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SUMMARY

Dengue virus (DENV) is responsible for one of the most important human viral diseases in
terms of geographical distribution and morbidity. The pathogenesis of severe DENV
results from a combination of multiple factors that act in concert to promote a dysregulated
immune response. Hyperactivity of the complement alternative pathway (AP) is associated
with severe forms of DENV disease, dengue haemorrhagic fever (DHF) and dengue shock
syndrome (DSS). The AP is constitutively active at basal levels and thus is highly
regulated by soluble and membrane-associated proteins, keeping the activity of the AP
tightly controlled. Factor B (FB) and factor H (FH) are considered two main regulators of
the AP. While FB promotes activation of the AP, FH is the major negative regulator
responsible for keeping a fine control of this pathway. The overall goal of this thesis is to
gain insights into complement dysregulation by investigation of the induction of FH and FB

during DENV infection.

Firstly, different methods were established to detect, identify and quantitate FH and FB
MRNAs and proteins that were further applied to study changes in in vitro and in vivo
models of DENV infection. In vitro DENV infection showed that FH mRNA was significantly
increased in DENV-infected endothelial cells (EC) and macrophages but surprisingly,
production of extracellular FH was not. This phenomenon was not seen for FB, with DENV
induction of both FB mRNA and protein, or with Toll-like receptor 3 or 4 stimulation of EC
and macrophages, which induced both FH mRNA and protein. Further, an imbalance in
AP components in the local microenvironment of EC and macrophages was detected, with
lower FH relative to FB protein along with increased deposition of the complement
component C3b on the surface of DENV-infected cells. These changes are predicted to
result in higher complement activity locally on the endothelium, with the potential to induce
functional changes that may result in increased vascular permeability, a hallmark of DENV
disease. Further using MatIinspector software, several IFN-responsive elements along with
NF«p and STAT binding elements were identified within the human FB and FH promoter
regions, suggesting that both factors are stimulated by similar transcription factors.
Experimentally it was demonstrated that IFN-f mediates induction of FB and FH mRNA
and FB protein in EC in a co-ordinated manner consistent with other interferon-stimulated
genes. Finally, this study was extended to investigate the roles of FB and FH in DENV-

infected AG129 mice, deficient in type | and type Il IFN receptors. An early increase in FB
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followed by a decrease at moribund stage was detected in mice with severe DENV. In
contrast, FH was decreased during the acute phase of infection and increased at end-
stage of severe disease. These DENV-induced FB and FH responses in AG129 mice
suggest an initial acute-phase response to activate the AP, followed by excessive
complement consumption and hyper-activation of the AP. This latter response is
consistent with changes in FB and FH described in DHF and DSS patients. Surprisingly,
circulating FB and FH protein levels did not correlate with changes in liver mRNA. Similar
Matinspector computational analysis of the mouse FB and FH promoters again showed
predicted dependence on IFN responsive elements, NFxf3 and STAT transcription factors,
with clearly the IFN-independent elements such as NFkf likely to play a major regulatory
role in the responses to DENV described in the AG129 IFN-receptor deficient mouse
model. DENV-infection in the brain of immunocompetent mice induced FB but not FH
MRNA, demonstrating discordant regulation of these genes in this setting that could be

mediated via transcription factors such as NFkp.

Altogether this study suggests potential roles of the AP complement cascade in DENV
disease and has provided in vitro and in vivo evidence of a dysregulation of the AP during
DENV infection that can be mediated by changes in FB and FH. This in turn could expand
strategies for developing therapeutics to prevent or control the increased vascular

permeability and treating the severe forms of DENV disease.
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CHAPTER | REVIEW OF THE LITERATURE

.1 Dengue virus

.1.1  General aspects and transmission

Dengue virus (DENV) has emerged as the most prevalent arthropod-borne virus affecting
humans worldwide (Bhatt et al., 2013). DENV is an enveloped virus that belongs to the
family Flaviviridae, genus Flavivirus and comprises four serotypes, DENV 1-4, which are
clinically indistinguishable but genetically and antigenically distinct (Gubler, 1998).
Serotypes 1 and 4 have a sequence homology of 73%, serotypes 3 and 4 have 54%
homology while serotype 2 is considerably distinct from the other serotypes (Blok, 1985)
The primary vector for DENV transmission is the mosquito Aedes aegypti, although Aedes
albopictus is also responsible for the virus spread but to a lesser extent (Paupy et al.,
2009). DENV is transmitted via the bite of infected mosquitoes and is mainly maintained in
an urban cycle i.e. human-mosquito-human transmission cycle (Henchal and Putnak,
1990). Other modes of transmission have been described such as transplantation,
transfusion of blood components, needle-stick injury and vertical transmission, but these
are not responsible for the global spread and threat posed by DENV (Chye et al., 1997,
Boussemart et al., 2001, Langgartner et al., 2002, Tan et al., 2005, Lanteri and Busch,
2012).

I.1.2  Epidemiology

The numbers of DENV infections have intensified in the past decades. This viral infection
was first reported in 1954 (Quintos FN, 1954) and today around half of the world’s
population is estimated to be at risk of infection, especially in areas with cocirculation of
multiple virus serotypes (Guzman et al.,, 2010, Bhatt et al., 2013) The World Health
Organization (WHO) has estimated that 50 to 100 million dengue cases occur each year
across the world, particularly in hyper-endemic regions in South America, Africa,
Southeast Asia and Pacific (Figure I-1). Around 67 to 136 million cases manifest clinical
symptoms at any level of severity and approximately 20 000 deaths occur annually. DENV
is currently endemic in more than 100 countries

(http://www.who.int/denguecontrol/epidemiology/en/, accessed 25 June 2018). Over 70%

of the global burden of disease lies in South and South-East Asia, although an increase in
the number of DENV cases has been reported in other parts of Asia, Latin America and
the Caribbean (Nimmannitya et al., 1969, Guzman et al., 2010). DENV transmission also

occurs on the African continent, but the number of cases has been difficult to quantify due
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to poor public health monitoring (Sessions et al., 2013). Interestingly, in recent years,
developed countries have experienced small outbreaks, with reports from Southern
Europe, and the United States (Tomasello and Schlagenhauf, 2013). DengueNet
represents a database supported by the WHO, to provide surveillance for global dengue
epidemiology (http://apps.who.int/globalatlas/default.asp).

In Australia, DENV is not considered endemic since in most areas of the country A.
aegypti or A. albopictus mosquitoes do not circulate. Particularly in North Queensland
dengue is considered episodic. The incidence of the vector in this region has increased in
the last decade, and dengue outbreaks are experienced every year, with all 4 serotypes
reported to be present (Russell et al.,, 2009, Williams et al., 2014). In South Australia,
dengue cases have been increasing in the last five years mainly due to travellers returning
to the state from tropical holiday destinations such as Indonesia and Thailand (Knope et
al., 2014, Quinn et al., 2018).
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Figure I-1. Average number of suspected or confirmed dengue cases reported to WHO, 2010-2016

(http://www.who.int/denguecontrol/epidemiology/en/)
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[.1.3 Clinical manifestations

Infection caused by any of the four serotypes of DENV are capable of producing dengue
disease which is characterised by a spectrum of clinical manifestations ranging from a
non-specific febrile illness, through to severe dengue (WHO, 2009). Symptoms may
include severe headache, severe joint and muscle pain, retro-orbital pain, nausea and
vomiting. The transition from a mild to a severe disease may be very rapid. The platelet
count in a dengue patient drops drastically over a couple of days. During defervescence,
patients may go into a critical phase characterised by increased capillary permeability,
leading to a decrease in plasma volume (Halstead, 2007). Without adequate care or
hospital attention, the patient may enter into a toxic stage of severe dengue that can be
accompanied by bleeding and plasma leakage (dengue haemorrhagic fever, DHF) or
hypovolemic shock (dengue shock syndrome, DSS) and disseminated intravascular
coagulation, leading to potentially fatal multi-organ system failure (Halstead, 2007). The
most recent WHO description of dengue classifies the disease as dengue with or without
warning signs, in order to predict which patients will progress to severe infection (WHO,
2009). The dengue warning signs and the defining features of disease severity are
summarised in Table I-1 (WHO, 2009).
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Table I-1. Criteria for dengue warning signs and severe dengue (WHO, 2009).

-Abdominal pain or tenderness -Severe plasma leakage leading to
-Persistent vomiting 1)Shock and/or

-Clinical fluid accumulation 2)Fluid accumulation with respiratory distress
-Mucosal bleed -Severe bleeding

-Lethargy/restlessness -Severe organ involvement

-Liver enlargement >2 cm e Liver: alanine transaminase or

aspartate aminotransferase >=1000

e Central nervous system: impaired
consciousness

e Heart and other organs

-Laboratory  increase in  haematocrit
concurrent with rapid decrease in platelet
count
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.1.4 Vaccine and treatment

Effective vaccination is by far the best preventive strategy to reduce the global burden of
DENV. Since the earliest efforts of Sabine in the 1940’s, the scientific community have
tried to develop a safe and effective vaccine; however many factors have hampered our
ability to reach this goal. The main challenges to vaccine development include achieving
neutralising protection against all four serotypes, the lack of specific animal models for
testing vaccine candidates, the poor understanding of the pathogenesis of infection and
the risk of dengue-primed individuals developing severe disease on exposure to a different
serotype (see section 1.1.8.1.a). Many DENV vaccine strategies have been investigated,
and some of them are currently in preclinical or clinical stages of development (reviewed in
(Ramakrishnan et al., 2015)). The approaches carried out so far include live attenuated,
chimeric, DNA, subunit and inactivated vaccines (http://www.denguevaccine.org).
Currently, the first and only vaccine approved for use in endemic populations is the
recombinant tetravalent, live-attenuated, yellow-fever-dengue virus vaccine: CYD-TDV or
Dengvaxia® (Guy et al., 2009, Guy et al., 2010), developed and produced by Sanofi
Pasteur. Dengvaxia® consists of four recombinant live attenuated vaccines, expressing the
structural genes encoding the pre-membrane (prM) and envelope (E) proteins of each of
the four serotypes on the attenuated yellow fever 17D virus strain genetic backbone (Guy
et al., 2010, Guy and Jackson, 2016). So far, this vaccine has been licensed in 19 dengue
endemic countries for individuals 9 years of age and older (Guy and Jackson, 2016,
Henein et al., 2017, Rabaa et al., 2017). In November 2017, Sanofi Pasteur released an
update on the long-term safety of Dengvaxia®. Vaccine recipients with evidence of prior
DENV infection continued to benefit from vaccination, since a decrease in hospitalized and
severe dengue cases has been observed. Vaccine recipients without prior DENV infection,
however, had an increased risk of hospitalized and severe dengue, including those 9 years
of age and older (Wichmann et al.,, 2017). It has been recommended by WHO to
determine  pre- vaccination dengue infection status before  vaccination

(http://www.who.int/wer/2016/wer9130.pdf), which is challenging and inconvenient

especially in endemic and third world countries due to the absence of the appropriate
assays to determine DENV immune status, in addition to the lack of funding and

established health surveillance systems.

There is no specific treatment for dengue patients. Generally, medical support is in the
form of managing symptoms by administration of antipyretics and fluids and is dependent

on symptoms. Severe dengue, DHF or DSS cases often require seven to ten days of
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hospitalisation and additional treatments including blood and/or platelet transfusions, blood
pressure monitoring and other intensive laboratory and clinical measures (Chuansumrit et
al.,, 2000, Chuansumrit and Chaiyaratana, 2014). This is particularly problematic for

healthcare systems during DENV outbreaks, in resource poor settings.

1.1.5  Structural overview of dengue virion, proteins and replication strategy

DENYV is a single-stranded, positive-sense enveloped RNA virus of approximately 50 nm in
diameter that adopts an icosahedral symmetry (Kuhn et al., 2002, Rey, 2003). The
genome is approximately 11 kb that contains a 5 cap, 5 and 3’ untranslated regions
(UTR) and a single open reading frame (ORF) (Kuhn et al., 2002). The ORF encodes for a
large polyprotein that is co- and post-translationally cleaved into three structural proteins:
capsid (C), precursor membrane (prM) and envelope (E) and seven non-structural
proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (Figure I-2). E and prM
structural proteins are viral surface glycoproteins attached to the lipid bilayer of the virion
(Figure 1-3), and have roles in host cell entry and virus maturation, respectively (Huang et
al.,, 1997, Lindenbach and Rice, 1999, Lindenbach, 2011). The C protein binds the
genomic RNA to form the nucleocapsid core (Figure 1-3). The non-structural proteins have
a variety of different functions including formation of the viral replication complex inside the
host cells (Lindenbach, 2011). NS3 and NS5 possess enzymatic activities of the
helicase/protease and methylase/RNA-dependent RNA polymerase, respectively while
NS2A, NS2B, NS4A and NS4B are transmembrane proteins located within the membrane
of the endoplasmic reticulum (ER) that interacts with NS3 and anchors the replication
complex to the ER membrane (Umareddy et al., 2006, Lindenbach, 2011, Zou et al.,
2015). NS1 has been suggested to participate in genome replication by associating with
the luminal side of the replication compartment. NS1 is also transported to the cell surface,
where it either remains associated with the cell membrane or is secreted as a soluble,
hexameric molecule (Mackenzie et al., 1996, Muller and Young, 2013). Secreted NS1 is
found at high levels in the circulation of dengue patients (Alcon et al., 2002, Muller and
Young, 2013), is used as a diagnostic antigen (Muller et al., 2017) and recently has been
proposed as an important part of the pathogenic effects of DENV on the vascular
endothelium (Beatty et al., 2015, Glasner et al., 2017, Glasner et al., 2018) (see section
1.1.8.2.a).

After virus entry, the viral genome is first transcribed into a negative-sense RNA, thus

forming a double strand replication intermediate which then serves as a template for the
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synthesis of a number of capped positive single strand RNA viral genomes (reviewed in
(Saeedi and Geiss, 2013)). The newly generated positive-strand viral genome is
immediately translated into the viral polyprotein and replicated in the ER, which undergoes
hypertrophy after flavivirus infection (Stohlman et al., 1975, Mackenzie et al., 1998). All
proteins, except for C, NS3 and NS5 that remain in the cytoplasm, are translated into the
lumen or membrane of the ER (Perera and Kuhn, 2008, Lindenbach, 2011). The
polyprotein is cleaved into individual viral proteins by host signals inside the lumen of the
ER and by the viral protease NS2B-NS3 in the cytoplasm (Perera and Kuhn, 2008,
Lindenbach, 2011). The assembly of the viral particles (association of the viral genome
with the structural proteins), occurs in the ER and the new virions are then transported
through the trans-Golgi network and finally released from the host cell by exocytosis
(Figure 1-4) (Mukhopadhyay et al., 2005, Lindenbach, 2011).
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Figure 1-2. Schematic representation of the structure of DENV genome with structural and
non-structural proteins

The single open reading frame encodes a polyprotein containing three structural proteins and
seven non-structural proteins: capsid (C), precursor membrane (prM) and envelope (E) and seven
non-structural proteins: NS1, NS2A, NS2B, NS3 (helicase/protease), NS4A, NS4B and NS5
(methylase/RNA-dependent RNA polymerase). 5UTR and 3’'UTR are the non-coding regions.
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Figure I-3. Schematic representation of a DENV particle

A: immature virion. B: mature virion. The structural proteins are designated E, prM/M, and C. The
virus particle consists of an RNA-capsid protein complex, surrounded by a lipid bilayer. The
proteins present on the surface of the dengue immature virus (A) are the E and prM. The
maturation process occurs both intra and extracellularly, cleaving prM to yield the mature virus
surface containing E and M proteins (B).
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Figure I-4. Schematic representation of DENV replication cycle

DENV binds to target cells via diverse group of receptors: DC-SIGN, Fc receptor, GAG molecules,
anti-DENV antibodies. DENV enters host cells via receptor-mediated endocytosis, and following
endosomal acidification and conformational changes in the viral prM/M and E proteins, the viral
RNA is uncoated and released into the cytosol. The viral RNA migrates to the endoplasmic
reticulum (ER) where its translation, replication and assembly occur. Packaged virions are
transported to the Golgi, where they undergo proteolytic cleavage that results in virus maturation.
Mature DENV virions are then exported from the cell using the host secretory system.
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[.L1.6 Receptors and routes of dengue virus entry into the host cells

DENV infection starts with virus attachment to the target cell through the interaction
between viral surface proteins and receptor molecules on the cell surface. E protein is the
main molecule mediating DENV attachment to the cell surface and the domain Il of this
protein harbors the receptor binding site(s) although the specific-binding motif(s) are yet to
be determined (Hung et al., 2004, Gromowski and Barrett, 2007).

A number of cell types are susceptible to DENV infection and the receptors that facilitate
this are diverse. Both vertebrate and mosquito hosts harbour different receptors and viral
receptors also differ from one cell type to another within the same host (Okamoto et al.,
2012, Wan et al, 2013, Cruz-Oliveira et al., 2015). For vertebrate cells,
glycosaminoglycans (GAGSs) such as heparan sulfate and lectins are responsible for the
first contact with the virus and therefore mediate and facilitate concentration and
attachment of the virus particles at the cell surface (Chen et al., 1997, Aoki et al., 2006,
Wichit et al., 2011). Various cell-type specific receptors that have been suggested for

DENV entry are described below.

In dendritic cells, one of the main targets of DENV replication in vivo (Wu et al., 2000,
Marovich et al., 2001) the adhesion molecule 3-grabbing non-integrin, DC-SIGN has been
identified as the main receptor for virus entry (Navarro-Sanchez et al., 2003); while in
monocytes and macrophages, another key target of virus replication, the mannose
receptor (Miller et al., 2008), the lipopolysaccharide (LPS) receptor CD14 (Chen et al.,
1999) and to a lesser extent the stress-induced heat-shock proteins HSP70 and HSP90
(Chen et al., 1999, Reyes-Del Valle et al., 2005) have suggested roles in DENV entry.

In endothelial cells (EC), a major site for DENV disease pathogenesis, the heparan sulfate
glycochain and the protein disulfide isomerase have been suggested to mediate virus-
specific binding and virus entry, respectively (Okamoto et al.,, 2012, Wan et al., 2012).
Specifically, in liver EC the L-SIGN molecule (a homologue of DC-SIGN) has also been
identified as a virus-receptor (Navarro-Sanchez et al., 2003, Tassaneetrithep et al., 2003).

In hepatocytes, a potential target cell for DENV, the ER-resident chaperonin GRP78 has
been proposed as a candidate DENV receptor (Jindadamrongwech et al., 2004, Upanan et
al., 2008). The role of the T-cell immunoglobulin and mucin domain (TIM) and TAM
(TYRO3/AXL/MER) families of transmembrane receptors in DENV infection has also been

described, with interaction of these proteins dependent on DENV E protein
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phosphatidylserine that potentiates virus endocytosis (Meertens et al., 2012). TIM binds
DENV directly, whereas TAM interacts indirectly with DENV via two bridge proteins, Gas6
and ProS (Meertens et al., 2012).

In mosquitoes, the best characterised DENV receptor is prohibitin, a 35KDa protein
identified by interaction-studies of DENV-2 with C6/36 cells (a cell lineage derived from the
larval stage of A. albopictus), CCL-125 cells (an A. aegypti derived cell line) and A. aegypti
adult mosquitoes (Kuadkitkan et al., 2010). Using C6/36 cells and different mosquito
tissues such as the midgut and salivary glands, other putative receptors have been
identified, such as two glycoproteins of 40 and 45 KDa (Salas-Benito and del Angel, 1997,
Yazi Mendoza et al., 2002, Reyes-del Valle and del Angel, 2004).

After DENV recognition by cellular receptors, the viral particle is internalised via clathrin-
mediated endocytosis or non-classical clathrin-independent endocytic pathways,
depending on the host cell and virus serotype (Krishnan et al., 2007, Acosta et al., 2008,
Mosso et al., 2008, Acosta et al., 2009, Acosta et al., 2012, Alhoot et al., 2012, Acosta et
al., 2014a, Acosta et al., 2014b). The clathrin-dependent endocytosis is the most common
pathway and has been shown in DENV (1 to 4)-infected C6/36, cervical cancer derived
cells (HeLa), adenocarcinoma human alveolar basal epithelial cells (A546) and
hepatocyte-derived carcinoma cell lines, Huh7 and HepG2 cells (Krishnan et al., 2007, van
der Schaar et al., 2007, Acosta et al., 2008, Mosso et al., 2008, Acosta et al., 2009). The
non-classical clathrin-independent endocytic pathway has been specifically described in
Vero cells infected with DENV-2 (Acosta et al., 2009). Regardless of which pathway the
virus uses for cell entry, after endocytosis a pH-dependent conformational change allows
the viral RNA to be released from the endosome into the cytoplasm, followed by

translation in the ER and replication proceeds as described in section 1.1.5.

It is evident that DENV does not use a unique, specific receptor to enter the host cells, but
recognises and binds to a plethora of cell membrane proteins, possibly in a serotype-
specific manner. The molecular flexibility that the E-protein must accommodate to achieve
this, is remarkable. One hypothesised rational for this phenomenon is evolutionary i.e.; the
virus uses a diversity of receptor molecules as a strategy to increase its infection capacity

and pathogenesis (Cruz-Oliveira et al., 2015).
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1.1.7 Immune responses triggered during DENV infection

[.L1.7.1 Innate immune response

Pattern recognition receptors such as Toll-like receptors (TLRS), particularly TLR3, TLR7
and TLRS8, and intracellular sensors such as the helicases melanoma differentiation-
associated protein 5 (MDAS) and the retinoic acid-inducible gene | (RIG-I) are some of the
first lines of defence in the innate immune recognition of double-stranded RNA (dsRNA),
single-stranded RNA or modified RNA. An overview of the general intracellular response to
TLRs and RIG-I/MDA-5 recognition of viral RNA, including key signalling intermediates, is
shown in Figure I-5. Recognition of viral dsSRNA by TLR3 leads to the phosphorylation of
Toll/ll-1 receptor (TIR) domain-containing-adapter-inducing-interferon  (TRIF). TRIF
interacts with tumour necrosis factor (TNF) receptor associated factors (TRAF) 3 and 6
which promote the activation and nuclear translocation of the nuclear factor kappa B
(NFxpB). TRAF3 stimulates interferon regulatory factor (IRF) 3 phosphorylation and nuclear
translocation of IRF3. Activation and nuclear translocation of IRF3 and NFxf induce
transcription and production of type | interferon such as IFN-o/B, interferon stimulated
genes (ISGs) and chemokines (Figure I-5) (Tsai et al., 2009, Sariol et al., 2011, Lee et al.,
2012). Recognition of single-stranded RNA by TLR7 and 8 activates TRAF6 which
promotes IRF7 phosphorylation to finally induce transcription of IFN-a (Sariol et al., 2011)
(Figure 1-5). MDA5 and RIG-I are pre-existing cellular RNA sensors and are further
induced during DENV infection and synergise with TLR3 to limit DENV replication
(Nasirudeen et al., 2011). As described above, both molecules are sensors of dsRNA and
are able to distinguish host RNA from viral RNA (Zinzula and Tramontano, 2013).
Following dsRNA activation of MDA-5/RIG-I, signalling is induced through the
mitochondrial antiviral signalling (MAVS) protein on mitochondria, which oligomerises and
attracts TRAF3 and 6 to further activate the signalling cascade, as described above
(Figure I-5) (Liu et al., 2013).
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Cytokines
Chemokines

Figure I-5. Host innate immune response to DENV infection

DENV RNA is recognized by pattern recognition receptors TLR3, 7 and 8, MDA5 and RIG-I,
resulting in activation of TRAF molecules that will promote the activation of the nuclear factor NF«f3
and the production of IFN-a/f, ISGs, cytokines and chemokines.
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IFN-o/ induction is a powerful anti-viral response against DENV infection. Virus-infected
cells secreting IFN-a/p trigger autocrine and paracrine signals to induce cellular antiviral
effector responses that inhibit viral infection. These signals occur through the IFN-o/p
receptor (IFNAR) and activates the Janus kinase/signal transducers and activators of
transcription (JAK/STAT) signalling pathway (Figure 1-6) (Velazquez et al., 1992). The
activation of this pathway results in the phosphorylation and dimerization of several signal
transducer and activator of transcription (STAT) molecules, including STAT1 to 5. The
combination of STAT1, STAT2 and IRF9 forms the interferon stimulating gene factor 3
(ISGF3) complex that translocates to the nucleus and binds to IFN-stimulated response
elements (ISRE) located in the promoter region of ISGs (Figure 1-6). This in turn, results in
the production of numerous antiviral proteins and pro-inflammatory cytokines and

chemokines (Platanias, 2005).

Thus, key transcription factors are stimulated in response to DENV infection such as
NF«p, STAT family members and IRF. These known transcription factors that induce IFN
and cytokines and chemokines have been specifically investigated in silico in relation to
induction of complement factor H (FH) and factor B (FB), as further described in chapters
V and VI.
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DENV-infected cells

Cytosol

Nucleus

Figure I-6. Type | IFN response is triggered upon DENV infection

Binding of IFN-o/p to its receptor IFNAR leads to the activation of tyrosine kinases,
phosphorylation of STAT1 and STAT2 that form a heterodimer that associates with IRF9 to finally
form ISGF3 complex, which translocates to the nucleus and binds to ISRE to induce I1SGs.
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1.1.7.2 Adaptive immune response against DENV

I.1.7.2.a The humoral response

Anti-DENV antibodies are known to be crucial in the protection against DENV infection.
Primary DENV infections induce a relatively conventional immune response characterised
by an early IgM response and followed by an IgG response (Vaughn et al., 1997, Koraka
et al.,, 2001). In a secondary infection a rapid 1gG response is produced with a reduced
IgM response (Vaughn et al., 1997). The predominant antibody response is directed
against E protein, although an expanded response against C, prM, NS1, NS3 and NS5 is
also detected (Churdboonchart et al., 1991, Valdes et al., 2000). Neutralising antibodies
are crucial for protection against DENV infection. Neutralisation is achieved when sufficient
antibody molecules bind to specific epitopes on the E protein and prevent binding to the
target cell (Halstead, 2002). Specifically, it has been shown that effective virion
neutralisation is achieved when at least 180 copies of the E protein are targeted by
specific antibody molecules (Pierson, 2010). The number of neutralising molecules is not
the sole determinant for neutralisation, with antibody affinity and accessibility of the
epitope on the virion surface and its interaction with a receptor-binding domain also
contributing (Pierson and Diamond, 2008, Rodrigo et al., 2009). Domain IIl of E protein
contains the majority of specific and most potent neutralising epitopes while domain | and
Il mainly possess cross-reactive and weakly neutralising epitopes (Crill and Roehrig, 2001,
Crill and Chang, 2004, Cirill et al., 2009, Wahala et al., 2009). The number of specific and
neutralising epitopes, however, are very low (Wahala et al., 2009) and these epitopes can
differ between serotypes. Thus, long-lasting protective immunity is serotype specific
(homotypic immunity) (Sabin, 1952). In contrast, cross-reactive neutralising and non-
neutralising antibody responses against heterologous serotype (heterotypic immunity)
confer short-term protection only and importantly, these cross-reactive but not cross
protective antibodies play a critical role in the enhancement of disease severity, as
discussed in section 1.1.8.1.a (Halstead and O'Rourke, 1977a, Halstead and O'Rourke,
1977b, Vaughn et al., 2000, Halstead, 2003).

1.1.7.2.b The cellular immune response to DENV

Dengue-specific CD4+ and CD8+ T cell responses are needed for protection against the
virus and are actually triggered upon infection due to the presence of multiple T cell
epitopes mainly in NS3 and NS5 viral proteins (Simmons et al., 2005, Appanna et al.,
2007). Interestingly, it has been shown that during the acute phase of a primary infection,

the T-cell response is almost undetectable or very low and thus, may play a weak to
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moderate role in viral clearance or protection (Gil et al., 2009, Yauch et al., 2009). In
contrast, healthy individuals with past dengue infection living in an endemic area, had high
levels and polyfunctional T-cell responses to a large humber of DENV specific CD8+T-cell
epitopes (Weiskopf et al., 2013). Therefore, it seems that elevated levels and
polyfunctional CD8 T-cell responses are associated with protection in a particular
population (Weiskopf et al., 2013). In fact, several anti-DENV vaccine strategies have
sought to induce efficient induction of specific CD8+ and CD4+ T-cell responses (Gil et al.,
2016, Marcos et al., 2016, Gil et al., 2017). Conversely, a number of studies have reported
that a high but pathogenic cross-reactive T-cell response is triggered in individuals
following a secondary natural infection (Mathew et al., 1998, Dong et al., 2007, Imrie et al.,
2007). This response is characterised by high level of apoptosis and low avidity for the
infecting serotype but higher avidity for the primary virus that caused the first infection.
This phenomenon is called ‘antigenic sin’ and intends to explain the deleterious role of
activated T-cell response in the context of secondary infections (Mongkolsapaya et al.,

2003, Mongkolsapaya et al., 2006, Screaton and Mongkolsapaya, 2006).

Cytokines are also part of the cellular immune response that plays a crucial role in
protection against DENV infection. The production of proinflammatory cytokines such as
IFN-y, IL-12 and IL-18 is considered essential for protection during infection (Fagundes et
al.,, 2011, Costa et al., 2012). Although the antiviral role of IFN-y against DENV has been
controversial (Shresta et al., 2004, Priyadarshini et al., 2010, Butthep et al., 2012), it has
been shown that sustained levels of this cytokine in the sera of DENV-infected individuals
correlates with protection and sub-clinical disease, and its secretion correlates with the
induction of a cytotoxic T-cell response (Gunther et al.,, 2011, Weiskopf et al., 2013,
Jeewandara et al., 2015). There is evidence, however, that the reactivation of existing
memory T-cells by a heterologous serotype in secondary infections results in overly
exuberant cytokine responses that lead to increased vascular permeability and severe
disease (Rothman, 2010).

The chemokine system also appears to have a protective role during DENV infection. The
activation of CXCR3 and the production of CXCL10 have been associated with host
resistance. CXCL10 seems to compete with the virus for binding to heparan sulfate on the
cell surface and in the presence of high levels of this chemokine there is a reduction of
viral replication (Chen et al., 2006). Interestingly, CXCL10 deficient mice had impaired
resistance to DENV primary infection, due to a defect in activation of CD8+ T-cells (Hsieh
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et al., 2006).

It is worth noting that despite the important role that the humoral and cellular immune
responses play in protection against DENV, these responses can also contribute to
disease enhancement. This complicates the study and analysis of the immune responses
and the understanding of the disease pathogenesis, which as below, is intimately linked to

the host immune response.

1.1.8 Dengue virus pathogenesis

The pathogenesis of DENV infection is a multifactorial and a very complex phenomenon.
Protective versus pathological outcome depends on several factors including host genetics
and the virulence and characteristics of the infective virus/serotype/strain. A major
association with severity of disease, however, is the immunological background and prior
exposure to DENV (Kouri et al., 1987, Guzman and Kouri, 2008, Rothman, 2011).

1.1.8.1 Host risk factors

1.1.8.1.a The humoral response and antibody-dependent enhancement

As mentioned above, antibody-mediated immune responses are vital for controlling DENV
infection and virus-neutralising antibodies have been accepted as a correlate of protection
(Monath et al., 2002, Belmusto-Worn et al., 2005, Hombach et al., 2005). As in section
1.1.7.2.a, experimental and epidemiological evidence demonstrate that primary DENV
infection provides lifelong immunity and protection against the infecting serotype
(homotypic immunity), but secondary infection with a different serotype (heterotypic
immunity) confers transient and short-lived cross-protection against heterologous
serotypes (Sabin, 1950). These pre-existing heterologous antibodies not only may fail to
neutralise a new secondary infecting serotype but can enhance viral uptake through Fcy
receptor-bearing cells, particularly monocytes and macrophages (Halstead and O'Rourke,
1977a, Halstead and O'Rourke, 1977b, Vaughn et al., 2000). This phenomenon, known as
antibody dependent-enhancement (ADE), potentially enhances the risks of developing
severe disease by increasing the number of virus-infected cells (Halstead, 2003, Mathew
and Rothman, 2008) but also may functionally alter the infected cell, for example to
increase production of inflammatory cytokines and chemokines (reviewed in (Thomas et
al., 2006)). The ADE hypothesis has been supported by epidemiological evidence where
the most severe forms of the disease, DHF and DSS, occur mostly in individuals during
secondary infection with a different serotype and in infants with a primary infection born to
dengue-immune mothers (Chau et al., 2008, Moi et al., 2013, Halstead, 2014).
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Additionally, the ADE theory has been supported by experimental models in primates (Moi
et al., 2014) and mouse models of secondary DENV infection (Ng et al., 2014, Lee et al.,
2016, Martinez Gomez et al.,, 2016). In particular, a mouse model of maternal
enhancement of DENV disease severity in off-spring during a primary infection, is utilised
in chapter VI of this thesis, and further described in section 1.1.9.2.c.

The role of tertiary and quaternary infections, probably common in endemic countries, in
the pathogenesis of the disease is not clear but data from hospitalised patients has

suggested that these infections are clinically silent or very mild (Gibbons et al., 2007).

1.1.8.1.b T-cell response

The cellular immune response, although playing a role in clearing DENV infection, is also
involved in the development of severe disease. Secondary dengue infections show high
expansion of CD8+ T-cells with low affinity and avidity for the current infecting serotype
and high affinity for the presumed previous infecting serotype (phenomenon of antigenic
sin as discussed in section 1.1.7.2.b) (Mongkolsapaya et al., 2003, Screaton and
Mongkolsapaya, 2006). Due to the low affinity of the memory activated T-cells,
mechanisms of viral clearance are less efficient contributing to the pathogenesis of the
disease (Rothman, 2011).

In general, high levels of CD8+ T-cell activation have been found to correlate with disease
severity and capillary leakage (Rothman, 2011). Furthermore, CD8+ T-cell responses in
severe patients are mostly mono-functional; they only produce IFN-y and/or TNFa, and
rarely CD107a (a marker for cytotoxic degranulation). On the contrary, in patients with mild
dengue disease, more CD8+ T-cells express CD107a and just a few cells produce only
IFN-y and/or TNFa (Duangchinda et al., 2010).

In contrast to CD8+ T-cell responses, DENV-specific CD4+ T-cells have been less studied.
Within this context, CD4+ T-cells stimulated with a peptide from a heterologous serotype
resulted in more TNFa-producing cells than IFN-y producers relative to stimulation with
homologous peptides, suggesting that the differential phenotypes amongst these cell
populations are dependent on the type of antigenic stimulation (Mangada and Rothman,
2005).

The role of T regulatory cells (Tregs) during DENV infection is not clear. It has been
proposed, however, that Tregs are activated and functional in acute infection and probably

have a role in suppression of the production of vasoactive cytokines (Luhn et al., 2007). In
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addition, the ratio of Treg cells to effector T-cell responses is increased in patients with
mild compared to severe disease, suggesting an important role for this cell type in

controlling pathogenic effector T-cell responses (Luhn et al., 2007).

[.1.8.1.c Cytokine storm

Increased levels of pro-inflammatory and inflammatory cytokines, secreted from innate and
activated cross-reactive T-cells, are observed in patients with DHF/DSS. In particular,
higher concentrations of TNFa, IL-10, IL-6, IL-8, macrophage migration inhibitory factor,
matrix metalloproteinases among others, have been observed in those patients with
severe disease with rapid changes over the course of iliness (Perez et al., 2004, Nguyen
et al., 2005, Chakravarti and Kumaria, 2006, Basu et al., 2008). This inflammatory
environment is thought to mediate permeability in the vascular endothelium, allowing fluid
and small molecules to leak from the intravascular space and contributing to the decrease
in blood volume and electrolytes, and additionally contribute to thrombocytopenia or
reduced platelets, a key haematological measure that is associated with severe dengue
(Pang et al., 2007, Appanna et al., 2012). It is hypothesised that secreted cytokines and
vasoactive factors play a mutually synergistic role at the endothelial surface to induce
vascular changes and dysfunction in the coagulation system. For instance, TNFa
promotes increased endothelial permeability while IL-10 correlates with reduced levels of
platelets and reduced platelet function (Anderson et al., 1997, Libraty et al., 2002a).
Likewise, elevations of IL-6 and IL-8 have been associated with disordered coagulation
and fibrinolysis in dengue (Huang et al.,, 2001, Martina et al., 2009). This disordered
coagulation together with plasma leak and thrombocytopenia is likely to contribute to the
haemorrhage and bleeding tendencies, and conversely disseminated intravascular
coagulation observed in some cases of severe disease (Martina et al., 2009).

Activated T-cells, monocytes, macrophages and mast cells have been demonstrated to
contribute to the increased production of pro- and inflammatory cytokines that converge on
the EC and mediate changes in vascular permeability (Luplertlop et al., 2006, Rothman,
2011, Puerta-Guardo et al., 2013). Since EC are not a major site for DENV replication
(Calvert et al., 2015), viral infection of these cells is not likely to contribute to circulating
viremia but infection or activation of EC may also contribute to the cytokine storm

responsible for vascular permeability changes in severe dengue.
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1.1.8.1.d Other host factors

Other variables, apart from host-immune factors, such as age, gender, race, genetic
susceptibility determinants, and pre-existing medical conditions shape the outcome of
DENYV infection. Children of 1 to 5 years of age experience more severe symptoms and
have higher risks of fatal outcomes than older children and adults (Gamble et al., 2000,
Guzman et al., 2002). This has been associated with the fact that young children have

intrinsically more permeable vascular endothelium (Gamble et al., 2000).

In relation to gender, women are more likely to develop DSS and have higher mortality
rates (Anders et al., 2011). Also, African-American individuals have been reported to
experience reduced severity of DENV disease as compared with Caucasians (Sierra et al.,
2007).

Pre-existing co-morbidities such as asthma and diabetes increase dengue disease
severity (Pang et al., 2017). Additionally, sickle-cell anaemia, perhaps due to changes in
red blood cell coagulation, and other host genetic characteristics have been associated
with enhanced susceptibility to DSS (Rankine-Mullings et al., 2015). This is the case for
human leukocyte antigen (HLA) and non-HLA molecules (e.g., Fcy receptor IIA and vitamin
D receptor) (Sierra et al.,, 2007). For instance, certain HLA polymorphisms have been
associated with either protection from or susceptibility to severe dengue (Stephens et al.,
2002, Appanna et al., 2010). Specifically, HLA-A*24 has been found to be a risk factor for
developing severe dengue in Vietham (Loke et al., 2001) and also Malaysia (Appanna et
al., 2010). It has been proposed that the association between HLA polymorphisms and
dengue severity is probably due to the differential and pathogenic T-cell responses that
are generated to specific HLA-restricted viral epitopes (Duan et al.,, 2012). Specific
associations of disease severity with genetic polymorphisms in genes for factors
implicated above as part of the ‘cytokine storm’ have been investigated. TNF-a 308A
allele, for instance, is predominant in DF patients with haemorrhagic manifestations
(Fernandez-Mestre et al., 2004) In general, these specific risk require more research to
understand the underlying rationale and significance of the impact of host factors as
determinants of outcome of dengue disease severity. To date, except for children 1-5
years and pre-existing co-morbidities, none of these other host factors have been reliable
enough associations to incorporate into clinical algorithms or to use as biomarkers to

predict and manage the potential for developing severe dengue.
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1.1.8.2 Viral factors

In addition to host immune factors, viral determinants have also been linked
epidemiologically to more severe disease. Interestingly, of the four DENV serotypes,
DENV-2 and 3 have been associated with more severe outbreaks, while DENV-1 and 4
have been linked to a milder disease phenotype (Fried et al., 2010). Similarly, different
genotypes of the same serotype have been related to distinct severity outcomes (Rico-
Hesse, 2010). A notable example of this is the Asian/American DENV-2 genotype which is
associated with more severe disease and has a replication fithess advantage in infected
mosquitoes and macrophages (Pryor et al., 2001) compared to the American DENV-2

genotype (Guzman et al., 1995, Rico-Hesse et al., 1997).

1.1.8.2.a NS1

NS1 of DENYV is the only non-structural viral protein considered as a direct toxin due to its
association with severe forms of dengue disease (Beatty et al., 2015, Modhiran et al.,
2015). High levels of circulating NS1, up to 600 ng/mL in patient sera can be detected from
the first day of symptoms and during the course of infection (Libraty et al., 2002b,
Avirutnan et al., 2006). High concentration of NS1 in the blood of infected patients
correlates with viremia and progression to severe disease; therefore the peak of NS1
levels has been suggested to predict the severity of DENV infections (Libraty et al.,
2002b). More recently, it has been demonstrated that NS1 induces, via TLR4, the
secretion of pro-inflammatory cytokines such as TNFa, IL-6, IFN-B, IL-1 and IL-12 from
mouse macrophages and human peripheral blood mononuclear cells that can result in
increased vascular permeability of the endothelium (Modhiran et al., 2015). In addition,
NS1 alone can prompt EC hyper-permeability in in vitro and vascular leakage in mice in
vivo (Beatty et al., 2015, Modhiran et al., 2015). NS1 has also been shown to disrupt the
endothelial glycocalyx layer, through induction of changes in gene expression of molecules
involved in remodelling of the glycocalyx, which has been proposed as a mechanism by
which NS1 induces vascular dysfunction (Puerta-Guardo et al., 2016). Finally, NS1 has
been linked with hyper-activation of the complement system with implications for disease
severity (Avirutnan et al., 2006), a topic that will be discussed in section 1.3.3.1.

1.L1.9 Animal models to study dengue virus pathogenesis

The lack of a suitable animal model is a major drawback that has restricted our
understanding of DENV pathogenesis and subsequently hampered the development and

evaluation of prophylactic and therapeutic tools against DENV (Plummer and Shresta,
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2014a, Plummer and Shresta, 2014b). The development of a relevant animal model has
been challenging mainly due to the fact that wildtype mice are naturally resistant to DENV
infection. While in humans DENV inhibits IFN signalling pathway to establish infection, in
immunocompetent mouse cells the virus is unable to do so (Aguirre et al., 2012). The
DENV NS2B/3 protein recognises and cleaves human STING to block induction of IFN but
DENV NS2B/3 cannot interact with the murine STING homologue (Aguirre et al., 2012,
Zhang et al., 2012). Likewise, DENV NS5 binds and promotes degradation of human but
not mouse STAT2 (Ashour et al., 2009). Thus, these DENV non-structural proteins
interfere with induction and signalling of IFN-o/p in a species-specific manner and DENV
cannot overcome these restrictions to successfully infect mice (Ashour et al., 2010, Aguirre
et al., 2012). Several efforts have been made to overcome this difficulty and currently,

though not perfect, different animal models are available.

[.1.9.1 Human and non-human primate models

The frequency of DENV epidemics makes the use of data and observations from human
infections possible. Pathogenesis studies in humans are descriptive by nature but are of
great value to investigate and decipher potential pathogenic mechanisms driving DENV
severity (Mammen et al., 2014, Whitehorn et al., 2014). Since the immunological and
epidemiological scenarios in humans cannot be manipulated, the use of a dengue human
infection model (DHIM) is still limited. Furthermore, in human studies, key parameters such
as infecting serotype/genotype/strain, dose, sequence and history of infections, as well as
interval between infections are often unclear. It is important to mention, however, that
DHIM has been successfully developed to assess the efficacy of live attenuated
tetravalent dengue vaccines or therapeutics prior to engaging in efficacy trials (Endy,
2014, Whitehorn et al., 2014, Larsen et al., 2015). Two different DHIM have been
developed so far by the National Institutes of Health in the United States. The first model
uses a modified DENV-2 strain, DEN2A30, which induces low levels of viremia and mild
clinical signs and symptoms (Blaney et al., 2004, Durbin et al., 2006). The second model is
still under investigation and comprises infection with a modified DENV-3 strain, DEN3A30
(Larsen et al., 2015). Importantly, these models are not characterised by the development
of common features of dengue fever or severe disease, and thus they are less useful to
study the pathogenesis of DENV disease (Blaney et al.,, 2004, Durbin et al., 2006).
Recently, the Walter Reed Army Institute of Research has identified two additional
potential candidates for DHIM studies: DENV-1 45AZ5K and DENV-3 CH53489 as
challenge viruses. Both candidates induce dengue fever and thus are being considered for
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further studies of pathogenesis of dengue vascular leak syndrome (Larsen et al., 2015).

Given that non-human primates are natural hosts in the sylvatic DENV cycle and are
genetically closely related to humans, they have been used in DENV pathogenesis studies
(Halstead et al., 1973a, Halstead et al., 1973b, Marchette et al., 1973, Scherer et al., 1978,
Onlamoon et al.,, 2010, Omatsu et al., 2012, Gil et al., 2015). Rhesus monkeys and
chimpanzees, subcutaneously infected with DENV, developed a similar course of viremia
and viral specific humoral response to that of human infections (Halstead et al., 1973a,
Halstead et al., 1973b, Scherer et al., 1978). Although rhesus macaques inoculated
intravenously with high dose of virus experienced some degree of haemorrhage
(Onlamoon et al., 2010) and infected marmosets were reported to display some symptoms
similar to that of dengue in humans such as leukopenia, thrombocytopenia and liver
damage (Omatsu et al., 2011, Omatsu et al., 2012), in general primate models of DENV
infection do not reproduce the spectrum of dengue and severe dengue as seen in humans.
Additionally, the studies in non-human primates are very expensive and difficult to

reproduce in a large number of animals.

1.1.9.2 Mouse models

[.1.9.2.a Wild-type mice

As mentioned above, wild-type mice are naturally resistant to DENV infection due to the
inability of DENV non-structural proteins to recognise mouse STING and STAT2 (Ashour
et al., 2010, Aguirre et al., 2012). Different inoculation routes have been explored for many
years in immunocompetent C57BL/6 mice in order to induce typical symptoms of, and
immune response against, DENV. Intracranial inoculation is one of the most widely used in
the past, (Bray et al., 1989, Falgout et al., 1990, Raut et al., 1996, van Der Most et al.,
2000); and while central nervous system involvement is now considered a criteria for
severe dengue by WHO (WHO, 2009, Carod-Artal et al., 2013) this route does not mimic a
natural DENV infection. Likewise, high dose intravenous or intraperitoneal DENV
inoculation can result in neurological abnormalities in C57BL/6 mice (Huang et al., 2000,
Paes et al., 2005) and interestingly, a high dose of the 16681 DENV-2 strain following
intravenous or intradermal inoculation in C57BL/6 mice, results in abnormal liver function
and systemic haemorrhage, respectively; usual signs often observed during human DENV
infection (Chen et al., 2004, Chen et al., 2007a). Further, using intravenous infection in
C57BL/6 mice, detectable viral load in the serum, spleen, brain and liver were observed,
which indicated systemic virus dissemination and replication in those tissues (Chen et al.,

2004). Even though these routes seem to be more relevant to replicate some of the clinical
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features seen in human, the high prevalence of neurological disease, not widely a feature
of DENV infection in humans, and the absence of reproducibility continue to be a major

drawback for the use of wild-type mouse models.

1.1.9.2.b Humanised mice

Humanised mice have been exploited in order to study dengue disease pathogenesis. One
of the first approaches consisted of grafting human tumour cells into severe combined
immunodeficient (SCID) mice lacking T and B cells. Since these mice are unable to reject
the graft, the transplanted tumour cells provide a suitable human cell environment for
DENV replication (Lin et al., 1998, An et al., 1999). Transplantation of human leukemia
K562 and HepG2 cells (K562-SCID and HepG2-SCID models, respectively) prior to DENV
infection have been evaluated. Both models were demonstrated to be susceptible to low-
passage DENV clinical isolates, showing not only detectable viral load in serum and
organs but also signs of thrombocytopenia and elevated haematocrit (Lin et al., 1998, An
et al., 1999). Due to the presence of paralysis-associated lethality, suggestive of
neurovirulence, and the fact that viral replication is restricted to the transplanted
transformed cells, the extrapolation of results to human disease and their utility for
understanding DENV disease are limited (Zellweger and Shresta, 2014, Chan et al.,
2015).

Another interesting strategy is the use of nonobese diabetic (NOD)/SCID mice, or
NOD/SCID/IL-2Ry- null mice, lacking T and B cells and defective in natural killer cells,
complement-5 (C5) and macrophage and dendritic cells functions (Bente et al., 2005, Mota
and Rico-Hesse, 2009, Mota and Rico-Hesse, 2011). By reconstituting human CD34+
hematopoietic stem cells in these mice the generation of monocytes, dendritic cells, B- and
T-cells is induced thus improving their immune system and providing human target cells
for DENV infection (Bente et al., 2005). While these mice showed detectable viral load in
serum, spleen, liver and skin, and developed human DF-like features such as fever, rash,
and thrombocytopenia, they lacked the presence of severe symptoms and signs
characteristic of DHF/DSS which limits the application of this model in the study of severe
dengue (Bente et al., 2005, Mota and Rico-Hesse, 2009, Mota and Rico-Hesse, 2011,
Sridharan et al., 2013).

Similarly, immunodeficient RAG2”- /yc’- mice, that also fail to generate mature T or B
lymphocytes (Shinkai et al., 1992) were reconstituted with human hematopoietic stem cells

followed by DENV infection. Detectable viremia, fever and notably, production of human
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neutralising IgM and IgG were observed in these mice following DENV infection (Kuruvilla
et al., 2007), indicating that an efficient immune response can be induced in this scenario.
However, the magnitude and kinetics of antibody development were not consistent
between mice and there was no sign of anti-DENV T-cell responses (Kuruvilla et al.,
2007).

Other strategies have been explored in humanised mice to improve aspects such as
symptom profile of severe dengue disease and the magnitude and quality of B and T-cell
responses against the virus with no great success (Wege et al., 2008, Frias-Staheli et al.,
2014). Altogether, although humanised mouse models may be useful studying several
features of DENV disease pathogenesis, the reconstitution with human hematopoietic
stem cells is labour-intensive and expensive. These drawbacks, along with the absence of
severe dengue symptoms and the lack of a functional immune response have limited their

application.

1.1.9.2.c Immunocompromised mice

Considering the inability of DENV to efficiently replicate in immunocompetent mice,
immunocompromised mouse models have been developed to achieve a better model that
mimics the clinical symptoms and immune pathogenesis observed in humans (reviewed in
(Zellweger and Shresta, 2014, Chan et al., 2015)). The majority of immunocompromised
mouse models that successfully demonstrate DENV infection have been defective in
innate responses and the IFN system since in mice, DENV is not able to suppress IFN
signalling pathways to stablish infection (Ashour et al., 2010, Green et al., 2014). The
natural established C5-deficient mouse (A/J strain) and STAT1” mice are sensitive to
DENV-2 infection with detectable viral load in the serum, spleen, liver, lymph node and
central nervous system. These mice also show signs of paralysis, thrombocytopenia and
some DHF-like hallmarks such as haemorrhage and vascular leakage (Huang et al., 2000,
Shresta et al., 2005, Chen et al., 2008).

Mice deficient in IFN receptors were further considered as a powerful alternative platform.
Mice lacking IFN-a/B receptor (IFNAR”) 129/Sv genetic background (A129), or on a
C57BL/6 background, develop a sustained DENV replication and severe dengue-like
disease after infection with high doses of DENV-2 (Prestwood et al., 2012a, Prestwood et
al., 2012b). In addition, this mouse model has been very useful to study the role of CD4+
and CD8+ T-cell responses in the context of DENV-2 infection (Yauch et al., 2009, Yauch
et al., 2010).
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AG129 mice lacking IFN-ao/f and yreceptors infected with high DENV doses also
supported high levels of DENV replication and severe dengue-like disease (Johnson and
Roehrig, 1999). Interesting, inoculation of these mice with a mouse-adapted DENV-strain
(D2S10) results in early lethal systemic infection regardless of their age (Johnson and
Roehrig, 1999, Shresta et al., 2006). In contrast, infection with non-mouse-adapted DENV-
2 strain (D2Y98P) induces cytokine storm, liver damage, and vascular leakage, hallmarks
of DHF in humans (Tan et al., 2011, Ng et al.,, 2014). Recently, this model has been
extended to reflect infection with other DENV serotype, with DENV-3- and 4- infected
AG129 mice showing DHF-like symptoms as well such as thrombocytopenia and vascular
leakage (Milligan et al., 2015, Sarathy et al., 2015).

It is evident that the AG129 mouse model has offered a logistically simpler model of
infection, with disease that reflects a more relevant platform for the study of DENV.
Therefore, this animal model has become the most widely used in the DENV scientific
community, being recently employed for investigating the ADE phenomenon (Ng et al.,
2014, Lee et al., 2016, Martinez Gomez et al., 2016). The ADE mouse model of DENV
disease is a unique model that reflects ADE infection and recapitulates the enhanced
severity of DENV disease during secondary infections, as is seen in humans (Ng et al.,
2014). In this model AG129 mice borne to DENV-1 immune mothers are infected with
DENV-2 and display higher viremia and increased vascular leakage compared to AG129
mice borne to dengue naive mothers (Ng et al., 2014, Lee et al., 2016). This model is used

in the study herein in chapter VI.

Despite the advantages of the AG129 animal model, the absence of IFN signalling
pathway is a clear limitation that must be considered when interpreting results. Thus,
discoveries made in these mice may not accurately reflect what would happen in a fully
immunocompetent environment (Plummer and Shresta, 2014a, Zellweger and Shresta,
2014).
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.2 The complement system

.2.1  The three pathways

The complement system is considered as one of the first lines of defence of the innate and
adaptive immune systems. The complement system is recognised as the major non-
cellular component of the innate immune system that efficiently protects the host from
pathogenic microorganisms and contributes to the regulation and solubilisation of immune
complexes as well as to the clearance of apoptotic cells. The complement cascade also
plays a central role in modulating the activity of B- and T-cell responses and establishes a
key link between the innate and adaptive immune system (Ferreira et al., 2010). The
complement system is a well-regulated cascade composed of approximately 50 plasma
and membrane-bound proteins that act in concert to protect the organism against
pathogens. Three different but connected biochemical cascades comprise the complement
system: the classical pathway (CP), the lectin pathway (LP) and the alternative pathway
(AP) (Merle et al.,, 2015a, Mastellos et al., 2016). The pathways converge at an
amplification stage characterised by the formation of C3 and subsequently C5
convertases, and cooperate closely to form opsonins, anaphylatoxins, chemoattractants,

and membrane attack complexes (Kemper et al., 2014, Merle et al., 2015a).

1.2.1.1 Complement Classical Pathway

The CP is activated when immune-complexes: foreign antigens recognised by IgM or 1gG
antibodies, recruit the initiating component C1g. Some structures like LPS (Clas et al.,
1985), C-reactive protein (CRP) (Richards et al., 1977), and degranulation products of
cells (Rossen et al.,, 1988) can bind Clq independently of antibodies and activate CP.
Once Clq is activated, it associates with the serine proteases C1r and Cls to form C1, a
large enzymatic complex of the CP cascade (Figure 1-7). Binding of C1 complex to target
surfaces leads to the sequential activation of the serine proteases C1r/Cls which then
cleave the plasma protein C4 and in turn, also cleave C2, producing the opsonins C4b and
C2a, respectively. The two fragments, C4b and C2a, non-covalently associate to form the
C3 convertase, C4b2a (Figure 1-7) (Ricklin et al., 2010) which cleaves C3 to C3b liberating
the anaphylatoxin C3a. C3b, like C4b, covalently binds to activating surfaces to signal
“‘danger” and trigger the complement terminal pathway which is responsible for eliminating
targeted cells (Ricklin et al., 2010).

1.2.1.2 Complement Lectin Pathway
The LP is triggered by carbohydrates signatures, pathogens and target cell surfaces, that
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are recognised by mannose binding lectins (MBL) and ficolins and initiate activation of the
LP (Figure 1-7) (Garred et al., 2009, Endo et al., 2010, Endo et al., 2015). In the circulation
MBL and ficolins form complexes with MBL-associated serine proteases (MASPs) and
binding of these complexes to target surfaces leads to activation of the serine proteases
which results in the formation of the C3 convertase complex (C4b2a) in the same way
described above for the CP (Figure 1-7) (Merle et al., 2015a). The activation of the
complement terminal pathway by the LP C3 convertase complex will also occur in the

same way as describe for the CP in the section above (1.2.1.1).

1.2.1.3 Complement Alternative Pathway

The AP, unlike the CP and LP which are activated by specific signals, is constitutively
active. The AP has a basal level of activity in all tissues throughout an organism. The
pathway is initiated in the fluid phase by the spontaneous hydrolysis of the thioester bond

in C3 that allows the generation of a fluid phase initiating protease C3(H20)Bb with the

ability to cleave C3, generating C3b fragments (Figure 1-7). These C3b fragments possess
a labile thioester group, allowing it to bind covalently to any nearby membranes with
exposed amino or hydroxyl groups. Surface-bound C3b binds FB, which is subsequently
cleaved by factor D (FD) producing the Ba and Bb fragments. Ba dissociates from the
complex while Bb remains bound to C3b, forming the active AP membrane-bound C3
convertase, C3bBb, which is stabilised by the association of properdin (Figure I-7).
Importantly, this convertase has the ability to greatly amplify the deposition of C3b on the
target cell surface by activating additional C3 to form more C3b and produce new C3
convertases (surface-bound or fluid-phase convertase), thereby creating a self-
amplification loop that leads to efficient opsonisation of unprotected cells and surfaces,
and labelling these are targets for the terminal complement pathway (Muller-Eberhard and
Gotze, 1972, Isaac et al.,, 1998, Nilsson and Nilsson Ekdahl, 2012). Clearly, this basal
activity of the AP must be regulated to prevent on-going damaging complement activity.
This is the main focus of this thesis and the mechanisms that regulate this process are
described in section 0.

1.2.1.4 Terminal Pathway

The activities of the CP, LP and AP all converge on cleavage of C3 and formation of C3b
(Figure I-7). Increasing density of C3b on the target cell surfaces results in the formation
and activation of C5 convertases (i.e. C4b2b3b and C3bBb3b for the CP/LP and AP,

respectively) that preferentially cleave complement component C5 (Figure I-7) (Merle et
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al., 2015a). Activation of C5 releases the anaphylotoxin C5a and C5b. The latter
associates with complement components C6, C7, C8 and multiple copies of C9 to form the
membrane-attack complex (MAC) (Figure I-7). It is important to note that although the
generation of C3b results from the action of either the CP, LP or AP C3 convertases, the
‘tick-over mechanism’ of the AP constitutes the major source of this opsonin (Merle et al.,
2015a). Additionally, it is also important to recognise that although formation of the MAC
seems the final outcome of the activity of the complement system, cell lysis is not the only

effector function of complement, as described below.
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Figure I-7. Schematic representation of the three pathways of the complement system

The classical pathway is activated when C1q interacts with IgM/IgG bound to antigen. Clqg
associated Cls cleaves C4 and C2 to form the classical pathway C3 convertase (C4b2a). The
lectin pathway is initiated by carbohydrate pattern recognition receptors such as mannose-binding
lectin (MBL) and the ficolins which are in a complex with MBL-associated serine proteases
(MASPs). The alternative pathway is activated by spontaneous hydrolysis of C3. The three
pathways converge on the activation of C3 that will results in the formation of C3b, C3 convertase
(C3bBb), C5 convertases (C4b2b3b and C3bBb3b) and finally to the formation of C5b-C9
membrane attack complex (MAC) which can directly lyse pathogens or pathogen-infected cells.
The alternative pathway also functions as an amplification loop for the cleavage of C3 and is tightly
regulated by factors such as FB, FD, FH and FI. C3-H,O or C3b bound to target surfaces are
bound by FB. FD cleaves C3-H,O or C3b-bound FB, resulting in the generation of Bb and
formation of the alternative pathway C3 convertase. The inactivation of C3b to iC3b is mediated by
FH and FI, which also mediate degradation of iC3b to C3dg.
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|.2.2  Effector functions of the complement proteins

The main effector mechanisms of complement include: i) tagging pathogen and damaged
cells to promote their phagocytosis; ii) triggering anaphylatoxic responses that result in
local pro-inflammatory and inflammatory reactions; and iii) promoting membrane attack

and lysis of pathogenic cells.

(i) tagging pathogen and damaged cells to promote their phagocytosis. C4b and C3b are

opsonins that covalently bind to activating surfaces thereby promoting phagocytosis of
these surfaces. In other words, deposition of any of these molecules onto a surface has
the potential to target that surface for elimination. In fact, surface-bound C3b is considered
a key innate immune surveillance mechanism identifying potential pathogenic targets.
Since C4b or C3b deposition is not discriminatory between self and non-self, other
regulatory proteins are required to differentiate between pathogenic and non-pathogenic
targets and convert the C4b or C3b deposition signal into a mechanism for phagocytosis
or killing and clearance of targets (Harrison, 2018). This is further described in section O.

(i) triggering anaphylatoxic responses that result in local pro-inflammatory and

inflammatory reactions. Different potent effectors are generated upon activation and

amplification of the complement cascades. C3a and C5a are anaphylotoxins generated as
by-products of C3 and C5 convertase, respectively. Both are able to initiate and mediate
an inflammatory response by mediating chemotaxis, inflammation and generation of

reactive oxygen species (Zhou, 2012, Coulthard and Woodruff, 2015).

(i) promoting membrane attack and lysis of pathogenic cells. The MAC is probably the

best-recognised among effector mechanisms of complement proteins. The main function
of this complex is to provoke the lysis of target cells by opening pores in their membranes.
Interestingly, when MAC is formed at sublytic levels, it can also act as a proinflammatory

mediator by inducing damage or activation of bystander cells (Morgan and Harris, 2015).

Thus, activation of any of the complement pathways results in processes to tag and
recognise targets and mechanisms that promote inflammation and directly kill. This

effective and damaging potential needs to be tightly regulated.
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[.2.3  Regulation of the complement response

Activation of the complement system requires a number of regulatory mechanisms in order
to control and confine its activity to appropriate pathogenic organisms and cells; thus
preventing collateral damage to healthy host cells and tissues (Ricklin et al., 2016). A
complex set of plasma proteins: FH, factor | (FI), C4b binding protein (C4bp) and C1
inhibitor; and cell-associated regulators: decay accelerating factor (DAF or CD55),
complement receptors 1 and 2 (CR1 and CR2), CD59, and membrane cofactor protein
(MCP or CD46) participate in the fine balance between detection and destruction of ‘non-
self and minimisation of damage to ‘self’ (Seya et al., 1991, Liszewski and Atkinson, 1996,
Liszewski et al., 1996, Atkinson and Goodship, 2007, Ricklin et al., 2010). The majority of
these proteins (FH, C4bp CR1, MCP, DAF) are encoded by a region of the genome
designated as the ‘regulators of complement activation’ (RCA) gene cluster which is
evolutionary well-conserved, thus highlighting the biological importance of these RCA
genes (Zipfel and Skerka, 2009). Fluid-phase complement regulators are mostly secreted
by the liver, however there are several host cells that secret and express some of these
regulators on their cell surface such as EC, epithelial cells, in particular retinal pigment
epithelial cells, and platelets, among others (Brooimans et al., 1990, Licht and Fremeaux-
Bacchi, 2009, Sakaue et al., 2010, Tu et al., 2011).

Two general inhibitory mechanisms take place to negatively regulate complement activity,
and both act by specifically limiting complement activation at the C3 step (Meri and
Pangburn, 1994). One of these is known as ‘decay acceleration’ and involves the
reversible dissociation of the C3 convertases: C4b2a of the CP/LP and C3bBb of the AP.
Regulatory factors such as FH, C4bp, DAF and CR1 are responsible for this decay
acceleration activity and promote the dissociation of C4b from C2a while FH, DAF and
CR1 are also involved in the detachment of C3b from Bb (Funahara et al., 1987). The
second mechanism involves the irreversible proteolytic cleavage of the C3 convertase
components, C3b or C4b, by FI. This inactivation process occurs with the participation of
cofactors for Fl activity: FH and C4bp are cofactors of Fl in plasma and CR1 and MCP,
support Fl activity at the cell surface (Meri and Pangburn, 1994). These general regulatory
mechanisms of reversible dissociation and irreversible cleavage of complement
components also apply to the regulation of the C5 convertases, with other specific
regulatory factors involved that are not further discussed here but have been reviewed
(Merle et al., 2015b).
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Furthermore, CD59 or protectin also has a role in regulating complement activation. This
cell-membrane associated molecule inhibits formation of MAC by binding to intermediate
C5b-8 and C5b-9 terminal complement complexes and preventing incorporation and
polymerization of C9 (Meri et al., 1990, Rollins and Sims, 1990).

These examples regulate the convergent sites of CP, LP and AP via C3/C5. The ability of
the CP and LP to form C3/C5 is regulated primarily at the point of the initiating stimulus. As
indicated above however, the AP is constitutively active and thus requires additional
specific regulatory mechanisms to regulate the ‘tick-over’ basal levels of C3/C5 formation

and complement activity.

1.2.3.1 Regulation of the AP. Features and specific roles of its components

The actual activation and regulation of the AP includes six main components: C3, FB, FD,
properdin, FI and FH (Pangburn and Muller-Eberhard, 1984, Meri, 2016). While C3 is the
starting target for cleavage, the remaining molecules act in concert to maintain a delicate

balance of C3 cleavage and AP activity.

l.2.3.1.a C3

C3 is the central molecule in AP activation and is considered critical for the rapid reactivity
of the AP. C3 is abundant in plasma with a concentration of approximately 1 mg/ml and is
continuously spontaneously hydrolysed at a low rate. In this manner, a C3b-like
conformational state is continuously produced which allows the formation, together with FB
and FD, of the AP-initiating C3 convertase (Nilsson and Nilsson Ekdahl, 2012). This is
particularly important since the half-life of the C3 convertase (C3bBb) is very short, only
1.5 min (Pangburn and Muller-Eberhard, 1986); thus the continuous generation of C3
convertase keeps the AP in an alert and active state, ready to quickly respond to danger.
Clearly, the levels of FB and FD influence the readiness to react of this C3 complex.

.2.3.1.b FB

FB is a heat-labile serum zymogen that was one of the early defined components that
could promote activity of the AP (Alper et al., 1973). In plasma, FB concentrations range
from 200-500 pg/ml (Forristal et al.,, 1977, Silva et al., 2012). FB is a large protein of
approximately 95 KDa that consists of two fragments, Ba in its N-terminal region (33 KDa)
and Bb in the C-terminal one (60 kDa). Structurally, FB is composed of five domains: three
short consensus repeats (SCRs), also known as complement control protein repeats,
followed by a von Willebrand type A (VWA) and a serine-protease domain (Milder et al.,

2007). The VWA and serine-protease domains comprise the Bb fragment. FB is a
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substrate for cleavage by FD with the FD cleavage site located between SCRs and the
VWA domain and only accessible when exposed as a consequence of Mg2+ -dependent
binding to C3b (Milder et al., 2007). FB interacts in a Mg2+-dependent manner with C3b
(the hydrolysed form of C3) to form the pro-convertase C3bB (Pangburn and Muller-
Eberhard, 1986). In a presence of FD, FB is cleaved, the Ba fragment is released, leaving
the active AP C3-convertase containing the FB Bb fragment and termed C3bBb (Walport,
2001).

.2.3.1.c FD

As above, FD is critical for cleaving FB to turn the pro-convertase C3bB into the active C3-
convertase C3bBb. FD, a glycosylated protein also termed adipsin, is thus similarly
considered an activator component of the AP. FD is a serine-protease of 24 KDa produced
by several cell types including adipocytes, monocytes, and macrophages (Fantuzzi G
2005). FD is a rate-limiting enzyme of the AP and has the lowest concentration in plasma
amongst all the complement proteins, ranging from 500-700 ng/ml (Volanakis et al., 1985).
Specifically, FD cleaves FB bound to C3b between Arg233 and Lys234 causing the
release of the Ba fragment and leaving the Bb fragment bound to C3b (Mallik et al., 2005).
FD is only active and cleaves FB when FB is bound to C3b, generating the membrane-
bound C3 convertase. This convertase has the ability to greatly amplify the deposition of
C3b on the surface of a cell (Muller-Eberhard and Gotze, 1972, Isaac et al., 1998).

1.2.3.1.d Properdin

Properdin is a glycoprotein composed of multiple identical protein subunits (Smith et al.,
1984). It is well-recognised as a positive regulator of the AP that stabilises the AP
convertase C3bBb, enhancing the overall complement response (Schwaeble and Reid,
1999). As described above C3bBb is extremely labile, with a half-life of 1.5 min (Pangburn
and Muller-Eberhard, 1986) and the binding of properdin increases the stability of the AP
convertases 10-fold on target surfaces and immune complexes (Fearon and Austen,
1975). One mechanism that properdin achieves this is by inhibition of the negative
regulators of the AP, such as the FH-mediated cleavage of C3b by FI (Medicus et al.,
1976). Additionally, properdin has also been demonstrated to promote the association of

C3b with FB and promotes C3 convertase assembly on a cell surface (Hourcade, 2006).

1.2.3.1.e FI
Fl is a protein present at relatively low concentration in serum and of molecular weight 88

kDa, consisting of two disulphide linked chains of 50 and 38 kDa. Fl is a serine protease
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responsible for cleaving C3b (and its homolog C4b) to inactivated C3b (iC3b), which thus
prevents excessive generation of C3b. The activity of FI depends on cofactors, such as
FH, CR1 or MCP (Fearon, 1979, Goldberger et al., 1984, Tsiftsoglou et al., 2005).

.2.3.1.f FH

FH is considered the master regulator of the AP both in the fluid phase and on cellular
surfaces (Whaley and Ruddy, 1976, Davis et al.,, 1984). FH is an abundant serum
glycoprotein (~500 ug/ml) expressed constitutively in the liver (Adinolfi and Zenthon, 1982,
Estaller et al., 1991). Additionally, FH may be synthesised locally by other cell types
including renal, endothelial and epithelial cells, platelets, adipocytes and macrophages
(Morris et al., 1982, Schwaeble et al., 1987, Brooimans et al., 1990, Vik et al., 1990,
Schwaeble et al., 1991, Chen et al., 2007b, Licht and Fremeaux-Bacchi, 2009, Sakaue et
al., 2010, Tu et al., 2010). FH is a single chain polypeptide of approximately 139 kDa when
not glycosylated and 155 kDa when is glycosylated (Kristensen and Tack, 1986,
Kristensen et al., 1986, Ripoche et al., 1988a) and is structurally comprised of 20

homologous SCR domains of approximately 60 amino acids each (Ripoche et al., 1988a).

The physiological role of the FH protein is to negatively regulate the AP by competing with
FB for C3b (Conrad et al., 1978), promoting the decay of the C3 convertase (Weiler et al.,
1976) and by acting as a cofactor for FI-mediated proteolytic inactivation of C3b to form
iC3b (Weiler et al., 1976) (Figure 1-8). Although FH can perform these regulatory functions
in both the fluid phase and cell surface, interestingly, the fluid phase convertase,
C3(H20)Bb, is more resistant to regulation by FH than cell bound convertase, highlighting

the importance of actions of FH in the local cellular environment (Bettoni et al., 2016).
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Figure I-8. Regulatory role of FH

FH can inhibit complement activation by three different mechanisms: (1) inhibition of C3b in the
fluid phase and bound to cell surfaces, (2) inhibition of the formation of C3bB and decay
dissociation of Bb from C3bBb (C3 convertase) and (3) promotion of inactivation of C3b by factor |

to form inactivated C3b, iC3b.
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Essentially, FH has two main ligands, C3b and GAGs such and heparan sulfate, found on
host cells surface. Specifically, the N-terminal SCR 1-4 domains contain the cofactor
activity for C3b inactivation and the decay-accelerating activity for the C3bBb convertase
(Gordon et al., 1995, Kuhn et al., 1995), while SCR 7 and SCR 19-20 mediate cell surface
recognition by binding to sulphated GAGs on host cells (Blackmore et al., 1996, Blackmore
et al., 1998, Hellwage et al., 2002, Schmidt et al., 2008a, Schmidt et al., 2008b, Clark et
al., 2013). Importantly in relation to DENV, which as described in section 121.1.6, can bind
to EC via heparan sulfate, FH and specifically FH SCR 19-20 binds to glomerular EC in a
manner that is differentially mediated by heparan sulfate but no other GAGs such as
chondroitin sulfate, dermatan sulfate or hyaluronan (Loeven et al., 2016). This cell surface

GAG binding is an important determinant of the cell surface regulatory activity of FH.

Another ligand of FH is CRP, which is secreted by the liver in elevated concentrations
during an acute phase of infections and inflammation process. In general CRP cooperates
with the complement system to remove apoptotic/necrotic cells (Mold et al., 1999) and is
able to bind to Fcy receptors on leukocytes and directly activate phagocytosis (Jarva et al.,
1999). Specifically, CRP binds FH via SCR7 and SCR19-20 and can enhance complement
inhibition, particularly on apoptotic or damaged cells in an inflammatory scenario
(Giannakis et al., 2003, Okemefuna et al., 2010). When FH binds CRP and cell surface
glycans, FH downregulates complement and protects the cell from MAC-mediated
damage. In fact, the FH Y402H polymorphism that has reduced CRP binding capacity is
linked to predisposition to macular degeneration, a progressive cell death in the retina of
the eye (Sjoberg et al., 2007, Molins et al., 2016), in which genetic variations in the FH
gene are associated with complement dysregulation (McHarg et al., 2015).

Transcription of the FH gene also leads to the production of FH-like 1 (FHL-1), an
alternative spliced variant of 43 kDa that similarly has a capacity to regulate the AP,
although with much lower affinity/activity (Kuhn et al., 1995). FHL-1 is identical to FH in
containing the same first seven SCR domains, but differs in lacking the remaining 13
SCRs and with the addition of four unique amino acids (SFTL) at the C-terminal end
(Schwaeble et al., 1987, Kuhn and Zipfel, 1996). Thus, FHL-1 lacks the most critical self-
recognition and surface binding domains of the C-terminus of FH (Schwaeble et al., 1987).
Hence, it has been proposed that FHL-1 is likely to be more effective as an inhibitor of
complement activation within the fluid phase compared to the cell surface (Skerka et al.,
2007, Parente et al., 2017).
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1.2.3.2 Regulation of the AP: mechanisms

During physiological conditions, the plasma AP is the dominant contributor to overall
circulating complement activity by the AP ‘tick-over’ mechanism. This tick-over mechanism
is kept in check by complement regulators and maintains a low and constitutive level of
activation of the AP by the spontaneous hydrolysis of C3 and the formation of the bioactive
form C3(H20) in the fluid phase (Pangburn et al., 1981). Due to the efficient amplification
loop of the AP (see Figure 1-7), constitutive activation of the AP could result in
inflammation and tissue damage in the absence of a pathogen. Thus, the spontaneous
and constitutive activity of the AP needs to be strictly regulated so that the downstream
final complement products are produced only when needed and targeted only to structures
that need to be eliminated. All regulatory factors of the AP contribute, in a robust manner,
to discriminate healthy normal human cells from pathogens (bacteria, fungi, and
parasites), virus-infected cells and apoptotic cells (Meri, 2016) but FH and FI are
particularly important. When the target surface is pathogenic (non-self), such a surface will
have little FH bound and thus support AP activation. This means that C3 activation will
continuously generate C3b through the positive amplification loop and the target surface
will be coated by C3b in minutes. On the contrary, when the target surface is a healthy cell
(self or non-activating surface), the C3b molecule will be inactivated by FH and FI, forming
iC3b which will be further degraded to C3c and C3dg molecules (see Figure I-7). The
latter, remains bound to the cells and are rapidly cleaved to C3d by tissue proteases and
thus this process irreversibly removes activated C3b (Meri, 2016).

Thus, the fate of C3b is influenced by the presence of negative regulators such as FH/FI
and this is a determinant of whether complement products are further processed towards
the terminal pathway or inactivated. In addition to the presence or absence of negative
regulators, the fate of C3b is also determined by small differences in the affinity of FH and
FB for C3b and this depends on whether C3b is in the fluid phase, bound to pathogenic or
non-pathogenic surface (Meri and Pangburn, 1990, Pangburn et al., 2000). FH has higher
affinity for soluble C3b as well as self-surface-bound C3b molecules than FB, which results
in preferential C3b inactivation (formation of iC3b). Interestingly, soluble C3b seems to
accommodate FH binding with synergy via multiple sites that increases the affinity for
further FH molecules and at the same time prevent FB binding (Jokiranta et al., 2000). In
contrast, the affinity of FH for non-self-surface-bound C3b molecules is relatively low,
allowing FB to preferentially binding to C3b and promoting the formation of C3bBb

convertase on non-self surfaces (Jokiranta et al., 2000).
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Upon the formation of AP C3 convertase on non-self surfaces, more C3 molecules can be
activated via the AP amplification loop. This results in continuous generation of new C3b
molecules that are deposited on the target surface. Newly formed C3b binds to a target
surface via reactivity of its metastable thioester moiety. This reaction takes place within
~60 us of cleavage, and during that time C3b can diffuse only up to 30 nm before it
becomes covalently bound to a target (Sim et al., 1981). The consequence of this is that
newly formed C3b molecules will generate a cluster of C3b molecules around the initial
C3b molecule that was initially deposited, generating a localised response to a non-self-

target.

In the context of healthy concentrations of FH, a natural mechanism takes place to restrict
excessive and pathogenic C3b deposition. It seems that as soon as two C3b molecules
are bound to GAG containing target surfaces close enough to each other, a single FH
molecule will bind simultaneously to such molecules via SCR 1-4 (N-terminal region) and
SCR 19-20 (C-terminal domains) (Morgan et al., 2012). Additionally, it is possible that SCR
19-20 domains bind both C3b and GAG at the same time. Different studies of the C3b
binding site on SCR19-20 showed that it may be overlapping, but it is not identical with the
GAG-binding site (Bhattacharjee et al., 2010, Morgan et al., 2012, Blaum et al., 2015). It is
proposed that when the density of C3b molecules reaches a certain threshold value, the
binding of FH is favoured over FB on the targeted surfaces (Koistinen, 1991). In this way,
the activity of the AP is controlled and delicately balanced to prevent excessive C3b build-

up and activation and switch off the AP activity.

In summary, the AP possesses complex and ingenious mechanisms to block activation of
complement on self surfaces, thereby preventing self-tissue damage and excess
inflammation during the phase of constitutive ‘tick-over’, but additional mechanisms to
promote complement activation on non-self surfaces when activity to clear a pathogen is
needed and finally, strategies to reduce complement activity once pathogen clearance is
achieved, to restore balance to the complement system.

.3 The complement system and viral infections

1.3.1  Protective role of complement during viral infections

The important role of the complement system in protecting and clearing bacterial infections
is well established (reviewed in (Merle et al., 2015b)). The actions of complement against

viruses are less well described. The complement system, however, plays a key role in
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protection against viral pathogens which are attacked by all three complement pathways
through several mechanisms. Any of these proteolytic cascades that activate complement
or a combination of them, act to eliminate not only viral particles but also virus-infected
cells in the host in an effective and specific manner. These mechanisms include: direct
inactivation of viral particles by MBL; recruitment and activation by the anaphylotoxins C3a
and Cb5a of monocytes and granulocytes; opsonisation of viral particles mediated by either
C3b, iC3b, C3d and C3dg; priming of T and B cell antiviral responses; antigen uptake and
presentation mediated by C3 and lysis of enveloped viral particles and infected cells by the
MAC (Stoermer and Morrison, 2011, Merle et al., 2015b).

Specific protective roles of the complement system against viral infections include the
direct MBL-mediated complement neutralisation of human immunodeficiency virus-1 (HIV-
1) (Ezekowitz et al., 1989), severe acute respiratory syndrome coronavirus (Zhang et al.,
2005), Ebola virus (Ji et al., 2005) and West Nile virus (WNV) infections (Fuchs et al.,
2010). For the CP, immune complexes formed by polyreactive IgM antibody and vesicular
stomatitis virus antigens, activate C1 of the CP and initiate complement activity on the viral
surface, neutralising the virus by a lytic mechanism (Beebe and Cooper, 1981). Likewise,
binding of IgM and influenza virus induce CP activation and virus neutralisation, but in this
case by coating and aggregation of viral particles (Jayasekera et al., 2007). In a similar
way, complement activation enhances antibody-mediated neutralisation of many viruses:
herpes simplex virus (Lerner et al., 1974), varicella zoster virus (Schmidt and Lennette,
1975), Epstein-Barr virus (Sairenji et al., 1984), respiratory syncytial virus (Yoder et al.,
2004), and HIV (Aasa-Chapman et al., 2005, Verity et al., 2006) as well as different
flaviviruses like WNV, yellow fever virus, and Kunjin virus (Schlesinger et al., 1993,
Mehlhop et al., 2005).

The complement system is well known to link the innate and adaptive responses and a
different but efficient way that complement can protect against viral infection is by inducing
B lymphocyte responses. The CP has been shown to play a key role in regulating the
antibody response against herpes simplex virus type 1 infection (Da Costa et al., 1999),
and WNV (Mehlhop et al., 2005). In the latter this is via interference with effector functions
rather than immunoglobulin production, where components such as C1q restrict ADE by
anti-flavivirus antibodies in vitro and in vivo in an IgG subclass specific manner (Mehlhop
et al., 2007). Although the precise mechanism of this phenomenon remains unclear, this
study showed that in WNV-infected wild-type mice, ADE is limited and only mediated by
IgG1 that binds C1q with very low affinity. In WNV-infected C1q” mice, IgG2a but not IgG1
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or 1IgG2b, promote ADE possibly due to the high affinity between IgG2a and C1q (Mehlhop
et al., 2007). The authors proposed that C1q restriction of ADE could limit virus attachment
to cells by directly blocking FcyR binding to the Fc region on the antibody (Mehlhop et al.,
2007).

Increasing experimental evidence suggests that complement also enhances T-cell
responses to viral infections. C3 for example, is required to induce a normal T-cell
response against influenza and lymphocytic choriomeningitis viruses (Kopf et al., 2002,
Suresh et al.,, 2003) while C4 and FB drive the induction of anti-WNV CD8+ T-cell
response (Mehlhop and Diamond, 2006).

1.3.1.1 Protective role of complement during DENV infection

Several findings support the role of the complement system in the context of protective
immunity against DENV. The LP, for example, has been shown to mediate a key role in
DENV neutralisation (Fuchs et al., 2010, Avirutnan et al., 2011, Shresta, 2012). This is
supported by experiments where the authors pre-treated C6/36 cell- and Vero cell-derived
DENV-2 with naive sera from wild-type C57BL/6 mice and several congenic mouse strains
lacking different complement proteins. The authors found that neutralization of both insect
cell- and mammalian cell-derived DENV-2 is dependent on MBL and MBL-associated
serine protease 2 (MASP-2), but not C1q or C5 (Avirutnan et al., 2011). Additionally, and
consistent with the results using wild-type mice serum, the authors demonstrated that both
C6/36 cell- and Vero cell-derived DENV-2 are neutralised by human serum. Furthermore,
a direct correlation between the concentration of MBL in human serum and the percentage
of neutralisation of DENV was found (Avirutnan et al., 2011). Finally, this study showed
that in the absence of FB or FD (both positive mediators of the AP), DENV-2 neutralisation
was partially inhibited, and increased deposition of C3 on the virion surface was detected,;

supporting the protective role of the AP (Avirutnan et al., 2011).

Additionally, it has been shown by in vitro ADE assays that specific monoclonal antibodies
against DENV-2 and 4 as well as IgG from DENV-infected patients that have enhancing
activities also have neutralising activities in the presence of fresh human serum with
normal levels of complement proteins (Yamanaka et al., 2008). Further studies showed
that C1q could be responsible for this effect in an IgG subclass specific-manner, implying
that this complement component could limit the severity of DENV disease (Mehlhop et al.,
2007). The authors incubated DENV-1 with increasing concentrations of two flavivirus

cross-reactive monoclonal antibodies (IgG2a and IgG1 subclasses) in the presence or not
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of purified Clqg. Results demonstrated that C1q inhibited lgG2a monoclonal antibody-
dependent ADE but not ADE induced by IgG1 (Mehlhop et al., 2007). More recently, C1q
was demonstrated to bind to DENV E protein and to whole DENV-2 virions. DENV-infected
human monocyte leukaemia cell line pre-incubated with C1g-DENV complex, resulted in
decreased virus infectivity and modulation of mMRNA expression of immunoregulatory

molecules (Douradinha et al., 2014).

[.3.2  Viral evasion of the complement system

Probably, the best evidence implying a protective role of complement against viral infection
comes from the extensive mechanisms that viruses have developed to subvert
complement activity. Several viruses, for example, encode proteins that bind and inhibit or
sequester complement components. The coat protein of human astrovirus type 1 binds
MBL and C1q to inhibit activation of the LP and CP, respectively (Bonaparte et al., 2008,
Hair et al., 2010). Herpes simplex virus 1 encodes the immune modulator glycoprotein C
that binds C3 and C3b to inhibit the complement cascade and protect virus-infected cells
from complement mediated-lysis (Friedman et al., 1984, Fries et al., 1986, Harris et al.,
1990, Kostavasili et al., 1997). As another example, the matrix 1 protein of influenza A
binds Cl1g and blocks the interaction between Cl1lq and IgG to prevent complement-
mediated neutralisation (Zhang et al., 2009). More recently, it has been found that zika
virus (ZIKV) induces specific antibodies against E protein that also cross-react with C1q,
phenomenon that was confirmed by ELISA in sera collected from ZIKV-infected
immunocompetent mice and non-human primates (Koma et al., 2018). The authors
speculate that E protein from ZIKV could prevent complement CP activation by inhibiting
C1q actions (Koma et al., 2018).

In a similar strategy, viruses can encode homologs of complement regulatory proteins.
Poxvirus such as variola virus and vaccinia virus encode complement regulatory proteins
that have structural and functional homology to the human RCA family. In both cases, the
viral regulators bind to and inhibit C3b and C4b and act as cofactors for Fl-mediated
cleavage of C3b, in some ways presenting as functional viral homologues of FH. The
consequences of the actions of these viral complement regulatory proteins is the inhibition
of the C3/C5 convertases, which are necessary for complement-mediated viral clearance,
thus contributing to viral infection and potentially the pathogenesis of the disease
(Rosengard et al., 2002, Bernet et al., 2003, Liszewski et al., 2006).

Another approach some viruses use, similar to that used by bacteria such as
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Streptococcus pneumoniae or Neisseria meningitidis (Parente et al., 2017), is to recruit
host complement regulatory proteins into the surface of the virions. For example, HIV and
human cytomegalovirus incorporate DAF/CD55 and CD59 into their viral envelope
structure, and thus protect the virions from complement-mediated lytic killing (Sadlon et al.,
1994, Saifuddin et al.,, 1995, Spear et al., 1995). Similarly, mumps virus incorporates
CD46, thus affecting the Fl-mediated cleavage of C3b and C4b and increasing viral

resistant to complement-dependent neutralisation (Johnson et al., 2009).

While poxviruses and herpes viruses are large and as discussed above can contain the
sequence capacity to encode viral homologs of a number of cellular factors (Friedman et
al., 1984, Harris et al., 1990, Bernet et al., 2003, Liszewski et al., 2006), smaller viruses
such as flaviviruses do not encode proteins with any sequence homology to host
regulators. Yet, these viruses can still antagonise the complement system. The flavivirus
NS1 protein has been suggested to prevent complement activation in different ways. NS1
from DENV, WNV and yellow fever virus, promotes cleavage of C4 and C4b by forming a
complex with C1s and C4 or by direct association with the regulatory protein C4bp, leading
to attenuation of the CP and LP (Avirutnan et al., 2010). In addition, soluble and cell-
surface associated WNV NS1 is able to bind and recruit FH to enhance the cofactor
activity of this protein for FIl-mediated cleavage of C3b to iC3b. This results in decreased
complement activation in solution and attenuated deposition of C3b and C5b-9 membrane
attack complexes on cell surfaces and thus increased survival of virions and virus-infected
cells (Chung et al., 2006). Interestingly, this property of NS1 is not conserved across the
flavivirus family, with NS1 of DENV unable to bind FH (Chung et al., 2006). A recent study,
however has demonstrated another alternative that NS1 uses to evade the complement
system. NS1 from DENV, ZIKV and WNV can inhibit the terminal complement pathway by
binding to vitronectin, a terminal complement regulator, and inhibiting C9 polymerisation
and the formation of MAC (Conde et al., 2016). Thus, complement must have an important
anti-viral role and aligning with this, viruses, including DENV, have evolved varied

strategies to overcome this.

1.3.3 Pathogenic role of complement during viral infections

While the protective role of the complement system during viral infections is clear, the
pathogenic effects of complement have also been documented. There are many examples

that support the harmful actions of complement during viral infections, as discussed below.
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Complement activation via C1qg as a result of hepatitis C virus (HCV) infection has been
associated with altered T-cell responses and hepatic inflammation. The complex formed
by C1q receptor (C1gR) and the core protein of this virus is able to inhibit the proliferation
of human peripheral blood T-cells in a mouse model (Kittlesen et al., 2000). Furthermore,
binding of HCV core protein via C1gR on activated T-cells decreased the production of IL-
2 and IFN-y as well as the expression of IL-2 receptor and CD69 (Kittlesen et al., 2000). In
addition, binding of HCV core protein with C1gR on dendritic cells isolated from chronic
patients, limited the induction of Thl response (Cummings et al., 2007). In a similar
context of chronic HCV infections, continuous complement activation has been associated
with liver fibrosis, while high levels of C5 and C5a in the serum of a mouse model of
fibrosis induced-disease, have led to severe hepatic damage (Hillebrandt et al., 2005).
Thus, during HCV infection complement leads to dysregulation of T-cell responses that
may influence the establishment of persistence, while chronic elevated complement

activity may itself be associated with HCV-associated liver damage.

Another interesting example is the role of complement in Ross River virus (RRV)
infections. Evidence of elevated levels of the anaphylotoxin C3a, an indicator of
complement activation, has been detected in synovial fluid from RRV-infected patients
(Morrison et al., 2007). Consistent with these findings, RRV-infected C3 and CR3-deficient
mice exhibit less severe tissue damage and signs of disease than wild wild-typetype mice
(Morrison et al., 2007, Morrison et al., 2008). Further, high levels of MBL in the serum and
synovial fluid have been correlated with severity of disease in naturally RRV-infected
patients, while RRV-infection of MBL-deficient mice results in enhanced severity of
disease (Gunn et al., 2012).

1.3.3.1 Pathogenic role of complement during DENV infection

Differences in DENV disease severity are associated with complement activity, and this
constitutes a very good example of the pathogenic consequences of inappropriate activity
of complement system. Several lines of evidence suggest that excessive complement
activation is associated with the most severe forms of the disease, DHF and DSS. Early
studies demonstrated the presence of lower levels of C3, C4 and FB (which indicates
excessive consumption of these molecules) and higher levels of the anaphylotoxins C3a
and Cba (i.e. complement split products) in the circulation of severe DHF patients compare
to DF patients (Bokisch et al., 1973, Churdboonchart et al., 1983). Consistent with these
findings, Nascimento and collaborators in 2009 also found low levels of C3 and increased
levels of C3 cleavage products in DHF cases compare to DF cases. Interestingly, these
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authors detected higher levels of FD (which promotes complement AP activity, see section
1.2.3.1.c) and lower levels of FH (a negative regulator of complement AP activity, see
section 1.2.3.1.f) in patients with DHF/DSS compared to patients with DF suggesting a
hyper-activation of the complement AP (Nascimento et al., 2009).

On the other hand, soluble and cell-associated NS1 as well as anti-NS1 antibodies have
been shown to enhance complement activation, leading to an increase of local and
systemic generation of anaphylotoxins like C5a and the terminal complement complex
C5b-9 in pleural fluids from patients with DHF, which interestingly accumulate before the
onset of plasma leakage (Avirutnan et al., 2006).

In conclusion, the complement system is crucial for protection against DENV infection but
hyper-activation of the complement system is clearly a potential factor that contributes to
the pathogenesis of DENV disease. The ways that complement may become dysregulated
and the subsequent mechanisms by which this cascade influences DENV pathogenesis

are, as yet, not well understood.
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.4 Hypothesis and Aims

.41  Hypothesis

The complement alternative pathway is activated during DENV infection by IFN-driven
responses resulting in reduced production of FH and increased production of FB, that are

associated with increased disease severity.

.4.2 Aims

The overall goal is to evaluate the production of FH and FB during DENV infection.

Specifically, this thesis aimed to:

1) Develop techniques to specifically measure FH and FB mRNA and protein in

human and mouse experimental systems:

a) RT-PCR

b) ELISA

c) High content imaging of intracellular protein (Operetta)

2) Quantitate DENV-induced FH and FB mRNA and protein changes in primary
human DENV-infected cells, macrophages and EC, the main targets for DENV
replication and pathogenesis, respectively, in vivo, and the consequences of this
for:

a) C3b deposition on infected cells and
b) AP activity in vitro
3) To define human FH and FB transcriptional regulation by:
a) Matinspector computational prediction of promoter elements; and
b) Evaluating the role of IFN-B in driving FH and FB mRNA production from
DENV-infected macrophages and EC.

4) Quantitate DENV-induced FH and FB mRNA and protein changes in sera and

tissues from DENV-infected mice and link this to:
a) DENV disease severity in vivo
b) Potential influences of FB and FH induction during DENV infection such as

IFN-signalling
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MATERIALS AND METHODS

The primary cell types and cell lines employed in this study are listed in Table II-1.

Table II-1. Cell lines employed in this study

Primar DENV infection; | Provided by  A/Prof
Human umbilical endoth)(lalial Immunofluorescence, | Claudine Bonder, Centre
endothelial cells ELISA, PCR, Flow |for Cancer Biology,

cells .

cytometry UniSA.

Human DENV infection; | Isolated from healthy
monocyte Primary Immunofluorescence, | blood donors at the
derived macrophages | ELISA, PCR, Flow | Australian Red Cross
macrophages cytometry Blood Service
Human . . .

Liver : . Gift from Dr. Dong Gui
ggfc?rt]%ﬁgular hepatocytes DIERY [EBIE, [FER Hu, Flinders University
(I\e/lrﬂlkj)feonic Primary DENV infection, | Generated by Dr. Briony
bl doly fibroblast PCR, ELISA Gliddon, UniSA.
Human  retinal | o .. DENV infection; Provided by Prof Justine
cells ELISA, PCR University
;'laPrYs duce dE6/E7' Primary DENV infection, Generated and provided
human retinal retinal Immunofluorescence, | By Prof Justine Smith,
endothelial cells endothelium | gL |SA, PCR Flinders University
Alrican green | Kidney Plaque assay ATCC® CCL-81™
monkey epithelial
Baby hamster | Kidney . . ® aa™
kidney clone 21 | fibrobiast Virus production ATCC® CCL-10

Aedes albopictus

Larva tissue

Virus production
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11.L1.2 Cell culture media and reagents

[1.1.2.1 Media for maintaining and culturing cells

HUVEC were cultured in M199 medium (Hyclone) supplemented with 20% (v/v) foetal
bovine serum (FBS), 100 U/mL penicillin and 0.1 mg/mL streptomycin, 2 mM L-glutamine
(all from Gibco, Life Technologies) and 0.3% (w/v) endothelial cell growth supplement (BD
Bioscience). MDM were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
(HyClone, Thermo Scientific) supplemented with 10% (v/v) FBS, 10% (v/v) human heat-
inactivated serum, 100 U/mL penicillin and 0.1 mg/mL streptomycin, 2 mM L-glutamine.
HepG2, MEF and Vero cells were cultured in DMEM supplemented with 10% (v/v) FBS,
100 U/mL penicillin, 0.1 mg/mL streptomycin, and 2 mM L-glutamine. The HREC line was
cultured in MCDB-131 medium (Sigma) with 5% (v/v) FBS and endothelial growth factors
(EGM-2 SingleQuots supplement, omitting FBS, hydrocortisone and gentamicin; Clonetics-
Lonza, Walkersville, MD). The ARPE-19 cell line was cultured in DMEM:F12
supplemented with 5% (v/v) FBS.

[1.1.2.2 Cell culture buffers and reagents
- 1X Dulbecco’s phosphate buffered saline solution (PBS) without calcium and magnesium

(HyClone™, Thermo Scientific), pH 7.4.

-1X Hank’s balanced salt solution (HBSS) with calcium and magnesium (Hyclone™,
Thermo Scientific), pH 7.4.

- 0.4% (w/v) Trypan Blue dissolved in PBS and filtered (0.22uM, Millipore) (BDH).

- 0.25% (v/v) Trypsin Protease (HyClone™, Life Sciences).

11.1.2.3 Plague assay: media and reagents

-2X DMEM (Millipore) supplemented with 3.5% (w/v) sodium bicarbonate, 100 U/mL
penicillin and 0.1 mg/mL streptomycin, 2 mM L-glutamine, and 10 mM HEPES (Sigma).

-0.7% (w/v) SeaPlaque agarose: 2.8 g of SeaPlaque agarose (Lonza) in 400 mL cell
culture grade water (HyCloneTM). Autoclaved prior to use.

-0.33% (w/v) Neutral red: 3.3g Neutral red (ICN Biomedicals) in 1L PBS. Filtered,

sterilised and stored in the dark at room temperature (RT).
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[1.1.3 Virus strains

- Mon601, a laboratory clone of the DENV-2 New Guinea C strain (Gulano 1998)
- Cosmopolitan ZIKV strain, PRVABC59, kindly provided by Professor David Smith,

University of Western Australia.

I1.1.4 TLR ligands

- TLR3: 10 pg/ml polyinosinic:polycytidylic acid poly (I:C) (Sigma)

- TLR4: 1 pg/ml LPS (Sigma)

[1.1.5 Primers

All oligonucleotides primers used in this study were purchase from GeneWorks
(Thebarton, SA). Each oligonucleotide dried pellet was resuspended in sterile water
(Baxter) to obtain a final stock concentration of 100 uM and stored at -20°C until use.
Unless specified, all primers were further diluted to a working solution of 20 uM. Human

and mouse oligonucleotide sequences utilised in this study are listed in Table II-2.
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Table II-2. Oligonucleotide sequences utilised for amplification of mMRNA

F: GCAGATCTCTGATGAATAACCAAC

NM_AF038403.1 102
R: TTGTCAGCTGTTGTACAGTCG -
F: GGCAAATGCTGGACCCAACACAAA

NM_021130.4 355
R: CTAGGCATGGGAGGGAACAAGGAA -
F: AGGCCCTGTGGACATC

NM_001014975.2 183
R: AACTTCACATATAGGAATATC -
F: ACTGAGCCAAGCAGACAAGC

NM_001710.5 280
R: AGAAGCCAGAAGGACACACG -
F: TGTCAACATGACCAACAAGTGTCT

NM_002176.2 86
R: GCAAGTTGTAGCTCATGGAAAGAG -
F: GTGAGCAATGGAAGCCTGATC

NM_080657.4 84
R: GCTGTCACAGGAGATAGCGAGAA -
F: TCCACCTGCTTCACAGAACTACA

NM_001320151.1 73
R: GGCGGATGAGGCTCTTGAG -
F: AACTTAATGCAGGAAGAACATGACAA

NM_001270930.1 100
R: CTGCCAGTCTGCCCATGTG
F: GACGGCCGCATCTTCTTGTGC

NM_008084.3 120
R: TGCCACTGCAAATGGCAGCC -
F: CGTGAATGTGGTGCAGATGGG

NM_009888.3 248
R: AGAATTTCCACACATCGTGGC
F: CTCCTCTGGAGGTGTGAGCG

NM_008198.2 264

R: GGTCGTGGGCAGCGTATTG
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[1.L1.6 Molecular biology reagents and buffers

[1.L1.6.1 RNA extraction
- TRIzol® Reagent (AmbionTM Life Technologies)

- Isopropyl Alcohol 100% (Ajax Finechem)

- Ethanol Denatured 100% (Chem-Supply), diluted to 70% (v/v) in water
- Chloroform (Chem-Supply)

11.1.6.2 DNase treatment

- 10X DNase | Reaction buffer (New England BioLabs)

- DNase | (RNase-free) 2000 U/mL (New England BioLabs)

- 0.5M ethylenediaminetetraacetic acid (EDTA) (New England BioLabs)

[1.1.6.3 Reverse transcription
- 60 uM Random Primer Mix (New England BioLabs)

- 10X Moloney Murine Leukaemia Virus (M-MuLV) Reverse Transcriptase Reaction Buffer
(New England BioLabs)

- M-MuLV Reverse Transcriptase 200 000 U/mL (New England BioLabs)

- RNase Inhibitor, Human placenta 40 000 U/mL (New England BioLabs)

- 10 mM Deoxyribonucleotide triphphoshates Mix (ANTPs) (Qiagen)

- Nuclease-free water (Promega)

11.1.6.4 Real time PCR

- 2X iTag™ Universal SYBER® Green Supermix (Bio-Rad)

- 1X Sterile water for irrigation (Baxter)

11.1.6.5 Agarose gel electrophoresis

- 0.5X Tris Borate EDTA (TBE) buffer: 20 mM Tris base, 20 mM boric acid and 0.5 mM
EDTA, pH 8.3

- 2% (w/v) DNA grade agarose dissolved in 0.5 X TBE (Progen)

- 6X EZ-Vision® Three Dye, DNA dye as loading buffer (Amresco)
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- Hpall cut puC19 DNA marker (500 ng/ml) (GeneWorks)

[1.1.7 Antibodies

Primary and secondary antibodies used in this study are presented in Table 11-3 and Table
lI-4, respectively.
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Immunofluorescence, Flow
Cytometry

Kindly provided by Dr. Nicholas
Eyre, University of Adelaide,
ATCC® HB-112TM

Immunofluorescence, ELISA,
Western blot, Flow Cytometry

Calbiochem (Cat # 341276)

ELISA

Abcam (Cat # ab17928)

Western blot

Santa Cruz (Cat # sc-17951)

Immunofluorescence, Western
Blot

Santa Cruz (Cat # sc-67141)

Flow cytometry

Biolegend (Cat # 846102)

ELISA

R&D Systems (Cat # AF4999)

ELISA

R&D Systems (Cat
4999)

# MAB

IFN-B blocking studies

Sapphire Bioscience (Cat #
31410-1)
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Table II-4. Secondary antibodies

ELISA, Western blot Calbiochem (Cat #

AP106P)
ELISA Promega (Cat # W4021)
ELISA Promega (Cat # W4011)

R&D Systems (Cat #

ELISA AF005)

Immunofluorescence,

Flow cytometry Invitrogen (Cat # A11056)

Immunofluorescence, | Invitrogen (Cat # 11055)
Flow cytometry

Invitrogen (Cat # A27040)
Immunofluorescence
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[1.L1.8 ELISA: materials, buffers and reagents

- 96 well-microtitre plates medium-high binding (Greiner)

- Coating buffer: 50 mM Carbonate/Bicarbonate Buffer pH 9.6: 1.59g Na2COs (BDH),
2.93g NaHCOs (BDH), dissolved in 1L of deionized water

- Blocking solution: 2% (w/v) bovine serum albumin (BSA) (Sigma) in PBS

- Sample diluent: 1% (w/v) BSA in PBS

- Wash buffer: 1X PBS, 0.05% (v/v) Tween 20 (Sigma)

- Stop solution: Sulphuric Acid 0.5 M

- Developed solution: 3, 3', 5, 5'-Tetramethylbenzidine (TMB) peroxidase substrate (KPL)

- 0.05% (v/v) Triton X-100 (Sigma)

- Recombinant mouse FH commercial protein (R&D Systems 4999-FH)

11.1.9 Sodium dodecyl sulphate (SDS) PAGE and Western blot: buffers and
reagents

- SDS PAGE lower gel buffer: 1.5 M tris, pH 8.8, 0.4% (w/v) sodium dodecyl sulphate
(SDS)

- SDS PAGE upper gel buffer: 0.5 M Tris pH 6.8, 0.4% (w/v) SDS

- 40% (w/v) Acrylamide solution (Biorad)

- 2% (w/v) Bis-Acrylamide (National Diagnostics)

- 10% (w/v) Ammonium persulfate dissolved in water (Biorad)

- Tetramethylethylenediamine (TEMED) (Biorad)

- Loading sample buffer: 0.25 M Tris-HCL, 8% (w/v) SDS, 20% (w/v) glycerol (Ajax
Chemicals), 0.05% (w/v) bromophenol blue, 0.05% (v/v) 2-mercaptoethanol

- Running buffer: 25 mM Tris-HCL pH 7.6, 192 mM glycine, 0.1% (w/v) SDS

- Transfer buffer: 20 mM Tris-HCL pH 8.5, 150 mM glycine, 20% (v/v) ethanol

- Washing buffer: 10 mM Tris pH 7.6, 50 mM NaCL, 0.1% (v/v) Tween 20 (TBS-T)

- Blocking buffer: 5% (w/v) skim milk powder diluted in TBS-T
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- Membrane: Life Sciences BioTrace™ NT pure nitrocellulose blotting membrane, 0.2 um
pore size (Pall Corporation)
- Marker: P7711S ColorPlus prestained ladder (New England Biolabs)

- Clarity™ Western ECL Substrate (Biorad)

[1.L1.10 Immunofluorescence: buffers and reagents

- 2% paraformaldehyde (PFA) (Sigma) in PBS

- 1% (w/v) BSA in PBS

- HBSS (Hyclone™, Thermo Scientific), pH 7.4

- 0.05% (w/v) octylphenoxy poly(ethyleneoxy) ethanol (IGEPAL® CA-630, Sigma) in PBS

- Buffered glycerol, 80% (v/v), pH 8.3: 1:2 of 0.5M Sodium carbonate buffer (0.5M Na2CO3

(BDH), 0.5M NaHCOs3 (BDH), and glycerol (Ajax Chemicals)

11.1.11 Flow cytometry: buffers and reagents

-5mM EDTA in PBS
- 2% PFA (Sigma) in PBS

- 1% (w/v) BSA in PBS

[1.1.12 Alternative pathway assay: buffers and reagents

- Alternative pathway buffer (AP buffer): Barbitone complement diluent tablets (Oxoid)
diluted in 100 mL of warm distilled water, 0.01M ethylene glycol tetraacetic acid (EGTA)
and 0.1% gelatin (Sigma), pH 7.5

- 1% (w/v) BSA in PBS

- Saline buffer: 0.15 M NacCl
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1.2 Methods

[1.2.1 Cell maintenance

Cell lines were maintained using aseptic technique in 25 cm? or 75 cm? surface cell culture
flasks (Falcon) in a humidified incubator at 37 °C with 5% CO:2 (Heraeus, Function Line).
Cells were passage every 3-4 days. Briefly, existing media was discarded, and cells were
washed twice with PBS to remove the remaining FBS. Cells were trypsinised with 1 mL of
0.25% (v/v) trypsin for 2-3 minutes (min) at 37 °C. Rapidly, 3-5 mL of the corresponding
complete media (section 11.1.2.1) was added to the cells to inhibit the trypsinisation
reaction and cells harvested. Cells were enumerated using trypan blue in a Hawksley
counting chamber. Cells were re-seeded at 1x10° (25 cm? flask) or 1x10° (75 cm? flask)
into 7 mL or 17 mL of their respective media and incubated at 37 °C and 5% CO:2 as

above.

11.2.1.1 HUVEC

HUVEC were isolated from human umbilical cords, with approval from the Central
Northern Adelaide Health Service human ethics approval and in accordance with the
World Medical Association Declaration of Helsinki, by collagenase digestion and kindly
provided by Professor Claudine Bonder. Frozen stocks of HUVEC were made at passage

2-3 and HUVEC were utilised in infection studies at passage 1-4.

11.2.1.2 MDM

Human MDM were isolated from healthy blood donors supplied by the Australian Red
Cross Blood Service under a materials transfer agreement and used in accordance with
approval from the Southern Adelaide Clinical Human Research Ethics Committee
(SAC/HREC), approval number 343.16. Monocytes were isolated by adherence and
cultured for four-five days in complete DMEM (section 11.1.2.1) to differentiate into MDM,
as previously described (Pryor et al., 2001, Wati et al., 2007). Briefly, peripheral blood
mononuclear cells were prepared by density gradient centrifugation (Lymphoprep;
Nycomed Pharma, Oslo, Norway) of buffy coat blood packs. Peripheral blood mononuclear
cells were transferred to tissue culture flasks and monocytes were selected by adherence
to flask surfaces after 2h. Non-adherent cells were further subjected to a second round of
adherence. Adherent cells were washed with HBSS and fresh complete DMEM (section
[1.1.2.1) was added to the cells. After 48h adherent monocytes from 2—4 different blood
donors were detached, pooled, cultured in complete DMEM. Cells were allowed to

differentiate in culture for four-five days into macrophages. After this time, MDMs were
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detached by gentle scraping in HBSS. The purity of MDM preparations was visually
assessed and has been previously validated in our laboratory as MDM by Wright-Giemsa
staining and morphological analysis by light microscopy and 85-90% CD14+ by flow
cytometry (Wati et al., 2007).

[1.2.2  Viral stocks and infection

11.2.2.1 Virus production

Mon601, a laboratory clone of the DENV-2 New Guinea C strain, was used for infections
(Gualano et al., 1998) and is hereafter referred to as DENV. DENV-2 is a predominant
global DENV serotype and hence used in this study. Virus stocks were produced from in
vitro transcribed RNA that was transfected into BHK-21 cells and amplified in C6/36 cells.
Cell culture supernatants containing virus were harvested, clarified, filtered (0.22uM,
Sartorius), and stored at —80°C until use. The titer of infectious virus was determined by
plague assay using Vero cells and quantitated as plaque forming unit (pfu) per mL. ZIKV
infections utilised the cosmopolitan ZIKV strain, PRVABC59 that was amplified in C6/36
cells, stocks collected, and titred as described above for DENV. ZIKV was used as a
comparative control. Viral stocks were generated and kindly provided by Associate
Professor J Carr.

11.2.2.2 Viral infection

For DENV and ZIKV infection cells were seeded in 6-well culture plates (Falcon) at 3X10°
in the corresponding cell culture media. Plates were incubated overnight to allow cells to
attach. The corresponding viral stock was diluted in serum-free media at a multiplicity of
infection (MOI) of 1. MDM were infected with a MOI of 3 as previously described (Wati et
al., 2007). Cells were left uninfected (Ul) or infected by adding 300 pl of serum-free media
or the diluted virus, respectively. Plates were incubated for 90 min with gentle rocking
every 15 min. After this time, the inoculum was removed, cells washed with PBS, and
fresh complete medium was added. Supernatants and cells were harvested after 24 and
48hpi. Supernatants were clarified by centrifugation at 2900 x g (Dynamica velocity 13u
centrifuge). Cells were treated with 500 pl of TRIzol reagent for RNA extraction as
described in section 11.2.5. Collected supernatant and cells were stored at -80°C until

analysis.

[1.2.3 TLR treatment of cells

HUVEC or MDM cells were seeded at 3x10° in 6-well plate as above and treated with 10
ug/ml poly (I:C) (TLR3) or 1 ug/ml LPS (TLR4) for 24 and 48h. DENV infection was carried
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out in parallel and as described above. Supernatants and cells were harvested after 24

and 48hpi and stored at -80°C until analysis.

[1.2.4  Viral quantitation by plaque assay

Vero cells were seeded into 6-well plates at 3X10° cells per well in 2 mL of DMEM
complete media (section 11.1.2.1) and incubated at 37°C with 5% CO:2 overnight. Ten-fold
serial dilutions from 10 to 10® of test supernatants from infected cells or positive control
(DENV or ZIKV stocks of known titre) were prepared in serum-free media. 300 ul of the
diluted supernatants or positive control were added to each well-containing cells. Plates
were incubated at 37°C, 5% CO:2 and rocked every 15 min for a total of 90 min. After this
time the inoculum was removed, and the cells were washed once with PBS. Cells were
then overlaid with 3 mL of a 1:1 mix of 0.7% (w/v) SeaPlague Agarose and 2X DMEM
containing 10% (v/v) FBS. Plates were incubated for five days at 37°C, 5% CO:2 and
overlaid for a second time with 2 mL of 1:1 mix of 0.7% (w/v) SeaPlaque Agarose and 2X
DMEM containing 10% (v/v) FBS and 0.03% (w/v) Neutral Red. Plates were incubated for
another five days at 37°C, 5% CO:2 and the number of visual plaques were counted from
dilutions that yielded countable plaques (10-50). PFU/mL for each sample was calculated

following the following equation:

Number of plaques

PFU/mL =
/m Volume added for infectiom(0.3 mL)

X dilutionfactor

[1.2.5 RNA extraction

Total RNA was extracted from cells and mouse tissues using TRIzol. To extract RNA from
mouse tissues, samples were first homogenised in TRIzol using a sonicator (Heat System
Ultrasonics Inc Sonicator Cell Disruptor). Heart and kidney samples were submitted to 2 x
30 seconds (sec) cycles of sonication while the liver samples were sonicated using 3-4
cycles of 30 sec each. In all cases the sonication was performed on ice and at power 375
Watts, 60/60 Hz. RNA extraction was performed according to the manufacturer's
instructions. In brief, 200 ul of chloroform was added per 1 mL TRIzol and incubated for 10
min at RT. After this time, samples were centrifuged at 12 000 x g for 15 min at 4°C
(Heraeus Fresco 17 Microcentrifuge, Thermo Scientific). The RNA present in the upper
aqueous phase was collected and precipitated with 1.5 mL of 100% isopropanol per 1 mL
of TRIzol. Samples were incubated for another 10 min at RT and centrifuged, as above.
The RNA pellet was washed with 1 mL of 70% (v/v) ethanol per 1 mL of TRIzol followed by

a centrifugation for 5 min at 7 500 x g. The pellet was air-dried and resuspended in 10 pl of
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nuclease free water for RNA extracted from cells and 200 pl for mouse tissues RNA.

[I.2.6 DNase I treatment

The extracted RNA was DNase | treated to eliminate any contaminating genomic DNA that
may produce false-positive PCR results. Briefly, 20 ul of RNA was incubated with 10U
DNase | enzyme and 1X DNase | reaction buffer for 15 min at 37°C. The reaction was
stopped by adding 1 ul of 125 mM EDTA to yield a final concentration of 5 mM EDTA and
incubated for 10 min at 75°C. Total RNA was quantitated by spectrophotometry

(NanoDrop elite, Thermo Scientific) at 260nm and stored at -80 °C until use.

[1.2.7 Reverse transcription

The DNase-free RNA was reverse transcribed into cDNA in two steps using a
thermocycler (Applied Biosystems). In the first step, 0.5 uyg RNA was incubated with 60 uM
random hexamers and RNase free-water at 65 °C for 5 min then rapidly cooled to 4°C (RT-
1). In the second step, a mix of 10 U M-MuLV reverse transcriptase, 5 mM dNTPs, 10 U
RNase inhibitor and 1X M-MuLV reaction buffer was added to RT-1 (RT-2). The RT-2 was
incubated at 37°C for 90 min, 5 min at 95°C (to inactivate the enzyme) and cooled to 4°C.

The resulting cDNA was stored at -20°C until used.

11.2.8 Real-time quantitative polymerase chain reaction (RT-qPCR)

cDNA template was subjected to real-time RT-qPCR using iTaqg SYBER green in a Rotor-
gene 6000 (Corbett Research), using primers listed in Table 1I-2. All PCRs, except mouse
FB PCR, were performed under the following conditions: one cycle of 95°C for 5 min; 40
cycles of 95°C for 15 sec, 59°C for 30 sec, and 72°C for 30 sec; and one cycle of 72°C for
5 min. Mouse FB PCR used the following cycling profile: one cycle of 95°C for 10 min; 40
cycles of 95°C for 15 sec, 60°C for 30 sec, and 72°C for 30 sec; and one cycle of 72°C for
5 min. All PCR reactions were performed in duplicate and included high and low copy
number comparative controls. Results were normalized against the reference
housekeeping genes: cyclophilin (for human PCR) or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, for mouse PCR). The relative RNA level was determined by ACt
method as described (Schmittgen and Livak, 2008).

1.2.9 SDS PAGE and Western Blot

Human and mouse sera (diluted 1:100 in PBS), and supernatants harvested from HUVEC
or MEF-infected cells were prepared with 5X SDS loading buffer (section 11.1.9) and

denatured at 90°C for 10min. The samples were loaded onto an 8% (w/v) polyacrylamide
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resolving gel with 4% (w/v) polyacrylamide stacking gel (section 11.1.9), an appropriate gel
percentage to detect proteins bigger than 100 kDa. The gel was electrophoresed for
approximately 2h at 20 mA and then proteins transferred to a nitrocellulose membrane at
100mA for 1h. The membrane was blocked with blocking buffer (section 11.1.9) and
incubated overnight at 4°C with the desired primary antibody as described in Table 1I-3.
The membrane was then incubated with the corresponding secondary antibody (Table 11-4)
1: 30 000 for 2h at RT. Bound complexes were detected by chemiluminesence (Clarity™
Western ECL Substrate), visualised and images captured with a LAS4000 (Fuji Imaging
Systems).

[1.2.10 Human complement FH purification

FH was purified from human serum by a one-step affinity chromatography using CNBr-
activated sepharose 4B coupled to a sheep anti-human FH polyclonal antibody (Ormsby et
al., 2006). Briefly, total human serum was diluted 1:2 in PBS and loaded onto the column
and the flow-through re-loaded at least four times. After washing with PBS, FH was eluted
with 0.1 M glycine (pH 2.3) and immediately neutralised with 1M Tris-HCL (pH 8.8). Eluted
fractions were analysed by SDS-PAGE under reducing and non-reducing conditions and
Western blot using the primary goat anti-human FH (1:2000) and secondary anti-goat IgG
coupled to horseradish peroxidase (1:30 000), as described in section 11.1.9. FH containing
fractions were pooled and concentrated using Amicon Ultra 0.5 mL centrifugal filter (100
MWCO, Millipore) and purity of FH re-assessed by Western blot, as in section 11.1.9.
Protein concentration of the purified FH protein was determined by Bio-Rad protein assay

as described in the section below 11.2.11.

[1.2.11 Quantitation of protein concentration

Protein concentration of fractions-containing purified FH protein (section 11.2.10) was
determined by Bio-Rad protein assay (catalogue # 500-0006) following manufacturer’'s
instructions. Serial dilutions of BSA from 1 mg/mL to 0.00781 mg/mL were used as a
standard curve. Purified FH fractions were diluted from 1:10 to 1:10 000 in PBS. Standards
and samples were incubated with the commercial Bio-Rad protein assay dye reagent
concentrate at RT for 15 min. The absorbance was read at 595 nm in a microplate reader

(Beckman Coulter).

11.2.12 Development of an in-house ELISA to detect human and mouse FH

Human and mouse FH ELISAs were standardised using purified human FH (isolated as
above section 11.2.10) and commercial recombinant mouse FH, respectively. 96 well-

MATERIALS AND METHODS / 64



Sheila Cabezas PhD Thesis

microtitre plates were coated with goat anti-human FH at 2.5, 5 and 10 pg/mL or with
sheep polyclonal anti-mouse FH antibody at 2.5 and 5 ug/mL (Table [I-3), diluted in
coating buffer (section 11.1.8) and incubated overnight at 4°C. Plates were blocked with
ELISA blocking solution (section 11.1.8) for 1h at 37°C. Purified human FH protein, diluted
in sample diluent (section 11.1.8) from 400 to 10 ng/mL or recombinant mouse FH, diluted
from 200 to 20 ng/mL were used to generate a standard curve and incubated on the plates
for 2h at 37°C. Plates were washed five times with washing buffer (section 11.1.8) and
incubated for 1h at 37°C with three two-fold serial dilutions (1:5000, 1:10 000, 1:20 000) of
the detection antibody i.e.: a mouse anti-human FH monoclonal antibody for human FH
detection or a rat monoclonal anti-mouse FH for mouse FH detection (Table 11-3). Plates
were washed again and incubated for 1h at 37°C with the corresponding secondary
antibody: anti-mouse IgG or anti-rat IgG coupled to horseradish peroxidase (Table 11-4),
diluted 1:10 000 in sample diluent. Plates were washed seven times, developed with TMB
peroxidase substrate, stopped with 1 M sulphuric acid and absorbance quantitated at 450
nm in a microplate reader (Beckman Coulter). Inter- and intra-assay coefficient of
variations were calculated from duplicate values of three different standard concentrations
run three times in the same assay or in three independent assays, respectively, using the
following formula:
Standard Deviation (o)

Coefficient of Variation (%) = Mean () %X 100

11.2.12.1 Quantitation of human and mouse FH proteins by ELISA

Human or mouse FH proteins were quantitated in human or mouse sera and in
supernatants collected from uninfected or DENV-infected cells by ELISA as described in
section 11.2.12 with selected concentrations for coating, detection and secondary
antibodies as follows. 96 well-microtitre plates were coated with goat anti-human FH at
10pg/ml (for human FH detection) or with sheep polyclonal anti-mouse FH antibody at 2.5
ug/mL (for mouse FH detection). Human and mouse serum were diluted 1:1000 and 1:500
in sample diluent, respectively. Supernatant samples were always evaluated neat. A
mouse anti-human FH or a rat monoclonal anti-mouse FH diluted 1:10 000 were used as
detection antibodies in human and mouse FH, respectively. The methodology was
performed as described in section 11.2.12. Standard curves with purified human FH or
commercial recombinant mouse FH were established using eight standard concentrations
and producing a linear regression curve (R? > 0.99). The range of detection was as
described above in section 11.2.12.
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[1.2.13 Quantitation of human and mouse FB proteins by ELISA

The levels of human or mouse FB in serum or in the supernatants from either uninfected
or DENV-infected cells were measured using the Human FB (ab137973, Abcam) or the
mouse FB (SEC011Mu, Cloud-Clone Corp) ELISA kits, respectively, in accordance with

the manufacturer’s instructions.

[1.2.14 Treatment of supernatant samples with Triton X-100 or heat

To disrupt possible interactions between FH and viral or other protein(s), supernatants
from DENV-infected cells were treated with 0.05% of Triton X-100, 30 min at RT or
incubated 30 min at 56°C and then evaluated by human FH ELISA as described above
(section 11.2.12.1). Supernatants from uninfected cells were also treated and evaluated as

controls.

11.2.15 AP in vitro activity assay

Whole blood was collected under aseptic conditions from a healthy rabbit in accordance
with Flinders University Animal Welfare Committee approvals for collection of scavenge
material. The blood was placed into a conical glass flask containing glass beads and was
gently swirled until a clot was formed. The defibrinated blood was decanted and washed
three to four times in AP buffer (section 11.1.12) until the supernatant was clear. Cell
containing supernatant was enumerated and 5X107 cells/ml of rabbit erythrocytes were

resuspended in AP buffer and used as a master stock for the haemolysis assay.

For the assay, normal human serum (NHS) was incubated with AP buffer for 15 min on ice
to inactivate the CP and the LP. Uninfected and DENV-infected cell supernatants were
mixed with treated NHS (to support the AP activity) at different percentages (from 5 to
20%). To evaluate the possible effect of FH, DENV-infected cell supernatant was
supplemented with exogenous purified FH protein at 500 ug/mL and serially diluted with
different concentrations of NHS as above. 50 ul of each NHS/supernatant mix were added
in duplicate to a flat bottom 96-well plate (Costar) and 50 ul of the rabbit erythrocyte
master stock was overlaid to the wells. The plate was incubated 30 min at 37°C with
intermittent agitation. Three controls were included in the assay: NHS serially diluted in AP
buffer, 100% haemolysis control consisting of erythrocytes mixed with water 1:1, and an
erythrocyte cell blank consisting in erythrocytes mixed with AP buffer 1:1. After incubation,
150 ul ice-cold saline buffer (section 11.1.12) were added to the wells, except to the 100%

lysis wells. The plate was centrifuged 5 min at 1400 rpm and 150 pl of the supernatant
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transferred to a new plate. Haemolysis was assessed by measuring absorbance at 405 nm
in a microplate reader (Beckman Coulter) and % haemolysis calculated by:
(0D405 Sample - 0D405 Blank)

0 Lysis = X 100
Yo of Lysis (0ODy4os Total lysis — OD,os Blank)

11.2.16 Flow cytometry

For FH and DENV staining, HUVEC or MDM were cultured in a 6-well plate and infected
as in section 11.2.2.2. After 48h cells were washed twice with PBS and detached by gentle
scraping in PBS with 5mM EDTA. Cells were washed again with PBS and blocked with 1%
(w/v) BSA for 30 min at RT. Cells were rinsed once with PBS and incubated with a goat
anti-human FH (1:25) for 1h at RT (Table 11-3). After three washes with PBS-BSA 1% (w/v)
cells were incubated for 1h at RT with an anti-goat Alexa 546 (1:200) (Table II-4).
Subsequently, cells were fixed with 2% (w/v) PFA for 10 min at RT. After three washes
with PBS-BSA 1% (w/v) cells were permeabilised with 0.05% (w/v) IGEPAL® CA-630, in
PBS for 20 min, washed again with PBS and blocked with 1% (w/v) BSA for 30 min at RT.
Cells were rinsed once with PBS and incubated overnight at 4°C with the mouse 4G2 anti-
DENV, 1:10 (Table 11-3). After three washes with PBS-BSA 1% (w/v) cells were incubated
for 1h at RT with a donkey anti-mouse AlexaFluor 488 (1:200) (Table 11-4). Following a
final set of PBS-BSA washes, cells were analysed by flow cytometry with a CytoFlex S
(Beckman Coulter Inc.) and analysed by CytExpert 2.0.0.153 software (Beckman Coulter
Inc.).

For the detection of C3b deposition during complement activation, HUVEC or MDM were
cultured and infected as above. After 48h the culture media was removed and cells were
incubated in M199 medium (section 11.1.2.1) containing 10% NHS (as the external
complement source) for 30 min at 37°C in a 5% COz2 incubator. Cells were also incubated
with the corresponding media containing 10% heat inactivated NHS as negative control.
Cells were washed, detached with PBS/5mM EDTA and immunostained as described
above. C3b deposition was detected with a mouse anti-human C3b (1:25) and a donkey
anti-mouse AlexaFluor 488 (1:200) (Table 1I-3 and Table 11-4). Cells were fixed and

analysed by flow cytometry as above.

[1.2.17 Immunostaining and high-throughput image analysis

1x10* HUVEC, MDM, ARPE19 or HREC cells were plated in a 96 well plate (Cell Carrier
Ultra, PerkinElmer) and allowed to attach for 24h. Cells were DENV-infected as described
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in section 11.2.2.2 and at 48h pi cells were fixed with 2% (w/v) PFA for 10 min at RT. After
three washes with PBS, cells were permeabilized with 0.05% (v/v) IGEPAL® CA-630 in
PBS for 20 min. Cells were washed again with PBS and blocked with 1% (w/v) BSA and
2% (v/v) normal goat serum diluted in HBSS solution for 30 min at RT. Cells were rinsed
once with PBS and incubated overnight at 4°C with mouse 4G2 anti-DENV, 1:10, goat
anti-human FH (1:25) and a rabbit anti-human FB (1:25) (Table 1I-3). After three washes
with PBS cells were incubated for 1h at RT with the corresponding secondary antibodies:
donkey anti-mouse AlexaFluor 488 (1:75), donkey anti-sheep-Cy3 (1:75) and goat anti-
rabbit AlexaFluor 647 (1.75) (Table I1-4). Nuclei were stained with Hoechst 33342 (5
png/mL). Following a final set of PBS washes, cells were imaged with an Operetta high-
content imaging system with Harmony software (PerkinElmer) at 20x magnification. 49
different images were taken for each well, representing approximately 10000 cells. Nuclei
and cytoplasm were discriminated using the Hoechst and Cy3 channels, respectively using
the sequence of building blocks detailed in Appendix 1. Mean Alexa-488, Cy3 and Alexa-
647 intensity in the cell cytoplasm of each individual cell was calculated as described in
Appendix 1. Using visual observation and intensity histograms, an Alexa-488 intensity
threshold was set to define DENV-infected cells. Imaging was performed at the Flinders
University, Cell Screen South Australia (CeSSA) facility.

11.2.18 Promoter analysis

Human and mouse FB and FH promoter analysis was performed using Matinspector
software version 8.4.1, in the ‘General Core Promoter Elements’ and ‘Vertebrates’ sections
of Matrix Library 11.0 (October 2017) from the Genomatix suit v3.10 (Cartharius et al.,
2005). The parameters for selecting the binding sites were set at matrix similarity and core

similarity 0.85 (maximum 1.00) as described (Cartharius et al., 2005).
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[1.2.19 DENV- seropositive and seronegative human serum samples used for
guantitation of circulating FH and FB

Human serum samples from DENV-seropositive and seronegative patients form part of a
retrospective descriptive study (Quinn et al., 2018). These samples were collected over a
13-month period between 1 January 2014 and 31 January 2015. Samples were identified
from SA Pathology DENV diagnostic worklists and database records searched to identify
test requests and results from the same clinical episode (Quinn et al., 2018). Sera was
obtained from archival material remaining after completion of diagnostic testing and stored
at -20°C. The current study includes 8 DENV-seronegative and 29 DENV-seropositive
patients of the total cohort (Quinn et al., 2018) and were subjected to human FH and
human FB ELISA, as described in sections 11.2.12.1 and 11.2.13, with the assistance of Mr

Jarrod Hulme-Jones, MD Advanced Studies student.

11.2.20 Mice

11.2.20.1 C57BL/6 mice

Liver, kidney and heart tissues were collected from healthy C57BL/6 mice in accordance
with Flinders University Animal Welfare Committee approvals for collection of scavenge
material. Tissue samples were collected directly into TRIzol reagent for RNA extraction
(section 11.2.5) and used to validate mouse FB and FH PCRs (section 11.2.8).

11.2.20.2 C57BL/6 mouse model of intracranial DENV infection

RNA from brain samples used to evaluate FB and FH mRNA induction were kindly
provided by Mr. Wisam AlShujairi, PhD student. Brains were collected from three-four-
week-old C57BL/6 mice infected by intracranial injection with DENV-2 MON601 or mock
infected, and clinical signs of neurovirulence were monitored as previously described (Al-
Shujairi et al., 2017).

11.2.20.3 AG129 mouse model of DENV infection

Serum and tissue samples from an AG129 mice model of DENV infection were kindly
provided from experiments performed by Dr. Penny Rudd under the guidance of Professor
Suresh Mahalingam, Griffith University, Queensland, Australia. In brief, mice were left
uninfected or infected subcutaneously with 104 of a DENV-2 strain, D2Y98P, isolated from
a patient in Singapore during 2005 (GenBank accession # JF327392). The clinical signs
were scored as described in (Ng et al., 2014): 1 - ruffled fur, 2 - hunched back, 3 — severe
diarrhea, 4 - moribund stage. Serum, liver and kidney samples were harvested at 2 days pi

(dpi), 4dpi and at moribund stage (~20 dpi) when the animals were humanely euthanised
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in accordance with animal ethics approval (section 11.2.21). Each group of animals
consisted of six mice except for the 4dpi group that contained seven animals. All tissue
samples were collected directly into TRIzol reagent for RNA extraction (section 11.2.5) and
sera and tissue samples shipped on dry ice to Flinders University and stored at -80°C prior

to analysis.

11.2.20.4 AG129 mouse model of ADE of DENV infection

Serum samples as well as liver and kidney tissues from an AG129 mouse model of ADE of
DENV infection were kindly provided from experiments performed by Dr Li Ching under the
guidance of Prof. Sylvie Alonso, National University of Singapore, Singapore in
accordance with animal ethics approval (section 11.2.21). Briefly, pups born from previously
DENV-1 infected, but convalescent mothers or DENV-naive mothers were either left
uninfected (UI-N; Ul-l, n=3 each) or infected subcutaneously with 10% pfu of D2Y98P
DENV-2 (DENV-N; DENV-I, n=5 each), as described previously (Ng et al., 2014). The
clinical symptoms were scored as described in (Ng et al., 2014): 1 - ruffled fur, 2 - hunched
back, 3 — severe diarrhoea, 4 - moribund stage. Serum samples were collected at 3 and
6dpi. Liver and kidney samples were harvested at 6dpi when the mice were euthanised.
For DENV-N the moribund stage was reached at 12-18 dpi while for DENV-I the moribund
stage was as early as 6-7dpi (Ng et al., 2014). Tissue samples were collected directly into
TRIzol reagent for RNA extraction (section 11.2.5) and sera and tissue samples shipped on

dry ice to Flinders University and stored at -80°C prior to analysis.

[1.2.21 Ethics statement

HUVEC were isolated from human umbilical cords collected with approval from the Central
Northern Adelaide Health Service human ethics approval and in accordance with the
World Medical Association Declaration of Helsinki and provided by Professor Claudine
Bonder. Normal human serum was collected from healthy donors in accordance with the
SAC/HREC approval number 343.16. Data collected from seropositive and seronegative
DENV patients were de-identified and stored securely to maintain privacy, in accordance
with  SAC/HREC approval number 200/15. Stored patient sera were obtained under
SAC/HREC approval number 134/15, with all undertakings in accordance with the World
Medical Association Declaration of Helsinki. C57BL/6 mice experiments were performed in
agreement with Flinders University Animal Welfare Committee approval number 870/14
and in accordance with the Animal Welfare Act 1985 and Institutional Biosafety Committee

approval NLRD 2011-10. AG129 mice experiments were performed under the guidelines
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of the National Advisory Committee for Laboratory Animal Research (NACLAR) under
licence to operate in accredited animal facilities with IACUC/NUS protocol approval
number 2013-04751 or and in accordance with approval from Griffith University Animal
Welfare Committee number GLY/11/14/AEC. The use of infectious risk group 2
microbiological virus (ZIKV) was undertaken in accordance with Flinders University
Institutional Biosafety Committee, (IBC) NLRD 2011-13 reference number 2016-07, and of
genetically modified risk group 2 microbiological (DENV Mon601) in accordance with
OGTR guidelines and IBC approval 2011-10.5 NLRD PC2.

[1.2.22 Statistical analysis

Results were expressed as the mean + standard deviation, and statistical analyses were
performed using a two-tailed unpaired Student t-test, one-way or two-way analysis of
variance (ANOVA) in GraphPad Prism, version 7 (GraphPad, La Jolla, CA, USA).
Differences were considered statistically significant if p < 0.05.
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CHAPTER Il ESTABLISHMENT AND TECHNICAL
VALIDATION OF DIFFERENT METHODS TO DETECT RNA
AND PROTEIN OF COMPLEMENT FH AND FB IN A VARIETY
OF HUMAN AND MOUSE SAMPLES

[11.1 Introduction

FH and FB are two important regulators of the complement AP. While FB is considered as
a positive mediator that promotes the activity of the AP (Alper et al., 1973), FH is believed
to be the master negative regulator of this pathway (Whaley and Ruddy, 1976, Davis et al.,
1984). FH and FB, like the rest of the complement proteins, are primarily synthesised by
hepatocytes within the liver (Adinolfi et al., 1981, Perlmutter et al., 1989). Additionally, they
may be synthesised locally by other cell types including renal, endothelial and epithelial
cells, platelets, adipocytes and macrophages (Morris et al., 1982, Schwaeble et al., 1987,
Brooimans et al., 1990, Vik et al., 1990, Chen et al., 2007b, Licht et al., 2009, Sakaue et
al., 2010, Tu et al., 2010). Circulating FH and FB proteins are abundant in human plasma
(~ 500 pg/mL) (Silva et al., 2012) and detectable in mouse sera (>10 pug/mL) (Nichols et
al., 2015).

Variations in FH and FB gene expression and protein levels in plasma have been
associated with alterations in AP activity and subsequently with the outcome of different
diseases (see Chapter I, section 1.3.3) (Hyams et al., 2013, van der Maten et al., 2016).
There are precedents in the literature indicating that there are higher levels of FD (an
activator of the AP activity) and lower levels of FH (a negative regulator of complement AP
activity) in patients with DHF/DSS compared to patients with DF suggesting a hyper-
activation of the complement AP (Nascimento et al., 2009). The current thesis project
aimed to expand this knowledge and specifically to study the induction of FH and FB
following DENV infection in two human primary cell types that are relevant to DENV-
disease: HUVEC and macrophages, and in the AG129 mouse model. Therefore, reliable
methods were needed to evaluate FH and FB mRNA expression and protein production in
these two species. Thus, this chapter describes the development and standardisation of
different methods to specifically detect FH and FB mRNAs and proteins that will be applied

in later chapters.
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[11.2 Results

[11.2.1 Validation of RT-PCR for human and mouse FH and FB

[11.2.1.1 Validation of human FH and FB RT-PCR

A DNA construct of the full-length human FH transcript (GenBank accession number
NM_000186.3) cloned into the pBlueScript plasmid (H20 pBlueScript) was kindly provided
by Prof. David Gordon (Gordon et al., 1995). Serial dilutions of the H20 pBlueScript from
103 to 10° pg/ul were evaluated using a range of FH primer concentrations targeting the
SCR 2 of FH. Optimal amplification was achieved at 10 uM for both forward and reverse
oligonucleotides (data not shown) and thus used for following experiments. The results
from RT-PCR show a melt profile with a single symmetrical peak at 80°C (Figure 1lI-1 A)
and linear amplification curves, with approximately a 5-Ct change corresponding to a 10-
fold dilution and a sensitivity of at least 10 pg/ul (Figure llI-1 B). This generated a
standard curve with an R? value of 0.992 (Figure 1ll-1 C). No melt curve at 80°C or linear
amplification was detected for the negative (no template) controls (Figure 1lI-1 A, B). The
end products from this PCR were collected and evaluated by agarose gel electrophoresis
(Figure IlI-1 D). Consistent with the florescent amplification and melt profiles, a single band
of 183 bp, the expected size for FH PCR product (Table 1I-2, Chapter 1), was observed for
each sample evaluated except for the negative control (Figure IlI-1 D). H20 DNA at 10

and 10 pg/ul were used in all subsequent human FH RT-PCR as positive controls.
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Figure llI-1. Validation of a RT-PCR for human FH

H20 pBlueScript containing the full coding sequence of the FH gene was serially diluted from 103
to 10° pg/ul and subjected to RT-PCR. (A) melt curve; (B) Amplification curve; (C) Standard curve;
(D) Agarose gel electrophoresis of RT-PCR products. The arrow indicates the expected size of the
human FH product of 183 bp. 1: 103, 2: 10*%, 3: 10°®, 4: negative control (-ve)
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The same set of experiments was performed to validate human FB RT-PCR. In this case
plasmid containing the FB coding sequence was not available. As an alternative, cDNA
was generated by in vitro reverse transcription of RNA isolated from HepG2 cells (a liver
cell line) for use as a template known to be positive for FB mRNA, considering that the
liver is the primary site of expression and synthesis of complement proteins (Morris et al.,
1982). Serial dilutions of the cDNA (neat, 1:10 and 1:100) were evaluated using a range of
primer concentrations and the optimal amplification was observed at 10 uM (data not
shown). As observed for FH RT-PCR, the melt curve analysis shows a single, symmetrical
peak at 87°C (Figure 1lI-2 A) and amplification with increasing Ct corresponding to
increasing cDNA dilution (Figure I1I-2 B). The negative control also demonstrated a melt
peak but at 71°C and thus not at the same melt temperature to that seen for the
presumptive human FB product (Figure 1lI-2 A). The presence of a single PCR product
was confirmed by agarose gel electrophoresis at the expected size of 280 bp (Figure 111-2
C). There were no amplification or reaction products observed in the negative, no template
control sample (Figure IlI-2 B, C). The cDNA from HepG2 neat and 1:10 dilution were used

as controls in further human FB PCRs.
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Figure IlI-2. Validation of a RT-PCR for human FB

cDNA generated from HepG2 RNA was serially diluted 1:10 and 1:100 and subjected to RT-PCR.
(A) melt curve; (B) Amplification curve; (C) Agarose gel electrophoresis of RT-PCR products. The
arrow indicates the expected size of the human FB product of 280 bp. 1: Neat, 2: 1:10, 3: 1:100, 4:
negative control (-ve).
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[11.2.1.2 Validation of mouse FH and FB RT-PCR

A similar approach to that used above to validate human FB PCR was followed to validate
mouse FH and FB RT-PCRs. A cDNA produced from in vitro reverse transcribed RNA
isolated from a mouse fibroblast cell line, MEF, was used as a positive control. In addition,
and to confirm primer's specificity, a cDNA generated from RNA extracted from three
different mouse tissues, liver, kidney and heart, that are known to express several genes
of the complement system (Fureder et al., 1995, McCurry et al., 1995, Amura et al., 2012)
were included in the validation. The optimal concentration achieved for both FH and FB
primers was 2 uM and 10 uM, respectively (data not shown). For both RT-PCRs, the melt
curves show a unique and symmetrical peak resulting from mouse cell lines (MEF) and
tissue samples (liver, heart and kidney) (Figure IlI-3 A and Figure 1lI-4 A). In the case of
FH RT-PCR, the negative control also demonstrated a melt peak but not at the same melt
temperature to that seen for the mouse FH product (Figure IlI-3 A). Amplification curves
showed increasing Ct with increasing dilution of input cDNA for the MEF positive control
(Figure 11I-3 B and Figure 1ll-4 B). The presence of a single product was again confirmed
by agarose gel electrophoresis and bands of the correct sizes of 248 bp and 264 bp (Table
lI-2, Chapter 1) were detected for FH and FB RT-PCR, respectively (Figure IlI-3 C and
Figure 111-4 C). The cDNA from MEF neat and 1:10 dilution were used as controls in further
mouse FB and FH PCRs.
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Figure IlI-3. Validation of a RT-PCR for mouse FH

cDNA generated from RNA extracted from mouse tissues: liver, kidney and heart were diluted
1:20. cDNA generated from MEF RNA was used neat and diluted 1:10. Samples were subjected to
RT-PCR. (A) melt curve; (B) Amplification curve; (C) Agarose gel electrophoresis of RT-PCR
products. The arrow indicates the expected size of the mouse FH product of 248 bp. 1:liver, 2:
kidney, 3: heart, 4: MEF cells, 5: negative control (-ve).
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Figure llI-4. Validation of a RT-PCR for mouse FB

<€ FB=264bp

A cDNA generated from RNA extracted from mouse tissues: liver, kidney and heart, diluted 1:20.
cDNA generated from MEF RNA was used neat and diluted 1:10. Samples were subjected to RT-
PCR (A) melt curve; (B) Amplification curve; (C) Agarose gel electrophoresis of RT-PCR products.
The arrow indicates the expected size of the mouse FB product of 264 bp. l:liver, 2: kidney, 3:

heart, 4: MEF cells, 5: negative control (-ve).
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[11.2.2 Establishment of a method to detect FH and FB proteins

[11.2.2.1 Validation of Western Blot to detect FH and FB proteins in serum and DENV-
infected supernatants

The quantitation of either FH or FB proteins in the supernatant of DENV-infected human or
mouse cells or in human or mouse DENV-infected sera is part of the aims of this study.
The first attempt to quantitate these proteins was focused on human and mouse FH and
FB proteins by Western blot. A band at the corresponding size of 150 kDa for FH and
around 100 kDa for FB was successfully detected in human (Figure IlI-5 A, B) and mouse
serum samples collected from healthy volunteers and normal mice as in section 11.2.21
(Figure 111-5 C). This was species-specific with no bands detected in FBS for either human
or mouse FH or FB (Figure IlI-5). Surprisingly, no bands at the corresponding size for FH
or FB were detected in cell culture supernatants collected from Ul and DENV-infected
HUVEC (Figure IlI-5 A, B) or MEF (Figure IlI-5 C), even from different batches of

supernatants collected from independent experiments (Figure I1I-5).

Considering these results, the use of an ELISA as a more sensitive method than Western

blot for detection of human and mouse FH and FB proteins was next explored.
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Figure IlI-5. Validation of Western blot to detect human and mouse FH and FB proteins

Sera or supernatants for uninfected (Ul) or DENV-infected cells were subjected to SDS-PAGE and
Western blot for (A) human FH, (B) human FB, with human sera (HS) and supernatants collected
from HUVEC at 48hpi (C) mouse FH and FB (probed together) with mouse serum (MS) and
supernatants from MEF cells (48hpi). Fetal bovine serum (FBS) was used as negative control.
Bound complexes were detected with chemiluminesence and images collected using a LAS4000.
The arrows indicate the expected size of the human and mouse FH (~150 kDa) and FB (~100 kDa)
proteins.
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[11.2.2.2 Purifying FH protein from human sera

An in-house ELISA for human FH was developed and to achieve a quantitative assay it
was necessary to obtain purified FH protein to create a standard curve. Since simple
methods were already available to purify FH protein from blood, this protocol was followed.
FH protein was isolated from 14 ml of total human serum diluted in PBS by affinity
chromatography (Ormsby et al., 2006). After elution with 0.1M glycine, the main peak and
two fractions with the highest OD2sonm Were collected and dialysed against PBS. Dialysed
fractions were concentrated using Millipore filter 2100 000 MW down to 1.2 mL. The two
fractions were pooled (2.4 mL), and a yield of 6.7 + 0.0274 mg of semi-purified FH was
obtained. The purity and identity of the semi-purified protein fractions were evaluated and
confirmed by SDS-PAGE and Coomassie staining for total protein (Figure Ill-6 A) and
Western blot, respectively (Figure 1lI-6 B). Results demonstrated a main protein band
corresponding to FH protein, but additional proteins of 50-80 kDa by Coomassie staining
(Figure 111-6 A) and other FH-immunoreactive species of approximately 46-70 kDa (Figure
[11-6 B). To further purify FH, the protein preparations achieved from the above step where
subjected to Amicon Ultra-0.5 centrifugal filtration, a technique cited
(http://www.merckmillipore.com) to allow fast ultrafiltration to eliminate small proteins of
less than 100 kDa. Although Amicon Ultra-0.5 centrifugal filtration of the semi-purified
protein sample resulted in a very concentrated protein preparation (11 + 0.0222 mg/mL),
removal of the lower molecular weight proteins and purification of FH protein to
homogeneity was not obtained (Figure IlI-6 C). The lower molecular weight proteins,
however, show poor reactivity with FH antibodies (Figure 1lI-6 D). Since it was planned to
design a sandwich ELISA to detect FH protein, relying on reactivity of the FH protein
standard against two different antibodies, it was decided that the semi-purified FH protein
preparation was appropriate for this purpose and further steps to obtain a highly purified

FH preparation were not necessary.

To establish an in-house ELISA for mouse FH, a commercial FH protein (R&D Systems)

was purchased for use to generate the mouse FH standard curve.
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Figure IlI-6. Evaluation of the purified FH protein

FH was semi-purified from human serum by affinity chromatography and eluted proteins analysed
by (A) SDS-PAGE and Coomassie blue staining and (B) Western blot for FH. The human serum
(HS) used as starting material was included as control. Affinity chromatography purified FH
preparations were further subjected to Amicon Ultra-0.5 centrifugal filtration and samples from
before and after filtration were analysed by (C) SDS-PAGE and Coomassie blue staining and (D)
Western blot for FH protein. The arrows indicate the expected size of the human FH protein (~150
kDa).
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111.2.2.3 ELISA to detect human and mouse FH proteins

A sandwich ELISA approach was developed to quantitate human or mouse FH proteins.
This method measures protein between two layers of protein-specific antibodies: capture
and detection antibody, thus providing high specificity and amplifying a signal to yield high
sensitivity. In the present study, a broadly cross-reactive anti-FH polyclonal antibody was
immobilised on a 96-well plate to increase the possibility of capturing any available FH
protein in serum samples or cell supernatants, while a monoclonal antibody was used as a
detecting molecule to increase the specificity of the assay. A schematic representation of

the sandwich ELISA design is shown in Appendix 2.

For the human FH ELISA, three different concentrations of the coating antibody (2.5, 5 and
10 pg/mL) were first tested and compared while keeping the remaining ELISA components
i.e. FH purified protein, detection antibody, conjugated antibody, at a fixed concentration.
From this comparison, 10 ug/mL was determined to be the best coating concentration in
this assay (data not shown). The same rationale was followed to determine the best
dilution for the secondary detection antibody. Three two-fold serial dilutions (1:5000, 1:10
000, 1:20 000) of the detection antibody were evaluated and 1:10 000 antibody dilution
was selected based on the maximum ODasonm values that were detected at this
concentration (data not shown). At this point, serial dilutions of the purified human FH
protein (from 400 to 10 ng/mL) were prepared for generating a standard curve and
evaluated by ELISA using the above chosen concentrations for both capture and detection
antibody. Figure 1ll-7 A shows a typical linear regression curve and a good correlation (R?
> 0.99), with an intra- and inter-assay coefficient of variation of 6.04% and 11.57%,
respectively. To further validate the specificity and reliability of the designed human FH
ELISA, the concentration of FH from three different human sera and one FBS sample was
evaluated. Around 500 ug/mL of FH protein was detected in each human serum sample,
which is consistent with the FH concentration reported in human plasma or serum (Silva et
al., 2012), while as expected human FH was not detected in FBS (Figure 1lI-7 B). Similarly,
cell culture supernatants were quantitated with detection of FH protein in cultured
supernatant, but not in FBS containing starting media, with a sensitivity of 10 ng/ml (Figure
[11-7 C). Overall, these results demonstrate that the ELISA method developed in-house is
specific and appropriate for detecting human FH protein in serum or cell supernatant, the

biological samples to be collected and analysed in subsequent experiments.
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Figure IlI-7. Validation of human FH ELISA

(A) Purified human FH protein was serially diluted from 400 to 10 ng/mL and evaluated by ELISA
to generate the standard curve. R? represents the regression coefficient as a measure of the
goodness fit of the linear curve. (B) Three human serum (HS) from healthy individuals and foetal
bovine serum (FBS) diluted 1:1000; and (C) supernatants collected from Ul and DENV- infected
HUVEC were assayed by ELISA. FBS and culture media was used as negative control. Results
represent mean + standard deviation from duplicate samples and are representative of three

independent experiments.
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To standardise the mouse FH ELISA method, a similar set of experiments were performed
to determine ideal concentrations for capture and detection antibodies. The evaluation of
two different dilutions of both antibodies showed that 2.5 and 0.5 ug/mL were the optimal
working concentrations for capture and detection antibodies, respectively (data not
shown). A characteristic linear regression curve and a good correlation (R? > 0.99) were
observed when serial dilutions of mouse FH commercial protein were assessed from 200
to 20 ng/mL (Figure 111-8 A), with an intra- and inter-assay coefficients of variation of 4.24%
and 10.98%, respectively. Mouse serum samples and cell supernatants from MEF were
again assayed using this methodology to evaluate the utility of this ELISA for quantitation
from these biological samples. Results reveal that using this ELISA technique it is possible
to detect mouse FH protein in mouse serum, with a sensitivity of 20 ng/mL (Figure 111-8 B).
FH protein was not detected from cultured supernatants from MEF suggesting that this
mouse fibroblast cell type does not produce FH (data not shown). Other mouse cell types
were not used in this study and thus further validation of detection of mouse FH in cell

culture supernatants was not pursued.
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Figure 111-8. Validation of mouse FH ELISA

(A) Commercial mouse FH protein was serially diluted from 200 to 20 ng/mL and evaluated by
ELISA to generate the standard curve. R? represents the regression coefficient as a measure of
the goodness fit of the linear curve. (B) Three mouse serum (MS) from naive mice and foetal
bovine serum (FBS) diluted 1:100 were assayed by ELISA. FBS was used as negative control.
Results represent mean + standard deviation from duplicate samples and are representative of

three independent experiments.
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[11.2.2.4 ELISA to detect human and mouse FB proteins

Although FB protein is a relatively abundant complement component in human or mouse
plasma or serum (Li et al., 2011, Silva et al., 2012) its purification process is difficult and
laborious. Additionally, polyclonal and monoclonal specific antibody pairs to use as capture
and detection antibodies in an in-house designed assay were not commercially available.
Therefore, for human and mouse FB protein detection commercial kits were purchased
that were successfully employed in accordance with the manufacturer’s instructions (see
Chapters IV and VI).

[11.2.3 Validation of identification of nuclei and DENV-infected cells by high-content
Imaging system

To quantitate the number of DENV-infected cells, a previously used and common
intracellular immunostaining procedure was combined with a novel high-content imaging
system (Operetta, PerkinElmer). HUVEC cells were fixed, permeabilised and subsequently
immunostained for DENV and nuclei identified by Hoechst staining. Brightfield and
florescent images were collected using a 20X objective with 49 fields per well captured.
The Hoechst staining is an essential control to define the cell nuclei and cytoplasm by the
Operetta Harmony Software, by creating a sequence of building blocks as described in

Appendix 1.

The first building block generated aimed to create an optimal segmentation of nuclei and
separation of single cells which is critical to determine the number of DENV-positive cells.
A brightfield image is taken, with an example of a collected image is shown in Figure 111-9
A. The Harmony software offers methods for the optimal segmentation of nuclei and
cytoplasm based on appropriate nuclei and cytoplasm staining, respectively. Using
Hoechst to stain the nucleus along with the brightfield image and the establishment of the
appropriate settings on the Operetta (0, Appendix 1) it was possible to observe an
adequate separation of nuclei that allowed estimating the number of cells per field of view
(Figure 111-9 B, C). The next building block was designed to define the bounds of the
surrounding cell cytoplasm. Due to the lack of specific cytoplasm staining reagent and
considering that FH is produced intracellularly in HUVEC cells at basal levels, along with
the need to further evaluate intracellular FH specifically in DENV-positive cells, Cy3
channel (fluorophore used for FH staining) in combination with the brightfield image was
employed to delineate the cytoplasmic region (Figure 11I-9 B, C). Having defined
computational bounds to identify both nuclei and cytoplasm, DENV negative and positive
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cells were identified by establishing a building block with a cut-off for Alexa 488 intensity
(the fluorophore used for DENV-antigen staining). Figure 111-10 A shows representative
visual results of DENV-staining of HUVEC. As expected, no florescent cells are observed
in Ul cells or in DENV-infected cells with an antibody control (Figure 111-10 A). Visual
guantitation of the number of DENV-infected cells indicates four DENV-infected out of 55
total cells, and thus 7% DENV-infected cells. Using the Operetta and Harmony software
computational definitions of a DENV-positive cell, quantitation of the percentage of
infection in 49 different fields calculated 2.92% * .0338 of the cell population was infected
(Figure 111-10 B), in broad agreement with visual estimations of 7% in the image shown

(Figure 111-10) and previous studies (Calvert et al., 2015).
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Figure IlI-9. Image analysis to identify the nucleus and cytoplasm using the Harmony
software

HUVEC cells were fixed, permeabilised and subsequently stained with Hoechst to identify the
nuclei and immunostained for FH. The Cy3 channel (fluorophore used for FH staining) was used to
identify cytoplasm. (A) Typical input bright field image showing HUVEC cells. (B) Results of the
nuclear and cytoplasmic detection with Harmony software using Find Nuclei and Cytoplasm
methods. (C) Same images taken in (B) without the bright field. Lines represent borders of the
cytoplasm regions.
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Figure 11I-10. Validation of DENV intracellular staining using the Operetta.

(A) HUVEC were isolated and left uninfected (Ul) or DENV infected. At 48hpi cells were fixed and
immunostained for DENV (green) with Alexa 488. Nuclei were stained with Hoechst (blue). Cells
were imaged with Operetta High-content Imaging System at 20x magnification. (B) Images of 49
fields of view were analysed using Harmony software and the quantitation of the percentage of
infection was calculated. Results represent mean + standard deviation of the percentage of
infection from triplicate samples and are representative of three independent infection experiments.
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[11.3 Discussion

The overall objective of this thesis is to define the induction of two opposing regulators of
the complement system, FH and FB, during DENV infection in two infection models,
human and mouse. Thus, standardisation of different assays to specifically quantitate FH

and FB mRNA and proteins in these two species was essential.

Here RT-PCR assays were defined to specifically detect FH and FB mRNA from human
and mouse samples. Results for all showed increasing Ct with increasing dilution, a single
symmetrical melt curve and a single amplified product of the correct size by gel
electrophoresis, demonstrating specificity of these assays. The FH gene can generate a
number of different MRNA transcripts (Gordon et al., 1995). The human FH RT-PCR used
primers for SCR 2, towards the 5’ end of the transcript and thus, should detect all FH and
FH-like mRNA transcripts. The H20 FH DNA clone was used in subsequent chapters as a
positive control for human FH RT-PCR (see Chapters IV and V). Laboratory DNA clones
were not available for mouse FH, or FB from either human or mouse, and thus the RT-
PCR assay was validated on RNA from MEF cells and mouse tissues (for mouse FH and
FB) and HepG2 cells (for human FB). Previous studies have shown that although several
cell lines express FH and FB, such as hepatoma, endothelial and renal cells (Perlmutter et
al., 1989, Timmerman et al., 1996, Schlaf et al., 2001), this expression is not always
constitutive (Schlaf et al., 2001). Our results support the ability of MEF and HepG2 cells
and mouse liver, kidney and heart to express FB and FH genes. The cDNA generated
from MEF or HepG2 RNA was used as a positive control in subsequent PCR experiments
for mouse (FH and FB) and human (FB) (Chapters IV, V and VI).

Additionally, methods were designed in-house or developed to detect FH and FB proteins
in human and mouse cell culture supernatants and sera. The first attempt was focused on
validating a Western blot. Although this is not a rigorous quantitative or high-throughput
technique, since smaller, immunoreactivity from FH-like proteins have been reported
(Hovis et al., 2006, Hannan et al., 2016) and additionally, cleavage of FB can occur during
regulation of the complement cascade (Milder et al., 2007) (see section 1.2.1.3), results
from this method would provide useful information on the presence of these different
molecular weight forms of FH and FB. Although, FH and FB proteins could be identified in
the sera from human and mouse, no visible bands representing either protein were
detected in any cell culture supernatants. Even though the constitutive expression of FH

protein in HUVEC has been described (Ripoche et al., 1988b), the presence of this protein
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in cell culture supernatants of HUVEC by Western blot was only demonstrated if the cells
were treated with IFN- y or IFN- vy plus dexamethasone (Dauchel et al., 1990). In addition,
FH protein could not be identified in the supernatant of cultured human hepatocytes
(Schlaf et al., 2001), while in the supernatant of rat hepatocytes FH is detectable in
precipitated cell culture supernatants upon stimulation with IFN-y for 72h (Schlaf et al.,
2001). These data are in accord with further investigations which demonstrated the
presence of FH and FB proteins only in lyophilised cell culture supernatants of human
neuroblastoma cell lines stimulated with IFN-y, TNF-a or IL-6 (Thomas et al., 2000).
Therefore, it is clear that FH and FB protein concentrations are very low in cell culture
supernatants, and unless concentration methods and stimulating agents are employed
their detection by Western blot is not possible. Subsequently, concentrations of FH and FB
in cell culture supernatants was determined to be in the nanogram range by ELISA (see
below), confirming that concentrations of these proteins in cell culture supernatants are

below the limit of detection by standard Western blot techniques.

Thus, an ELISA was established to detect FH and FB from mouse and human samples
with success. Specifically, an in-house sandwich ELISA was designed and standardised to
detect human and mouse FH proteins while two commercial systems based on the same
format (sandwich) were used to quantitate human and mouse FB proteins. One of the
advantages of the sandwich ELISA is the enhanced sensitivity. Sandwich ELISA is cited to
be 5-10 times more sensitive than Western blot and 2-5 times more sensitive than direct or
indirect ELISA methods (Crowther, 2009). Our strategy consisted in the use of a broadly
cross-reactive anti-FH polyclonal antibody as a capturing molecule while a monoclonal
antibody, raised against the full length of human FH native protein or against a highly
conserved region of mouse FH protein, was employed as the detecting molecule to
increase specificity. Further, the sandwich format removes the necessity for intensive
sample purification step before the analysis since two layers of specific antibodies are
utilised to detect the target molecule of interest. As a consequence, the ELISA design
used herein allowed the use of semi-purified human FH protein as an in-house generated
standard and obtained by a very simple and straightforward affinity chromatography
method, rather than complicated and time-consuming purification steps. Further, cell
culture supernatants and sera samples were assayed straight away without the need of
any additional concentration or purification step. All ELISAs utilised demonstrated linear

standard curves with R? values approaching 1, intra-assay co-efficient of variation less
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than 7%, inter-assay coefficient of variation of less than 12% and sensitivities and assay

cut-off values between 10-20 ng/ml.

Finally, a high throughput, in situ method to detect DENV infected cells was validated.
Standard traditional immunofluorescence techniques and flow cytometry are useful tools to
detect intracellular proteins; however, these approaches are laborious for data processing
and guantitation. The use of high-content imaging in primary screening is becoming more
widespread (Martin et al., 2014, Massey, 2015). This study exploited the Operetta high-
content/high-throughput imaging system and the Harmony software to quantitate the
number of DENV-positive cells. Using HUVEC cells as an infection model and our building
bock design to identify nuclear and cytoplasmic compartments, it was possible to efficiently
discriminate DENV-infected from Ul cells. This methodology was further employed to
analyse and quantitate FB and FH proteins production specifically in DENV-antigen
positive cells (see Chapter IV).

Overall, we have developed and validated useful, powerful and novel methods to detect,
identify and quantitate FH and FB mRNAs and proteins that will allow us to assess further
the main goal of the current thesis which is to evaluate the induction and production of FH
and FB during DENYV infection in different human and mouse infection models.
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CHAPTER IV DENGUE VIRUS INDUCES INCREASED
ACTIVITY OF THE COMPLEMENT ALTERNATIVE PATHWAY
IN INFECTED CELLS

This chapter contains the following publication:

Dengue Virus Induces Increased Activity of the Complement Alternative Pathway in
Infected Cells. Cabezas S, Bracho G, Aloia AL, Adamson PJ, Bonder CS, Smith JR,
Gordon DL, Carr JM. J Virol. 2018 Jun 29; 92(14). pii: e00633-18. doi: 10.1128/JVI1.00633-
18. Print 2018 Jul 15.PMID: 29743365.

IV.1 Introduction

Having established methods in chapter Ill to evaluate mRNA induction and protein
production of two main regulatory factors of the complement AP, FB and FH, the current
chapter aims to investigate changes in FB and FH in vitro, in the local environment of two
important primary cell types relevant to DENV infection in vivo, macrophages and EC. The
endothelium is an important site where a cascade of pathogenic events converges during
DENV infection that contributes to increased vascular permeability, a hallmark of the
DENV-disease (Dalrymple and Mackow, 2012b, Dalrymple and Mackow, 2014, Malavige
and Ogg, 2017). While there are precedents in the literature suggesting a dysregulation of
the AP in the circulation of DHF patients (Nascimento et al.,, 2009), the cellular
mechanisms underlying this increased AP activity specifically at the EC surface during
DENV infection, remains to be investigated. The opposing roles of FB and FH are
important in keeping the activity of the AP tightly controlled (Horstmann et al., 1985) and
thus we have focussed on these complement proteins. This chapter studies FB and FH
alterations at the cellular level in macrophages and EC and defines the molecular events
that may contribute to a hyper-activation of the AP locally on the endothelium, which in
turn could result in increased vascular permeability and severity of DENV disease.
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Dengue Virus Induces Increased Activity of the Complement
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ABSTRACT Severe dengue virus (DENV) infection is associated with overactivity
of the complement alternative pathway (AP) in patient studies. Here, the molec-
ular changes in components of the AP during DENV infection in vitro were inves-
tigated. mRNA for factor H (FH), a major negative regulator of the AP, was signif-
icantly increased in DENV-infected endothelial cells (EC) and macrophages, but,
in contrast, production of extracellular FH protein was not. This discord was not
seen for the AP activator factor B (FB), with DENV induction of both FBE mRNA
and protein, nor was it seen with Toll-like receptor 3 or 4 stimulation of EC and
macrophages, which induces both FH and FB mRNA and protein. Surface-bound
and intracellular FH protein was, however, induced by DENV, but only in DENV
antigen-positive cells, while in two other DENV-susceptible immortalized cell
lines (ARPE-19 and human retinal endothelial cells), FH protein was induced both
intracellularly and extracellularly by DENV infection. Regardless of the cell type,
there was an imbalance in AP components and an increase in markers of com-
plement AP activity associated with DENV-infected cells, with lower FH relative
to FB protein, an increased ability to promote AP-mediated lytic activity, and in-
creased deposition of complement component C3b on the surface of DENV-
infected cells. For EC in particular, these changes are predicted to result in
higher complement activity in the local cellular microenvironment, with the po-
tential to induce functional changes that may result in increased vascular perme-
ability, a hallmark of dengue disease.

IMPORTANCE Dengue virus (DENV) is a significant human viral pathogen with a
global medical and economic impact. DENV may cause serious and life-threat-
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engue virus (DENV) is currently considered the most important mosquito-borne
viral infection of humans worldwide, causing between 50 million and 390 million
estimated infections per year in over 100 countries (1, 2). DENV consists of four sero-
types (1-4) and belongs to the family Flavivindae, genus Flavivirus (3). Disease caused
by DENV infection ranges from asymptomatic, undifferentiated fever and classical
dengue fever to severe forms of the disease that include dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS). These clinical descriptions of dengue have
been revised as dengue with or without waming signs and severe dengue {4). One
life-threatening outcome of DENV infection is increased vascular permeability and
plasma leakage, which ultimately can lead to fatal hypovolemic shock (5-8). Although
the pathogenic mechanisms underlying the increased vascular permeability remain
unclear, a number of studies have demonstrated that DENV infection of macrophages
and endothelial cells (EC) plays a critical role in altering cellular responses that control
capillary leakage and barrier integrity (9-11). Macrophages are not only the major
target for DENV replication in vivo, but they also are important sources of cytokines,
chemokines, and vasoactive factors that converge on the endothelium to contribute
to vascular permeability (12, 13). The role of the endothelium itself has been debated,
and while many studies suggest that EC are not a major site for viral replication, the
endothelium is undoubtedly a major site for DENV-mediated pathogenesis. DENV is
reported to induce effects that alter the bamier function of the endothelium and that
increase EC cytokine and chemokine release and EC inflammatory responses (14-18).
Multiple immunomodulatory and vasoactive factors, such as tumor necrosis factor
alpha (TNF-), intedeukin-1 (IL-1), IL-6, macrophage inhibitory factor, and metallopro-
teinases, from macrophages or dendritic cells have been implicated in severe dengue
or DENV-induced vascular dysfunction (11, 19-21). Recently, the capacity of viral
nonstructural protein 1 (NS1) to directly induce vascular leakage and endothelial cell
dysfunction has also been shown (22, 23). Thus, the pathogenesis of DENV is clearly
multifactorial and overwhelmingly a function of dysregulated immune responses.
The complement system is suggested to be involved in DENV disease and particu-
larly in initiation of vascular leakage (24-27). Complement comprises three pathways,
the classical pathway, the lectin pathway, and the alternative pathway (AP), that involve
a cascade of proteolytic cleavages forming various vasoactive and immunostimulatory
proteins (28, 29). These three pathways converge on C3, which is activated by cleavage
to form C3b, with subsequent interactions that lead to the formation of a C3b
convertase complex and the terminal membrane attack complex (MAC). The MAC can
lyse pathogens and target cells, while other cleavage products of the complement
system, such as (3a and CSa, are inflammatory and vasoactive factors (29). While
the classical and lectin pathways are stimulated by pathogen recognition, the AP is
constitutively active (29, 30) and is tightly controlled to prevent unwanted tissue
damage. The AP negative regulatory protein factor H (FH) is considered the master
requlator of this pathway that ensures that the AP activity is tightly controlled (30-33).
FH can control AP activity by competing with factor B (FB) for C3b binding (30, 31, 34,
35), promoting the decay of the C3 convertase, and stimulating C3b degradation (30,
36). Additionally, FH acts as a cofactor and promotes enzymatic inactivation of C3b by
factor | (FI) to form iC3b (37, 38). These actions of FH can occur in the fluid phase but
are facilitated at cell surfaces by FH binding to polyanions and glycosaminoglycans
(39-41). C3b deposition on surfaces is nondiscriminatory and arises from constitutive
AP-driven C3 hydrolysis or "tickover” to form C3b (42). The subsequent binding of FB
to C3b forms the C3bB complex, which is cleaved by the serine protease factor D (FD)
to produce more AP (3 convertase (C3bBb), which is part of an activation loop that
further promotes the complement cascade (29). Alternatively, C3b can be deactivated
by the actions of FH, as described above. This balance between the actions of FB and
FH can thus determine if a C3b<oated surface is targeted for complement action or not
(32, 34, 35).
Owveractivity of the AP due to the low activity of FH is associated with human disease,
such as atypical hemolytic-uremic syndrome, which shares some common pathogenic
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features with dengue disease, such as intravascular hemolysis, thrombocytopenia,
damage to the endothelium, and increased vascular leakage (43, 44). We postulated
that, similarly, AP overactivity due to the low activity of FH might be involved in DENV
pathogenesis. Several reports have supported an association of overactivity of the
complement AP with DENV disease severity, with complement protein consumption,
low serum levels of FH, and high levels of FD being reported in the circulation of severe
DENV patients (8, 25-27, 45, 46).

Herein, the molecular events at the cellular level that align with AP activity are
defined and provide evidence of dysregulation of FH production locally within macro-
phages and EC, the major in vivo sites for DENV replication and pathogenesis, respec-
tively. These changes in FH in combination with elevation of other complement
components, such as FB and C3b deposition, are associated with increased comple-
ment AP activity in vitro, which we propose reflects AP activity in the cellular microen-
vironment in vivo. Our results raise the possibility of designing strategies, such as those
to promote the levels of FH protein, as therapy to prevent complement-mediated
vascular dysfunction during DENV infection.

RESULTS

DENV induces FH mRNA but not protein in primary EC and MDM. The induction
of FH, a negative regulator of the complement AP, was evaluated following DENV
infection in two cell types that represent major targets for DENV pathogenesis and
replication in vivo: EC and macrophages, respectively. Active virus replication occurred,
with increasing DENV RNA and infectious virus release taking place from 24 to 48 h
postinfection (hpi) in primary human umbilical vein EC (HUVEC) (Fig. 1A) and mono-
cyte-derived macrophages (MDM) (Fig. 1B). Quantitation of FH mRNA levels demon-
strated a significant induction in both HUVEC (Fig. 1C) and MDM (Fig. 1D) following
DENV infection. In contrast, the levels of extracellular FH protein showed no significant
change in DENV-infected supernatants from either cell type (Fig. 1E and F). Notably,
there were much lower levels of FH mRNA and protein in MDM (Fig. 1D and F) than in
HUVEC (Fig. 1C and E). The lack of detectable FH protein in cultured supernatant from
DENV-infected cells was not due to blocking of FH antibody binding sites required for
enzyme-linked immunosorbent assay (ELISA) detection of FH, for example, by a protein-
protein interaction, since supernatants collected from DENV-infected cells and treated
with either detergent (Triton X-100) or heat (56°C) prior to ELISA showed no difference
in FH quantitation (Fig. 2A and B). Analysis of FH protein by Western blotting was
attempted, but consistent with the nanogram levels of protein quantitated by ELISA, FH
protein in cultured supernatants was undetectable by this method (data not shown).

The discord between DENV induction of FH mRNA and protein is not ob-
served with FB or following TLR3 or TLR4 stimulation of MDM and EC. To assess if
DENV infection specifically prevents induction of FH protein, changes in FB, another AP
complement component, were assessed. Quantitation of FB mRNA levels demonstrated
a significant induction in both HUVEC (Fig. 3A) and MDM (Fig. 3B) following DENV
infection. Similarly, but in contrast to the results for FH, FB protein levels significantly
increased in DENV-infected supernatants from both cell types (Fig. 3C and D). FB mRNA
and protein levels were comparable between MDM and HUVEC (Fig. 3). To further
assess if the induction of FH mRNA but not protein is specific for infection, cells were
stimulated with Toll-ike receptor 3 (TLR3) and TLR4 ligands: poly(-C) and lipopolysac-
charide (LPS), respectively. Following TLR stimulation, both FH mRNA (Fig. 4A) and
protein (Fig. 4B) were significantly increased at 24 and 48 hpi in MDM. In contrast, DENV
infection again induced FH mRNA, but not protein, in the supernatant (Fig. 4A and B).
Notably, induction of FH mRNA by DENV was comparable to that by poly(1-C) or LPS, but
the increased FH mRNA in DENV-infected cells did not translate into an increase in
secreted FH protein (Fig. 4A and B). As expected and consistent with the results
presented in Fig. 3, both FB mRNA and protein increased in response to TLR stimulation
and DENV infection (Fig. 4C and D). Zika virus (ZIKV) infection induced FH mRNA to a
level much higher than that seen with DENV at 48 hpi (Fig. 4A) but still failed to increase
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FIG 1 DENV Infaction of HUVEC and MDM induces FH mMANA but not protein. HUVEC and MDM were
Isolatad and were jaft uninfectad or DENV Infectad at MOI of 1 and 3, respactively. (A, B) At 24 and 48
hpi, supematants and total celiular ANA were collectad from HUVEC (A) and MDM (B) and analyzed by
plaque assay (PA; bars) and RT-PCR (lines), with the values being normalized against those for cyciophilin.
(C, D) Cell lysates of HUVEC (C) of MDM (D) were analyzed for FH MRNA by RT-PCR, with the values being
normalizad against thase for cyclophilin. (E, F) Supernatants of HUVEC (E) of MDM (F) were analyzed by
ELISA for FH protein. Results represent the mean * standard deviation for duplicate samples and are
representative of those from three independant Infection expenments. *, P < 0.05, Student’s unpaired
I test. UL uninfected; DV, dengue virus.

FH protein (Fig. 4B). ZIKV infection also induced FB mRNA at 48 hpi (Fig. 4C) but,
interestingly, and in contrast to DENV infection, not FB protein (Fig. 4D).

Similarly, in HUVEC, poly(IC) and LPS stimulated both FH mRNA and protein, while
DENV induced FH mRNA but not protein (data not shown). ZIKV responses in HUVEC
were not reliably defined since ZIKV infection of HUVEC induced a substantial visual
cytopathic effect.

Cell surface and intracellular FH is induced in DENV antigen-positive cells. FH
also has a cell surface binding capacity (39, 40). To investigate if the lack of an increase
in extracellular FH protein is due to FH rebinding to DENV-infected cells, cell surface-
bound FH was analyzed by flow cytometry. Surface-bound endogenous FH was lower
in DENV-infected HUVEC than in uninfected HUVEC, as determined by the percentage
of FH-positive cells when analyzed as combined data from 3 independent experiments
(Fig. 5A), although this was significant in only one of three experiments when analyzed
individually. Further, as shown in the histogram plot, this finding represents a very
minor shift in the FH-positive cell population (Fig. SA). DENV infection had no signifi-
cant effect on the mean fluorescent intensity (MFI) of FH binding to cells (Fig. SA). An
increase in FH binding, however, was seen specifically in the DENV antigen-positive but
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FIG 2 Treatment with detergent or heat does not Increase FH protein detection In DENV-infected
samples. HUVEC and MDM were Isolated and wera left uninfacted or DENV infected at MOl of 1 and 3,
respectively. At 48 hpl, supematants of HUVEC (A) and MDM (B) were collected, treatad with or without
0.05% Triton X-100 or heat (56°C), and analyzed by ELISA for FH protein. Rasults represent the mean
standard deviation for duplicate sampies and afe representative of those from three indepencent
Infection expeniments.

not antigen-negative cells of the DENV-infected HUVEC population (Fig. 5B). In contrast
to HUVEC, surface-bound endogenous FH was significantly higher in DENV-infected
MDM than in uninfected MDM in terms of the percentage of FH-pasitive cells but not
in terms of the intensity and, thus, the amount of FH bound per cell (Fig. 6A). Again, in
contrast to HUVEC, this increase in FH binding was seen in both the DENV antigen-
positive and the DENV antigen-negative cells of the DENV-infected MDM population
(Fig. 6B). Together, these results confirm that the DENV induction of FH mRNA can
result in production of FH protein but that at least some of this protein rebinds back
to the infected cell or, in the case of MDM, infected and uninfected cell surfaces.

To further confirm the ability of DENV-infected cells to produce FH protein, quan-
titative immunostaining for intracellular FH and, for comparison, FB was performed.
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FIG 3 DENV nfection of HUVEC and MDM induces FB mRNA and protein. HUVEC and MDM were isolated
and were left uninfected or DENV Infected at MOI of 1 and 3, respactivaly. infection was verinad as
Oescribed in the legend to Fig. 1A and B. (A, 8) At 24 and 48 hpl, total HUVEC (A) and MDM (B) RNA was
collected and analyzed for F8 MRNA by RT-PCR and the values were normailized against those for
cyciophiin. (C, D) HUVEC (Q) and MDM (D) supernatants were collected and analyzed by ELISA for 78
protein. Resuits represent the mean + standard deviation for duplicate samples and are representative
of those from three Indepandent infection experiments. *, P < 0.05, Student's unpalred f test
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FIG 4 Stimutation with TLR ligands but not DENV or ZIXV induces FH and FB mRNA and protein. MDM
were isolated and were left uninfected, DENV or ZIKV infected, or stimulated with poly(-C) or LPS. (A, C)
At 24 and 48 hpl, supematants were collected, the cells were lysed, and total RNA was extracted and
analyzed for FH (A) and FB () MANA by RT-PCR PCR results were normalized against those for
Cyclophiin. (B, D) Supernatant was collected and analyzed by ELISA for FH (8) and FB (D) proteins. Results
represent the mean *+ standard deviation for duplicate samples at each time point and are represen-
tative of those from three Independent Infection experiments. Significance was calculated In refation to
the results for the uninfected control group. *, P < 0.05, one-way ANOVA/Tukey's test.

DENV infection of HUVEC (Fig. 7A) or MDM (Fig. 7B) resulted in only a small percentage
(3 to 15% of the total cell population) of cells staining DENV antigen positive, as
expected from previous studies (11, 18, 47, 48) and evident from the results shown in
Fig. 5 and 6. Basal staining for both the FB and FH proteins was detected in uninfected
cells. Visually, there was no major change in the overall DENV-infected cell population,
but those cells staining for DENV antigen appeared to be more strongly positive for
both FH and FB than uninfected cells (Fig. 7A and B). The staining intensity for FB and
FH was quantified using an Operetta high-content imaging system. The results showed
no increase in the overall FB and FH staining intensity in DENV-infected wells compared
to uninfected wells for either cell type (Fig. 7C and D). The FH and FB staining
intensities in individual DENV antigen-negative or -positive cells from within the same
DENV-infected well were then compared. A significant induction of both the FH and FB
proteins in DENV antigen-positive HUVEC compared to antigen-negative cells was
apparent (Fig. 7C). In contrast, induction in DENV antigen-negative cells was not
significantly different from that in cells in uninfected wells. Similarly, in DENV-infected
MDM, FB protein was induced in DENV antigen-positive cells, and although the results
were not statistically significant, a similar trend toward increased FH protein was
observed (Fig. 7D).

DENV infection can induce FH protein in some immortalized cell lines. The low
susceptibility of HUVEC (18) and MDM (47, 48) to DENV infection in vitro might account
for the observed lack of detectable induction of extracellular FH in these cells. To
analyze this, responses were evaluated in another EC transformed cell line (HPV
E6/E7-transduced human retinal endothelial cells [HREC]), which have low susceptibility
to DENV infection, and ARPE-19 retinal pigment epithelial cells, which have high
susceptibility to DENV infection (49). Consistent with the results in HUVEC and MDM,
the levels of FB and FH mRNA were significantly increased in DENV-infected HREC and
ARPE-19 cells at 48 hpi (Fig. 8A). Both FB and, in contrast to HUVEC and MDM, also FH
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FIG 5 Cell surface FH binding Is Induced In DENV antigen-positive HUVEC. HUVEC were Isolated and were left uninfected or DENV Infected
at an MO of 1. {A) HUVEC were detached with 5 mM EDTA, stained for 74 on cell surfaces and intracelluarty for DENV, and analyzed by flow
Cytometry. Gray and black plots represent FH staining on uninfacted (Ul) and DENV-nfectad cells, respectively. The parcentage of FH-positive
cells was caiculated from the gate indicatad on the histogram, and the mean florescent Intansity (MFI) of the population was determined. *,
P < 005, Student's unpaired f test. (B) Rapresentative quad piots of FH-Alexa FILor 546 versus DENV-Alexa Fluor 488 for uninfectad and
DENV-infacted populations. The percantage of FH-pasitive and -negative cells from uninfacted, DENV antigen-negative, and DENV antigen-
positive populations was calcutated using gates, as shown. Results represent the mean + standard deviation for triplicate samples, and data
from three Independent Infection experiments were combined. *, P < 005, MW’[ ANOM/Tukey‘s test.

protein were significantly elevated at 48 hpi in HREC and ARPE-19 cells (Fig. 8B).
Immunostaining and quantitative analysis for intracellular FH and FB were also per-
formed in HREC and ARPE-19 cells, as shown in Fig. 7 for primary MDM and HUVEC. As
expected, DENV infected only a small percentage of HREC but the majority of ARPE-19
cells (Fig. 9A and B). Visually, DENV antigen-positive cells appeared to be more strongly
positive for both FH and FB than uninfected cells for both cell types (Fig. 9A and B), and
this was confirmed by quantitative imaging, which showed an increase in staining
intensity when considered over the entire well or specifically in DENV antigen-positive
cells (Fig. 9C and D).

DENV infection is associated with indicators of active complement. Given that
the actions of FH as a negative regulator of the AP oppose complement components,
such as FB, that promote AP activity, the ratio of FH/FB protein was calculated. The
results demonstrated a significantly lower proportion of FH relative to FB in the
supernatant from DENV-infected cells than in that from uninfected cells (Fig. 10).
Interestingly, there was a decrease in FH/FB of greater than 90% in HUVEC (Fig. 10A) but
only approximately 50% in MDM (Fig. 108). Additionally, although FH was induced in
the supernatant of DENV-infected HREC and ARPE-19 cells, analysis of the FH/FB ratio
revealed that, consistent with the results from MDM and HUVEC, FB was induced at
higher levels relative to FH protein, resulting in a significant decrease in the FH/FB ratio
(Fig. 10C and D).

To test the ability of cultured supematant to promote the complement AP, super-
natants were incubated with normal human serum (NHS) under buffer conditions
specific for the AP, and lysis of rabbit erythrocytes was quantitated. Supematant from
DENV-infected HUVEC showed a significantly greater ability to promote AP-mediated
hemolysis than that from uninfected cells (Fig. 11A). Similar results were obtained with
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FIG 6 Ced surface FH binding Is Inducad In DENV antigen-positive MDM. MDM were Isolatad and were left uninfected or DENV Infected at an
MOI of 3. (A) MDM were detached with 5 mM EDTA, stained for FH on cell surfaces and intraceBiularly for DENV, and analyzed by flow cytometry.
Gray and black piots represant FH staining on uninfected (Ul) and DENV-infacted cedls, respectively. The percentage of FH-positive cells was
calculated from the gate Indicated on the histogram, and the mean florescent Intensity (MFY) of the population was datarmined, *, P < 0.05,
Student’s unpaired ! test. (8) Representative quad plot graphs of FH-Alexa Fluor 546 versus DENV-Alexa Fluor 488 for uninfected and

DENV-infacted poputations. The percentage of FH-positive and -nagative cells from uninfacted, DENV antigen-negative, and DENV antigen-
positive poputations was caiculstad using gates, as shown. Results represent the mean + standard deviation for triplicate samples, and data from
three Incepandent infection expariments were combined. *, P < 0.05, two-way ANOVA/Tukey's test.

supernatant from DENV-infected MDM (Fig. 11B), suggesting in both cases that DENV-
infected cells produce secreted factors that promote AP activity. Importantly, the
addition of purified exogenous FH protein to supernatants from DENV-infected HUVEC
or MDM significantly impaired the ability of these supematants to promote the activity
of the AP (Fig. 11), supporting a role for FH in controlling complement AP activity in this
assay system.

Additionally, during a viral infection and in the presence of the full spectrum of
complement proteins, C3b should be deposited onto the surface of infected cells that
can be regulated by the opposing roles of FH and FB (30-32). While FB interacts with
C3b to promote C3 convertase, FH, acting with Fl, cleaved surface-bound C3b to form
inactivated C3b (iC3b), avoiding pathogenic C3b deposition (30, 31, 50). Thus, (3b
binding to DENV-infected cells was quantitated by flow cytometry, with NHS being
used as a source of complement. The results showed a significant increase in (3b
binding to DENV-infected EC compared to uninfected cells in terms of the amount of
C3b bound and the number of C3b-positive cells seen (Fig. 12A). Consistent with the
results in HUVEC, C3b showed a similarly increased binding to DENV-infected MDM
(Fig. 12B).
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DISCUSSION

The complement system is a vital part of the body’s response to pathogens and is
an important player in host defenses against DENV (51-53). In contrast, overactivity of
complement, in particular, the AP, is associated with increased DENV disease severity (8,
26, 45); thus, fine control of specific aspects of the complement pathways is needed to
trigger a protective but nondetrimental immune response. It is well-known that FH is
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FIG 7 FH and F8 are Increased spacincally In DENV antigen-pasitive HUVEC and MDM. (A, 8) HUVEC (A) and MDM (B) were Isolated and were left uninfected
(Ul) or DENV Infected. At 48 hpl, cells were fixed and immunostained for DENV (green), FH (orange), and F8 (red). Nuce! were stained with Hoechst (biue). Cells
were imaged with an Operetta high-content Imaging system at a x 20 magnification. (C, D) Images of 49 Nedds of view were analyzed, and the Intensity means
were cakulated using Harmony software. The intensity means for FH and FB were compared In uninfected (gray bars) versus DENV-Infectad (black bars) wels
and In DENV-negative cells (gray bars with 3 hatching pattern) versus DENV-positive cells (biack bars with 3 hatching pattern) within a well HUVEC (C) and MDM
(D) were analyzed. Results represent the mean = standard deviation for triplicate sampies and are represantative of those from three independent infection
experiments *, P < 0.05, one-way ANOVA/Tukey's test.

one of the main negative regulators of AP activity (30, 33, 37). Additionally, macro-
phages and EC are recognized as major targets for DENV replication and pathogenesis
in vivo, and both these cell types may contribute to FH production, antiviral immune
responses, and induction of vascular permeability, a hallmark of DENV disease (11-13,
54). Thus, this work focused on defining the DENV-induced changes in FH in macro-
phages and EC and linking these with changes in other complement components, FB
and C3b, to understand the cellular and molecular responses that contribute to the
complement AP overactivity reportedly associated with DENV disease.

First, the results showed that DENV infection of HUVEC and MDM effectively induces
both FB and FH mRNA. Surprisingly, however, this translates to a significant increase
only in FB protein, while the levels of secreted FH protein remain unchanged from
those in uninfected cells for both cell types. Induction of FB mRNA has previously been
reported in DENV-infected HUVEC, although with a higher 34-fold induction of mRNA
(16). Results presented here confirm induction of FBE mRNA and extend this to dem-
onstrate an increase in FB protein. This report is the first to describe the DENV induction
of FH mRNA and additionally presents several lines of evidence suggesting that the
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FIG 8 DENV Infection of HREC and ARPE-19 cells Induces FH and FB mRNA and proteln. HREC and ARPE-19 »
cells were Isolated and were left uninfected (Ul) or DENV Infected at an MOI of 1. (A) At 24 and 48 hpl, ;
supematants and total cellutar RNA were collectad and analyzed for FH and FB mMRNA by RT-PCR, and the >
results were normalized against those for cyclophilin. (B) Supernatants were analyzed by ELISA for FH and =
FB proteins. Results represent the mean + standard deviation for duplicate samples and are representative >

of those from three Indepandent infection experiments. *, P <¢ 0.05, Student's unpaired [ test.

resultant production and/or release of FH protein from the infected cell is compro-
mised. This inability to detect an increase in secreted FH from DENV-infected cells is not
due to FH being complexed in the supernatant to other proteins, as validated by
detergent (Triton X-100) or heat (56°C) treatment of samples prior to ELISA. Addition-
ally, since FH also exerts its regulatory function on the cell surface via binding to cell
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FIG 9 DENV Infection of HREC and ARPE-19 cells induces intracelular FH and FB proteins. (A, B) HREC (A) and ARPE-19 cells (B) were Isolated and were left
uninfected (Ul) or DENV infectad. At 48 hpl, cells were Nixed and Immunostained for DENV (green), FH (orange), and FB (red). Nuclel were stained with Hoechst
(blue). Celis were Imaged with an Operetta high-content Imaging system at a x 20 magnincation. (C and D) Images of 49 felds of view were analyzed, and the
Intensity means were calculated using Harmony software. The Intensty means of FH and F8 were compared in uninfected (gray bars) versus DENV-Infected
(Diack bars) weills and In DENV-nagative cells (gray bars with 2 hatching pattern) versus DENV-positive cells (Diack bars with 2 hatching pattern) within a well.
HUVEC (O and MDM (D) were analyzed. Results represent the mean = standard deviation for triplicate samples and are representative of those from three
Independent Infection experiments *, P <- 0.05, one-way ANOVA/Tukey's test.

surface glycosaminoglycans (39-41), DENV could influence the rebinding of FH to
infected cells to reduce apparent levels in the supernatant. Indeed, the results showed
increased levels of endogenous FH binding at the surface of DENV antigen-positive
cells within a DENV-infected population of either HUEVC or MDM. In the DENV-infected
population, endogenous surface-bound FH was also increased in the DENV antigen-
negative population of DENV-infected MDM but not HUVEC, suggesting cell type
differences in the ability of FH to bind and protect the surfaces of uninfected bystander
cells. Additionally, the lack of an increase in FH in supernatants from DENV-infected
MDM and EC was not due to an inability per se of our cell system to induce both FH
mRNA and secreted protein, with both being induced following stimulation of HUVEC
or MDM with TLR3 or 4 agonists. This is consistent with the findings of other studies
demonstrating an upregulation of FB mRNA and protein by LPS and poly(l-C) in
macrophages (55, 56), increased production of FH protein in U937 cells upon LPS
stimulation (57), and emerging evidence indicating extensive cross talk between com-
plement and TLR signaling (58). Since DENV stimulates TLR3 (59) and TLR4 (22, 23) and
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FIG 10 DENV Induces lower levels of FH than FB. HUVEC (A), MDM (B), HREC (C), and (D) ARPE-15 cells were Isolated and were
left uninfected (UN) or DENV Infected. At 48 hpl, supernatants were analyzed by ELISA for FH and FB proteins, and the ratio
between the two was cakulated. A lower ratio Implles lower levets of FH than FB. Results represent the mean + standard
deviation for qupiicate samples and are representative of those from three independent Infection experniments. *, P < 0.05,
Student's unpalred ¢ test.

given that the DENV-induced FH mRNA levels are comparable to or greater than those
induced by TLR3/4, our results imply that the induction of FH mRNA but not FH protein
in the supematant of DENV-infected cells is due to a virus-induced defect in the ability
to produce more FH protein extracellularly in these primary cell types. This discordance
between FH mRNA and extracellular levels of FH was also observed following infection
with the related flavivirus ZIKV. Additionally, DENV induced both FH mRNA and
secreted protein in the cell lines ARPE-19 and HREC.

To investigate FH protein production further, intracellular FH was quantitated.
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FIG 11 DENV Infection releases factors that promote compiement AP activity. HUVEC (A) and MDM (B) were isolated and were
left uninfected (L) or DENV infacted. At 48 hpl, supemnatants were colected, mixed with different concentrations of normal
human serum (NHS) and/or purified FH protein, and analyzed for the ability to promote AP activity by quantitation of
hamolysis of rabbit erythrocytes under buffer conditions specific for the AP. Results represent the mean + standard deviation
for duplicate sampies and are representative of those from three independent infection expenments. *, P < 0.05 for the
comparison between uninfectad and DENV cell supematant by one-way ANOVA/Tukey's test; £, P < 0.05 for the comparison
between DENV and DENV ced supernatant supplemented with purifed FH Dy one-way ANOVA/Tukey's test.
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FIG 12 DENV Infection results in increased cefiular C3b daposition. HUVEC (A) and MDM (B) were solated and were left uninfected (Ul) or DENV
Infected at MOI of 1 and 3, respactively. At 48 hpi, cells were Incubated with NHS for 30 min, Getached with 5 mM EDTA, stained for CG3b
geposition, and analyzed by flow cytometry. Gray and black plots represent C3b staining on uninfected and DENV-Infectad cells, respectively. The
percentage of C3D-positive cells was calculated from the gate Indicated on the histogram, and the mean florescant Intensky (MFI) of the
population was determinad. Results represent the mean + standard deviation for duplicate sampies and are representative of those from three
Independent Infection experiments. *, P < (.05, Student’s unpaired ! test.

Although no significant change in intracellular FH protein was detected in MDM, a small
but significant increase in intracellular FH protein was detected in DENV-infected
HUVEC and a substantial increase in FH was observed following DENV infection of
ARPE-19 cells and HREC. For the latter, as with MDM and HUVEC, this was even in the
face of a low level of DENV-infected cells in culture. This stronger induction of
intracellular levels of FH in HREC than HUVEC correlates with the ability to detect
extracellular changes in FH protein levels in HREC. This suggests that DENV infection of
only a small number of cells does not of itself preclude detection of increased secreted
FH, but the level of intracellular FH protein induction may be restricted in primary MDM
and HUVEC compared to that in the cell lines ARPE-19 and HREC. Overall, although
significant levels of FH mRNA are induced following DENV infection, there is a poor
subsequent increase in FH protein extracellularly. This may, at least in part, be ac-
counted for by increased cell surface binding of FH, as described above, although DENV
infection could also influence the production of extracellular FH by blocking intracel-
lular FH translation, inhibiting protein secretion, or inducing FH degradation either
inside or outside the cell, and these possible mechanisms remain to be investigated.

One of the primary consequences of poor induction of FH following DENV infection
is a reduction in the extracellular negative regulatory capacity for the AP. This is of
particular importance in the face of increases in other complement AP components, as
described previously for FD (45) and shown here for FB and C3b. The latter finding of
increased binding of C3b during DENV infection has also been described previously
(60), and the increased C3b binding observed in our study may be related to activation
of the AP but could also result from the activity of the dassical and lectin pathways.
Additionally, the results of our study show for the first time a consistent imbalance in
components of the complement AP, with higher relative levels of FB than FH being
found in DENV-infected cells from all cell types examined. Notably, this imbalance still
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occurs even when extracellular FH protein is significantly induced in the HREC and
ARPE-19 cell lines. FB activates the AP by binding C3b to form the AP C3 convertase
(C3bBb), which stimulates complement consumption and the production of the ana-
phylatoxins C3a and C5a (28, 30). Likewise, FH may be recruited to infected cell surfaces
to regulate C3b depasition and negatively influence the formation of C3 convertase.
Additionally, there may be other cell surface complement regulators, such as conserved
repeat 1, monocyte chemoattractant protein (CD46), and decay-accelerating factor
(CD5S) (50), that may be modulated during DENV infection, and these remain to be
investigated. The failure to induce local secretion of FH protein, alongside the increased
production of FB, elevated C3b binding to DENV-infected cells, and a greater ability of
supernatant from DENV-infected cells to promote AP activity, suggests increased
complement AP activity in the local microenvironment of DENV-infected cells. This is
consistent with previous reports linking high levels of complement consumption and
the hyperactivity of the AP to the severity of DENV-associated vascular leakage (8, 16,
25-27, 45). Recently, it has been shown that the AP ability to lyse rabbit erythrocytes
is dependent on the levels of FB and FH, among other factors (61). While the imbalance
in the ratio of FH/FB in DENV-infected cells may not be directly or solely responsible for
this increased AP activity, our observations of FH and FB changes in ZIKV-infected cells
suggest that this ratio may be related to pathogenesis. Similar to DENV infection, ZIKV
infection induces FH mRNA but not an increase in FH protein, and in contrast to DENV,
ZIKV additionally fails to induce FB protein. Thus, for ZIKV-infected cells, the relative
levels of FB and FH are unchanged and C3b deposition and complement activity would
be predicted to also be unaffected. In terms of clinical disease, DENV is well described
to induce effects on the vascular endothelium, but this is not a characteristic of ZIKV
disease. Thus, we propose that the dysregulation and imbalance in the complement AP
components FB and FH that we have described here are likely of significance to the
pathogenesis of DENV-induced vascular leakage.

It is well described that microorganisms can hijack the complement system by
binding to regulatory proteins, such as FH, and utilize their negative regulatory function
to downregulate complement AP activity and evade complement function (62-65).
West Nile virus NS1 binds to FH, although DENV NS1 does not (64). DENV NS1 does,
however, bind C1s and C4 to restrict and evade classical/lectin pathway activation (60)
and binds to vitronectin to prevent C9 polymerization and MAC formation (66). Our
findings here are in contrast to these previously reported pathogen evasion strategies,
with induction of FB but not effective extracellular FH protein production and
increased C3b binding to cells providing a mechanism supporting overactivity of
complement rather than the DENV-FH interaction providing a complement-
pathogen evasion strategy.

As modeled in Fig. 13, in a nomal situation, where FB and FH are produced in a
balanced ratio, deposition of C3b on cells is tightly controlled by opposing roles of
complement AP regulators, leading to controlled production of inactivated C3b (iC3b)
and C3 convertase (Fig. 13A). DENV infection of EC and MDM induces FH and FB mRNA
and protein inside DENV-infected cells but fails to produce significant amounts of
extracellular secreted FH protein in the fluid phase (Fig. 13B). FH can bind back to the
surface of both DENV antigen-positive and antigen-negative cells in MDM but mainly
DENV antigen-positive cells for HUVEC (Fig. 13B). In DENV-infected cells, this study has
defined a reduced FH/FB in the extracellular space, increased AP activity released from
cells, and increased C3b binding to cell surfaces (Fig. 13C). The increased ability of
secreted components from DENV-infected EC or MDM to activate the AP is reversed by
addition of exogenous FH and thus may relate to our described changes in FB and FH
or as yet undescribed factors produced from DENV-infected cells that can promote AP
activity (Fig. 13C). These overall changes are predicted to result in increased production
of C3 convertase (C3bBb) and reduced C3b decay or conversion to iC3b, leading to
increased complement activity. For the endothelium, this excessive fluid phase and cell
surface complement activity has the potential to affect EC function and promote
vascular permeability (Fig. 13C).
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FIG 13 Summary and proposed complement AP Interactions during DENV Infection. (A) Normaly, F8 and
FH are produced In 2 batanced ratio and the cleavage of C3, the deposition of C3b, and the formation
of either ¥3b or (3 convertase on cells are tightly controlied by opposing rodes of FB and FH In
conjunction with other regulators, such as FD and FL (B) DENV Infection of macrophages (Meé) and EC
) Ingduces FB and FH MANA but intraceliular protein only in DENV-antigen positive cells, (Il) induces /8
protein but littie Increase In extracefiular FH protein production, and (W) Increases FH binding to cell
surfaces of both uninfected DENV antigen-negative and DENV antigen-positive MDM but ondy In DENV
antigen-positive HUVEC. (O In the local environment of DENV-infected cedls, this study shows that there
Is {1} a reduced amount of FH protein relative to FB, {Il} an Increased ability of soluble factors to promote
the activity of the AP, and (Il Increased binding of C3b at the cell surface. (V) In the context of the
endothellum, this is predictad to promote vascutar permeability.
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In conclusion, our study has defined changes in regulators of the complement AP
using primary cells relevant to the pathology of DENV infection and disease and the
cellular mechanisms by which this pathogenic overactivity of the complement AP may
be mediated. It has been hypothesized that during DENV infection, the endothelium
coordinates a multitude of signals and factors released by immune cells, like macro-
phages, which ultimately act on the endothelium to contribute to vascular permeability
and hemorrhage (6, 11, 67). This study proposes an additional layer of contributing
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signals that affect the EC barrier function during DENV infection: the AP activity in the
cellular microenvironment of both macrophages and EC, with DENV induction of FB
and deposition of C3b but limited induction of FH, particularly at the protein level at
the surface of an infected cell. These results stimulate interest in complement AP
regulators, for example, the development of agents to promote FH protein production
from MDM and EC, as therapeutics to alleviate complement hyperactivity and poten-
tially reduce DENV-induced vascular permeability and severe forms of DENV disease.

MATERIALS AND METHODS

Cell Hnes and cell cufture. HUVEC were Isolated from human umbilical cords collected with approval
from the Central Northem Adelalde Heaith Service Ethics Committee. in brief, HUVEC were Isolated by
collagenase digestion and cultured on 02% (w/vol) gelatin (Sigmaj)-coated fasks In M199 medium
(HyClone) supplemented with 20% (volvol) fetal bovine serum (FBS), 1% penkcilin-streptomycin, and 1%
glutamine (all from Gibco) plus 03% endothellal cedl growth supplement (BD Blosclence). HUVEC were
utilized In Infection studies at passages 1 to 4. Human MDM were Isolated from healthy biood donors at
the Australian Red Cross Blood Service and collected under ethics approval from the Southern Adelaide
Clinical Human Research Ethics Committee (SACHREC). Monocytes were isolated by adherence and
Ccufturad for 4 to 5 days In Dulbecco modiNed Eagie medium (DMEM) supplemented with 10% (vol/vol)
FBS, 10% (volvol) human heat-inactivated serum, 1% penicilin-streptomycin, and 1% glutamine to
differantiate nto MDM, as previously described and validated by CD14 and Wright-Glemsa stalning (48).
Human serum was collected from healthy donors In accordance with SALHN/HREC ethics approval and
was Oatermined to be DENV antibody negative by a dlagnostic rapid Immunochromatographic IgG and
IgM assay. Generation and characterization of the HREC line has been described previously (68). The
HREC Bne was cultured In MCDB-131 medium (Sigma-Aldrich) with 5% F8S and endothellal growth
factors (EGM-2 SingleQuots supplement, omitting F8S, hyarocortisone, and gentamicin; Clonetics-Lonza,
Walkersville, MD). The ARPE-19 cell line (Amerkan Type Culture Collection, Manassas, VA) was cultured
In DMEM-F-12 medium supplemented with 5% FBS. All cells were grown in 3 humidined Incubator with
5% CO, In air and at 37°C.

DENV production and Infection. Mon601, 3 laboratory clone of the DENV serotype 2 New Gulnea
C strain, was usad for infections {69) and Is here referred to as DENV. Virus stocks were produced from
In vitro-transcribed RNA that was transfected into baby hamster kidney clone 21 (BHK-21) cells and
amplined In Aedes aibopictus C6/36 celis. Cell culture supernatants containing virus were harvestad,
clanfied, Mitered, and stored at —80°C until use. The titer of Infectious virus was determined by piaque
assay using African green monkey kidney (Vero) cells and quantitated as the number of PFU per milliiter.
HUVEC, ARPE-19 cedis, and HREC were either left uninfected or Infected with DENV at a multiplicity of
Infection (MOI) of 1. MDM were Infected at an MO! of 3 as previously described (11). After 90 min of
Infection, the Inoculum was removed, the cells were washed with phosphate-buffered saline (P8S; pH
7.4), and fresh medium was added. Supernatants and cells were harvested after 24 and 48 hpl and stored
at —80°C untdl analysis. ZIKV Infections utliized the cosmopolitan ZIKV straln PRVABCSS, which was
amplifed In C6/36 calls; stocks were collected, titers were determined, and cells were Infected as
oescribed above for DENV.

RNA extraction and real-time qRT-PCR. Total RNA was extractad from cells using the TRIzol reagent
(Ambion Life Technologles) according to the manufacturer's Instructions. The extracted RNA was DNase
traated (Zymo Research) and quantitated by spectrophotometry (NanoDrop Elite; Thermo Scientific). RNA
(05 pg) was reverse transcribad using Moloney murine leukemia virus reverse transcriptase (NEB) and
random hexamers (NEB).. The cDNA tempiate was subjected to real-time quantitative reverse
transcription-PCR (QRT-PCR) using ITaq SYBER green (8lo-Rad) in a Rotor-Gene 600 real-time PCR cyder
(Corbett Research) and primers for DENV and cyclophilin as previously described (18). The
mmmmxam«mwmemap&mmmmmomwmaumusnou
prior studies (18, 48) and, simiiarty, in the study described hereln, where for the same Input amount of
RNA, threshold cycle (Cr) values for cyclophiin were comparable. For FH PCR, primers were gasignad to
anneal with short consensus repeat 2 (SCR2): forward (1) primer, 5'AGGCCCTGTGGACATCS'; reverse (r)
primer, 5'AACTTCACATATAGGAATATCZ'. FB PCR primers were as previously reported (70): 1 primer,
§' ACTGAGCCAAGCAGACAAGCY'; 1 primer, 5'AGAAGCCAGAAGGACACACGI'. Both FH and FB PCRs were
performed under the following conditions: 1 cycie of 95°C for 5 min; 40 cycles of 95°C for 15 5, 59°C for
205, and 72°C for 20 5; and 1 cycle of 72°C for 5 min. All PCR mixtures included high- and low-copy-
number comparative controis. The resuits were normallzed against those for cyciophilin, and the relative
RNA level was determined by the AC, method (71).

Flow cytometry. For FH and DENV staining, HUVEC or MDM were cultured In 2 6-well piate and
Infected as described above. After 48 h, cells were washed twice with PES and detached by scraping in
PES with 5 mM EDTA. Cells were washed again with PES and blocked with 1% (wi/vol) bovine serum
albumin (BSA) for 30 min at room temperature. Celis were rinsed once with PES and Incubated with a
goat anti-human FH (1:25; Caiblochem) for 1 h at room temperature. After three washes with PBS-1%
(wt/vol) BSA, cells were Incubated for 1 h at room temperature with Alexa Fluor 546-labeled anti-goat
Immunogiobulin (1:200; invitrogen). Subsequently, cells were fixad with 2% (wt/vol) paraformalkiehyde
(Sigma) for 10 min at room temperature. After three washes with PES-1% (wtAvol) BSA, cells were
permeablized with 0.05% (wt/vol) octylphenoxy poly(ethylenacxy) ethanol (igepal CA-630; Sigma) in Pas
for 20 min. Cells were washed again with P8S and blocked with 1% (wt/vol) BSA for 30 min at room
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temperature. Celis were rinsed once with PBS and Incubated overnight at 4°C with a mouse anti-DENV
(1:10}, D1-4G2-4-15 (ATCC HB-112TM). After thrae washes with PES-1% (wt/vo) BSA, cells were incubated
for 1 h at room temperature with Alexa Fiuor 438-tabeled donkay anti-mouse Immunogiobuin (1:200;
Invitrogen). Following 3 Ainal set of PES-BSA washes, cells were analyzed by flow cytometry. Flow
Cytometry was performad with a CytoFlex S flow cytometer (Beckman Coulter Inc) and analyzed by
CytExpert (version 2.0.0.153) software (Beckman Coulter Inc).

For detection of C3b deposition, HUVEC or MDM wee cultured and infected as described above. At
48 hpi, the cuture medium was removed and cefis were Incubated In M199 madium (HyClone)
containing 10% NHS (as the complement source) for 30 min at 37°C In a 5% CO, ncubator. Cells were
also Incubated with the comresponding medium containing 10% heat-Inactiated serum as a negative
control. Cells were washed and detached with PES-5 mM EDTA. C3b deposition was datactad with 2
mouse ant-human C3b (1:25; BloLegend) and Alexa Fuor 488-labeled donkey anti-mouse immunogiob-
ulin (1:200; Invitrogen). Cells were fixad and analyzed by fow cytometry as described above.

Treatment of TLR ligands. HUVEC or MDM celis were trasted with 10 wg/mi poly(iQ) (TLR3) or 1
wg/mi LPS (TLR4) for 24 and 48 h. DENV Infection was carmad out In paraiiel and as described above.
Supamatants and cells were harvestad after 24 and 48 hpi and stored at —80°C until analysis. TLR ligands
were purchased from Sigma.

Human complement FH purification. FH was purifed from human serum by one-step amnity

using CNBr-activated Sepharose 4B coupled to 2 sheep anti-human FH

unmaymm(m Briefly, total human serum was diluted 1:2 in PES and ioaded onto the column, and
the flowthrough was resoaded at least four times. After washing with PBS, FH was eluted with 0.1 M
glycine (pH 2.3) and Immediately neutrallzed with 1 M Tris-HQ (pH 8.5). Eluted fractions were analyzed
by SDS-PAGE under reducing and nonreducing conditions and Westem biotting using the primary goat
anti-human FH PAD (1:2,000; Calblochem) and the sacondary anti-goat IgG coupled to horseradish
peroxidase (1:30,000; Calblochem). Bound complexes were detected by chemiluminescance (Clanity
Westem ECL substrate; Bio-Rad) and visuallzed with 3 LAS4000 Imaging system (Fujl imaging Systems).
FH-containing fractions were pooled and concentrated using an Amicon URra 0.5-mi centrifugal fiter
(100-molacular-weight cutoff; MIlpore), and the purity of FH was reassassed by Westem biotting as
described above.

Quantitation of FH and FB by ELISA. 74 or ¥ proteins were quantitated In call culture supematant
by ELISA. For FH detection, 56-well miTotiter plates (Gredner) were coated with goat anti-human FH
(Caiblochem) at 10 sg/mi dilted In carbonate-bicarbonate buffer, pH 9.6, and Incubatad overnight at
4°C. Plates were DIOCKEd WIth 2% (wtvol) BSA (Sigma) diuted In PES (pH 7.4) for 1 h at 37°C. Purined FH
pmmamnmm.wwbmtammmamwm
samples were diluted in PBS containing 1% (wi/vol) BSA (PBS-85A) and incubated on the plates for 2 h
at 37°C. The plates were washed five times with PBS containing 0.05% (volvol) Tween 20 (PBS-T) and
Incubated with 3 mouse anti-human FH monodional antibody (Abcam) diluted 1:10,000 In PES-BSA for
1 h at 37°C. The piates were washed again and Incubated with an ant-mouse IgG coupled to horsaradish
peroxidase (Promega) and diiuted 1:10,000 In PBS-8SA for 1 h at 37°C. The plates were washed seven
times and devesoped with tetramethyibenzidine peraxiiase substrate (KPL), the reactions were stopped
WIth 1 M sulfuric acks, and the absorbance at 450 nm was quantitated in 3 microplate reader (Backman
Coulter). A standard curve with purified FH was estabiished using a linear regression curve (82 = 0.99)
with eight standard concentrations. The range of detection was from 20 to 1,000 ng/mi To disrupt
possible Interactions betwaen FH and viral protein(s), supernatants were treated with 0.05% Triton X-100
(Sigma) for 30 min at room temperature of Incubatad for 30 min at 56°C and then evaluated by the FH
ELISA as described above.

The levels of FB In the cell culture supematants were measured using a human FB ELISA kit (Abcam)
In accordance with the manufacturer's Instructions.

AP In vitro activity assay. Wnole blood was coiacted under 3saptic conditions from a heaithy rabbit
In accordance with Flinders University Animal Welfare Committee approvals for coBiection of scavenge
matertal. Biood was collectad Into a conical fiask containing glass beads and gently swirled untsl a clot
formed. The Gefibrinated biood was dacanted and washed three to four times In AP buffer (Veronal-
buffered saline contalning 0.01 M EGTA and 0.1% gelatin, pH 7.5) untll the supernatant was ciear. The
cells In the cefi-containing supamatant were enumerated, and S x 107 cells/mi of rabbit enythrocytes
were resuspenced n AP buffer and usad as 3 master stock for the

For the assay, NHS was Incubiated with AP buffer for 15 min o Ice 10 Inactivate the ciassical and lectin
complement pathways. Uninfected and DENV-infected cell supamatants were mixed with treated NHS
{to support the AP activity) at from 5 to 203 NHS. To evaluate the possibie effect of FH, DENV-infacted
cell supematant was suppiemented with exogenous purified FH protein at 500 wg/mi and serally diluted
with differant concentrations of NHS as described above. Fifty microliters of each NHS-supematant mix
was aaded In duplicate to 2 fiat-bottom 96-well plate (Costar), and 50 of the rabbit erythrocyte master
stock was overiaki onto the wells. The plate was Incubated for 30 min at 37°C with Intermittent agitation.
Three controls were Included In the assay: NHS sarialy diluted In AP buffer, a 100% hemodysis control
consisting of erythrocytes mixed with water 1:1, and an erythrocyte cell biank consisting of enythrocytes
mixed with AP buffer 1:1. After incubation, 150 ! Ice-coid sallne {0.15 M NaCl) was added 10 ail wells
except the 100% tysis wells, the plate was centrifuged, and 150 i Of the supernatant was transferrad to
amm.mwmuwmmmmeawsnmmamm
{Beckman Coulter), and parcent hemolysls was caiculatad by the following equation: percent lysis —
[{OD g fOF the sampie — OD yy; fOr the bIaNKVIOD q Or total lysis — 0D, for the bianki] x 100, where
0D, s the optical denstty at 405 nm.
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Immunostaining and high-throughput image analysts. HUVEC, MDM, ARPE-19 celis, or HREC (1 x
10 were piated In 3 96-well piate (Cell Carrier URtra; PerkinElmen) and allowed to attach for 24 h. Calls
were DENV infectad as describad above, and at 48 hpl celis were fixed With 2% (wt/voi) paraformaide-
hyde (Sigma) for 10 min at room temperature. After three washes with PBS, cells were permeabllized with
0.05% (vouvol) Igapal CA-630 (SIgma) In PBS for 20 min. Cells were washad again with PBS and blocked
WIth 1% (wtvol) BSA and 2% (vol/vol) normai goat serum diiutad in Hanks' balanced sait solution (GIbco)
for 30 min at room temperature. The cells were rinsed onca with P3S and incubated ovemnight at 4°C with
a mouse anti-DENV (1:10), D1-4G2-4-15 (ATCC HB-112); a goat ant-human FH (1:25; Calbiochem); and a
rabbit anti-human FB (1:25; Santa Cruz). Afer three washes with PES, the cells were Incubatad for 1 h at
r0Om temperature With the COMesponding sacondary antibodies: Akxa Fluor 483-labeded
anti-mouse Immunogiobulin (1:75; Invitrogen), donkey antk-sheep ImmunogiobulinCy3 {1:75; Invitro-
gen), and Alexa Fluor 647-labeled goat anti-rabbit Immunoglobulin (1:75; invRrogen). Nuclel were
stained with Hoechst 33342 (5 pg/mi). Following a inal set of PAS washes, Cells were imaged with an
Operetta high-content imaging system with Harmony software (PernEimer) at a x20 magnincation.
Forty-nine different images, rapresanting 3| 10,000 cells, were taken for each well. Nuclel
and the Cytoplasm were discriminated using the Hoechst and Cy3 channels, respactively. The mean Alexa
Fluor 488, Cy3, and Alexa Fuor 647 Intensity in the cedl cytopiasm of each Individual cell was calcutated.
Using visual obsarvation and Intensty histograms, an Alexa Fluor 488 Intensity threshold was set to
dafine DENV-Infectad cells. Imaging was performed 3t the Finders University Cedl Screen South Australla
(CeSSA) faciitty.

Statistical analysis. Results were expressed as the mean + standard deviation (SD), and statistical
analyses were performed using 2 two-talled unpaired Student ¢ test or one-way or two-way analysis of
variance (ANOVA) In GraphPad Prism (version 7) software (GraphPad Software, La Joila, CA, USA)

Differences were consioared statistically signifcant Iif P was <0.05.
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V.2 Discussion

A key finding and published above is that DENV induces high levels of FH mRNA but not
protein. Furthermore, the results show that some FH protein is still produced by DENV-
infected cells but this preferentially re-binds back to the cell surface of DENV-positive EC.
This enhanced extracellular binding of FH could explain the lack of induction of secreted
cell-free FH upon DENV-stimulation but additionally, DENV could actively block FH
translation, inhibiting FH protein secretion or promote FH degradation, or even a
combination of these events. This is an area of potential further investigation, for instance
through experiments involving quantitation of FH production from DENV-infected cells
treated with agents to block proteasomal degradation, such as MG132. Additionally, to
investigate this, potential future experiments could study the interaction between viral
proteins and FH mRNA using live cell imaging techniques combined with RNA-binding
mediated fluorescence resonance energy transfer or trimolecular fluorescent
complementation (Shyu and Hu, 2008, Lorenz, 2009), approaches that have been used for
the study of interactions between RNA and viral proteins from HIV and influenza virus
(Vercruysse et al., 2011, Yin et al., 2013). Interestingly, during these PhD studies other cell
lines, such as MEF and Huh7 liver cells, were observed to also have a discord between
the expression of FH mRNA without corresponding protein production. Thus, there may be
specific cellular control points that determine if FH mRNA is translated into protein, and it
may be that DENV infection acts via these existing regulatory mechanisms resulting in
MRNA induction without FH protein expression. Future studies are still needed to
determine the mechanisms by which FH protein production is apparently prevented in
DENV-infected cells.

The experiments published here have also begun to investigate different components of
the AP in MDM and EC and links have been made to potential pathogenic effects on the
endothelium. Future experiments involving measurement of C3b deposition, actions of
anaphylotoxins C3a and C5a and AP activity levels could be performed on DENV-infected
EC cultured with supernatants from DENV-infected macrophages, to assess the direct
influence of complement factors coming from infected macrophages on the endothelium.
Such studies could be performed using in vitro EC permeability models, as used

previously in our laboratory (Carr et al., 2003, Calvert et al., 2015).
Overall this study has provided new evidence of the interplay between complement AP
regulatory components (FH and FB) and DENV infection in in vitro scenarios; however, the
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factors that regulate the expression and induction of FB and FH in the context of DENV
infection remain to be investigated. Thus, the next chapter aims to decipher putative
transcription factors responsible for mediating FB and FH transcriptional regulation and to
investigate the role of IFN-, a cytokine with a central anti-viral role against DENV infection
(Dalrymple and Mackow, 2012b, Dalrymple and Mackow, 2012a, Calvert et al., 2015), in
the induction of both FB and FH mRNA and proteins in DENV infection models.
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CHAPTER YV THE ROLE OF INTERFERON IN DRIVING
CHANGES IN FH AND FB EXPRESSION DURING DENV
INFECTION

V.1 Introduction

While the studies described in chapter IV have demonstrated the potential for interesting
changes in FH at the protein level, results also demonstrate induction and changes in
MRNA levels for FB and FH during DENV infection. It was hypothesised that these
changes are induced at the transcriptional level by biological stimuli and transcription
factors (TF) such us IFN, TNF-a and their respective STAT and NFkf3 TF may control this
induction. While the biological functions of FB and FH are well characterised, less is
known about the expression and regulation of these factors and there is no data on
regulation during DENV infection. There are only a few studies that have sought to identify
the transcriptional regulatory regions of either FB or FH in order to predict the basal and
expected gene expression characteristics in hepatic and non-hepatic cell lines (Wu et al.,
1987, Munoz-Canoves et al., 1990, Ward et al., 1997, Kain et al., 1998, Kindermann et al.,
2005). There are precedents in the literature demonstrating that FB and FH, along with
other complement proteins, are ‘acute phase reactants’ (Markiewski and Lambris, 2007,
Pionnier et al., 2014), that can be induced by common innate stimuli such as stimulation of
PRR (Sahly et al., 2009, Kaczorowski et al., 2010) and production of IFN (Friese et al.,
2000, Thomas et al., 2000, Schlaf et al., 2001). Additionally, prior work from our laboratory
has shown that IFN-$ has a central role in limiting DENV infection in EC by inducing anti-
viral ISGs (Dalrymple and Mackow, 2012b, Dalrymple and Mackow, 2012a, Calvert et al.,
2015), and thus, type I IFN regulation of FB and FH in EC during DENV infection, may be
of particular interest.

Promoter analysis and the identification of TF are essential to identify what may control the
transcription initiation of a particular gene. Thus, TF are important to determine whether or
not a gene is likely to be expressed and how much mRNA and consequently protein is
likely to be produced following a particular biological stimulus. The Genomatix
Matlnspector software is a powerful tool for in silico prediction of potential TF binding sites
(Quandt et al., 1995, Cartharius et al., 2005). The benefit of the Matinspector program to
identify putative TFs, is the in-built library that comprises 634 matrices of TF binding sites
representing the largest library available for public searches (Cartharius et al., 2005). The
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vertebrate matrices contain around 366 000 human, mouse and rat promoter sequences
with an average length of 1184 bp (Quandt et al., 1995, Cartharius et al., 2005).

The current study has utilised the Genomatix Matinspector software for the in silico
prediction of potential TF in the human FB and FH promoters that may be of relevance to
induction of transcription of these mRNA’s during a DENV infection. Additionally, to
complement the in silico predictions by Matinspector, the role of IFN- released from
DENV-infected cells in driving the induction of FB and FH mRNA during DENV infection

was experimentally assessed.

V.2 Results

V.2.1 Matinspector computational prediction of transcription factor binding sites
in the human FB and FH promoters

Using the Matinspector software program an analysis of FH and FB promoters was
performed with a number of stringent criteria. Firstly, the analysis used only sequence data
for the human FB and FH promoter associated with at least one verified coding transcript.
The core sequence of a matrix (or binding site) is defined as the four usually highest
conserved position of the matrix. The maximum core similarity of 1.0 reflects when the
highest conserved bases of a matrix match exactly in the sequence, while a matrix
similarity score reaches 1.0 when the test sequence corresponds to the most conserved
nucleotide at each position of the matrix (Quandt et al., 1995, Cartharius et al., 2005).
Secondly, here a core similarity value was fixed to 0.75 and an optimised matrix similarity
threshold was set at 0.8, to minimise the number of false-positive matches for each
individual matrix. These are relatively stringent selection criterion aimed at identifying TF

families with highly conserved core sequence TF binding determinants.

The analysis of the human FB and FH promoters by Matlnspector revealed a total of 389
and 457 potential TF binding sites, respectively. To filter and refine these matches down to
the most probable TF binding sites, different output parameters were considered. Those
TFs with a matrix similarity higher than 0.85, with at least one line of supporting evidence
(i.e. experimental and/or literature citation) were considered as promising functional TF.
This narrowed the predicted TF to only seven for both human FB and FH promoters (Table
V-1, Table V-2, Figure V-1 A and Figure V-2 A).
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Table V-1. Putative transcription binding sites in the human FB promoter region

_ CAMP-responsive element binding proteins Overlaps with constrained elements
EGR/nerve growth factor induced protein C & . Correlates with ChlPSeq peak of
related factors V$EGRF (TF: EGR1)
o Correlates with ChIPSeq peak of
Serum response element binding factor 2
V$SRFF (TF: SRF)
_ o FB is regulated by VSMTF1 (TF: MTF1)
Metal induced transcription factor 2 _ ) _
FB is co-cited with V$MTF1 (TF: MTF1)
- Nuclear factor kappa beta 2 FB is co-cited with VSNF«p (TF: NFKB1)
- Interferon regulatory factors 3 FB co-cited with VSIRFF (TF: STAT1)
FB is co-cited with V$STAT (TF: STAT1, STAT3)
Signal transducer and activator of transcription 3 Correlates with ChIPSeq peak of V$STAT (TF:
STAT1, STAT2)

@ Matrix Family: as defined by Matinspector a matrix family group individual matrices that have similar binding properties.
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Table V-2. Putative transcription binding sites in the human FH promoter region

Correlates with ChlPSeq peak of VSCAAT (TF: Nuclear
factor YA and YB)

CCAAT binding factors 4

cAMP-responsive element binding proteins 5 FH is co-cited with VSCREB (TF: CREB1, JUN)

Human and murine ETS1 factors 5 Correlates with ChIPSeq peak of VSETSF (TF: ETV1)

Fork head domain factors 17 FH is co-cited with V$FKHD (TF: FOXO3)

Nuclear factor kappa beta 1 FH is co-cited with VSNF«xp (TF: NFKB1)

Correlates with ChlPSeq peak of VS$IRFF (TF: IRF1,
Interferon regulatory factors 5 STAT1).
FH is co-cited with VSIRFF (TF: IRF1, IRF8, STAT1)

Overlaps with constrained element.

Signal  transducer and activator of Correlates with ChIPSeq peak of V$STAT (TF: STATL,
transcription STAT3)

CFH is co-cited with V$STAT (TF: STAT1)

a Matrix Family: as defined by Matinspector a matrix family group individual matrices that have similar binding properties.
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Figure V-1. Identification of putative transcription factor binding sites in the human FB promoter region using Matinspector software

(A) Schematic localisation of TF in the promoter sequence (1200 bp upstream from the transcription start site). (B) Identification of specific members
of NF«p, IRFF and STAT families. (C) A graphical representation of the sequence logo of the NF«f, IRF4 and STAT6 matrices consensus generated
by Matinspector. Each logo consists of stacks of symbols, one stack for each position in the sequence. The overall height of the stack indicates the
sequence conservation at that position; while the height of symbols within the stack indicates the relative frequency of each amino or nucleic acid at
that position. Nucleotides in big capital letters denote the core sequence defined by Matlinspector. CS: core similarity, MS: matrix similarity.

THE ROLE OF INTERFERON IN DRIVING CHANGES IN FH AND FB EXPRESSION DURING DENV INFECTION / 122



GXP_144445 (CFH, Homo sapiens)

Sheila Cabezas PhD Thesis

A el oW S—
e St oo ool o A
-500 bp -500 bp -300 bp
Matrix families:
H VSCAAT H vSCREB Il VSETSF B VSFKHD B VSIRFF B VSNFKB W VSSTAT
GXP_144445 (CFH, Homo sapiens)ATSB STAT6  IRF1 ISRE STATSA STATS ISRE
B = O 0O & @ J OJ
STAT p— STATSB ., IRF4 i STATSB,,, IRF7 STAT5A  STATSB
Matrix families:
H VSIRFF B VSNFKEB B VSSTAT
C V$NFKAPPABG5.01 V$IRF7.01 V$STATSB.O1
2, 2.0
g A G 81o] C
1 = -'-:I-& At—:l n- - - g.n_(.-f__' é
from MaBase 11.01{c) Ganomasx 0. 5 10 0.0 5
from MaBaze 110 (¢) Genomatix from MxBaxsa 11.0 o) Genomaix
Anchor=-119 Anchor= +48 Anchor= -24
CS=1 CS= 821 CS=1
MS=0.881 MS=0.918 MS=0.928

Figure V-2. Identification of putative transcription factor binding sites in the human FH promoter region using Matinspector software

(A) Schematic localisation of TF in the promoter sequence (1200 bp upstream of the transcription start site). (B) Identification of specific members of
NF«p, IRFF and STAT families. (C) A graphical representation of a sequence logo of the NFxf, IRF7 and STAT5B matrices consensus generated by
Matinspector. Each logo consists of stacks of symbols, one stack for each position in the sequence. The overall height of the stack indicates the
sequence conservation at that position; while the height of symbols within the stack indicates the relative frequency of each amino or nucleic acid at
that position. Nucleotides in big capital letters denote the core sequence defined by Matinspector. CS: core similarity, MS: matrix similarity.
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The FB promoter (GXP_187127) associated with 13 identified coding transcripts, revealed
the presence of seven cAMP responsive elements (CREB) distributed across the promoter
region. Also, eight EGR/nerve growth factor induced protein C & related factors (EGRF),
two serum response element binding factors (SRFF) and two metal induced transcription
factors (MTF1) were identified and all located mainly close to the transcription start site
(Table V-1, Figure V-1 A). CREB binding sites overlapped with constrained elements
(Table V-1), which means that this TF overlaps with a region of the human genome that is
annotated as evolutionary highly conserved. EGRF and SRFF were found to overlap with
ChIP-Seq peaks suggesting a region of the promoter likely to be protein bound (Table
V-1), and a real interaction between these TF and the human FB promoter sequence. Both
these forms of evidence (overlapping with constrained elements and ChIP-Seq regions)
constitute strong experimental data to support a legitimate TF binding site (Cartharius et
al., 2005). MTF1, on the other hand, has been identified experimentally to induce FB gene
expression in doxycyline-inducible human adenocarcinoma HT-29 cell line overexpressing
MTF-1 (Kindermann et al., 2005), consistent with the promoter containing a MTF1 binding
site. Additionally, the FB promoter contains two NFkf, three STAT and three interferon
regulatory factors (IRFF) predicted TF binding elements (Table V-1, Figure V-1 A). All
these families of TFs: NFkpB, STAT and IRFF, have been co-cited with FB in the literature,
representing circumstantial evidence supporting an association. Since NFkfp, STAT and
IRFF matrix families, are possible factors implicated during DENV infection, the analysis
was extended to specifically identify which members of the family were present (Figure V-1
B and Table V-3). STAT6 and another STAT binding site (not specified by Matlnspector)
are found very close to the transcription start site while the third STAT binding site is
located in the middle of the promoter region (at -623) (Figure V-1 B). One IRF4 binding site
is next to the STAT located at -623. The other IRF4 and one IRF7 TFs are positioned
distally in the FB promoter sequence, between -800 and -1000 bp (Figure V-1 B). The two
NF«xp binding sites are also located around the middle of the promoter region, specifically
between STAT and IRF7 binding sites (Figure V-1 B). All the seven TFs identified for FB
promoter showed a matrix similarity higher than 0.85. As an example of this, a graphical
representation of the NFxp, IRF4 and STAT6 matrices consensus generated by

Matlnspector is shown in Figure V-1 C.

A number of different TFs were identified in the FH promoter. The FH promoter

(GXP_144445) associated with six coding transcripts, revealed the presence of common
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and highly conserved promoter elements such as the CAAT box (which bound to
consensus sequence CCAAT) and ETSF (human E26 transformation-specific family
factors) elements (Table V-2, Figure V-2 A). In addition, five CREB and 17 fork head
domain factors (FKHD) were found. While CAAT, CREB and FKHD are dispersed across
the FH promoter, the five ETSF are concentrated at the transcription start site (Figure V-2
A). Several lines of evidence, experimental and theoretical, were found that support an
association of these TFs with the FH promoter (Table V-2). CAAT and ETSF were found to
be overlapping with ChIP-Seq regions of a member of the CAAT and ETSF families,
respectively, whereas CREB and FKHD TFs have been co-cited in the literature with FH
(Table V-2). Matinspector analysis also revealed the presence of one NFkf (located close
to the transcription start site), five IRFF and nine STAT binding sites (Table V-2, Figure
V-2 A). These three matches appeared to have both theoretical and experimental
evidence suggesting a legitimate association of the corresponding TF binding site (Table
V-2). Several members of the IRFF and STAT families were identified to be probably
associated with FH promoter (Figure V-2 B, Table V-3). In the case of the IRFF family,
IRF1, IRF4, IRF7 and two ISRE were found. Interestingly, IRF7 and one ISRE are located
close to the transcription start site while the other ISRE, IRF1 and IRF4 are situated close
to the middle of the FH promoter (Figure V-2 B). Of note, five members of the STAT family,
including STAT5 and the two related proteins STAT5A and 5B are positioned very close to
the transcription start site, whereas STAT6 and three other STAT binding sites (two
STATS5B) are found in the middle (~ 600bp) and distal (~ 1100bp) to the transcription start
site, respectively (Figure V-2 B). Similarly, as described for FB promoter, the seven TFs
identified for FH promoter showed a matrix similarity higher than 0.85. A graphical

representation of this evidence is shown in Figure V-2 C for NFkp3, STAT5b and IRF7.
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Table V-3. Summary of key predicted TF elements in the human FB and FH promoter
regions
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V.2.2 IFN-B regulates FB and FH expression in HUVEC but not in MDM

The computational analysis above, suggests that members of the IRFF and STAT matrix
family could be involved in regulation of the FB and FH promoters. IRF and STAT TF’s are
well recognised for their roles in innate and adaptive immunity (Borden et al., 2007) and in
particular the role in induction of IFN and ISGs. Prior work in our laboratory has
demonstrated a role for IFN-B in inducing ISG expression in DENV-infected EC and thus,
the role of endogenously produced IFN-B from DENV-infected cells in the induction of FB

and FH mRNA and protein production was investigated.

HUVEC and MDM were infected and incubated with a neutralising antibody against IFN-3,
at a concentration previously shown to block the induction of ISGs (Calvert et al., 2015). In
agreement with previous results (Calvert et al., 2015), infectious virus release was only
modestly affected (Figure V-3 A); however, a significant increase in DENV RNA level was
observed at 48h pi in HUVEC incubated with the IFN-B blocking antibody (Figure V-3 B).
As expected, treatment of cells with the IFN-B blocking antibody reduced the levels of
MRNA for ISGs, viperin, IFIT-1, and OAS-1 but not IFN-f itself (Figure V-4) (Calvert et al.,
2015). Similar to these ISG responses, treatment of HUVEC with the IFN-B blocking
antibody inhibited DENV induction of FB and FH mRNA at 48h pi (Figure V-5 A).
Accordingly, FB protein levels were also reduced in the supernatant of DENV-infected
cells (Figure V-5 B) but, consistent with results in chapter 1V, there was no DENV induction

of FH protein and subsequently no effect of IFN-f antibody treatment (Figure V-5 B).
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Figure V-3. Blocking of IFN- B actions increases DENV mRNA in HUVEC

HUVEC were left uninfected or DENV infected and incubated with control antibody (-Ab) or 1000
U/ml of a neutralizing antibody against IFN- 3 (+Ab). At 24 and 48hpi supernatants were collected,
cells were lysed and total RNA extracted and analysed for infectious virus release by plaque assay
(A) and DENV RNA by RT-PCR (B). PCR results for DENV RNA were normalized against
cyclophilin. Results represent mean * standard deviation from duplicate samples and are
representative of at least three experiments. *p<0.05 relative to uninfected, comparison +/— Ab
treatment, Student’s unpaired t-test.
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Figure V-4. Blocking of IFN- B actions reduces mRNA for DENV-induced ISGs in HUVEC

HUVEC were left uninfected or DENV infected and incubated with control antibody (-Ab) or 1000
U/ml of a neutralizing antibody against IFN- 3 (+Ab). At 24 and 48hpi supernatants were collected,
cells were lysed and total RNA extracted and analysed for: Viperin, IFIT-1, OAS-1 and IFN-B
MRNA by RT-PCR. PCR results were normalized against cyclophilin. Results represent mean *
standard deviation from duplicate samples and are representative of at least three experiments.
*p<0.05 relative to uninfected, #p<0.05 comparison +/— Ab treatment, two-way ANOVA/ Dunnett's
test.
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Figure V-5. Blocking of IFN- B actions reduces mRNA for DENV-induced FH and FB mRNA
and protein in HUVEC

HUVEC were left uninfected or DENV infected and incubated with control antibody (-Ab) or 1000
U/ml of a neutralizing antibody against IFN- 3 (+Ab). At 24 and 48hpi supernatants were collected,
cells were lysed and total RNA extracted and analysed for (A) FB and FH mRNA by RT-PCR. PCR
results were normalized against cyclophilin. (B) FB and FH proteins analysed by ELISA. Results
represent mean + standard deviation from duplicate samples and are representative of at least
three experiments. *p<0.05 relative to uninfected, *p<0.05 comparison +/— Ab treatment, two-way
ANOVA/ Dunnett's test.
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The same experimental approach was applied to DENV-infected MDM. As with HUVEC,
DENV-infected MDM incubated with IFN-B blocking antibody showed no effect on the
production of infectious virus (Figure V-6 A), although a significant increase in DENV
replication, as measured by production of DENV RNA, was detected at 48h pi (Figure V-6
B). Even though ISG mRNA levels were induced in DENV-infected MDM, in contrast to the
IFN-B dependency of ISG induction in HUVEC, the levels of viperin, IFIT-1, OAS-1 and
IFN-B mMRNAs were not affected when IFN-§ activity was blocked in MDM (Figure V-7).
Similarly, FB and FH mRNA were induced in DENV-infected MDM but there was no
significant change in FB and FH mRNA or FB protein levels following IFN- antibody
treatment of MDM (Figure V-8 A and B). Again, consistent with previous findings, FH
protein was not induced by DENV and not affected by IFN-B antibody blockade (Figure V-8
B). These results indicate that DENV-induction of FB and FH is regulated in a manner that
parallels ISGs such as viperin, IFIT-1 and OAS-1 and that this is driven by IFN-B in
HUVEC, but not in macrophages.
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Figure V-6. Blocking of IFN- B actions induces DENV mRNA in MDM

MDM were left uninfected or DENV infected and incubated with control antibody (-Ab) or 1000 U/ml
of a neutralizing antibody against IFN-  (+Ab). At 24 and 48hpi supernatants were collected, cells
were lysed and total RNA extracted and analysed for infectious virus release by plaque assay (A)
and DENV RNA by RT-PCR (B). PCR results for DENV RNA were normalized against cyclophilin.
Results represent mean * standard deviation from duplicate samples and are representative of at
least three experiments. *p<0.05 relative to uninfected, comparison +/— Ab treatment, Student’s

unpaired t-test.

THE ROLE OF INTERFERON IN DRIVING CHANGES IN FH AND FB EXPRESSION DURING DENV
INFECTION/ 132



Sheila Cabezas PhD Thesis

5- 5-
o v 3 - Ab
4- 4+ mm +Ab
) 3 *
3. * < 3
: .
£ -
5 2- 521
3 s
1- 14
0- 0 L =y
ul DENV Ul DENV 1] DENV Ul DENV
2.5 . 0.4 _
2.0
6"' 6.. 0.3
< 1.5 <
- Z 0.2
o 1.0 2
< £ 0.1
© 0.5 ’lh :
ul DENV Ul DENV U  DENV Ul DENV
24hpi 48hpi 24hpi 48hpi

Figure V-7. Blocking of IFN-B actions has no effect on mRNA for DENV-induced ISGs in
MDM

MDM were left uninfected or DENV infected and incubated with control antibody (-Ab) or 1000 U/ml
of a neutralizing antibody against IFN-  (+Ab). At 24 and 48hpi supernatants were collected, cells
were lysed and total RNA extracted and analysed for: Viperin, IFIT-1, OAS-1 and IFN-B mRNA by
RT-PCR. PCR results were normalized against cyclophilin. Results represent mean + standard
deviation from duplicate samples and are representative of at least three experiments. *p<0.05
relative to uninfected, *p<0.05 comparison +/— Ab treatment, two-way ANOVA/ Dunnett's test.
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Figure V-8. Blocking of IFN- B actions has no effect DENV-induced FH and FB in MDM

MDM were left uninfected or DENV infected and incubated with control antibody (-Ab) or 2000 U/ml|
of a neutralizing antibody against IFN-  (+Ab). At 24 and 48hpi supernatants were collected, cells
were lysed and total RNA extracted and analysed for (A) FB and FH mRNA by RT-PCR. PCR
results were normalized against cyclophilin. (B) FB and FH proteins analysed by ELISA. Results
represent mean + standard deviation from duplicate samples and are representative of at least
three experiments. *p<0.05 relative to uninfected, two-way ANOVA/ Dunnett's test.
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V.3 Discussion

This study has performed an in silico approach to identified potential TF binding sites in
the human FB and FH promoters that may be responsible for directing FB and FH gene
transcription. Outcomes identified a number of potential TF binding sites, including IFN-
responsive elements and the role of these in driving FB and FH mRNA was demonstrated

with in vitro laboratory evidence.

To select the most likely TF binding sites from the data using the Matinspector software,
the approach combined analysis of experimentally verified promoters that were linked to
coding transcripts, with stringent matrix scores higher than 0.85 and both experimental
evidence and co-citation of TF and FH or FB in the literature. For both FB and FH
sequences, a relevant and common TF was identified: CREB. CREB induces transcription
of genes in response to stimulation of the cAMP pathway and specifically, CREB has been
proven to regulate the IFN-y promoter (Samten et al., 2005, Samten et al., 2008). While it
is well known that the proximal promoter of IFN-y, -73 to -48 bp upstream of the
transcription start site, is essential and sufficient for IFN-y expression (Penix et al., 1993),
another study has demonstrated that TF of the family CREB/ATF/AP-1 (CREB/activating
transcription factor/activator protein 1) bind to the proximal promoter of IFN-y to up-
regulate IFN-y transcription (Samten et al., 2008). This was specifically demonstrated in T-
cells in response to antigens from Mycobacterium tuberculosis using competitive
electrophoretic mobility shift assay and promoter pull-down assay (Samten et al., 2008).
Further, IFN-y is considered as the primary inducer of both FB and FH promoters in human
and mouse species (Thomas et al., 2000, Schlaf et al., 2001, Wu et al., 2016). In fact, IFN-
v has been demonstrated to induce FB and FH expression not only in hepatic cells (Huh7
and HepG2 cells) but also in fibroblasts, EC, epithelial cells, neurons and monocytes
(Lappin and Whaley, 1990, Lappin et al., 1992, Friese et al., 2000, Thomas et al., 2000,
Friese et al.,, 2003, Wu et al., 2007). The presence of CREB binding sites close to the
transcription start site in the FB promoter and in the middle of FH promoter region but next
to IRFF elements, support the idea that IFN-y and FB and FH genes are co-regulated by
CREB family elements, with the potential for CREB-induced IFN-y to further activate FB

and FH genes, via elements, as below.

Likewise, other common TF were present in both FB and FH promoters, including the

important regulatory motifs, NF«xp, IRFF and STAT. In the FB promoter, two NF«kf binding
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sites are located between STAT and IRF7 TFs in the middle of the promoter region while a
unique NFkp element is present in the FH promoter, and proximal to the transcription start
site. Notably, the ChIP-seq analysis of 37 different promoters has shown that a single and
a strong NF«xp motif is usually sufficient to support strong binding to a promoter (Tong et
al., 2016) and thus this single NFxp TF binding site is likely to be functional. It is well
known that NFk plays a major and complex role in the transcriptional regulation of an
extensive number of genes which are related to the control of the inflammatory response
(Hoesel and Schmid, 2013, Tong et al., 2016) and thus a role of NFxf in FB and FH gene
expression is not unexpected. Additionally, DENV has a number of mechanisms for
inducing NF«xp. Specifically, DENV NS1 and NS2B3 have been shown to induce NF«xf3
activation in HepG2 cells, EC and murine mononuclear phagocytes (RAW264.7 cells)
using luciferase reporter assays (Silva et al., 2011, Lin et al., 2014, Cheng et al., 2015).
The activation of NFkf is also well known to occur upon recognition of TLR3 or TLR7 with
double-strand or single-strand RNA, respectively; both pathways known to occur following
DENYV infection (reviewed in (Sprokholt et al., 2017)). In addition, TNFa, a factor known to
be induced during DENV infection and that contributes to the pathogenesis of DENV
disease, is a well-known activator of the NFxf pathway. Thus, in the context of DENV
infection, NF«f is likely to be induced or activated and FB and FH promoters have the

capacity to respond to this.

At the same time, NFx3 does not function alone and is part of a network of factors driving
responses to pathogens, and IRFF and STAT also play an important role (Hoesel and
Schmid, 2013). IRF4 is present in FB and FH promoters (two elements in FB and one in
FH, Table V-3); however the expression of IRF4 is restricted to T and B-cell lineages, is
not induced by IFN but rather T-cell receptor stimulation (Nakaya et al., 2001, Sato et al.,
2001, Zhang et al., 2017b). Thus, IRF4 is unlikely to be important in responses of infected
cells to DENV infection but could influence FH and FB production from activated T and B-
cells. These cell types however, have not previously been reported to be major sites for
FH and FB production. The IRFF element most relevant to DENV infection and identified in
the FB promoter is IRF7, although this motif is located distal to the transcription start site.
IRF7 is also present in the human FH promoter, along with IRF1 and two ISRE elements
(Table V-3). In this case, IRF7 and one ISRE element are proximal to the transcription
start site. IRF7, along with IRF3, are considered the master regulators of type | IFN (IFN-

o/P) responses. The expression of the IRF-7 gene is totally dependent on IFN-a/p
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signalling, (Marie et al., 1998, Sato et al., 1998) and promotes induction of IFN-f, as well
as other ISGs after binding to CREB binding protein 1 (Miyamoto et al., 1988). Both CREB
and IRF7 TF binding sites are predicted in human FB and FH promoters, and these
elements in particular point to a role for type | IFN in driving FB and FH gene transcription.
This was further analysed experimentally, as discussed below. Likewise, ISRE elements
(located in FH promoter region) are present in the promoters of ISGs; and IRF7 along with
IRF3 can bind to ISRE elements and activate the transcription of these genes (Schmid et
al., 2010).

Furthermore, the antiviral role of IRF1 (present in FH promoter) and IRF7 (present in both
FB and FH promoters) is well established, and has been demonstrated in in vitro and in
vivo studies for encephalomyocarditis virus, vesicular stomatitis virus, herpes simplex
virus, lymphocytic choriomeningitis virus and DENV, among others (Zhang and Pagano,
1997, Yoneyama et al., 1998, Carlin et al., 2017). Thus, the presence of IRFF and ISRE
elements in the FH and FB promoters strongly suggests regulation of these genes by type
I IFN.

In general, the induction of IRFF typically results in the activation of STAT elements (Nan
et al., 2018). The strong dependence on STAT elements was evident in both FB and FH
promoters. Of note, two STAT binding elements are located proximal to the transcription
start site of FB promoter, one STAT6 and another STAT binding site not specified by
Matlnspector. Likewise, five STAT binding sites are present close to the transcription start
site in the FH promoter, although in this case all are members of the STAT5 family
(STATS5a and 5b). The role of STAT6 is still largely unknown but it has been shown to
participate in regulating acquired immunity involving IL-4 and IL-13 secretion by activated
T and B lymphocytes and mast cells (reviewed in (Nan et al., 2018)), both cytokines known
to be induced upon DENYV infection (Maneekan et al., 2013). Similarly, STATS5 is activated
in the presence of an inflammatory response, specifically in response to various cytokines
including members of the IL-2 (IL-2, IL-7, IL-15, IL-21) and IL-3 (IL-3, IL-5) families
(Kisseleva et al., 2002). Notably, IL-2, IL-21 and IL-5 are induced in DF and DHF patients
(Maneekan et al., 2013). Therefore, it is possible that both human FB and FH promoters
could be activated upon DENV infection in response to the inflammatory response induced
and the presence of the above cytokines through STAT6 and 5, respectively. On the other
hand, a recent study has experimentally verified that STAT1 regulates human FB promoter

expression in renal epithelial cells (Wu et al., 2016). Using a luciferase reporter assay the
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authors showed that STAT1 transfection led to a sixfold increase in FB promoter activity,
while the luciferase signal was unchanged in cells transfected with STAT1 responsive
elements mutated in the FB promoter (Wu et al., 2016). Likewise, STAT1 has been proven
to induce the expression of FH in RPE cells and this expression is triggered in the
presence of IL-27 (Amadi-Obi et al., 2012). Using RT-PCR and Western blot techniques,
the authors found increased FH mRNA and protein in retinas isolated from wild-type mice
cultured in medium containing IL-27 compared to retinas harvested from C57BL/6, STAT1-
deficient mice (Amadi-Obi et al., 2012). STAT1 activates gene transcription via homo- and
heterodimer formation with IRF9 to form the complex ISGF3 that moves to the nucleus and
binds to promoter ISRE. As described above, ISRE are found in the FH promoter and
likely mediate similar actions of STATL1 in regulating FH gene expression during DENV

infection.

On the other hand, the expression of FH has been demonstrated to be affected in settings
of oxidative stress, such as in RPE cells exposed to H202 (Wu et al., 2007). Using a dual-
luciferase reporter assay the authors showed that the IFN-y—induced stimulation of FH
promoter activity was significantly reduced by H202—induced oxidative stress. Further, the
same study revealed that RPE cells submitted to oxidative stress induced acetylation of
forkhnead box O3 (FOXO3) which enhanced FOXO3 binding to the FH promoter and
inhibited STAT1 induction of the FH promoter (Wu et al., 2007). Previous observations
suggested that FOXO proteins, that constitute a large family of TF with pivotal roles during
both ontogenesis and adult life (Birkenkamp and Coffer, 2003), may function as either
transcriptional activators or repressors (Birkenkamp and Coffer, 2003). Strikingly, our
Matinspector analysis revealed the presence of 17 FKHD including several members of
the FOXO protein family that according to this evidence (Wu et al., 2007) could be putative
inhibitors of FH promoter via interference with STAT1/ISRE. Since oxidative stress is well
known to occur during flavivirus infections, such as DENV (Valero et al., 2013) it would be
predicted that this will induce FOXO3 binding to the FH promoter and downregulate FH
gene expression. This is not what we observed experimentally in vitro (Chapter V), but
there may be an important balance between oxidative stress-induced FOXOS3 inhibition of
FH and IFN-driven activation of FH gene expression via STAT1/ISGF3/ISRE, with the final
outcome dependent on the local environment of the infected cell.
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Considering that IRF1, IRF7 and STAT1 are potential TF of FB and FH promoters along
with the fact that these elements are important inducers of IFN-p (Platanias, 2005), this
study further investigated, experimentally, the influence of IFN-B in FB and FH gene
expression and protein production. Here we show that FH and FB are regulated in MDM
and EC in a manner that correlates with induction of other ISGs in each cell type. IFN-B is
a known stimulus for ISGs in EC (Dalrymple and Mackow, 2012a, Calvert et al., 2015) and
in agreement with previous findings (Calvert et al., 2015), results confirmed the induction
of the ISGs viperin, IFIT-1 and OAS-1 in DENV-infected HUVEC and further we report the
induction of these ISGs in DENV-infected MDM. Again, consistent with our previous study,
the induction of these ISGs was blocked by a neutralising IFN-  antibody in HUVEC
(Calvert et al.,, 2015) but, surprisingly, not in MDM. Likewise, while blocking IFN-
stimulation blocks the DENV-induction of both FB and FH mRNA in HUVEC, blocking IFN-
B did not have any effect on FH and FB in MDM. These results show for the first time, that
endogenously produced IFN-B is one of the drivers of induction of FH and FB mRNA and
FB protein in DENV-infected HUVEC but not MDM, consistent with the IFN- 3 dependency
of induction of ISGs in HUVEC but again, not MDM. Since IFN-B stimulation is known to
act via STAT1, IRF1 and IRF7 elements, as our Matinspector analysis predicts are present
in the FB and FH promoters, this suggests that these elements may be functional in driving
FB and FH gene expression during DENV infection in EC. Direct evidence for this, such as
via promoter-reporter assays, using the STAT1 inhibitor nifuroxazide, or using constructs
with the predicted promoter elements deleted, remain to conclusively demonstrate the
roles of these elements in DENV-induced IFN-B driven responses. The lack of
endogenously produced IFN-B in driving ISGs, including FH and FB transcription in MDM,
is unlikely to be due to a lack of IFN- production by MDM which is known to occur
following DENV infection of this cell type (Duran et al., 2016). Additionally, blocking IFN- 3
in DENV-infected MDM did still enhance DENV RNA levels, and thus a functional effect on
blocking endogenously produced IFN- 3 has been elicited. The rationale for the lack of

IFN- B regulation of ISGs, FB and FH in DENV-infected MDM remains to be determined.

Consistent with our lack of effect of IFN-B on FH and FB in primary MDM, a recent study
has demonstrated that neither IFN-a nor IFN-B has any effect on FH production in human
monocyte-derived dendritic cells, a professional antigen presenting cell type related to

macrophages (Dixon et al., 2017). Our results reinforce the idea that factors other than
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type | IFEN, such as IFN-y, the well-known regulator of FB and FH in several cell lines
(Lappin et al., 1992, Friese et al., 2000, Friese et al., 2003, Wu et al., 2007), may be
driving the expression of FH and FB in monocyte/macrophage cell types. Interestingly, this
suggests cell type dependency in the local factors that may be important in driving ISGs,

FH and FB production and this is a potential area of future investigation.

While the experimental data above and similarities in many of the predicted promoter
elements for FH and FB suggest co-ordinated expression of these factors, there are
additional differences in promoter elements, such IRF1, ISRE and STAT5 binding
elements, that predict distinct gene regulation. The factors and situations that stimulate
disparate FH and FB gene expression are of future interest as a mechanism for
specifically promoting (via FB) or negatively regulating (via FH) the complement AP

activity.

In conclusion this chapter has demonstrated that the induction of both human FB and FH
promoters are likely triggered by similar pathways that involve the activation of NF«kf, IRF1
and 7 and STAT binding elements and are driven by IFN-B in some cell types. Our results
have uncovered new potential areas of study of the regulation of FH and FB in cell types
important for pathogenesis of DENV and demonstrate the utility of computational
predictions in directing and interpreting laboratory experimentation.

Considering these results, it was decided to further investigate production and roles of FB
and FH in a mouse model of DENV infection that is deficient in type | and type Il IFN
receptors (AG129), to evaluate the role of other pathways such as NFxf and IFN-
independent STAT binding sites in FB and FH regulation in the absence of IFN stimulated

responses.
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CHAPTER VI EVALUATION OF FB AND FH DURING DENGUE
VIRUS INFECTION IN IN VIVO MODELS

V1.1 Introduction

Previous chapters of this study have demonstrated that the disproportionate production of
FB, an activator of the AP, and FH, a major negative regulator, during DENV infection
could be associated with disease severity. In vitro studies in macrophages and EC, two
major targets for DENV replication and pathogenesis in vivo, respectively, have shown that
while FB protein is increased upon DENV infection, FH protein is unchanged. The
imbalance between these two factors along with the increased C3b deposition on DENV-
infected cells and the ability of DENV-infected supernatants to promote AP-mediated lytic
activity is predicted to result in higher complement activity and increased vascular

permeability, a hallmark of dengue disease.

Considering the above results, this study was extended to in vivo scenarios, human and
mouse, in order to investigate possible alterations of the AP in a natural host and in a
published in vivo model of DENV-induced haemorrhagic disease, respectively. Given that
humans are natural hosts of DENV, this model is ideal to study disease pathogenesis;
however, the human model is limited due to ethical considerations and to observational
non-invasive studies. To date, there are only a few studies in humans that have
investigated the complement AP and have suggested that excessive complement
activation of the AP could be associated with severe forms of DENV disease i.e. DHF and
DSS (Bokisch et al., 1973, Nascimento et al., 2009, Nascimento et al., 2014).

On the other hand, more information can be gained from animal models, but the lack of a
suitable animal model is a key drawback that has restricted our understanding of DENV
pathogenesis (Plummer and Shresta, 2014a, Plummer and Shresta, 2014b). The
development of a useful mouse model has been hampered since immunocompetent mice
are naturally resistant to DENV infection. While in humans DENV inhibits IFN signalling
pathways to establish infection, in immunocompetent mouse cells the virus is unable to do
so due to the inability of non-structural viral proteins to counteract mouse STAT2 and
STING (Ashour et al.,, 2010, Aguirre et al., 2012). As a consequence, a variety of
immunocompromised mouse models defective in innate responses and the IFN system
have been successfully developed as an alternative platform for DENV infection (Ashour et
al.,, 2010, Tan et al.,, 2010, Ng et al.,, 2014). Among them, the AG129 mouse model,
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deficient in IFNa/B and y receptors, has been shown to allow effective replication of DENV,
resulting in circulating viremia and haemorrhagic disease (Tan et al., 2010, Tan et al.,
2011, Ng et al., 2014, Lee et al., 2016, Martinez Gomez et al., 2016). The infection of this
animals with a non-mouse-adapted DENV-2 strain (D2Y98P) recapitulates key biological
and clinical features observed in humans such us cytokine storm, liver damage, and
vascular leakage, hallmarks of DENV disease, and thus is considered a suitable animal
model to study DENV disease pathogenesis (Tan et al., 2010, Ng et al., 2014). The
AG129-D2Y98P DENV infection model has been further extended to also reflect the
increased severity of disease that is associated with secondary infection and to reproduce
ADE of infection. In this model, DENV-2 infection of young mice born to DENV-1-immune
mothers leads to reduced survival, earlier onset of disease and correlated with higher
viremia and increased vascular leakage compared to DENV-2-infected mice born to

dengue naive mothers (Ng et al., 2014, Lee et al., 2016).

In this study, changes in FB and FH in DENV-seropositive patients were evaluated and
compared with the levels in DENV-seronegative patients. Secondly, the levels of FB and
FH were measured over the course of infection in AG129 mice infected with DENV and in
a model of infection of mouse pups with pre-existing maternal heterotypic antibody,
reflecting models of ‘severe dengue’ and ‘more severe secondary dengue’. Finally, a
promoter analysis was performed to assist our interpretation of results and assess the
potential effects of lack of IFN receptors in the AG129 mouse model on responses of FB

and FH genes expression during DENV infection.
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VI.2 Results

VI.2.1 FH is unchanged but FB is reduced in dengue seropositive compared with
seronegative patient samples

Analysis of FH and FB protein was performed on serum samples from a cohort sent for
diagnostic DENV serology (NS1, IgM and 1gG) and composed of 8 DENV-seronegative
and 29 DENV-seropositive patients. FB protein levels were significantly lower in DENV-
seropositive patients (533.8 + 17.33) than in DENV-seronegative individuals (647.9 +
59.95) (Figure VI-1 A), although protein levels in some patients from both groups were
above the reference range for normal FB (200-500 pug/ml) (Forristal et al., 1977, Silva et
al., 2012) The levels of FH in the DENV-seropositive patients were not significantly
different to those in the DENV-seronegative subjects (570.8 + 6.095; 531 *+ 34.24,
respectively), and comparable to that reported as the average concentration of FH in
human serum (~500 ug/ml) (Adinolfi and Zenthon, 1982, Silva et al., 2012, van Beek et al.,
2018) (Figure VI-1 B). Thus, there were no changes for FH but a reduction for FB protein

levels in the circulation during DENV infection, suggestive of complement consumption.
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Figure VI-1. FH is unchanged but FB is reduced during primary dengue infection in humans

FB (A) and FH (B) levels were quantitated by ELISA in a cohort of fever cases in the returned
traveller to SA, with suspected DENV infection and who subsequently returned negative (DENV-,
n=8) or positive (DENV+, n=29) by DENV serology. Results represent the mean * standard
deviation. *p<0.05, Student’s unpaired t-test.
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VI.2.2 Protein levels of FB are unchanged but FH is decreased during severe
disease in DENV-infected AG129 mice, although mRNA for both proteins is
induced in the liver

The AG129 mouse model is a published and established model to study DENV disease
pathogenesis and thus, changes in FB and FH were quantitated in DENV-infected AG129
mice. The circulating levels of both proteins were quantitated over the course of an acute
infection and the period of viremia in the serum of animals infected with DENV, at 10% PFU
(Figure VI-2). While FB protein did not change during the acute infection (Figure VI-2 A),
FH protein was significantly decreased at 4dpi (Figure VI-2 B), a time point that
corresponds to the peak of viremia in these animals (Appendix 3). Since our prior data
(Chapter IV), showed that the ratio of FB:FH was altered during DENV infection in vitro,
the association between FH and FB was assessed at each time point by correlation
analysis. No significant association was observed between FB and FH in Ul, 2 or 4dpi
following DENV infection. Although not significant, there is a trend towards a negative

correlation between FH and FB at 4dpi (Figure VI-2 C).

Since the liver is considered a major source for circulating FH and FB, and these factors
can also be produced by the kidney, FB and FH mRNA levels were quantitated in the liver
and kidney. Results demonstrate a significant induction of both FH and FB mRNA at 4dpi
in the liver (Figure VI-3 A). In contrast, the levels of both factors were unchanged in the
kidney of these animals (Figure VI-3 B). Of note, these results contrast to the circulation
where FB is unchanged and FH protein decreases at 4dpi. Thus, these results indicate
that induction of FH and FB mRNA in the liver does not translate into an increase in

circulating protein during DENV infection.
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Figure VI-2. Circulating FH is decreased but FB is unchanged during acute primary dengue

infection in AG129 mice

Five- to six- weeks old AG129 mice were left uninfected (n=6) or subcutaneously infected (n=6
2dpi; n=7 4dpi) with 10* PFU/mouse of DENV-2 strain D2Y98P. At the indicated time points mice
were euthanized, blood harvested and serum subjected to ELISA for quantitation of (A) FB and (B)
+ standard deviation from each mouse group.
*p<0.05, one-way ANOVA/ Tukey's test. (C) Correlation analysis between FB and FH protein
values in individual animals (Spearman correlation).

FH protein levels. Results represent the mean
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Figure VI-3. Circulating changes of FB and FH are not reflected by mRNA in the liver or
kidney of DENV-infected AG129 mice

Five- to six- weeks old AG129 mice were left uninfected (n=6) or subcutaneously infected (n=6
2dpi; n=7 4dpi) with 10* PFU/mouse of DENV-2 strain D2Y98P. At the indicated time points mice
were euthanized, livers (A) and kidneys (B) harvested, total RNA extracted and subjected to RT-
PCR for FB and FH. Results were normalized against GAPDH and relative mRNA levels
guantitated by ACt method. Results represent the mean + standard deviation from each mouse
group. *p<0.05, one-way ANOVA/ Tukey's test.
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VI.2.3 Protein levels of FH are decreased but FB are increased during acute, more
severe secondary dengue infection in AG129 mice

There is an increased incidence of severe DENV disease associated with a secondary
infection or pre-existing antibody (Guzman and Kouri, 2008), theoretically due to ADE of
infection (Halstead and O'Rourke, 1977b, Halstead and O'Rourke, 1977a). A model to
reflect this has been established and published by Prof Sylvie Alonso (Ng et al., 2014).
This model reflects primary DENV-2 (102 PFU) infection of AG129 mice borne to dengue
naive mothers (DENV-N) and ADE of infection with AG129 mice borne to DENV-1 immune
mothers (DENV-I). Changes in circulating FB and FH were defined in this mouse model of
severe (DENV-N) and more severe secondary DENV disease (DENV-I). Again, and in
agreement with Figure VI-2 A, FB was unchanged in the early stages of AG129 DENV-N
animals. In contrast, FB was significantly increased in the serum of AG129 DENV-I mice at
3dpi (Figure VI-4 A). FH protein tended to decline but was not significantly different at 3dpi
in AG129 DENV-N mice but significantly decreased in the serum of AG129 DENV-I mice
at 3dpi (Figure VI-4 B). Although a reciprocal relationship approached significance in Ul
mice, correlation analysis again showed no significant association between FB and FH
(Figure VI-4 C).
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Figure VI-4. Circulating FH is decreased and FB increased during acute, severe secondary

dengue infection in AG129 mice

Five- to six- weeks old AG129 mice born to either DENV-1 immune (DENV-I) or dengue naive
(DENV-N) mothers were left uninfected (UI-N, Ul-I, n=3 each group) or subcutaneously infected
with 103 PFU of DENV-2 strain D2Y98P (DENV-N, n=5; DENV-I, n=8). At 3dpi mice were
euthanized and blood harvested and serum collected for ELISA quantitation of (A) FB and (B) FH
protein levels. Results represent the mean * standard deviation from each mouse group. *p<0.05,
one-way ANOVA/ Tukey's test. (C) Correlation analysis between FB and FH protein values in
individual animals (Spearman correlation).
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VI.2.4 FB and FH are unchanged at moribund stage during DENV infection but
deranged in the model of severe secondary DENV infection in AG129 mice

In both the DENV-AG129 models used above, the mice reach a point of ethical termination
of the experiment and become moribund with vascular leakage. The timing that this occurs
however, differs with the DENV infection of naive animals at day 11-21 pi and in DENV-
immune animals and severe secondary DENV-disease at 6 dpi (Ng et al., 2014). In the
DENV-AG129 mouse model infected with 10* PFU, neither FB nor FH protein was
significantly altered in the circulation at moribund stage (Figure VI-5 A and B). In this
model, mice became moribund and samples were harvested at very late times pi (20-22
days). Similarly, no significant changes were observed in liver FB mRNA (Figure VI-5 C),
although, surprisingly, a significant decrease was detected in kidney FB mRNA in DENV-
infected animals (Figure VI-5 D). Consistent with FH mRNA changes in the liver during
early infection, FH mRNA in the liver was significantly increased at the moribund stage in
DENV-AG129 mice (Figure VI-5 C), while kidney FH mRNA was unchanged upon infection
in these animals (Figure VI-5 D). In the model of severe secondary DENV infection,
moribund stage was onset at 6dpi in the DENV-I group but 12-18 dpi in the DENV-N group
(Ng et al., 2014). In DENV-N mice infected with DENV (10% PFU), circulating FB protein
decreased at 6dpi (Figure VI-6 A). Likewise, in DENV-I mice, reflecting ADE of infection
and more severe disease, FB protein significantly decreased and the levels were
significantly lower than in DENV-N mice (Figure VI-6 A). FH protein, increased in both
DENV-N and DENV-I mice at 6dpi, and further this effect was significantly higher in DENV-
| compared to DENV-N mice (Figure VI-6 B). Unfortunately, we did not collect day 6pi for
the 10* PFU challenge in Figure VI-2 or Figure VI-5 which would have been the
comparator for DENV-N at 6dpi in Figure VI-6. As in all previous situations there was no
significant association between FB and FH proteins in the circulation by correlation
analysis (Figure VI-6 C). Neither mRNA for FH or FB were altered in the liver or kidney of
DENV-N or DENV-I mice at 6dpi (Figure VI-7 A and B). Thus again, the changes in FB and
FH proteins in the circulation, do not correspond with a change in liver or kidney FB and
FH mRNA (Figure VI-7 A and B). These results of DENV-I at day 6pi (representing
moribund stage) contrasts to the 104 PFU DENV infection model at moribund stage (day
20-22pi) (Figure VI-5 C and D) where FB was decreased in kidney and FH mRNA

increased in the liver.
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Figure VI-5. At moribund stage, complement is unchanged during DENV infection of AG129
mice

Five- to six- weeks old AG129 mice were left uninfected (n=6) or subcutaneously infected (n=6)
with 10* PFU/mouse of DENV-2 strain D2Y98P. At moribund stage (20dpi) mice were humanely
euthanized. Blood was harvested and serum collected for ELISA quantitation of (A) FB and (B) FH
protein levels. Livers (C) and kidneys (D) were harvested, total RNA extracted and subjected to
RT-PCR for FB and FH. Results were normalized against GAPDH and relative mRNA levels
guantitated by ACt method. Results represent the mean + standard deviation from each mouse
group. *p<0.05, Student’s unpaired t-test.
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Figure VI-6. Complement is deranged during late stages of severe secondary DENV
infection in AG129 mice

Five- to six- weeks old AG129 mice born to either DENV-1 immune (DENV-I) or dengue naive
(DENV-N) mothers were left uninfected (UI-N, Ul-I, n=3 each group) or subcutaneously infected
with 10 PFU of DENV-2 strain D2Y98P (n=5 each group). At 6dpi mice were euthanized and
blood harvested and serum collected for ELISA quantitation of (A) FB and (B) FH protein levels.
Results represent the mean * standard deviation from each mouse group. *p<0.05, one-way
ANOVA/ Tukey's test. (C) Correlation analysis between FB and FH protein values in individual
animals (Spearman correlation).
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Figure VI-7. FB and FH mRNA levels are unchanged in the liver or kidney during severe
secondary DENV infection in AG129 mice

Five- to six- weeks old AG129 mice born to either DENV-1 immune (DENV-I) or dengue naive
(DENV-N) mothers were left uninfected (UI-N, Ul-I, n=3 each group) or subcutaneously infected
with 10° PFU of DENV-2 strain D2Y98P (n=5 each group). At 6 dpi mice were euthanized, livers
(A) and kidneys (B) harvested, total RNA extracted and subjected to RT-PCR for FB and FH.
Results were normalized against GAPDH and relative mRNA levels quantitated by ACt method.
Results represent the mean * standard deviation from each mouse group. *p<0.05, one-way
ANOVA/ Tukey's test.
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VI.2.5 FH and FB promoters contain potentially important IFN-driven elements

A major difference in the human and mouse models above is the lack of IFN signalling
responses in the AG129 mouse. Our data from chapter V demonstrate that the human FH
and FB promoters contain numerous IFN-responsive elements and that IFN-B contributes
to the induction of FH and FB from EC during DENV infection in vitro. To investigate if
similar elements could contribute to FH and FB regulation in the mouse, an in silico
promoter analysis of mouse FH and FB was performed, again using Matinspector software
as in chapter V.

Using stringency for identification of a promoter by evidence of an associated transcript
and a matrix similarity for TF binding site > 0.85, as utilised in chapter V, Matlnspector
analysis defined the presence of seven NF«kf, five IRFF and 11 STAT binding sites in the
mouse FB promoter (Figure VI-8). The comparison between mouse and human FB
promoters show strong dependence on proximal STAT elements (Figure VI-8). Also, the
mouse promoter contains five proximal IRF elements whereas there are only three that are
found distally in the human promoter. The mouse FB promoter contains four predicted
NF«p sites around the -300 region and a further three >-600 while the human FB promoter
contains only two NF«f binding sites at around -600 relative to the transcription start site
(Figure VI-8). A number of IRFF family binding sites are present in the human and mouse
promoters, with some similarities evident (Table VI-1). In particular, IRF4 and 7 are
predicted to regulate both mouse and human FB promoters, while additionally, IRF1 and
IRF3 TF binding sites are present in the mouse but not human FB promoter (Table VI-1).
Of note, six STAT3 binding sites were predicted in the mouse FB promoter, while this TF

was not present in the human promoter region (Table VI-1).

Matlnspector analysis of mouse FH promoter predicted the presence of four IRFF and nine
STAT binding sites (Figure VI-9). This predicted dependency on IRFF and STAT
regulation is also seen with the human FH promoter, although surprisingly, and in contrast
to human FH promoter, no NFxf or ISRE binding sites were found in the mouse FH
promoter sequence (Figure VI-9). Again as shown for the FB promoter, several common
members of the IRFF and STAT families were identified in both the human and mouse FH
promoters (Table VI-1), with IRF4 and 7, STAT 5 and 6 predicted in promoters from both
species (Table VI-1) and IRF1 found in the human and IRF2 and IRF3 found in the mouse

promoter only.
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Figure VI-8. Comparison between mouse and human FB promoters

Schematic localisation of the NFkp, IRFF and STAT TF binding sites in the mouse and human FB promoter sequences (1200 bp upstream the
transcription start site). TF were identified using Matinspector software.
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Figure VI-9. Comparison between mouse and human FH promoters

Schematic localisation of the NF«f, IRFF and STAT TF binding sites in the mouse and human FH promoter sequences (1200 bp upstream the
transcription start site). TF were identified using Matinspector software.
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Table VI-1. Comparison between human and mouse FB and FH promoters

2 - - - 2 1 - 2 - - - 1

7 1 = 1 1 2 = 3 1 6 1 =
1 1 = = 1 1 2 1 = = 7 1
= = 2 1 1 7 = 2 = = 6 1
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VI.2.6 FB mRNA but not FH is increased in the brain of immunocompetent mouse
model at end-stage disease

The above promoter analysis re-inforces the importance of IFN responses in regulating FH
and FB and thus, to investigate the induction of FB and FH during DENV infection in vivo
in a scenario with a fully competent IFN response an intracranial mouse DENV infection
model was utilised. C57BL/6 mice were infected by intracranial injection with DENV-2 and
brain tissues were collected at 1, 3 and 6 dpi by Dr Wisam Al Shujairi. The latest time point
(6dpi) represents high-level DENV-replication in the brain without signs of DENV disease;
characterised by on-set of weight loss (6-7dpi) and neurological signs (8-9dpi) (Al-Shujairi
et al., 2017). Our data show a rapid and significant induction of FB mRNA as early as 3dpi,
with FB mRNA levels increasing with time (Figure VI-10 A) and correlating with a prior
defined increase in DENV RNA, IFN-B and ISGs such as viperin (Al-Shujairi et al., 2017).
In contrast, FH mRNA levels remained unchanged throughout the entire time course of
infection (Figure VI-10 B). Thus, only FB mRNA is induced while FH mRNA does not
change following DENV infection in the brain of immunocompetent mice.
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Figure VI-10. FB mRNA but not FH is increased in brain following intracranial DENV
infection

Three- to four-week-old C57BL/6 mice were infected by intracranial injection with DENV-2
MON®B601 or mock infected (n=6 each group). At the indicated time points mice were euthanized,
brains harvested and total RNA extracted and subjected to RT-PCR for (A) FB and (B) FH. Results
were normalized against GAPDH and relative mRNA levels quantitated by ACt method. Results
represent the mean * standard deviation from each mouse group. *p<0.05, one-way ANOVA/
Tukey's test.
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V1.3 Discussion

The present study has investigated changes in FB and FH following DENV infection in two
in vivo models, human and mouse, to evaluate possible alterations of the AP pathway and
compare two scenarios that differ in terms of IFN signalling. First, FB and FH proteins
were evaluated and compared within a human cohort of returned travellers to South
Australia with febrile syndrome and presenting for DENV diagnostic testing. This cohort
was stratified into DENV-seronegative and seropositive patients. Both DENV-seronegative
and seropositive groups were comparable in terms of age and gender and the
characteristics of this cohort have been published (Quinn et al., 2018). Of the eight DENV-
seronegative subjects three reflected fever of unknown origin while five were diagnosed
with gastrointestinal or parasitic infections (data not shown). The levels of FB were
significantly lower in the DENV-seropositive group compared to the DENV-seronegative
group. Both groups, however, showed a distribution of a large number of data points
above the reference range for normal FB of 200-500ug/ml, suggesting potential activation
of the AP. For DENV this appears to be more limited than other non-DENV infectious
diseases and is consistent with the relatively low CRP values also described in the DENV-
seropositive patients from this cohort (Quinn et al., 2018) and in other studies (Nascimento
et al., 2009, Tavakolipoor et al., 2016). Both CRP and complement proteins, such as FB
are considered acute phase reactants (Markiewski and Lambris, 2007, Pionnier et al.,
2014) and in particular complement components are increased during viral infections. For
example C4 during acute HIV infection (Huson et al., 2015), C3 during acute hepatitis B
virus infection (Lei et al., 2013), C3d in chronic HCV infection (Weiner et al., 2004) and
CRP and C3 in patients with severe influenza (Gao et al., 2017). The relationship of
circulating FB to AP activity is complex, with increased FB indicative of stimulation of AP
activity but conversely low FB also indicative of high AP activity, due to cleavage of FB and
thus complement consumption of FB. Lower levels of FB have previously been reported in
patients with severe DENV disease, specifically during the shock period, reportedly due to
complement ‘consumption’ and degradation of FB protein (Bokisch et al., 1973,
Churdboonchart et al., 1983). The DENV cohort used in our study represents primary
DENV infection in returned travellers, with only 14% of the patients in the DENV-
seropositive cohort presenting with DENV warning signs and none of these patients
developing severe dengue (Quinn et al., 2018). It remains to be determined if the lower
level of FB in our DENV-seropositive compared to seronegative patients in this cohort

reflects a poorer induction of FB or greater complement consumption, relative to other
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infectious diseases.

The analysis of circulating FH protein levels shown that there was no change in DENV-
seropositive patients compared to the levels in DENV-seronegative individuals. Again, this
is consistent with previous findings that have reported no variation in FH during the acute
phase in DF patients (Nascimento et al., 2009). Notably, the same study revealed that
plasma levels of FH were lower during the acute phase in DHF patients compare to those
in DF patients and healthy individuals (Nascimento et al., 2009). The authors suggested
that DHF individuals have a limited capacity to sustain normal FH levels during the acute
viral infection due to genetic factors (Nascimento et al., 2009). Regardless of the cause of
FH alterations, it seems that circulating FH is not induced during acute DENV infection in
DF patients and circulating FH decreases in DHF. Again unfortunately, our cohort does not
include severe DENV (DHF) patients and while our results confirm the prior finding of no
change in circulating FH in DF patients our study cannot confirm that a reduction in

circulating FH occurs during severe DENV.

Thus, our human cohort has some limitations: the absence of a healthy control group and
the lack of DENV-infected patients with severe disease. One advantage however of using
the DENV-seronegative group as a comparator, is that the samples have been through the
same diagnostic sample handling process to account for any potential sample
degradation. The lack of severe DENV can be addressed using a patient cohort from a
DENV endemic country, where both dengue and severe dengue patients will be

represented and this should be investigated in future work.

Alternatively, to address the lack of data representing severe DENV disease, this study
was extended to two different immunocompromised mouse models. Both of these models
utilised AG129 mice, deficient in IFN signalling, and induced severe disease that mimics
some features of DHF in humans (Ng et al., 2014). A low-dose 10* PFU DENV infection in
AG129 mice induces acute viremia, peaking at 4dpi, with vascular leakage and moribund
stage days-weeks after the viremia has cleared (Ng et al., 2014). The AG129 model
infected with DENV (102 PFU), involved infection of young mice born to DENV naive
mothers (DENV-N) or from mothers challenged and recovered from a DENV-1 infection
prior to mating (DENV-I) (Ng et al., 2014). The DENV-N animals are reported to develop
severe acute DENV disease where viremia increases rapidly from 3dpi, accompanied by
ruffled fur, hunched back and severe diarrhoea, a warning sign of severe dengue in

humans (Ng et al., 2014). The DENV-I mice in this model with pre-existing maternal
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antibody progressed into lethargy very quick and reached the moribund stage and ethical
termination of experiments at 6dpi (Ng et al., 2014). Additionally, DENV-I animals at
moribund stage (6dpi) are characterised by increased vascular permeability in multiple
organs (liver, kidney, intestine and spleen) compared to moribund DENV-N animals, which
represents an enhanced disease severity in DENV-I mice. What is more, the difference in
the numbers of samples evaluated at 3 (eight samples) and 6 (five samples) dpi is due to
the fact that three DENV-I mice reached the ethical end-point of experiment at 5 dpi and
were euthanised, which highlights the severity of the disease in the model with prior
maternal DENV immunity. In the primary DENV 10* PFU model, levels of circulating FB
protein were unchanged during the entire course of infection (2-4dpi or moribund 20-22
dpi). Similarly, in the comparable AG129 DENV-N 102 PFU model, FB did not change
during the acute phase of infection (day 3), but decreased later (day 6) during infection. In
AG129 DENV-I infected with DENV (102 PFU), FB increases early at 3dpi but then again
decreased at 6dpi, when the mice became moribund and was significantly lower than
DENV-N mice at 6dpi. The observation of increased FB during severe secondary acute
infection and the following decreased at moribund stage of DENV-I mice is consistent with
activation of FB as an acute phase reactant, then subsequent decrease in FB due to
complement consumption and excessive activity. Once again, these results are in
agreement with the decline in FB observed in DHF patients during the shock phase
(Bokisch et al., 1973). Together, circulating FB protein levels in the AG129 mouse model
of DENV infection at 6dpi, but not earlier, reflect the late decline in FB reported in DHF
(severe DENV) in humans (Bokisch et al., 1973, Churdboonchart et al., 1983) and our
results further suggest that acute increase in FB and degree of this late decline in FB is

associated with the severity of disease.

In the primary DENV 10% PFU model, FH protein underwent a transient significant
decrease at 4dpi, with levels of circulating FH protein restored at moribund stage (20-
22dpi). Similarly, FH protein in AG129 mice infected with 102 PFU DENV showed an initial
decrease at 3dpi, although this was only significant in DENV-I mice, followed by an
increase at 6dpi for both DENV-N and DENV-I mice. In DENV-N mice the increase in FH
at 6dpi, is significantly less than DENV-I, where at this time point the mice are not
moribund and have less severe DENV disease. This early decreases in FH levels are
again consistent with prior reports in DHF cases (Nascimento et al., 2009) while the
increase at late stages of severe disease has not been previously reported. An increase in

FH at this time point, when FB is declining and there is presumptive complement
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consumption, may reflect homeostatic mechanisms to bring the excessive complement

activity under control.

Together, these results suggest that the pathology of DENV disease in mice may be
reflective of DENV in humans during the early viremic phase and during severe
haemorrhagic disease, with changes in complement FB and FH similar in both models of
infection. Results support the notion that DENV infection induces dysregulation of the AP,
not only at the local environment in macrophages and EC as was demonstrated in chapter

IV, but also in the circulation.

In general, circulating changes of FB and FH proteins were not reflected by mRNA
changes in the liver or kidney of the AG129 mice. Irrespective of the levels of FB and FH
proteins in the serum, at 4dpi, liver FB and FH mRNAs increased during DENV infection.
FH mRNA was still increased at moribund stage in the primary 104 PFU DENV infection
model but neither FB nor FH mRNA was altered at 6dpi of the DENV-N and DENV-I
models, despite a significant increase in FH and decline in FB protein in the circulation of
these DENV-infected mice. Animals infected with 10* PFU DENV display normal or mild
organ damage which could explain the ability of the liver to produce FB and FH mRNA
during the peak of viremia, and even at moribund stage. Likewise, no major damages have
been observed in the liver of DENV-N or DENV-I mice (Ng et al., 2014), although no
significant FB or FH mRNA response was observed in this case. Regardless, the
implication here is that in the setting of either acute or haemorrhagic DENV disease, the

liver is not the main source of circulating FH and FB proteins.

Considering the similarity between the circulating changes in FB and FH during DENV
infection in humans and the AG129 mouse model, with the latter deficient in IFN signalling
pathways, a Matlnspector analysis was performed in silico with a particular focus on
putative TF associated with the IFN or inflammatory response that could regulate the FB
and FH promoters in both mouse and human. Results of chapter V have already identified
IRFF, STAT and NFxf elements as potential regulators of the human FB and FH
promoters (see Figure V-1 and Figure V-2). Similarly, several members of the families of
IRFF and STAT were also present in the mouse FB and FH promoters. Further, the
putative identification of IRFF elements suggests that the mouse FB and FH genes should
be influenced by IFN. In chapter V, results have shown that FH and FB are induced by
IFN-B, at least in EC. Additionally IFN-y, is a major regulator of human FB and FH

promoters, as discussed in chapter V, and is also a major regulator of murine FB and FH
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MRNAs (Nonaka et al., 1989a, Nonaka et al., 1989b, Vik, 1996, Huang et al., 2002). Both
type | (IFN-B) and type Il (IFN-y) signalling responses are lacking in our AG129 mouse
model, due to the genetic lack of IFNAR o/} and y-receptors, suggesting the induction of
FB and FH reported here in the DENV-infected AG129 mouse must be mediated by

factors other than IFN.

TNFa is a factor known to be induced during DENV infection in humans and mice, and has
been associated with increased disease severity (Tan et al., 2010, Ng et al., 2014). TNF-a
can exert transcriptional changes in a cell via NFxf response elements. NFkf3 responsive
elements are shared by the human and mouse FB promoter, but in contrast to the human
FH promoter, no NFxB binding site was predicted in the mouse FH promoter. This
observation is supported by the literature, where a mouse FB promoter-luciferase reporter
construct with the NFxB binding sites located at -433 and -423 mutated has reduced
promoter activity in macrophages stimulated with TNFa (Huang et al., 2002). In the same
study, LPS (a TLR4 ligand) was also shown to induce FB promoter activity by a
mechanism, requiring the -433 and -423 NF«p binding sites (Huang et al., 2002). Since
DENV NS1 protein has been recently shown to stimulate TLR4 (Modhiran et al., 2015), the
induction of FB in DENV-infected AG129 mice lacking IFN signalling pathway, may be
mediated through NFxB and TLR pathways. Furthermore, IL-6, a cytokine significantly
elevated in DENV-infected AG129 mice (Tan et al.,, 2010, Ng et al., 2014), has been
identified as an activator of STAT3 promoting acute phase gene expression such us IL-11,
IL-21, IL-27 as well as granulocyte colony stimulating factor. The mouse FB promoter
contains at least six predicted STAT3 responsive elements, suggesting additional
cytokine-mediated pathways that may act via the STAT3 TF to induce the mouse FB

promoter.

Since the mouse FH promoter lacks predicted NFxf responsive elements, mouse FH may
not be influenced by TNFa in the same manner as human FH would during a DENV
infection. The mouse FH promoter however, shows a strong influence of STAT elements,
mainly STAT5. STATS can be activated by inflammatory cytokines including members of
the IL-2 (IL-2, IL-7, IL-15, IL-21) and IL-3 families (IL-3, IL-5) (reviewed in (Kisseleva et al.,
2002), thus it is possible that the mouse FH promoter could be activated during DENV
infection through actions of these cytokines. IL-2, IL-21 and IL-5 are reported to be
increased during DENV infection in humans (Maneekan et al., 2013), but changes in these

cytokines have not yet been reported in the DENV-AG129 mouse, and may be an area of
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future study. Additionally, the conventional notion that IFN-activated TF only consist of
phosphorylated STATs (the canonical STAT pathway) is being challenged with growing
evidence of un-phosphorylated STATs playing a role in gene regulation (non-canonical
pathway) (Au-Yeung et al.,, 2013). For instance, ISGs such us OAS-1 and IFI-27 have
been shown to be expressed in STAT1-deficient cells that had been reconstituted with un-
phosphorylated Y701F STAT1 mutant (Cheon and Stark, 2009). On the other hand, it has
been described that some viruses such us Epstein-Barr virus, Kaposi’s sarcoma-
associated herpesvirus, HIV-1 and porcine reproductive and respiratory syndrome virus
(PRRSV), are able to induce serine monophosphorylation of STATs in the absence of IFN
signalling pathways, which imply novel functions of STATs during virus infection and
pathogenesis (McLaren et al., 2007, King, 2013, Nan et al., 2018). Epstein-Barr virus is
capable of specifically promoting the expression of several ISGs (ISG15K, ISG54K, and
ISG56K) in an IFN-independent manner by inducing STAT1 phosphorylation (Ruvolo et
al., 2003, McLaren et al., 2007). Studies on Kaposi's sarcoma-associated herpesvirus
have demonstrated serine monophosphorylation of STAT3 leading to elevation of STAT3-
dependent genes, including IL-6, and transforming growth factor-p (King, 2013). PRRSV
and HIV-1 on the other hand, also promote IFN-independent serine monophosphorylation
of STAT1 and STAT1 and 3, respectively, resulting in higher levels of pro-inflammatory
cytokine gene expression in vitro (Chaudhuri et al., 2008, Yu et al., 2013). Therefore, it
appears that expression of particular genes can be promoted by un-phosphorylated STAT
or IFN-independent monophosphorylation of STATs which may constitute an alternative
explanation for the induction of FH mRNA in DENV-infected AG129 mice lacking IFN
responses. Prior evidence from DENV infection of primary EC in our laboratory have
demonstrated DENV induction of un-phosphorylated STAT1 (Calvert et al., 2015), and the
ability of DENV to drive IFN-independent STAT1-mediated gene transcription could be
further investigated.

Altogether these results support the idea that for human and mouse FH and FB, the
circulating complement responses during a natural infection in humans compared with an
experimental infection in the AG129-IFN deficient mouse are similar, and associated with
disease severity, suggesting this is a valid model to study the role of FB and FH in the
pathogenesis of severe DENV disease. The predicted differences in important IFN-driven
and NFxp-responsive elements in the FH and FB promoters, however suggest DENV-
induced responses in the human and AG129 mouse model may be triggered through

different mechanisms. This suggests that while the AG129 DENV-mouse model may not
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be reflective of the complete natural response of the AP to DENV infection, the model may
be useful in delineating the contribution of IFN-dependent and NFkp—driven responses of
FB and FH during DENV infection. In particular, since IRFF TFs and specifically, IFN-y
drives FB and FH induction in human and mouse, an alternative mouse model such us
IFNAR, deficient only in IFNa/B receptor (Prestwood et al., 2012b), could be a feasible
platform to study the regulation of FB and FH by DENV-induced IFN-y in more depth.

Given that both FB and FH human and mouse promoters showed a strong dependence of
IFN-regulatory elements, the regulation of FH and FB by DENV was investigated in an
intracranial model of DENV infection in immunocompetent mice with a fully competent IFN
response. The brain is an important site of immune priviledge, where DENV can
successfully replicate, and prior studies from our laboratory have demonstrated increasing
DENV RNA with time, increase in brain CD8+ T-cells and induction of ISGs (Al-Shujairi et
al., 2017). Surprisingly, however, the induction of ISGs such as viperin appeared prior to
the induction of IFN-B, suggesting that DENV-induction of ISGs in this brain model of
infection may occur in an IFN-B independent manner (Al-Shujairi et al., 2017). FB mRNA
was rapidly induced from 3dpi and by 6dpi FB mRNA was even higher, corresponding with
the increasing levels of viral RNA and viperin mRNA levels in the brain (Al-Shujairi et al.,
2017). Surprisingly, FH mRNA did not change during the entire course of infection even in
the context of a fully immune competent system. These results contrast to our prior data in
MDM and EC (Chapter 1V), where both FB and FH appear co-ordinately induced by DENV
in a manner that parallels other ISGs, such as viperin. Here, in contrast, FH is not induced
in the same manner as FB and other ISGs in this tissue. Excluding differences in IRFF and
ISRE since IFN signalling is absent in this system, comparison of the FH and FB
promoters in the mouse suggests that these different responses in the brain may be
mediated by NFkp responsive elements, present in mouse FB but not FH, or
STAT1/STAT3 elements acting in an IFN-independent manner, as described above.
Additionally, considering that IFN-y is a major regulator of FH expression (Schlaf et al.,
2002, Kim et al., 2009, Amadi-Obi et al., 2012), and the brain is an important source of this
cytokine (Wei et al., 2000) it is surprising that elevated levels of FH mRNA were not
observed following DENV infection. DENV induction of IFN-y, however, has not been
validated to occur in the DENV-infected mouse brain, and this remains to be defined. The
implication of the divergent responses of FB and FH during DENV infection in the brain is,
assuming other components of the AP pathway such as C3 are present, a predicted

increase in the activity of the AP. The role of the complement AP in controlling, clearing or
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driving pathology during viral infection in the brain has never been investigated and is an

exciting area of future study.

In summary, in this study similar responses of complement FB and FH were found during
DENV infection in humans and immunocompromised mice lacking IFN signalling
pathways, and support the use of this mouse model to further investigate mechanisms that

control the activity of the complement AP and the pathogenesis of DENV infection.

EVALUATION OF FB AND FH DURING DENGUE VIRUS INFECTION IN IN VIVO MODELS / 167



Sheila Cabezas PhD Thesis

CHAPTER VII GENERAL DISCUSSION AND FUTURE
DIRECTIONS

Infection caused by DENV is considered the most important mosquito-borne viral disease
of humans in the world (Guzman et al., 2010, Bhatt et al., 2013). Recent reports from the
WHO indicate that more than 40% of the world’s population is at risk of DENV infection,
with an estimated 390 million infections worldwide each year in more than 100 countries
(WHO, 2009, Bhatt et al., 2013). Dengvaxia®, the unigue vaccine available against DENV,
exhibits low protective capacity against the serotypes 1 and 2 and is only safe to use in
individuals living in endemic areas (Guy and Jackson, 2016, Wichmann et al., 2017). In
addition, there are no antiviral therapies for DENV infection, only supportive treatments for
DENV-infected patients. Thus, there is a real need not only to prevent the infection but
also to treat the disease. To develop ways to treat the disease, more knowledge of the

mediators of DENV pathogenesis are needed.

Multiple factors are already known to contribute to the pathogenesis of DENV disease
including increased viral load, cross-reactive T-cell responses, the presence of heterotypic
non-neutralising antibodies during a secondary infection, and the ‘cytokine storm’
(Halstead, 1989, Halstead, 2003, Green and Rothman, 2006, Rothman, 2011). The role of
the complement system in DENV pathogenesis has been controversial. While a number of
studies have reported a beneficial role of the complement system, particularly the LP in
protecting against DENV (Avirutnan et al., 2011), evidence has also suggested a role for
complement in the pathogenesis of DENV disease. Specifically, dysregulation of the AP of
the complement system is associated with severe forms of the disease, DHF and DSS
(Nascimento et al., 2009). This evidence prompted us to investigate the changes in two
main regulatory factors of the AP with opposing roles in the complement cascade: FB a
positive mediator, and FH a negative regulator, in the context of DENV infection. The
current thesis describes a sequence of experiments in in vitro and in vivo models of DENV
infection directed to study the way the complement AP responds to DENV infection with a

view to understanding how this may influence DENV disease.

In chapter lll, essential assays were established that were then applied to human and
mouse models of DENV infection. Further improvements could be the generation of
specific assays to discriminate FH and FHL-1 proteins, and investigate the cleavage of FB.
In chapter IV induction of FH and FB mRNA and proteins in DENV-infected EC and
macrophages, important primary cell types relevant to DENV infection in vivo, was defined.
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Results show a significant increase in FB and FH mRNA in DENV-infected cells but
surprisingly this corresponded to an increase only in FB and not FH protein. These
changes were accompanied by other measures reflecting increased hyperactivity of the
AP during DENV infection; the ratio between FB and FH proteins showed an increase in
FB (the activator) relative to FH (the negative regulator) in DENV-infected compared with
uninfected cells, increased deposition of C3b on DENV-infected cells along with enhanced
ability of DENV-infected supernatants to promote AP lytic activity in vitro. This could result
in augmented C3 convertase activity, increased formation of complement activation
products such as the anaphylotoxins C3a and C5a, and the MAC (C5b-9) that could
directly act on EC and adversely affect their function. One important aspect not addressed
in our studies is the effects of these changes in AP activity on the DENV-infected
macrophage, a key site for DENV replication and a potential target for complement-
mediated clearance. Future studies may, for instance, address the ability of the AP to lyse
or effect the inflammatory cytokine/chemokine expression profile of DENV-infected
macrophages in vitro. Our studies predicted that these overall changes in complement AP
activity, locally at the endothelium could result in increased DENV-induced vascular
leakage, a hallmark of DENV disease. As a first step towards testing the relationship
between changes in FB and FH and DENV-induced pathology, studies were undertaken
using in vivo models of DENV infection, as discussed further below.

Results of this thesis have also made progress into defining factors that may control the
induction of FH and FB mRNA during DENV infection and suggest a role for type | IFN
(IFN-B) and other factors with well-defined roles in innate immune responses in control of
FH and FB gene expression (Chapter V). Using the Matinspector software tool to identify
TF binding sites, several IFN-responsive elements along with NFxp and STAT binding
elements were identified within the human FB and FH promoter regions. This suggests
that both FH and FB are triggered by similar stimuli and intracellular signalling pathways.
By blocking the action of endogenously produced IFN-B, it was experimentally
demonstrated that this cytokine with a central role in regulating innate anti-viral immune
responses against DENV, also regulates induction of both FB and FH mRNA in DENV-
infected cells. Interestingly, IFN-B regulation of FB and FH was observed in EC but not in
MDM. Previous studies have demonstrated that IFN-y is a major inducer of FH and FB in
several cell types including hepatocytes, fibroblasts, macrophages, epithelial and
endothelial cells (Lappin et al., 1992, Friese et al., 2000, Friese et al., 2003, Wu et al.,

2007) and a potential area of future investigation is defining the role of IFN-y in driving the
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expression of these factors in DENV-infected monocyte/macrophages. Additionally, on-
going work of an honours student in our laboratory extends from this study and will define
the FH promoter elements responsive to DENV infection through analysis of the activity of
a FH-Luciferase reporter construct in DENV-infected cells, and effects of treatment with
STAT inhibitors or with selected elements deleted from the FH promoter.

The findings from chapter IV were also extended to investigate the changes in FB and FH
in AG129 mice, a mouse model of DENV infection deficient in type | and type Il IFN
receptors (Chapter VI). Data shows an early decrease in FH protein while FB significantly
increases in the serum of DENV-infected animals experiencing the most severe forms of
DENV disease. Further, a late decrease in FB and increase in FH protein was detected in
mice with severe DENV suggesting excessive complement consumption and activity late
in disease. Surprisingly, changes in circulating FB and FH proteins were not reflected by
changes in liver mRNA, suggesting that in contrast to the literature, either this tissue is not
the major source of these circulating proteins or that circulating responses during DENV
infection are driven by translational rather than transcriptional regulation. Importantly,
these alterations in the level of both proteins in the circulation of DENV-infected AG129
mice are indicative of hyper-activation of the AP and are consistent with the responses
described in DHF and DSS patients (Bokisch et al., 1973, Nascimento et al., 2009).
Further, since AG129 mice lack IFN receptors, the changes observed in FH and FB during

DENV infection of AG129 mice are reflective of IFN-signalling independent regulation.

Thus, the mouse FB and FH promoters were assessed for potential TF binding sites, again
using the Matlnspector software. The results show the presence of IFN regulatory
elements, but also STAT and/or NFkp- responsive elements in both mouse FB and FH
promoters (Chapter VI). This data combined with the existing literature (Huang et al.,
2002) suggest that the mouse FB promoter may be regulated by inflammatory mediators
such as TNFa and IL-6, factors known respectively to stimulate NFxp and STAT
pathways, and that are also known to be induced in DENV-infected AG129 mice (Tan et
al., 2010, Ng et al., 2014). In contrast, the mouse FH promoter lacks NFkf binding
elements, but may be induced by STAT TF. The in vivo regulation of FH and FB during
DENV infection could be further defined through infection of mice lacking genes to drive
these potential TF, such as the IFNAR” mouse model, deficient only in IFN-o/p receptor
(Prestwood et al.,, 2012b) to investigate the role of IFN-y stimulation, or STAT-deficient
mice such as STAT1” or STAT2"- (Chen et al., 2008, Perry et al., 2011) to define the role
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of the ISRE, or TNF-a mice (Glasner et al., 2017) to investigate the potential role of the
NFkpB element. Similarly, macrophages and EC could be isolated from AG129 mice and
DENV-infected in vitro to investigate the role of IFN signalling in the induction of FH and
FB.

Dysregulation of the AP has been extensively studied in atypical haemolytic-uremic
syndrome (a-HUS), a human disease that is also characterised by damage to the
endothelium and increased vascular leakage (Zhang et al., 2017a). The best treatment for
this rare disease is based on the administration of Eculizumab, a humanised murine
monoclonal antibody against C5, which prevents C5 cleavage and thus inhibits Cha
release and the assembly of the terminal pathway of the complement system (Cofiell et al.,
2015). This drug is considered the most expensive drug in the world and therefore, other
protocols including plasma exchange/infusion have been used as an alternative treatment
in this setting (Kerr and Richards, 2012). This however, is a drastic measure and although
plasma exchange has significantly improved morbidity and mortality in a-HUS patients
(Waters and Licht, 2011) it is unlikely to be applicable to treatment of severe DENV,
particularly given the large number of DENV cases, often in resource poor settings.
Interestingly, the dysregulation of the AP described in a-HUS is not due to the lack of FH
induction; rather in the majority of cases is caused by mutations in FH and other negative
regulators of the AP such as FI and CD46 (Zhang et al., 2017a). Based on this lack of
negative regulation of the AP in a-HUS, other possible therapeutic strategies include the
development of a plasma-derived FH concentrate (Fakhouri et al., 2010), the production of
recombinant FH protein (Schmidt et al., 2011) or TT30, a FH fusion protein that binds to
CR2 and blocks C3-derived fragments accumulation on activated surfaces, MAC formation
and haemolysis of red blood cells (Fridkis-Hareli et al., 2011). Recently, a nanobody that
prevents proconvertase assembly by inhibiting FB binding to C3b has been proposed as a
powerful tool to decay AP activity (Jensen et al., 2018). Thus, there are a growing number
of agents with the potential to promote FH actions and regulate the AP. Our study may be
the starting point for the future development of novel potential agents such as these to
promote FH levels and downregulate the AP activity during DENV infection. Additionally,
our study has identified that although FH mRNA is induced by DENV, the protein levels
are unchanged, and thus approaches to specifically promote FH protein production from
DENV-infected macrophages and EC might be a feasible strategy to counteract the
imbalance in FH:FB levels during DENV infection. Lastly, while this study has clearly
demonstrated deficits in FH and FB that could link to AP hyperactivity during DENV, it
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would also be interesting to investigate the role of other complement AP negative
regulators such as FI and CD46, to define the breadth of dysregulation of this system
during DENV infection.

VIl.1 Conclusions

This study has contributed to the knowledge and understanding of the regulation of the AP
during DENV infection, in particular through changes in FH and FB. Outcomes suggest
potential new roles of the AP complement cascade in DENV disease and propose new
layers in the cellular mechanisms that may alter EC barrier function and could contribute to
vascular permeability and haemorrhage during DENV infection. The dysregulation of the
AP that has been demonstrated here occurs within the local environment of EC and MDM,
and also in the circulation of DENV-infected mice, providing fundamental knowledge in
both primary in vitro and small animal in vivo model systems for future laboratory
investigations. Importantly, DENV-induced changes in complement FB and FH are similar
in both human and mouse models of DENV infection demonstrating the utility of the
AG129 mouse model for the study of the role of complement AP in DENV pathogenesis.
Altogether this study provides encouragement for the identification of new therapeutic
agents to control DENV-induced dysregulation of the AP as a potential avenue for
preventing the increased vascular permeability and treating the severe forms of DENV

disease.
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APPENDICES

Appendix 1. Analysis sequence of building blocks used in the high-throughput imaging
system (Operetta)

Cells were fixed, permeabilised and subsequently immunostained as described in chapter
Il, section 11.2.17. Images from 49 fields of view were taken and quantitated using
Harmony software (PerkinElmer) with the following analysis sequence. Building blocks

were created and defined with [ ] as below.
Analysis Sequence

1. [Input Image]- Stack processing Individual Planes

2. [Find Nuclei]- Channel Hoechst; Method: B; Output Population: Nuclei

3. [Find Cytoplasm]- Channel Cy3, Nuclei: all cells, Method: B; Output Population: all
cells

4. [Calculate Intensity Properties]- Channel Alexa 488, Population: all cells, Region:
Cytoplasm, Output Properties : A488 intensity cell

5. [Select Population]- Population: all cells, Method: Filter by Property A488 intensity
cell Mean : > 800, Output Population: DENV-positive

6. [Select Population (2)]- Population: all cells, Method: Filter by Property A488
intensity cell Mean : < 800, Output Population : DENV-negative

7. [Calculate Intensity Properties (2)]- Channel: Cy3, Population: DENV-positive,
Region: Cell, Output Properties : Cy3 intensity DENV-positive

8. [Calculate Intensity Properties (3)]- Channel: Cy3, Population: DENV-negative,
Region: Cell, Output Properties: Cy3 intensity DENV-negative

9. [Calculate Intensity Properties (4)]- Channel: Cy3, Population: all cells, Region: Cell,
Output Properties: Cy3 intensity all cells

10.[Calculate Intensity Properties (5)]- Channel: Alexa647, Population: DENV- positive,
Region: Cell, Output Properties: Alexa647 intensity DENV-positive mean

11.[Calculate Intensity Properties (6)]- Channel: Alexa647, Population: DENV-
negative, Region: Cell, Output Properties: Alexa647 intensity DENV-negative mean

12.[Calculate Intensity Properties (7)]- Channel: Alexa647, Population: all cells,

Region: Cell, Output Properties: Alexa647 intensity all cells mean
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Anti-species immunoglobulin
conjugated to peroxidase

Monoclonal antibody anti-FH

Polyclonal antibody anti-FH

’ J\
> @ Serum or supernatant sample
1 Ill

Appendix 2. Schematic representation of the sandwich ELISA developed to detect human
and mouse FH proteins

A broadly cross-reactive anti-FH polyclonal antibody is immobilized (1) to increase the possibility of
capturing any available FH protein in serum sample or cell supernatant (2) while a monoclonal
antibody is used as a detecting molecule to increase the specificity of the assay (3).
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Logl0 PFU/ml

Days post infection

Appendix 3. Course of viremia in AG129 mice infected with 10* PFU of D2Y98P strain.

Five- to six- weeks old AG129 mice were infected with 10* PFU/mouse of DENV-2 strain D2Y98P.
At the indicated time points mice were euthanized, blood harvested and serum subjected to plaque
assay for viremia quantitation. This figure was kindly provided by Dr. Penny Rudd, Griffith
University, Queensland, Australia.
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