°C % 0.5°C for 20 days. Mosquito mortality was checked every two-
days. Every four days, twenty ZIKV-exposed mosquitoes per treatment group were force-
salivated. After salivation, mosquito saliva, heads, and bodies were collected into
separate tubes. Each tissue was tested for the presence/absence of the ZIKV using plaque

assays on Vero cells. Three full biological replicates were performed.
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Fig 3.2. ZIKV dose and the proportion of mosquitoes infected, with disseminated
infections, and infectious. Relationship between the ZIKV dose (103, 104, 105, and 10°
PFU/mL) and the proportion of mosquitoes infected (ZIKV positive bodies compared to
total number exposed), with disseminated infections (ZIKV positive heads compared to
total number exposed), and infectious (ZIKV positive saliva compared to total number
exposed). For each category, results with no common letters were significantly different

(» £0.05) and whiskers on each bar represent the standard error of the mean.

76



A “©-10"3 PFU/mL
0.9 T 1 T '.'10:4PFU/mL
1 1 T 1 "'10A5PFU/mL
0.8 i 10%6 PFU/mL
I
E 0.7 |
[$]
2 06
g =
5 0.5
5
8‘ 0.4
a 03
0.2
0.1 i
0 . g . g
4 8 12 16 20
Days post-infection
B ! 9103 PFU/mL
0.9 ©-10*4 PFU/mL
’ &-10%5 PFU/mL
8 0.8 1046 PFU/mL
B 07 I I
o .
€ [ l 1
o 06
@ l
L 05
5] .
< 1
S o4 1
2
S 0.3
& o2
0.1
: %
0 V— @ L g g g
4 8 12 16 20
Days post-infection
C ! ~@-10"3 PFU/mL
09 “@-10*4 PFU/mL
: -&-10%5 PFU/mL
0.8 106 PFU/mL
g
2 0.7
©
Qo 06
£
c 05
kel
5 o4 T T
3 I
£ o3 1 l
0.2 ./+
0.1 R
ol— ——3% = = = =
4 8 12 16 20

Days post-infection
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represent the standard error of the mean.
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determined by standard plaque assays on Vero cells (A) and ZIKV-specific RT-qPCR
(B). The limit of detection was experimentally established to be 3 plaque-forming units

(PFU) for plaque assays and 30 gRNA copies for RT-qPCR.

79



0.45

A
0.4 l
S 035
S I
o 03
o
S
S 0.25
2 1
E o2 T
o
S 015
|53
(]
> o1
0.05
. [ 1]
1074 10%5 10%6
PFU/mL
0.14
B
g 02
Y
[0} 0.1
£ |
& o008 l 1
®
Qo
3 006 I
£
©
2 o004
=
w002
0
1074 10%5 10%6
PFU/mL
25
C
2
S
® 15
[}
2
&
[)
o0 1
05
0
104 10%5 10%6
PFU/mL

Fig 3.6. Viral dose and estimated vector competence, extrinsic incubation rate, and
relative basic reproductive number Ry. Relationship between viral dose (103, 104, 10°,
and 10° PFU/mL) and estimated vector competence (A), the extrinsic incubation rate (B),

and relative basic reproductive number Ry (C).

80



100 1.0

A
90 0.9
80 0.8
0
70 07 3
8
o 60 06 A
2 o
T 50 05 ;
o
Z 40 04 &
30 03 &
w
20 0.2
10 0.1
0 0.0
135 7 911131517 1921232527293133353739414345
Days post-infection
100 1.0
B
90 0.9
80 0.8
o
70 07 3
°
o
o 60 06 =
2 o
T 50 05 ;
] 2
Z 4 04 §
s
30 03
20 0.2
0 0.0
135 7 911131517 1921232527 29 31 33 3537 394143 45
Days post-infection
100 1.0
C
90 0.9
80 0.8
o
70 07 &
B
o 60 06 =
2 5]
© 50 0.5 ;
o =
Z 40 04 2
30 03 &
2]
20 0.2
10 0.1
0 0.0

135 7 911131517 192123252729 3133 3537 39414345
Days post-infection

Fig 3.7. Daily proportion of mosquitoes alive, infectious, and both alive and

infectious for mosquitoes exposed to different doses. Relationship between the daily
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exposed to 10* PFU/mL (A), 105 PFU/mL (B) and 105 PFU/mL (C).
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Table 3.1. The effect of dose, day, and potential interaction on mosquito infection,

dissemination, infectiousness, and dissemination and transmission efficiencies.

dose day dose x day
response variables F df.  p-value F df.  p-value F df.  p-value
probability of infection 33.898 3 <0.0001 0.004 4 1 0.501 12 0.9
probability of dissemination ~ 52.61 3 <0.0001 11.929 4  <0.0001 4295 12 <0.0001
probability of infectiousness ~ 22.86 3 <0.0001 7.82 4 <0.0001 345 12 0.002
dissemination efficiency 0.852 3 0.466 1.102 4 0.355 2328 8 0.019
transmission efficiency 0.011 3 0.998 0.027 4 0.999 3.862 8  <0.0001

Results from generalized linear mixed effects models examining the effects of dose, day,

and the interaction on the numbers of mosquitoes infected (ZIKV positive bodies divided

by total number exposed), with disseminated infections (ZIKV positive heads divided by

total number exposed), infectiousness (ZIKV positive saliva divided by total number

exposed), and measures of dissemination (ZIKV positive heads divided by positive

bodies) and transmission (ZIKV positive saliva divided by positive bodies) efficiency.

Table 3.2. The effects of ZIKV dose on the daily probability of mosquito survival.

dose z  p-value
uninfected -1.44  0.15
10° 0.64 0.52
10* 1.05 0.29
10° -0.03 097
106 -0.55  0.58

Results from Cox mixed-effects model examining the effects of ZIKV dose (103, 104,

10°, and 10 PFU/mL) on the daily probability of mosquito survival.
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Table 3.3. Numbers of positive saliva samples determined by RT-qPCR and plaque

assays.

replicate  dose (PFU/mL)* day gRNA PFU

1 10° 4 3 0
20 7 4

10° 4 1 0

20 12 9

2 10° 4 2 0
20 5 5

10° 4 0 0

20 10 7

3 10° 4 3 0
20 7 3

10° 4 0 0

20 7 4

Numbers of positive saliva samples determined by RT-qPCR (gRNA) and plaque assays
(PFU) for 103 and 10° viral doses on days 4 and 20 post-infection for each experimental

replicate.

Table 3.4. The effects of dose and day on the number of ZIKV gRNA copies and

plaque-forming units.

gRNA copies plaque-forming units
factors F d.f.  p-value F d.f.  p-value
dose 0873 1 0.354 0.136 1 0.715
day 5.688 1 0.021 - - -

Results from generalized linear mixed effects models examining the effects of dose and

day on the number of ZIKV gRNA copies vs. plaque-forming units
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Abstract

Temperature is a strong driver of vector-borne disease transmission. Yet, for
emerging arboviruses we lack fundamental knowledge on the relationship between
transmission and temperature. Current models rely on the untested assumption that Zika
virus responds similarly to dengue virus, potentially limiting our ability to accurately
predict the spread of Zika. We conducted experiments to estimate the thermal
performance of Zika virus (ZIKV) in field-derived Aedes aegypti across eight constant
temperatures. We observed strong, unimodal effects of temperature on vector
competence, extrinsic incubation period, and mosquito survival. We used thermal
responses of these traits to update an existing temperature-dependent model to infer
temperature effects on ZIKV transmission. ZIKV transmission was optimized at 29°C,
and had a thermal range of 22.7°C - 34.7°C. Thus, as temperatures move toward the
predicted thermal optimum (29°C) due to climate change, urbanization, or seasonality,
Zika could expand north and into longer seasons. In contrast, areas that are near the
thermal optimum were predicted to experience a decrease in overall environmental
suitability. We also demonstrate that the predicted thermal minimum for Zika
transmission is 5°C warmer than that of dengue, and current global estimates on the

environmental suitability for Zika are greatly over-predicting its possible range.
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Introduction

Mosquito-borne viruses are an emerging threat impacting human health and well-
being. Epidemics of dengue (DENV), chikungunya (CHIKYV), and Zika (ZIKV) have
spilled out of Africa to spread explosively throughout the world creating public health
crises. Worldwide, an estimated 3.9 billion people living within 120 countries are at risk
(1). In 2015-2016, ZIKV spread throughout the Americas including the continental U.S.,
resulting in over 360,000 suspected cases, with likely many more undetected (2). With
the rise of neurological disorders and birth defects, such as Guillain-Barré and congenital
Zika virus syndrome (3, 4), ZIKV became widely feared and was declared a “public
health emergency of international concern” by the World Health Organization in 2016
(5). In spite of growing research efforts to develop new therapeutics, vaccines, and
innovative mosquito control technologies, mitigating arbovirus disease spread still
depends on conventional mosquito control methods and public education. Thus,
substantial efforts have been made to predict how ZIKV will spread seasonally,

geographically, and with the effects of climate change (6-9).

There are several key gaps that potentially affect our ability to predict, and
ultimately, mitigate the factors that influence transmission risk and arbovirus emergence
globally. First, current models predicting mosquito distributions or virus transmission are
often limited by a relatively poor understanding of the relationships among mosquito
vectors, pathogens, and the environment. There is substantial evidence that temperature
variability is a key driver of disease transmission across diverse vector-borne pathogen
systems (8, 10, 11). Mosquitoes are small ectothermic animals and their physiology (12,

13), life history (8, 14), and vectorial capacity (10, 15, 16) exhibit unimodal responses to
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changes in temperature. Transmission depends in large part on the ability of mosquitoes
to survive the extrinsic incubation period (EIP), become infectious, and bite new hosts, so
differential (unimodal) impacts of temperature on survival, vector competence, and EIP
have highly nonlinear effects on transmission. Warmer temperatures do not necessarily
translate into more infectious mosquitoes (8, 17). Second, current models often ignore the
low quality and quantity of existing data. Even in systems that are fairly well-studied
(e.g. Plasmodium falciparum and DENV), key parameters are often estimated from only
a few studies. Finally, current transmission models often assume, with little justification,
that the relationship between temperature and EIP is monotonic (18), or that the
relationships between temperature, EIP, and vector competence of less-studied

arboviruses (e.g. CHIKV and ZIKV) are similar to DENV (8, 9, 19, 20).

To advance our fundamental scientific understanding of the relationship between
temperature and ZIKV transmission, we conducted a series of laboratory experiments to
estimate the thermal performance of ZIKV (vector competence, the extrinsic incubation
rate, and the daily per capita mosquito mortality rate) in field-derived Ae. aegypti across
eight different constant temperatures ranging from 16 — 38°C. We fit a series of nonlinear
functions to estimate the thermal responses of the above traits. These thermal responses
were incorporated into a temperature-dependent basic reproductive number (Ry) model
developed for Ae. aegypti and DENV (8) to infer how temperature variation will impact

ZIKV transmission.
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Methods

Virus culture

We used the ZIKV isolate MEX1-44 obtained from the University of Texas
Medical Branch (UTMB) Arbovirus Reference Collection. The virus was isolated in
January 2016 from a field-caught Ae. aegypti mosquito from Tapachula, Chiapas,
Mexico. For all mosquito infections, we used pass ten stock virus that was passaged four
times at the UTMB and an additional six times at the University of Georgia. Four days
after inoculation in Vero cells, we harvested the virus, centrifuged it at 2,500xg for 5 min,
and stored it at -80°C. The virus tested negative for Mycoplasma contamination using
MycoSensor PCR Assay Kit (Agilent) and was titrated using standard plaque assays on
Vero cells (21). Briefly, we infected the cells with six 10-fold serial dilutions for 1-2
hours. After incubation, we removed the inoculum and replaced it with 1.5% agarose
DMEM (UltraPure LMP Agarose, Fisher Scientific). The cells were kept at 37°C, 5%
CO, for four days when they were fixed with 4% formalin and stained with crystal violet.

The titers were expressed in plaque forming units per milliliter (PFU/mL).

Mosquito rearing

Outbred Ae. aegypti mosquito colonies were generated from ovitrap collections in
Tapachula, Chiapas, Mexico, spring 2016. Mosquito eggs were hatched in ddH>O under
reduced pressure in a vacuum desiccator and dispersed larvae in rearing trays. Each tray
contained 200 larvae in 1L ddH>O and 4 fish food pellets (Hikari Cichlid Gold Large
Pellets). Adult mosquitoes were kept in rearing cages and provided with 10% sucrose ad

libitum. We maintained the colonies on whole human blood (Interstate Blood Bank) and
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collected eggs on paper towels. Larvae and adults were maintained under standard,
controlled insectary conditions at 27°C £ 0.5°C, 80% = 10% relative humidity, and a
12:12 light: dark diurnal cycle in a dedicated environmental walk-in room (Percival

Scientific).
Experimental mosquito infections and forced salivations

For each biological replicate, we separated 8,000 1 to 3-day-old females (field
derived Ae. aegypti, F4 generation) and held them for 48 hours prior to ZIKV infection
(Fig S1). Mosquitoes were kept in 64 oz. paper cups and provided with water, which was
withdrawn 12 hours before feeding. We offered 3 — 5-day old mosquitoes either an
infectious blood meal containing ZIKV at a final concentration of 10 PFU/mL or an
uninfected, control blood meal. The blood meal was prepared by washing human blood
three times in RPMI medium and the pelleted red blood cells (50%) were resuspended in
33% DMEM, 20% FBS, 1% sucrose, and 5 mmol/L. ATP. For the infectious blood meal,
we mixed the blood mixture with ZIKV diluted in DMEM (2*10° PFU/mL) at a 1:1 ratio.
Mosquitoes were blood-fed through a water-jacketed membrane feeder for 30 min, after
which we randomly distributed 2,000 ZIKV-exposed engorged mosquitoes and 2,000
unexposed blood-fed control mosquitoes into mesh-covered paper cups (250 mosquitoes
per cup). We then placed one ZIKV-exposed and one control cup at each temperature
treatment (Percival Scientific): 16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, and 38°C £
0.5°C. Chambers were set to 80% =+ 5% relative humidity and a 12:12 light: dark cycle,
and mosquitoes were maintained on 10% sucrose for the duration of the experiment.

Mosquito mortality was monitored and recorded daily.
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Every three days (up to day 21) we force-salivated 20 ZIKV-exposed mosquitoes
per treatment group by immobilizing mosquitoes on ice, removing their legs and wings,
and placing the proboscis of each mosquito into a pipet tip (containing 35 uL. FBS with 3
mmol/L. ATP) for 30 min on a 35°C warming plate. After salivation, we collected
mosquito saliva, heads and legs, and bodies into 700 uL of DMEM with 1x
antibiotic/antimycotic. Each tissue was homogenized in a QIAGEN TissueLyzer at 30
cycles/second for 30 seconds, and centrifuged at 17,000xg for 5 minutes at 4°C. To
measure the proportion of mosquitoes that became infected, disseminated infection, and
became infectious at each temperature, we tested for the presence/absence of ZIKV in
mosquito bodies, legs and heads, and saliva, respectively, using plaque assays on Vero

cells. Two full biological replicates were performed (Fig 4.1).

Statistical analysis

Generalized linear model (GLMM) analysis was used to estimate the effects of
temperature (75 16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C) and days post
infection (dpi; 3, 6,9, 12, 15, 18, 21) on the probability of successful mosquito infection
(proportion of mosquitoes with positive bodies), dissemination (proportion of mosquitoes
with positive legs and heads), and becoming infectious (proportion of mosquitoes with
positive saliva) after being exposed to a ZIKV infectious blood meal. We also used
GLMM analysis to estimate the probability of becoming infectious after successful ZIKV
infection (proportion of mosquitoes with positive bodies) as a measure of dissemination
efficiency. As our response variables were presence or absence of virus in a particular
tissue, we constructed our GLMM using a binomial distribution and logit link function.

The covariates temperature and dpi were centered by subtracting the mean and scaled by

97



dividing by the standard deviation (SD). To account for differences in ZIKV infection
metrics due to mosquito cohort, we used a random intercept for mosquito cohort in each
analysis. Because a diversity of organismal traits exhibit non-linear, unimodal
relationships with temperature (8, 22), and we observe non-monotonic effects of dpi on
some of our response variables in specific temperature treatments, we incorporated a
polynomial function into our statistical model to accommodate this non-linearity. We
evaluated a series of eight candidate models which varied in fixed effects structure from a
“base model” with only linear fixed effects of temperature and dpi to a “full” model,
which included temperature and dpi polynomial terms that were squared (77 and dpi?)
and their interactions (R Core Team, 2018 (23), package Ime4 (24)). We selected the
most parsimonious model using the Akaike Information Criterion with a sample size
correction (AICc). Finally, to estimate the effects of temperature, ZIKV exposure, and
their interaction on the daily probability of mosquito survival, we used a Cox
proportional hazards model (SAS® Studio, 3.6 Basic Edition) with temperature, infection
status (ZIKV-exposed or control), and their interaction as fixed factors, with mosquito

batch as a random factor.
Mechanistic Ry model

In previous work, we assembled trait thermal response estimates from laboratory
experiments that manipulated temperature and measured each of the following traits for
Ae. aegypti and DENV: egg-to-adult development rate (MDR), survival probability (pe.),
fecundity (EFD; eggs per female per day), biting rate (a), adult mosquito mortality rate
(w), extrinsic incubation rate (EIR), and vector competence (bc; equal to the proportion of

exposed mosquitoes that become infected times the proportion of infected mosquitoes
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that become infectious, with virus in their saliva). We then synthesized them into an
estimate for the thermal response of Ry, the expected number of new cases generated by a
single infectious person or mosquito introduced into a fully susceptible population

throughout the period within which the person or mosquito is infectious (8):

a(T)? be(T) exp(—u(T)/EIR(T)) EFD(T) pp4(T) MDR(T)
Nru(T)?

RO(T) =

Where N is the density of humans, 7 is the human recovery rate and (7) indicates
parameters that are dependent on environmental temperature, 7. Here, we update three of
these thermal response functions — average adult mosquito lifespan (//=1/u), extrinsic
incubation rate (E/R), and vector competence (bc) — using the new experimental data
from Ae. aegypti mosquitoes exposed to ZIKV-infected blood meals across a range of

constant temperatures.

Experimental data on lifespan, vector competence, and extrinsic incubation rates
were used across temperatures to estimate trait thermal response functions for calculating
Ro(T). Because we destructively sampled mosquitoes to assess infection status and did
not follow all mosquito cohorts to the end of their lifespan, we used Gompertz survival
curves to estimate average lifespan. First, Kaplan-Meier daily probabilities of survival for
each experimental replicate, infection status, and temperature were estimated. Then, we
used the ‘nls’ function in R (23) to fit a Gompertz function to the daily survival
probabilities for each infection status by trial and temperature combination. To estimate
the average female lifespan of exposed and control mosquitoes for each temperature
treatment and experimental replicate, we calculated the area under the curve by

integrating the associated Gompertz function. Vector competence for each temperature
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was estimated from the average proportion of mosquitoes observed to become infectious
at each temperature. For estimating the ZIKV extrinsic incubation rate (E£/R) at each
temperature, we calculated the time required for half of the average proportion of the
population to become infectious (and defined this as the average extrinsic incubation
period, EIP), then inverted this time interval to estimate a daily rate of ZIKV

development for each temperature (1/EIP).

Using these data, we fit thermal response functions for lifespan, EIR, and vector
competence as either symmetric (Quadratic: -¢(7-7y )(7-T» )) or asymmetric (Briere:
cT(T-Ty) (T»-T)(1/2)) functions, where T is experimental temperature, 7y is the minimum
temperature, 75, is the maximum temperature, c is a rate constant, and both functions are
truncated at zero for negative values (8, 25). As in previous work (8), we fit the thermal
response functions using Bayesian inference with uninformative priors, which are
restricted to biologically reasonable ranges: 7y ~ Uniform (0, 24), T, ~ Uniform (25, 45),
¢ ~Gamma (1, 10) for Briere and ¢ ~ Gamma (1, 1) for Quadratic (8). In the model, we
assume that the sampling process is a normal distribution centered on the thermal
response function calculated at the experimental temperature, with precision 7 (where
7=1/0) assigned the prior: Gamma ~ (0.0001, 0.0001). We fit the models using JAGS
(26) and R (23) and the R package ‘rjags’ (27), by running five Markov Chain Monte
Carlo simulations for a 5,000-step burn-in followed by 5,000 additional steps, then

thinning the posterior samples by saving every fifth sample (8, 25).

The three new thermal response functions (/f, EIR, and bc) were combined with

the remaining previously-fitted thermal response functions (8) to calculate Ry(7) for
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ZIKV. To do so, we propagated the posterior distribution of each parameter thermal

response through the Ry(7) function to calculate a posterior distribution on Ry(7).

This expression for temperature-dependent Ry assumes a constant temperature to
calculate the per-generation rate of increase of a pathogen in a fully susceptible
population. However, environmental temperatures in nature are variable, which affects
the calculation and interpretation of Ry (28-32). Here, as in previous work (8, 33), we use
relative Ry as a simple metric for the relative suitability of temperature for transmission,
rather than as an absolute metric for secondary case distributions, invasion and extinction
thresholds, or expected equilibrium prevalence (34-36). The relative Ry approach allows
us to estimate the thermal optimum and limits, at which Ry 1s maximized or goes to zero,
respectively, and compare them to a similar model previously parameterized for DENV
(8). Because our estimate of Ry(7) is relative (rescaled to range from zero to one), we
cannot estimate the stable transmission threshold Ry(7) > 1, so we instead use the more
conservative suitability threshold Ryo(7) > 0. At temperatures outside of this suitable range
transmission is impossible because one or more process necessary for transmission has

gone to zero.
Mapping seasonal transmission range

To illustrate predicted temperature suitability for Zika transmission in the
Americas, we mapped the number of months for which Ry(7) > 0 for the posterior median
response, based on the temperature-dependent model derived here and previously (8).
This conservative threshold of Ry(7) > 0 illustrates all pixels in which transmission is
theoretically possible (given that the mosquito and pathogen are present), but not

necessarily stable. We calculated Ry(7) at 0.1°C increments and projected it onto the
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landscape for monthly mean current temperatures from WorldClim data at a 5S-minute
resolution (approximately 10km? at the equator). This calculation gives a snapshot of the
relative temperature suitability for transmission in each pixel each month but does not
account for the influence of short- or long-term variation in temperature. Climate data
layers were extracted for the geographic area and defined using the Global
Administrative Boundaries Databases (37). All map calculations and manipulations were
run in R using packages ‘raster’ (38), ‘maptools’, and ‘Rgdal’ (39). Resulting GeoTiffs
were rendered in ArcGIS 10.3.1 (40), and mapped as figures. We then used the area
represented by 6 months and 12 months of transmission suitability to calculate and
display the difference between a previous model parameterized on the Ae. aegypti —
DENYV system (8) and our current predictions. This model was then validated using
spatially explicit ZIKV case records from Columbia reported at the municipality level

(41, 42).

Spatial validation of temperature dependent Ry maps

We performed a spatial join to mapped administrative boundaries for
municipalities in Colombia and summed reported Zika cases at the level of municipality
for the entirety of the dataset (total cases=94,975). We overlaid this municipal level data
onto the model predictions for months suitable for ZIKV transmission as a function of
temperature. In absence of finer scale data than municipality level reporting, we simply
extracted the model pixel value at the geographic centroid of each municipality

represented and report the number and proportion of ‘hits’ and ‘misses’ of cases.
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Results

Our GLMM analysis found that our data and response variables (probability of
infection, dissemination, infectiousness, and dissemination efficiency) were best
explained by temperature, dpi, and their interaction. Further, the best model for all of our
response variables was the full model containing both linear and squared terms for
temperature and dpi, as well as their interactions. This model captured the observed
delayed ZIKV infection dynamics at the cool temperatures and the observed declines in
ZIKV infection over time in the warmer temperature treatments due to increased
mosquito mortality. Our best model suggests that the effects of temperature and dpi
combine to shape relative Ry (i.e. predicted risk of transmission for ZIKV), which differs

from previous estimates generated from DENV-specific models.

The effect of temperature on ZIKYV infection and infection dynamics

We observed strong, unimodal effects of temperature on the number of
mosquitoes infected, with disseminated infections, and that became infectious (Table 4.1,
Fig 4.2). While all three response variables dropped at both cool and warm temperatures,
this decrease was more pronounced as the infection progressed (Fig 4.2). The likelihood
of becoming infected was the most permissive to temperature variation, with the number
of infected mosquitoes minimized at 16°C (6%), maximized from 24°C — 34°C (75% —
89%), and again minimized at 38°C (7%). The likelihood of viral dissemination was
more constrained, with the probability of mosquitoes disseminating infections minimized
at 16 — 20°C (4% — 3%), maximized at 28 — 34°C (65% — 77%), and again minimized
at 38°C (5%). Finally, the likelihood of mosquitoes becoming infectious was the most

sensitive to temperature, with the probability of mosquitoes becoming infectious
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minimized from 16 — 24°C (0% — 4%), maximized between 28 — 34°C (23% — 19%), and

again minimized from 36 — 38°C (5% — 0.4%).

Temperature also affected the rate of ZIKV infection, dissemination, and
detection in saliva (Table 4.1, Fig 4.3). In general (with the exception of 36°C and 38°C),
we observed an increase in the probability of mosquitoes with ZIKV in the bodies, legs
and heads, and saliva with time (Fig 4.3) suggesting that rate of ZIK'V detection in these
samples decreased with increasing temperature. However, at 36°C and 38°C, we see

declines in these response variables with dpi due to high mosquito mortality.

The effects of temperature on ZIKV dissemination efficiency

We observed effects of temperature, dpi, and their interaction on the
dissemination efficiency of ZIKV (the probability of becoming infectious after successful
ZIKV infection — positive bodies; Table 4.2). ZIKV dissemination efficiency was
maximized from 28 — 34°C, suggesting that ZIKV infection process (e.g. escape from the
midgut and salivary gland invasion) was most efficient at these temperatures (Fig 4.4). In
contrast, dissemination efficiency was minimized at both cooler (16 —20°C) and warmer
temperatures (38°C). Cooler temperatures had a more dramatic effect on dissemination
efficiency than warmer temperatures. Although 60% of exposed mosquitoes became
successfully infected at 20°C, we had very low salivary gland invasion, with only one
mosquito across both trials becoming infectious. In contrast, at warm temperatures
infection and dissemination efficiencies were very robust (Fig 4.5), but the mortality
associated with the warm temperatures resulted in low numbers of mosquitoes that were

capable of being infectious. Finally, of those successfully infected, we observed
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successful salivary gland invasion to occur earlier in the infection process as temperatures

warmed (Fig 4.4).

The effect of temperature on mosquito survival

We observed effects of temperature and an interaction between temperature and
ZIKV exposure on the daily probability of mosquito survival (Fig 4.6, Table 4.3).
Overall, the daily probability of mosquito survival was highest for mosquitoes housed at
24°C and 28°C relative to cooler (16 — 20°C) and warmer (32 — 38°C) temperatures.
Mosquito survival was lowest at the warmest temperature of 38°C, with no mosquitoes
surviving past 3 dpi. ZIKV-exposed mosquitoes experienced a higher daily probability of
survival at 24°C and 28°C relative to unexposed, control mosquitoes with greater than

90% daily survival at the optimal temperatures.

The effect of temperature on ZIKV transmission risk

Trait thermal responses for lifespan, vector competence, and extrinsic incubation
rate were all unimodal (Fig 4.7, Table 4.4, Fig 4.8). Mosquito lifespan and vector
competence thermal responses were symmetrical, peaking at 24.2°C (95% credible
interval (CI): 21.9 — 25.9°C) and 30.6°C (95% CI: 29.6 — 31.4°C), respectively, while the
extrinsic incubation rate thermal response was asymmetrical with a peak at 36.4°C (95%
CI: 33.6 — 39.1°C). Applying these new trait thermal responses to the Ro(7) model (8), we
found that Ry(7) peaked at 28.9°C (95% CI: 28.1 — 29.5°C), with lower and upper limits
0f 22.7°C (95% CI: 21.0 — 23.9°C) and 34.7°C (95% CI: 34.1 — 35.8°C), respectively
(Fig 4.9). The seasonal transmission of ZIKV was predicted to be more constricted in

latitudinal range from this temperature — transmission relationship than what has been
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predicted previously (8), primarily because the predicted thermal minimum for ZIKV was
5°C warmer than for DENV (Fig 4.9). This represents a 4.3 million km? estimated change
in endemic (12-month, year-round suitability) land area, and a 6.03 million km? change in

overall predicted range (1 — 12 months suitability) in the Americas (Fig 4.10).

The spatial validation for Columbia showed that 71.5% (67,934) of all ZIKV
cases fell within 1-12 months of predicted suitability, with 68% (64,286) ZIKV cases
overlaid areas predicted to have 12 months of suitability. In contrast, our spatial
validation predicted 28.5% (27,041) ZIKV cases to occur in areas predicted to be
unsuitable for transmission (0 months of suitability, Fig 4.11). Upon visual inspection,
large clusters of cases occurred in valleys where the Ry model predicted transmission

suitability.

While there is some evidence that mosquito longevity varies for virus-exposed
versus control mosquitoes, where unexposed mosquitoes had shorter lifespans at near-
optimal temperatures (24°C and 28°C; Fig 4.6 and 4.7), we did not include this difference
in the Ry model for two reasons. First, with limited data to parameterize the low
temperature range for survival, we are unable to characterize the differences in the lower
end of the thermal response functions in detail. Second, the standard Ry model does not
incorporate differences in survival for infected versus uninfected mosquitoes because it
assumes that the pathogen is rare and that all mosquitoes are uninfected. For this reason,
we fit a single thermal response function for lifespan to the full dataset and used it in the

Ry model.
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Discussion

The dynamics and distribution of vector-borne diseases depend on the interplay
between the pathogen, the mosquito, and the environment (43). Temperature is a strong
driver of vector-borne disease transmission and characterizing the thermal range and
optimum for transmission is essential for accurately predicting how arbovirus emergence
and transmission will be affected by seasonality, geography, climate and land use change.
Yet current models of recently emerging arboviruses like ZIKV are constrained by a lack
of data on the thermal sensitivity of key pathogen traits (e.g. 6, 7, 9). In this study, we
experimentally estimated the relationship between temperature and measures of ZIKV
vector competence, extrinsic incubation rate, and mosquito mortality. By incorporating
these temperature-trait relationships into an existing mechanistic model, we demonstrate
that, like malaria (15, 25) and dengue virus (8), ZIKV transmission has a strong unimodal

relationship with temperature.

As studies have demonstrated in other arbovirus systems, temperature
significantly affects vector competence (16, 44, 45). We show that temperature has a
unimodal relationship with vector competence, with an estimated optimum at 30.6°C and
an estimated thermal minimum and maximum of 22.9°C and 38.4°C, respectively (based
on posterior median estimates for 7y and 7,,). ZIKV infectiousness was limited by
different mechanisms at the thermal minimum and maximum. Cool temperatures limited
midgut escape and dissemination, resulting in a lower proportion of the mosquito
population that was infectious. This could be due to temperature effects on mosquito
physiology (46), immunity (12, 47), and viral binding to specific receptors in the midgut,

secondary tissues, and salivary glands (48). Warmer temperatures, on the other hand,
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were very permissive for ZIKV infection, resulting in 95% and 100% infection among
surviving mosquitoes at 36°C and 38°C, respectively (Fig 4.5). However, high mosquito
mortality at these temperatures constrained the proportion of the mosquito population that
became infectious (Fig 4.3, Fig 4.5) A similar nonlinear effect of cool and warm
temperatures on vector competence was observed with Ae. albopictus infected with
DENV-2 (49). In contrast, Adelman et al. (13) demonstrated that cooler temperatures in
the larval stage resulted in increased susceptibility to CHIKV and yellow fever virus by
impairing the RNAi pathway. However, mosquitoes in our study were exposed to
different constant temperatures in the adult stage. Temperature variation experienced in
both the larval and adult stage will likely be important in shaping mosquito and pathogen

traits comprising arbovirus transmission.

We also observed an asymmetrical unimodal relationship between temperature
and the extrinsic incubation rate of ZIKV, with the extrinsic incubation rate optimized at
36.4°C and minimized at 19.7°C and 42.5°C (based on posterior median estimates for 7y
and 75,). Consistent with previous studies (e.g. 45, 49, 50), we show that the extrinsic
incubation rate of ZIKV increased with warming temperatures, with no infectious
mosquitoes observed at 16°C after 21 days post infection and the first infectious
mosquito detected at day 3 post infection at 38°C. The extrinsic incubation rate was
ultimately constrained at the warmer temperatures due to high mosquito mortality. This is
not surprising as metabolic reaction rates tend to increase exponentially to an optimal

temperature, then decline rapidly due to protein degradation and other processes (22, 51).

The optimal temperature for mosquito fitness and viral dissemination need not be

equivalent, and the impacts of temperature on mosquito mortality relative to the extrinsic
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incubation rate of arboviruses strongly affect the total proportion of the mosquito
population that is alive and infectious (52, 53). In our study, mosquito lifespan was
optimized at 24.2°C and minimized at 11.7°C and 37.2°C, respectively (based on
posterior median estimates for 7y and 7,,). The non-linear relationship between metrics of
mosquito mortality or lifespan and temperature has also been demonstrated for 4e.
aegypti (8), Ae. albopictus (8, 14) and various Anopheles spp. (15, 54). Despite the fact
that the extrinsic incubation rate was optimized at a warm temperature (36.4°C), the
optimal temperature for overall ZIKV transmission (Ry) was predicted to be cooler
(28.9°C) because mosquitoes experience a shortened lifespan above 32°C. In contrast,
even though mosquitoes are predicted to have relatively longer lifespans at cooler
temperatures, the time required for mosquitoes to become infectious (>21 days at 16°C
and 18 days at 20°C) may be longer than most mosquitoes experience in the field. As a
result, large vector populations may not be sufficient for transmitting the virus if viral
replication is inhibited or if the lifespan of the mosquito is shorter than the extrinsic
incubation period (55). One surprising result was that mosquitoes exposed to ZIKV were
predicted to live significantly longer than unexposed mosquitoes at temperatures already
optimal for mosquito survival (37 vs. 87 days at 24°C; 45 vs. 54 days at 28°C). A similar
phenomenon has been noted in the Ae. aegypti — DENV-2 system (56). Additionally, the
temperature that optimizes mosquito lifespan might also vary between ZIKV exposed
mosquitoes (24°C) and their uninfected counterparts (28°C). However, more data
characterizing mosquito survival of uninfected and ZIKV exposed mosquitoes at the cool
range of transmission are needed to better understand the consequences of survival

differences between ZIKV infected and uninfected mosquitoes. If temperature
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consistently has different effects on the mortality rates of uninfected and infected
mosquitoes in other arbovirus systems, current modeling efforts may be underestimating
virus transmission potential under certain environmental scenarios and estimating
mosquito mortality in the field for mosquitoes of different infection statuses are important

areas for future research.

After incorporating the relationships between temperature and vector competence,
the extrinsic incubation rate, and mosquito lifespan into a mechanistic model, we
demonstrated that ZIKV transmission is optimized at a mean temperature of
approximately 29°C, and has a thermal range of 22.7°C to 34.7°C. Because this
relationship is nonlinear and unimodal, we can expect as temperatures move toward the
thermal optimum due to future climate change or increasing urbanization (57),
environmental suitability for ZIKV transmission should increase, potentially resulting in
expansion of ZIKV further north and into longer seasons. There is evidence that this is
already occurring with warming at high elevations in the Ethiopian and Columbian
highlands leading to increased incidence of malaria (11). In contrast, in areas that are
already permissive and near the thermal optimum for ZIKV transmission, future warming
and urbanization may lead to decreases in overall environmental suitability (17).
Accurately estimating the optimal temperature for transmission is thus paramount for

predicting where climate warming will expand, contract, or shift transmission potential.

By using a mechanistic model originally parameterized for DENV (data from
serotypes 1 and 2), we also explored a common assumption made by multiple models that
DENYV transmission has a similar relationship with temperature as ZIKV (6-9, 20). While

the temperature optimum and maximum for Ry changed very little from our previous
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DENV Ry model, the temperature minimum for transmission increased by nearly five
degrees in the ZIKV-specific model (Fig 4.9). This is mainly due to a higher thermal
minimum for both vector competence and the extrinsic incubation rate for ZIKV as
compared to DENV (Fig 4.8). Differences in the thermal niche of ZIKV relative to
DENV or our field derived Ae. aegypti relative to those populations synthesized in
Mordecai et al. (8) could explain this difference. There is evidence that the effects of
environmental variation on disease transmission are often modified by the genetic
background of the mosquito and infecting pathogen (44, 58, 59). Thus, more work is

required to validate the generalizability of these models.

Our mapped seasonal ranges underscore the impact of a more refined empirical
derivation of a pathogen-specific temperature dependent Ry, contrasted with the Ae.
aegypti — DENV prediction of previous studies (6-8). The higher predicted thermal
minimum for ZIKV resulted in a contraction in the areas of the Americas where year-
round, endemic transmission suitability (12 months only) are predicted to occur. This
area corresponds to a change of approximately 4.3 million km? in land area (Fig 4.10).
Additionally, this higher thermal minimum contributes to a reduction in the overall
estimated suitability for ZIKV transmission (all 1-12 months of transmission) resulting in
an estimated difference of 6.03 million km?. In particular, in the Florida peninsula where
the primary focus of ZIKV cases within the U.S. occurred, our updated model (the
median model — 50 percentile posterior) now predicts only around six months of
temperature suitability during the year (Fig 4.10) vs. almost year-round as predicted by a
previous temperature-dependent Ry model parameterized on the Ae. aegypti — DENV

system (8). This contrast in seasonal suitability where ZIKV established in the USA is
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striking and emphasizes the value of increasing empirical data and reexamining these
types of model, as the capacity to do so becomes possible, in the face of an emerging
epidemic. This result also largely concurs with a previous study that generated an Ry
ZIKV map of the Americas using a spatially explicit individual based SEI-SEIR
compartmental model. This model incorporates unimodal temperature-trait relationships
for mosquito lifespan, probability of transmission parameterized from the Ae. aegypti —
DENYV system, and mosquito abundance with pre-existing data layers for Ae. aegypti and
Ae. albopictus distributions, spatially explicit human population and economic data, and
ZIKV case data (20). While our models generally agree in the geographical extent to
which ZIKV transmission is predicted to occur in the Americas, Zhang et al. 2017 show
more heterogeneity in Ry across space than our model would predict, which simply
describes the temperature boundaries for potential ZIKV transmission on the landscape.
However, our model, which uses a broader life history explicit parameterization
including ZIKV-specific thermal responses for relevant transmission, provides important

validation of the predictions in Zhang et al. 2017 (20).

Our spatial validation of this model revealed fairly robust predictive qualities (Fig
4.11), despite limitations of spatial resolution and scale at which ZIKV cases are
reported. For example, aggregating at the municipality scale created a much larger
minimum areal unit than the model pixels. Further, this region is subject to high variation
in local conditions due to the Andes climate, which are likely not accurately captured by
global temperature model outputs. Thus, we might expect the Ry model to over or under

predict fine-scale variation in local microclimate (60). Regardless, this highlights a need
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for more spatially detailed health datasets to be available to this type of model validation

exercise, as well as regionalized modeling efforts in climate-health initiatives.

Finally, although we estimated the effects of mean constant temperatures on
ZIKV transmission, mosquitoes and their pathogens live in a variable world where
temperatures fluctuate daily and seasonally. Temperature-trait relationships have been
shown to differ in fluctuating environments relative to constant temperature environment
(17, 61, 62). While characterizing trait responses to mean constant temperatures and
incorporating these relationships into models of disease transmission is tractable, more
effort is needed in validating computational approaches to infer transmission in a

fluctuating environment (i.e. rate summation (8)).

Accurately predicting arbovirus transmission will be influenced by variation in
other sources of abiotic (e.g. relative humidity, rainfall), biotic (e.g. availability and
quality of oviposition and resting habitats), and socioeconomic factors that influence
human exposure to biting mosquitoes (20). However, this is a fundamental first step for
empirically defining and validating current models on the environmental suitability for
ZIKV transmission, in which temperature will be a strong driver. Ry models have been
used as a tool to guide vector-borne disease interventions and represent a comprehensive
metric of pathogen fitness. We anticipate, as with other vector-borne diseases, that
environmental suitability for ZIKV transmission could expand northwards with future
warming but will be more constrained than DENV at low temperatures. We also predict
areas that are already at or near the thermal optimum of 29°C to experience a decrease in
environmental suitability for ZIKV transmission (15, 17). Further, land use change that

modifies the microclimates mosquitoes experience and human density and exposure
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could have immediate impacts on ZIKV transmission, which might explain the explosive

spread of ZIKV in urban centers throughout the Americas.
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Fig 4.1. Experimental design. In each biological replicate, eight thousand female Ae.
aegypti mosquitoes were offered either an infectious blood meal containing ZIKV at the
final concentration of 10® PFU/mL or an uninfected, control blood meal (1). Two
thousand ZIKV-exposed and two thousand control engorged mosquitoes were randomly
distributed into mesh-covered paper cups (250 per cup) and put at one of eight
temperature treatments (16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, and 38°C; 2).
Across all treatment groups, dead mosquitoes were removed and counted daily to monitor
mortality (3). Every three days, up to day twenty-one, twenty ZIKV-exposed mosquitoes
per treatment group were force-salivated. After salivation, mosquito saliva, heads, legs,
and bodies were collected into separate tubes (4). Each tissue was tested for the
presence/absence of the ZIKV using plaque assays on Vero cells (5). Two full biological

replicates were performed.
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Fig 4.2. Temperature effect on the proportion of mosquitoes infected, with
disseminated infections, and infectious. The effect of eight different constant
temperatures (16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C) on the proportion of
mosquitoes infected (ZIKV positive bodies compared to total number of exposed), with
disseminated infections (ZIKV positive heads compared to total number exposed), and

infectious (ZIKV positive saliva compared to total number exposed).
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Fig 4.3. Days post-infection and the proportion of mosquitoes infected, with
disseminated infections, and infectious. The relationship between days post-infection
(3,6,9,12, 15, 18, 21) and the proportion of mosquitoes infected (a, ZIKV positive
bodies), with disseminated infections (b, ZIKV positive legs and heads), and infectious
(c, ZIKV positive saliva) out of the total mosquitoes exposed to ZIKV at eight different

constant temperatures (16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C).
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Fig 4.4. Temperature effect on the dissemination efficiency (a) The effect of eight
different constant temperatures (16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C) and
(b) days post-infection (3, 6, 9, 12, 15, 18, 21) on the dissemination efficiency
(proportion of mosquitoes with ZIKV positive saliva relative to those with positive

bodies).
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4.5. Temperature effect on the proportion of total mosquitoes infected, with
disseminated infections, and infectious. The effect of eight different constant
temperatures (16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C) on the proportion of
mosquitoes infected (proportion of ZIKV positive bodies out of total number of
processed mosquitoes), with disseminated infections (proportion of ZIKV positive heads
out of total number of processed mosquitoes), and infectious (proportion of ZIKV

positive saliva out of total number of processed mosquitoes).
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Fig 4.6. Daily probability of mosquito survival. Kaplan-Meier estimates of daily
probability of mosquito survival for unexposed (a) and ZIKV exposed (b) field-derived
Ae. aegypti mosquitoes across eight different constant temperatures (16°C, 20°C, 24°C,

28°C, 32°C, 34°C, 36°C, 38°C).
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Fig 4.7. Effect of temperature and estimated vector competence, extrinsic incubation
rate and mosquito lifespan. Trait thermal responses with fit from laboratory
experimental data. Vector competence (left), is the maximum proportion of virus-exposed
mosquitoes with virus in their saliva, across temperatures and replicates. Extrinsic
incubation rate (middle) is the inverse of the time required to reach half of the maximum
proportion infectious (days™) for each temperature and replicate. Lifespan (right) is the
average lifespan of mosquitoes in each temperature and replicate (days), shown in filled
(virus-exposed) and open (sham-inoculated) points. Solid lines represent posterior means;

dashed lines represent 95% credible intervals.
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Fig 4.10. Months of transmission suitability in the Americas. The number of months
of transmission suitability (R¢>0) for DENV derived in Mordecai et al 2017 (a) and ZIKV

derived in this study (b), for median (posterior 50" percentile) models.
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4.11. Spatial validation of the ZIKYV suitability model. Spatial validation of the ZIKV
suitability model, using case data from Colombia. Colombia is shown (black) in the
Americas, on a backdrop of the ZIKV model mapped as months of suitability, described
in Figure 4.10. Inset displays the case data at municipality level, dithered as dot densities
(yellow, 300 cases per dot). Note contrasting suitability at the rapidly rising edge of the

Andes, the most densely populated part of Colombia.
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Table 4.1. The effects of temperature, day, and the interaction on the probability of
mosquitoes becoming infected, disseminating infection, and becoming infectious

after being exposed to ZIKV.

Fixed Effects df  AICc  Intercept T dpi  T:dpi T’ D’ T:D?
Infected ~ T+ dpi 4 241830 0.228 1.268  0.026
Infected ~ T + T + dpi 5 2132.60 2.184 -0.228 0.031 -1.995
Infected ~ T + dpi + dpi® 5 241240 0.391 1.273  0.026 -0.162
Infected ~ T + 17 + dpi + dpi® 6 21256 2.381 -0.229  0.030 -2.004 -0.187
Infected ~ 7'+ dpi + T: dpi 5 2238.60 0.176 1.406 0.000 -0.721
Infected ~ T + dpi + T: dpi + T? 6 1870.80 2.612 -0.407 0.244 -1.091 -2.552
Infected ~ T + dpi + T:dpi + dpi’ 6 222550 0.408 1.432  -0.006 -0.756 -0.242
Infected ~ T + dpi + T: dpi + T? + dpi* + T*: dpi’ 8 1861.60 2.804 -0.373  0.232  -1.115 -2.494 -0.226 -0.027
Disseminated ~ 7'+ dpi 4 233070  -0.791 1.724  0.332
Disseminated ~ T + 77 + dpi 5 2133.70 0.813 1.018 0.354 -2.087
Disseminated ~ T + dpi + dpi® 5 228830  -0.407 1.764  0.358 -0.406
Disseminated ~ T+ T + dpi + dpi® 6 2090.00 1244  1.040 0370 2122 -0.424
Disseminated ~ 7'+ dpi + T: dpi 5 2217.00 -1.008 2.079 0562 -0.717
Disseminated ~ T + dpi + T: dpi + T* 6 1895.40 0.969 1.662 1.055 -1.473 -3.027
Disseminated ~ T + dpi + T:dpi + dpi® 6 213490 -0.527 2292  0.726 -0.976 -0.618
Disseminated ~ T + dpi + T: dpi + T? + dpi* + T*: dpi® 8 1782.70 2.021 1922 1.244 -1.749 -3.837 -1.103 0.618
Infectious ~ T + dpi 4 112570  -3.046 1.356  0.387
Infectious ~ T + 17 + dpi 5 104830  -1.331 1.357  0.392 -2.949
Infectious ~ T + dpi + dpi’ 1101.80  -2.626 1.371  0.530 -0.527
Infectious ~ T + 17 + dpi + dpi® 1024.30  -0.890 1.367 0.534 -2.975 -0.531

1111.90  -3.242 1.679  0.592  -0.542
1013.10  -1.514  2.126 0.883 -1.205 -3.550
1079.00  -2.859 1.877 0900 -0.848 -0.648

Infectious ~ T+ dpi + T dpi
Infectious ~ T + dpi + T: dpi + T?
Infectious ~ T + dpi + T:dpi + dpi’

® AN AN NN W

Infectious ~ 7 + dpi + T: dpi + T> + dpi* + T: dpi® 971.80 -0.953 2.667 1.461 -1.950 -4.259 -0.946 0.425

Results from candidate generalized linear mixed effects models (binomial distribution,
log link function, random effect of mosquito cohort) examining the fixed effects of
temperature, day, and the interaction on the probability of mosquitoes becoming infected,
disseminating infection, and becoming infectious after being exposed to ZIKV. Bolded
model outputs represent the most parsimonious model as determined by Akaike

Information criterion scores corrected for small sample sizes (AICc).
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Table 4.2. The effects of temperature, day, and the interaction on the probability of

mosquitoes becoming infectious after being successfully infected with ZIKV.

Fixed Effects df AICc Intercept T dpi  T:dpi T° D T:D
Infectious ~ 7'+ dpi 4 98740 -2.120  0.848 0.472
Infectious ~ T + T2 + dpi 5 94570  -1.149  0.713 0.448 -1.193
Infectious ~ T + dpi + dpi’ 5 966.50 -1.719  0.868 0.598 -0.485
Infectious ~ T + T2 + dpi + dpi® 6 926.00 -0.742 0.716 0.571 -1.210  -0.478
Infectious ~ T'+ dpi + T: dpi 5 984.80 -2.310 1.034 0.567 -0.277
Infectious ~ T + dpi + T: dpi + T’ 6 92770  -1.180 1.074 0.727 -0.707 -1.630
Infectious ~ T + dpi + T:dpi + dpi’ 6 95280 -1.988 1.290 0.891 -0.642 -0.648
Infectious ~ T +dpi + T: dpi + T? +dpi® + T>: dpi® 8 891.20  -0.594  1.422 1.192 -1.224 -2.076 -0.867 0.250

Results from candidate generalized linear mixed effects models (binomial distribution,
log link function, random effect of mosquito cohort) examining the fixed effects of
temperature, day, and the interaction on the probability of mosquitoes becoming
infectious after being successfully infected with ZIKV (positive body infection). Bolded
model outputs represent the most parsimonious model as determined by Akaike

Information criterion scores corrected for small sample sizes (AICc).

Table 4.3. The effects of temperature, infection status and the interaction on the

daily probability of mosquito survival.

Chi-Square d.f. p-value

effect
temperature 1138.226 7 <0.0001
infection 0.227 1 0.6338

temperature x infection 25.871 7 0.0005

Results from Cox mixed-effects model examining the effects of temperature (16°C, 20°C,
24°C, 28°C, 32°C, 34°C, 36°C, 38°C), infection status (exposed or not exposed) and the

interaction on the daily probability of mosquito survival.

127



Table 4.4. Data used on the Ae. aegypti Zika virus Ry model.

c To Tmax
Trait Refs Function| mean 95% CI mean 95% CI mean 95% CI
MDR  mosquito egg-to-adult 1 Briere 6.38E-05  4.67E-05  823E-05 8.60 443 12.29 39.66 37.78 41.70
development rate (1/days)
pEA mosquito egg-to-adult survival 1 Quad | -3.61E-03 -4.74E-03 -2.59E-03 9.04 6.37 11.67 39.33 37.17 41.62
probability
EFD  eggs laid per female per 1 Briere | 4.88E-02 321E-02  6.72E-02 8.02 3.18 13.08 35.65 35.00 36.51
gonotrophic cycle no. / female)
a biting rate, reciprocal of oviposition 1 Briere 1.93E-04  127E-04 2.61E-04 10.25 5.84 14.82 38.32 36.60 40.51
cycle length (1/days)
If mosquito adult lifespan (days) 2 Quad | -3.02E-01 -4.68E-01 -1.34E-01 11.25 6.30 15.06 37.22 34.79 39.57
be vector competence: average 2 Quad | -3.54E-03 -5.56E-03 -1.82E-03 22.72 21.09 24.00 38.38 36.46 40.25
proportion of the mosquito
population that is infectious
EIR ZIKV extrinsic incubation rate 2 Briere 1.74E-04 ~ 538E-05  3.04E-04 1827 7.68 24.00 4231 39.26 45.00

(reciprocal of the extrinsic
incubation period: the time required
for half of the mosquito population
to reach average vector
competence

"Mordecai E., Cohen J., Evans M.V., Gudapati P., Johnson L.R., Lippi C.A., Miazgowicz K., Murdock C.C., Rohr J.R., Ryan S.J., et al. 2017 Detecting the impact of
temperature on transmission of Zika, dengue, and chikungunya using mechanistic models. PLoS Negl Trop Dis 11(4), €0005568.
2Estimated from data generated in the current study

Data used on the Ae. aegypti Zika virus Ry model. Each trait parameter symbol,

definition, data sources, and thermal response function (Quad = quadratic) are shown on

the left. Mean and 95% credible interval (95% HPD interval) for the critical thermal

minimum (79), maximum, (75,), and a rate constant (c) are given for each trait in the three

right sections.
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CHAPTER 5

COOL TEMPERATURES DIMINISH ZIKA VIRUS REPLICATION IN MOSQUITO

CELLS3

3 Tesla B., Scott J.E., Murdock C.C., Brindley M.A. To be submitted to Journal of
Virology.
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Abstract

With half of the human population at risk, arboviral diseases represent a
substantial global health burden. Zika virus is a mosquito-borne flavivirus known to
cause severe birth defects and neuroimmunological disorders. Temperature is one of the
strongest drivers of vector-borne disease transmission. We have previously demonstrated
that Zika virus transmission is optimized at 29°C with a thermal range of 22.7°C to
34.7°C. Although there is substantial evidence of temperature effects on arbovirus
replication and dissemination inside mosquitoes, little is known about whether
temperature affects virus replication directly or indirectly through mosquito physiology.
In order to determine the mechanisms behind temperature-induced changes in Zika
transmission potential, we investigated Zika virus replication rates in mosquito (C6/36)
cells across six temperatures (16°C, 20°C, 24°C, 28°C, 32°C, and 36°C). Similar to our
in vivo study, Zika virus replication was diminished at cool temperatures. By
investigating the effects of temperature on different steps of the virus replication cycle,
we found that cool temperatures limit ZIKV replication after viral entry but before
genome replication. We also demonstrated that this phenotype is specific to the Asian-

lineage of ZIKV and is not observed among African-lineage ZIKV strains at 20°C.
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Introduction

Diseases such as Zika, dengue, and chikungunya, once considered tropical and
sub-tropical diseases, have spread explosively throughout the world due to climate
change, globalization, and increased urbanization. With half of the human population at
risk, arboviral diseases represent a substantial global health burden (1). Zika virus
(ZIKV) is a mosquito-borne flavivirus known to cause sporadic and mild infections in
humans. In 2015, ZIKV emerged in the Americas and within a year quickly spread to
approximately 65 countries worldwide, resulting in over 360,000 suspected cases (2).
Shortly after it was linked to birth defects (3) and neuroimmunological disorders
(Guillain—Barré syndrome) (4), ZIKV was declared a “public health emergency of
international concern” (5). With no therapeutics or vaccines to mitigate disease, ZIKV
was quickly put in the forefront of research interest to fulfill the urgent need to better

understand disease transmission, pathogenesis, and prevention.

Temperature is one of the strongest drivers of vector-borne disease transmission
due to its profound impact on ectothermic mosquito vectors, pathogens, and their
interactions (6). Numerous studies have investigated the effects of temperature on
mosquito infection, the extrinsic incubation period, and overall transmission potential in a
diversity of vector-borne disease systems (7-10). Although the exact mechanisms of how
temperature shapes arboviral transmission are rarely elucidated, temperature can either
affect virus replication directly, or indirectly by altering mosquito physiology, immunity,
and cellular processes. Ambient temperature influences every aspect of mosquito life,
from development and size, to its physiology, immunity, and metabolism, as well as

behavior, distribution, and abundance, all of which can affect virus transmission. Studies
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have shown that mosquitoes reared at low temperatures are more susceptible to some
viruses (11, 12), potentially due to destabilized RNAi pathways (13), while warm
temperatures can positively impact mosquito immune performance (14). Temperature can
alter cellular processes such as metabolism, protein synthesis, enzymatic activity, and
membrane fluidity, and induce heat- shock responses, which can further facilitate or
hinder virus replication. Even though arboviruses evolved to replicate across a wide
range of temperatures, from within invertebrate vectors to febrile mammalian and avian
hosts, temperature can also modify virus replication. Studies have shown that temperature
can alter virus structure and induce the fluctuation of viral surface proteins required for
entry in the host cell. Dengue virus (DENV), for example, has a distinct structure at
temperatures characteristic for mammalian host in comparison to those in the invertebrate
host (15, 16). Although few studies have investigated ZIKV structure and thermal

stability (17-19), no studies have investigated how temperature affects ZIKV replication.

In our previous work, we demonstrated that ZIKV transmission in Aedes aegypti
mosquitoes was optimized at 29°C and had a thermal range of 22.7°C to 34.7°C.
Although warm temperatures facilitated rapid virus replication, increased mosquito
mortality decreased transmission potential. Cool temperatures, however, prevented the
mosquitoes from becoming infectious due to poor midgut infection and escape (20). In
order to understand the mechanisms of reduced ZIKV transmission potential at sub-
optimal temperatures, we investigated ZIKV replication in vitro using mosquito cells
incubated at cool temperatures. We formulated two hypotheses to address our
observations that are not mutually exclusive: 1) The stress from sub-optimal temperatures

alters the cellular environment, either limiting host factors necessary for viral replication
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or overproducing an inhibitory factor not produced at permissive temperatures. 2) The
sub-optimal temperatures prevent a viral function required to complete the viral
replication cycle and produce progeny virus. By identifying the step in the virus
replication cycle that is inhibited in cool conditions, we will provide the field with a
deeper understanding of the host-pathogen interactions. Understanding the link between
pathogen replication and environmental conditions can potentially be exploited to
develop new vector control strategies in the future. These results will also have
implications in modeling the temperature suitability for arbovirus transmission as global

environmental patterns change.
Methods
Cell lines and viruses

C6/36 mosquito cells (ATCC CRL-1660) from Ae. albopictus were maintained in
Leibovitz’s L-15 medium supplemented with 10% fetal bovine serum (FBS) at 28°C.
Some C6/36 cells were adapted to grow at 20°C. The cells were initially maintained in L-
15 medium with the higher FBS content (20%) and the amount of FBS was reduced to
10% over several months. Vero (African green monkey kidney) cells were cultured in

Dulbecco’s Modified Eagle Medium (DMEM) with 5% FBS at 37°C, 5% CO..

In all experiments, we used the tenth passage of a ZIKV Mex 1-44 strain that was
isolated from a field-caught Ae. aegypti mosquito in Chiapas, Mexico in 2016, and
obtained from the University of Texas Medical Branch. Another Asian-lineage ZIKV
strain used in this study was SPH from a Brazilian clinical sample in 2015, obtained from

Oswaldo Cruz Foundation. Two African-lineage isolates, MR766 and IbH, were

141



purchased from American Type Culture Collection (catalog number VR-1838™ and VR-
1829™ respectively). The DENV-2 isolate (PRS 225488) used in the study originated
from human serum in Thailand in 1974. All ZIKV and DENV stocks were generated and
titrated in Vero cells. Attenuated CHIKV strain (181/25) was generated in 293T cells and
titrated in Vero cells. All ZIKV isolates tested negative for Mycoplasma contamination

using a MycoSensor PCR Assay Kit (Agilent).
Determination of viral titers

All viral titers were determined using the 50% tissue culture infectious dose
(TCIDso) method. Briefly, Vero cells were seeded in 96-well tissue culture plates and
inoculated with virus diluted in DMEM. Viruses were serially diluted (10-fold) six to
eight times before they were transferred onto Vero cells. Cells infected with ZIKV were
observed and scored for cytopathic effect on day six after inoculation, and cells infected
with DENV and CHIKYV were scored on days seven and four, respectively. The number
of wells showing cytopathic effect were quantified and converted into TCIDso/mL units

using the Spearman-Karber formula.
Virus replication curves

C6/36 cells were seeded in 12-well plates at a density of 4 x 10° cells/mL several
hours prior to infection. Cells were inoculated with ZIKV using a multiplicity of infection
(MOIJ) of 0.1, DENV with an MOI of 0.1, or CHIKV with an MOI of 0.005. Plates were
incubated for 2 hours at 28°C, then the infectious media was removed and replaced with
fresh media. The cells and media were kept at the following constant temperatures: 16°C,

20°C, 24°C, 28°C, 32°C, and 36°C. Every 24 hours, half of the supernatant was collected
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and replaced with fresh media equilibrated to each temperature, for a period of ten days.
Similarly, Vero cells were plated at a density of 2.5 x 10° cells/mL and inoculated with
ZIKV (MOI 0.1) for one hour at 37°C. The cells were incubated at one of six constant
temperatures: 28°C, 32°C, 37°C, 39°C, 40°C, and 41°C, and half of the cell supernatant
was collected every 24 hours for seven days. ZIKV, DENV, and CHIKV replication rates
were also assessed in C6/36 cells adapted to grow at 20°C. The cells were infected in the
same manner as previously described. 20°C-adapted cells were infected and kept at 20°C
throughout the experiment, while unadapted cells were infected at 28°C and kept at 20°C
or 28°C. Every two days for ten days, half of the media was collected and replaced with
fresh media equilibrated to 20°C or 28°C. Replication rates of ZIKV Mex 1-44 strain
were compared to SPH, MR766, and IbH. The cells were infected at an MOI of 0.1 for
two hours at 28°C and incubated at either 20°C or 28°C for ten days. Cell supernatant

was collected every two days. All replication curves were replicated three times and virus

titers were determined using TCIDso method on Vero cells as described above.
Cell proliferation assay

C6/36 cells were stained using the CellTrace™ Violet Cell Proliferation Kit
(Invitrogen) as per manufacturer’s instructions and plated at a density of 4 x 10° cells/mL
in 24-well plates. Once the cells adhered to the plates, they were infected with ZIKV,
DENV, or CHIKYV as previously described and incubated at each of the six temperatures
(16°C-36°C) for four days. One well contained uninfected cells in order to assess how
temperature affects cell proliferation. Intracellular fluorescence, which decreases with

every generation, was determined using flow cytometry and normalized to uninfected
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cells that were stained and processed on day 0. This assay was also used to compare the
cell proliferation of 20°C-adapted cells and unadapted cells when maintained at 20°C for
8 days. Fluorescence was measured every two days and normalized to cells maintained at

28°C.
Cell viability assay

C6/36 cells were plated at a density of 4 x 10° cells/mL and infected with ZIKV,
DENV, or CHIKYV as was described above. After six days of incubation at different
temperatures (16°C-36°C), cell viability was measured using the CellTiter-Glo®
Luminescent Cell Viability Assay (Promega) and a GloMax plate reader (Promega) as
per the manufacturer’s instructions. Cell viability was normalized to uninfected cells

maintained at 28°C.
ZIKYV spread

C6/36 cells with established ZIKV infection were maintained in a T-75 flask at
28°C for several weeks. 1 mL of cell supernatant was collected on two consecutive days,
after which it was removed, and the cells were seeded in two 6-well plates at a density of
6 x 10° cells/mL. Each plate was incubated at either 20°C or 28°C for five days. Cell
supernatant was collected and replaced with 2 mL of fresh media every 24-hours.
Similarly, C6/36 cells were seeded in a T-25 flask at a density of 6 x 10° cells/mL. The
following day, the cells were infected with ZIKV (MOI 0.1) for two hours at 28°C. After
incubation, the infectious media was removed, and the cells were washed once before
fresh media was added. 1 mL of cell supernatant was collected immediately and after 24

and 48 hours. After the third collection, cell supernatant was removed, and the cells were
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washed and seeded in two 6-well plates. As with persistently infected cells, one plate was
incubated at 20°C while the other was incubated at 28°C. Every 24-hours for five days,
cell supernatant was collected and replaced with 2 mL of fresh media. The same
experimental setup was repeated, except that cells were distributed to each temperature
after 36 hours instead of 48 hours. All three experimental settings were done in three

replicates and virus titers were determined using the TCIDso method on Vero cells.
Time of addition assay

C6/36 cells were plated at a density of 6 x 10° cells/mL and infected with ZIKV
(MOI 0.1). Chlorpromazine (10 uM) or ammonium chloride (25 mM) was added to the
cells for four hours at the following time points: 2 hours prior to infection, during
infection, or 2, 4, 6, 8, 12, or 16 hours post-infection. After 48 hours, cell supernatant was

collected, and virus titers were determined using TCIDso.
ZIKYV entry

We assessed ZIKV entry at a sub-optimal temperature using two distinct
approaches. In the first experiment, 6 x 10° C6/36 cells/mL were infected with ZIKV
(MOI 0.1) for two hours. ZIKV-infected C6/36 cells were transferred from 28°C to 20°C
at 2 hours prior to infection, during infection, or 2, 4, 6, 8, 12, or 16 hours post-infection,
and cell supernatants were collected after 96 hours. In the second experiment, the same
number of C6/36 cells were incubated at 20°C two hours prior to infection. Cells were
inoculated with ZIKV (MOI 1) and moved to 28°C at 2, 4, or 6 hours post-infection. As a
control, one set of cells was maintained at 20°C while another was maintained at 28°C.

Cell supernatants were collected after 48 hours and titers were determined using TCIDs,.
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Results
ZIKV, DENV, and CHIKY replication curves at different temperatures

To characterize the effect of temperature on ZIKV replication in mosquito cells,
we infected C6/36 cells with ZIKV and incubated them at six temperatures ranging from
16°C to 36°C (Fig 5.1A). Initial ZIKV replication and peak titers occurred more quickly
at higher temperatures, while virus replication was limited at cool temperatures.
Incubation at 20°C resulted in delayed particle release and a more than 5-log reduction in
peak titers, and incubation at 16°C resulted in almost complete inhibition of virus
production in C6/36 cells over the 10-day period. ZIKV replication rates increased at
36°C within the first few days, however the virus titers subsequently diminished.
Although virus replication was reduced at 36°C in mosquito cells over time, this
phenotype resulted from temperature-related cellular stress, and was not observed in
ZIKV-infected mammalian cells that optimally produce virus at 37°C. To demonstrate
that the decrease in viral titers at 36°C in mosquito cells are due to cellular heat-shock,
we incubated ZIKV-infected Vero cells at even higher temperatures (Fig 5.1B). ZIKV
peak titers were similar at 37°C, 39°C and 40°C in Vero cells; however, virus production
was inhibited at 41°C, due to heat-induced cell death. While virus replication peaked at
2.67 x 10° TCIDso/mL at 28°C in mosquito cells, the peak titer was 3.5-log lower at 28°C
in Vero cells. In comparison, virus titers were significantly reduced at 36°C in C6/36
cells, yet virus replication peaked at 37°C in Vero cells (5.05 x 107 TCIDso/mL),
suggesting that virus replication is determined by optimal intracellular environment at

these temperatures.
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Next, we compared ZIKV replication across six temperatures to another flavivirus
(DENYV) and to an alphavirus (CHIKV). DENV had similar replication dynamics to
ZIKV (Fig 5.1C), yet DENV replicated significantly better at cool temperatures, reaching
1.45 x 103 TCIDso/mL at 16°C and 3.74 x 10° TCIDso/mL at 20°C. CHIKV replication
kinetics and its response to temperature greatly differed relative to both flaviviruses (Fig
5.1D). CHIKYV replication proceeded at a faster rate, and temperature had unimodal and
not linear effect on virus yields within first few days of infection. Interestingly, CHIKV
peak TCIDso values were similar at 28°C and 20°C, suggesting C6/36 cells are capable of
producing virus particles at 20°C; however, cellular responses to low temperatures might

affect ZIKV and CHIKYV replication differently.
Temperature and virus effects on cell proliferation and viability

Temperature profoundly affects cell physiology and metabolism, and it can
therefore alter cell proliferation and viability. To investigate the effect of temperature and
virus infection on cells, we examined cell proliferation on day 4 and cell viability on day
6 after exposure. The number of generations increased proportionally with temperature
with the exception of cells incubated at 36°C, where cell proliferation decreased (Fig
5.2A). While DENV infection did not affect cell proliferation at any temperature, ZIKV
infection reduced the number of generations at 32°C and CHIKYV decreased cell
proliferation at all temperatures. Sub-optimal and high temperatures also affected cell
viability, represented by lower ATP levels, after cells were exposed for six days (Fig
5.2B). CHIKV was more cytopathic than ZIKV and DENV across all temperatures, while
ZIKYV affected cell viability at warm temperatures. DENV-infected cells showed little-to-

no reduction in ATP levels in comparison to uninfected cells.
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ZIKV, DENV, and CHIKY replication in 20°C-adapted C6/36 cells

When performing the replication curves across the temperature range, cells
normally maintained at 28°C were infected and transferred to the different temperature
treatments. Therefore, cells were subjected to the temperature change during the initial
infection time and may have triggered acute cellular responses that would not be present
if cells were maintained at the various temperature. To determine if virus replication was
inhibited at 20°C due to acute cellular stress responses, we adapted C6/36 cells to grow at
20°C. After maintaining C6/36 cells at 20°C for several months, we compared the
adapted cell morphology to normal cells and observed no changes. We also determined
that 20°C-adapted cells proliferated faster at 20°C than the cells that were shifted from
28°C to 20°C (Fig 5.3A). We then investigated ZIKV, DENV, and CHIKYV replication in
20°C-adapted cells and found there was no difference in virus yields at 20°C between the
cells undergoing cool temperature stress and the cells that were adapted to these
environmental conditions (Fig 5.3B-D). This suggests that the reduced ZIKV replication

was not a result of acute cellular stress brought on by the temperature shift.
Effects of sub-optimal temperatures on ZIKV spread

We next sought out to determine which part of the virus replication cycle is
affected by cool temperatures. We first examined if cells with established ZIKV infection
are capable of producing infectious virus particles at 20°C (Fig 5.4A). Persistently
infected C6/36 were distributed into two dishes, and one was transferred to 20°C while
the other was kept at 28°C. Interestingly, the amount of infectious virus produced every

24 hours for five days was similar at 20°C and 28°C. We observed a slight decrease in
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virus yields, which was likely due to decreased cellular metabolism at 20°C. Overall, this
suggests that later steps in virus replication, such as transcription, translation, budding

and maturation are not inhibited at cool temperatures.

Next, we infected C6/36 cells at an MOI of 0.1 and incubated them at 28°C for 48
or 36 hours, during which ZIKV infection was established in a small proportion of cells
(Fig 5.4B-C). The cells were then split and incubated at 20°C or 28°C for five more days.
While virus titers increased 2 to 3 logs at 28°C, virus titers plateaued in C6/36 cells
maintained at 20°C. Taken together, these data suggest that the cells with an established
infection are capable of producing infectious particles, however the virus produced might

not be able to efficiently establish infection in uninfected cells at 20°C.

Effects of sub-optimal temperatures on ZIKV entry

In order to elucidate the kinetics of ZIKV internalization and fusion in C6/36
cells, infected cells were treated with chlorpromazine or ammonium chloride before,
during or after infection. Chlorpromazine is known to inhibit clathrin-mediated
endocytosis, an endocytic pathway for ZIKV entry. Ammonium chloride is a weak base
that increases the endosomal pH and inhibits pH-dependent fusion. Since neither
chlorpromazine nor ammonium chloride were previously characterized in C6/36 cells
during ZIKV infection, we first identified the concentrations at which both drugs reduced
virus entry while remaining non-cytotoxic. We then performed a time-of-addition assay
to determine the dynamics of early replication steps in C6/36 cells (Fig 5.5A). We treated
cells with chlorpromazine every two hours, ranging from 2 hours prior to infection to 16

hours post-infection, to determine when ZIKV internalization occurs. Chlorpromazine

149



decreased virus titers when added prior-to or during infection. However, adding the
compound 2 hours post-infection or later did not have an effect on virus yields. In order
to determine the timing of ZIK'V fusion in C6/36 cells, we treated cells with ammonium
chloride at the same times as indicated above. Ammonium chloride inhibited virus fusion
and decreased viral titers only when added before or during infection, suggesting that

ZIKV enters C6/36 cells within first two hours of infection at the optimal temperature.

Next, we wanted to evaluate the effect of transferring infected cells to 20°C
during entry on virus yields (Fig 5.5B). If the cells were kept at 20°C prior to, during, or
up to 4 hours post-infection, no virus was detected in the supernatant after 96 hours.
Infected cells needed to be incubated at 28°C for at least the first 8 hours in order to
detect virus particles in the supernatant, and the amount of time cells were maintained at
the optimal temperature was proportional to virus yields. Alternatively, if we kept cells at
20°C for 2, 4, or 6 hours post-infection, there was no difference in virus titers in
comparison to the cells maintained at 28°C (Fig 5.5C). In the cells that were infected and
maintained at 20°C for the duration of the experiment, the virus yields were more than 3
logs lower than cells transferred to 28°C. Taken together, these data suggest that

temperature impairs the virus replication cycle after fusion yet before genome replication.
Replication curves of different ZIKYV strains at cool temperatures

Lastly, we wanted to explore if limited virus replication in C6/36 cells at 20°C
was common among different ZIKV strains. We compared replication curves of ZIKV
Mex 1-44 to another Asian-lineage strain, SPH, and to two African-lineage strains,

MR766 and IbH (Fig 5.6A-B). Interestingly, the observed phenotype was specific for
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Asian-lineage strains. While Mex 1-44 and SPH yields decreased more than 2.5 and 3.5
logs at 20°C, respectively, there were no differences in virus yields between 20°C and

28°C among African-lineage strains.

Discussion

Transmission of arboviruses is shaped by environmental temperature as it affects
mosquito vectors, viruses, and their interaction. Many studies have investigated how
temperature influences arboviral transmission (9, 11, 21-24), and we were first to
specifically characterize the relationship between environmental temperature and ZIKV
transmission in Ae. aegypti mosquitoes (20). We demonstrated that ZIKV transmission is
optimized at 29°C with a thermal range of 22.7°C-34.7°C. By comparing thermal
suitability models between DENV-2 and Mexican isolate of ZIKV, we found that
predicted thermal minimum for ZIKV is 5°C warmer than that of DENV. We
hypothesized that sub-optimal temperatures alter intracellular environment which
consequently inhibits virus replication and/or that temperature directly inhibits virus
replication. We demonstrated that ZIKV replication is inhibited at sub-optimal
temperatures even when cells are not undergoing acute temperature stress, and we further
clarified the steps of the virus replication cycle that are most affected by cool
temperatures. By exposing ZIKV-infected cells to 20°C at different times during
infection and monitoring the virus yields, we concluded that virus replication is inhibited

after virus enters the cells but before genome replication begins.

After exposing ZIKV-infected C6/36 cells to the same temperatures we
previously exposed ZIKV-infected Ae. aegypti mosquitoes (20), we observed similar

trends in our in vitro and in vivo experiments. Despite faster initial replication at high
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temperatures, virus yields decreased due to poor cell viability, while virus replication at
cool temperatures was slow and limited. Although temperature causes systemic changes
in mosquitoes that alter virus replication, such as altered physiology, immunity or blood
meal digestion (e.g. peritrophic membrane formation and managing oxidative stress) (14,
25, 26), the effect of temperature on ZIKV replication was still visible at the cellular
level. Temperature also alters intracellular processes, pathways, enzymatic activity, cell
metabolism, membrane fluctuations, cell viability, and induces temperature-shock

responses, all of which can indirectly affect virus replication.

The initial increases in replication rates of ZIKV and DENV we observed at high
temperatures could be due to increased cellular metabolism, enzymatic activity and
fluidity of cellular membranes. Moreover, there is evidence that heat-shock response can
facilitate virus entry and replication. Heat-shock proteins (HSP) that play an important
role in protein folding and protection during stress are part of a receptor complex for
multiple viruses, including ZIKV and DENV (27, 28). Hsp70 was shown to mediate
ZIKYV entry, replication, and egress in mammalian cells (27), while antibodies against 70-
kD, 80-kD, and 90-kD proteins in C6/36 cells blocked entry of DENV, West Nile, and
Japanese encephalitis virus (29). However, prolonged heat-shock response affects cell
viability (Fig 5.2B), which likely contributed to the decrease in virus yields we observed
after initial infection. The higher temperatures that reduced ZIKV titers in mosquito cells
did not affect virus titers in mammalian cells, which are accustomed to exposure to these
higher temperatures. Cold temperatures, on the other hand, diminished virus replication
regardless of cellular adaptation to these temperatures. Although cold temperatures

decrease cellular metabolism, enzymatic activity, membrane fluidity (30, 31), none of
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these potential alterations in the intracellular environment seemed to inhibit CHIKV or
DENYV replication in C6/36 cells at 20°C to the same extent that ZIKV replication was
inhibited. Taking into consideration that CHIKV can reach same peak titers at 20°C and
28°C, and that ZIKV replication is significantly less efficient at 20°C even in 20°C-
adapted cells, these data suggest that reduced ZIKV replication at sub-optimal
temperature is not caused by the stress-induced altered cellular environment, but could be

due to a direct effect of temperature on virus replication.

Temperature can also affect the stability of virus particles and alter viral protein
conformational changes necessary for virus entry and maturation. Both the in vitro and in
vivo studies demonstrated that DENV replication is more efficient at cool temperatures in
comparison to ZIKV. ZIKV is known to have tighter packing of E-proteins, resulting in
higher thermal stability compared to DENV (32). Since the most characterized ZIKV
entry mechanism is utilizing a phosphatidylserine (PS) receptor (33), exposure of the
viral envelope underneath the tightly packed E and M proteins is crucial for viral entry.
Temperature can alter the conformational fluctuation of viral glycoproteins on the surface
of the particle (also known as “breathing”) exposing PS on the membrane (34).
Temperature can also influence virus structure. Cryo-electronic microscopy studies have
shown that DENV’s structure differs depending on its incubation in human host
temperatures versus mosquito host temperatures (15, 35). DENV displays a “bumpy”
surface at 37°C and a “smooth” surface at 28°C. The virus’ ability to switch from
“smooth” to “bumpy” is caused by the destabilization in the multiple regions of the E

protein that can cause large scale changes on the surface of the particle (16).
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By adding the chlorpromazine and ammonium chloride at different times after
ZIKV-infection, we established that ZIKV enters C6/36 cells within two hours at optimal
temperature. However, incubating the cells at 20°C during the first 6 hours of infection
did not affect virus yields. On the other hand, we have demonstrated that incubating the
cells at 28°C for the first eight hours of the infection is necessary to detect infectious
virus particles in the supernatant. Since cells with an established infection can produce a
similar number of infectious particles at 20°C and 28°C, suggests the later steps in the
virus replication cycle, such as transcription, translation, budding and maturation are not
inhibited at cool temperatures. Before genome replication, ZIKV must induce extensive
ultrastructural changes and rearrangement of the intracellular membranes to provide the
platforms required for formation of replication complexes (36, 37). Replication inside
membrane compartments concentrates the molecules necessary for replication and

particle assembly, but also helps evade host antiviral defense mechanisms (38).

Studies have shown that DENV utilizes fatty acid biosynthesis and that DENV-
infected cells are enriched with lipids that have the capacity to destabilize and change the
curvature and permeabilization of the membranes (39). DENV NS3 protein redistributes
fatty acid synthase (FAS) to the site of viral replication and increases fatty acid synthesis.
Inhibition of FAS causes intracellular lipid redistribution and significantly reduces
DENYV replication in both mosquito and mammalian cells especially when induced 8
hours post-infection (40). Since we observed that cool temperatures limited ZIKV
replication post-entry, but before establishing replication, we propose that sub-optimal

temperatures affect the ability of ZIKV NS3 protein to increase fatty acid synthesis and
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membrane rearrangement, which leads to reduced virus replication and ultimately

reduced transmission. However, future experiments will need to confirm this hypothesis.

Surprisingly, cool temperatures in this study affected only Asian-lineage ZIKV
strains. While Mex 1-44 and SPH replicated at a slower rate and had lower virus titers at
20°C, MR766 and IbH were not affected by sub-optimal temperatures. African and Asian
lineages were previously shown to have different phenotypes in cell culture, Ae. aegypti
mosquitoes and chicken embryos (41). While African isolates (MR766 and IbH) have
faster replication rates in C6/36 cells and induce higher mortality in embryos than Asian-
lineage isolates (Mex 1-44 and SPH), they seem to be less infectious to Ae. aegypti
mosquitoes (41). Moreover, ZIKV isolates from Asian and African lineages displayed
different replication kinetics, cytopathic effects, and impacts on human neural progenitor
cell function (42, 43), as well as the ability to infect human placental trophoblast (44),
and cause severe brain damage (45), in utero infection in pigs (46), and disease
progression in mice (47).These results suggest that genetic variation between ZIKV
isolates can significantly alter experimental outcomes and . There are several amino acid
changes in the NS3 protein between African- and Asian-lineage strains (Fig 5.6C) and
future experiments should characterize the phenotypes at sub-optimal temperatures. It
would also be interesting to see if serial passaging of Asian-lineage strains at cool
temperatures could select for the mutants that are adapted to replicate at low temperatures

and whether their sequence would be more similar to African-lineage strains.

Understanding transmission dynamics and epidemiology of the infectious diseases
is crucial for successfully controlling current and preventing future outbreaks.

Characterizing the link between pathogen replication and environmental conditions is
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important to better understand how environmental factors shape transmission. This
knowledge can be used for modeling temperature suitability and predicting arboviral

spread which are necessary for successful implementation of vector-control strategies.
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Fig 5.1. Temperature effects on ZIKV, DENV, and CHIKY replication. ZIKV
replication rates in C6/36 cells at 16°C, 20°C, 24°C, 28°C, 32°C, and 36°C (A), and in
Vero cells at 28°C, 32°C, 37°C, 39°C, 40°C, and 41°C (B). DENV (C) and CHIKYV (D)
replication rates in C6/36 cells at 16°C, 20°C, 24°C, 28°C, 32°C, and 36°C. Cell

supernatants were collected every 24 hours for 10 days in C6/36 cells and every 24 hours

for 7 days in Vero cells. Virus titers were determined using TCIDso method.
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Fig 5.2. Temperature and virus infection effects on cell proliferation and viability.

Uninfected or infected C6/36 cells with ZIKV, DENV, or CHIKV were incubated at

16°C, 20°C, 24°C, 28°C, 32°C, and 36°C. Cell proliferation was determined using

CellTrace™ dye after four days (A) and cell viability was determined using CellTiter-

Glo® after six days (B).
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Fig 5.3. Replication curves in 20°C -adapted C6/36 cells. Cell proliferation of 20°C-
adapted C6/36 cells in comparison to unadapted cells at 20°C (A). ZIKV (B), DENV (C),
and CHIKYV (D) replication kinetics in 20°C-adapted cells in comparison to unadapted
cells at 20°C and 28°C. Cell supernatants were collected every 48 hours and virus titers

were determined using TCIDso method.
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Fig 5.4. ZIKV spread at sub-optimal temperature. C6/36 cells with persistent ZIKV
infection were split and incubated at 20°C and 28°C for five days (A). C6/36 cell infected
at the MOI of 0.1 were split at 48 (B) or 36 (C) hours post-infection and incubated at

20°C and 28°C for five days. Virus titers were determined using TCIDso method.
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Fig 5.5. ZIKV entry dynamics in C6/36 cells. Chlorpromazine or ammonium chloride
were added to C6/36 two hours prior to ZIKV infection, during infection, or 2, 4, 6, 8, 12,
and 16 hours post-infection and cell supernatants were collected 48 hours post-infection
(A). At the same time points, ZIKV-infected C6/36 cells were transferred from 28°C to
20°C (B) and cell supernatants were collected 96 hours post-infection. C6/36 cell were
put to 20°C two hours prior to infection and transferred back to 28°C at 2, 4, or 6 hours
post-infection (C). One control group was kept at 28°C and the other was kept at 20°C

throughout the experiment. Cell supernatants were collected 48 hours post-infection.

Virus titers were determined using TCIDso method.
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Each line represents an amino acid change from the standard consensus sequence of

ZIKV (PRVABCS59- Genbank accession number KX087101.3)
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CHAPTER 6
CONCLUSIONS

Zika virus (ZIKV) is a mosquito-borne flavivirus. The primary route of
transmission is through the bite of 4edes mosquitoes, but the virus can also be
transmitted from mother to child, sexually and through blood transfusion. Only 20% of
infected people will develop Zika fever which is characterized by mild fever, rash,
conjunctivitis, and join pain. ZIKV is especially dangerous during pregnancy because it
can cause severe birth defects such as microcephaly. These adverse pregnancy outcomes
associated with ZIKV infection urged scientists on developing therapeutics, vaccines, and
novel vector control strategies. Still, important ecological and molecular questions about
key drivers of ZIKV transmission remain unanswered. We explored how the variation in
viremia and temperature affect mosquito-virus interactions and ZIKV transmission, both

of which are important for successfully implementing control strategies.

Specific aim 1: To determine the effect of viral concentration on ZIKV
transmission risk. We hypothesized that increasing doses of ZIKV will result in higher
mosquito infection prevalence and vector competence, shorter extrinsic incubation period
(EIP) and overall higher transmission of the virus. To test this hypothesis, we exposed
field-derived population of Ae. aegypti to four concentrations of ZIKV (103, 104, 103, 10°
PFU/mL) representative of the potential variation in the field. We tested mosquito bodies,

heads and saliva for the presence/absence of ZIKV and measured the effect of viral
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concentration on infection prevalence, dissemination rates, vector competence, and EIP.
We also tracked mosquito mortality to determine if the virus concentration influenced

mosquito survival.

We showed that increasing the concentration of ZIKV in the blood-meal increases
the probability that mosquitoes will become infected, which increases the probability of
mosquitoes disseminating infection and to become infectious. Although the mean
proportion of mosquitoes with disseminated infection significantly increased with
increasing dose, the effect of dose on virus dissemination and salivary gland infection is
driven by the initial probability of becoming infected. Once the virus successfully
escapes the midgut, the effect of dose is no longer evident. We have also observed the
effect of dose on the rates of midgut escape and salivary gland invasion. At higher doses,
the virus was detectable in mosquito bodies at all tested time points, while it took more
than 4 days for virus to exit the midgut and disseminate and about 8 days to penetrate
salivary glands. We did not see any significant differences in the daily probability of
survival between the uninfected blood-fed control mosquitoes relative to those infected
with ZIKV, and we observed no effects of increasing dose on mosquito survival among

the infected mosquitoes.

In research and diagnostics, qPCR is widely used as a fast and sensitive way of
detecting viral genome. We compared the performance of plaque assays and RT-qPCR to
assess the infection status. While both methods gave similar numbers of positive samples,
ZIKV genome was present in saliva much earlier than infectious virus particles
suggesting that RT-qPCR assay is potentially over-estimating key transmission

parameters such as EIP.
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Lastly, we used these data to parameterize a mechanistic Ry model and to estimate
the number of infectious bites a human population would experience from a mosquito
population of a given size. We showed that mosquito population feeding on increasing
viral doses contribute more infectious bites and produce more secondary ZIKV
infections. Increasing viremia from 10* to 10° PFU/mL increases relative Ry 3.8-fold.
Variation in viremia, and the frequency distribution of hosts with different viremias
should be accounted when estimating Ry and in assessing the efficiency of arbovirus

prevention strategies.

Specific aim 2: To investigate how changes in temperature affect ZIKV
transmission potential, measured through changes in vector competence, extrinsic
incubation period, and mosquito survival. Our hypothesis was that temperature variation
will have a unimodal effect on overall transmission of ZIKV with extreme temperatures
resulting in lower transmission and optimal temperatures in highest transmission potential
in Ae. aegypti mosquitoes. We conducted experiments to estimate the thermal
performance of ZIKV in field-derived Ae. aegypti across eight constant temperatures
(16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C). We collected and titrated mosquito
bodies, heads, legs, and saliva to measure changes in proportion of infected mosquitoes,
vector competence, and EIP. We tracked mosquito mortality at each temperature to assess

the effect of temperature on mosquito survival.

We observed strong, unimodal effects of temperature on the number of
mosquitoes infected, with disseminated infections, and that became infectious. While all
three response variables dropped at both cool and warm temperatures, the extent of the

decrease was more pronounced as the virus spread through the mosquito, suggesting
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these traits exhibit different thermal sensitivities. Even though both low and high
temperature resulted with the decreased likelihood of becoming infected or infectious, the
cool temperatures limited midgut escape, while warmer temperatures caused high
mosquito mortality. Temperature also had a very pronounced effect on the EIP. While no
infectious mosquitoes were detected at the coolest temperature (16°C) in 21 days, as the
temperature increased, the time required for mosquitoes to become infectious decreased,
from 21 days at 20°C, to 3 days at 38°C. Overall, the daily probability of mosquito
survival was highest for mosquitoes housed at 24°C and 28°C relative to cooler (16 —
20°C) and warmer (32 — 38°C) temperatures. Mosquito survival was lowest at the

warmest temperature of 38°C, with no mosquitoes surviving past 3 dpi.

Trait thermal responses for vector competence, EIP, and mosquito lifespan were
all unimodal. Vector competence and mosquito lifespan were symmetrical, peaking at
30.6°C and 24.2°C, respectively. Extrinsic incubation rate thermal response was
asymmetrical with a peak at 36.4°C. We used these thermal responses to update an
existing temperature-dependent model and infer temperature effects on ZIKV
transmission. We found that ZIKV transmission was optimized at 28.9°C, and had a
thermal range of 22.7°C - 34.7°C. Any changes in temperature due to climate change,
urbanization, or seasonality toward the predicted thermal optimum of 29°C could cause
ZIKV expansion north and into longer seasons. In contrast, areas that are near the thermal

optimum could experience a decrease in overall environmental suitability.

Lastly, we demonstrated that predicted thermal minimum for ZIKV transmission
1s 5°C warmer than DENV, suggesting that current estimates on the global environmental

suitability for ZIKV transmission are greatly over-predicting its possible range.
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Specific aim 3: To determine the mechanism responsible for inhibition of ZIKV
replication at sub-optimal temperatures. We hypothesized that sub-optimal temperatures
inhibit ZIKV replication by altering cellular environment and host factors necessary for
viral replication or/and by preventing a viral function required to complete the viral
replication cycle and produce progeny virus. We conducted a series of experiments in

mosquito cells to define the block in virus replication cycle.

Similar to our in vivo study, ZIKV replication was diminished at cool
temperatures, while both DENV and CHIKYV replicated better at 20°C. We observed the
same phenotype when ZIKV was added to cells adapted to grow at 20°C suggesting that
the reduced ZIKV replication was not a result of acute cellular stress brought on by the
temperature shift. If we established ZIKV infection in cells prior to cool temperature
exposure, there was no difference in virus yields over five days, suggesting late stages of
the virus replication cycle, including RNA production, protein production and cleavage,
virus assembly and maturation, were not inhibited by the low temperature. When we
examined virus spread in cells at 20°C, we found a reduction in viral yields, suggesting
the cool temperatures is decreasing the efficiency of establishing a productive infection in
the cell. Time of addition experiments with inhibitors that block ZIKV internalization and
fusion suggested ZIKV enters C6/36 cells within the first two hours of infection at the
optimal temperature. However, keeping the cells at 20°C for 2, 4, or 6 hours post-
infection did not affect virus titers in comparison to the cells maintained at 28°C,
suggesting that cool conditions do not block viral binding, internalization, nor fusion.
Using the reverse approach, we determined the cells needed to be incubated at 28°C for at

least the first 8 hours in order to detect virus particles in the supernatant when shifted to
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20°C. Taken together, these data suggest that temperature impairs virus replication cycle
after fusion yet before genome replication. We also demonstrated that this phenotype is

specific to the Asian-lineage and is not observed among African-lineage strains of ZIKV.

This dissertation provided a better understanding on the effects of environmental
variation on vector-virus interactions and transmission in the ZIKV system. The study
presented in this thesis was the first to incorporate the variation in viremia in modeling
ZIKV transmission. As majority (70%) of ZIKV infections are asymptomatic, it is crucial
to characterize the role asymptomatic infections play in transmission. Assessing how
virus concentration in the blood meal affects the probability of mosquitoes to become
infected and infectious is the first step towards achieving that goal. However, the only
way to truly assess the importance of asymptomatic patients in transmission is to involve
them in the studies. Therefore, future studies should directly measure the probability of
mosquitoes becoming infectious after feeding on patients with different viremia in

endemic regions.

This dissertation was also the first to characterize the effect of temperature on
ZIKV transmission in a comprehensive study with eight constant temperatures. Beyond
the establishment of ZIKV transmission dynamics across a 22°C-temperature range, we
defined a thermal optimum and range for transmission, and generated a thermal
suitability map. While these findings have an important implication for vector control,
this 1s only the first step in fully characterizing ZIKV transmission. Mosquitoes and the
pathogens they transmit live in a variable world, and after exploring the main effect of
temperature on transmission, we can further explore these dynamics in fluctuating

environment. Moreover, there are other sources of variation in the environment such as
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humidity, rainfall, availability of oviposition, resting habitats, and competition that need
to be explored. As we know that the exposure during larval stages might not have the
same effect as exposure during the adult stages, due to carry-over effects, it is important
to assess different sources of variation across all stages of mosquito life cycle. Even
further, all these responses might vary across different mosquito populations and strains
of viruses, therefore future studies should characterize genetics of the pathogen (Gp) x
genetics of the host (Gn) interactions and how environmental variation can alter the

interactions (Gp x Gu x E).

The study presented in the last chapter was also the first to evaluate how
temperature affects virus replication in vitro. Our data suggest that 20°C is limiting the
efficiency of ZIKV establishing infection within the cell. Early event including binding,
internalization, and fusion do not appear to be limiting and later stages in replication also
occur efficiently if the cells were previously infected. This suggests that 20°C is blocking
the establishment of viral replication sites on internal membranes. Future experiments
should fully characterize the mechanism. Knowing that this phenotype is specific for
Asian-lineage strains, opens the possibility in using the chimeric virus in elucidating the
mechanism. Another approach is to passage the virus at cool temperatures and observe if
the selective pressure is strong enough to induce virus adaptation to sub-optimal
temperatures. If the virus can be adapted to replicate at cool temperatures, using
sequencing and bioinformatic tools, we can further identify the regions of the virus

genome responsible for limited replication at cool temperatures.

Collectively, this dissertation elucidated some of the important knowledge gaps of

how ZIKV transmission potential is affected by variation in viremia and temperature. We
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generated new models that account for those variations and rely on the experimentally
assessed data, and we further investigated the mechanism. Taken together, this
dissertation greatly enriched the field and enhanced our ability to more accurately
determine temperature suitability and predict the number of people at risk, as well as

assess the efficacy of intervention strategies.
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