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ABSTRACT
A Comparison of Chikungunya Virus Infection, Dissemination, and Cytokine Induction
in Human and Murine Macrophages and Characterization of RAG2"yc”" Mice
as an Animal Model to Study Chikungunya Disease

Israel Guerrero
Department of Microbiology and Molecular Biology, BYU
Doctor of Philosophy

Chikungunya virus (CHIKV) is classified as an alphavirus in the Togaviridae family.
This virus is known to rely on Aedes arthropod vectors for its dissemination. Human infection is
characterized by rash, high fever, and severe chronic polyarthritis that can last for years.
Recently, efforts in developing animal models have been made in an attempt to better understand
CHIKYV pathogenesis.

CHIKYV infection starts with a 7 to 10 day long febrile acute phase, in which most of the
symptoms occur (rash, fever, and incapacitating pain in joints and muscle). Once the immune
system clears most of the viral infection, a chronic phase starts in as many as 70% of the infected
patients. Long term virus-related polyarthralgia is the hallmark of the CHIKV chronic phase. It is
believed that CHIKV-infected macrophages infiltrate the joints during the acute phase, and
CHIKYV infects joint tissue and persists in it.

Research into the effects of CHIKV infection in human and murine macrophages
revealed that CHIKV-infected human macrophages produce high amounts of virions as well as
induce the production of pro-inflammatory cytokines and monocyte recruiting chemokines. This
contrasts with murine macrophage infection where low quantities of the virus were detected as
well as lower production of pro-inflammatory cytokines. This may contribute to the lack of
polyarthritis in murine animal models. Current literature suggests that CHIKV’s viral proteins
bind and interact with human host cell machinery promoting viral replication more efficiently in
humans than in mice.

CHIKV-related neuropathology is not the most common outcome of the disease.
However, recent outbreaks suggest that this pathology is becoming more prevalent, affecting as
many as 30% of confirmed patients. The role of adaptive and innate immunity in CHIKV disease
amelioration has been extensively, yet separately, explored. A RAG2”yc”~ Balb/c mouse model
was used to study the role of these immune pathways and their associated immune cells in
CHIKYV infection. The mice in this study developed local arthritis at the site of inoculation as
well as showed signs of viral invasion in the brain. This study added to the hypothesis that both
innate and adaptive immune responses are necessary to ameliorate the disease and that the lack
of adequately matured lymphocytes and STAT6-activation deficient macrophages may result in
more severe pathologies.

Keywords: Chikungunya virus, polyarthralgia, macrophage, cytokine, RAG2”yc”" Balb/c mouse
model, neuropathology
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PREFACE

To help the reader better understand the order and organization of this document, I will
provide a brief explanation of such. Due to the large amount and varied content contained in
chapter 1, it has been organized differently from chapters 2 through 4. This chapter has been
dissected into three sections, each providing thorough background information, as well as a
review of the current literature pertaining to the research that will be explained in chapters 2
through 4.

Chapters 2 through 4 have been organized like scientific articles, as that is how they were
intended to be read. In these chapters, a summary is provided, followed by the introduction,
methods, results, and discussion sections. Like chapter 1, the chapter number is presented first,
and then the section number, followed by the subsection number.

Chapter 5 is the concluding chapter and contains three parts addressing future potential

experiments and providing final discussions of the research outlined in chapters 2 and 3.

X1iv



Chapter 1. Introduction and Review of the Literature

1.1 Introduction to Chikungunya fever and innate immunity

1.1.1 Arboviruses

Tropical viral diseases have recently caught the public interest and have become a health
issue of the highest importance. The technology of the dawn of the 21" century did not only
connect us even more through trading, internet, and air travel; but also exposed us to some of our
greatest enemies, emerging infectious diseases. During August 1999, an unexpected outbreak of
West Nile virus (WNV) in New York city infected five patients. It caused acute fever, severe
myalgia, headache, conjunctivitis, and four out of the five patients ultimately developed flaccid
paralysis and required ventilator support'. Until then, WNV was mostly found in Africa, the
Middle East, Southwest Asia, with some isolated and sporadic cases in Australia and Europe.
This outbreak showed that viral diseases that were thought contained in remote parts of the world
could be easily carried to other regions of the planet and affect previously unexposed
populations.

A distinguished group of emerging tropical diseases is viruses transmitted by arthropod
vectors, also known as arboviruses. This group consists of the Flaviviridae family, which
includes WNV, Zika virus (ZIKV), and Dengue virus (DENV). The Bunyaviridae family with La
Crosse virus (LACYV). Finally, the Togaviridae family with Sindbis virus (SINV), Venezuelan
Equine Encephalitis virus (VEEV), and Chikungunya virus (CHIKV). All of these viruses
produce febrile symptoms along with myalgia, and some do cause arthralgia, which makes
traditional clinical diagnosis difficult. Flaviviruses and Togaviruses use 4Aedes mosquitoes as
dissemination and infection vectors. A. aegypti tends to occupy urban areas, and 4. albopictus is

associated with thickets and arboreal vegetation environments. The aggressive nature of these



mosquitoes, inadequate prevention programs, and lack of effective vaccines have proven to play

essential roles in the successful spread of many arboviruses.

g

Chikungunya outbreaks
» West African strain

of virus
s Asian strain

East/Central/South
African strain

Figure 1-1. Global distribution of Chikungunya virus outbreaks. Chikungunya virus has broadly
expanded its tropical range and made fleeting inroads into temperate zones. This map shows the phylogenic
origin and location of significant epidemics since 1952. Mosquito ranges are approximations and hint at
potentially vulnerable areas. World Health Organization (2018)

More recent outbreaks by emigrating Old World viruses have expanded rapidly in the
Americas. In 2015, a ZIKV outbreak occurred in South America, and by the summer of 2016, it
spread to other countries in Central America, North America, and the Caribbean?. Zika virus
disease was quickly associated with a cluster of microcephaly and Guillain-Barre syndrome
cases in Brazil. It has been estimated that 1.5 million people were infected in Brazil alone, with
over 3,000 cases of the conditions described above®. Simultaneously, more than two million
suspected cases of Chikungunya virus fever (CHIKF) were reported by the World Health
Organization (WHO). These cases were spread from Brazil to Florida and effectively

incapacitated many thousands of patients, causing massive economic losses to dozens of



countries'®!!. A high percentage of the infected patients developed persistent arthralgia that
lasted months, up to several years. These emerging diseases, along with more known and
endemic viruses like DENV, and the ever present threat of yet unknown viruses, has forced a
reassessment of research priorities and public health interventions'?.

Although CHIKF does not generally cause mortality, about one-third of CHIKV infected
patients develop either arthralgia or chronic arthritis, with recent strains like La-Reunion causing
up to 63.6% of the reported cases'>!*. Economic analyses of the 2013-2015 CHIKV epidemic in
the Americas reported an estimate of 40 million cases in the continent, which imposed an
economic burden of 185 billion USD, in which chronic inflammatory rheumatism was the
overwhelming attributable factor'2. CHIKV’s high rate of impairing chronic arthritis, along with
an arthropod-based transmission. Which has been characteristically challenging for various
health and environmental agencies around the globe, has led to its classification as a bio-safety
level 3 (BSL-3) agent with potential bioweapon capabilities by the US Centers for Disease and

Control (CDC) !115:16,

1.1.2 Alphaviruses and their replication cycle

Alphaviruses are a genus within the Togaviridae family of enveloped positive-sense
RNA viruses. Clinically relevant alphaviruses are zoonotic diseases that use mosquito vectors for
transmission into human hosts (Arboviruses). Historically, there have been three relevant
alphaviruses in the United States: Western Equine Encephalitis (WEE), Venezuelan Equine
Encephalitis (VEE), and Eastern Equine Encephalitis (EEE). These New World alphaviruses are
nowadays very uncommon in the continental United States. On the other hand, Old World
alphaviruses have become more relevant in the 215 century. Chikungunya Virus (CHIKV),

Mayaro Virus (MAYV), O’Nyong Nyong Virus (ONNV), Ross River Virus (RRV), Barmah



Forest Virus (BFV), and Sindbis (SINV) have spread steadily through Eurasia, Africa and even
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invaded the American continent and the Caribbean
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Figure 1-2. Alphavirus structure. Alphaviruses are spherical, enveloped, icosahedral, ~70nm in diameter.
Form a capsid with a T=4 icosahedral symmetry. The envelope contains 80 spikes, consisting of a trimer of
E1-E2 proteins. Swiss Institute of Bioinformatics. (2017)

These viruses are small enveloped spherical virions, 60 to 70 nm in diameter, which
contains a positive-sense single strand of RNA, circa 11.8 kilobases long (Figure 1-2). The lipid
envelope usually contains of two (rarely three) surface glycoproteins (E1, E2, and E3), which
mediate cell invasion by attaching to host receptors. The viral replication cycle starts when the
fusion of the viral envelop to the endosomal membrane is triggered by clathrin-mediated

endocytosis (Figure 1-3). Releasing the spherical capsid to the cytosol?!

. Disassembly of the viral
capsid by the host and viral proteases, release the virus single-stranded RNA genome which will

eventually encode two polyproteins (one structural and one non-structural). The whole genome is

translated into a non-structural polyprotein (nsP1234), which is processed by the protease



domain of nsP2?>?*, An RNA-dependent-RNA-polymerase (nsP4) is found at the end (10%) of
nsP1234. The nsP4 protein is expressed by suppression of termination, and also by cleavage at
the nsP3/4 junction®*?*. An nsP1/2 junction cleavage finishes the preparative steps to form the
early replication complex (RC). Which initiates the replication of negative-sense viral RNA
while a cleavage event completes the positive-sense producing machinery at the nsP2/3 junction.
The resulting mature non-structural proteins, interact with host cell proteins forming the RC,

producing positive-sense genomic (49S) and sub-genomic (26S) RNA molecules?®?.
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Figure 1-3. Chikungunya virus replication cycle. Chikungunya virus enters the cell by attaching to host
receptor proteins using its viral E glycoproteins. Internalization to the cell is through clathrin-mediated
endocytosis. Low pH in the endosome triggers viral fusion and the nucleocapsid is released into the
cytoplasm. Viral (+)ssRNA is released and translated into a polyprotein, which is, in turn, cleaved into the
non-structural proteins necessary for RNA replication and transcription. Non-structural proteins (nsP1-4),
form replication complexes at the surface of endosomes. A dsRNA molecule is synthesized from the original
(+)ssRNA, (-)ssRNA is then transcribed/replicated, thereby providing viral mRNA and new (+)ssRNA viral
genomes. The expression of 26S sub-genomic RNA produces structural glycoproteins. These glycoproteins
are processed through the Golgi and are transported to the plasma membrane. At the cytoplasm RNA
binding to capsid proteins forms a nucleocapsid, which in turn is enveloped by budding at the plasma
membrane exiting the host cell. Richard J. Kuhn (2018)



A single structural polyprotein is translated using the previously generated 26S sub-
genomic positive-sense RNA, generating five structural proteins: The capsid (C), the envelope
forming E1 and E2 proteins, and the two smaller E3 and 6K proteins, which are cleavage
products?®?. The capsid protein contains two domains, an amino-terminal domain that regulates
RNA packaging through cooperative functions of its three subdomains*® and a C-termini
globular protease domain, which executes two proteolytic cleavage events. First, it separates the
C-termini from the C-E3-E2-6k-E1 polyprotein and the second, which leads to the release of the
viral genome into the host’s cytoplasm during initial steps of infection. The resulting envelope
polyprotein E3-E2-6k-El1 is transported to the endoplasmic reticulum (ER) were host signalases
cleave the polyprotein at the C- and N- termini of the 6k peptide, resulting in E3-E2, 6k, and E1
proteins®!. A final cleavage event occurs at the Golgi apparatus during E3-E2 transport to the
plasma membrane, where host furin or furin-like proteases separates E2 from E332734,
Nucleocapsid formation occurs when 120 dimers of C protein capture and package a positive-
sense viral RNA and form a spherical particle*>’. Finally, E1/E2 heterodimers form and
accumulate at the plasma membrane, and C binds to E2 protein promoting cell exit or viral

budding, which brings the alphavirus replication cycle completion®®-°.

1.1.3 Chikungunya fever

Some alphavirus cause diseases that may have been misdiagnosed for decades until their
first descriptions and characterizations was achieved. It is believed that Chikungunya fever
(CHIKF) was often confused with, and treated as Dengue fever, and it wasn’t until 1995 that it
was first described by Marion Robinson and W.H.R. Lumsden, following an outbreak on the
Makonde plateau, close to the border between Mozambique and Tanzania*’. The term

“chikungunya” derives from the Makonde word kungunyala, meaning “to be contorted” or “that



which bends up.” Its RNA genome has a high mutation rate, specifically in the structural proteins
E1#"* and E2* and in the non-structural proteins nsP1, nsP3, and nsP4**474%_This high RNA
mutation rate has produced interesting phenotypes such as E1-A226V mutation, which enhances
CHIKYV infectivity in A. albopictus®. As far as it is known, CHIKYV is the sole alphavirus
serotype that confers immunity to recovered patients from reinfection. However, there is enough
variation to distinguish between 5 genotypes*’: Central Africa (CA), West Africa strain (WA),

East-South African strain (ESA), Indian Ocean strain (I10), and the Asian strain (Figure 1-4).
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Figure 1-4. Chikungunya virus phylogenetic tree. Phylogenic tree of Chikungunya virus partial E gene
sequence. All sequences isolated from clinical cases reported in Africa and representative sequences of
CHIKYV were included. West-African strains have evolved separately from the Central-Africa, Asia,
East/South Africa and Indian Ocean strains. Caron et al, 2012.

Mosquitoes acquire the virus from a viremic host. After an incubation period that lasts for
approximately ten days, the infection reaches a sufficient transmission titer and is capable of
infecting susceptible hosts’*>!. CHIKYV is introduced through the mosquito bite directly into

host’s skin where it replicates inside dermis fibroblasts and is thought to reach blood vessels



where it disseminates to multiple tissues. In humans, CHIKV’s incubation time ranges from two
to ten days®. However, the percent of asymptomatic cases has historically varied between
outbreaks, ranging from 3.8% to 27.7%°2. CHIKF is characterized by an acute onset of fever,
which typically lasts from 2 days to weeks, usually followed by severe polyarthritis, which can
persist for months to several years **. Another not so typical symptom is maculopapular rash,
which is only present in about 20% of confirmed patients. Typically, Old World alphaviruses are
predominantly associated with polyarthritis and maculopapular rash. However, there are reports
of recent outbreaks which show that CHIKV-infected patients can also develop symptoms more
aligned with those of New World viruses which include meningoencephalitis in neonates and
even some hemorrhagic disease>*>>.

Viral replication occurs in different tissues, which include muscle, joint, skin, liver,
spleen, and meninges in neonates or immunocompromised patients. Fever onset usually
correlates with viremia, in which the virus load can rapidly reach 10° RNA copies per milliliter
of blood. This high level of viral replication triggers the innate immune response and the
production of Type-I interferons. Fever dissipates within a week, which also coincides with low
viremia titers. Antibody-based adaptive immunity clears the remaining virus with classic IgM
anti-CHIKYV antibodies. Typically, CHIKV does not cause any apparent damage in the healthy
adult human brain. However, clinical evidence suggests neurotropic activity in neonates, young
children, and elderly patients. Chronic CHIKV disease consists of persistent and relapsing joint
pain that can last for several weeks, months, or even years. This virus-mediated arthralgia is
coincident with anti-CHIKV IgM antibodies, which may be induced by constant exposure to

specific CHIKV antigens.



The 2005-2006 epidemic on the French island of La Reunion was the first outbreak the
virus was widely disseminated, and marked one of the highest CHIKV morbidity rates known. It
was also the first time where severe adult cases, and deaths were attributed to CHIKF!4>%-%4,
Severe cases were manifested in patients with underlying medical conditions like cardiovascular,
neurological, and respiratory disorders. Acute incapacitating arthralgia was present in the
affected joints of up to 50% of adult patients. This arthralgia lasted from 6 months to several
years post infection®>. Additionally, patients with post-CHIKV arthritic illnesses and progressive
erosive arthritis were widely reported®. Contrary to classic rheumatoid arthritis (RA), levels of
anti-cyclic citrullinated peptide and rheumatoid factor antibodies were not typically elevated.
These observations suggest that post-CHIKYV arthritis is a chronic inflammatory erosive

arthritis>®°,

Figure 1-5. Chikungunya virus outbreak in Acapulco, Mex. Chikungunya epidemic in Acapulco,
Guerrero, accounted for over 400 CHIKV positive cases in May 2015. Emergency cases of Acapulco general
hospital. (2015)



More recent outbreaks throughout the American continent and the Caribbean in which
CHIKYV strains were disseminated from Brazil to Florida, involved approximately one million
people. These outbreaks produced interesting epidemiological data®” . In 2015, Mexico
suffered its first recorded CHIKV epidemic with 8,668 confirmed cases throughout 18 different
states (Figure 1-5)*>7%7!, The Mexican Diagnostic and Epidemiological Reference Institute
(InDRE) isolated and sequenced two CHIKYV strains: InDRE04 (Jalisco) which was isolated
from a 33-year-old woman and identified as an imported case from the Caribbean, and InDRES51
(Chiapas) isolated from the first autochthonous case in Mexico, an eight-year-old girl’?.

Phylogenetic analysis indicated that both Mexican strains belonged to the Asian
genotype, which is closely related to the 99659 strain, isolated in the British Virgin Islands.
Interestingly, the E1 A226V mutation that enhances vector selection was not present in either
genomes’2. Severe clinical manifestations related to these strains were concentrated in the 20- to
24-year-old age groups. Acute fever, cephalea, and myalgia were present in over 90% of the
cases; severe and light arthralgia was manifested in 70% of the cases; and a severe rash was

present in 58% of the cases>>7>74,

1.1.4 Innate immunity and inflammation

CHIKYV infection in humans starts when an infected Aedes mosquito inoculates the virus
into the skin through a bite. Once inside the body, it is thought that CHIKV replicates within
susceptible cells, such as skin fibroblasts and monocytes” 8. It is also believed that mosquito
saliva, which contains several proteins that prevent blood coagulation and downregulate host
immune responses, enhances CHIKV infection’!. SAAG-4 is an identified protein in 4. aegypti

saliva that promotes CD4 T cell induction of IL-4, thus promoting a Th2 response (Figure 1-6)".
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Figure 1-6. Effects of Aedes saliva on host immune response to Mosquito saliva. dedes saliva is
infectious as soon as two days after infection. Host Thl cytokine immune response is significantly
suppressed by mosquito saliva. Eosinophil, neutrophil, and macrophages are recruited to the site of
inoculation in the presence of mosquito saliva.

Further studies have shown that mosquito saliva recruits eosinophils and neutrophils to
the bite site, whereas these immune cells are absent at needle inoculation sites®’. In mice, the
resulting induction of a Th2 response decreases the classic anti-viral Th1 response, which
produces a more susceptible host, thereby enhancing arboviral infections®!. Although the early
infection events have not been clearly defined, the acute blood phase is characterized by a brief
but highly viremic period, where viral titers reach up to 10° viral copies per m1*?#3. Previous
studies have shown that mainly migrating monocytes, and to a lesser extent, B-cells and dendritic
cells, are targeted during the acute blood phase’®%4.

In spite a robust innate immune response against CHIKV infection, the virus
disseminates rapidly to the bloodstream. This viral dissemination could happen through the

immune suppression of mosquito saliva discussed above. A Th2-dominated immune response is

highly inefficient against viral infections. Another factor contributing to rapid viral dissemination
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may be the migration of infected immune cells such as macrophages or dendritic cells to the
lymph nodes. Once inside the lymph node, infected cells produce new viruses, which in turn
infect more susceptible immune cells. During this phase, the infection may be contained or
eliminated by the innate production of cytokines by different immune cells present in the lymph
node. However, somehow the virus manages to escape and further disseminate to other tissues
like joints, musculoskeletal tissue, and even brain by activating the endothelium and modifying
the permeability of blood vessel barriers®>%.

Once the virus reaches the bloodstream, it reaches the high average titers, which lasts
between two and ten days in humans. The sudden decay of viral presence is thought to be due to
a strong Type-I IFN response, to which CHIKV is highly sensitive®”"”.

Febrile and arthritic pathologies are likely immune-mediated. Infected patients typically
exhibit a pro-inflammatory cytokine profile, which includes high levels of IL-1p, IL-6, and TNF-
o¥"0 1t is thought that CHIKV induces an inflammatory loop in which a pro-inflammatory

response causes arthralgia via infected fibroblasts, which expresses high levels of prostaglandins

and contributes to the development of long-lasting chronic osteoarthritic joint pathology (Figure

1_7)91—95'
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Figure 1-7. Chemoattraction of immune cells by infected fibroblast. Chikungunya virus infects
fibroblasts and immune cells. Infected fibroblast secretes chemoattractant cytokines recruiting more immune
cells to the site of infection. Infected cells secrete pro-inflammatory cytokines producing tissue damage
leading to virus-induced arthritis.

The severity of the disease has been associated with high secretion levels of IL-1p, IL-6,
IL-12, and a known T-cell chemokine RANTES, which has been useful for patient monitoring®®.
Patients with severe polyarthritis have shown higher levels of secreted MCP-1, IFN-a, IFN-y, IL-
6, and IP-10 than patients without polyarthritis. Indicating their pathologic role in the chronic
phase of this disease®*°. Interestingly, these cytokines and chemokine profiles differ slightly
from cohort to cohort, which has caused confusion as to which factors are more responsible for
this CHIKV-mediated malady. It is possible that these differences may ultimately be attributed to
ethnic and/or genetic differences between infected populations. However, understanding the role
that pro- and anti-inflammatory factors play in Chikungunya virus disease (CHIKD) progression

is still not completely understood. Further enlightenment of the molecular interplay between
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viral factors and the host immune responses could elucidate potential targets to ameliorate

polyarthritic pathology and stop disease progression.

1.2 Adaptive immunity and disease protection

It is widely accepted that after a primary infection, the immune system establishes an
anti-CHIKYV response, which may confer complete protection against reinfection. This is
supported by epidemiologic studies where, contrary to other arboviral diseases, the re-emergence
of CHIKYV in previously infected populations does not occur®’. This is supported by the fact that
CHIKYV re-emergence and epidemics occur every 7 to 8 years, with some instances where the
virus was absent for up to 30 years’® 1%,

T cells have an essential role in viral surveillance and elimination of infected cells, and it
has been proven that they are also associated with CHIKV-induced pathology. In C57BL/6 mice,
CD4+ and CD8+ T cells are found infiltrating inflamed joints of CHIK V-infected animals!'®!!%,
In two animal studies, CHIKV induced arthralgia appears to be mediated by the infiltration of
CHIKV-specific CD4+ T cells (Figure 1-8). The same research also showed that CD4+ T cells
do not mediate local inflammation via IFN-y-mediated pathways’*. Additionally, CD8+ T cells
do not appear to have any antiviral activity or pathological role during CHIKV infection®*.

Interestingly, gene set enrichment studies with MHC-II and IFN-y deficient mice showed

an overlap in differentially expressed genes from RA and CHIKV-induced arthritis'®.
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Figure 1-8. Depletion of CD4 T-cells ameliorates inflammation in mice. Reduction in joint pathology in
CD47- mice. Representative histopathology photographs of swelling footpad in PBS+Naive, CHIKV+WT,
CHIKV+ CD4”-, and CHIKV+ CD8"~ mice on 6 dpi. H&E staining and transverse sectioning were done. The
asterisks denote regions of severe infiltration and tissue damage. Scale bars, 100 pm. M, Muscle; T, tendon.
Teo et at, 2013

B cells play an essential role in CHIKYV clearance. This was demonstrated in uMT mice,
where the absence of B cells allowed persistent CHIKV viremia for over a year'®. CHIKF was
more severe in these B cell knock-out mice, compared to wild type mice during the acute phase.
Antibody protection against CHIKV has also been extensively addressed in conjunction with
vaccine development, and structural glycoproteins have been shown to be successful surface
targets for neutralizing antibodies against CHIKV (Figure 1-9)!%-1% Despite the host’s robust
anti-viral response, CHIKV infection can persist in the host by evading neutralizing antibodies
using a relatively unexplored cell-to-cell transmission mechanism (Figure 1-10). Co-culture of

CHIKYV infected and uninfected Hek293T cells, in the presence of a CHIK'V Monoclonal
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antibody, shows viral dissemination to previously uninfected cells. Genomic sequencing of these
escape mutants reveals an E2.R82G mutation, which suggests the involvement of CHIKV E2
protein'?’, Notably, the E2 domain of other alphaviruses has been shown to interact with cell

surface proteins, like heparan sulfate!'!'13,

. Macrophages 4% Anti-CHIKV AB's
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Figure 1-9. The immune system's robust response contains CHIKYV infection. Macrophages and
lymphocytes are recruited to the site of infection. T cell viral surveillance and elimination of infected cells
mediate CHIKV-induced pathology. Activated macrophages infiltrate the affected tissue and promote a pro-
inflammatory response. B cells and their antibody response are crucial for viral clearance.

Immunization with CHIKYV virus-like particles introduces critical surface viral
glycoproteins, which then can induce the production of neutralizing anti-CHIKV specific
polyclonal Antibodies (pAbs). VLP vaccines have shown promising results by inducing CHIKV
clearance in various mouse models, and non-human primates!!4-1!,

CHIKV-specific antibody therapy reduced viral infection and spread and neutralized

reservoirs of the infectious virus; however, viral RNA persisted in the presence of Mab therapy
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even when the infectious virus was not recovered from infected rhesus macaques'??. It is still
unclear why these cell populations are not eliminated by cytotoxic T cells or antibody-mediated

effector mechanisms like phagocytosis or cellular cytotoxicity.
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Figure 1-10. Mutation in CHIKYV envelope protein 2 enhances cell-to-cell transmission. Chikungunya
virus infection can evade neutralizing antibody response by undergoing genetic variation, improving long-
term persistence. CHIKV’s E2.R82G mutation is thought to induce a cell-to-cell transmission strategy,
increasing evasion of the host immune response.

1.3 Animal models

1.3.1 Acute CHIKV disease models

CHIKYV infection in humans is typically characterized by fever, arthritis, tenosynovitis,
myositis, and myalgia. However, this pathophysiology of CHIKV infection in humans was
mostly unknown before the La Reunion outbreak, due to the lack of an adequate animal model of
infection.

An attempt to model acute CHIKV musculoskeletal disease was made using wild-type
C57BL/6 (B6) mice, which, to date, is still the most used mouse strain to model the disease.
Subcutaneous footpad inoculation of neonatal B6 mice produces disease signs with similarities to
human pathologies. Which include joint swelling of the inoculated foot, tenosynovitis, myositis,
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and periostitis”*1°1192123 Tissue damage induction by CHIKV has also been observed in affected
footpads where the loss of trabecular and cortical bone correlates with that of human
patients>®!2*, Osteoclastic bone resorption has also been identified as a component of CHIKV
induced arthritis in 25-day-old and 8-week-old wild-type B6 mice’®!%. Viremia in CHIK V-
infected wild-type B6 mice is characterized by a high titer, which lasts for up to 10 days. Viral
replication has been observed in various peripheral tissues, but joint-associated tissues contain
the highest viral titer”*1°1:192125 These observations have been confirmed in other strains such as
ICR mice and CD-1 mice®>!%%, wild-type 129 mice'?’, and DBA/1J mice'?®. However, there were
differences between these models (Figure 1-11). Wild-type 129 mice did not develop swelling of
the inoculated foot, and immune cells infiltration was significantly milder than that reported for
wild-type B6 mice. This suggests that the underlying genetics of the mouse strain can influence
the development of acute musculoskeletal disease.

Additional studies indicate that the outcome of CHIKYV infection is not only dependent
on host genetics, but also on age. Wild-type B6 mice inoculated intradermally with CHIKV
showed an age-dependent mortality. All 6-day-old mice succumbed to infection, 50% of 9-day-
old mice succumbed to infection, and no mortality was observed in mice that were 12-days or
older at the time of inoculation””-!°1:12°, Other pathologies that were also age-dependent included
foot swelling and tissue injury'*°. In correlation with clinical data where elderly humans harbor
higher CHIKYV viral titers'?, it was shown that older mice have prolonged viremia and elevated
titers in tissues, when compared to 12-week-old mice!.

In summary, wild-type C57BL/6 and other mouse strains have been extensively used by
several research groups to investigate CHIKV’s pathogenesis during the acute phase of the

disease.
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Musculoskeletal disease, innate and adaptive immunity, viremia and cell tropism, the
influence of mosquito saliva on infection, and vaccine efficacy evaluations have all been
investigated using CHIKV mouse models. However, none of these models have been able to
produce polyarthritic mice, and in consequence, the mechanisms used by CHIKV to evade the

immune response have remained unclear.

Advantages Disadvantages
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* Wide variety of cell lines to test. s
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Figure 1-11. Advantages and disadvantages of different methods to model CHIKYV disease. Progress of
CHIKY research is limited to the current in vitro and in vivo models. In vitro models are cheap but lack the
complexity needed to explore complex host-pathogen interactions. /n vivo, mouse models have a wide
variety of genetic backgrounds that can help explore the disease but cannot wholly mimic species-specific
host-pathogen interactions. /n vivo, non-human primate models develop disease closer to human pathology
but maybe price restrictive.

1.3.2 Chronic phase and other severe outcomes of CHIKV infection

CHIKYV persistence and disease relapse are one of the most debilitating aspects of disease
caused by this virus, and it’s been documented that it can last for months to years!#131:132,
However, the mechanisms of chronic CHIKV disease pathogenesis are still not well understood.
Experiments performed in cynomolgus macaques were the first to provide evidence of persistent
CHIKYV RNA in joint-associated tissues, muscle, and secondary lymphoid tissues 1-3 months

after inoculation. In lymphoid tissues, viral antigen was localized in CD68+ macrophages,
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suggesting that these cells can serve as a reservoir for persistent CHIKV infection and
dissemination'??.

Following subcutaneous inoculation of the footpad in RAG1”" mice, viral RNA and
infectious virus were recovered in different tissues up to 112 days post-inoculation, but CHIKV
was not detected in serum samples and muscle tissue of wild-type B6 mice after day seven.
Collectively, these data suggest that T and B-cell mediated immunity controls CHIKV pathology
in a tissue-specific manner!'%,

Persistence of CHIKYV in joint-associated tissue is associated with persistent synovitis
and myositis, along with elevated levels of pro-inflammatory cytokines, which suggests that
chronic CHIKYV infection induces joint inflammation®>!'?>13°, C57BL/6 mice, along with
different genetic knockout models, have provided essential data on viral and host

factors95,125,130,134

that drive the persistent infection in joint-associated tissue, and culminate in
the development of chronic arthritis.

Long-term CHIKV persistence is detectable not only in infected cynomolgus macaques'>?
but also in rhesus macaques. Adult rhesus macaques that were inoculated intravenously with 107-
10'°PFU, developed viremia lasting 3-4 days, lymphopenia, lymphadenopathy, fever, and
maculopapular rash!'*13%, Histopathology analysis of various tissues from non-pregnant adults
showed the absence of chronic joint inflammation and virus, which indicated a lack of chronic
CHIKYV pathologies in adult rhesus macaques'®>. In contrast, aged macaques showed viral RNA
persistence in spleen tissue. However, this was strain-dependent, where the La Reunion strain
displayed higher viral titers in spleen and serum'>’.

CHIKV-associated encephalitis is usually found in neonates born to viremic mothers or

exposed to the virus during birth, and rates of infection can reach 50%!%%!%7. In mouse models,
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severe morbidity developed in neonatal wild-type B6, ICR, and CD-1 mice. Mortality rates from
these experiments were lower for ICR, and CD-1 neonate mice when compared to wild-type B6
(20% vs 100%, respectively)!*®. CHIKV can also disseminate to the central nervous system
(CNS) of adult Ifnari-/- B6 mice, which exhibit elevated viral titers in the brain, leading to
severe morbidity and ultimately death’”-'27:13%140 Additional studies in Ifnarl-/-, as well as
Ifnar7-/- and Ifnar3-/- B6 mice, showed that CHIKV infection is associated with hemorrhagic
shock pathologies, which include vasculitis, hemorrhage, and thrombocytopenia'*!.

Finally, these data suggest that CHIKV readily spreads and can cause severe pathologies
only in neonatal mice, and adult mice with Type-I IFN pathway deficiencies. These models have

provided systems to investigate CHIK'V’s mechanisms of acute and atypical outcomes as well as

lethal challenges for vaccine evaluation and therapeutic trials.
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Chapter 2. A Comparison of Chikungunya Virus Infection, Progression, and Cytokine Profiles in
Human U937 and Murine RAW Monocyte-derived Macrophages
The following chapter is taken from an article published in PLOS One. All content and

figures have been formatted for this dissertation, but it is otherwise unchanged.

2.1 Abstract

Chikungunya virus (CHIKV) is a mosquito-borne alphavirus that causes rash, fever and
severe polyarthritis that can last for years in humans. Murine models display inflammation and
macrophage infiltration only in the adjacent tissues at the site of inoculation, showing no signs of
systemic polyarthritis. Monocyte-derived macrophages are one cell type suspected to contribute
to a systemic CHIKV infection. The purpose of this study was to analyze differences in CHIKV
infection in two different cell lines, human U937 and murine RAW?264.7 monocyte derived
macrophages. PMA-differentiated U937 and RAW264.7 macrophages were infected with
CHIKYV, and infectious virus production was measured by plaque assay and by reverse
transcriptase quantitative PCR at various time points. Secreted cytokines in the supernatants
were measured using cytometric bead arrays. Cytokine mRNA levels were also measured to
supplement expression data. Here we show that CHIKV replicates more efficiently in human
macrophages compared to murine macrophages. In addition, infected human macrophages
produced around 10-fold higher levels of infectious virus when compared to murine
macrophages. Cytokine induction by CHIKYV infection differed between human and murine
macrophages; IL-1, IL-6, IFN-y, and TNF were significantly upregulated in human
macrophages. This evidence suggests that CHIKV replicates more efficiently and induces a

much greater pro-inflammatory cytokine profile in human macrophages, when compared to
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murine macrophages. This may shed light on the critical role that macrophages play in the

CHIKYV inflammatory response.

2.2 Introduction

Chikungunya virus (CHIKYV) is an alphavirus in the Togaviridae tamily. It consists of an
outer membrane, an icosahedral capsid, and a positive sense RNA genome which encodes four
structural proteins (C, E1, E2, and E3) and four non-structural proteins (nsP1, nsP2, nsP3, and
nsP4) 42714 CHIKYV is a reemerging disease that has caused major outbreaks in Southeast Asia,
Africa, and more recently, in southern Mexico and other South American countries '**~1%7. This
disease is transmitted by two widely disseminated mosquito vectors from the Aedes genus (Aedes
aegypti and Aedes albopictus) >'"'*15!1 Recent outbreaks like the one in La Reunion were
associated with the atypical mosquito vector, Aedes albopictus '*%3% The expansion of the
CHIKYV vector unequivocally boosted CHIKV dissemination, which included its rapid expansion
in 2015 throughout South America, and as far north as southern Mexico °*"!:14%152.13 The main
clinical symptoms are sudden fever, myalgia, rash and debilitating polyarthralgia '*°%% The
incubation period for this virus is between 3 and 7 days, and asymptomatic CHIKV cases range
from 3-28% 38154,

CHIKYV disease in humans is marked by two phases. The acute phase usually lasts for 7-
12 days with a plasma viral load of 10%-10° pfu/mL '*. Higher levels of viremia are more likely
to be detected in newborn and elderly CHIKV patients who usually require hospitalization.
During the chronic phase of this disease, long term persistence of anti-CHIKV IgM antibodies
has been reported for up to 24 months '**%!1%7_ This could be an indication of persistent viral

antigenic presence providing a continuous stimulation of the humoral response. This may very

23



well be the driving factor that leads to the development of chronic arthralgia, which can last for
years 4107

The tropism of CHIKYV in humans includes several human cell types such as primary
epithelial and endothelial cells, monocyte-derived macrophages, and fibroblasts !315¢, Similar to
what happens with other alphaviruses, CHIK V-infected cells rapidly undergo apoptosis. Results
from several biopsy studies have shown that CHIKV has a tendency to target muscle cells, skin
fibroblasts, and joint tissue 77!, Additionally, there are also indications of endothelial tissue
infections of the liver, spleen and brain **!13%157:138 Finally, the entry mechanism for CHIKV is
still unclear, but there are indications that viral production is higher in human cells due to the
interaction of viral proteins and certain human intracellular proteins. Interestingly, these
interactions with mouse protein orthologs are lacking 7>13%-161,

The lack of an effective vaccine or anti-viral treatment for CHIKV has resulted in
substantial morbidity and considerable economic losses during outbreaks. In recent years, there
have been some research efforts towards developing an animal model to build a better
understanding of CHIKV pathogenesis; however, these rely on immune-deficient mice which
develop swelling restricted to the inoculated foot, accompanied by higher levels of virus
replication at the site of inoculation and little replication at distal sites 101:102:126.156.162.163 ‘Thjg
contrasts with the systemic infection seen in humans and the accompanying widespread arthritis.
The reasons why mice are not the ideal model to study CHIKV pathogenesis are poorly
understood.

In this study, we observed that CHIKV infection and replication efficiencies in human

and murine monocytes are significantly different in vitro. Additionally, we observed significant

differences in pro-inflammatory cytokine production induced by CHIKYV infection in human and
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murine macrophage cell lines. These results suggest that CHIKV replication in macrophage cell
lines varies by host species. This study did not explore further which factors may be related to
the higher rates of virus production in human macrophages, but previous research has shown that

viral-host interactions are species-selective!®’,

2.3 Materials and methods

2.3.1 Cell culture and virus propagation

U937 and RAW264.7 cell lines were propagated in RPMI 1640 (HyClone Cat. No.
SH30027.01) media supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(HyClone Cat. No. SH3008703), 10,000 units of Penicillin/Streptomycin (HyClone Cat. No.
SV30010), 2mM L-glutamine, and 10mM of HEPES Buffer (HyClone Cat. No. SH3023701).
Baby Hamster Kidney (BHK) cells were propagated in DMEM (HyClone Cat. No. 11966025)
media supplemented with 10% heat-inactivated FBS, and 10,000 units of
Penicillin/Streptomycin. The cells were cultured in T-75 culture flasks (Greiner Bio-One Cellstar
Cat. No. 658170) at 37°C in an incubator with 5% CO.. U937 monocytes were transferred to 6-
well tissue culture plates and induced to become adherent macrophage cells (5 X 10° cells/mL)
by exposure to Sng/ml of phorbol 12-mystrate 13-acetate (PMA) (Thermofisher Cat. No. P1585)
and incubated in 3 mL of RPMI 1640 complete media at 37°C for 24 hrs.

CHIKV-LR strain was kindly provided by Dr. Jonathan Miner, Washington University,
St. Louis, MO, and was propagated in Vero cells and stored for further use at -80°C. U937 cells
were acquired from ATCC, while RAW264.7 cells stocks were donated by Dr. Kim O’Neill,
Department of Microbiology and Molecular Biology, Brigham Young University, Provo, UT.
Both U937 and RAW264.7 cell line stocks have been authenticated at University of Utah DNA

sequencing core and University of Arizona Genetics core facilities, respectively.
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2.3.2 Viral quantification by plaque assay

CHIKV-LR stocks and supernatant of infected cultures were titrated in BHK cells. Virus
samples were diluted in serial 10-fold dilutions in DMEM + 2% FBS and inoculated in 6-well
plates which contained ~90% confluent BHK cultures. Inoculated 6-well plates were incubated
for 1 hour to allow virus infection and then a 1:1 mix of 2X MEM + 8% FBS and low-melt
agarose was used to overlay. Cultures were incubated for 3 days, fixed with 10% formalin and
stained with crystal violet for plaques. Titer was calculated as Logl0 PFU/mL and determined by
the following equation: PFU/mL = (plaque count/well) * dilution factor / (mL inoculum).

2.3.3 Infection assays

RAW264.7 and PMA-differentiated U937 macrophages were transferred to 12-well
tissue culture plates at a cell density of 5 X10* cells/mL and cultured overnight in complete
medium at 37 °C in 5% CO,. Cultures were infected using CHIKV-LR virus at various
multiplicities of infection and incubated in a 37°C incubator with 5% CO- for 2 hrs. Infected
media was removed and cells were washed 3 times with PBS and fresh media was added and
then incubated at the previously described conditions. Supernatant and intracellular RNA
samples were taken at 2, 4, 6, 8, 12, 24, 36, and 48 hours’ post-infection and stored for plaque
assay, or in Trizol Reagent for RNA extraction.

2.3.4 RNA extraction

Intracellular RNA was extracted at previously mentioned time points using Trizol reagent
(Thermofisher) and following the manufacturer’s directions. Viral RNA in supernatant was

extracted using QIAamp Viral RNA Extraction following the manufacturer’s directions.
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2.3.5 RT-qPCR quantification of viral RNA

Intracellular lysate and supernatant of CHIKYV infected cells at MOI of 0.1 and 5 was
quantified by RT-qPCR using Applied Biosystems Tagman Fast Virus 1-Step Master Mix (Cat.
No. 4444432) using a specific probe and primers for the CHIKV E1 gene. Initial reverse
transcription was set at 50°C for 5 minutes; reverse transcription inactivation and initial
denaturing stage at 95°C for 20 s and 40 cycles of amplification at 95°C for 5 s and 60°C for 30
s. Final primer and probe concentrations were 400nM and 250nM, respectively. A positive
control plasmid was assembled by reverse transcribing CHIKV RNA using Life Technologies
SuperScript IV Reverse Transcriptase kit (Cat. No. 18090050) using random hexamers as
primers following the manufacturer’s directions. Amplification of the E1 gene was performed
using primers containing a HindIII endonuclease restriction site in the reverse primer and an
Xbal restriction site in the forward primer. Insertion of the PCR product into the pUC18 vector
was performed by double restriction digest on the vector and insertion via HindIII-HF (NEB
R3104S) and Xbal (NEB R0145S) restriction enzymes. The resulting plasmid, designated
pUCEI], was transformed into E. coli chemically competent cells. Insertion of the E1 target
sequence was confirmed by Sanger sequencing. A Ct standard curve for pUCE1 was done using
nine 10-fold dilutions and obtaining the linear regression of the CT values; intercept of obtained
experimental samples was analyzed and normalized to CHIKV genome copies per mL. Probe

and primer sequences used in this method are shown in Table 1.

2.3.6 Flow cytometry
Infected PMA-differentiated U937 and RAW264.7 cultures were exposed to CHIKV
virus at an MOI=1 and incubated for 2 hours at 37 °C, 5% CO. atmosphere at an MOI of 1. After

2 hours, the cultures were thoroughly washed with PBS three times and fresh media was added
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and then incubated until 8 hpi. Cells were then Fc blocked for 30 min on ice with 10% human
serum or mouse serum and 1% BSA in PBS. The cultures were then stained with either an anti-
murine mCD11b-APC (ThermoFisher) or an anti-human hCD14-APC (ThermoFisher), and an
anti-Chikungunya E1 protein antibody [CHK166; Antibody Research Corporation] previously
conjugated with an Abcam Texas Red Conjugation kit (Cat. No. Ab195225) following the
manufacturer’s recommendations. Cells where fixed with 10% formalin for at least 1 hour before
removing them from the BSL-3 suite. Quantification of infected cells was performed using an
BD Accuri C6 cytometer and analyzed using FlowJo version 10.5.3.

2.3.7 RT-qPCR quantification of cytokine expression

Total RNA from PMA-differentiated U937 and RAW264.7 macrophages was reverse
transcribed using Life Technologies SuperScript IV Reverse Transcriptase kit (Cat. No.
18090050) using random hexamers as RT primers following the manufacturer’s directions.
ThermoFisher Scientific’s SYBR Select Master Mix was used for quantitative PCR assays.
Specific primers for GAPDH, TNF, IL-1, IL-6, IL-10, IFN-a, IFN-y and MCP-1 were designed
to target the corresponding human and murine genes. GAPDH expression was used to normalize
target mRNA expression, and fold expression changes were obtained by comparing CHIKV
infected and uninfected cells using the AACT method. Probes and primers used in this method

have been included in Table 1.

2.3.8 RT-qPCR quantification of Mxra8 expression

Total RNA from PMA-differentiated U937, undifferentiated U937 and RAW264.7
macrophages was reverse transcribed and PCR amplified following the same method previously
described using Applied Biosystems Tagman Fast Virus 1-Step Master Mix (Cat. No. 4444432).

Specific primers and probes were designed to target the human Mxra8 and GAPDH genes.
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GAPDH expression was used to normalize target mRNA expression, and fold expression
changes were obtained by comparing PMA-differentiated U937 vs undifferentiated U937 cells
using the AACT method. Probe and primer sequences used in these experiments are listed in

Table 1.

2.3.9 Cytometric bead array

Supernatant samples containing secreted cytokines from infected cultures were harvested
at 24 hpi and stored at -80°C. Samples were fixed in 10% formalin for at least 1 hour before
removing them from the BSL-3 suite. Cytokine standard serial dilutions were prepared on the
same day and a linear regression was used to correlate the sample values. Quantification of
secreted cytokines was done using BD Biosciences Cytometric Bead Arrays for human cytokines
(Cat. No. 551811) detecting TNF, IL-1, IL-6, IL-8, IL-10, and IL-12; and for murine cytokines
(Cat. No. 552364) detecting IFN-vy, IL-6, IL-10, IL-12, and TNF. Sample preparation was done

following the manufacturer’s directions and data was acquired in a BD Accuri C6 cytometer.

2.4 Safety protocols
All of the experimental work involving infectious CHIKV was performed in a Biosafety
Level 3 environment and complying with all Brigham Young University Institutional Biosafety

Committee requirements which were approved in protocol IBC-2018-0028.

2.5 Statistical analyses

Comparisons between groups were calculated in R (version 3.4.3) and analyzed with
Welch's two-sample t-test which accounts for unequal variances between groups. We corrected
for multiple comparisons using the Holm-Sidak method. P values of <0.05 were considered to be
statistically significant. Graphics were generated using GraphPad Prism 8.0.1 for Windows,

GraphPad Software, San Diego, California USA. Statistical results are included in Table 2.
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2.7 Results

2.7.1 Chikungunya virus replicates to higher titers human macrophages than murine
macrophages

CHIKYV has a wide range of tropism in human cells including fibroblasts, muscle cells
and macrophages’®!%4. However, to our knowledge, there has not been a direct comparison of
CHIKYV replication efficiency and innate immune responses in human versus murine
macrophages, which may shed light on the differences in CHIKV pathogenesis between these
two species. The human PMA-differentiated U937 and murine RAW?264.7 macrophages were
infected with CHIKV-LR (La Reunion strain) at low and high multiplicity of infection (MOI),
and viral supernatants were then titered by plaque assay. For both sets of infections, we observed
an approximately 10-fold higher production of infectious CHIKV in PMA-differentiated U937
cells at 8, 16, 24, 36 and 48 hours post infection (hpi) when compared to RAW264.7 cells
(Figure 2-1). Viral RNA quantification of supernatant samples confirmed our plaque assay
findings. Viral RNA levels increased at 8 hpi with a 10-fold difference between human and
murine cultures, regardless of initial MOI (Figure 2-2A). Replication of viral RNA and
infectious virus at a high MOI in PMA-differentiated U937 cultures increases over time until it
reaches a plateau at 24 hpi. This stationary phase is observed until 36 hpi in RAW 264.7 cultures.
Viral replication (viral RNA and infectious virus) at a low MOI shows a constant increase of

viral RNA and infectious virus until 48 hpi (Figures 2-1 and 2-2B).
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Fig.1
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Figure 2-1. CHIKY replicates more efficiently in human macrophages than in murine macrophages.
CHIKYV infectious virus quantification was performed via plaque assay at the stated times (hpi). Data show
mean values of three independent experiments with a total of n =9, MOI=0.1 and 5. Statistical significance
was determined using multiple t-test corrected using Holm-Sidak method. *P<0.05; **P<0.01; ***P<0.001;
NS, not significant.
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Fig 2
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Figure 2-2. The CHIKYV genome replicates more efficiently in human macrophages than in murine
macrophages. A) RT-qPCR quantification of CHIKV RNA in supernatant samples collected from 2 to 8
hpi. B) RT-qPCR quantification of CHIKV RNA in supernatant samples collected from 8 to 48 hpi. Data
show mean values of three independent experiments with a total of n=9, MOI=0.1 and 5. Statistical
significance was determined using multiple t-test corrected using Holm-Sidak method. *P<0.05; **P<0.01;
***%p<(0.001; NS, not significant.
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To determine if there is a difference in viral entry between murine and human
macrophages, we measured both intracellular (Figure 2-3) and extracellular (Figure 2-2A) viral
RNA during early time points of the first replication cycle. Our results showed that the majority
of CHIKV RNA and infectious virus titer in supernatant decreases within 2 hpi in both cell lines,
with no significant difference in intracellular viral RNA by cell type through 6 hpi (Figure 2-3).
CHIKYV infected PMA-differentiated U937 cells and RAW264.7 cells with similar efficiencies
and it was not until 8 hpi that the amount of CHIKV RNA inside human macrophages increased
about 2 logs greater than that in murine cells (Figure 2-3). These findings suggest a similar
decrease in CHIKYV titer in the supernatant but that it replicates better in human PMA-

differentiated U937 macrophages.
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Fig.3
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Figure 2-3. CHIKYV genome levels in human and murine macrophages shortly after infection.
Intracellular CHIKV RNA copies were quantified via RT-qPCR at stated times (hpi). Data show mean
values of three independent experiments with a total of n=9, MOI =5. Statistically significant p values are
denoted with an asterisk between compared groups. Statistical significance was determined using multiple t-
test corrected using Holm-Sidak method. *P<0.05; **P<0.01; ***P<0.001; NS, not significant.

In addition, we explored the rate of productive CHIKV replication via flow cytometry.
PMA-differentiated U937 and RAW264.7 cultures were infected at an MOI of 1 and quantified
at 8 hpi using an anti-CHIKV antibody that targets the viral E1 glycoprotein. Results showed
similar levels of E1 glycoprotein (an average of 60% positive cells) in both cell lines and no

significant differences between human and murine macrophages (Figure 2-4).
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Figure 2-4. PMA-differentiated U937 and RAW264.7 cells display CHIKYV envelope proteins at 8 hpi.
PMA-differentiated U937 and RAW264.7 macrophages were exposed for 2 hours to CHIKV and then fixed
and assayed at 8 hpi using flow cytometry and an anti-E1 protein fluorophore-conjugated monoclonal
antibody. Data show mean values of three independent experiments with a total of n=9, MOI =1. Statistical
significance was determined using multiple t-test corrected using Holm-Sidak method. *P<0.05; NS, not
significant.

These accumulated data suggest that virus production is higher in PMA-differentiated
U937 human macrophages versus murine RAW?264.7 macrophages, and that CHIKV titers
decrease in the supernatant, regardless of the cell line.

2.7.2 Production of pro-inflammatory cytokines following CHIKV infection shows
species-specific differences.

Macrophages are one of the first lines of defense against infection and are responsible for
the secretion of cytokine and chemokine signals to promote either anti- or pro-inflammatory
pathways. Since systemic inflammation is a key difference in human versus murine infections,
we examined a possible role in the mediation of this inflammation by cytokines secreted from

infected human versus murine macrophages. CHIKYV infection of PMA-differentiated U937
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human macrophages showed a robust production of pro-inflammatory cytokines at 24 hpi when
compared to PBS treatment as a mock-infection. Interleukins IL-1p, IL-6, IL-8, IL-10, IL-12p70,
and Tumor Necrosis Factor (TNF) were significantly more abundant in CHIKV infected cell

culture filtrates versus mock-infected ones (Figure 2-5).
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Figure 2-5. CHIKY infection induces pro-inflammatory cytokines in human macrophages. Secreted
pro-inflammatory cytokine levels in CHIKV-infected PMA-differentiated U937 macrophages were
quantified 24 hpi using cytometric bead arrays. Data show mean values of three independent experiments
with a total of n=9, MOI =5. Statistical significance was determined using multiple t-test corrected using
Holm-Sidak method. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; NS, not significant.

Conversely, we observed that infection of murine macrophages showed a significant

increased secretion of only two pro-inflammatory cytokines (IL-12p70, and TNF) and one anti-
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inflammatory cytokine (IL-10) in infected RAW?264.7 cells, with similarly low levels of these
cytokines in mock-infected cells (Figure 2-6). A direct comparison of secreted IL-6, IL-10, IL-
12p70, and TNF concentrations in infected human and murine cultures indicate significant
differences in all these cytokines but IL-10 (anti-inflammatory cytokine) (Figure 2-7). Cytokine
responses in CHIKV-infected human patients have been extensively reported and can lead to a
robust production of pro-inflammatory cytokines, compared to the relatively low levels observed

in murine models®®!10%165-167
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Figure 2-6. Cytokines induced in CHIKV-infected murine macrophages. Secreted cytokine levels in
CHIKV-infected murine RAW264.7 macrophages were quantified 24 hpi using cytometric bead arrays. Data
shows mean values of three independent experiments with a total of n=9, MOI =5. Statistical significance
was determined using multiple t-test corrected using Holm-Sidak method. *P<0.05; **P<0.01; ***P<0.001;
**%%¥P<0.0001; NS, not significant.
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Figure 2-7. CHIKV-infected human macrophages show a more robust pro-inflammatory profile.
Cytokine expression in CHIKV-infected human and murine macrophages was quantified by cytometric bead
arrays at 24 hpi. Data show mean values of three independent experiments with a total of n =9, MOI=5.
Statistical significance was determined using multiple t-test corrected using Holm-Sidak method. *P<0.05;
**P<(0.01; ***P<0.001; ****P<0.0001; NS, not significant.

We also explored the differences in pro-inflammatory cytokine induction between
CHIKV-infected human and murine macrophages by comparing the RT-qPCR (relative
quantification) values for relevant pro-inflammatory cytokine mRNAs in human and murine
cells, which confirmed differences in the expression of pro-inflammatory cytokines as measured
by bead arrays. CHIKV-infected PMA-differentiated U937 and RAW264.7 macrophages

displayed different gene expression profiles during CHIKYV infection peak activity (24 hpi).
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mRNA levels for IL-1, IL-6, IFN-a, [FN-y, MCP-1, and TNF were significantly higher in human
cells when compared to the expression levels of their murine counterparts (Figure 2-8). Again,
IL-10 mRNA levels were similar in both human and murine cells, confirming our previous

findings.
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Figure 2-8. CHIKY infection upregulates pro-inflammatory cytokines mainly in human macrophages.
Cytokine mRNA expression levels in CHIKV-infected human and murine macrophages was quantified by
RT-qPCR at 24 hpi. Results were normalized relative to GAPDH expression levels. Data shows mean values
of three independent experiments with a total of n=9, MOI=5. Statistical significance was determined using
multiple t-test corrected using Holm-Sidak method. ¥*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; NS,
not significant.
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2.7.3 Mxra8 alphavirus entry mediator is upregulated in PMA-differentiated U937

macrophages

The matrix remodeling associated 8 (Mxra8) protein has been recently identified as
an entry mediator for multiple arthritogenic alphaviruses, including CHIKV 68169,
Therefore, we assayed the expression levels of Mxra8 in PMA-differentiated U937
macrophages and undifferentiated U937 monocytes using RT-qPCR (Figure 2-9). PMA-

differentiated U937 cells showed a significant expression increase over undifferentiated

U937 cells (P=0.0097).
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Figure 2-9. Mxra8 expression levels are higher in PMA-differentiated U937 macrophages. Mxra8
mRNA expression levels in PMA-differentiated macrophages and undifferentiated U937 monocytes was
quantified by RT-qPCR. Results were normalized relative to GAPDH expression levels. Data shows mean
values of three independent experiments with a total of n =9. Statistical significance was determined using a
Welch two-sample t-test. **¥*P<0.01.
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2.8 Discussion

CHIKYV has been shown to infect a wide variety of different cell types including immune,
epithelial and endothelial cells. Murine in vivo and in vitro infection studies have shown that
CHIKYV infects brain tissue and glial cells ", dendritic cells, macrophages '?’, and epithelial
cells'*. In humans, CHIKYV infects endothelial, epithelial, fibroblast, muscle satellite and
macrophage cells 7% 101.138.162.17L172 Dyegpite the similarities in cell types targeted across species,
the stark differences in immune responses to infection between human and murine models are
significant obstacles in using murine models to aid in understanding CHIKV pathogenesis '7>.

CHIKYV infection has been studied extensively in many murine models, however, these
models have several inconsistencies when compared to symptoms present in human infections.
Common manifestations seen in infected human patients like persistent polyarthritis, and chronic
inflammation are not observed in current murine models *>101:102,

The mechanisms involved in the dissemination of CHIKV within the host remain largely
unknown. Macrophages seem to be involved in joint inflammation '®° in humans and non-human
primate models, since significant infiltration of these cells has been detected in joints during the
acute phase, and long after virus clearance from the blood '*}. To our knowledge, there has not
been a study that directly compares CHIKV replication in human and murine monocytes or
activated macrophages, and the differences in cytokine responses induced in these cells
following CHIKYV infection.

CHIKYV infection of murine RAW264.7 has been previously explored'’*. This report
compared viral infectivity and cytokine induction between RAW264.7 and a CTLL astrocyte cell

line. CHIKV only infected 5% of the RAW264.7 populations whereas 100% of the CTLL cells

were successfully infected at an MOI of 1. Additionally, viral kinetics in this mentioned study
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showed that CHIKV RNA replication produced higher titers in CTLL cells compared to
RAW264.7. Cytokine response showed upregulation of pro-inflammatory markers like TNF-a,
IFN- o and ISG-56 at 24 hpi.

Using both RT-qPCR and plaque assays, we observed that about 10-fold higher levels of
CHIKYV was produced in PMA-differentiated U937 macrophages when compared to those
produced in infected RAW264.7 macrophages (Figures 2-1, 2-2A, and 2-2B). Our CHIKV
replication curves in both PMA-differentiated U937 and RAW264.7 macrophages correlated
with the results reported by others, where CHIKYV virions and viral RNA increased steadily,
reaching a peak at 24 hpi, and then decreasing slightly until the end of the experiment at 48 hpi
78

In comparison, our study showed poor innate immune response in cytokine gene
expression and secretion, delayed virus production and lower titers, regardless of MOI. Our
plaque assay, RT-qPCR, and flow cytometry results suggest that CHIKV infects and replicates in
both human and murine macrophage cell lines within the first 8 hpi. However, CHIKYV titer at 8
hpi is significantly lower in RAW264.7 versus PMA-differentiated U937 macrophages (Figure
2-1 and 2-2A). Additionally, delayed production of infectious virus titer and viral mRNA in
supernatant was displayed in RAW264.7 macrophages from 8hpi until 48 hpi (Figures 2-1 and 2-
2B). These results were consistent both at a MOI=5 and MOI=0.1. We decided to explore
CHIKYV RNA replication efficiencies within the first replication cycle to better understand these
species-related differences. We quantified the RNA viral titer from our inoculum and tracked its
presence in the cell supernatant. Within the first 6 hpi, we observed no significant differences in
viral RNA levels between species, inside the infected macrophages (Figure 2-3). Flow cytometry

quantification of CHIKYV infected cells at 8 hpi showed similar levels of E1 glycoprotein on the
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cell membranes of both human and murine cells (Figure 2-4), indicating that about 60% of both
human and murine macrophage cell lines were infected. Our intention was to quantify the
amount of CHIKYV infected cells at a MOI=I1 and assess a ratio of positive infected cells close to
the first viral outpouring. As previously mentioned, CHIKV production seems to be tied to the
species of the host cell.

Judith, et al explored CHIKV viral production in HeLa and MEF cells. Their results
indicated that human NDP52, but not the murine orthologue, interacts with CHIKV nsP2, and
that inhibiting synthesis of this protein reduces viral production '*°. An additional study
performed in yeast indicated that nsP2 interacts with heterogeneous nuclear ribonucleoprotein K
(hnRNP-K) and ubiquilin 4 (UBQLN4), resulting in CHIKV replication in vitro 43, In total, this
study identified 30 interactions between nsP2, nsP4, and E3 viral proteins and various human
host factors. However, they also acknowledged that no cellular partners were found for the rest
of the CHIKYV proteins, which may reflect the technical limitations of their yeast two-hybrid
system.

It is also noteworthy to mention the role of viral proteins with intracellular host factors,
like NDP52, wherein murine cells CHIKYV protein synthesis is inhibited, whereas, in humans,
virus production is enhanced'**'®°, It becomes more evident that many factors between these cell
lines are responsible for delayed or enhanced virus replication, which appear to be unique to the
host species. It is possible that the presence of Mxra8 enhances CHIKV binding and fusion to the
host cell. Once in the cytoplasm, species-specific interactions between viral proteins and host
cell machinery further influence viral replication in the host cell.

We proceeded to explore the cytokine profiles of infected human and murine

macrophages to understand inflammation differences between these species better. CHIKV
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infection in human macrophages triggered secretion of the pro-inflammatory cytokines IL-1j,
IL-6, IL-8, IL-12p70, and TNF (Figure 2-5). These data are consistent with pro-inflammatory
cytokine profiles of infected patients and non-human primate models 2732,

Interestingly, in Kumar et al. increased levels of TNF-a in CHIKYV infected RAW264.7
macrophages decreased apoptosis susceptibility'’. Additionally, they observed that CHIKV
infected RAW264.7 macrophages did not produce significant levels of several interleukins,
including IL-10. This lead to the conclusion that CHIKV infection in RAW264.7 macrophages
leads to poor innate immune response, high TNF- a expression, and low apoptotic activity.

However, we observed a different cytokine response in murine macrophages, with only
IL-10, IL-12p70 and TNF showing significant differences from uninfected controls (Fig 6). The
absence of IFN-y indicates a lack of monocyte/macrophage activation but the presence of high
levels of IL-12p70 indicate that the exposed macrophages have recognized the presence of a
pathogen. These results may indicate that RAW264.7 cells require interaction with IL-12-
activated Tu1 cells, which were not present in our in vitro assays. In contrast, [IFN-y mRNA
levels indicate upregulation in human PMA-differentiated U937 macrophages suggesting
macrophage activation. Additionally, IL-12p70 levels in PMA-differentiated U937 macrophages
indicate a possible autocrine induction of IFN-y upregulation!””-178,

While we did not measure human MCP-1 by bead array, we did measure its mRNA
levels by RT-qPCR. This cytokine plays an important role in macrophage recruitment and it was
expressed at higher levels in CHIKV-infected PMA-differentiated U937 human macrophages,

compared to the murine cell line (Fig 8). This could lead to fewer infections of circulating

monocytes, effectively stalling the systemic spread of CHIKV in mice.
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Macrophage infiltration of affected tissues has been extensively reported in CHIKV and
other arthritis-causing alphaviruses 3177181 Mice with macrophage recruitment deficiencies
showed significant reductions of tissue infiltration and inflammation during CHIKV infection'®.
Other studies also confirmed that the inhibition of MCP-1 reduced inflammatory responses and
infiltration of macrophages in CHIK V-infected mice'®>!®3, The lack of expression of this
important macrophage chemokine attractant by murine RAW?264.7 cells could also contribute to
the inability of murine animal models to mimic the polyarthritis which is a hallmark of many
CHIKYV human infections. An increase in TNF secretion by infected human macrophages
indicates a robust systemic inflammatory response, whereas in contrast, murine macrophages
display a mild induction of TNF production (Figures 2-6 and 2-7). The induction of pro-
inflammatory cytokines in PMA-differentiated U937 human macrophages was significantly
higher than that of murine RAW264.7 macrophages (Figure 2-7). Pro-inflammatory cytokine
mRNA expression levels in CHIKV-infected human and murine macrophages showed similar
species-specific differences. Upregulation of IFN-a in human and murine macrophages indicated
that the cells recognized a viral infection and initiated antiviral signaling (Figure 2-8). However,
murine macrophages did not significantly upregulate the expression of IL-6 or IFN-y, which are
critical factors for systemic inflammation. mRNA levels in murine RAW?264.7 macrophages
showed increases in the expression of MCP-1 (~2-fold), IL-1(~10-fold), IFN-a (over 100-fold),
IL-10 (over 10-fold), and TNF (~5-fold), which indicated a discrete upregulation that correlated
with our secreted cytokine results.

Interestingly, we observed significant gene expression upregulation and cytokine
secretion of IL-10 in CHIKYV infected RAW?264.7 macrophages compared to mock infected

(P<0.00001 and P<0.001, respectively) (Figures 2-6 and 2-8). However, gene expression and
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secretion of IL-10 in CHIKYV infected RAW?264.7 macrophages showed no significant
differences versus PMA-differentiated U937 macrophages (Figures 2-7 and 2-8).

In PMA-differentiated U937 macrophages displayed upregulation in all the screened
cytokines including: IL-1 (~150 fold), IL-6 (~150 fold), MCP-1 (~100 fold), IFN-a (~150 fold),
IFN-y (~100 fold), and TNF (~100 fold), indicating a more robust activation of pro-inflammatory
cytokine response during CHIKV infection (Figure 2-8). The induction of these Thl pro-
inflammatory cytokines in PMA-differentiated U937 macrophages, is similar to a previous report
that observed Th1, Th2 and Th17 cytokine profile induction of undifferentiated U937 cells
during CHIKV and Mayaro virus infection'®*.

The role of Mxra8 as an arthritogenic alphavirus receptor was recently reported! %1,
Deletion of this gene or blocking of the surface protein in human and murine cells resulted in
reduced levels of viral infection. It was shown that Mxra8 binds directly to CHIKV E2 protein
and enhances virus attachment and internalization into the cells. The increased presence of
Mxra8 mRNA in PMA-differentiated U937 macrophages could explain why these cells are
significantly more permissive to CHIKV infection (Figure 2-9) '3>8 Other publications have
shown that CD14+ peripheral blood mononuclear cells (PBMC) are susceptible to CHIKV
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infection, however, this report seems to encompass all CD14+ mononuclear cells'®’, whereas the

most relevant mononuclear subset to CHIKV infection is differentiated macrophages®®!33:182,
It has been suspected that CHIKV infection in humans induces a pro-inflammatory

cytokine profile (Th1 and Th17) which in turn triggers persistent joint pain and polyarthritis

pathology not only by activating host inflammatory cytokines, but also by the virus itself

hijacking resident tissue macrophages, as has previously been described for other alphaviruses,

such as Ross River Virus and Mayaro virus 236162 Here, we examined whether the outcomes
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of CHIKYV infection of macrophage lines from different species would differ, and if so, whether
these differences could help explain the failure of the murine model to mimic polyarthritis and
chronic inflammation seen in humans. We can conclude that CHIKV infects macrophages from
both species, but replicates more efficiently in human macrophages.

Also, the cytokine profile of infected murine macrophages indicates the beginnings of an
immune response towards infection by triggering the expression and secretion of IFN-a and IL-
12p70. However, this stands in contrast to the robust pro-inflammatory cytokine response that
infected human macrophages display. A graphical representation of these results has been
summarized in Fig 10. Further research is needed to identify which intracellular interactions
between host factors and viral components are most important for viral replication in human
cells. Finally, our results suggest that the addition of human macrophages to a murine model,
such as is available in humanized mouse models, could potentially bring the necessary

components together to recapitulate the chronic polyarthritis seen in human infections.
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Figure 2-10. A graphic summary of CHIKYV infection in human PMA-differentiated U937
macrophages and murine RAW264.7 macrophages. CHIKV infection in PMA- differentiated U937
macrophages produces higher amounts of virions and induces a more vigorous pro-inflammatory cytokine
response. CHIKV infection in RAW264.7 cells results in lower quantities of virions and induction of more

anti-inflammatory cytokines.
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Chapter 3. A RAG2"yc”" Balb/c Mouse Model to Study Chikungunya Virus Disease

3.1 Abstract

Chikungunya virus (CHIKV) is an emerging alphavirus that causes a febrile disease that
is typically manifested by myalgia, maculopapular rash, and severe polyarthritis. Still, reports of
patients with neurological disease have become increasingly common. In this study, we assessed
the role of RAG2 and yc related immune functions and how their absence plays a role in CHIKV
pathogenesis. We evaluated CHIKV infection of RAG2”yc”~ Balb/c and Balb/c wild-type mice
to determine the role of host adaptive and innate immune systems in CHIKV pathogenesis.
CHIK V-inoculated RAG2”yc”" mice developed paw local inflammation and joint damage at 8
dpi. We also detected abundant viral RNA in serum, liver, spleen, and brain tissue of RAG2"yc™”"
mice. Additionally, we detected a rise of IL-12p70, IL-6, and IFN-y (pro-inflammatory
cytokines) and MCP-1 (monocyte chemokine) in serum at 8 dpi in RAG2”"yc”" mice. This study
provides a foundation for studying CHIK V-induced arthralgia and neuropathy in a RAG2™yc”

model that closely resembles many aspects of CHIKV-associated human pathology.

3.2 Introduction

Chikungunya virus is an alphavirus that is transmitted by Aedes mosquitoes and causes
Chikungunya fever in humans, which is mainly characterized by fever, myalgia, maculopapular
rash, severe arthritis, and to a lesser extent neurologic pathologies®>>’%!%8 In recent outbreaks,
related neurologic symptoms have been manifested in about 20-33% of CHIKV infected
patients, which include seizures, meningoencephalopathy, myelitis, and choroiditis'®*!®°. These
symptoms have been observed more commonly in neonates, elderly, and patients with co-
morbidities!®*1°0192 Animal studies have shown that CHIKV infects the brain of neonate mice

and to replicate in primary culture glial cells'>®!7*%!3_ SCID and ICR mice also show a robust
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replication of CHIKV in the brain'?®, and a study using RAG17- C57BL6/J mice study reported
the presence of infectious virus along with brain inflammation in 50% of their study mice at 28
days post-infection (dpi)'**.

Our RAG2"yc”" animal model consists of a double mutant mouse with an alymphoid
phenotype, exhibiting defects in the genes encoding the recombinase activating gene (RAG2)
and a common cytokine receptor gamma chain (yc). The RAG2 mutation prevents normal
maturation of T and B lymphocytes, blocking their ability to generate antibodies or develop
functional T-cell receptors !°*. The absence of yc (also known as interleukin-2 receptor subunit
gamma) prevents cell activation by several interleukins and other cytokines, thereby inhibiting
the expansion of lymphocytes, including Natural Killer cells!*>!6, Functional responses to I1L-4
by monocytes and macrophages are affected by the absence of yc, which downregulates the
expression of TNF!7 and reduces the activation capacity of STAT6'%8, leading to the suppression
of several innate and adaptive immune pathways!'?2%!,

In this study, we used wild-type and RAG2”yc”~ Balb/c mice as a model system to
explore the effects of these genes on the immune response during CHIKV infection. We
observed that this particular strain and knockout do develop mild disease with a peak in viremia
and inflammation at 8 dpi. We examined the cytokine immune response using a cytometric bead
array, which measures IL-2, IL-6, IL12p70, TNF, and MCP-1 in serum. Additionally, we used
immunohistochemistry and immunofluorescence to examine the effects of CHIKV and
macrophage presence in the affected tissues. Finally, we examined the affected paws using micro
X-ray Computed Tomography (micro-CT) to assess and quantify joint inflammation.

We hypothesize that the absence of 2 critical lymphocyte maturation factors (RAG2”" and

vc™) leaves these Balb/c mice with few options to counter a CHIKV infection, which eventually
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spreads through the host, reaches brain tissue and causes neurological damage®**°>2%3, The most
successful animal model for Chikungunya disease is the Rhesus macaque, which has replicated
human disease almost perfectly'>>?*4, However, the development of a mouse model that mimics
neurotropic symptoms of the disease not been described. We believe that these studies will
provide a better understanding of the role of the immune cells in development of Chikungunya

disease.

3.3 Methods

3.3.1 Mouse infection

Wild-type and RAG27"yc” knockout,6-8 week old male Balb/c mice were separated into
two experimental and two control groups. Experimental groups were inoculated with 5,000 PFU
of virus (CHIKV La Reunion strain) suspended in 30ul of sterile PBS, via footpad injection of
the left hind paw. Control groups were instead inoculated with the same amount of sterile PBS.

All animals were anesthetized during the procedure using the isoflurane open-drop method.

Table 3-1. Experimental and control groups used for CHIKYV infection of RAG2”-yc”- Balb/c mice.

Experimental Groups Control Groups
Balb/c RAG2y¢”> (5,000 PFU) Balb/c RAG2y¢”~  PBS-mock
Balb/c WT (5,000 PFU) Balb/c WT PBS-mock

3.3.2 Foot inflammation measurement; blood and tissue harvest

The inflammation of paws was monitored daily using a digital caliper measuring the
dorsal-ventral distance of both hind paws. At each blood draw day, about 70 pul of Blood was
collected via tail vein bleed using a mouse restrainer and heparin treated capillary tubes. Whole

blood was transferred to EDTA treated microcentrifuge tubes. Serum was separated by
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centrifugation and then mixed with TRIzol reagent in a clean tube for storage at -20 °C. Liver,
Brain, Spleen, and paw tissue samples were harvested at 7 dpi and 14 dpi. These samples where
then incubated overnight at room temperature in 10% formalin to inactivate the virus or
homogenized with a cell strainer in TRIzol reagent. Formalin treated tissues were embedded in
paraffin using a Thermo Scientific Citadel 2000 Tissue Processor and sectioned into 5-7 um

slices.

3.3.3 Immunofluorescence and histochemistry

Mouse organs and tissues were treated with 10% formalin for 24 hours to inactivate the
virus and fix the tissue. The samples were then transferred to70% EtOH for long term storage.
The liver, spleen, and brain tissues were paraffin-embedded and sectioned into 5-7 um slides and
dried overnight in a heat block. Mouse paws were treated with a formic acid solution for two
weeks to decalcify the bones. After decalcification, the paws were paraffin-embedded and
sectioned into 5-7 pm slides, then dried overnight on a heat block. Tissue slides were processed
for histological staining (Giemsa). For immunofluorescence, paraffin sections were stained with
the following antibodies: monoclonal anti-CD11b APC conjugated (Thermofisher, 1:200) and
monoclonal anti-E1 [CHK166] (Antibody Research Corporation, 1:200). Nucleus morphology

was revealed by the addition of DAPI (Sigma, 100 ng/mg).

3.3.4 Micro-computed tomography imaging and analysis

Using the quantum GX micro-CT scanner (Perkin Elmer, Waltham, MA), left and right
mouse paws were scanned under the following conditions: 90 kV, 88 nA, acquisition FOV 36
mm, reconstruction FOV 25 mm, Copper 0.1mm X-ray filter, high resolution, resulting in an
acquisition time of 4 and 14 minutes. Images were analyzed using Caliper Analyzer 12.0

software (Analyze Direct, Inc., Overland Park, Ks). Histogram analysis was performed to
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determine thresholds for bone and soft tissue. Using these thresholds, bone and soft tissue were
extracted using a semi-automated segmentation process. Bone volumes and total paw volumes

were calculated.

3.3.5 RT-qPCR quantification of viral RNA

Extracted RNA from serum and tissue samples were quantified by RT-qPCR using
Applied Biosystems Tagman Fast Virus 1-Step Master Mix (Cat. No. 4444432) using a specific
probe and primers for the CHIKV E1 gene. Initial reverse transcription was set at 50°C for 5
minutes; reverse transcription inactivation and initial denaturing stage at 95°C for 20 s and 40
cycles of amplification at 95°C for 5 s and 60°C for 30 s. Final primers and probe concentrations
were 400nM and 250nM, respectively. A positive control plasmid was assembled by reverse
transcribing CHIKV RNA using Life Technologies SuperScript IV Reverse Transcriptase kit
(Cat. No. 18090050) using random hexamers as primers following the manufacturer’s directions.
Amplification of the E1 gene was performed using primers containing a HindIII endonuclease
restriction site in the reverse primer and an Xbal restriction site in the forward primer. Insertion
of the PCR product into the pUC18 vector was performed by double restriction digest of the
vector (HindIII-HF (NEB R3104S) and Xbal (NEB R0145S) restriction enzymes), followed by
hybridization and ligation. The resulting plasmid, designated pUCE1, was transformed into F.
coli chemically competent cells. The insertion of the E1 target sequence was confirmed by
Sanger sequencing. A Ct standard curve for pUCE1 was performed using nine 10-fold dilutions
and obtaining the linear regression of the CT values; the intercept of collected experimental
samples was analyzed and normalized to CHIKV genome copies per mL. The limit of detection

for this assay was determined to be 70 RNA copies/mL.
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3.3.6 Cytometric bead array

Serum samples containing secreted cytokines from infected and non-infected mice were
harvested at 7 and 14 dpi. Samples were fixed in 10% formalin in a 1:1 ratio for at least 1 hour
before removing them from the BSL-3 suite. Cytokine standard serial dilutions were prepared on
the same day, and a linear regression was used to correlate the sample values. Quantification of
secreted cytokines was done using BD Biosciences Cytometric Bead Arrays for murine
cytokines (Cat. No. 552364) detecting IFN-y, IL-6, IL-10, IL-12, and TNF. Samples were diluted
1:10 before proceeding with the protocol, following the manufacturer’s directions. Data was

acquired in a BD Accuri C6 cytometer and analyzed with FlowJo version 10.6.1 software.

3.4 Safety protocols
All of the experimental work involving infectious CHIKV was performed in a Biosafety
Level 3 environment, complying with all Brigham Young University Institutional Biosafety

Committee requirements, which were approved in protocol IBC-2018-0028.

3.5 Results

3.5.1 RAG2”yc”" mice develop Chikungunya disease showing elevated viral titers and
local paw inflammation

To uncover the functional role of RAG2 and yc signaling pathways in CHIKV infection,
adult RAG2”yc”" mice were inoculated in the left footpad with 5X10* PFU of CHIKV La
Reunion Strain. We observed a higher viral RNA titer in infected RAG2"yc”" mice at 8 dpi,
compared to the wild-type mice that showed a mild increase in CHIKV RNA at 10 dpi (Figures
3-1 and 3-2). Inflammation on the affected paws was also increased at 8 dpi for the RAG2”yc™”"
mice, compared with a milder increase at 10 dpi for the wild-type mice (Figures 3-1 and 3-2).

These results show a direct correlation between viral titter and paw inflammation, and
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demonstrate that RAG2 and yc genes are required for controlling and eliminating the virus and

joint inflammation induced by CHIKV.
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Figure 3-1. CHIKV RNA levels and paw inflammation at site of inoculation in RAG2"-y¢”* mice. Virus
RNA was quantified via RT-qPCR using serum at the given time points (X-axis) and is displayed on the left-
Y axis. Inflammation (measured by swelling) of inoculated paws is displayed on the right-Y axis.
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Figure 3-2. CHIKV RNA levels and paw inflammation at site of inoculation in wild-type mice. Virus
RNA was quantified via RT-qPCR using serum at the given time points (X-axis) and is displayed on the left-
Y axis. Inflammation (measured by swelling) of inoculated paws is displayed on the right-Y axis.

3.5.2 Chikungunya virus infects brain, liver, muscle and spleen tissue in RAG2"yc™"
mice

To assess tissue tropism, we harvested the organs of wild-type and RAG2”"yc”" mice
inoculated with CHIKV or PBS. CHIKV was detected in both wild-type and RAG2”yc”- mouse
tissues. However, only half of the wild-type mice were positive for CHIKV RNA in the brain at
8 dpi, compared with 5 positive samples out of 6 RAG2"yc”" mice (Table 2A). The number of
CHIKYV positive organs was reduced in the animals sacrificed at 15 dpi with spleen and muscle

displaying presence of the virus in RAG2"yc”" mice (Table 2B).
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Table 3-2. Detection of viral RNA at 8dpi in organs of RAG27yc¢”~ mice. Footpad inoculation with 5X10*
pfu of Chikungunya virus La-Reunion strain.

KO- PBS WT- PBS KO- CHIKV WT- CHIKV
Brain 0/6 0/6 5/6 3/6
Liver 0/6 0/6 5/6 5/6
Spleen 0/6 0/6 6/6 4/6
Muscle 0/6 0/6 5/6 5/6

Table 3-3. Detection of viral RNA at 15 dpi in organs of wild-type and RAG2”-yc”~ mice. Footpad
inoculation with 5X10* pfu of Chikungunya Virus La-Reunion strain.

KO- PBS WT- PBS KO- CHIKV WT- CHIKV
Brain 0/3 0/3 1/3 0/3
Liver 0/3 0/3 1/3 1/3
Spleen 0/3 0/3 2/3 2/3
Muscle 0/3 0/3 2/3 0/3

At 8 dpi, the average levels of viral RNA in CHIKV positive RAG2”yc”" mice were as
follows: Brain 5.8X10° RNA copies/ mg, liver 2.9X10° RNA copies/mg, spleen 1.6X10* RNA
copies/mg, and muscle 3.3X10* RNA copies/mg (Figure 3-3). Meanwhile, CHIKV RNA levels
in wild-type mice did not exceed 3.4X10? RNA copies/mg except for muscle where the mean
was 1.7X10° RNA copies/mg (Figure 3-3). Viral titers were significantly different between wild-
type and RAG2”yc”" mice in the brain, liver, and spleen tissues, with RAG2”yc”" mice

displaying the highest levels overall (Figure 3-3).
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Figure 3-3. CHIKV RNA levels in different tissues from RAG2”yc¢”’- and wild-type mice. Virus RNA
was quantified via RT-qPCR using tissue samples harvested at 8 dpi. Mice were inoculated with 5,000 pfu
of CHIKYV La-Reunion strain. Limit of detection (LoD) is shown as a horizontal dotted line.

3.5.3 Chikungunya virus infection of RAG2”yc”" mice induces the secretion of pro-
inflammatory cytokines in mouse sera

Cytokine secretion in mouse sera was quantified at 8 dpi using a cytometric bead array
that binds to IL-12p70, TNF, [FN-y, MCP-1, IL-10, and IL-6. Interleukins -12p70 and -6 were
found at high levels in RAG27"yc”" mice, and were significantly different than those of wild-type
infected mice (Figure 3-4). The levels of IFN-y, a crucial anti-viral cytokine, and the monocyte
recruitment chemokine MCP-1 were also significantly higher in inoculated knockout mice,
compared to their wild type counterparts (Figure 3-4). Interestingly, TNF and IL-10 showed a
slight induction in inoculated wild-type, and RAG27yc”" mice, but no significant difference was

detected between the CHIKV infected groups and the PBS control groups (Figure 3-4).
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Figure 3-4. Cytokine levels in the serum of CHIKYV and PBS inoculated RAG2"y¢”- and wild-type
mice. Secreted cytokines were quantified by cytometric bead array. Collected serum of RAG2”yc”- and
wild-type mice was isolated from PBS and CHIKYV infected groups at 8 dpi.

3.5.4 Histological analysis of brain, spleen, and liver indicates tissue inflammation and
mononuclear cell infiltration

Formalin-fixed, paraffin-embedded tissues were sectioned, Giemsa stained, and analyzed.
Brain tissue of RAG27yc”" mice showed greater inflammation near ventricular sites and loss of
general morphology compared to their wild-type counterparts. Macrophage infiltration was also
higher in the knockout mice (Figure 3-5). Spleen sections from CHIKV-infected RAG2”"yc™
mice also displayed inflammation and macrophage infiltration, as well as a mild increase in
lymphocytic apoptosis (Figure 3-6). Giemsa stains of liver tissue sections did not show any signs
of inflammation or increased levels of monocytes. However, some blood vessels appeared to

have collapsed. There were also areas of spotty hepatocytic necrosis in the parenchyma, which
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were identified at 8 dpi (Figure 3-7). PBS inoculated mice did not exhibit any sign of

inflammation or an increase of monocytes in tissue.
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Figure 3-5. Brains sections from wild-type and RAG2”y¢”~ mice inoculated with CHIKV and PBS.
Mice were inoculated by footpad injection with 5,000 pfu of CHIKV La-Reunion strain. Tissues were
harvested at 8 dpi and paraffin embedded and Giemsa stained. A) Inflammation near the ventricular site. B)
Macrophage infiltration of brain tissue.

60



ST s 1...4' _.-'i’!'-_\'{ - 3 - I e s 'r'-_- {, B Sy

Figure 3-6. Spleen sections from wild-types and RAG2”-y¢”~ mice inoculated with CHIKV and PBS.
Mice were inoculated by footpad injection with 5,000 pfu of CHIKV La-Reunion strain. Tissues were
harvested at 8 dpi and paraffin embedded and Giemsa stained. A) Macrophage infiltration. B) Mild increase
of lymphocytic necrosis.
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Figure 3-7. Liver sections from wild-type and RAG2”-yc”- mice inoculated with CHIKV and PBS. Mice
were inoculated by footpad injection with 5,000 pfu of CHIKV La-Reunion strain. Tissues were harvested at
8 dpi and paraffin embedded and Giemsa stained. A) Spotty hepatocytic necrosis evenly distributed in the
parenchyma. B) Blood vessel appears to have lost structural integrity.

3.5.5 Chikungunya virus-induced monocyte infiltration in brain and spleen tissue is

increased in RAG27"yc”" mice

Tissues from CHIK V-infected RAG27"yc”" and wild-type mice were analyzed by
immunofluorescence staining for CD11b, as a murine monocyte marker, and DAPI for nuclei
staining. CHIK V-infected RAG27yc”" mice showed an increase of infiltrating monocytes in the

brain and spleen compared to wild-type animals (Figure 3-8). The liver showed a slight increase

in macrophages (Figure 3-8).
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Figure 3-8. Macrophage infiltration of the brain, liver, and spleen in CHIKV and PBS inoculated
RAG27yc”- mice measured by immunofluorescence. Mice were inoculated by footpad injection with
5,000 pfu of CHIKV La-Reunion strain. Tissues were harvested at 8 dpi and paraffin embedded. Sections
were stained with DAPI and an APC conjugated anti-mouse CD11b antibody.

3.5.5 Chikungunya virus replication is accompanied by monocyte infiltration in joint
tissue in RAG2”yc”" mice

Paw sections from CHIK V-infected RAG2”yc”" and wild-type mice were analyzed by
immunofluorescence staining for CHIKV E1 protein, CD11b as a murine monocyte marker, and
DAPI for nuclei staining. RAG2"yc” CHIKV infected mice showed increased levels of virus

replication and macrophage infiltration (Figure 3-9).
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Figure 3-9. CHIKY replication and macrophage infiltration of mouse paws in CHIKYV inoculated
RAG27yc¢” and wild-type mice measured by immunofluorescence. Mice were inoculated by footpad
injection with 5,000 pfu of CHIKV La-Reunion strain. Tissues were harvested at 8 dpi and paraffin
embedded. Sections were stained with DAPI (white/grey), a Texas-Red conjugated anti-CHIKV antibody
(green), and an APC conjugated anti-mouse CD11b antibody (magenta).

3.5.6 Micro-computed tomography analysis shows inflammation in joint tissues of
CHIKYV infected RAG2”yc”" mice

Micro-computed tomography (micro-CT) was used to evaluate tissue damage and
inflammation in affected joints with increased resolution. Axial plane analysis of the dorsal side
of inoculated paws shows a size reduction of the synovial cavity between the metacarpus and the
first phalanx bones, indicating inflammation of the synovial cavity (Figure 3-10). A 3D image of
the inoculated paws showed joint inflammation in CHIKV-infected paws. No bone structure

damage was seen in either of the inoculated paws (Figure 3-11).
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WS
Mock CHIKV+

Figure 3-10. Micro-CT scan of CHIKV and PBS inoculated paws from RAG2”-yc”- mice. Mice were
inoculated by footpad injection with 5,000 pfu of CHIKV La-Reunion strain. Tissues were harvested at 8
dpi, fixed in 10% formalin and stored in 70% ethanol. Inflamed joints are highlighted in red circles. A)
Defined cartilage tissue shows no inflammation of the synovial cavity. B) Undefined cartilage tissue shows
synovial cavity inflammation near the site of inoculation.
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RAG27 yc'-

Wild-Type

Figure 3-11. 3D rendering of micro-CT scan of mouse paws from CHIKV-inoculated RAG2"-y¢”~ and
wild-type mice. Mice were inoculated by footpad injection with 5,000 pfu of CHIKV La-Reunion strain.
Tissues were harvested at 8 dpi, fixed in 10% formalin and stored in 70% ethanol.

3.6 Discussion

Understanding the consequences and pathogenesis of emerging arboviruses like Zika
virus, West-Nile virus, and Chikungunya virus has become a more significant concern because
of the potential threat these viruses can pose to the general public®!!-136:145.164.205.206 ‘y7ector
adaptation has facilitated the widespread dissemination of these viruses to previously unaffected
urban areas*!#3- 1150164 ' CHIKV is classified as an Old World alphavirus, typically known to be
mostly arthritogenic >2°7-2% However, case reports of human patients suffering from
neurological complications following CHIKV infection have been increasing over the last ten

years 132,209-213
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Since CHIKYV does not efficiently infect wild-type mice, it is necessary to use the
immune system knockout mice or to use a high infectious dose to model this disease’’?!4215,
Recent studies using RAG1 and RAG2 deficient C57BL/6 mice have shown the role of these
immune factors in modulating virus-induced arthralgia, monocyte infiltration into affected
tissues, and CHIKV brain invasion®*?>134216 We used RAG2”"yc”" Balb/c mice to see if this
model could mimic the symptoms of CHIKYV infection observed in humans and non-human
primates models!1+124135.164179217

Although we did not observe acute polyarthritis in either the wild-type or RAG2"yc™"
mice, CHIKYV infection in the double knockout mice produced high viral titers in serum and
several organs (Figures 3-1, 3-2, and 3-3), produced inflammation and joint tissue damage in the
inoculated paws (Figures 3-1, 3-2, and 3-10), stimulated the production of several pro-
inflammatory cytokines in serum (Figure 3-4), and induced monocyte infiltration of affected
tissues, including the brain (Figures 3-5 and 3-8). These observations support the hypothesis that
early antiviral cell-mediated immunity by lymphocytes and monocytes is necessary to control
virus replication.

In our model, CHIK V-induced joint pathology reached its maximum inflammation at 8
dpi and persisted for 4 days correlating directly with peak viremia in serum (Figure 3-1 and 3-2).
This contrasts with previous observations in RAG1”- and RAG2”- C57BL/6 mice where joint
swelling occurred 2 days after peak viremia and immediately receded thereafter’!34. The
different genetic backgrounds and additional yc knockout may explain the prolonged
inflammation and viral persistence in our RAG2”yc”" Balb/c mice. These other studies also used

a higher concentrations of virus to inoculate their mice. As has been previously explained, the

absence of a functional yc gene prevents the expansion of lymphocytes, thwarts functional
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responses to IL-4 by monocytes and macrophages, downregulates the expression of TNF, and
reduces the activation capacity of STAT6 leading to the suppression of several innate and
adaptive immune pathways. Additionally, the genetic background of Balb/c mice predisposes
them to generate a Th, immune response, which is not optimal for defense against viruses?'® 22,
This makes our RAG27"yc”~ Balb/c mice extremely immunocompromised and more susceptible
to viral infections, when compared to a C57BL/6 strain that is prone to induce a more effective
anti-viral Th; immune response.

CHIKYV tissue tropism in our RAG2”yc”" Balb/c mice showed viral RNA replication in
the brain, liver, spleen, and muscle (Figure 3-3). Interestingly, viral RNA in the muscle of both
wild-type and RAG27yc”" mice was detected but without any significant difference between the
two mouse strains. Additional histological analysis of muscle tissue was unable to be done.
However, we acknowledge the importance of understanding CHIKV pathology in muscle tissue,
especially when many alphaviruses tend to exhibit increased replication in fibroblast
cells®161:221.222 ‘Interestingly, our model produced an increased number of CHIKV positive brain
infections compared to a previous RAG1”- C57BL/6 mouse model'**. In a precious RAG1”
C57BL/6 model, only 50% of the inoculated mice developed brain viremia. In contrast, our
model produced detectable viral RNA in 83% of inoculated mice at 8 dpi (Tables 2A and 2B).

Cytokine analysis in CHIKYV infected mice showed increased levels of IL-12p70, TNF,
IFN-y, MCP-1, IL-10, and IL-6 (Figure 3-4). However, TNF and IL-10 levels were not
significantly different between wild-type and RAG2”"yc”" mice. Levels of IL-12p70, IFN-y,
MCP-1, and IL-6 were significantly higher in RAG2”"yc”" mice compared to infected wild-type
animals. Previous research in RAG1”" mice also reported increased levels of circulating TNF and

IFN-y, which are known anti-viral cytokines®**%°, Despite our mouse strain’s tendency towards

68



a Thy response, we observed stimulation of IL-12p70, a known Thi-stimulating cytokine, during
the inflammatory stage. Induction of IL-6 and type-I IFN during CHIKV infection are common
markers used to determine disease severity in humans These hace also been correlated with
increased mortality®?26227  Additionally, we detected significantly higher levels of MCP-1 in
our RAG2”yc”" mice. MCP-1 is one of the key chemokines that regulate monocyte/macrophage
infiltration and migration across the vascular endothelium into the tissue, as a response to

inflammation?%®

. Despite its crucial immunological activity, MCP-1 has been linked to increased
arthritic pathologies during CHIKV infection!®>???, The increased levels of MCP-1 correlate with
peak joint inflammation and our immunofluorescence results, which show a recruitment of
CDI11b" monocytes into the brain and spleen (Figures 3-5 and 3-6).

Histology analysis of brain, spleen, and liver tissue in CHIK V-infected RAG2”yc”" mice
showed inflammatory signs in brain and spleen tissue (Figures 3-5, 3-6, and 3-7). Monocyte
infiltration is also observable in CHIK V-infected brain and spleen tissue of RAG2”yc”" mice
(Figures 3-5, 3-6, and 3-8). Brain inflammation was observed near the ventricular sites (Figure 3-
5), whereas spleen pathology does not appear to be confined to a specific region (Figure 3-6). To
our knowledge, only one other study has reported neurological invasion using a mouse model'**,

Finally, the micro-CT examination of the affected joint tissue provided us with a detailed
and high-resolution view of synovial cavity inflammation between the metacarpus and first
phalanx bones (Figures 3-10 and 3-11). Typically, healthy joint tissue will show delimited gaps
between bones, and inflamed joint tissue will display a reduction of this inter-bone gap. The

synovial cavity of CHIK V-infected RAG2”y¢”™ mice appeared to be significantly inflamed
y y Y pp g y

compared to both CHIK V-infected wild type, and PBS inoculated controls (Figure 3-10). This
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correlating with other measures of joint inflammation (Figures 3-1 and 3-2). To our knowledge,
this is the first time micro-CT has been used to examine CHIKV-infected joint tissue.

In summary, we have described a mouse model that effectively recapitulates CHIKV-
induced local arthralgia and CHIK V-associated neuropathy. Our results suggest that cell-
mediated innate and adaptive immune responses play a role in both inflammation induction and
rapid viral clearance. We also observed increased levels of pro-inflammatory cytokines and
monocyte recruitment chemokines in our RAG2”yc”~ Balb/c mice, which parallels reported
human cytokine profiles during CHIKV infection. In addition, our particular mouse model is

t230_232

highly receptive to humanization via CD34" engraftmen , and may serve as a novel

platform to further study the role of human immune cells during CHIKV infection.
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Chapter 4. Alphavirus and Immune-Cells Host Interactions
The following chapter is written as a review article which will be sent to the journal
Viruses for publication. All content and figures have been formatted for this dissertation, but it is

otherwise unchanged.

4.1 Abstract

Human pathogens belonging to the Alphavirus genus, in the Togaviridae family, are
predominantly arthropod-borne, being primarily transmitted by mosquitos. The signs and
symptoms associated with these viruses can include fever and polyarthralgia, defined as joint
pain and inflammation, as well as encephalitis. In the last decade avenues to increase
understanding about the interaction between members of the alphavirus genus and the human
host have intensified due to the re-appearance of the chikungunya virus in Asia and Europe, as
well as its emergence in the Americas. Alphaviruses generally suppress host immunity, which
makes comprehending alphavirus interactions with the components of the innate and the adaptive
immune responses critical. In this review, we summarize the latest research in the field that
focuses on alphavirus-host cell interactions, underlying mechanisms, and possible clinical

applications.

4.2 Introduction

Alphaviruses are spherical enveloped viruses with a single-stranded positive-sense RNA
genome that is between 11,000 and 12,000 nucleotides in length, contains a sub-genomic
promoter, and has both a 5’ cap and a poly-A tail>**. The viral lipid envelope contains viral
glycoproteins that protrude from the virions, endowing it with hemagglutination properties***.
Viral protein production is achieved by two separate translation events that first produce the

nonstructural polyprotein, which is encoded in the 5° end of the genome, followed by translation
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of sub-genomic RNA of the structural proteins near the 3’ end?. These two polyproteins are
subsequently cleaved into four mature nonstructural proteins (nsp1-nsp4) and four mature
structural proteins (C, E3, E2, and E1). This viral taxon has been shown to infect various
vertebrates which include humans, fish, birds, rodents, as well as invertebrates which usually
serve as transmission vector®*>,

Alphaviruses are widely distributed around the globe and many are pathogenic in
humans!718:97:236237  Arthritis, encephalitis, rash, and fever are some of the most commonly
observed symptoms in alphavirus-related disease>*+66:74.124217.238-240 Thege viruses are naturally
maintained in small rodents, birds, and mosquitoes. Larger mammals are generally dead-end
hosts, with the exception of Venezuelan Equine Encephalitis virus (VEEV), which is maintained
and amplified in horses>>24!242,

Infection in humans begins when an individual is bitten by an infected mosquito, then as
the virus enters the bloodstream it spreads rapidly by replicating mainly in fibroblast cells**-76:156,
In rare cases, alphaviruses can also invade the Central Nervous System (CNS) where it will
replicate in astrocytes and neurons, which can lead to fatal encephalitis'>®?%. In contrast, the
subset of viruses that cause musculoskeletal and arthritis-like symptoms are not as well
recognized or common (See Table 4-1). Articular manifestations in alphavirus-infected humans
are principally caused by six viruses from the old-world alphaviruses group:

Chikungunya (CHIKV), O’Nyong Nyong(ONNYV), Sindbis (SINV), Ross River
(RRV), Mayaro (MAYV), and Barmah Forest (BFV). Old-world alphaviruses can cause quite
5793241 1p

remarkable acute diseases that may progress into prolonged chronic manifestations

most cases, arthritic manifestations are acute and transient. However, CHIKV infection causes
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the most severe symptoms which include high fever, maculopapular rash, severe myalgia,
persistent polyarthritis, and in rare cases hemorrhagic phenomena®®-164191:217,

Viruses are generally recognized for stimulating the innate immune response. Viral RNA
serves as a pathogen-associated molecular pattern (PAMPs) that is recognized by the host pattern
recognition receptors (PRRs) such as Toll-like receptors 3,7 and 8 (TLR3, TLR7, and TLRS),
and RIG-like receptors (RLRs)?*~2%3, The interaction(s) between the viruses PAMPs and the
PRRs in the host activate signaling pathways that lead to interferon production, which inhibits
viral replication by inducing an anti-viral response®**?*’. Likewise, in the case of the genus
Alphavirus the innate immune response, particularly type-I IFN!27-248-251 'i5 the first line of host
defenses.

An intermediate step in viral replication is the production of double-stranded RNA which
induces the expression of IFN-a and IFNp by the infected cell'®+24324%252 The type I Interferon
pathway leads to Natural Killer cell activation through IFN-a and IFN-B?>**4 Induction of the
anti-viral response is triggered when IFN-a and IFN-B bind to the IFN a/f receptor*>*?>°. Once
bound, the JAK-STAT pathway is activated, which in turn induces the synthesis of several genes
such as 2’-5’-oligoadenylate synthetase (2-5(A) synthetase), and activates ribonuclease L. (RNase

236 Another type-I IFN-activated anti-viral

L) that will digest polyadenylated mRNA molecules
gene includes dsRNA-dependent protein kinase (PKR), which blocks protein synthesis by
phosphorylating the alpha subunit of the eukaryotic initiation factor (eIF2a). This
phosphorylation leads to a depletion of protein synthesis by thwarting delivery of initiator tRNAs
to the ribosome.

The purpose of this review is to scrutinize the pathogenesis of the currently relevant

alphaviruses, and analyze the known or suspected role of immune cells in modulating and/or
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enhancing the disease. We will also elucidate the overall pathogenic similarities between the old
and new world groups which have become of great interest in recent years due to their potential

257 We will first provide a general overview of these viruses, then

use as biological weapons
discuss their known pathogenesis, and finally summarize the host’s immunological response.

Our main goal is to understand where future research can improve human health by increasing

the development and production of new treatments, prophylactics, and vaccines.

54,258

Table 4-1. Human diseases caused by Old- and New World Alphaviruses

Alphavirus Species Name Signs and Symptoms of
Disease
Old Sindbis (SINV) Fever, rash, arthritis, and
World Chikungunya (CHIKV) arthralgia

Ross River viruses (RRV)
O’Nyong Nyong(ONNYV)
Mayaro (MAYV)

Barmah Forest (BFV)

New Eastern Equine Encephalitis (EEEV) Fever, Encephalitis
World Western Equine Encephalitis (WEEV)
Venezuelan Equine Encephalitis virus

(VEEV)
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4.3 Virus, epidemiology, and vectors

Arboviruses are vector-borne diseases which include the alphaviridae, flaviviridae,
bunyaviridae, reoviridae, rhabdoviridae, and orthomyxoviridae. Alphaviruses are typically
transmitted by arthropods of the Aedes family. Mosquito modulation of host haemotasis and
immune defenses results in increased host susceptivity to infection. In mice, mosquito saliva can
potentiate infection of many alphaviruses such as CHIKV, SFV, WEEV, and SINV80:25%-260 [t jg
thought that Aedes arthropods facilitate arbovirus transmission and infection by inhibiting type-I
IFN responses, downregulating expression of Th1 cytokines and upregulating Th2 cytokines

(Figure 4-1 )81,261—263 )
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Figure 4-1. Stimulation of immune cells by alphaviruses at early time points of infection. Alphavirus
are first encountered by resident macrophages. Infected macrophages secrete pro-inflammatory cytokines
recruiting CD4*and CD8" T cells inducing a Th17 response.

4.3.1 Old world viruses

Old World alphaviruses (OWA), including Ross River (RRV), Barmah Forest (BFV),
Mayaro (MAYV), O’Nyong Nyong (ONNV), Chikungunya (CHIKV) and Sindbis (SINV)
viruses, are best known for causing arthritogenic fever in humans. These alphaviruses were
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restricted by various factors to their own endemic regions. However, their adaptation to new and

more effective arthropod vectors has increased their dissemination to new regions!#4!264,

4.3.1.1 Ross river virus (RRV)

Ross river virus is an alphavirus endemic to the South Pacific region, including Australia,
New Guinea and other islands®®>-2%. It was initially described as “epidemic polyarthritis” after a
series of outbreaks in Australia, but it took until 1959 to identify the virus in samples of O.
vigilax mosquitoes near the river Ross in Queensland, Australia'?*. Further serological testing
linked this new virus to previous patients that suffered from “epidemic polyarthritis”**. Signs
and symptoms associated with RRV infection include fever, severe polyarthritis, extensive rash,
lymph nodes enlargement. Recovery time varies wildly in adult patients, some recovering within

2 weeks and others taking up to 3 months®!%3.

4.1.1.2 Mayaro virus (MAYV)
Mayaro virus was first discovered in Trinidad in 1954 from the blood of 5 sick
patients®’%2?7!, The virus rapidly expanded into new geographical areas as demonstrated by its

isolation in the subsequent year from patients in the Amazon regions of Bolivia and Brazil?’>*"3,

It is thought that this virus is maintained in nature by a silent sylvatic transmission cycle?’*?",
Mounting evidence suggests that nonhuman primates and various arthropod mosquitoes act as
natural reservoirs for MAY V276277 Mayaro virus has also been isolated in Haemagogus,

Psorophora, Mansonia, Culex, and Sabethes mosquitoes, with the Haemagogus genus being

capable of sustaining the most strains of Mayaro virus (38 different strains)>777-27,

MAYYV infection causes a febrile onset typically lasting 3 to 5 days, which is
accompanied by headache, myalgia, diarrhea, maculopapular rash, and joint pain®’>*”. Although

fatalities due Mayaro virus are rare, this disease does cause significant morbidity especially
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among rural populations?’>27¢-279-281 ‘Each outbreak of this virus results in up to 60% of the

infected people becoming immune?®®?.

4.1.1.3 Sindbis virus (SINV)
This alphavirus is considered the prototype alphavirus; it was originally isolated near
Cairo in Sindbis, Egypt?332%, Sindbis virus (SINV) infections have been reported mainly in
northern Europe and South Africa, and it is the causative agent of Ockelbo and Pogosta

235,285,286

disease . Its main amplifying host is birds and it is transmitted by mosquitoes within the

culex genus'7-?#72% SINV causes Sindbis fever in humans with signs and symptoms including

arthralgia, rash and malaise?33-285-2%9,

4.1.1.4 Chikungunya virus (CHIKV)

This virus was originally discovered in 1955 in the area currently known as Tanzania®’,
and is possibly the most virulent of the old world alphaviruses. It is transmitted by two different
species of Aedes mosquitoes. 4. aegypti was the traditional vector of transmission of this virus,
usually spreading the virus in rural settlements!®!3¢205-2% The addition of 4. albopictus as a
viable vector introduced Chikungunya virus to more urban environments and is a significant
factor for this virus's rapid expansion through Eurasia, Africa, and more recently the Caribbean

islands and mainland America*!642!,

CHIKYV causes a febrile disease that is accompanied by myalgia, maculopapular rash,
neuropathy and severe polyarthritis that can persist for several months or years®>>%136 The most
notable outbreak to date happened in the French island of La Reunion in 2006, where more than

half of the population was infected with a highly arthritogenic strain!#8%131:292,
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4.1.1.5 Semliki Forest virus (SFV)

Semliki Forest virus was originally described by Smithburn and Haddow in 19422, It
was isolated from mosquitoes in the Semliki Forest in Uganda. SFV is widely distributed in
Africa and human infection is relatively common®**. This virus spreads mainly by mosquito bites
and causes mild disease in humans?®. Interestingly, its ability to cause lethal encephalitis in

rodents has made it useful to model viral neuropathy?”¢.

4.3.2 New world viruses

New World (NW) alphaviruses are well known for their encephalitogenic phenotype®.
The NW viruses include the Venezuelan equine encephalitis virus (VEEV), eastern equine
encephalitis virus (EEEV), and western equine encephalitis virus (WEEV), and have been

classified as Category B priority biodefense agents due to their significant biological threat®”’.

4.3.2.1 Eastern equine encephalitis virus (EEEV)
Eastern equine encephalitis virus is a highly pathogenic zoonotic pathogen, especially for the
North American (NA) strains®*®. EEEV was first isolated from infected horses in 1933 in
Virginia and New Jersey, followed by confirmed human cases in New England in 1938%%°. EEEV
is found in North, Central, and South America and the Caribbean®*’. According to the Center for
Disease Control and Prevention (CDC), the mortality rate for this pathogen is approximately
30%, with many survivors suffer from neurologic problems. EEEV is an important cause of
disease in animals and humans. In the United States alone it causes approximately 7 reported
human cases annually*®!. The most recent EEEV outbreak was in 2019 were 34 persons in the
US were infected. Among the patients, 94% were diagnosed with encephalitis and 12 died as a

result®?!,
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EEEV is a vector-borne disease that is transmitted to humans and animals by an infected

mosquito Culiseta melanura, which is a principal vector among the avian population?>3%,

4.3.2.2 Western equine encephalitis virus (WEEV)

Western equine encephalitis virus is an alphavirus, classified as a group IV positive-sense
single-stranded RNA virus. This virus is the closely related to EEEV, with its origin possibly due
to a recombination event between EEEV and a virus similar to SINV3**, WEEV was isolated
back in 1930 from the brain of a horse in California, then later in 1938 from the brain of a
child®®. In 1987, 148 U.S cases of arboviral encephalitis cases were reported, of which 41 were
WEEV3%, 1t is suggested that WEEV encephalitis is milder that caused by EEEV. WEEYV is
primarily found in the western portion of the United States, western Canada and as far away as
Argentina®®’. Phylogenetic analyses suggest that WEEV lineages in North and South American
have evolved differently**®. The main vector in United States is the Culex tarsalis mosquito,

t309

which prefers an avian host™”. Epidemics in mules, horses, and birds generally lead to human

disease’"’.

4.3.2.3 Venezuelan equine encephalitis virus (VEEV)

VEEV was isolated and grown in a lab in 1938 after being discovered during outbreaks in
Colombia, Venezuela, and Trinidad in 193527310, It identified in parallel in the United States
during the 1930s; however it was during a major epidemic in south Texas in 1971 that resulted in
human and animal (horse) fatalities, and where the infection rate of mosquitoes was reported to

be 1:1003',

VEEYV is classified into six subtypes, designated I to VI, and consist of 9 strains®'2,
VEEYV strains have increased the number of viable mosquito vectors. The most widespread

outbreaks involve a specific adaptation to Ochlerotatus taeniorhynchus, which is the most
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common vector in coastal areas, it can also use the same Culex (Melanoconion) vector as EEEV

and WEEV313,

4.4 Pathogenesis

Although alphaviruses are transmitted via mosquitos, the infection caused by them is due
to the various mechanisms of virus-host interaction and cytopathic effects *'*3!>. From the Old
World (OW) alphaviruses, CHIKV causes acute febrile illness and with decreasing severity for
ONNV, MAYYV, and RRV which are antigenically similar®'®. Overall, New World (NW)
alphaviruses are more virulent with infection causing a very debilitating disease, with EEEV
presenting the most severe form with disease severity decreasing for WEEV and VEEV?!"

(Figure 4-2).

OLD WORLD
CHIKV RRV, ONNV, MAYV SINV

- Milder

VEEV, EEEV WEEV

NEW WORLD

Figure 4-2. Distribution of disease severity for different alphaviruses. Old world alphaviruses are
located on the top of the graph. New world alphaviruses are located on the bottom of the graph.

4.4.1 Old world viruses

4.4.1.1 Sindbis virus (SINV)
This virus has been extensively used as an acceptable model in mice for alphavirus
replication and disease’!®. However, SINV-induced arthritis is relatively unexplored, unlike other

188

alphaviruses that have been the focus of many recent studies *°. After transmission via the bite of

an infected mosquito, SINV spreads through the bloodstream to vital organs including the liver,

80



spleen, muscle, lymph nodes and joint associated tissues?*>>!°, Viremia is usually followed by
the activated innate immune response, which includes inflammation and infiltration of
lymphocytes, Natural killer (NK) cells, and macrophages to the affected tissues®?°~2*. Cell
invasion occurs via receptor-mediated endocytosis and low pH-dependent membrane fusion®**
326 Virions target the natural resistance-associated macrophage protein (NRAMP2) and use cell
surface heparan sulfate and DC-SIGN and L-SIGN lectins as attachment factors*2"3%°, Infection
in many cells usually leads to aggressive cytopathic effects, but macrophages can be persistently
infected leading to the induction of migration inhibitory factor (MIF), TNF, IL-18, and IL-
6321331332 Additionally, matrix metalloproteinases (MMP1 and- 2) are found in high quantities

in the synovial fluid of affected patients, which may contribute to articular damage**!-*>,

4.4.1.2 Ross river virus (RRV)

Ross River virus causes clinical disease in about 10% of infections. It manifests
principally with myalgia, arthralgia, headache, fever, and maculopapular rash?¢7-268:334,
Symptoms commonly appear 7-10 days after infection and between 10-50% of patients continue
to experience these symptoms for several years. Mononuclear cell infiltration as well as
perivascular edema due to erythrocyte extravasation are usually present in rash lesions!>182334,
Similar to what is found in CHIKYV, viral antigen is present in infiltrating monocytes and
macrophages, but no infectious virus is recovered in the affected joints***. In addition to
mononuclear cells, lymphocytes are the other predominant cell type with CD8" T lymphocytes

being more prevalent than CD4" cells!3202336,

4.4.1.3 Chikungunya virus (CHIKV)
CHIKYV infection in humans starts when an infected 4Aedes mosquito introduces the virus

into the host during a blood meal. Once inside the host bodys, it is thought that CHIKV replicates
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within susceptible cells such as skin fibroblasts and monocytes’ '8, It is also thought that
mosquito saliva enhances CHIKV infection through several proteins that prevent blood
coagulation and downregulate the host immune system>!. SAAG-4 is an identified protein in 4.
aegypti saliva that enhances CD4 T cell induction of IL-4 thus enhancing a Th2 response’.
Further studies have shown that mosquito saliva recruits eosinophils and neutrophils to the bite
site, whereas these immune cells are absent at needle inoculation sites®’. In mice, the resulting
induction of a Th2 response decreases the classic anti-viral Th1 response, which enhancers
arboviral infection in susceptible hosts®!. Although the early infection events have not been
clearly defined, the acute blood phase is characterized by a brief but highly viremic phase, where
viral titers reach up to 10° viral copies per m1*¥>%. Previous studies have shown that migrating
monocytes, and to a lower extent B-cells and dendritic cells are targeted during the acute blood

phase’®84,

Despite a robust innate immune response against CHIKV infection, the virus
disseminates rapidly to the bloodstream. This viral dissemination could be due to mosquito saliva
that suppresses the host immune system and consequently induces a Th2 response. Such a
response is highly inefficient against viral infections and affects the migration of infected
immune cells such as macrophages or dendritic cells to the lymph nodes. Once inside the lymph
node, infected cells produce new viruses which in turn infect more susceptible neighboring cells.
During this phase, the infection may be contained or eliminated by the innate production of
cytokines by the different immune cells present in the lymph node. However, the virus still
manages to escape and further disseminate to other tissues like joints, musculoskeletal tissue, and
even the brain by activating the endothelium and modifying the permeability of blood vessel

barriers®>#¢. Once the virus reaches the bloodstream, it reaches the typical high titers which last
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between 2 to 10 days in humans. The sudden decay of viral presence is thought to be due to the

strong antiviral action of the Type-I IFN response, to which CHIKV is highly sensitive >+’

Febrile and arthritic pathologies are likely immune-mediated. Infected patients typically
exhibit a pro-inflammatory cytokine profile which includes high levels of IL-1p, IL-6 and TNF-
o¥”0 It is thought that CHIKV induces an iterative cycle in which the pro-inflammatory
response causes arthralgia, by infected fibroblasts that express high levels of prostaglandins
which may contribute to the development of the chronic osteoarthritic joint pathology that

persists for months or years after infection®' .

4.4.1.4 Semliki Forest virus (SFV)

The original L10 strain shows complete virulence in Balb/c mice. Intravenous infection is
extremely lethal to mice, with a lethal dose, 50% (LDso) of 1 pfu. Further studies attenuated the
virus by chemical mutagenesis by affecting the efficiency of viral RNA synthesis®*’. This
mutation decreased the lethality of SFV and allowed to identify CNS demyelination and
teratogenesis as consequences of viral infection.

Intranasal infection exposes SFV to the olfactory bulb, allowing analysis of early events
that follow CNS infection®,

There is evidence that virulent strains of SFV spread rapidly in the CNS of mice,
probably by axonal transport®*°. However, attenuated strains of SFV cross the BBB by infection

of vascular endothelial cells, but do not spread rapidly in neurons>**-3!,

4.4.2 New world viruses

4.4.2.1 Eastern equine encephalitis (EEEV)
EEEYV is the most virulent of the NW alphaviruses®'®. It appears to directly infect neurons

by a vascular route®?®. Infected individuals present severe symptoms that include high fever,
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headache, vomiting, general or focal seizures, focal weakness, cranial nerve palsies, and coma;
as well as long-term neurological sequelae which might cause both motor and cognitive
impairments®*?. Experimental models used to understand the pathology of the EEEV are mice,
hamsters, guinea pigs, rhesus monkeys, or marmosets, while histopathological studies are

performed in equine and porcine cases®'®.

Cellular targets of EEEV at the earliest time point (12 hours post-inoculation) showed
local viral replication at the inoculation site. These results were quantified by EEEV RNA as
well as antigen within fibroblasts, dendritic cells, lymph nodes and osteoblasts that appear to
play a critical role in pathogenesis®*®. Other identified permissive cells are ovarian stromal cells,
skin keratinocytes, and renal medullary interstitial cells. At later time points, viral nucleic acid
and antigen were also found in the skeletal and cardiac myocytes, developing teeth, skin

epithelium, ovaries, and renal papilla®®®,

4.4.2.2 Western equine encephalitis (WEEV)

WEEYV begins replication and viral RNA synthesis in local lymph nodes®”’. When the
viral load is high, the virus can translocate to the central nervous system across the blood-brain
barrier leading to inflammation (cerebral and meningeal inflammation, and necrosis)*’’. WEEV
infection (mostly in the US) is asymptomatic or mild, and is relatively uncommon; however, the
mortality rate is higher in infants and the elderly population®!®. Although this NW alphavirus is
not as aggressive as EEEV, individuals still present with fever, headache, neck stiffness,
photophobia, nausea and vomiting, weakness, tremors, and altered behavior*®. It has been also
reported that 15-30% of patients infected with WEEV develop secondary neurological

damage***,
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4.4.2.3 Venezuelan equine encephalitis virus (VEEV)

The VEEV complex has 14 antigenic subtypes, of which subtype I variety AB and C are
associated with major epizoonoses and human epidemics, while subtype IE can be neurovirulent
in equines®**4®, The virus replicates in non-lymphoid tissues such as heart, lung, kidney, and
pancreas; as well as lymphoid tissues such as lymph nodes and the spleen, where it produces an
inflammatory response characterized by cellular necrosis**’. The virus appears in the brain 36-48
hours post-infection and the presence of inflammation is characterized by neurodegeneration,

gliosis, and vacuolization of neutrophils®*’

. VEEV infection in humans is asymptomatic during
the incubation period of 1-5 days, followed by fever, headache, nausea, vomiting, arthralgia,
myalgia, retro-ocular pain, chills, long periods of diarrhea, and lower back pain®*3. It has been
reported that short febrile illness may progress into encephalitis, causing convulsions,
hemiparesis, behavioral changes and alterations of consciousness**’. VEEV can be transmitted in
aerosol form and are highly infectious®'®34’. Aerosol exposure in humans affects the upper
respiratory tract causing sore throat, pharyngeal erythema, neck pain, cervical lymphadenopathy,

and even encephalitis>*°.

Percutaneous acquired VEEV cases reported in humans have an incubation period of 1-4
days. Infected individuals present with fever, headache, myalgia, lethargy, chills, and
somnolence/drowsiness; and hematological findings show an increase of lymphocytes,

leukopenia and decreased number of neutrophils®>°.

The virus replicates in the lymphoid tissue, and in dendritic cells after subcutaneous
inoculation of VEEV in mouse models, leading to invasion of the CNS and causing
encephalitis®'’. In another study subcutaneous inoculation was done in 5-week old mice (CD-1)

and it was observed that VEEV disseminated to the brain through the olfactory system and the

85



351

trigeminal nerve which also enables spread to the periodontal membranes™". An aerosol and

intranasal challenge in mouse models are characterized by lesson and viral load in the upper

respiratory tract, nasal mucosa, and CNS*,

4.5 Host immune response
4.5.1 Old world viruses

4.5.1.1 Innate immune response

Monocytes are amongst the largest of all white blood cells and are also the third most
common circulating cell type (3-7%)*>?. They originate in the bone marrow from the pro-
monocyte that is derived from the monoblast*>*. Monocytes are discharged by the bone marrow
into the bloodstream, where they function as phagocytes for several days®>*. As they mature,
their nucleus becomes oval-shaped, indented on one side, off-center, and often contorted with
wrinkles**°. The monocyte cytoplasm holds many hydrolytic enzyme-containing organelles
called lysosomes that fuse to pathogen-containing phagosomes**®*>’. Once the monocytes leave
the circulation they migrate to the tissue where they differentiate into tissue macrophages™®.
Macrophages are among the most versatile and important cells of the immune system since they
function as patrol cells that can infiltrate almost any tissue and are involved in most of the
immune reactions either directly or indirectly®>. They are responsible for many types of specific
and nonspecific phagocytic and cytopathic functions. Macrophages are also responsible for
processing foreign molecules, presenting them to lymphocytes (T cells and B cells), and
secreting cytokines that can promote inflammation, recruitment of other immune cells, and

inhibition of immune reactions?>3-3-361

Alphaviruses can infect human macrophages, and they can even persist in vitro in

macrophage cultures in the presence of neutralizing antibodies®®2. In addition, biopsies of
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synovial fluid of affected joints in human patients show the persistence of RRV and CHIKV
RNA, along with macrophage infiltration in the synovial cavity?'®3®, It is also known that RRV-
and CHIKYV infected macrophages secrete chemoattractants like MCP-1, IL-8 and IFN-ao/
which trigger macrophage migration to the site of inflammation, where these immune cells can

be susceptible to infection!3>:165:182:235.364.365,

4.5.1.2 Adaptive immune response

Cell-mediated immune functions are critically important for host defense once alphavirus
infection is established in skeletal muscle cells, fibroblasts or macrophages. IgM memory B cells
represent the first line of defense against reinfection, and in the case of alphavirus, they appear 1-
2 weeks after infection and usually persists for a few months*®®, CD8" T-cells and CD4" Th1
cells are the main components of the cell-mediated anti-viral immune response®®’, with IL-12,
IFN-y, and TNF being secreted by activated Th1 cells*®®*°. IFN-y induces an antiviral profile in
cells, IL-2 acts indirectly by assisting in cytotoxic T-cell (CTL) recruitment and induction into an
effector population®’°372, Additionally, IL-2 and IFN-y activate NK cells which play a major
role in host defense during the first days of viral infection until a specific CTL response is

d373

developed’’”. Most pathogen-specific CTL response starts within 3-4 days after infection, peaks

by 7-10 days, and then declines®’*37>,

The role of T cells in alphavirus pathogenesis has not been clearly elucidated. Animal
models have shown that the infiltration of CD4" and CD8" T cells occurs in the inflamed joint of
CHIK V-infected animals®*9%:15%164376 These observations suggest active participation of T cells
during the acute phase of CHIKYV infection; however, the specific role that each T cell subtype
plays remain largely undefined. Additional research with a RAG2”", CD4”", and CD8”" mouse

model demonstrated that CHIK V-related joint inflammation was partially mediated by
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infiltration of CHIKV-specific CD4" T cells which do not appear to have an apparent antiviral
role, and CD8" T cells do not appear to have any role in antiviral response or pathology
enhancing activity during CHIKV infection®®. Infection in IFN-y - mouse models demonstrated
that CD4" T cells do not mediate joint inflammation via the IFN-y pathway®®. There are
conflicting reports on CHIK V-specific T cells involvement in joint pathology. Both reports were
conducted in IFN-y”" mice, while one showed that IFN-y is not a pro-inflammatory mediator of
joint inflammation during CHIKV infection, another study concluded that IFN-y producing T

cells are present in the joint””*,

3) Local Inflammation
IL-8: IL-12; IL-6; INF-at

4) Macrophage
infiltration

5) Macrophage
infection

2) Apoptotic
cells

6) Viral
persistence

Figure 4-3. Macrophage infiltration and viral persistence to inflamed joint cavity. 1) Fibroblast are
infected by alphavirus. 2) Infected fibroblast undergo apoptosis due to alphavirus cytopathic activity.
3)Local inflammation is induced by secretion of pro-inflammatory cytokines. 4) Macrophages are recruited
by chemoattractant molecules and infiltrate the joint cavity. 5) Macrophage are infected by alphaviruses. 6)
Resulting viral persistence renews the cycle producing virus-induced arthritis.

T cells are also associated with the generation of lesions of the myelin sheath in SFV
infected mice®®. Depletion of CD4" T cells reduced the extent of inflammation, whereas
depletion of CD8" T cells reduced demyelination*®. It is safe to assume that macrophages are
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more closely associated with joint pathology, while CD4" T cells mediate inflammation via
Th17- and Thl-related mechanisms as observed in rtheumatoid arthritis®”’. T cells play a role as
mediators of neuropathology and viral clearance in SINV infected mice®’®. Additionally,
hippocampus damage has been reported by mononuclear cells which are recruited by CD4" T

cells producing IFN-y during SINV infection®®.

4.5.1.3 Cytokines
Just as the relationship between different immune cells is complex, so too is the cytokine
network that governs the extracellular signaling system. Hundreds of small active molecules are
constantly being secreted to regulate, stimulate, suppress, and otherwise control the many aspects
of cellular development, inflammation, and immunity®’*%2, These cytokines are produced by
several cell types, including monocytes, macrophages, lymphocytes, fibroblasts, and mast
cells*3. Their effects can be local or systemic and regulate pro- and anti-inflammatory responses,

as well as recruit different cell types*4-3%°,

Elevation of cytokines associated with Th17, such as IL-1p, IL-6, and IL-17 have been
reported during infection in humans and in CHIK V-infected murine models®”’. Patient cohorts
have also shown an increase of Thl-associated cytokines including, I[FN-y, TNF-a, IL-2, IL-15,
and IL-18, and chemokines like IL-10, Mig, MIP-1a/p'7>%’. In CHIK V-infected mouse models
IFN-y and TNF-a were elevated during the inflammatory phase’’-*¥"-*%%, Th1- stimulating
cytokines like IL-12, IL-15, and IL-18 were elevated before the inflammatory phase, which

suggests an expansion of Th1 CD4" T cells before the induction of inflammation*°-*°
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4.5.2 New world viruses

4.5.2.1 Innate immune response
NW alphaviruses have evolved mechanisms to evade the innate immune response and to

establish infection®®!

. Both the innate and adaptive immune responses are activated during viral
infection. Myeloid cells such as monocytes and macrophages respond to virus infection through
the PRRs which are recognized by the PAMPs and promote the induction of systemic IFN-
o/B?*-322. Monocytes and macrophages change their cytokine/chemokine profile when infected,
which helps viruses disseminate in the host*>>. Alphaviruses have developed mechanisms to
evade myeloid cells and the antiviral immune response, ultimately, establishing infection in its
host***. Studies done in mice infecting innate immune cells from the myeloid lineage with a IFN-
resistant VEEV replicon that was packaged with structural proteins of SINV, EEEV and WEEV

elucidated differences in the efficiency of infection of these cells, and in the capacity of the viral

genomes to replicate>*.

EEEV replicates at a lower rate in the lymphoid tissues***, while in murine animal
models it has the tendency to infect fibroblasts and osteoblasts®*!. Invasion of the myeloid cells,
including macrophages and dendritic cells, is limited**®. This invasion is restricted by deficient
binding to heparin sulfate (HS), an ideal receptor that is critical in increasing viral pathogenesis,
neuron infection, and virus dissemination to the CNS**363%7 - Another reported mechanism that
affects replication of EEEV in myeloid cells is a specific myeloid cell miRNA, miR-142-3 that
binds to the 3’ non-translated region of EEEV and suppresses viral replication in the myeloid
cells**?. The inability of the EEEV to invade innate cells facilitates the evasion of a strong IFN

response® ..

90



Studies done in animal models suggest that the capacity of WEEV to cause disease and
alter neurotropism are strain-specific, which suggests that genetic determinants affect their
capacity to interact with the innate immune cells and produce an immune response™'.

VEEV induces cellular necrosis and an inflammatory response, while macrophage

347 Mouse models that were injected

infiltration is seen as early as 24 hours post-infection
subcutaneously with VEEV showed that viral replication started on the draining lymph nodes
within 4 hours post-infection®*®. This NW virus infects dendritic cells and macrophages in
lymphoid tissues, as well as Langerhans cells, dendritic cells, and some skin macrophages**®. In
fact, the expression of macrophage chemotactic protein-1 (MCP-1) is upregulated in the brain of
VEEV infected mice and plays an important role in the direct alteration of the blood-brain barrier
(Figure 4-4)*%°. Other important innate immune receptors detected during the VEEV infection

are toll-like receptors such as TLR3 and TLR9 which are expressed in dendritic cells and

macrophages*®.
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Figure 4-4. T-cell and macrophage infiltration of brain during infection of neurotropic alphaviruses.
M1 macrophages are infected by alphavirus. Alphavirus avoids the innate immune response recruiting CD4*
and CD8" lymphocytes to the site of infection. Infected macrophages infiltrate the brain. Chemoattractant
molecules are upregulated in the brain alterating the blood-brain barrier recruiting additional immune cells
to the brain. Pro-inflammatory cytokines trigger viral encephalitis.

Thus, the main difference between EEEV and VEEV/WEEYV is their interaction with, and
activation of, the host innate immune cells and further activation. The role of immunosenescence
in the response to NW alphaviruses indicates that resident macrophages such as microglia in the
brain can gradually lose their ability to carry out neuroprotective functions, changing to an
inflammatory phenotype, contributing to the aggregation of amyloid 3 peptides, and damaging

neurons, which increases the severity of encephalitis in the elderly population*°!

4.5.2.2 Adaptive immunity

Previous research done in 1989 in an animal model for EEEV suggested the need for

402

multiple inoculations of the virus to produce a T helper immune response™-. Years later, it was
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clear that the inability of EEEV to replicate in the myeloid cells hurts the innate and the adaptive
immune responses to this virus***. Production of systemic IFN-o/p by myeloid cells is important
for T cell activation and differentiation, which leads to the development of effector and memory

T cells that are important in the adaptive immune response*?’.

VEEV is highly infectious via aerosol as mentioned above. Mice models exposed to
aerosolized virus show that helper T cells (CD4") and not cytotoxic t cells (CD8") are important

404 Another study done in nude and BALB/c mice between

for protection against viral infection
28-35 days old using subcutaneous inoculation with an non-virulent strain of VEEV (TC-83) or a
virulent strain (69Z1) observed that the lack of T cells in the nude mice contributed to higher

405 Other studies have shown that re-

viral loads in the CNS when compared to BALB/c mice
stimulation with specific regions of the VEEV E2 surface protein can induce a memory CD8"
CD44" T cell response, which elucidates a potential role for protective vaccines against this virus

406

in the future™®. VEEV subcutaneous infection in murine models have shown that the early influx

of CD3" T cells confers protection, and that primed CD4" and CD8" cells have antiviral effects

in the central nervous system upon adoptive transfer*?’.

4.5.2.3 Cytokines
Type I IFNs are commonly the cytokines secreted during the immune host response to
viral infection**®. Secretion of IFN-p or IFN-o engages the type I IFN receptor complex, thereby
activating the JAK/STAT signaling cascade, which conveys the signal into the nucleus and
upregulates the antiviral interferon stimulation genes (ISGs) that inhibit alphavirus

replication®*4%,

EEEV prevents IFN-o/f induction through the restriction of EEEV replication in myeloid

cells by miR-142-3p. VEEV can be divided into two major categories: epizootic and epidemic*!°.
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VEEV induces both IFN I and II as well as interferon regulatory factors (IRF); however, both
epizootic and epidemic strains inhibit STAT phosphorylation and translocation to the nucleous to
prevent IFN o/ upregulation and interferon stimulated genes (ISG)**7*!!. Although there is
currently an insufficient amount of information regarding the cytokine secretion process during
WEEY infection, a study done in hamsters suggested that WEEV infection was reduced with the
administration of a consensus-type interferon IFNa (IFN alfacon-1) when it was delivered before

the viral challenge*!?.

4.6 Current studies for alphavirus treatments

4.6.1 Old world
Over the last decade, efforts to counteract alphavirus disease have been focused on
vaccine development; however, a growing interest in treatment alternatives has produced

interesting results.

Antiviral treatments like ribavirin, glycyrrhizin, imatinib, and interferon-alpha have been
widely studied as potential therapeutics against alphavirus infection. Ribavirin, glycyrrhizin, and
interferon-alpha inhibit CHIKV and SFV replication and have been shown to reduce viral titers
by as much as 5 logio units*'>*!> Interestingly, these compounds appear to have synergistic
activities. A combination of ribavirin and interferon-alpha was even more effective in in vitro
studies, likewise high inhibitory effects of ribavirin used in combination with doxycycline were

reported in a mouse model*'“,

Imatinib mesylate is a compound that inhibits tyrosine kinases in the host cell and is an
FDA-approved anti-cancer drug treatment which does have anti-viral activity. This small
molecule reduces SINV replication in cultured cells, a result that could be easily explained as

many metabolic enzymes require activation via phosphorylation from tyrosine kinases. Imatinib
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treatment leads to a lower metabolic rate within the cell, effectively limiting the ability of the

virus to hijack certain pathways leading to inefficient viral replication*'®.

Antibody therapies are an interesting solution as they can provide rapid virus
neutralization during the earlier stages of infection. Commercially available antibodies have been
developed in recent years that can target different viral proteins effectively neutralizing cellular
entry'%*7_One example is a monoclonal antibody that targets the acid-sensitive region of the
CHIKV E2 glycoprotein, which is of vital importance for viral entry into host cells*”. This
antibody has been proven to provide protection in vitro and in adult C57BL/6 mice*'s. A
different approach using monoclonal antibodies prevents the release of CHIKV virions from

infected cells*'®. This antibody targets the E1 glycoprotein and has only been tested in vitro.

The use of nucleic acids as viral replication inhibitors is a relatively new approach, which
treats a viral infection with the same strategy as gene silencing. Small interfering RNAs
(siRNAs), microRNAs (miRNAs) and short hairpin RNAs (shRNAs) have been evaluated for
antiviral activity (against SFV and SINV) at the genome replication or protein translation
level**#?! The use of anti-nsp3 and anti-nsP4 miRNAs displayed an attenuated spread into the
central nervous system in adult Balb/c mice, greatly decreasing SFVs lethality**?. Short-term
protection (up-to 72 hpi) is also provided in vitro and in vivo models using siRNAs targeting the
nsP3 and E1 viral proteins of CHIKV*>*#**_ The siRNAs were transfected into Vero cells or
injected into outbred mice and reduced CHIKYV replication by over 99%**3*?*, Plaque reduction
(in Vero cell cultures) of over 99.8% was achieved using miRNAs that targeted the CHIKV
nsP1, nsP2, and capsid proteins**. Similar to the anti-E1 CHIKV monoclonal antibody study,
treatment with an anti-E1 shRNA inhibited the viral replication of multiple strains of CHIKV

and was proven effective in vitro and in vivo**S.
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4.6.2 New world

The current diagnostic tests for EEEV rely on IgM antibodies found in the serum and/or
cerebral spinal fluid (CSF), PCR, and virus isolation from the CSF*?7. Despite the severity of
EEEV illness, treatment with intravenous immunoglobulin (IVIg) seems to be an alternative with
positive clinical outcomes*?’. As with VEEV, EEEV and WEEV are of concern because of their
potential use as a bioweapon that can be spread in aerosol form. Research for avenues that can
protect against this threat has evaluated neutralizing antibodies against the EEEV E2
glycoprotein and shown a protective effect in mice after lethal subcutaneous or aerosol

infection*?®

. Another proposed vaccine to improve prophylactic measures is a trivalent vaccine
composed of virus-like particles (VLPs) that generate neutralizing antibodies and protect mice
and non-human primates against EEEV infection. Although this vaccine was not cross-protective

in mice, it did show cross-protection in non-human primates, and also protected against

aerosolized EEEV*%°,

As with EEEV, WEEV, and VEEV, detection of infection can be performed by various
assays including: IgM quantification using ELISA, neutralization assays, RT-PCR, indirect
peroxidase for immunohistochemical detection, and virus isolation?*3!18430_ Treatments included

vaccines with a formalin-inactivated virus for horses, which is also a treatment for the EEEV

(with a combination of WEEV and EEEV)*!%,

Promising vaccine strategies to protect against WEEV have been studied including: live
attenuated strains of WEEV, envelope proteins, adenovirus vectors, DNA, and recombinant
envelope proteins*! 3%, Murine studies have shown that treatment for WEEYV infection using an
adenovirus-mediated expression of interferon-a provided complete protection to mice; however,

only partial protection was provided for post-exposure vaccination*®. Phage display immune
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libraries have been successfully used in the generation of murine, human and human-like
antibodies against VEEV and more recently neutralizing human-like antibodies against

WEEV43 7-439 )

We are not currently aware of animal models that confirm the efficacy of single-domain
antibodies (sdAb) for alphavirus. Studies have used sdAb for binding E2/E3E2 sdAb suggesting
that they may be a promising target as they could be neutralizing and protective, and they can be

easily modified according to the desired functionality**°

. Other studies in murine models
(BALB/c mice) using neutralizing and binding monoclonal antibodies reported protection against
WEEYV infection prior to aerosol exposure by triggering complement-mediated lysis or antibody-

dependent cell-mediated lysis of infected cells**!.

VEEV vaccines are still under development; however, the most used are a live-attenuated
virus, inactivated virus, recombinant subunit or chimeric virus, and virus-like particles®*’,
Recently mRNA vaccines have been suggested as a potential candidate to treat infectious
diseases such as VEEV, which seems to eliminate the need for live-attenuated vaccine, could be
a safer alternative, and also provides protection for the aerosol VEEV challenge*****. Other
studies have proposed the use of a naturally occurring host antiviral peptide, LL-37, to inhibit
VEEV replication in infected neuronal cells by inducing IFNB1 expression has potential as a

possible**,

Alphaviruses in general possess a unique viral mRNA capping mechanism catalyzed by
the viral nonstructural protein (nsP1), which is important for virus replication, and is involved in
the formation of the viral mRNA cap-o structure for VEEV*>#6_ Reverse genetic studies
demonstrated that mutation in the nsP1 affects virus replication and that drugs targeting this

protein show promise as novel anti-VEEV drugs*®.
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Src Family Kinases, which is a class of non-receptor of tyrosine kinases involved in
cellular processes and important for virus survival, have been shown to interact with virus-
encoded proteins *¥’. Treatment with Src family inhibitors has been shown to block CHIKV
infection. It has been suggested as an alternative treatment to block replication in other

alphaviruses such as NNOV, MYV, RRV, and VEEV*4,

4.7 Conclusion

Alphaviruses can cause severe disease in humans that range from chronic arthritis to life-
threatening encephalitis!3*-190449450 The aggressive nature and proximity of the current mosquito
vectors, along with the potential aerosol transmission for some members of the alphavirus
family, has lead government agencies to classify some of these pathogens as potential biological
weapons™® !,
These viruses have also evolved several mechanisms which makes them highly successful as

pathogens. Some of these mechanisms include adaptation to urban-dwelling animal vectors*?,

250,453 90,138,165

anti-interferon mechanisms , regulation of cytokine and chemokine responses ,and a

wide range of cell tropism®3:137-286:454,

Old-world alphaviruses are known to cause high fever and to induce arthritis in humans.
The severity of these symptoms is dependent on the strain and host susceptibility. The most
common anti-alphavirus strategies devised by the host immune system are rapid induction of the
type-1 interferon response’ !¢, fast macrophage and T-cell recruitment to the site of

183,202,241

infection , and creation of neutralizing anti-CHIKV antibodies!?%*!7407413 However,

alphaviruses like CHIKV, are able to evade the initial immune system response and in some

cases persist in joint tissue for several months or even years>3:74101,164.217.239,
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Although studies have developed possible avenues to protect against alphavirus infection,
still do not fully understand the mechanisms that these viruses use to evade the immune system
and persist for long periods of time. Vaccine and therapeutic treatments have slowly been
developed, with most of the progress being made in the CHIKV and EEEV fields. Further
research efforts with humanized models could elucidate the specific role of immune cells and
their molecular responses during alphavirus infection. A new generation of therapeutic
treatments could target the viral replication cycle or regulate the immune response in favor of the
host, providing protection or amelioration during infection. Novel vaccines are not currently
available, but in the future could provide an effective way to immunize entire populations to help

prevent the spread of these diseases.
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Chapter 5. Conclusions and Future Directions

This work highlights several vital factors that potentially are of significant influence on
Chikungunya virus pathogenesis in humans. There is accumulating evidence that immune cells,
specifically macrophages, are constantly present in CHIK V-derived joint pathology. However,
the typical polyarthritis that is found in humans is not present in any mouse model.

First, we explored the differences between human and murine macrophages during
CHIKYV infection, which indicated significant differences in viral replication and pro-
inflammatory cytokine induction between human and murine macrophages. Second, we
characterized a RAG2”yc”~ knockout mouse model, which recapitulates CHIK V-related
arthralgia and neuropathology. Finally, our accumulated research provides evidence that
macrophages are constantly involved in, a yet poorly understood role, CHIKV dissemination,

replication, and may be involved in pathogen immune evasion.

5.1 Chikungunya virus replication is enhanced in human macrophages and is followed by
the induction of pro-inflammatory cytokines

A viral infection is typically though in terms of specific infection of a virus to a very
narrow selection of targets. Examples like these include Human Immunodeficiency Virus (HIV)
infection of human immune cells, where the virus envelope glycoproteins target helper T- cells
and macrophages using the host’s cell receptors CD4+ and CCRS, respectively. However,
alphaviruses, like CHIKV, are able to infect a wide variety of cell types. This broad tropism
spectrum contributes to fast alphavirus replication in the host and extensive dissemination of the
disease through zoonotic infection of arthropod reservoirs’>:161:185.204454

Despite its ability to infect various species of host, the infection efficiencies and disease

progression differ from host to host. Non-human primates are, so far, the best model to mimic
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CHIKYV disease developing polyarthritis, acute viremia during the initial febrile stage, and viral
RNA persistence during the chronic stage of the disease!'**2%*. Mouse animal models have been
restricted to use some sort of immune pathway knockout or infect adult mice with high virus
titters*126-215216 A dditionally, mouse models only appear to be able to partially mimic one of the
most iconic symptoms of CHIKV disease, polyarthritis. This may be explained by research
elaborated by Judith et al., where they proved that CHIKV’s non-structural protein 2 (nsp2)
interacts with the human autophagy receptor NDP52, but not with its mouse ortholog!'¢®#**, This
interaction results in increased viral replication proving that viral protein interactions with host
cell machinery are selective to host species and that it modulates the progression of the disease.

Our research provided evidence that CHIKV infection of human macrophages produces
higher virion concentrations compared to murine macrophages. The cytokine profile produced by
human macrophages during CHIKV infection indicated a more robust pro-inflammatory
cytokine response, whereas cultures of CHIKV infected murine macrophages even produced
anti-inflammatory cytokines like IL-10. Our in vitro results suggest that the increased viral titters
of CHIKYV infected human macrophages may help disseminate the virus more effectively
through the human host and also suggest that these infected cells may contribute to joint tissue
damage by the secretion of pro-inflammatory cytokines.

Finally, a noteworthy fact is that CHIKV infected human macrophages secrete MCP-1,
which is a monocyte chemoattractant molecule that helps in the recruitment of blood circulating
monocytes into the site of infection. The recruitment of additional macrophages into the site of
infection may benefit CHIKV as it has been extensively that macrophages are susceptible to
infection. Also, macrophages are some of the few cells that can easily infiltrate nearly any tissue,

making them excellent Trojan horse type vehicles of pathogen dissemination.
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Future research into these hypotheses and assumptions is certainly necessary to shed light
on these issues. Humanized mouse models are interesting tools where genetically engineered
mice which contain specific human factors. These platforms are potentially useful to CHIKV
research; specifically, models were human immune cells are present. The potential infection of a
CD34" engrafted humanized mouse, which harbors human T-cells, B-cells, Monocytes, NK-cells
and has very low concentrations of its murine equivalents, could prove the macrophage “Trojan
horse” hypothesis. However, a potential drawback is that CHIKV infects not only immune cells,
but various organs and tissues, and these will not contain human factors that may be crucial to
the progression of the disease. Additionally, interactions between immune and non-immune cells
are very well documented, and some pathways require the intervention of non-immune related

cells to induce or activate the immune system properly.

5.2 A neurotropic mouse model to study Chikungunya virus disease

In recent outbreaks, related neurologic symptoms have been manifested in about 20-33%
of CHIKYV infected patients, which include seizures, meningoencephalopathy, myelitis, and
choroiditis'®°. These symptoms are more common in neonates, elderly, and patients with co-
morbidities!®+1°0192, A recent RAG17- C57BL6/J study reported virions presence and brain
inflammation of 1 out of 2 mice at 28 dpi'**.

Our study with CHIKV infected RAG2”yc”, confirms that this particular strain and
knockout do develop the mild disease with a peak in viremia and inflammation at 8 dpi. We also
observed CHIKV RNA present in the brain, spleen, and muscle tissues in higher numbers than in
liver samples, which correlate to macrophage infiltration. Histological analysis confirms brain
inflammation in CHIKV RNA positive samples. Additionally, we observed an increased

presence of macrophages in the spleen, brain, and liver of CHIKV infected mice.
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Our results imply that the absence of two critical lymphocyte maturation factors (RAG2™"-
and yc”") leaves the Balb/c mice with few options to counter a CHIKV viral infection, which then
spreads through the host reaching brain tissue and causing neurotropic damage®*?°>2%, The most
successful animal model for Chikungunya disease is the Rhesus macaque model, which has
effectively replicated human disease almost perfectly!*>2%*. However, the development of a
mouse model that mimics neurotropic symptoms of the disease has been largely ignored.

As we have previously explained, the humanized mouse model may provide the
necessary platform to explore further the interactions between CHIKV and human immune cells,
which factors induce the progression of the disease and which others suppress it. Additionally,
this model could be used as a therapeutic testing platform. Novel anti-inflammatory compounds
and potential anti-viral molecules are being discovered or developed regularly, and some of them

have shown promising results against CHIKV and other alphaviruses 201:414:416:456.457

5.3 Final remarks

This work outlines several factors of CHIKV pathogenesis and how macrophages play a
critical role in disease progression. It also provides additional evidence that CHIKV infection in
mice cannot be fully modulated due, unexplored intracellular interactions between human host
cell machinery and viral proteins. Our RAG2”yc”~ Balb/c model properly replicated CHIKV
disease, recreating inflammation at the site of inoculation, induction of several pro-inflammatory
cytokines and monocyte recruiting chemokines, macrophage infiltration in infected tissues, and
viral infection of the brain. We predict that further research will lead not only to a better
understanding of CHIK'V’s pathogenesis but ultimately to effective treatments and vaccines that
ameliorate and prevent the extensive outbreaks like the ones suffered by the Latin-American

communities in 2015.
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