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Abstract

Dengue fever, a mosquito-borne disease, is responsible for approximately 390 million
infections and 20,000 deaths worldwide each year. Since 2018, Aedes genus mosquitos, which
transmit the dengue virus (DENV1-DENV4), have become locally established in Canada,
increasing the risk for local dengue transmissions. A primary infection with one dengue strain
does not provide long-term cross-protection against the other three strains, and a secondary
infection with a different strain associates with an increased risk of severe dengue due to a
phenomenon known as antibody-dependent enhancement (ADE). The goal of this project is to
utilize genetically modified mice, in combination with the administration of anti-flavivirus
antibodies as immunogens, to recapitulate key features of dengue fever. Establishing this
murine model in the lab will provide a valuable platform for testing a novel CD8-targeting
mRNA vaccine. We characterized the disease phenotype of type-I interferon alpha/beta
receptor (IFNARI) knockout mice following infection with a mouse-adapted dengue strain
(D220). IFNARI1-/- mice that received anti-flavivirus antibodies prior to infection exhibited
more severe clinical outcomes compared to both non-ADE and C57BL/6 resistant mice.
Notably, vascular leakage, which is a symptom of severe dengue fever in human, was observed
in IFNAR1-/- ADE mice during the acute phase of infection. Additionally, the viral load in
IFNAR1-/- ADE mice was elevated compared to uninfected mice, with viral transcripts
detected in organ samples. Furthermore, the infection elicited a robust CD8+ T cell response,
including the shift of phenotype from naive T cells to effector T cells and the secretion of IFNy
cytokines. Importantly, we have identified an indicator for dengue-experienced CD8+ T cells.
These results suggest that severe dengue fever can be replicated in mice and highlight the
crucial role of CD8+ T cells in host defense against DENV, providing a valuable resource for

testing new preventive measures against severe dengue disease.



Résumé

La dengue, une maladie transmise par les moustiques, est responsable d'environ 390 million
d'infections et de 20 000 décés dans le monde chaque année. Depuis 2018, les moustiques du
genre Aedes, qui transmettent le virus de la dengue (DENV1-DENV4), se sont établis
localement au Canada, augmentant le risque de transmission locale de la dengue. Une infection
primaire avec une souche de dengue ne fournit pas de protection croisée a long terme contre
les trois autres souches, et une infection secondaire avec une souche différente est associée a
un risque accru de dengue sévére en raison d'un phénomene connu sous le nom de renforcement
dépendant des anticorps (ADE). L'objectif de ce projet est d'utiliser des souris génétiquement
modifiées, en combinaison avec l'administration d'anticorps anti-flavivirus comme
immunogenes, pour récapituler les principales caractéristiques de la manifestation de la dengue.
L'établissement de ce modele murin en laboratoire fournira une plate-forme précieuse pour
tester un nouveau vaccin ARNm ciblant les CD8. Nous avons caractérisé le phénotype de la
maladie chez des souris knock-out pour le récepteur de l'interféron alpha/beta de type I
(IFNART1) aprées une infection par une souche de dengue adaptée a la souris (D220). Les souris
IFNAR1-/- qui ont regu des anticorps anti-flavivirus avant I'infection ont présenté des résultats
cliniques plus graves que les souris non-ADE et les souris résistantes C57BL/6. Notamment,
une fuite vasculaire, symptome d'une dengue sévere chez I'homme, a été observée chez les
souris IFNAR1-/- ADE pendant la phase aigué€ de l'infection. En outre, la charge virale chez
les souris IFNARI1-/- ADE était élevée par rapport aux souris non infectées, et des transcrits
viraux ont été détectés dans des échantillons d'organes. En outre, l'infection a provoqué une
réponse robuste des cellules T CD8+, y compris le changement de phénotype des cellules T
naives en cellules T effectrices et la sécrétion de cytokines IFNy. Il est important de noter que
nous avons identifi¢ un indicateur pour les cellules T CD8+ expérimentées par la dengue. Ces

résultats suggerent que la dengue sévere peut étre reproduite chez la souris et soulignent le role
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crucial des cellules T CD8+ dans la défense de 1'hote contre le DENYV, fournissant une ressource

précieuse pour tester de nouvelles mesures préventives contre la dengue sévere.
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Chapter I: introduction and literature review
Clinical and Biological Context

Dengue is classified by the World Health Organization (WHO) as one of the neglected
tropical diseases, characterized by features such as 1) association with poverty, 2) prevalence
in tropical and subtropical regions, 3) high morbidity but low mortality, and 4) the absence of
specific treatments [1]. Dengue is gaining public health attention due to the growing frequency
and magnitude of outbreaks worldwide, leading to an estimate of over 390 million infections,
including 294 million inapparent cases, 96 million apparent cases, and 20,000 deaths globally
each year [2, 3]. This poses great threat in public health, especially due to the increased risk of
severe dengue associated with secondary infections, affecting individuals unaware of their
prior asymptomatic infections [4].

Antibody-dependent enhancement (ADE) is the proposed mechanism behind this
increased severity. In ADE, sub-neutralizing antibodies from the primary infection can provide
better entry of virions through Fc receptors on monocytes, leading to higher viral load, excess
inflammatory cytokine secretion, and severe disease manifestations [5]. The issue became more
concerning with the use of the live-attenuated Dengvaxia vaccine, which yielded suboptimal
outcomes in naive individuals. For those without prior exposure, vaccination was associated
with an increased risk of severe dengue fever, potentially due to ADE [6].

The urgent need for effective preventive measures against dengue highlights the
importance of developing an animal model capable of recapitulating severe dengue fever for
preclinical vaccine testing. Growing evidence supports the protective role of CD8+ T cells in
dengue infection [7], and a CD8+ T cell targeting mRNA vaccine has already been patented,
showing promising results in human HLA transgenic mice [8, 9]. A comprehensive animal
study focusing on controlling severe dengue manifestations through ADE will be a critical step

toward translating these findings into clinical applications.
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Objective
Our overall objective is to study the manifestations of severe dengue disease, including the

immune response to infection, in a murine model to facilitate preclinical vaccine testing.

Research Hypothesis

Type-I interferon receptor knockout would render IFNARI1-/- mice susceptible to dengue
infection while C57BL/6 wild-type controls would remain resistant. In addition, by
administering anti-flavivirus antibodies prior to infection, IFNAR1-/- mice would demonstrate
a more severe disease phenotype compared to a non-ADE condition. Additionally, we propose
that type-I interferon receptor knockout mice possess immunological activities of DENV-

targeting CD8+ T lymphocytes post infection.

Research Aims

1. Establish a model of severe dengue disease using IFNAR1 -/- C57BL/6 mice under antibody-
dependent enhancement.

2. Characterize disease phenotypes including survival, morbidity rate, viral load, vascular
leakage, and inflammatory cytokines.

3. Evaluate the immune response post infection and focus on CD8+ T lymphocytes in severe

dengue disease model.

Comprehensive Literature Review

Transmission of Dengue Virus Based on differences in their surface structures, dengue
virus (DENV) is classified into four serotypes (DENV-1 to DENV-4), which interact differently
with antibodies present in the host sera and share approximately 65% of their genome [10].

DENV-1-4 are hypothesized to have originated from a common sylvatic DENV ancestor strain,
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transmitted by canopy-dwelling Aedes genus mosquitos in individual events, and evolved in
nonhuman primates in West Africa and Malaysia [11]. The geographical prevalence of each
DENYV serotype varies slightly, but collectively, these strains are predominantly found in
tropical regions [12]. A dengue burden prediction made in 2010 highlighted South Asia,
Southeast Asia, and Latin America as the three regions around the world with the highest
disease occurrence [2]. Recent trends, however, suggest that DENV is expanding beyond
tropical areas [13, 14]. Increasing vector densities, population growth, international travel, and
virus evolution all contribute to the rising burden of dengue infection globally [15]. In
addition, mosquito-borne diseases are now reaching higher altitudes and temperate regions,
potentially due to climate change extending the length of the transmission season and
increasing the number of people at risk of DENV [16, 17].

DENYV is primarily transmitted between humans by Aedes aegypti and Aedes albopictus
mosquitos that have adapted well to urban environments and feed on human blood [10, 18].
The DENV transmission cycle starts when a female mosquito bites an infectious host, allowing
the virus to spread and multiply in the mosquito’s midgut before migrating to various tissues,
including the salivary gland [19]. This extrinsic incubation period, which takes around 8-12
days, ends when the mosquito becomes infectious [20]. It remains infectious for the rest of its
life, which typically lasts less than two weeks [19, 20].

Therefore, an important factor influencing mosquito transmission is the length of the
extrinsic incubation period, which is tightly linked to temperature [21]. Higher ambient
temperatures have been shown to accelerate the virus’s extrinsic incubation time, reducing the
period required for a mosquito to become infectious [22]. For example, while the incubation
period for Aedes aegypti was 12 days at 30 °C, it was shortened to 7 days at 32-35 °C [22].
Notably, DENV transmission to monkeys by mosquitos only occurred at temperatures above

30°C [22], further emphasizing the role of climate change in transmission dynamics.
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In 2023, the Americas recorded over 4.6 million cases of dengue fever, with nearly 45%
confirmed through laboratory testing [23]. Although Canada does not have endemic dengue,
diagnosed cases among the 8 million travelers returning from endemic countries, such as
Caribbean, Cuba, and Mexico are on the rise [24-27]. In addition, since 2018, the establishment
of Aedes mosquitos in southwestern Onterio indicates that local transmission is now a
possibility [28]. Thus, despite Canada’s relatively low incidence, it is not immune to the global
threat posed by DENV, necessitating increased vigilance and preventive measures.

Virology Dengue virus (DENV) is a member of the Flaviviridae family, which includes
yellow fever virus (YFV), West Nile virus (WNV), Zika virus, and Japanese encephalitis
viruses (JEV) [29]. The DENV genome consists an 11 kb positive-sense, single-stranded RNA
molecule which encodes one polyprotein that is processed into three structural proteins (the
capsid (C), envelope (E), and pre-membrane/membrane (prM/M) proteins) and seven non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [30, 31]. The structural
proteins form the virion particles, while the non-structural proteins are essentials for viral RNA
replication, polyprotein processing, and immune evasion within an infected cell [31].

Several ubiquitous cell-surface protein candidates - such as heat-shock protein 70 in
mosquito cells and C-type lectin receptors (e.g., DC-SIGN) in human myeloid cells - have been
identified to interact with DENV envelope protein and allow receptor-mediated endocytosis;
however, a bona fide flavivirus receptor has not been identified [32, 33]. On the other hand,
when DENV viruses are opsonized by antibodies that do not neutralize their infectivity, they
can enter mononuclear lineage cells, including monocytes, macrophages, skin-resident
Langerhans cells, and dendritic cells [34], which contain Fc receptors, via FcR-mediated uptake.
Therefore, heterotypic DENV antibodies with less optimally to DENV strains or DENV
antibodies at sub-neutralizing concentrations could enhance the entry of viruses.

The intracellular replication cycle of dengue virus begins when virions are internalized
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into acidic endosomes [35]. The low pH induces conformational changes in the viral envelope
protein, promoting fusion between the viral and vesicular membranes, which releases the
nucleocapsid into the cytoplasm [36]. The viral RNA is then translocated to the endoplasmic
reticulum, where it undergoes translation with the help of host protein complexes [35]. Each of
the structural and non-structural dengue proteins has been implicated in multiple functions [37].
Specifically for viral genome replication, the NS2B-NS3 protease complex processes the
polyprotein at several cleavage sites, primarily at the junctions of the nonstructural proteins
[38]. Similarly, NS5 serves as a RNA-dependent RNA polymerase, synthesizing the negative
MRNA strand using the positive sense mRNA as a template during genome replication [39].
After rounds of RNA synthesis, viral structural proteins encapsulate the viral genome,
assembling it into virions that are then transported through the Golgi apparatus [37]. The acidic
environment of the Golgi exposes the furin cleavage site in prM to ensure proper virion
maturation and infectivity [40].

A DENV protein that has been linked with disease pathology is the secreted form of non-
structural protein 1 (NS1) hexamer, which is also a diagnostic biomarker for early acute
infection as its levels correlate with viremia and disease severity in secondary dengue infection
[41]. In addition, NS1 acts as a pathogen-associated molecular pattern (PAMP) and directly
activates mouse macrophages and human peripheral blood mononuclear cells (PBMCs) via
Toll-like receptor 4 (TLR4) [42]. This activation leads to the release of proinflammatory
molecules such as tumor necrosis factor alpha (TNFa) and monocyte chemoattractant protein
1 (MCP-1) that have been implicated in inducing the loss of vascular endothelial cadherin and
leads to increased endothelial layer permeability when supplementing them to human vein
endothelial cells [42-45]. However, the exact mechanism by which NS1 induces endothelial
barrier dysfunction needs to be further studied.

Clinical Manifestation In the majority of the patients with primary DENV infection, the
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infection remains asymptomatic, while the rest suffer from mild fever and flu-like symptoms
such as fatigue, headache, and myalgia [46]. Primary infection with one strain of DENV elicits
a homotypic immune response that generates neutralizing antibodies specific to that strain.
However, these antibodies do not confer long term cross-protection against subsequent
infections caused by the other three DENV strains [46, 47]. Thus, an individual with a
secondary heterotypic dengue infection has a higher chance of getting severe forms of dengue,
dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), which can lead to
thrombocytopenia, internal bleeding, organ failure, and death [46].

According to the World Health Organization 1997 guidelines for dengue, DHF is
characterized by vascular permeability defects, multifactorial hemostatic abnormalities, and
bleeding diathesis, with severe cases classified as DSS [48]. The decline in platelet count
usually precedes vascular leakage and can be used as an indicator for determining whether to
hospitalize suspected DHF patients [49]. As it was difficult to apply the original classification
clinically, in 2009, a new classification system defined patients as having probable dengue,
dengue with warning signs, or severe dengue [50]. This classification allows clinicians to assess
the likelihood of a febrile person visiting or living in dengue-endemic region being diagnosed
as a new dengue case based on the severity of the symptoms, which range from nausea and
vomiting, to mucosal bleeding and liver enlargement, to fluid accumulation with severe
haemorrhage [50].

It has been repeatedly reported that subsequent heterologous dengue infections result in a
higher rate of DHF in populations with non-neutralizing, heterotypic DENV antibodies, a
phenomenon known as antibody-dependent enhancement (ADE) [47]. Studies have been
conducted to characterize these antibodies by comparing their quantity, immunoglobulin
isoforms, and neutralizing abilities in patients with inapparent dengue fever versus DHF. When

simply comparing anti-DENV Immunoglobulin G (1gG) titer and neutralizing antibody titer in
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hospitalized and inapparent dengue patients, one might conclude that higher titers are found in
hospitalized dengue patients for both measurements [51]. However, a closer look at patients
with primary or secondary dengue infections reveals that high levels of anti-DENV IgG and
neutralizing antibody titers correlate with secondary dengue infection in both hospitalized and
inapparent dengue patients [51]. Additionally, it was discovered that DHF patients had 19Gs
with enhanced affinity for FCyRIITA expressed on monocytes, macrophages, and natural killer
cells [52]. This enhanced affinity is due to the removal of fucosylation on the Fc domain of
these antibodies and is positively correlated with disease severity [52].

Severe dengue during a primary infection has been observed in infants born to mothers
with pre-existing dengue immunity [53]. These infants are at high risk for severe dengue due
the decay of maternal derived antibodies 6-9 months after birth, which leads to sub-neutralizing
levels of DENV-targeting antibodies [54]. This epidemiological discovery was validated in an
animal model of severe dengue disease, where DENV 2 infections were modeled in mice born
to DENV 1 immune mothers [55]. Higher viremia and increased vascular leakage were found
compared to those born to dengue naive mothers [55]. Furthermore, the severe disease
manifestation was age dependent, with 2-week-old mice being significantly more protected
against heterotypic DENV infection than 8-week-old mice [55]. To summarize, these findings
support the hypothesis that preexisting, heterotypic DENV antibodies at sub-neutralizing level
contribute to severe dengue disease pathogenesis.

Immune Response Dengue infection in humans begins when a mosquito takes a blood
meal and inoculates the virus subcutaneously. The infection of skin-resident immune cells
triggers an innate immune response via pathogen-recognizing receptors (PRRs) such as retinoic
acid-inducible gene I (RIG-I), melanoma differentiation-associated protein 5 (MDAS), and
Toll-like receptor 3 (TLR3) [56]. For instance, when dengue virus infects myeloid dendritic

cells, PRRs recognize the double-stranded RNA produced during viral replication as PAMPs
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[56]. This recognition initiates a signaling cascade that drives these cells to differentiate into
activated-mature myeloid DCs expressing markers such as CD80, CD86, and CD83 and
stimulates the production of TNFa and IFNa [57]. TNFa increases the expression of E-selectin
on blood vessels, which recruits circulating monocytes to the site of infection [58]. IFNa binds
to IFNARI and activates the Janus kinase/signal transducer and activator of transcription
(JAK-STAT) pathway and leads to the expression of interferon-stimulated genes (ISG) [59].

Activated DCs also act as antigen presenting cells (APCs) and migrate from peripheral
tissues to regional lymph nodes where they activate T lymphocytes in T cell zones to initiate
the adaptive immune response [60]. In humans, CD4+ T cells are polarized to a T helper 1 (Th1)
phenotype, secreting Th1-associated cytokines such as [FNy, TNFa, and IL-2 after exposing to
dengue virus [61]. This promotes the expansion and activation of cytotoxic CD8+ T cells that
involve in direct killing of DENV-infected cells [62]. A clinical study enrolling Thai children
with acute febrile illnesses confirmed the expansion of DENV-specific CD8+ T cells during
acute dengue infection [63]. In a mouse model study, dengue infection results in cytotoxic
CD8+ T cells that produce IFNy and TNFa and are capable of killing DENV peptide-pulsed
cells in vivo [64]. Activation of humoral immunity leads to the production of neutralizing
antibodies that block DENV infectivity and mediate dengue clearance by antibody dependent
cellular cytotoxicity (ADCC) [60].

At the same time, the activation of cellular and humoral immune responses has also been
linked to the development of severe dengue disease manifestations. In ADE, the presence of
heterotypic antibodies at sub-neutralizing concentrations has been associated with exacerbated
disease in secondary dengue patients [47]. Another perspective on this phenomenon is the
theory of “original antigenic sin,” which proposes that when the immune system is re-exposed
to a similar epitope, it mounts a response that depends on the memory of the earlier infection

rather than a new primary response, resulting in a faster response [65]. This leads to the
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expansion of low avidity B and T cells, which can hinder the efficient clearance of dengue-
infected cells [65]. Given the complexity and limited understanding of the immune response to
dengue infection, vaccine design has faced difficulties, further emphasizing the importance of
an enhanced disease animal model.

Dengue Vaccine Overview Currently, there are no specific antiviral drugs for dengue
infection. During the febrile phase of dengue fever, the WHO guidelines on clinical
management of dengue advice patients to maintain adequate fluid intake, especially for those
experiencing plasma leakage [50]. In an effort to prevent dengue infection, a tetravalent live-
attenuated vaccine, CYD-TDV (Dengvaxia), incorporates the pre-membrane (prM) and
envelope (E) protein-coding homologous sequences from all four dengue strains into a yellow
fever vaccine virus genome [66]. Although the vaccine is approved by Centers for Disease
Control and Prevention (CDC) in endemic countries, a case-cohort study that retrospectively
analyzed the data from clinical trials of CYD-TDV showed a higher risk of hospitalization
among seronegative vaccine recipients compared to seropositive vaccine recipients [6]. Since
CYD-TDV is thought to increase the risk of severe dengue disease through the production of
dengue neutralizing antibodies eliciting ADE mechanisms in DENV naive individuals, it is
only recommended for individuals with a prior DENV infection [66, 67].

Other vaccine candidates are in various stages of clinical trials. The TAK-003 vaccine
(Qdenga) was approved in the European Union in December 2022 and was prequalified by the
WHO on May 10, 2024. Similar to CYD-TDYV, it is a tetravalent live-attenuated vaccine
consisting of virus chimeras. However, it uses the DENV 2 virus as its genetic backbone and
replaces the prM and E genes of DENV 2 with those from DENV 1, 3, and 4 strains [68]. In a
phase 2 trial, 2-17 year-old participants received either TAK-003 or placebo and showed that
TAK-003 elicited tetravalent antibody response against all four dengue serotypes 48 months

after vaccination [69]. In addition, no vaccine-related DHF was reported during the 48-month
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follow-up period for children living in dengue-endemic countries. In a phase 3 trial, TAK-003
has high vaccine efficacy (diagnosed dengue cases in placebo recipients compared to TAK-003
recipients in the 17-month observation period) for DENV 2 (95.1%), but less protection for
DENYV 3 (48.9%) [70]. Even though CYD-TDV and TAK-003 both demonstrated a certain
level of vaccine efficacy, these vaccines are composed of attenuated viruses and are not
recommended for immunocompromised population.

To circumvent priming seronegative individuals with DENV surface proteins, a mRNA
DENV-NS poly-epitope vaccine consisting of conserved peptides from the non-structural
proteins, NS3-NS4B-NSS5, has been produced [8]. These non-structural DENV proteins are not
exposed on the surface of DENV virions, which should preclude the production of neutralizing
DENV-specific antibodies following vaccination with DENV-NS poly-epitope vaccine [8].
Preliminary study in immunocompetent HLA transgenic mice has shown promising results in
eliciting a strong DENV-specific CD8+ T cell response without inducing virus-neutralizing
antibodies [8]. Furthermore, immunized mice have reduced titer when challenged with DENV
compared to those receiving control mRNA peptides [8]. Therefore, assessing the vaccine’s
ability to modulate severe dengue pathogenesis is a crucial step towards clinical trials and the
development of a safer dengue vaccine.

Dengue Infection Mouse Models Modeling dengue disease in laboratory animals has
been challenging as DENV naturally infects only primates [71]. Infecting non-human primates
(NHPs) with clinical DENV strains can result in viremia [71]. Species such as chimpanzees
and marmosets, which possess humoral immunity similar to that of humans, are thus valuable
for assessing the neutralizing antibody response in vaccines efficacy studies [72, 73]. However,
the use of NHPs presents several drawbacks, including ethical constraints, inconsistencies in
disease manifestations among individuals, and the limited availability of these animals [71].

These challenges have driven the development of rodent models for studying dengue infection.
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However, most immunocompetent adult mice do not exhibit significant disease symptoms
when inoculated with clinical DENV isolates via peripheral routes [74]. This limitation has
driven the need for murine models with altered immune systems, particularly focusing on the
type I interferon signaling pathway. DENV has evolved mechanisms to suppress this pathway,
which is key to antiviral defense. For example, the DENV nonstructural protein 5 (NS5)
degrades STAT?2 protein, a critical component of the type-I interferon pathway, in human cells
but not in murine cells [75]. Another study reported that the DENV NS2B-NS3 protease
complex can cleave the human stimulator of the interferon gene protein (STING), which
contributes to detecting viral DNA and cyclic di-nucleotide PAMPs, but not mouse STING
[76].

Therefore, researchers developed the AG129 mouse model, which lacks both type I
interferon alpha/beta (IFNo/B) and type Il interferon gamma (IFNy) receptors [77]. This model
is susceptible to DENV infection and has been widely used to assess the effects of antiviral
treatments in lethal dengue challenge studies [78, 79]. Moreover, an enhanced dengue disease
is seen after passive transfer of heterologous DENV serum prior to infection, which suggest
the AG129 model can achieve antibody-dependent enhancement that leads to severe dengue
disease in human [80]. Despite these advantages, the absence of IFNy signaling, which is
critical for the activity of anti-DENV CD8+ T cells, limits the utility of this model for studying
the full spectrum of immune responses against DENV [81].

To explore the dengue disease phenotype in a less immunocompromised model,
researchers utilized mice lacking only the type-I interferon alpha/beta receptor (IFNAR1-/-)
[82]. This model retains more immune functionality while maintaining susceptibility to DENV
infection. Studies using this strain of mice have demonstrated that these mice succumb to
mouse-adapted DENV infection, exhibiting morbidity, high viral loads in serum, and excretion

of inflammatory cytokines [83-85]. Nevertheless, some researchers remain skeptical about this
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model due to concerns about its incomplete immune response. Consequently, alternative
approaches have been explored to address these limitations.

One alternative involves transiently inhibiting IFNAR1 in C57BL/6 mice with antibodies
one day prior to infection, allowing DENV to enter and replicate while retaining a functional
immune system [8]. This model enables monitoring of viral titer and correlating vaccination
with a reduction in viral load and disease prognosis. However, this model does not replicate
human dengue symptoms, and viral titers do not directly reflect disease severity, limiting its
utility for clinical translation.

Another approach involves cell-specific IFINAR1 knockout using the Cre-lox system. For
instance, conditional deletion of IFNAR1 expression in CD11b"CD11c"° macrophages in LysM
Cre'Ifinar” mice allows dengue infection to be established and results in detectable viral titers,
though at lower levels than in IFNARI1-/- mice [86]. However, there are caveats to the cell-
specific IFNARI1 knockout, as macrophages play a crucial role as antigen presenting cells in
the adaptive immune system, leading to potential immune deficiencies and unknown effects.
To address these concerns, an inducible Cre-lox system, where the knockout only takes place
when administering tamoxifen, has been proposed. This approach may provide a severe dengue
model allowing for direct vaccination of the mice. While promising, the development and
validation of such a model in dengue vaccine trials would require additional time.

Ultimately, IFNARI1-/- mice offer the most practical balance between immune
functionality and susceptibility to DENV infection. Further investigation is needed to better
understand the antiviral immune response, particularly the role of cytotoxic T cells, which
contribute to the clearance of DENV-infected cells through both direct killing and the release
of cytokines such as [FNy and TNFa [87]. This makes IFNAR1-/- mice an ideal platform for
advancing our understanding of severe dengue pathogenesis while maintaining a relevant

immune profile.
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Chapter II: materials and methods

Virus Stock Production

Sujan Shresta from the La Jolla Institute for Immunology, CA, USA, kindly provided the D220
mouse-adapted DENV-2 strain [83]. Briefly, the PL046 strain, a clinical DENV?2 isolate, was
originally obtained from Dr. H.-Y. Lei at National Cheng Kung University, Taiwan [88]. This
strain was alternatively passed between AG129 mice and C6/36 cells 20 times, resulting in the
novel DENV2 strain, D220. The D220 strain was propagated at McGill University at a
multiplicity of infection (MOI) of 0.01 using C6/36 cells, isolated from larva of an Asian tiger
mosquito, cultured at 28°C without carbon dioxide in L-15 medium supplemented with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin, 1% non-essential animal acids, and 1%
tryptose phosphate broth (TPB). Viral absorption was allowed for 2 hours at 28°C. Afterward,
10 mL of L-15 medium containing 2% FBS, 1% penicillin/streptomycin, 1% non-essential
animal acids, and 1% TPB was added to each T150 flask. Two days post infection, the medium
was replaced with fresh L-15 medium with the same composition. The viral supernatant was
harvested from flasks where over 90% of cells showed lysis. The supernatant was then
centrifuged at 4,000 g for 15 minutes using Amicon Ultra-15 Centrifugal Filters and aliquoted

for future use.

Infectious Virus Titrations

Plaque assay and focus forming assay were done in parallel to validate the viral titer.

Plaque assay

One day prior to infection, 6x10° Vero cells per well were seeded in 6-well plates. On the day
of infection, the cells were washed with plain Dulbecco's Modified Eagle Medium (DMEM).
The viral stock was then serially diluted 10-fold in plain DMEM, ranging from 10! to 10%. A
volume of 400 pL from each viral dilution was added per well. Viral absorption was allowed

for 2 hours. After absorption, the virus was removed and replaced with carboxymethylcellulose
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(CMC) mix consisted of a 1:1 ratio of CMC solution (prepared by dissolving 32 grams of CMC
and 8.5 grams of sodium chloride in 1 liter of distilled water) and DMEM supplemented with
2% FBS and 1% penicillin/streptomycin at 37 °C. Ten days post infection, the CMC mix was
removed, and the cells were fixed with 10% formalin for 20 minutes. The wells were then
stained with crystal violet for 20 minutes, washed with distilled water, and the plaque forming
units (PFU) per milliliter of virus were calculated based on the number of plaques observed.
Focus forming assay

3x10* Vero cells per well were seeded in 96-well plates. The infection procedure followed the
same steps as the plaque assay, except that 40 pL of each viral dilution was added per well.
After 2 hours of viral absorption, the virus was removed and replaced with CMC solution, and
the plates were incubated at 37 °C. Three days post infection, the cells were fixed with 4%
formaldehyde for 20 minutes. Each well was permeabilized with 50 pL of 0.3% Triton X-100
and 5% FBS in phosphate buffered saline (PBS) for 20 minutes. Subsequently, 40 uL of'a 1:500
dilution of the Flavivirus group antigen Antibody (D1-4G2-4-15 (4G2)) was added to each well
and incubated for 1 hour at 37°C. The cells were washed three times with PBS, followed by
the addition of 1:500 Goat anti-mouse IgG (H+L) Alexa Fluor 488 secondary antibody, and
incubated for 45 minutes at 37°C. After three washes with PBS, the fluorescent foci were
counted using a Zeiss Axiocam 305 mono fluorescent microscope. Focus forming units (FFU)

per mililiter of virus were calculated based on the number of foci observed.

Mouse Breeding & Genotyping

B6.129S2-Ifnar1'™!A¢/Mmjax (strain number 032045), which lack type-I interferon receptor
function, were purchased from Jackson Laboratories (Bar Harbor, ME, USA).

These IFNAR1 knockout mice were bred with CD8-/-: B6.129S2-Cd8a™ /] (strain number
002665), a CD8+ T cell knockout strain also obtained from the Jackson Library [89], to

generate a double knockout strain. Genotyping was performed following the protocols
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provided by Jackson Laboratories. All animal procedures were conducted under the approved

animal use protocol 4792 from the McGill University Animal Care Committee.

In Vivo Infections

Mice were intravenously injected with 200 pL of D220 virus, diluted in sterile PBS, per mouse.
To model antibody-dependent enhancement (ADE), mice were administered 10 pg of anti-
flavivirus envelope protein antibodies (Flavivirus group antigen Antibody D1-4G2-4-15 [4G2])
intraperitoneally, in a 200 pL inoculum per mouse, one day prior to DENV infection. The mice
were monitored daily for clinical signs and body weight changes. Animals were humanely
sacrificed if their body weight decreased by over 20%, in accordance with animal use protocol

4792, approved by the McGill University Animal Care Committee.

Evans Blue

Mice were injected intraperitoneally with 200 pL of 1% Evans blue dye (E2129, Sigma-Aldrich)
prepared in PBS. One day later, the mice were perfused with 12 mL of PBS through the left
ventricle. Tissues were then collected in pre-weighted 1.5 mL Eppendorf tubes containing 500
pL of 99.5% formamide and incubated at 55°C for 24 hours. The Evans blue concentrations in
the formamide extracts were quantitated by measuring absorbance at 610 nm, using formamide

alone as the blank.

RNA Extraction & qRT-PCR

Sera and tissue samples were processed using the QIAamp Viral RNA Mini Kit (52906,
Qiagen), following the manufacturer’s protocols. Cycle threshold (Ct) values were converted
to RNA concentrations (ng/ pL) by a DENV-specific RNA standard built in house. Results were
normalized to viral genome equivalents per milliliter of serum. The limit of detection value (45
cycles) was extrapolated based on viral RNA copies per mL, as determined by the DENV-

specific RNA standard established for each reaction plate.
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concentration of RNA (2—%) x Avogadro’s number

molecular weight of transcript (=) x 1,000,000,000

mol

= RN A copies/pL

Equation for converting concentration of RNA-to-RNA copies per microlitre is adapted from
Case, J.B., et al. [90]. Concentration of RNA is quantified by NanoDrop spectrophotometer.
Since we know the exact length of the RN A sample, the molecular weight can be calculated by

multiplying the total number of base pairs by 660 g/mole (average weight of dsSDNA).

Plasma Cytokine Analysis

Plasma was obtained by adding whole blood to tubes containing 1.6 mg/ml
ethylenediaminetetraacetic acid (EDTA) and centrifuging at 3,000 g for 10 minutes at room
temperature. Serum samples were virus-inactivated by adding 1% Triton X-100 and incubating
for 1 hour at room temperature. Samples were evaluated in Eve Technologies (Calgary, AB,
CA) for the Mouse Cytokine Proinflammatory Focused 10-Plex Discovery Assay® Array

(MDF10).

Flow Cytometry

Lymphocytes were isolated from spleens by manually dissociating the tissue in Roswell Park
Memorial Institute (RPMI) medium with 10% FBS, followed by treatment with 1 mL of RBC
Lysing Buffer Hybri-Max (no. R7757; Sigma-Aldrich). For ex vivo stimulations, 1 x 10°
splenocytes were incubated for 4 h at 37°C in RPMI 10% medium, supplemented with either
1) Cell Stimulation Cocktail (1:500 dilution, 00-4975-93, containing PMA/ionomycin and
protein transport inhibitors; eBioscience) or 2) purified CD3¢ antibody (clone 145-2C11, 1:250
dilution), purified CD28 antibody (clone 36.51, 1:500 dilution), brefeldin A (1:500 dilution,
00-4506-51; eBioscience), and monensin (1:500 dilution, 00-4505-51; eBioscience). For
DENV-specific T cells, the exact peptide sequences used are provided in Supplementary Table

4.1 x 10® splenocytes were stimulated with 2 pg/ml H-2b -restricted epitopes in the presence
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of brefeldin A for 5 hours at 37°C in RPMI 10% medium. These stimulated cells were then
stained extracellularly, fixed and permeabilized using the Foxp3/Transcription Factor Staining
Buffer Set (00-5523-00; eBioscience) according to the manufacturer’s instructions, and finally

stained intracellularly for IFN-y expression.

For extracellular and intracellular staining, the following fluorochrome-conjugated antibodies
were used: Fixable Viability Dye eFluor506 (65-0866-14; eBioscience) was used to identify
dead cells, CD45 FITC (103108; BioLegend), TCRB eFluor 450 (48-5961-80; eBioscience),
IFN-y APC (17-7311-82; eBioscience), CD8a BV785 (417-0081-80; eBioscience), CD4 APC-
ef780 (47-0041-82; eBioscience), CD44 PerCP-Cy5.5 (45-0441-80; eBioscience), CD62L PE
(12-0621-81; eBioscience), NK1.1 PE-Cy7 (25-5941-82; eBioscience). DENV-specific
tetramers were customized from NIH Tetramer Core Facility at Emory University. MHC allele
H2-Kb was used for DENV C 51-59, H2-Db for NS4B 66-74 and NS4B 99-107. The above
three peptides were labeled with APC. MHC allele H2-Db was used for SARS-CoV-2 N 219-
227 and labeled with PE. A total of 1x10° events per sample were acquired on a BD
LSRFortessa and gated as described in Supplemenary Figure 3 with FlowJo version 10.10.1

software.

Statistical Methods

All statistics were calculated using GraphPad Prism version 9.0.2 (GraphPad Software, San
Diego, California, USA). Significance levels were defined as p*<0.05, p**<0.01, p***<0.001,
and p****<0.0001. The nonparametric Mann-Whitney U test was used for comparisons
between two groups, while the Kruskal-Wallis H test, followed by Dunn’s multiple comparison

test was used for multiple groups.
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Chapter I1I: results

Type I interferon-o/p receptor knockout mice (IFNAR1 -/-) is a model of fatal
antibody-dependent enhancement (ADE) upon dengue infection To achieve our research
aims, we challenged IFNARI-/- mice with mouse-adapted dengue 2 virus (D220) and
monitored their health conditions compared to wild-type C57BL/6 mice. Each mouse received
a viral dose of 1x10° plaque forming unit (PFU) of the D220 strain via intravenous injection.
To induce antibody-dependent enhancement (ADE), 10 pg, which is at a sub-neutralizing
amount, of anti-flavivirus envelope protein antibody (D1-4G2-4-15, clone 4G2) was
administered intraperitoneally one day prior to infection. As demonstrated in Figure 1A and B,
IFNAR1-/- mice were susceptible to D220 infection, with several succumbing to the virus and
all experiencing transient weight loss, peaking around day 3-5 post infection. In contrast,
C57BL/6 wild-type control mice maintained stable body weight with or without ADE. On the
other hand, ADE had render IFNAR1-/- mice more susceptible to D220 infection, raising
mortality from 20.0% to 71.4%. Convalescent IFNAR1-/- returned to their baseline weight by
day 6 post infection.

To attribute the severe dengue symptoms observed to the sub-neutralizing levels of anti-
flavivirus antibodies administered to IFNAR1-/- mice, we set up groups of IFNAR1-/- mice
that were given 10 pg 4G2 antibodies, 10 pg isotype antibodies (IgG2 isotype control), or 200
uL of PBS. Each mouse received 7x10° PFU, with results shown in Figure 1C and D. Infected
IFNAR1-/- mice that were not under ADE (isotype controls: 14.3% mortality; PBS controls:
0% mortality) were much less susceptible to D220 infection compared to ADE mice (4G2
antibodies given: 100% mortality). All infected IFNAR1-/- mice experienced transient weight
loss, but ADE mice exhibited much higher morbidity, as shown in Figure 1E. The clinical
symptoms demonstrated by infected IFNAR1-/- mice exclusively were inactivity, hunched

posture, and ruffled coat, as detailed in Supplementary Table 1 for morbidity scoring standards.
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Both male and female mice were included in all infection experiments, with no significant

differences observed in any of the measured parameters.
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Figure 1. Type I interferon-a/p receptor knockout mice (IFNAR1 -/-) is a model of fatal antibody-dependent
enhancement (ADE) upon dengue infection. 20% weight loss was the pre-determined clinical endpoint. (A)
Percentage of survival showed no wild-type control mouse (n=6) succumbed to D220 mouse-adapted dengue
infection, while 1 out of 5 IFNAR1-/- mice succumbed to D220 infection at 7x10° PFU/mouse. At 1x10°
PFU/mouse no wild-type control under ADE succumbed (n=3) during the 14-day monitoring period, while 5 out
of 7 IFNAR1-/- succumbed to D220 infection. (B) Only IFNAR1-/- mice experienced transient weight loss. (C)
7 out of 7 4G2 antibodies given IFNAR1-/- mice succumbed, 1 out of 7 isotype antibodies given IFNAR1-/- mice
succumbed, and 0 out of 6 PBS given IFNAR1-/- mice succumbed. (D) All IFNAR1-/- mice experienced transient
weight loss. (E) Morbidity of IFNAR1-/- ranged from 1 (healthy) to 5 (death/no mobility). Mice that were
humanely sacrificed were removed from the dataset for subsequent days. As all ADE mice reached clinical

endpoint, no dots are shown on day 6 post infection.

Vascular leakage in tissues of IFNAR1-/- mice experiencing severe dengue infection.

Next, since vascular leakage is a symptom of severe dengue disease in humans, we aimed to

29



determine if IFNAR1-/- mice under ADE could recapitulate this clinical feature. Vascular
leakage occurs during the acute phase of infection, so we examined the mice at their peak
morbidity. On day 3 post infection, we administered 1% Evans blue dye made in PBS
intraperitoneally to IFNAR1-/- mice infected with 7x10° PFU under ADE. On day 4 post
infection, coinciding with the greatest weight loss and highest morbidity rate, the paws, facial
skin, and ears of all mice given Evans blue dye turned prominently blue. Additionally, the
peritoneum, small intestine, and large intestine of infected mice (right mouse on Figure 2A and
B) was more prominently blue compared to uninfected mice (left mouse on Figure 2A and B),
suggesting a more permeable vascular system. This leakage allowed the dye to diffuse into the
tissues, which were then incubated in formamide to quantify the dye in the formamide extracts
for downstream comparison of dye amounts in these organs. The color difference in the
formamide extracts of spleen and liver tissues between infected and uninfected can be visually
distinguished (Figure 2C). There was a significant difference in 610 nm optical density (OD)
readings of spleen and liver tissues between infected and uninfected IFNAR1-/- mice (Figure

2D and E).
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Figure 2. Vascular leakage in tissues of IFNAR1-/- mice experiencing severe dengue infection. (A and B)
All mice were perfused with 12 mL PBS through the left ventricle. (C) Spleen, liver, lung, and heart tissues were
collected and incubated in formamide at 55°C for 24 hours for the dye to diffuse out from the tissue to formamide.
(D and E) Evans blue concentrations in formamide extracts were quantitated by measuring absorbances at 610

nm. Formamide alone was blank reading. p*<0.05 using the Mann-Whitney test.

The temporal profile of viral load in serum and spread of virus in organs. In Figure
3A, IFNARI-/- mice were challenged with 7x10° PFU under ADE. The dynamics of viral titer
correlated with the dynamics of weight loss and morbidity, as shown in Figure 1D and E. As
the viral titer remained high from day 1-5 post infection, the mice also experienced transient
weight loss and clinical symptoms during this period. Next, we compared the viral load in mice
given 4G2 antibodies, isotype antibodies, and PBS as a control, all challenged with 7x10° PFU.
Despite the higher mortality in IFNAR1-/- mice under ADE, their viral load was comparable
to that in IFNAR1-/- mice without ADE (Figure 3B). C57BL/6 mice were not susceptible to
D220 infection as they did not experience weight loss (Figure 1B), and their viral load remained
undetectable on day 1 and 4 post infection when challenged with 1x10° PFU (Figure 3C).
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We then compared the viral load in RNA extracted from different tissues (spleen, lung,
liver, and bone marrow) and hypothesized that the virus would disseminate from blood (the
virus was administered intravenously) to the rest of the body if IFNARI-/- mice were
permissive to D220 infection. There was detectable viral load in serum, bone marrow, liver,
spleen, and lung extracts from IFNARI-/- mice at 1x10® PFU of D220 (Figure 3D). To
summarize, all infected IFNAR1-/- mice are susceptible and permissive to D220 infection as
they demonstrated elevated levels of DENV detection during the peak of infection. In contrast,
immunocompetent C57BL/6, which do not sustain dengue infection or signs of disease, showed

viral loads close to the limit of detection, comparable to those in uninfected mice.
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Figure 3. The temporal profile of viral load in serum and spread of virus in organs. (A) In asingle experiment,
10 IFNAR1-/- mice were infected and divided into three cohorts. Viral titers were measured at specific time points
using submandibular bleeding. On days 1, 4, and 7 post-infection (dpi), blood samples were collected from the
same 4 mice. On days 2 and 5 dpi, samples were collected from 3 mice in cohort 2, and on days 3 and 6 dpi, the
remaining 3 mice were sampled. (B) Even though we would like to track the viral load dynamics on a daily basis,
it is not possible to perform submandibular bleeding consecutively to the same mouse due to the need to minimize
stress and prevent excessive blood loss. We then decided to examine the viral load on the peak of infection (day
2 and 4 post infection) and on the mice that succumbed from D220 infection. (C) Viral RNA copies detected in
IFNAR1-/- mice infecting with 1x10® PFU of D220 were 10,000-fold more than B6 wild-type controls and
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uninfected IFNAR1-/- controls on 4 dpi. (D) The figure shows viral RNA copies per mL of serum or cell
supernatant from tissue samples.

Proinflammatory cytokine quantification at the acute phase of D220 infection
Another parameter for evaluating infection and immune response is the level of
proinflammatory cytokines/chemokines in the serum of our mouse model. We focused on the
acute phase of infection (day 4 post infection) and compared ADE IFNARI1-/- to non-ADE
IFNAR1-/- mice, as well as ADE IFNARI1-/- to ADE C57BL/6 wild-type mice. All infected
mice were given 7x10° PFU of D220. Notably, levels of interferon gamma (IFN-y), interleukin-
6 (IL-6), monocyte chemoattractant protein (MCP-1), and tumor necrosis factor alpha (TNF-
a) were elevated in all infected IFNAR-/- compared to wild-type control and uninfected mice
(Figure 4). However, only the increase in TNF-a reached statistical significance, likely due to
the limited sample size.

To elaborate on the function of these signaling proteins, the presence of IFN-y suggests
an active antiviral immune response, while elevated of IL-6 and TNF-o indicate an
inflammatory response [91]. Detection of MCP-1 may indicate recruitment of monocytes to
the site of infection or inflammation [92]. Further investigation is needed to understand the
specific mechanisms that stimulate the production of these molecules. For the purposes of
building a DENV-susceptible mouse model, we have observed an elevation in cytokine
secretion between mice susceptible to D220 infection and wild-type mice post D220 infection,

while there was no significant difference between ADE and non-ADE IFNAR1-/- mice.
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Figure 4. Proinflammatory cytokine quantification at the acute phase of D220 infection. Serum samples from
mice infected with 7x10® PFU were collected at 4 dpi and evaluated in Eve Technologies (Calgary, AB, CA) for
the Mouse Cytokine Proinflammatory Focused 10-Plex Discovery Assay. p*<0.05, using Kruskal-Wallis test and
Dunn’s multiple comparison test.

Immune cell dynamics in IFNAR1-/- mice post D220 infection. We detected a trend
towards elevated levels of IFNy, a crucial mediator driving the activation of immune response,
in the circulation of infected IFNAR1-/- mice (Figure 4). We next aimed to explore the possible
producers of this inflammatory cytokine and focused on several candidates: NK cells, CD4+ T
cells, and CD8+ T cells in the spleen. The gating strategies for ex vivo stimulation with either
phorbol 12-myristate 13-acetate (PMA)/ionomycin or CD3/CD28 purified antibodies,
followed by extra- and intracellular staining, are illustrated in Supplementary Figure 2. We
analyzed the immune cell profile of IFNAR1-/- and C57BL/6 mice infected with 7x10° PFU
D220 on day 5, 8, and 12 post infection. All data presented in Figure 5A-F are from a single
infection.

First, we have repeatedly observed an enlarged spleen during the acute phase of infection
in IFNAR1-/- mice compared to both resistant C57BL/6 mice and uninfected IFNAR1-/- mice.
This finding is supported by the results of spleen-to-body-weight ratio and the number of
splenocytes (Supplementary Figure 3), both of which are elevated in infected IFNAR1-/- mice.
We speculated that this spleen enlargement may be due to the proliferation of immune cells

when encountering viral infection; however, the increase in cell population could either be
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generalized or limited to specific cell types. Therefore, we first sought to obtain an overview
of the immune cells dynamics and assess their proportions before examining their absolute
numbers.

During the peak of dengue morbidity (day 5 post infection), we observed a higher-than-
baseline percentage of NK cells in the spleen of infected IFNAR1-/- mice, which act as the first
line of defense against viral infection (Figure 5A). When the IFNAR1-/- mice recovered from
infection and regained weight (day 8 and day 12 post infection), the adaptive immune response,
notably T cells, became more prominent (Figure 5A). In our mouse model infected with D220,
CD8+ T cells increased more than 10% in the infected IFNAR1-/- mice compared to uninfected
IFNAR1-/- mice (Figure 5A). This corresponds to an increase of over 90 million CD8+ T cells
compared to baseline levels (Figure 5B). In contrast, the immune cell profile of C57BL/6
resistant remained stable throughout the course of infection. However, the baseline for
C57BL/6 mice should be re-evaluated using uninfected C57BL/6 mice to accurately assess
infection-induced modulation of immune cell populations.

To investigate the IFNy producers in D220 infection, we stimulated splenocytes with
either PMA/ionomycin or CD3/CD28 and analyzed the intracellular production of IFNy in
parallel. PMA/ionomycin are strong activators of downstream T cell signaling pathways
without the involvement of T cell receptor (TCR). Purified CD3/CD28 antibodies modulate
naturally engage TCR signaling pathway. Under both stimulation methods, we have seen
increased IFNy production in infected IFNAR1-/- mice (16.1% IFNy+ CD8 T cells for
PMA/ionomycin, 6.0% IFNy+ CD8 T cells for CD3/CD28) in contrast to C57BL/6 mice (3.5%
IFNy+ CD8 T cells for PMA/ionomycin, 1.3% IFNy+ CD8 T cells for CD3/CD28). Uninfected
IFNAR1-/- mice had 1.3% of IFNy production when under PMA/ionomycin stimulation.

To take a step further, we speculated that DENV infection may alter the phenotype of

CD8+ lymphocytes. We examined the effector/activated T cells with CD62L-/CD44+ markers.
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Downregulation of CD62L (L-selectin) combined with upregulation of CD44 (H-CAM) allows
the migration of T cells towards the site of infection. In Figure 5D, the CD8+ lymphocytes had
shifted from CD62L+/CD44- naive T cells in uninfected IFNAR1-/- mice to CD62L-/CD44+
effector T cell fate. Infected IFNAR1-/- mice had 82.5% CD8+ lymphocytes that were effector
T cells compared to 11.6% in C57BL/6 wild-type controls, which are resistant to D220

infection (Figure 5F). Uninfected IFNAR1-/- mice had 5.8% effector T cells.
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Figure 5. Immune cell dynamics in IFNAR1-/- mice post D220 infection. Fluorescence minus one (FMO)
controls for each color and isotype controls for IFNy staining were included in every flow cytometry experiment
(data not shown). Splenocytes were isolated by manually dissociating the tissue in Roswell Park Memorial
Institute (RPMI) medium with 10% FBS, followed by treatment with 1 mL of RBC Lysing Buffer Hybri-Max (A)
To establish baseline immune cell levels, uninfected IFNAR1-/- mice were sacrificed and splenocytes were
isolated for evaluation. In addition, since immune cell dynamics were examined at day 5, 8, and 12 post infection,
3 uninfected IFNAR1-/- were sacrificed at each timepoint to account for variations in staining and acquisition
performed across separate experiments. (B) The exact number of cells for each population was determined by
normalizing the percentage of each population to the number of splenocytes derived from an entire spleen for each
mouse. (C-D) FACS was performed for 1 million splenocytes stimulated ex vivo with PMA/ionomycin or
CD3/CD28 purified antibodies, in combination with Brefeldin A and monensin for 4 hours at 37°C. RPMI
supplemented with 10% FBS was an unstimulated control. (E-F) CD62L+/CD44- naive T cells in Q3 were defined
as nawe T cells. CD62L-/CD44+ cells were defined as effector/activated T cells. p*<0.05, p**<0.01using

Kruskal-Wallis test and Dunn’s multiple comparison test.

Identification of DENV-specific CD8+ T cells Having established that the peak T cell
response occurs around 8 days post infection, when we observed the highest IFNy production
from effector CD8+ T cell (Figure 5), we aimed to confirm the presence of DENV-specific
CD8+ T cells in mice exposed to DENV. To achieve this, we stimulated splenocytes with
DENV-specific peptides [64], in the presence of Brefeldin A to block the excretion of
intracellular cytokines. We stimulated one million splenocytes ex vivo with a pool of DENV-
specific peptides (C 51-59, NS4B 66-74, NS4B 99-107, 2 ug each, the exact sequences are
indicated in Supplementary Table 4) and compared the response to a control ovalbumin (OVA)
peptide.

In Figure 6A, we observed 16.2% of CD8+ T cells from infected IFNAR1-/- mice
stimulated with DENV-specific peptides were capable of producing IFNy, compared to less
than 1% in uninfected IFNAR1-/- splenocytes stimulated with DENV-specific peptides. The
Brefeldin A-only group served as a control for baseline IFNy secretion without peptide
stimulation and showed less than 1% IFNy secretion. Stimulation with OVA peptide; however,
resulted in comparable IFNy detection in infected IFNAR1-/- splenocytes as stimulation with

DENV-specific peptides. We observed infection-specific positive signal from both viral-
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specific and control peptide and reasoned that ex vivo stimulation with peptides relies on the
binding of these peptides to major histocompatibility complex (MHC) molecules on APCs,
followed by their presentation to TCRs, which is not always efficient.

In an alternative approach, we utilized customized MHC tetramers from the NIH Tetramer
Core Facility and tested the same 3 candidate peptides (C 51-59, NS4B 66-74, NS4B 99-107)
and a negative control peptide (SARS-CoV-2 N 219-227). In this case, MHC molecules and
the peptides form complexes and are linked to fluorochromes, so a signal detected by flow
cytometry would indicate a cell recognizing this viral-specific peptide. In addition,
MHC/peptide multimers can engage more than one copy of the TCR and increase the avidity
of the test [93].

As shown in Figure 6B, 12.8% of CD8+ T cells from infected IFNAR1-/- mice were NS4B
99-107 positive, compared to less than 1% in uninfected IFNAR1-/- mice. The negative control
marker showed less than 1% positive signal for both infected and uninfected splenocytes.

Therefore, NS4B 99-107 serves as an indicator of DENV-experienced CD8+ T cells.
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Figure 6 Identification of DENV-specific CD8+ T cells. All data presented in Figure 6 are from a single infection.
Splenocytes were isolated by manually dissociating the tissue in RPMI medium with 10% FBS, followed by
treatment with 1 mL of RBC Lysing Buffer Hybri-Max (A) An isotype control for IFNy was included. The cells
were gated as Live/dead negative, CD45 positive, TCRB positive, CD8 positive, CD4 negative, IFNy positive. (B)

Tetramer markers were stained in the same way as surface staining. P-value computed using Mann-Whitney test.
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Chapter IV: discussion and limitations
Discussion

Our study aimed to develop a mouse model to investigate severe dengue infection and
assess the potential for CD8+ T cell-targeting vaccine trials. The type I interferon receptor
(IFNAR1) plays a crucial role in innate immune response against pathogens. Knocking out
IFNART1 renders our mouse model susceptible to the mouse-adapted D220 dengue 2 strain,
resulting in body weight loss, increased mortality, elevated viral load in the circulation, and
higher levels of proinflammatory cytokines IFN-y, TNF-a, IL-6, and MCP-1. In contrast,
immunocompetent C57BL/6 mice are resistant to D220 infection as they do not experience
weight loss, nor succumb to infection, and demonstrate comparable levels of viral titer and
inflammatory cytokine to uninfected IFNAR1-/-. These findings confirmed the susceptibility
of IFNAR1-/- mice and the relevance of this model for studying dengue infection.

A key aspect of our investigation was exploring antibody dependent enhancement (ADE).
Administering anti-flavivirus antibodies at sub-neutralizing levels results in higher mortality
and morbidity in ADE IFNAR1-/- mice compared to infected IFNAR1-/- mice under non-ADE
conditions. The main morbidity observed in these mice is reduced responsiveness to touch,
characterized by inactivity and decreased mobility. To rule out the possibility that this was
caused by the virus becoming neurotropic and affecting motor function, we plan to assess this
further. Although less likely, if the virus crosses the blood-brain barrier and replicates in the
brain, we might expect to observe paralysis in severe cases. Given that rare cases of dengue
fever have been reported to affect the nervous system [94], we want to evaluate this potential.
Therefore, we can estimate the viral titer in the brain using qPCR.

Even though the penetrance of dengue virus increases under ADE conditions, no
significant difference in viral load or in inflammatory cytokines levels was observed between

ADE and non-ADE IFNARI1-/- mice infected with D220. Assessing the degree of vascular
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leakage in organs such as the intestine, spleen, and liver, which have demonstrated increased
vascular permeability in our severe dengue IFNAR1-/- model, could provide insight into the
difference between ADE and non-ADE conditions. Investigating the levels of NS1 viral protein,
which correlates with endothelial permeability in a dose-dependent manner in vitro [95], rather
than focusing solely on mRNA viral transcripts for viral load could be a promising avenue to
understand the mechanisms behind severe dengue manifestation driven by ADE. However,
studies in human patients with severe dengue gave controversial results, revealing discordance
in the timing of vascular leakage and NS1 antigenemia which could depend on the serotype of
DENV [96].

Additionally, since blood in tissues cannot be completely removed even with perfusion,
we cannot be entirely certain whether the virus is replicating in the tissue or simply present in
the circulation based solely on viral transcripts from tissue homogenates. To address this, we
plan to conduct fluorescence microscopy using viral-specific markers on tissue sections. This
would allow us to directly visualize the presence of the virus within the tissue. An added benefit
of this approach is that we can compare the pathology of infected versus uninfected tissue. For
example, we can assess whether there is increased necrosis, inflammation, or immune cell
infiltration in infected mice, which could be driven by elevated cytokine levels. Furthermore,
in mice with more permeable tissues, it would be valuable to examine whether the tissue
architecture has been altered.

The proinflammatory cytokines, which play a key role in triggering immune response,
may act as a double-edge sword. For instance, a trend towards elevated blood levels of TNFa
were detected during the acute phase of infection in IFNAR1-/- mice. The same cytokine may
not only drive inflammation in the body but could also lead to adverse endothelial dysfunction
and increased vascular permeability in mice. Therefore, studying the innate immune cells, such

as macrophages and dendritic cells, that are targets of DENV infection and are known to secret
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these cytokines during the acute phase of infection, could provide insight into the vascular
leakage taking place during this period. CD8+ lymphocytes are also capable of secreting these
proinflammatory cytokines; however, the timing of their emergence correlates with the
recovery from non-lethal severe dengue disease, suggesting that CD8+ lymphocytes may play
a more protective role against dengue than innate immune cells.

As part of our study’s goal, we have described elevated levels of CD8+ T cells in IFNAR1-
/- mice in response to dengue infection. The emergence of IFNy-producing CD8+ T cells and
the shift in lymphocyte phenotype from naive to effector/activated CD8+ T cells indicate a
robust antiviral immune response in DENV-infected IFNAR1-/- mice. Furthermore, DENV-
specific CD8+ T cells were identified using the NS4B 99-107 tetramer. These findings suggest
that our approach to characterize the CD8+ T cell phenotype in response to dengue infection is
effective. However, since the immune response depends on interactions among various cell
types, we speculate that other antiviral cells, such as CD4+ Th1 cells, may also be involved in
combating viral infection. Moreover, evaluating a subset of CD8+ T cells known as Tcl cells,
which are particularly recognized for their cytotoxicity activity, in greater detail could provide
further insight beyond evaluating CD8+ T cells in general.

To further characterize the cytotoxicity of CD8+ T cells, we propose using a more specific
panel. This panel would not only detect antiviral cytokines such as IFNy and TNFa but also
include degranulation markers like CD107a, as well as the enzymes perforin and granzyme B
that disrupt the integrity of cell membrane and lead to elimination of infected cells. After
establishing how CD8+ T cells expand and function during infection, we can move on to
investigate the phase when antigens are cleared. Exhaustion markers such as PD-1 may indicate
the waning of these effector T cells. However, we expect memory CD8+ T cells to persist and
mount a robust response when re-encountering the dengue virus. This will be a key aspect of

evaluating the efficacy of CD8+ T cell-targeting vaccines.
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Limitations

One of the biggest challenges in animal studies is determining how applicable the findings
are to human research. While several mouse models have been developed for dengue research,
each with specific strengths and weaknesses, we chose to use IFNAR1-/- mice combined with
a mouse-adapted dengue virus to induce severe dengue without completely disrupting the
immune response. This choice reflects the need to balance model relevance with the ability to
generate severe disease symptoms similar to those seen in human cases.

The D220 viral strain used in this study contains several amino acid mutations distinct
from its parental strain, PL046, which originated from a human DENV2 clinical isolate. D220
infection leads to higher mortality and morbidity in IFNAR1-/- mice compared to the PL046
strain [83] and contains five missense mutations compared to PL046: I1106F in the capsid
protein, K1221 and N124D in the envelope protein, S228P in the NS1 protein, and V115A in
the NS4B protein [83]. We conducted Sanger sequencing (data not shown) to confirm that our
D220 stock contains the same point mutations as previously reported. Despite these
confirmations, further investigation is needed to understand the clinical relevance of D220
infections in mice to human dengue disease. Such research is critical for translating findings
from this model to human dengue infections and will help determine whether D220 accurately
reflects the pathogenesis of severe dengue in humans.

Another concern with this model is the unclear role of type I interferon signaling in the
CD8+ T cell response during dengue infection. Previous studies have shown that the absence
of type I interferon receptors in CD8+ T cells impair their clonal expansion during lymphocytic
choriomeningitis virus (LCMV) infection [97]. This raises questions about the validity of our
model, as IFNAR1-/- mice may not fully mimic the immune dynamics observed in humans.
However, our D220 infection model using global type I interferon receptor knockout mice

displayed a robust primary clonal expansion of DENV-specific effector CD8+ T cells. This
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suggests that other cytokines, such as IL-12, may compensate for the absence of type I
interferon signals, as has been reported in vaccinia viral infection [98]. Further research is
required to assess whether the type I interferon receptor knockout influences the long-term
development of memory CD8+ T cells and whether the effector functions of these cells are
compromised. These studies will help clarify the utility of our model in studying CD8+ T cell-
mediated immunity and vaccine responses.

Although the use of an immunodeficient mouse model, such as [IFNAR1-/-, may limit our
ability to fully characterize intact immune responses post infection or vaccination, there are
ways to address this limitation. One approach is to vaccinate immunocompetent C57BL/6 mice
and then transfer CD8+ T cells into the immunodeficient model. This method allows us to
indirectly assess the efficacy of CD8+ T cell targeting vaccines in conferring protection against
dengue. By evaluating key outcomes such as reduced mortality, morbidity, and viral load in the
immunodeficient mice following T cell transfer, we can gain valuable insights into the potential
protective effects of the vaccine. This strategy aligns with the overarching goal of the project,
which is to develop a mouse model that helps in evaluating vaccines capable of providing
protection against severe dengue infection.

Lastly, a common limitation of all animal studies is the sample size and the replicability
of results. To address this, we carefully selected doses for the viral inoculum to ensure
consistency in survival rates and disease severity post infection. While we have included both
male and female mice in our experiments and have not observed any significant sex differences
so far, further studies are needed to confirm these findings across all relevant parameters.
Moreover, we plan to explore potential age-related variations in future trials to rule out subtle
effects that may influence disease progression or immune responses. By investigating these
variables, we aim to strengthen the reliability and translational potential of our model for

studying severe dengue.
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Chapter V: future directions and conclusion
Future Directions

We crossed the IFNAR1 knockout mice with a CD8+ T cell knockout strain obtained from
the Jackson Library (CDS-/-: B6.129S2-Cd8a™™2X/J strain number 002665) [89] to generate
double knockout mice deficient in both the type I interferon receptor and functional CD8+ T
cells. This model will allow us to evaluate how the absence of CD8+ T cells impacts the clinical
outcomes of dengue infection and assess the protective role that CD8+ lymphocytes may play
during the recovery phase. The key parameters we plan to assess include: 1) survival, clinical
score, vascular permeability, and percentage of body weight loss upon challenge 2) viral load
and proinflammatory cytokines post infection; and 3) the presence of dengue-specific cytotoxic
CD8+ T cells. By understanding the responses of CD8/IFNAR1 double knockout mice to
dengue infection, we can then proceed with CD8+ T cell transfer experiments from DENV-NS
poly-epitope vaccinated mice into the double knockout model.

In addition, we can explore crossing IFNAR1-/- mice with strains deficient in other
immune cell types, such as mature B cells, to investigate the role of B cells and antibodies in
the dengue immune response. We are also considering the use of alternative dengue-susceptible
mouse models, including human STAT2 knock-in mice. This model has been established for
studying Zika viral infection and may also be suitable for dengue, as both viruses evade the
immune response in human by degrading STAT2 protein through its NS5 protein [99]. The
human STAT2 knock-in mice would serve as an immunocompetent model, providing greater
relevance to human dengue infections. Advancing this model and evaluating the potential to
induce severe dengue would be an interesting project. These future directions aim to enhance
our understanding of the immune mechanisms involved in dengue infection and evaluate

potential therapeutic strategies.
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Conclusion

Laboratory mice comprising an expeditious model for preclinical vaccine testing and the
identification of correlates of vaccine protection. We have built a mouse model susceptible to
DENV infection, which also recapitulates features of severe dengue disease under ADE. D220
infection triggered a robust antiviral response, particularly seen in IFNy secreting CD8+ T cells.
Although the inherent limitations of immunodeficient models necessitate careful interpretation,
our strategy of CD8+ T cell transfer from immunocompetent mice holds promise for
overcoming these challenges. Our research aims to better replicate human dengue symptoms
and facilitate the translation of preclinical findings to clinical applications. Ultimately, our goal

is to contribute to the development of more effective dengue vaccines and therapeutic strategies.
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Appendix

Supplementary Figures

Supplementary Table 1. Scoring standards for morbidity. The parameters were adapted from [95], which also

uses IFNAR1-/- mice and the same DENV D220 strain.

1 Healthy

2 | Ruffled fur and mild signs of lethargy

Hunched posture, ruffled fur, and intermediate level of lethargy and failure to
groom

4 | Very lethargic, limited mobility, ruffled fur, and hunched posture

Found dead; Moribund with limited to no mobility and inability to reach food
or water

55



Single Cells

FSC-A

T v v
ook K 20K

FSC-A

T
250K

250k o
200k o
150K o

100k o

Comp-FVD eFluor 506-A :: LIVE DEAD

Live cells

1
* SSC-A

CD45

T
o

2e0n 20k
0k 0k
<Ltk 150K =f
Q
[7]
0 100K 100K =
o .
LS = Py ° T
Lk k| Wok ok K v e
FSC-A
=3
_ w1 NKcells o W1
T . <
z . S o
ot 1
i E ®
e N} T cells El
9 [
u ©
i 4 :
E — o
o &
o £
3 S E
R L L R SR o
o w* Al

IFNG

Comp-APC-A ::
i

[ RCOaT Ll
w? ]

Comp-eFluor 450-A :: TCRB

NK11, IFNG subset

[} W w

0

Comp-PE-Cy7-A :: NK11

Comp-PE-Cy7-A :: NK11 SSC-A

Comp-APC-A :: IFNG

6’y

w0y

TR R RTIT
s 5

NK cells

Comp-FITC-A :: CD45

NK11, IFNG subset

"

Comp-PE-Cy7-A :: NK11

cDe

C- eFluor 780-A :: CD4

Com|

Comp-APC-A :: IFNG

CD4, IFNG subset

x|
w? s
- T v "
0 ! ! 0

Comp-APC- eFluor 780-A :: CD4

CDB8, IFNG subset

B L]
]

R R B
[ 0 ot w

Comp-BV786-A :: CD8

Comp-PerCP-Cy5-5-A :: CD44

Comp-PerCP-Cy5-5-A :: CD44

Comp-FITC-A :: CD45

Q2
452

Comp-PE-A :: CD62L

wa1

1702

Q2
9.20

LN
=1

Comp-PE-A CDiZL

vy
' )

Live cells

FSC-A

Comp-APC-A :: i

—
w0

Comp-BV786-A :: CD8

Comp-APC- eFluor 780-A

oy v
0®

1 CD4

Supplementary Figure 2. Gating strategy for flow cytometry. (A) PMA/ionomycin stimulation or unstimulated

splenocytes. (B) CD3/CD28 stimulation when TCR were engaged by these purified antibodies and thus the TCRB

staining was not useful for distinguishing T cell populations.
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Supplementary Figure 3. Pictures taken during necropsy and the analysis of enlarged spleen. (A and B)
Pictures of uninfected and infected mice were taken on day 5 post infection. Spleen and liver were pale and
enlarged in infected mice compared to uninfected IFNAR1-/-. (C) The increase in the number of splenocytes for
infected IFNAR1-/- was observed, while B6 ADE and uninfected IFNAR1-/- had comparable number of
splenocytes. (D) Spleen weight of each mouse was divided by their body weight on day 0 post infection.

Supplementary Table 4. Peptide sequences for ex vivo stimulation and customized tetramers [64, 100].

Epitope Sequence

C 51-59 VAFLRFLTI
NS4B 66-74 TAIANQATV
NS4B 99-107 YSQVNPITL
OVA 257-264 SIINFEKL
SARS-CoV-2 N 219-227 |LALLLLDRL
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