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ABSTRACT

Dengue virus (DENV), yellow fever virus (YFV), West Nile virus (WNV),
and Zika virus (ZIKV) are the leading causes of mosquito-borne human flavivirus
infections in the Americas. Serological assays for diagnosis and surveillance are
generally directed towards one specific virus and disregard the potential for
antibody cross reactivity between nearest neighbors. Here, a comprehensive assay
was developed that included whole virus preparations and recombinant antigens
from 15 human pathogenic flaviviruses. Using the printed microarrays, serological
immune responses to ZIKV, WNV, DENV, and YFV infections of humans and
nonhuman primates (NHPs) were examined in order to examine specificity and
cross reactivity of antibody responses among the viral antigens. Sera were further
employed from yellow fever vaccine studies to demonstrate the utility of using
multiple viral antigens for obtaining a detailed analysis of antibody responses to
vaccination.  Results from the microarray assays indicated that antibody
recognition of isolated flaviviral antigens can be used to resolve complex infection
histories, as well as provide a detailed understanding of immune responses to YFV

vaccination in areas of flavivirus endemicity.
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INTRODUCTION

Flaviviridae background

The Flaviviridae family includes over 100 enveloped, single-stranded RNA viruses
that are agents of animal and human diseases (Lindenbach 2007; Simmonds et al. 2017;
Stapleton et al. 2011). The four Flaviviridae genera of flavivirus, hepacivirus, pestivirus,
and pegivirus share similar virion morphology, genomic organization, and replication
mechanisms. Viruses within Flaviviridae are small (~9.5-13kb) positive-strand RNA
viruses that enter host cells by receptor-mediated endocytosis (Pierson and Kielian 2013;
Simmonds et al. 2017; Smit et al. 2011). Acidification of endosomes induces viral
membrane fusion and un-coating of the immature virion, which leads to the release of RNA
into the cytoplasm (Pierson and Kielian 2013; Smit et al. 2011), which serves as both viral
MRNA and a template for genomic replication. The viral RNA is translated into a single
polyprotein that is further processed by internal and host proteases into approximately ten
structural or non-structural proteins (Heinz and Stiasny 2012; Hollidge et al. 2010;
Lindenbach 2007). The assembled immature virion buds from the endoplasmic reticulum
into the Golgi for further processing. The surface proteins (envelope (E) and precursor
membrane protein (pM)) on the immature virion undergo significant conformational
change that allows furin-mediated cleavage of the precursor peptide from the virus-
associated transmembrane M before exocytosis of the mature infectious virus (Heinz and
Mandl 1993; Smit et al. 2011; Stadler et al. 1997).

Despite the similarities, each Flaviviridae genus is characterized by distinct
biological properties and disease presentations. Flaviviruses are typically transmitted to

humans and animals by infected mosquitoes or tick vectors. While most human infections



are mild and self-limiting, flaviviral diseases such as dengue and West Nile can progress
to hemorrhagic fever and encephalitis, respectively (Halstead et al. 1976; Kliks et al. 1988).
Hepatitis C virus (HepC), the only human hepacivirus within the genus, is transmitted to
humans through infected blood. There are six HepC genotypes that are distributed
throughout the world. Hepatitis C infections cause approximately 400,000 deaths each year
due to liver related disease ([WHO] World Health Organization 2017a). Pegivirus,
formally referred to as GB virus type C, is most similar to HepC. However, disease
pathogenesis caused by pegivirus infections in humans remains unresolved, partly due to
its high prevalence in individuals co-infected with HepC or human immunodeficiency virus
(Berg et al. 2015; Gutierrez et al. 1997; Mohr and Stapleton 2009). Pestiviruses, such as
bovine viral diarrhea virus cause a significant number of deaths and economic loss in the
livestock industry, but are not commonly associated with disease in humans (Leyssen et
al. 2000). Overall, Flaviviridae viruses are considered a major global health and economic

burden, though differences in epidemiology and pathogenesis exist between each genus.

Flavivirus background information

Approximately half of the 75 known flaviviruses are human pathogens (Solomon
and Mallewa 2001). Human flavivirus infections are typically seasonal and occur through
the blood-meal bite of an infected mosquito or tick. The infected saliva of the arthropod is
transferred into the host’s bloodstream, which then goes through a series of steps leading
to viremia (Hollidge et al. 2010; Schmaljohn and McClain 1996). However, infections can
also be transmitted without a vector, such as: through infected blood or organ transplant

donations, transmitted from mother to child, through contact with infected animal tissue or



fluids, via sexual transmission, or laboratory acquired infections (Foy et al. 2011;
Sampathkumar 2003). There are no specific anti-flaviviral drugs, and licensed vaccines
for humans exist for only a few flaviviruses, for example YFV, Japanese encephalitis virus
(JEV), and tick-borne encephalitis virus (TBEV) (Heinz and Stiasny 2012). Recently a
live, attenuated dengue virus (DENV) vaccine was licensed in a number of countries where
the disease is endemic. However, the chimeric DENV vaccine has only demonstrated
modest efficacy and it is likely to be many years before it is fully implemented in all
dengue-endemic areas ([WHO] World Health Organization 2017b; Capeding et al. 2014).
In regards to human disease impact, the major pathogenic flaviviruses are DENV, YFV,
JEV, TBEV, WNV, as well as the rather newly emergent and rapidly spreading ZIKV.
Several other flaviviruses, such as St. Louis encephalitis virus (SLEV), Murray valley
encephalitis virus (MVEV), Rocio virus (ROCV), and Powassan virus (POWYV), have the
ability to cause severe and fatal disease in humans, but outbreaks are currently sporadic
and the number of reported annual cases is relatively small (Cleton et al. 2012; Heinz and

Stiasny 2012).

The 11kb flavivirus genome is translated into a single polyprotein that is cleaved
into three structural proteins (capsid (C), envelope (E), and precursor membrane/membrane
(pM/M)) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) (Heinz and Stiasny 2012; Hollidge et al. 2010; Lindenbach 2007) (Figure 1). The
structural proteins are incorporated into the virus particle and have primary roles in virus
assembly, mediating cell attachment, and fusion with the host membrane (Lindenbach and
Rice 2003; Lindenbach 2007). The non-structural proteins are mainly involved in

processing of the polyprotein, RNA replication, and evasion of the host immune response



(Avirutnan et al. 2010; Avirutnan et al. 2007; Chuang et al. 2013; Lindenbach 2007; Patkar
and Kuhn 2008; Perera and Kuhn 2008). The E, pM/ M, and NS1 proteins are thought to
be the primary targets of humoral immune responses in infected individuals, although
antibody responses to NS3 and NS5 proteins has also been detected in humans
(Churdboonchart et al. 1991; Cleton et al. 2012; Duangchinda et al. 2010; Fernandez et al.
2011; Wahala and Silva 2011). Further, T-cell (CD4+/CD8+) immune responses have
been demonstrated to all flavivirus proteins, but may preferentially target NS proteins

(NS3, NS5, and NS4B) (Rivino and Lim 2017) .
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Figure 1. Schematic model of flavivirus virion and proteome. Mature flavivirus
particles are composed of a tightly packed surface of 90 E homodimers that are organized
in rafts of three parallel dimers. The virions contain two membrane proteins (M and E),
while the capsid (C) surrounds the viral positive strand RNA. The virion RNA is infectious
and serves as both the genome and the viral mMRNA. A single polyprotein is translated and
processed by host and viral proteases into three structural proteins (capsid (C), membrane
(M), and envelope (E)) and seven non-structural proteins (NS1, NSS2A, NS2B, NS3,
NS4A, NS4B, NS5). Picture obtained from ViralZone (www.viralzone.expasy.org),
copyright of Swiss Institute of Bioinformatics ([SIB] Swiss Institute of Bioinformatics:
ExPasy 2016).

Genomic sequences are useful for categorizing the various flaviviruses. Nucleotide
sequence comparisons based on the polymerase (NS5) separate three major phylogenetic
clades: mosquito-borne flaviviruses, tick-borne flaviviruses, and a group of flaviviruses
with no known vectors (Cook et al. 2012; Kuno et al. 1998). Another distant group consists
of flaviviruses that infect insect, but not mammalian cells (Blitvich and Firth 2015).

However, insect-specific flaviviruses should not be overlooked as studies have


http://www.viralzone.expasy.org/

demonstrated that mosquitoes co-infected with insect-specific flaviviruses and human
pathogenic flaviviruses have the ability to suppress or enhance viral replication (Blitvich
and Firth 2015; Goenaga et al. 2015). Additional flavivirus associations can be made based
on antigenic relatedness, vector of disease, symptoms of their causative disease, and the
primary amplifying host (Gaunt et al. 2001; Troupin et al. 2017). The first subdivision
includes JEV, WNV, SLEV, MVEV, and ROCYV that are primarily carried by Culex species
mosquitoes, with avian species serving as natural amplifying hosts. Infections with this
group of viruses typically cause mild human disease, but are distinct from other flaviviruses
in that severe forms of the disease lead to neurological symptoms of meningitis and
encephalitis (de Barros et al. 2011; Schmaljohn and McClain 1996; Schweitzer et al. 2009).
A second subdivision is comprised of viruses transmitted by Aedes mosquitoes, with
primates as the primary amplifying host (Schmaljohn and McClain 1996).  Severe
infections with Aedes-borne flaviviruses manifest more as a multisystem or systemic
disease that can include rash, hemorrhagic fever, arthralgia, and liver damage (Schmaljohn
and McClain 1996). From this second group, there are three viruses that have a major
global impact on human health: DENV serotypes 1-4, YFV, and ZIKV. However, it should
be noted that current human ZIKV infections have not led to hemorrhagic fever, but instead
have been linked to congenital microcephaly via in utero infections and Guillain-Barré
syndrome in adults (Song et al. 2017). A third subdivision includes tick-borne flaviviruses
that primarily cause neurological disease symptoms, with a small subset that can cause
hemorrhagic fever (Yoshii et al. 2014). Tick-borne flaviviruses further divide into two
distinct groups with either seabirds or rodents as the primary reservoir, with the possibility

of a third evolutionarily distinct group containing Kadam virus (Grard et al. 2007). Seabird



tick-borne flaviviruses infect only seabirds, whereas mammalian tick-borne flaviviruses,
which include Far Eastern, European, and Siberian strains of tick-borne encephalitis virus
(TBEV), are a significant cause of human disease (Mansfield et al. 2009). Despite the
availability of a licensed vaccine, TBEV subtypes account for more than 10,000 human
infections annually in Europe and parts of Asia (Dobler 2010). Powassan virus (POWV)
is the only tick-borne flavivirus that is reported in the United States (U.S.), and although
the number of human infections has remained low, the number of reported known
neuroinvasive cases has increased in recent years ([CDC] Centers for Disease Control and
Prevention 2016; Ebel 2010). Overall, viruses within the mosquito and tick-borne
flavivirus groups represent a significant threat to the public health by causing diseases that
lead to a range in severity of symptoms from general malaise to death (Meltzer 2012).
Further, flaviviruses are globally distributed, with many species co-circulating (Figure 2),

thus confounding efforts to detect and diagnose current and past infections.
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Figure 2. Geographic distribution of nine major human pathogenic flaviviruses. Map
showing the extensive geographic distribution of nine flavivirus isolates, as well as co-
circulating arthropod-borne viruses, Chikungunya virus and Rift Valley fever virus. The
map was available from: (in  document listed as  “Figure 17)
https://www.researchgate.net/publication/260870720_Dengue_virus_and_other_arboviruses A g
lobal_view of risks [accessed 1 Mar, 2018], and updated to include the rapid spread of
ZIKV from 2012-2016, as well as the imported cases of YFV into China (Anez et al. 2012).
Copyright 2018 by Elsevier and Copyright Clearance Center.

Mosquito-borne flaviviruses, JEV serogroup

Viruses within the JEV serogroup primarily circulate between Culex mosquitoes
and birds, while in JEV outbreaks, pigs are a primary host for virus amplification. Humans,
horses, and other livestock are readily infected with flaviviruses from this serogroup. JEV
is endemic in 24 countries of Asia and the Western Pacific. Despite the availability of a
licensed vaccine (SA 14-14-2) against JEV infections, there are approximately 68,000
clinical cases documented each year; with a case fatality rate as high as 30% among

individuals with encephalitis ([WHQO] World Health Organization 2015). JEV most often
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affects young children, and is the primary cause of pediatric encephalitis in endemic areas

([CDC] Centers for Disease Control and Prevention 2013; Solomon et al. 2000).

While JEV has become fairly widespread, ROCV and MVEV have remained
isolated to Brazil and Australia, respectively. Both viruses were responsible for large
encephalitis outbreaks, and continue to be detected in both mosquitoes and reservoirs in
endemic areas (Selvey et al. 2014; Silva et al. 2014). The geographic distribution of SLEV
extends from Canada to Argentina, while the vast majority of human cases have occurred
in the eastern and central U.S. ([CDC] Centers for Disease Control and Prevention 2017;
Kopp et al. 2013). The largest U.S. epidemic of SLEV occurred in 1975, with 2,000 known
infections, while major disease outbreaks may occur every five to 15 years ([CDC] Centers

for Disease Control and Prevention 2017).

Although ROCV, MVEV, and SLEV outbreaks are sporadic, WNV is an example
of the potential of an overlooked flavivirus to emerge rapidly in previously unaffected
geographical areas and cause a significant number of disease cases. WNV was endemic to
parts of Africa, Europe, Asia, and Australia; yet caused a low number of central nervous
system disease outbreaks before its introduction into the U.S. in 1999 by migrating birds
(Heinz and Stiasny 2012). After WNV appeared in New York City, it rapidly spread over
the North American continent and subsequently to Central and South America. WNV is
now the most widely distributed neurotropic flavivirus, as well as the primary source of
vector-borne viral encephalitis in the U.S., with over 1,000 deaths occurring from WNV
infection between the years 1999 to 2007 (Burakoff et al. 2018; Reimann et al. 2008).
Unlike JEV, WNV most commonly affects the immunocompromised and elderly

(Solomon and Winter 2004). Among patients who have developed severe neurological

9



symptoms due to WNV infection, more than half remain chronically infected and suffer
from long-term sequelae (Murray et al. 2009). Due to the surge in the rate of infections and
evidence of WNV transmission through blood transfusions in the U.S., blood collection
agencies began screening measures for all blood donations in 2003 (Centers for Disease
and Prevention 2003; Iwamoto et al. 2003). Despite research efforts and surveillance work,
WNYV continues to be a major global health concern. The most recent outbreak of WNV
occurred in Greece from 2010 to 2011 and caused 197 human cases of West Nile
neurovirulent disease with 17% of them leading to death (Danis et al. 2011a; Danis et al.

2011D).

Mosquito-borne flaviviruses, DENV serogroup

Viruses within the DENV serogroup circulate between Aedes mosquitoes and
primates, but humans can also serve as primary amplifying host in urban outbreaks of
DENV1-4, ZIKV, and YFV. Yellow fever virus was the first human pathogen that was
confirmed to be transmitted by mosquitoes in the early 1900s (Reed et al. 1901). Despite
the availability of an effective attenuated, live virus vaccine (17-D-204 or 17DD) since the
1930s, yellow fever remains a major public health problem for 47 countries in Africa,
Central and South America. Vaccination is required for individuals over nine months of
age who are living or traveling to areas where the risk of YFV transmission is high.
Unfortunately, coverage in endemic areas is not high enough to prevent the continuation
of outbreaks (Grobbelaar et al. 2016; Wasserman et al. 2016). In fact, there is only 1-40%

coverage in Africa where yellow fever is most prominent, in comparison to 80-90%
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vaccinations in South America (Monath 2001). Modeling studies based on data from
Africa estimated that 127,000 persons annually on average become infected with
symptomatic yellow fever leading to 44,500 deaths (Garske et al. 2014), and the number
of yellow fever cases has recently increased. For example, severe outbreaks have occurred
in regions of Africa and South America (Dec. 2016 - ongoing) that were relatively free of
YFV for a number of years (Grobbelaar et al. 2016). There were over 3,000 reported cases
from 2015-2016 and over 300 deaths reported in humans infected with YFV in Africa, with
the vast majority of cases occurring in the capital of Angola. The ongoing YFV outbreak
in Brazil has led to over 1,000 confirmed human cases, including over 400 deaths ([PAHO]
Pan American Health Organization/[WHO] World Health Organization 2018). Further, the
recent outbreaks in Angola and Brazil have renewed concerns about yellow fever disease,
the production of the YFV vaccine, and the longevity of vaccine acquired immunity. More
than 30 million doses of the yellow fever vaccine were distributed during the outbreaks in
order to ensure protection and further transmission of the virus ([WHO] World Health
Organization 2017c). However, emergency stockpiles were exhausted due to the number
of vaccine doses that were dispatched, causing a global vaccine shortage (Gershman et al.
2017). There are continued concerns regarding replenishment of the vaccine stockpile
before another large outbreak occurs due to the length of time (up to 6 months) it takes to
produce the vaccine in pathogen-free embryonated chicken eggs ([UNICEF] United
Nations International Children’s Emergency Fund 2016; Barrett 2017; Monath et al. 2016).
Furthermore, there are only four pre-qualified YFV vaccine manufacturers that are
available and the vaccine can only be stored for two to three years ([JUNICEF] United

Nations International Children’s Emergency Fund 2016). The vaccine shortage has also
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raised questions about the longevity of acquired immunity to YFV and whether boosting
may be necessary (Amanna and Slifka 2016). Furthermore, while the shortage prompted
the World Health Organization (WHO) to permit fractional doses (ex. one fifth of standard
dose) of the vaccine to be given in the interim, there are not sufficient data to ensure that
the diluted dose will provide adequate lifelong protection ([WHO] World Health
Organization 2016; Ahuka-Mundeke et al. 2018). Additionally, following the recent
importation of 11 yellow fever cases into China there is a possibility that YFV could be
introduced into new regions of Asia where competent vectors of disease exist and there are
no current vaccination efforts (Agampodi and Wickramage 2013; Barrett 2017; Cui et al.

2017; Wasserman et al. 2016).

Dengue virus (DENV) is the leading cause of arthropod-borne viral disease in the
world, infecting an estimated 390 million humans each year, with another 3.6 billion people
at risk (Bhatt et al. 2013). Dengue disease is endemic in over one hundred countries within
the equatorial zone of Asia, Africa, the Americas, and Australia ([CDC] Centers for
Disease Control and Prevention 2014). Dengue virus is maintained in two distinct
transmission cycles, an ancestral sylvatic cycle involving NHPs and mosquitoes and an
urban cycle involving Aedes mosquitoes and humans. Although, the isolation of sylvatic
strains in humans has been documented (Vasilakis et al. 2011), DENV is distinct from
other flaviviruses in that the contribution of the sylvatic cycle in human viral infections is
minimal since DENV is successfully maintained between mosquitoes and humans and does
not require NHPs or other vertebrates for virus amplification (Whitehead et al. 2007).
Though asymptomatic or dengue fever cases are more prevalent, there are four distinct

DENYV serotypes (DENV1-4) in circulation that can cause severe disease. Infection with
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one serotype affords lifelong protection against the infecting serotype, while protection
against heterologous DENV serotypes is temporary, only lasting a few months (Sabin
1952). Secondary dengue infection is a major risk factor for the more serious dengue
hemorrhagic fever and dengue shock syndrome. Severe DENV infections can cause
bleeding in the skin and gastrointestinal tract, capillary leakage, inability to form clots,
liver damage, and death (Halstead 2007). The development of an effective vaccine against
all four DENV serotypes has been complicated by the potential risk of enhancing the
severity of disease. This is because the immune response following DENV infections has
been hypothesize to both clear the virus, as well as enhance disease pathogenesis (Flipse
and Smit 2015; Wan et al. 2013a; Wan et al. 2013b). One candidate, a live-attenuated
tetravalent DENV vaccine (Dengvaxia ©) produced by Sanofi-Pasteur has been recently
licensed in a few countries. However, variability in efficacy rates has been observed among
serotypes and data has suggested that it seems to primarily benefit those with pre-existing

DENV immunity (Aguiar et al. 2016; Guy et al. 2015; Hadinegoro et al. 2015).

ZIKV is closely related to both YFV and DENV, and was first isolated in 1947
from a non-human primate in Uganda (Dick et al. 1952). Since then, ZIKV was
sporadically isolated from primates and Aedes mosquitoes, and was associated with a small
number of human disease cases (<20 documented cases) in both Africa and Asia. Due to
similar disease symptoms, ZIKV infections are commonly mistaken for DENV, malaria,
or another mosquito-borne virus, chikungunya (Haddow et al. 2012). Recently ZIKV
caused an extensive outbreak that spread to locations outside of Africa and Asia (Hayes
2009). The first large epidemic of ZIKV infection occurred on Yap Island of Micronesia

in 2007 and then subsequently spread to French Polynesia and Oceania countries in 2013-
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2014 where over 400 cases were confirmed through laboratory testing (Duffy et al. 2009;
Lanciotti et al. 2008; Musso et al. 2014). ZIKV was reported in Brazil in 2015, causing a
major epidemic that has since spread to surrounding countries in South America, as well
as being introduced into the U.S. in 2016 (Florida and Texas) ([PAHO] Pan American
Health Organization 2016; Barzon et al. 2016). The sudden emergence and rapid
distribution of ZIKV to previously naive regions, in combination with the urbanized Aedes
vector highlights the reasons that ZIKV became a global public health emergency. ZIKV
infection in humans usually manifests as a mild, febrile illness. However, deaths have been
documented and autoimmune side effects such as Guillain-Barre syndrome, as well as
congenital microcephaly via in utero infections have been observed in an unusually large
percentage of those infected (Announcement: Guidance for u.S. Laboratory testing for zika
virus infection: Implications for health care providers 2016; Cao-Lormeau et al. 2016;
Cauchemez et al. 2016; loos et al. 2014; Mittal et al. 2017; Oehler et al. 2014; Weaver et
al. 2016). Unlike DENV and YFV, hemorrhagic symptoms have not been seen in ZIKV
infections, though co-infections with DENV have been documented (Dupont-Rouzeyrol et
al. 2015; Lanciotti et al. 2008). Further, ZIKV can be sexually transmitted, whereas there
is limited knowledge concerning sexual transmission of other flaviviruses. Guidelines for
prevention of sexual prevention have been recommended for potential exposures due to the
prolonged detection of ZIKV during infection, especially in semen (Foy et al. 2011;

Mansuy et al. 2016; Paz-Bailey et al. 2017).
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Tick-borne flaviviruses

Tick-borne flaviviruses circulate among small animals, mostly rodents, and are
typically transmitted to humans after a bite from an infected Ixodes tick. Studies have
shown that tick saliva contains active factors that aid in viral transmission and pathogenesis
(Hermance and Thangamani 2015). Tick-borne flaviviruses can also be transmitted
through the ingestion of infected milk or direct transmission from infected animals.
Infection with tick-borne flaviviruses most commonly causes flu-like illness, with severe
cases leading to encephalitis or death. Omsk hemorrhagic fever virus and Kyasanur forest
disease virus are tick-borne flaviviruses that can cause hemorrhagic symptoms but have
thus far been limited to areas of Siberia and south-western India, respectively (Yoshii et al.
2014). Despite the availability of an effective vaccine, TBEV is the most common and
widespread tick-borne flavivirus in Europe and Asia, with an average 12,000 cases
occurring annually (Dobler 2010). There are three subtypes of TBEV: European, Far
Eastern, and Siberian. Although the three subtypes are genetically very similar, with less
than 10% amino acid variability seen within the E protein, each one has a slight variation
in disease phenotype (Ecker et al. 1999). Both the European subtype and the Far Eastern
strains of TBEV are able to cause neurological disease, yet European TBEV disease is
typically biphasic with a less than 2% fatality rate, whereas Far Eastern TBEV infection
leads to a more gradual severe disease that causes up to 40% fatalities (Bogovic and Strle
2015). Less is known about the disease progression caused by the Siberian strain of TBEV;
but it may be associated with a chronic form of disease with debilitating symptoms that
include Parkinsonism, muscular dystrophy, and progressive nerve inflammation (Bogovic

and Strle 2015). Another tick-borne flavivirus, POWYV, also exists in eastern Russia and

15



is thought to have been introduced into this area recently from the U.S. where the virus is
endemic (Leonova et al. 2009). Like TBEV, POWYV circulates between Ixodes ticks and
small mammals. POWYV has an average of 10% case-fatality rate in individuals with
neuroinvasive disease, while among those who have recovered, chronic symptoms such as
muscle wasting, reoccurring severe headaches, memory loss, and paralysis are very
common ([CDC] Centers for Disease Control and Prevention 2015; Gholam et al. 1999).
Despite the low incidence of human infections, the severity of POWYV infections along
with the short amount of time it takes for ticks to transfer the virus, suggests that POWV
may be an emerging disease of public health concern (Ebel and Kramer 2004; Hermance

and Thangamani 2015).

Continued threat presented by flaviviruses

Birds and mammals are common reservoirs of most flaviviruses, while humans are
typically considered dead-end hosts, since viremia levels are thought to be insufficient to
infect feeding mosquitoes or ticks (Hollidge et al. 2010). Dengue virus is an exception to
this as viremia levels are high enough in human infections that the virus can be efficiently
transmitted between mosquitoes and humans without the need for an enzootic amplification
host (Whitehead et al. 2007). Further, results from a recent study determined that
asymptomatic DENV infected patients with low levels of virus were also able to transmit
the virus to feeding mosquitoes (Duong et al. 2015). Additionally, mosquito and tick-
borne flaviviruses can be maintained in nature through the overwintering of infected

hibernating arthropods or through trans-ovarian transmission (Go et al. 2014). Flaviviruses
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will continue to be dispersed into new geographic locations due to increasing human
populations and travel, along with the changing environmental effects of global warming
(Gould and Higgs 2009; Meltzer 2012; Weaver and Reisen 2010). Furthermore, viral
mutations may lead to increased virulence, new strains, and vector-host transmission

potentiality (Weaver and Reisen 2010).

Immune responses to flavivirus infection

The host immune defense mechanisms become activated by infection. Innate and
cell-mediated immunity play critical roles in limiting and eradicating flavivirus infected
cells, while antibodies are essential for restricting viral dissemination and host protection
(Diamond 2003). Immediately after infection, flavivirus viral RNA is recognized by
cellular pattern recognition receptors (PRRs) including Toll-like receptors. Recognition
by the PRRs leads to the induction of the type I interferon system resulting in the expression
of hundreds of interferon-stimulated genes (Elong Ngono and Shresta 2018). Interferon-
stimulated genes directly affect steps involved in viral replication, as well as aid in T and
B cell activation. In order to actively replicate and cause disease in vertebrate hosts,
flaviviruses have evolved several mechanisms of immune evasion. For example, the
DENV non-structural proteins NS2A/B, NS4, and NS5 have been found to mediate
degradation of immune response transcription factors (STAT1/2) and cGAS-STING
sensors that are vital to the proper functioning of the interferon signaling pathway (Elong
Ngono and Shresta 2018). Other important contributors to the innate immune system
include dendritic cells, monocytes, and macrophages that are sources of cytokines (ex. IL-

6, IL-8, and TNF-a) and activators of adaptive immune response cells. Further, flavivirus
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infected cells can be cleared from circulation by phagocytic cells and are detected by
natural killer (NK) cells through antibody-dependent cellular cytotoxicity (ADCC).

Humoral immunity has an essential role in immunity to flavivirus infections. B cell
deficient mice succumb to flavivirus infection despite other existing host immune
mechanisms, whereas, passive transfer of flaviviral protein-specific polyclonal or
monoclonal antibodies protected mice following flavivirus challenge (Diamond 2003;
Diamond et al. 2003). Antibodies protect against flavivirus infections by direct blocking
of receptor binding sites on the virus, antibody-dependent cell-mediated cytotoxicity
(ADCC), antibody mediated complement activation, and Fc-receptor binding dependent
phagocytosis.

Antibodies that bind to E and M virion surface proteins are a major source of virus
neutralization and lifelong protective immunity (Barba-Spaeth et al. 2016; Colombage et
al. 1998; Kaufman et al. 1989; Pincus et al. 1992). In particular for E, epitopes for antibody
binding have been linked to each of the protein’s domains (DI-111), and it is not clear if one
domain is more critical than another in the protective antibody response to infection (Heinz
and Stiasny 2012). Published results have suggested that while a large portion of antibodies
are directed towards E-DII following infection, the majority are cross-reactive or poorly
neutralizing (Beltramello et al. 2010). In contrast, antibodies against E-DI11 were shown to
be the most potent in mouse and in vitro studies (Beltramello et al. 2010; Chavez et al.
2010; Gromowski and Barrett 2007; Shrestha et al. 2010), but for unknown reasons lower
populations of D-111 specific antibodies have been observed in humans (Crill et al. 2009;
Vratskikh et al. 2013; Wahala et al. 2009). Furthermore, other studies have suggested that

some neutralizing human monoclonal antibodies do not bind to a single domain, but instead
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bind to complex structure-dependent (expanding several domains, ex. hinge of D-1 and D-
I1) epitopes on the virus surface (de Alwis et al. 2012; Fibriansah et al. 2015; Messer et al.
2014; Zhou et al. 2013). Protective antibodies are not only directed towards E or M, but
may also involve NS1 and NS3 (Assenberg et al. 2009; Dai et al. 2016; Diamond 2003,
Lazaro-Olan et al. 2008; Lindenbach 2007; Mackenzie et al. 1996; Matusan et al. 2001a;
Matusan et al. 2001b; Roehrig 2003). Antibodies to the secreted protein NS1 (Avirutnan
et al. 2007; Flamand et al. 1999) facilitate complement-mediated lysis and phagocytosis of
infected cells, while antibodies to NS3 have been also detected (Avirutnan et al. 2010;
Chuang et al. 2013; Churdboonchart et al. 1991; Diamond 2003; Fernandez et al. 2011,

Muller and Young 2013; Valdes et al. 2000).

Flavivirus infections results in the production of both type-specific and cross-
neutralizing antibodies. Additionally, the contribution of previous flavivirus infections to
host responses towards new flavivirus infection is unclear. Some studies have shown that
pre-existing flavivirus immunity aids in protection against future infections with
antigenically related flaviviruses, while disease-enhancing activity of cross-reactive
antibodies generated during previous infection with heterologous viruses has also been
reported (Dejnirattisai et al. 2016; Saito et al. 2016; Tesh et al. 2002; Xiao et al. 2003).
For DENV, which circulates in four serotypes, it is well established that secondary DENV
infections with a heterologous serotype (different serotype of primary infection) can lead
to severe disease (ex. hemorrhagic fever, capillary leakage, and dengue shock syndrome)
as a consequence of adverse immune responses (Halstead et al. 1976; Halstead et al. 1983;
Kliks et al. 1988; Russell et al. 1967). Several studies have suggested that the increased

disease severity and viral load following secondary infection is due to antibody-dependent
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enhancement (ADE) (Halstead 1979; 1988; Ng et al. 2014). This theory is based on the
presence of poorly neutralizing or low levels of neutralizing antibodies following primary
infection. Complexes of sub-neutralizing antibodies and flavivirus particles bind to Fcy
receptors on cells such as macrophages or dendritic cells facilitating viral uptake and
subsequent replication. Antibody-dependent enhancement presumably leads to higher
virus loads and longer duration of viremia, as well as consequential disease burden to host
cells and tissues (Elong Ngono and Shresta 2018; Sun and Kochel 2013). However, several
other studies have suggested that increased severity following secondary infection with a
heterologous flavivirus is far more complicated and involves multiple immune interactions.
For example, in vitro assays have shown that the addition of complement to non-
neutralizing antibodies eliminated ADE, while immune complexes that trigger imbalanced
innate immune responses have also led to increased disease severity (Laoprasopwattana et
al. 2005; Mehlhop et al. 2007). Further, “original antigenic sin” has also been suggested to
lead to increased disease severity following an active secondary infection. The original
antigenic sin theory proposes that T or B cells that undergo clonal expansion following a
primary infection can inappropriately dominate the response to secondary heterotypic
infection, resulting in immune responses that have lower affinity to the current infecting
virus leading to inadequate viral clearance and increased proportions of immune
dysregulation (Halstead et al. 1983; Mangada and Rothman 2005). While there is a higher
risk of more severe disease from secondary DENV infections, the extent of disease
enhancement due to preexisting flavivirus immunity (disease or vaccination) in other
human flavivirus diseases, such as ZIKV or YFV infections, is not well understood

(Dejnirattisai et al. 2016; McCracken et al. 2017).

20



Serological assays for surveillance and diagnosis of flavivirus infection

Laboratory confirmation is essential to diagnosis, as similar clinical disease
manifestations (ex. fever, rash, headache, and arthralgia) are not only seen amongst
flaviviruses, but also in other febrile illnesses such as chikungunya (another mosquito-
borne disease in the Alphaviridae family) and malaria that occur in flavivirus endemic
locations. Detection of viral RNA based on real-time polymerase chain reaction (RT-PCR)
is highly specific, but timing can be a limiting factor (Hobson-Peters 2012). Clinical
symptoms of flavivirus infection usually appear 2 to 14 days after infection, starting as
mild flu-like illness with fever, headache, and fatigue. Because many patients do not seek
medical attention immediately, the detection of circulating virus or viral RNA in the blood
can be extremely difficult since viremia levels in humans usually subside within 5 days
after onset of disease symptoms (Gubler et al. 1981; Lanciotti et al. 2008; Vaughn et al.
2000). Following medical evaluation of symptoms, diagnosis is generally accomplished
through the use of antibody-based serological assays, and confirmed by isolating
circulating virus or detecting viral RNA (Guzman and Kouri 2004). Anti-flavivirus
immunoglobulin M (IgM) antibody titers are most commonly observed in the acute phase
of disease and are detectable by serological assays around day five (+/-two days) post
symptom onset and decrease to undetectable levels around day 60-90 post disease onset
(Busch et al. 2008). Similar to the kinetics observed with IgM, virus-specific
immunoglobulin A (IgA, mostly isotype 1) rises quickly after infection, but decreases to
undetectable levels in patient serum within a few months (De Decker et al. 2015; Groen et
al. 1999). Although IgA has been suggested to be a valuable serological marker of acute

disease (De Decker et al. 2015), IgA is predominant in mucous membrane secretions and
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is not routinely used for surveillance of flavivirus infections. While, the above mentioned
antibody kinetics are common for the majority of flavivirus infections (Figure 3), the
persistence of virus-specific IgM and IgA has been demonstrated in serum of WNV
infected patients six months after disease onset (Prince et al. 2005; Roehrig et al. 2003).
Immunoglobulin G (IgG) emerges after IgM and IgA about one week after onset of
symptoms, peaks around days 14-28 days, and establishes lifelong titers following disease

convalesce (Busch et al. 2008; Hobson-Peters 2012; Prince et al. 2005).
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Figure 3. Immune response to a primary flavivirus infection with timing of diagnostic
tests. Shortly after flavivirus infection, mature virions and secreted NS1 protein enter the
bloodstream and peak around the time of symptom onset (ex. fever/rash). Virus can be
directly isolated, but more commonly quantitative real-time PCR (RT-PCR) and NS1
capture assays are used in the acute phase of disease. Viral RNA (blue solid line) and
secreted NS1 protein (blue dashed line) in the serum may be detected by real-time
polymerase chain reaction (RT-PCR) and NS1 antigen capture assays, respectively,
starting a few days before symptom onset until 5-9 days post-onset (ex. fever, rash). Anti-
flavivirus IgM antibodies (red solid line) typically peak around 9-15 days post-symptom
onset with a gradual decline thereafter. Commonly used assays for IgM detection include,
IgM antibody capture-enzyme linked immunosorbent assay (MAC-ELISA),
hemagglutination inhibition assay (HIT), or indirect immunofluorescent assay (IFA).
Immunoglobulin A (IgA) capture ELISAs can be used to detect IgA antibodies (red dashed
line) in the serum shortly after IgM, but are not commonly performed for the diagnosis of
flavivirus infections. Flavivirus-specific 1gG antibodies (green line) develop shortly after
IgM and IgA and gradually rise, peaking at 20 to 30 days post-symptom onset with lifelong
titers thereafter. Common methods for 1gG detection include indirect-ELISAs, IFA, and
HIT. Plaque reduction neutralization tests (PRNT) measure the amount of neutralizing
antibody titers in patient serum and can be performed in either the acute or convalescent
phase of disease.
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It is important to note that antibody dynamics observed during primary flavivirus
infections differs substantially from secondary infections (Figure 4). Specifically, virus-
specific IgM titers are significantly lower in secondary infections, sometimes below
detectable levels. In contrast, production of IgG is significantly more robust and can be
measured within the first few days of disease onset to distinguish between primary and
secondary infections (Guzman and Kouri 2004; Innis et al. 1989). Further, the concept of
original antigenic sin is relevant in secondary infections in that 1gG responses may become

inappropriately elevated against the primary infecting strain (Halstead et al. 1983; Lanciotti

et al. 2008).
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Figure 4. Immune response to a secondary flavivirus infection with timing of
diagnostic tests. Infection with a heterologous flavivirus (secondary infection) leads to
significant changes in antibody dynamics compared to primary infections. Specifically,
IgM antibodies (solid red line) are significantly lower, sometimes undetectable in
serological assays, whereas 1gG antibodies (green line) are significantly higher and
detected shortly after disease onset.
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Viral plaque reduction neutralization tests (PRNT), enzyme-linked immunosorbent
assays (ELISA) that detect IgM and IgG specific to flavivirus, and indirect fluorescence
assays (IFA) are commonly used serological methods for detection and surveillance of
flavivirus infections (Hobson-Peters 2012) (Figure 3 and 4). The PRNT measures the
amount of neutralizing antibody against a specific flavivirus that may be present in a
suspected patient’s serum. Although commonly used in serological diagnosis, PRNTSs are
low throughput, require days for completion and multiple tests for various flaviviruses, and
require handling of live virus that may require high level biosafety containment
laboratories (Hobson-Peters 2012). While, ELISAs and IFA can differentiate IgM and 1gG,
neither are not suitable for rapid-point of care testing because of the difficulty in
eliminating cross-reactivity between closely related and possibly co-circulating
flaviviruses (Hobson-Peters 2012). In addition, prior flavivirus infection or vaccination
against one or more flaviviruses (ex. JEV, YFV and TBEV vaccines) complicates the
determination of serological specificity in diagnostic assays. A recent study showed that
interpretation of virus neutralization assay is challenging for humans vaccinated with
TBEV and JEV because of antibody cross-reactivity for DENV, WNV, and a species of
the TBEV subgroup (Mansfield et al. 2011). Because timeliness, sensitivity, and specificity
are critical in diagnosing flavivirus infections, a multiplex serological assay that takes into
account the ability to test several viruses or flaviviral antigens simultaneously would be
advantageous (Cleton et al. 2015; Kang et al. 2012). The use of recombinant flavivirus
antigens rather than whole virus was shown to increase specificity in ELISA assays
(Beasley et al. 2004; Kuno 2003). However, there has not been clear evidence to suggest

that a single antigen can provide both the required specificity and sensitivity for every case.
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The E protein was shown to be an immunodominant antigen in antibody
neutralization studies, especially epitopes within domain 111, but there is substantial amino
acid homology between and within serogroups that may give rise to antibody cross-
reactivity (Chabierski et al. 2014; Chavez et al. 2010; Kuno et al. 1998; Mansfield et al.
2011).

The NS1 protein is another important antigen that is produced in both membrane-
associated and secreted forms (Akey et al. 2014; Muller and Young 2013). Due to high
levels of secreted NS1 in the serum of flavivirus-infected subjects, serological assays have
been developed for the detection of viral NS1 (Alcon et al. 2002; Chung and Diamond
2008; Gowri Sankar et al. 2014; Hermann et al. 2014; Singh et al. 2010). However,
antibody-capture of soluble NS1 is limited to the acute phase of the disease (1-9 days after
infection) due to the interference of NS1-immune complexes later in disease (Gowri Sankar
et al. 2014; Hermann et al. 2014). Although, some studies have shown high antibody
specificity to NS1 in serological assays, others have demonstrated problems with cross-
reactivity and limited detection of anti-NS1 antibodies in late phase samples (Cleton et al.
2015). The specificities of antibodies interacting with NS1 are likely to be affected by a
balance of surface features that are conserved among flaviviruses as well as the diverse
electrostatic characteristics (Song et al. 2017).

While the pM protein acts as a chaperone for the proper folding of E, the precursor
peptide is cleaved from M during virion maturation resulting in M and E on the surface of
mature virus particles (Smit et al. 2011; Stadler et al. 1997). However, the proteolytic
cleavage of furin is inefficient and a portion of non-cleaved protein remains on released

virus particles (Rodenhuis-Zybert et al. 2011; van der Schaar et al. 2007). Some studies
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have suggested a positive correlation of the abundance of anti-pM antibodies and the
severity of flavivirus infection (Dejnirattisai et al. 2016; Rodenhuis-Zybert et al. 2010).
Studies have also shown that pM may be used to distinguish DENV and JEV infections in
humans by Western blot assays, but extensive serological testing of human sera samples
has yet to be accomplished (Cardosa et al. 2002; Gowri Sankar et al. 2014; Hua et al.
2010). Further, past results have demonstrated that the detection of antibodies against
multiple flavivirus proteins provide better differentiation between flaviviruses (Gowri
Sankar et al. 2014). Due to these factors, the incorporation of multiple flaviviral antigens
on a single platform would be beneficial in allowing a more precise profile of an
individual’s immune response to be observed in either acute or convalescent phase

samples.

Protein Microarrays

Protein microarrays provide the surface area for thousands of different proteins to
be immobilized onto a single slide. Due to this, numerous applications can be utilized for
high-throughput discovery of novel biomarkers, detection of protein-protein interactions,
and analysis of immune responses to infectious diseases or vaccination, and other
interaction assessments with various protein binding analytes (ex. peptides, carbohydrates,
etc.) (Chandra et al. 2011; Natesan and Ulrich 2010; Sundaresh et al. 2007; Tomizaki et
al. 2010). In recent years scientists have strived to understand infectious diseases in a high-
throughput, comprehensive, and accurate manner so that biomarkers of disease may be
discovered. Biomarkers not only provide insight into the infectious disease of interest, but

they also provide diagnostic capabilities and an understanding of immune responses.
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Identifying proteins that are associated with immune responses is essential for the
development or testing of vaccines and therapeutics (Natesan and Ulrich 2010; Sundaresh
et al. 2007). Gene specific primers designed from genomic sequences can be used to
amplify the gene of interest or create synthetic genes to perform molecular cloning
techniques leading to the production of recombinant proteins for assembling microarrays.
Once recombinant proteins are produced, they can be printed onto a protein microarray
surface. Protein structures and function are often maintained for proteins that are
immobilized on the microarray surface (Keasey et al. 2009; Natesan and Ulrich 2010;
Tomizaki et al. 2010). Furthermore, high-throughput capabilities of protein microarrays
have allowed for high reproducibility and decreased in production costs for assays that
require only small amounts (1-2 pL) of serum analyte protein microarray development
(Natesan and Ulrich 2010; Tomizaki et al. 2010). A microarray consisting of bacterial or
viral proteomes can be probed with vaccinated or infected host serum to detect specific
antibody binding events (Figure 5). Biomarkers of disease immunity can be discovered by
detection of infected or vaccinated antigen-antibody interactions for comparison to non-
infected or non-immune individuals allows for biomarkers of disease or immunity to be
discovered. Reliable biomarkers are essential for the evaluation of vaccine and therapeutic
efficacy, and can lead to new diagnostic tests (Natesan and Ulrich 2010; Sundaresh et al.

2007).
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Figure 5. Schematic of a flavivirus-focused microarray used as an assay to detect
disease-specific antibodies from sera of infected patients. Recombinant proteins and
whole viruses were deposited by ink-jet printing on microarray surfaces coated with a thin
layer of nitrocellulose. The interactions of antibodies from biological samples with the
microarrayed antigens were quantified by probing with fluorescently-conjugated species-
specific immunoglobulins, scanning the surface with a confocal laser scanner, and
capturing the image for data processing. Statistical analysis of assay results allowed for
identification of proteins that were significantly recognized by antibodies within and across
study groups.

Antibody responses and protein microarrays

Results from protein microarray assays can be used to evaluate the efficiency of
newly manufactured vaccines and therapeutics, as well as to greatly improve overall
knowledge of infectious diseases. Previous studies from our laboratory have used protein
microarrays to examine antibody responses to pathogenic bacteria and viruses. Keasey et
al. (2009) developed a protein microarray that comprised approximately 70% of the
proteome from the plaque bacterium, Yersinia pestis (Y.pestis) (Keasey et al. 2009).
Results from the Y. pestis protein microarray assays identified plague-specific antibody
interactions as well as those that were cross-reactive or specific towards other gram-
negative pathogens such as Burkholderia mallei, Pseudomonas aeruginosa, Salmonella
typhimurium, and Escherichia coli (E.coli). In addition, our laboratory group previously
published a report that employed a vaccinia virus (VACV) protein microarray to compare
immune responses of individuals to vaccination with the newly licensed smallpox vaccine,
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ACAMZ2000, to the previously licensed Dryvax vaccine (Pugh et al. 2014). In the VACV
study, | observed robust antibody responses to 21 individual VACV proteins in all
smallpox vaccinated individuals, compared to the naive, while 11 proteins distinguished
ACAMZ2000 vaccination from the polyclonal smallpox vaccine, Dryvax (Pugh et al. 2014).
Other scientists have used protein microarrays to study infectious diseases by probing
protein microarrays with serum from infected patients. For example, Sundaresh et al.
(2007) developed a protein microarray that consisted of key antigens from the Francisella
tularensis proteome, which was probed with sera from 46 individuals in the U.S. that were
diagnosed with the disease tularemia as well as 54 healthy control patients to detect
F.tularensis disease biomarkers (Sundaresh et al. 2007). In another example, Natesan et
al. (2016) used a microarray that consisted of recombinant proteins and whole virions from
six species of filoviruses in order to examine antibodies of humans that survived Ebola and
Marburg virus infections. Results from the filovirus microarray detected robust antibody
responses to the recombinant proteins of the infecting species 14 years after infection with
some level of cross-reactivity observed to other filovirus antigens. Further, the results also
suggested that recombinant proteins were better at distinguishing specific filovirus

antibodies than whole virus preparations (Natesan et al. 2016).
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My thesis

The research presented here involved the development of a protein microarray
comprising whole virus preparations and recombinant proteins (E, E-DIII, pM/M, NS1,
and NS3) from a large panel of human pathogenic flaviviruses. This platform was
employed as a comprehensive serological assay to detect specific and cross-reactive
antibody responses to DENV1-4, ZIKV, WNV, and YFV infections, as well as to evaluate

vaccine induced antigen-specific immunity over time in YFV vaccinated subjects.
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MATERIALS AND METHODS

Cloning and expression of recombinant proteins

Viral RNA for preparation of protein-expression plasmids were obtained from the
following sources: American Type Culture Collection© (DENV1-4), Integrated
BioTherapeutics, Inc. © (YFV and Japanese encephalitis virus (JEV)); NIAID-World
Reference Center for Emerging Viruses and Arboviruses (Dr. Robert Tesh) (St. Louis
encephalitis virus (SLEV), WNV, and rocio virus (ROCV)). The cDNA templates of E,
NS1, and pM genes were produced by reverse transcription of full-length viral RNA by
using 50 uM Oligo(dT)20 primers and the SuperScript® Ill Reverse Transcriptase First-
Strand Synthesis System (Life Technologies). ZIKV genes (E, NS1, pM) and E genes from
Murray Valley encephalitis virus (MVEV), Powassan virus (POWYV), and tick-borne
encephalitis virus (TBEV) were synthesized (gblocks®, Integrated DNA Technologies,
Inc; GeneStrings, Life Technologies), with codon optimization for expression in
Escherichia coli (E.coli). Synthesized genes and cDNA were used as templates in PCR
amplification reactions (50 uL total) with gene specific primers (final 2.5 uM conc.) and
2X Phusion High-Fidelity PCR master mix with HF buffer (New England BioLabs Inc.®)
(Table 1). PCR amplified genes were purified using QIlAquick spin column PCR
purification kit (QIAGEN). NS1 and pM were produced as full-length open reading frames
(ORFs), and E genes were truncated to exclude transmembrane domains, as predicted by
analysis of amino acid sequences using TMHMM Server v.2.0 (Center for Biological
Sequence analysis) (Krogh et al. 2001; Sonnhammer et al. 1998). Purified DNA were
TOPO® cloned into the pPENTR™/TEV/D-TOPO® vector (Gateway® Technology, Life

Technologies™). Sequence-verified entry clones were shuttled into expression vectors by
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recombination reactions using LR clonase Il (Life Technologies). Specifically, the DENV
1-4 NS1, YFV-pM, JEV-pM, and ZIKV-MR766-pM ORFs were shuttled into an N-
terminal His-maltose-binding protein (HisSMBP) tagged vector (Nallamsetty et al. 2005),
while all other flaviviral ORFs were shuttled into the N-terminal 6XHis tagged pDEST17
(Life Technologies). All flavivirus constructs were expressed in E. coli BL21 (DE3),
propagating bacteria in media containing Luria broth (300 ml) supplemented with 100 ug/
ml ampicillin and 0.1% glucose. Proteins were induced at mid-log phase with 1 mM
isopropyl-beta-D-thiogalactopyranoside (IPTG, EMD Chemicals). Induction conditions
were optimized for each protein, and bacteria were grown at either 30°C (2-4 h) or 18°C
(12 h) prior to harvest by centrifugation. Bacterial pellets were lysed in B-PER reagent
(Thermo Scientific) containing EDTA-free 3x Halt™ Protease Inhibitor Cocktail (Thermo
Scientific), 0.2 mg/ml lysozyme, 250 U DNase | (Thermo Scientific), and 1 mM IPTG.
Protein expression was analyzed by SDS-PAGE (Bio-Rad) followed by Coomassie stain,

and Western blot using a mouse anti-His-HRP conjugated polyclonal antibody (Abcam).
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Table 1. Sequence and primer information for the PCR amplified genes used for the
production of recombinant flavivirus antigens.

GenBank
Virus Gene Fofyproteln :::: Forward primer (5'-3") Reverse primer (5'-3") Amino acid substitutions
Number
ZIKV (str.SPH2015) E ALU33341 291-744 CACCATCCGGTGCATAGGTGTTTCG TCATTTAAAGGCGGCTCCGAAGATTITG
NSL 796-1148 CACCGTGGGCTGTTCAGTCGAC TTAAGAACCCGCTGTAACCATTGAACGCAC
E 201-744 CACCATTCGTTGCATCGGCGTG TTATTTAAAGGCTGCGCCAAAGATCTG
ZIKV AS (SI.YAP) E-DII ACD75810 591-693 CACCAAAGGCGTAAGCTACTCA TTAGCTGCGATGCCAATGATG
M 126-290 CACCACGCGGCGCGGTTCAGCATA TTAACTATACGCCGGAGCGATGAGCAG
NS1 796-1148 CACCGTGGGGTGTTCAGTTGAT TTAAGAACCCGCCGTGACCAT
ZIKV (str. ArD_41519) E AENT75266 201-744 CACCATTCGGTGCATAGGGGTCAGC TCATTTAAACGCAGCTCCGAAAATCTGATG
ZIKV (str. ARB7701) E AHF49785 201-744 CACCATTCGTTGCATTGGTGTTAG TTATTTGAAGGCTGCACCAAAAATCTGATGCAC
B 201-740 CACCAAAGGCGTTAGCTATAGT TTATTTAAATGCGGCGCCGAAAATCTG
ZIKV AFR (st MR-766) E-DIII AAV34IS] 587-689 CACCAAGGGCGTGTCATATTCC TTATGAACGATGCCAATGGTGCGT
M 126-290 CACCACTCGCCGCGGGTCA TTAGGAATACGCCGGTGCGATCAG
NSL 792-1144 CACCGTCGGCTGTAGCGTC TTAAGAGCCAGCCGTAACCATACT
B 281-722 CACCATGCGGTGCGTGGGAATA TTAAGTTCCAAAGATCTGGTGTAC T4411, EA83G,T506R,Q514E
E-DII 579-677 CACCTATGTGATGTGCACAGGCTCATTC TTAGCTGCTTCCTTTCTTGAACCAGCT
DENVI M AIUA47321 206279 TCCGTCGCACTGGCACCACAC GGCCATGGATGGAGTTACCAG T2501
NS1 776-1126 GACTCGGGATGTGTAATCAAC TGCAGAGACCATTGACTTAAC GS80R
NS3 1476-2093 TCAGGAGTGCTATGGGACACACCC TCTTCTTCCTGCTGCGAACTC GSVEAF1796-1801RIGGGL, Q2081L
B 281-722 CACCATGCGTTGCATAGGAATATCA TTATGCTCCGAAAACTTGGTGGAG P3315,BA07K, V4211, V4451
E-DIT 575-675 CACCAAAGGAATGTCATACTCTATGTGC TTATCCTTTCTTAAACCAGTTGAGCTT
DENV2 M AACSS2IS 206-279 TCAGTGGCACTCGTTCCACATGTG TGTCATTGAAGGAGTGACAGC
NSl 776-1127 GATAGTGGTTGCGTTGTGAGC AGCTGTGACCAAGGAGTTGAC Al1278
Ns3 1476-2002 GCCGGAGTATTGTGGGATGTT CTTTCTTCCGGCTGCAAATTC SOt TT'G"‘:;’:;G””K slis
E 281-722 CACCATGAGATGTGTGGGAGTAGGA TTAGTAAGCACTCCCAAATATTTGG KS57IE
E-DIII 574-672 CACCGGGATGAGCTATGCAATGTGC TTACTTCTTGTACCAGTTGATTTTCAG R67TIK
DENV2 M AAA09437 206-279 TCAGTGGCGTTAGCTCCCCAT TGTCATGGATGGGGTGACCAGCAT
Nsl 774-1125 GACATGGGGTGTGTCATAAAC CGCTGAGACTAAAGACTT A11258
NS3 1474-2091 TCCGGCGTTTTATGGGACGTA CTTTCTGCCAGCCGCAAA LI C O N
1750GS. V1845D, 11892K K 1955N
E 280-721 CACCATGCGATGCAGTGGGAGTG TTAACTACCAAAAACCTGGTGTAC D374A P436S N437SL681F
E-DIII 574-676 CACCAAGGGAATGTCATACACGATGTGC TTAGGAACTCCCTTTCCTGAACCAATG FG36L
DENV4 M AAX48017 205-278 TCAGTAGCTTTAACACCACATTCA TCCGTAGGATGGGGCGACCAG
NS1 775-1125 GACATGGGTTGTGTGGCG GGCCGTCACCTGTGATTT E825K
NS3 1474-2091 TCAGGAGCCCTGTGGGAC CTTCCTTCCACTGGCAAACTC T1747N.F1787L,S1908L
E 291-741 CACCTTCAACTGCCTTGGAATGAGCAAC TTAGCGGAATGCTCCTCCGAACACTTG LSTIF
WNV E-DIIT YP_001527877 586-705 CACCCAGTTGAAGGGAACAACCTATGGC TTACGCTCCTTTGAGGGTGGTTGT
M 124-290 CACCGTTACCCTCTCTAACTTCCAAGGG TTAGCTGTAAGCTGGGGCCACCAA
NS1 792-1143 CACCGACACTGGGTGTGCC AGCATTCACTTGTGACTGCAC VI076A
B 286-728 CACCGCTCACTGCATTGGAATT TTACTGAAAGGCAGAGCCAAACAC
E-DIIT 573-683 CACCTCAGCTTTGACACTCAAGGGG TTACTTTCCTATTGAGCTTCCCTC
YFV pM AFR54324 122-285 CACCGTGACCTTGGTGCGGAAAAAC TGAGTAGGCCGGACCAACAGC
NS1 779-1130 CACCGATCAAGGATGCGCCATCAAC AGCTGTAACCCAGGAGCGCAC
NS3 1485-2107 AGTGGGGATGTCTTGTGGGAT CCTCCTACCTTCAGCAAACTTAAT
E 299-744. CACCTTTAATTGTCTGGGAATGGGC TTATCTGAAGGCATCACCAAACACTTG
o EDI | , . riiz7o | 586696 CACCGACAAACTGGCTCTGAAAGGC TTACGTGCTTCCAGCTTTGTGCCAATG
M 128-294 CACCATGAAGTTGTCGAATTTCCAG TTAACTGTAAGCCGGAGCGACCAAC
NSL 795-1146 CACCGACACTGGATGTGCCATTGAC AGCATGAACCTGTGATCTGACGAG N§76D
E 289-739 CACCTTCAACTGTTTGGGAACATCA TTACCTAAATGCTCCTCCAAAAAC
. o Gl 587-692 CACCGGAACGACATATGGTATGTGTGAC TTAAATGCTGCTTCCCTCTTTGTG
™M 122-288 CACCTTGCAGTTATCAACCTATCAGGGG TTAGCTGTATGCCGGAGCAATCAG
NSL 790-1145 CACCGATTCGGGATGTGCAATT AGCTGTCACTCGAGATTTCAC
E 293-743 CACCTTTAATTGCCTGGGTATG TTAACGAAATGCACCACCAAAAACCTG
S EDIT | o osias 590698 CACCAAAGGAACCACTTATGGGATG TTATTTGCCAATTGAACTACCCTC
M 218-292 CACCTTAAAGCTTTCCACCTTCCAGGGC CTCGTTGCTCCTGCCTACAGTTAA
NSl 794-1145 CACCGATACCGGTTGTGC TTATGCCTGAACACGGCTTTTAAC
E 286-736 CACCATCAACTGCTTGGGTGTGACC TTATCTAAACGCTCCTCCGAAGAG
E-DIT 583-691 CACCAAAGGGTCAACATACCTGATGTGC TTAGCTCCCGATCACACTACCAGA
ROCV PM ATG32103 119-285 CACCCTGCGCCTGGGGACATATCAA TTAGCTGTAGGCTGGGGCTATCAG K165N
NSl T788-1142 CACCACAGGATGCGCGATTGAC TCCGGTCCCAGCTGTCACTTT
NS3 1498-2116 CACCGATGAGTAGTTCTGTGG GCGCTTCOCCGCCGCAAATTC S1665H, T17228
E 279-725 CACCACTCGCTGTACACACCT TTAGTTAAATGCGCCGCCGAG
POWV E-DIIT NP_620099 578-673 CACCAAAGGGACGACGTACAGTATG TTATTGAAACCACTGCTGTGACAG
PM 111-278 CACCATGGCGATGGCTACCAC TCACGCGTACACAGGACCCAG
NSl 776-1128 CACCGATTACGGCTGCGCAAT TTACGCAACGACCATAGAACG
E 281-726 CACCTCACGTTGCACACATCTG TTAATTAAACGCACCACCGAGTAC
TBEV E (str. SOFTIN-HO) E-DITT BAB72162 580675 CACCAAGGGCCTGACGTATACG TTATTTCTGAAACCACTGGTGGCT
pM 113-280 CACCATGACCTTGGCAGCGACG TCAAGCGTATACCGGAGCCAGGCA
NSL 777-1128 CACCGATGTTGGTTGTGCG TTACGCGACCACCATTGAGCG
E 281-726 CACCAGCCGTTGTACTCATCTG TTAATTGAAAGCTCCGCCAAGCAC
TBEV EUR (str NEUDOERFL) E-DIII B G 580-675 CACCAAAGGCTTAACCTACACAATGTGT TTATTTCTGAAACCACTGATGAGACAG
- M - 113-280 CACCGTGACTCTGGCAGCG TCATGCGTAGACCGGCGC
NSL 777-1128 CACCGACGTGGGTGGTGCCGTT TTAAGCCACCACCATGCTCCGGAT
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Purification of viral recombinant proteins

With the exception of YFV-pM, all recombinant proteins expressed primarily in
the insoluble protein pellet. Soluble expressed YFV-pM, was affinity purified on an
NGC™ system (Bio-Rad) using immobilized metal affinity chromatography (IMAC), as
previously described, with minor modifications (Kamata et al. 2014). Briefly, clarified
supernatant containing expressed YFV-pM was loaded onto a 1mL nickel- charged,
HisTrap HP column (GE Healthcare, Piscataway, NJ) that was pre-equilibrated with
binding buffer (25mM HEPES, 200mM NaCl, 25mM imidazole, 2mM DTT, pH 7.5).
Bound protein was washed with 11 column volumes (CV) of binding buffer and then eluted
by applying an 8mL step gradient (0-100%) of binding buffer containing 500mM imidazole
(elution buffer), followed by a final three CV isocratic elution step of 100% elution buffer.
For the purification of insoluble proteins, except for DENV1-4 NS1, inclusion body pellets
were washed as previously described, with minor modifications (Palmer and Wingfield
2012). Briefly, buffer containing 50 mM Tris-HCI pH 7.4, 1 M urea, and 1% Triton X-100
was used to wash pellets 3 times, followed by 2 washes with Tris-HCI pH 7.4.
Centrifugation at 15,000 x g for 7 min was performed between each wash step. Purified
inclusion body pellets were stored at -80°C. Purified inclusion bodies were solubilized in
50 mM HEPES pH 7.3, 140 mM NaCl, 2 mM DTT, and 1% sodium dodecyl sulfate (SDS),
followed by incubation at 99°C with gentle mixing (5-15 min), and centrifugation to
remove remaining insoluble protein. His-MBP tagged DENV1-4 NS1 proteins were
purified using on-column refolding on His-Trap HP columns, as previously described
(Kamata et al. 2014), with minor modifications. Briefly, DENV1-4 NS1 pellets were

solubilized in buffer containing 25 mM HEPES, 0.2 M NaCl, 25 mM imidazole, 2 mM
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DTT, and 6 M guanidine hydrochloride (pH 7.5). The pellets were gently agitated in
solubilization buffer for 30 min at 4° C. Clarified supernatant containing the solubilized
NS1 proteins were bound to HisTrap columns under denaturing conditions and refolded
using decreasing proportions of 6M urea buffer (25 mM HEPES, 0.2 M NaCl, 25 mM
imidazole, 2 mM DTT). Refolded DENV NS1 proteins were eluted using a step gradient
of elution buffer that contained 500mM imidazole. All solubilized flavivirus proteins were
analyzed by SDS-PAGE electrophoresis with Coomassie Blue staining, and by Western
blotting using anti-His-HRP conjugated polyclonal antibody (1:5000, Abcam). Protein
concentration and purity of flavivirus proteins were measured using the Agilent Protein
230 kit and Bioanalyzer 2100 instrument (Agilent Technologies). Purified proteins were
stored at -20°C in buffer containing 50 mM HEPES, 140 mM NaCl, 2 mM DTT, pH 7.3
with a final 25% glycerol concentration.
Microarrays of flavivirus antigens

Recombinant proteins that passed quality control criteria, along with controls, were
diluted to 100-200pg/mL in microarray printing buffer (50 mM HEPES, 140 mM NaCl, 2
mM DTT, pH 7.3) with glycerol added to a final concentration of 40%. Flavivirus and
control proteins were printed onto nitrocellulose-coated 4-pad slides (ONCYTE®
SuperNOVA, Grace Bio-labs, Inc) in replicates (n = 6) using a non-contact inkjet
microarray printer (ArrayJet, Glasgow, UK) with humidity inside the printer maintained
between 60-70%. Control probes on the microarray included: 1gGs (monkey, human,
rabbit, goat, and mouse), IgMs (human, monkey, and rabbit), E.coli HiSMBP (ProteinOne),
BSA, influenza hemagglutinin antigens (HA, Immune Technology Corp.), hepatitis C

antigen (ProSpec-Bio), and printing buffer. Additionally, whole virus preparations
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consisting of DENV1-4 and various strains of ZIKV, as listed in Table 2, were produced
by fellow colleague Stig Jensen and printed on separate microarrays at equivalent densities
of the recombinant flavivirus proteins as previously described (Keasey et al. 2017). Printed
microarrays were desiccated (12 h) under vacuum and stored frozen (-20°C) until use.
The quality and deposition of the spotted antigens on the microarrays was
evaluated using SYPRO®Ruby protein stain (Molecular Probes) and an anti-N-terminal
6X His monoclonal antibody (1:5000, Sigma Aldrich) specific for the detection of the
protein fusion tag. The flavivirus E proteins on the microarrays were assessed further using
a custom affinity purified rabbit polyclonal antibody (1:250, Covance) specific to an E-
domain Il peptide that was determined to be highly conserved based on multiple sequence
alignments (ClustalWw, DNASTAR® Lasergene v13, amino acids 98-111) amongst all 18
included E antigens. The peptide used for antibody production was synthesized (New
England BioLabs, H2N-DRGWGNGSGLFGKGC-OH) to 90% purity with some
modifications made to the native 14 amino acid peptide sequence. The internal cysteine
was changed to a serine to avoid oxidation problems (p.C105S), while at the C-terminus a
cysteine was added to allow conjugation to keyhole limpet hemocyanin (KLH) carrier
protein. Lastly, specific and cross reactive antibody recognition of all spotted antigens was
further evaluated with mouse anti-sera (dilutions ranged from 1:10-1:100) raised against
each of the flaviviruses included in the multiplex microarray, except for ROCV since it

was not available.
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YFV propagation

The YFV vaccine strain 17D was obtained from BEI Resources, NIAID, NIH (NR-
116, 8.9 x 10" TCIDso/mL) and propagated in Vero (CCL-81™, ATCC) cells. Vero cells
were seeded in 2-T225 flasks and maintained in Dulbecco's Modification of Eagle's
Medium (DMEM, Mediatech Inc., Manassas, VA), supplemented with 10% fetal bovine
serum (FBS, GE Healthcare Life Sciences, Logan, UT), at 37°C and 5% CO,. At ~70%
confluency, the cells were washed twice with cell culture grade 1X PBS (Mediatech Inc.,
Manassas, VA) then each seeded flask was infected with 15 mL of virus inoculum (50ul
of suspended virus stock diluted in 30mL of DMEM with 2% FBS, approximate MOI 0.24)
for 2h with gentle rocking every 30 min to evenly distribute the virus. After 2h, 35mL of
fresh DMEM with 2% FBS was added. Viral supernatants were harvested on days 4
through 6 post-infection, with cytopathic effects (cell rounding and lysis) of the cells
increasingly noted each day. Culture supernatants were centrifuged (1,200 x g, 20 min, and
4°C) then filtered using pre-washed (DMEM media) 0.2 um syringe filters (HT Tuffryn®
Acrodisc®, Pall Life Sciences, Ann Arbor, MI). Aliquots of the propagated virus were
snap-frozen in a dry-ice/ethanol bath prior to storage at -80°C until use in neutralization
assays, while approximately 90mL of the cell culture supernatants, combined from the 2
flasks, were concentrated for use in the microarray assays. Concentration of the virus was
achieved by precipitating the supernatants for 12 h (4°C) in 10% PEGB8000 diluted in 1X
PBS (v/v). Virus precipitates were pelleted by centrifugation (14,000 x g, 1 h 20 min., 4°C),
resuspended in 400 ul sterile 1X PBS (~225-fold concentration by volume), snap-frozen in
a dry-ice/ethanol bath, and stored at -80°C until use in printing of the YFV vaccine

microarray.
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YFV vaccine microarray

Dilutions of concentrated YFV (strain 17D), along with control proteins, were
printed similarly to the flavivirus recombinant protein microarray. Control probes on the
microarray included: IgGs (monkey, human, rabbit, goat, and mouse), IgMs (human,
monkey, and rabbit), E.coli HisSMBP (ProteinOne), BSA, influenza hemagglutinin antigens
(HA, Immune Technology Corp.), cytomegalovirus glycoprotein B (CMV ¢gB, ProSpec-
Bio), and printing buffer. Whole virus preparation was diluted 1:2 (microarray printing
buffer) and in ten subsequent 1:2 serial dilutions. The deposited virus was quantified
against a dilution series of IgG capture-antibody standard by SYPRO®Ruby staining.
Specific serum 1gG binding to deposited spots of YFV were measured with mouse antisera
(1:50) raised against vaccine-strain YFV, as well as antisera from NHPs (1:50) that were
immunized by subcutaneous infection of 0.5ml of live, attenuated YFV vaccine (strain 17-
D) as previously described in the flavivirus protein microarray methods (Figure 6). Printed
microarrays were desiccated (12 h) and stored frozen (-20°C) until use.
Microarray assays

All microarray processing steps were performed at 22°C, protected from light. For
IgM detection assays, serum 1gG was inactivated using GulISORB™ (Meridian) prior to
performing microarray manipulations. NHP (1:50) and human (1:150) sera, diluted in
probe buffer (1X PBS pH 7.4, 0.1% Tween 20, 1% BSA), were pre-cleared by incubating
(12 mg/ml) with E.coli lysate (Promega) with gentle agitation, followed by centrifugation
(17,000 x g, 5 min) to remove the pelleted immunoprecipitates. Microarrays were blocked
with Super G blocking buffer (Grace Bio-labs) for 1.5 h and washed 3 times (5 min each)

in wash buffer (1x PBS, 0.2 % Tween® 20, 1% BSA). The microarrays were incubated (2
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h) with E. coli-cleared serum, washed (5%, 5 min each), and incubated for 1h with either
goat anti-human y-specific 1gG (1:1000) or goat anti-human p-specific IgM (1:250) Alexa
Fluor 647-conjugated secondary antibody (Southern Biotech) diluted in probe buffer.
Microarrays were washed 3 times with wash buffer (5 min each) followed by two washes
in filtered deionized water to remove any residual salts, and then dried.
Data acquisition and analysis of microarray results

Microarray slides were scanned at 635 nm using a confocal laser scanner
(GenePix® 4400A scanner; Molecular Devices) using settings below signal saturation.
Background-subtracted pixel counts were determined with GenePix® Pro 7 software, and
outliers among data replicates, identified using a modified Z-score (median absolute
deviation >3.5), were removed. Pixel counts from replicate spots were averaged to obtain
mean fluorescence intensity (MFI) and used for subsequent analyses. Relative binding
(RB) was calculated as

RB = (x / xi )100,

where x is MFI originating from microarrayed antigens, and i is the infecting virus species.
Relative binding signals were used in hierarchical clustering analyses (average-linkage
Pearson correlation) performed using MeV v4.8.1 within the TM4 software suite (Saeed et
al. 2003). Student’s t-tests, polynomial curve fitting, principal component analyses, and
one-way analysis of variance (ANOVA) with Tukey’s post-hoc honest significant
difference (HSD) test were performed using OriginPro v9.0 (Origin Lab Corporation).*

For the study of antibody responses to YFV vaccination, microarrays were scanned

and antibody binding results analyzed in GenePix® Pro 7 software, as previously

1 Dr. Sarah L. Keasey performed the described analysis of results that | generated on the flavivirus-focused
microarrays.
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described. Following background subtraction, data was quantile normalized using
preprocessCore package in R software (v3.3.3) (Bolstad et al. 2003). Outliers among data
replicates were identified using a modified Z-score (median absolute deviation >3.5) and
removed from data analysis. Graphs and statistical analyses including: student t-tests (two-
tailed) with multiple comparisons, receiver operating characteristic (ROC) curves, linear
regression, Pearson’s correlation analysis, one- way analysis of variance (ANOVA) with
Kruskal-Wallis (Dunn’s) test to correct for multiple comparisons, and two-way analysis of
variance (ANOVA) analyses with multiple comparison’s corrected with Sidak’s statistical
hypothesis testing were performed using GraphPad Prism v7.03. Relative antibody binding
values (%) for analysis of cross-reactive antibody responses was calculated as previously
described, where x is MFI originating from microarrayed antigens, and i is the infecting
virus species (YFV). Hierarchical clustering analyses (average-linkage Euclidean distance
(MFI data) or Pearson correlation (relative binding data)) were performed using MeV
v4.8.1 within the TM4 software suite (Saeed et al. 2003).
Machine learning?

The support vector machine (SVM) method LIBSVM

(http://www.scie.ntu.edu.tw/~culin/libsvm/), available in the R package (Meyer D. et al.

2015), was used for predictions of infection histories with quantile normalized microarray
data. An optimal separating hyperplane between data classes was determined with the
SVM by maximizing the margin between closest points and minimizing the classification

error. All binary sub classifiers were fitted to the model, and the correct class was identified

2 Dr. Sarah L. Keasey developed the SVM (support vector machine) algorithm that was used for the
classification of sera from unknown infection histories.
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by a voting mechanism (i.e. the class with the highest probability). | used a radial basis
function (RBF) as the kernel function, which is defined by
K(u,v) = exp(-yllu-viF),

where u and v are two data vectors and y (Set to 0.001) is a training parameter that makes
the decision boundary smoother as the value becomes smaller. The regularization factor C,
set to 100, controls trade-off between a low training error and a large margin. A grid search
was used for selection of C (1 - 1000) and y (0.0001 — 1) using 10-fold cross-validation of
the training dataset and the built-in “tune” function of e1071. The final SVM model was
generated using the optimal parameters with complete training datasets. To evaluate the
model performance, a 10-fold cross validation was implemented on the training dataset,
which consisted of a positive set of E-specific antibody binding signals from primary
flavivirus infections (n = 32, human and NHP) and a negative set of background signals
from flavivirus-naive sera (n = 34, human and NHP). Based on one-way ANOVA followed
by Tukey’s range test, the overall antibody binding patterns of DENV2-challenged NHPs
and humans were not statistically different (p > 0.05). Therefore, the positive training set
consisted of data from both rDEN2A30-challenged humans and NHPs. The training dataset
was randomly divided into ten equal parts, and each run of cross-validation was comprised
of 1/10 as the independent test dataset and the remaining 9/10 as the training dataset. The
performance of the model was calculated as accuracy = (TP +TN) / (TP+FP+TN+FN).
E protein molecular phylogeny?

A phylogenetic tree was generated based on E amino acid sequences (Asian-

YAP/2007 and African-MR-766/1947 -lineage ZIKV selected as representative strains).

3 Dr. Sarah L. Keasey completed the described phylogenetic analysis of the E proteins using the amino
acid sequences | provided from my recombinant flavivirus clones.
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CLUSTAL W2 (Larkin et al. 2007) was used to generate three multiple sequences
alignments (MSASs), each with a different gap opening penalty (5, 10, 25), Blosum62 as
the protein weight matrix, and all other options left as default. T-Coffee Combine (Di
Tommaso et al. 2011; Notredame et al. 2000) was then used to generate a single alignment
that had the best agreement of all three MSAs. Gblocks (Castresana 2000; Talavera and
Castresana 2007), with relaxed settings (small blocks allowed, gap positions allowed
within final blocks, and less strict flanking positions), was used to eliminate poorly aligned
positions and divergent regions in the combined alignment, and 202 conserved columns
within the alignment were retained. A molecular phylogeny was generated using the
maximum likelihood method implemented in the PhyML program (v3.0 a LRT) (Guindon
et al. 2010). The Blosum62 substitution model and 4 gamma-distributed rate categories
were selected to account for rate heterogeneity across sites. The gamma shape parameter
was estimated directly from the data (y= 1.564). Tree topology and branch length were
optimized for the starting tree and subtree pruning and regrafting selected for tree
improvement.

YFV neutralization assays.

Both the length of infection and the amount of YFV (day 6 harvested) to use in
neutralization assays were optimized prior to use in final neutralization assays. To optimize
the length of infection that would allow for diluted YFV to be detected by a flow cytometry-
based assay, two 12-well plates were seeded with 82,000 Vero cells per well in DMEM
containing 10% FBS 24 h (cell media) before infection. Different dilutions of the YFV
prepared in DMEM containing 2% heat-inactivated FBS (infection media), along with un-

infected controls, were incubated (500uL) with the cells for 1.5h with gentle shaking every
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20-30 min. The media containing the virus was removed by aspiration and the cells were
washed 1 time with 500uL infection media. Fresh infection media was added and the cells
were incubated at 37°C, 5% COx for either 24 or 48 h prior to harvest for cell staining. A
similar infection protocol was used to determine the optimal concentration of virus to use
in the neutralization assay with only slight modifications made to adapt to a 24 well plate.
Briefly, 24-well plates were seeded with 38,500 Vero cells per well in cell media 24 h
before infection. The virus stock was diluted in infection media starting at 1:25 in 2-fold
serial dilutions to 1:3200 and was incubated (250uL) with the cells for 1.5h before washing
and adding fresh infection media. The un-infected and YFV infected cells were incubated
for 48h, since it was the determined optimum length of infection prior to harvesting for cell
staining. To compare neutralizing antibody interactions with selected single and boosted
vaccinated patient sera a flow cytometry-based infectivity assay (de Alwis and de Silva
2014) was used with modifications. Vero cells were seeded 24 h prior to infection (38,500
per well) in 24 well plates. Human sera from 3 single-YFV vaccinated patients and 3
boosted-YFV vaccinated patients, each with time points ranging from 1 to 6 years post
final vaccination, as well as 3 non-vaccinated patients were heat-inactivated (55°C, 30 min)
prior to use in neutralization assay. Vaccinated sera were prepared in 4-fold serial dilutions
(70uL volume) in infection media containing 1% penicillin/streptomycin with final
dilutions ranging from 1:10 to 1:196,830, while non-vaccinated sera were prepared
similarly but with dilutions of 1:10 and 1:100. An aliquot of day 6 harvested YFV was
thawed in a 37°C water bath and then diluted in infection media containing 1%
penicillin/streptomycin for a targeted concentration (1:300) that should allow for the ideal

range of 7-30% infection of the cells (de Alwis and de Silva 2014; Kraus et al. 2007). Pre-
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incubation reactions comprised of samples containing an equal volume (70uL) of both
diluted virus and human sera, as well as infection media containing no virus (Vero
uninfected control), and diluted YFV alone was incubated in a 96-deep well PCR-
clean/Lo-protein binding plate (Eppendorf) for 1 h at 37°C, 5% CO_. After an hour, the pre-
incubation reactions were diluted 1:2 with infection media (140uL) containing penicillin-
streptomycin (1%). Pre-incubation reactions (250uL) of human sera, along with media
and virus-only controls, were added to Vero cells in the 24-well plates and incubated for
1.5 h (37°C, 5% CO»). Following incubation, supernatants were aspirated, cells were
washed one time and incubated (~48 h, 37°C, 5% CO2) with 500uL fresh infection media
containing penicillin-streptomycin (1%) prior to harvesting for flow cytometry.

Cell staining and flow cytometry.

YFV infected cells (~48 h) were washed (2 x, 500uL) with PBS (Mediatech, Inc,
Manassas, VA) and removed from wells using 300uL of trypsin-EDTA (Sigma-Aldrich,
St. Louis, MO). Trypsinization was inactivated by resuspension of the cells in 1ml PBS
containing 10% FBS prior to transferring to 5ml round-bottom polystyrene tubes
(Corning/Falcon™). The cells were incubated on ice for 10 min. and then centrifuged (500
X g, 7 min). Cells were washed in 1X PBS to remove any remaining trypsin or FBS, and
then permeabilized by incubating in 300ul 1x BD FACS™ Permeabilizing Solution 2
(22°C, 15 min). The cells were centrifuged (400 x g, 7 min), washed in 1X PBS, then
blocked with 1X PBS containing 5% BSA (22°C, 20 min). Following blocking, cells were
washed in 1X PBS and resuspended in 50uL of mouse anti-flavivirus monoclonal antibody
(clone D1-4G2-4-15) diluted to 20 pg/mL in 1X PBS prior to incubation (4°C, 1h). Cells

were washed with 1X PBS then incubated for 30 min. (4°C ) with (1:1000) goat anti-mouse
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IgG (H+L) Alexa Fluor 488-conjugated secondary antibody (Life Technologies) diluted in
1X PBS, centrifuged, and stored in PBS containing 2% formaldehyde (ThermoFisher
Scientific) at 4°C prior to flow cytometry. Flow cytometry data was acquired on a BD
FACSCalibur™ instrument with BD CellQuest™ Pro software v 5.2.1 and then
subsequently analyzed using FlowJo v10.3 software. Gating parameters were determined
using the uninfected Vero cell controls (1.6 - 2.2% permitted for background % infection)
and then applied to all experimental samples to determine the percentage of cells that were
infected with YFV. The data was exported to Excel 2010 (Microsoft Office) and the percent
infection values were background subtracted as follows:
Is_c=1Is—1Ic

where Isc is the percent YFV infection values, Is is the percent infection values obtained
from experimental samples, and I is the percent infection values obtained from the un-
infected Vero cell used for initial gating. Following background subtraction, percent

neutralization of single and boosted-vaccinated sera antibodies was calculated as follows:

s
% N, = 100 — (100
ot =100 100 ()

, Where S is the percent YFV infection values from the vaccinated patient samples following

background subtraction and NVavg. is the percent YFV infection values obtained from
averaging the non-vaccinated control wells. The serum dilution that neutralized 50% of
YFV was calculated by nonlinear, dose-response regression analysis (C constrained to 50)
with Prism 7.0 software (GraphPad Software, Inc., San Diego, CA) following two
independent experiments for each patient. Significant analysis of the mean neutralization
titers between vaccinated cohorts was calculated with nonparametric Mann-Whitney-
Wilcoxon test rank sum test (GraphPad Prism v7.03).
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Animal and human sera used in the microarray assays (Figure 6)

Animal use statements

All macaque monkeys used in this study were cared for by the staff at the Wisconsin
National Primate Research Center (WNPRC) in accordance with the regulations and
guidelines outlined in the Animal Welfare Act and the Guide for the Care and Use of
Laboratory Animals and the recommendations of the Weatherall report

(http://royalsociety.org/topics-policy/publications/2006/weatherall-report/). This study

was approved by the University of Wisconsin-Madison Graduate School Institutional
Animal Care and Use Committee (Animal Care and Use Protocol Number G005401). For
all procedures (i.e., physical examinations, virus inoculations, ultrasound examinations,
blood and swab collection), animals were anesthetized with an intramuscular dose of
ketamine (10 ml kgl). Blood samples were obtained using a vacutainer system or needle

and syringe from the femoral or saphenous vein.

Human use statements

Research on human subjects was conducted in full compliance with DoD, NIH,
federal, and state statutes and regulations relating to the protection of human subjects and
adheres to principles identified in the Belmont Report (1979). All specimens, data, and
human subject research were gathered and conducted for this publication under IRB-

approved protocols.
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Figure 6. Sera used for analysis of antibody responses to flavivirus antigens. Mouse
hyper-immune ascetic fluid (mHIF) against 12 flavivirus isolates (DENV1-4, ZIKV, YFV,
JEV, WNV, SLEV, MVEV, POWYV, and TBEV) were used for the evaluation of antibody
recognition to the deposited flavivirus antigens on the microarray (A). The horizontal lines
give an indication of the study duration, while vertical hashes indicate the steps involved
during the production of anti-flavivirus hyperimmune ascetic fluid in mice. Sera collected
after flavivirus infection or vaccination from non-human primates (NHP), and humans will
be used for measurement of antibody recognition to flavivirus antigens on the protein
microarray. The horizontal lines indicate the study duration, while vertical hashes indicate
the sera collection time points. (B) Primary flavivirus infection sera were collected from
captive-raised NHPs prior to (day 0) and various time points after challenge with either an
Asian-lineage (strain (str.) H/PF/2013) ZIKV (red, n = 3 each for Study ID ZIKV001 and
ZIKV004), an African-lineage (str. MR-766) ZIKV (royal blue, n = 3, Study ID ZIKV002)
(Dudley et al. 2016; ZIKV experimental science team 2016), a single DENV serotype (n =
4 each for DENV1 (str. West Pac 74), black; DENV?2 (str. S16803), green; DENV3 (str.
CH53489), orange; DENV4 (str. 341750), magenta) (Fernandez et al. 2011; Simmons et
al. 2010), or were vaccinated with the str. 17D YFV vaccine (unfilled black, n = 3, BEI
Resources, NIAID, NIH). (C) Sera from flavivirus-naive humans (n = 10) were infected
with rDEN2A30 (Kirkpatrick et al. 2016; Larsen et al. 2015). (D) Convalescent human
ZIKV (red, n=4) or DENV (DENV2, green (n=5), DENV3, orange (n=2)) infection sera
were collected from dengue-endemic regions in the Dominican Republic and Peru,
respectively. (E) Confirmed WNV-infected sera (cyan, n = 20) were collected from blood
donor locations (BioLINCC 2012; Ramos et al. 2012). (F) Human sera from subjects
vaccinated with YFV vaccine (17D) (unfilled black, n = 13) were used in the study of the
analysis of antibody responses to ZIKV in flavivirus-endemic environments (Keasey et al.
2017), as well as in the YFV-focused microarray study (unfilled black, n=87). (G) Sera
from humans with no-known prior flavivirus infection or YFV vaccination history were
used as controls in the microarray studies (purple, n=5; SeraCare, Milford, MA and n=14;
DoD Serum Repository, Silver Springs, Maryland).
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Flavivirus specific antibody standards.

Mouse hyper-immune ascitic fluid (mHIF) against 12 flavivirus isolates (DENV1-
4, ZIKV, YFV, JEV, WNV, SLEV, MVEV, POWV, and TBEV) were obtained from
NIAID-World Reference Center for Emerging Viruses and Arboviruses (WRCEVA, Dr.
Robert B. Tesh) and used for the evaluation of antibody recognition to the deposited
flavivirus antigens on the microarray (Figure 6A). Briefly, mice were injected
intraperitoneally with flavivirus-infected mouse brain homogenate emulsified with
Freund’s adjuvant weekly for a total of 4 weeks. After the final antigen immunization, mice
were given sarcoma-180 cells to induce ascites formation prior to the collection of the

flavivirus-specific ascitic fluid.

ZIKV.

Three groups of Indian origin Macaca mulatta (3 individuals per group) were
challenged subcutaneously with a different dose (10°, 10°, or 10* plaque forming units
(PFU)) of either an Asian (Study ID ZIKV001 and ZIKV004) or African (Study ID
ZIKV002)-lineage ZIKV (Table 2, Figure 6B). Sera were collected prior to ZIKV
challenge (day 0) and daily for 10 days (all cohorts), followed by two to three times a week
from 11 to 28 days post-infection (DPI) (ZIKVV001 and ZIKV002 only) (Dudley et al. 2016;

Zika open-research portal 2016) (https://zika.labkey.com). Human sera from ZIKV

infections were collected from four female patients from the Dominican Republic that
developed symptoms of ZIKV (fever, joint pain, headache, conjunctivitis, rash, and muscle
pain) in January 2016 (Figure 6D). Three patients were PCR confirmed for ZIKV infection

by the CDC within the first two weeks of symptom onset, whereas the remaining patient
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tested positive for the presence of anti-ZIKV IgG by a microplate ELISA assay
(EUROIMMUN, Inc.), as performed by BocaBiolistics (Pompano Beach, FL), and sera

were collected at 12-31 days post-symptom onset.

DENV.

Sixteen healthy, flavivirus naive rhesus macaques (M. mulatta) were
subcutaneously injected with 10° PFU of either DENV1 (West Pac 74), DENV2 (S16803),
DENV3 (CH53489), or DENV4 (341750) (n=4 per challenge group, Figure 6B), derived
from low passage, near wild-type virus isolates. Sera were collected prior to and 30 DPI
(Fernandez et al. 2011; Simmons et al. 2010). Sera from one NHP exhibited elevated
binding to JEV, ROCV, and YFV- E with my assay prior to challenge with DENV4, and
was excluded from further data analysis (Figure 7). Sera from human primary DENV?2
infections (n = 10, Figure 6C) were collected as part of a DENV human challenge model
originally developed by the Laboratory of Infectious Diseases at the U. S. National
Institutes of Health. Sera from participants that had no prior history or serological evidence
of flavivirus infection were collected before and after 28 days after challenge with 102 PFU
of rDEN2A30, which is a genetically attenuated DENV2 strain (DENV2 Tonga/74) that
had a 30 nucleotide deletion introduced in the 3’ untranslated region (Kirkpatrick et al.
2016; Larsen et al. 2015). The rDEN2A30 challenge induced viremia in all participants by
5 DPI (Kirkpatrick et al. 2016; Larsen et al. 2015). Subjects that were included in the
challenge studies were pre-screened with PRNT assays to include only dengue-naives.
Interestingly, the sera from two individuals exhibited elevated binding to flavivirus E with

my assay prior to challenge with rDEN2A30 (Figure 7). Because these two subjects
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presented evidence of prior exposure, their sera were excluded from further data analysis.
Dengue disease sera (n=7) were also collected between February 2011 and November 2013
in Peru by our collaborators from the U.S. Naval Medical Research Unit No.6 (NAMRU-
6). These subjects had febrile illness for five days or less and were confirmed to have
DENV infections (DENV2, n=5; DENV3, n=2; Figure 6D) by PCR during the acute phase

of infection. Sera were collected 14-24 days after confirmation of acute infection.
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Figure 7. Human and non-human primate sera excluded from analysis. Pre-study sera
from one DENV4-challenged non-human primate and two primary DENV2- challenged
humans exhibited evidence of prior exposures to flaviviruses based on antibody
interactions with E proteins.
YFV

Early-Immune Yellow Fever Virus Antisera from three NHPs (Figure 6B; NR-
29335, 29337, 29338; BEI Resources, NIAID, NIH), immunized by subcutaneous injection

of 0.5 mL of live, attenuated YFV vaccine (strain 17D), were collected 30 days after

vaccination (Durieux 1956). Late-Immune Yellow Fever Virus antisera from the same
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NHP cohort (Figure 6B; NR-42567, 42575, 42576; BEI Resources, NIAID, NIH),
consisted of pooled time-point sera that were collected in approximate 30-day time
intervals ranging from 120 to 420 days after vaccination for each animal.

Humoral immune responses of individuals living in environments of flavivirus
endemicity were examined with the recombinant protein microarrays by probing with
human sera from 17D-vaccinated individuals (seven primary and six boosted, Figure 6F),
collected 14 — 118 after vaccination. For analysis of serum IgG responses over time, sera
from subjects vaccinated once (n = 67) or multiple times (n = 20) with the YFV vaccine
were collected 32 days to 15-plus years after vaccination, and compared to sera from non-
vaccinated controls (n=17) (Figure 6F and Table4). Specimens used in both studies were

archived by the U.S. Department of Defense Serum Repository (Silver Springs, Maryland).

WNV

Sera from confirmed WNV infection (n=20, Figure 6E) were collected between
2009 and 2011 by FDA approved blood donor locations within the U.S., in accordance
with a surveillance protocol performed by the National Heart, Lung, and Blood Institute
(NHLBI) Biologic Specimen and Data Repository Information Coordinating Center
(BioLINCC) (Viral and immune parameters of dengue and wnv in donors: Blood safety
implications 2012). Sera were identified as WNV positive by nucleic acid testing,
indicating a current WNV infection at the time of blood donation. WNV positive donors
were then contacted for study enrollment, at which point subjects completed symptom

questionnaires and provided subsequent blood samples at several weekly and monthly
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visits post-initial donation. Each specimen tested positive for the presence of WNV-

specific IgM and IgG antibodies (Ramos et al. 2012).

Control Sera

Sera collected by SeraCare Life Sciences, Inc. from healthy U.S. donors (n=5) were
used for negative controls (Figure 6G). These sera were selected based on no detectable
antibodies to human immunodeficiency virus type 1 and type 2, Hepatitis A, B, and all
flaviviruses used in the microarray.

Additionally, sera from the U.S. Department of Defense Serum Repository (Silver
Springs, Maryland) subjects who were not recorded to have received a yellow fever

vaccination (Figure 6G) were used for negative controls in the YFV-focused study (n=17).
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RESULTS

Development of a flavivirus-focused microarray assay

I synthesized the structural proteins, membrane (pM/M) and envelope (trans-
membrane domain truncated E and domain 11 of E (E-DIII), and non-structural proteins 1
and 3 (NS1 and NS3) from 18 species of human pathogenic flaviviruses (Table 2) (Keasey
et al. 2017). These major antigenic targets of humoral immune responses to flavivirus
infection and immunization were selected for inclusion in the microarray by analysis of
immunological data from previous studies by our laboratory and others (Beasley et al.
2004; Cleton et al. 2015; Fernandez et al. 2011; Gowri Sankar et al. 2014; Kuno 2003).

As previously reported, we used microarrays of the entire DENV1-4 proteome to
obtain a detailed analysis of non-human primate (NHP) antibody responses to DENV
antigens following immunization with two different DENV vaccine candidates (tetravalent
purified inactivated virus (TPIV) or tetravalent live, attenuated virus (TLAV) vaccine), as
well as after challenge with live DENV virus (Fernandez et al. 2011; Simmons et al. 2010).
Antibody binding to specific DENV proteins differed depending on the vaccination given,
while a balanced response to both structural (E, M, and anchor capsid) and non-structural
(NS) proteins (ex. NS1) was detected in antibody responses to DENV infection. Results
from the DENV protein microarray demonstrated the importance of including multiple
viral antigens in a serological assay for optimal detection of flavivirus specific antibody

responses.
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Table 2. Flavivirus strains included in the production of whole viruses and
recombinant proteins.

SV0127/14 Thailand 2014 X
CPC-0740 Philippines 2012 X
Asiaznl Il?r\éage VABC59 Puerto Rico 2015 X
SPH2015 Brazil 2015 X
YAP Micronesia 2007 X X X X
MR-766 Uganda 1947 X X X X X
IBH30656 Nigeria 1968 X
Azf'r'if:;/n DAKARA41525 Senegal 1984 X
lineage DAKAR 41662 Senegal 1984 X
ARB7701 Central Africa 1976 X
ArD 41519 Senegal 1984 X
DENV1 HAWAII USA 1944 X X X X X X
DENV?2 NGC New Guinea 1944 X X X X X X
DENV3 H87 Philippines 1956 X X X X X X
DENV4 H241 Philippines 1956 X X X X X X
WNV NY99 USA 1999 X X X X
YFV 17-D-204 USA 1985 X X X X X X
JEV SA14-14-2 South Korea 2006 X X X X
SLEV PARTON USA 1933 X X X X
MVEV 1-51 Australia 1952 X X X X
ROCV SPH34675 Brazil 1975 X X X X X
POWV LB Canada 1958 X X X X
TBEV-E SOFJIN-HO Russia 1937 X X X X
TBEV-EUR NEUDOERFL Austria 1971 X X X X
Total # of antigens produced: 12 18 15 15 15 6

The “X” indicates antigens that were produced, whereas unfilled squares are antigens that were not attempted
for production.

Virus abbreviations: Zika (ZIKV), dengue (DENV), West Nile (WNV), yellow fever (YFV), Japanese
encephalitis (JEV), St. Louis encephalitis (SLEV), Murray Valley encephalitis (MVEV), rocio (ROCV),
Powassan (POWV), eastern (E) and european (EUR) strains of tick-borne encephalitis (TBEV).

2 Antigen abbreviations: Transmembrane domain truncated envelope protein (E), domain 111 of envelope
protein (E-DIII), precursor membrane or membrane protein (pM/M), non-structural protein 1 (NS1), non-
structural protein 3 (NS3).

Coding sequences for each antigen were amplified using cDNA or synthesized
gene templates, gel purified, and then cloned into a pPENTR™/TEV/D-TOPO® E.coli
entry vector (Table 1, Figure 8A). Because the targeted viral antigens included membrane
(E/M) or membrane-associated proteins (NS1/NS3) that may express poorly in E.coli, all

sequence-confirmed plasmid clones were initially cloned as His-tagged maltose-binding
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protein (MBP) fusion constructs. Maltose-binding protein is commonly used to increase
solubility of the fusion partner, while the 6X histidine tag allows for purification using
common metal-affinity strategies (Hewitt et al. 2011; Waugh 2016). As initially
designed, all of the recombinant proteins with the exception of YFV-pM accumulated
primarily as insoluble inclusion bodies regardless of changes in length and temperature of
protein induction, or type of host cell used. The inclusion proteins were recovered by
solubilizing the inclusion bodies in 6M guanidine hydrochloride and protein refolding by
using decreasing concentrations of urea. Specifically, solubilized supernatants filtered to
remove particles (syringe filter: 0.2uM) were added to nickel charged affinity columns
(HisTrap HP) under denaturing conditions. Proteins that were bound to the column were
refolded using a decreasing gradient of urea (6-0 M), and eluted from the column with an
increasing imidazole concentrations from 25-500 mM. While this method worked for
DENV1-4 NS1 proteins, the remaining proteins contained a substantial amount of
truncated MBP protein rather than the targeted full-length viral protein (results not
shown). | also attempted to obtain soluble expression of the recombinant proteins by
implementing other expression systems, such as an E.coli cell-free in-vitro expression
system specifically geared towards expression of non-native membrane proteins, as well
as expression in baculovirus and mammalian cells (HEK293). Although improvements
in solubility were noted with some of these systems, the quantity of expressed protein
was so low that after purification steps the protein was no longer detectable. Additionally,
| attempted to modify the protein-coding sequences by truncating the E protein to exclude
the transmembrane domain in order to obtain soluble protein in E.coli. While truncated E

in comparison to full-length protein led to higher amounts of expressed protein, the
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protein remained in the insoluble protein pellet. Because of the difficulties in developing
a consistent method for producing soluble recombinant proteins, | considered the
advantages of using inclusion-sequestered products. The protein-encoding genes were
recombined into an N-term 6X His tagged (pDEST17) vector and expressed in E.coli by
using BL21-DE3 host cells and induction conditions of 30°C for 2-4hrs or 18 °C
overnight. All of the remaining flavivirus proteins, except for pM from JEV and ZIKV
(str.MR766) showed improved full-length expression with the pDEST17 vector, though
still insoluble. Inclusion body aggregates primarily contain the over-expressed
recombinant protein of interest, lending to the possibility of obtaining highly purified
proteins with minimal purification steps needed (Ramon et al. 2014). Further, data has
suggested that denatured antigens can be highly sensitive and specific in the detection of
antibody responses following viral infection (Di Bonito et al. 2006; Ter Meulen et al.
1998). Therefore, inclusion bodies were washed and solubilized in HEPES buffer
containing 1% sodium dodecyl sulfate (SDS). Soluble proteins obtained from either
affinity purification or SDS solubilization steps were analyzed by SDS-PAGE
electrophoresis with Coomassie Blue staining (Figure 8B), and by western blotting using
an anti-HIS-HRP conjugated polyclonal antibody (1:5000, Abcam). Protein concentration
and purity of the flavivirus proteins were measured using the Agilent Protein 230 assay
(Figure 8C). Based on results from Agilent Protein 230, the median purity of all included

flavivirus proteins was 73% (range 43-97%)).
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Figure 8. Production of flavivirus recombinant proteins. Targeted flavivirus coding
sequences were cloned, sequence verified, expressed, purified, and arrayed onto
nitrocellulose glass slides. (A) Representative PCR-amplified code determining sequences
detected using ethidium bromide. (B) E.coli expressed recombinant proteins were
visualized by SDS-PAGE electrophoresis with Coomassie Blue staining. Proteins were
also verified using anti-His antibody after PAGE electrophoresis. (C) Purified recombinant
proteins were analyzed and visualized by Agilent Protein230 chip. Recombinant flaviviral
antigens that passed quality control criteria, along with control proteins, were printed in
replicates of 6 onto SuperNOVA 4-pad nitrocellulose glass slides (Grace Bio-Labs). The
array layout allowed for 4 different assays to be simultaneously performed on the same
surface. (D) Representative confocal laser scanned image of flavivirus proteins spotted in
replicates onto microarray slides (Grace Bio-Labs), visualized using 4 different human sera
bound to Cy5-labeled anti-human 1gG antibody.

Based on previously optimized microarray assay conditions (Fernandez et al. 2011,
Kamata et al. 2014; Keasey et al. 2010; Pugh et al. 2014), protein concentrations of 100-
200ug/mL were targeted for printing of the viral probes. Under these conditions, essentially
all of the spotted proteins are non-covalently bound to the nitrocellulose surface of the
microarray slides. The recombinant flavivirus antigens that passed quality control criteria
were diluted to approximately 100-200 pg/mL in print buffer containing 40% glycerol into

384 well plates. Samples in the wells were drawn through capillary tubing into the print

head of a non-contact inkjet printer (ArrayJet, Roslin, UK), and deposited (8 drops/spot,
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~150 micron in size) in replicates of six onto glass slides containing four microporous
nitrocellulose coated microarray surfaces (SuperNOVA 4-pad slides, Grace Bio-Labs, Inc.)
(Figure 8D). The humidity inside the printer was maintained at 60-70% during the entire
length of the print to optimize spot integrity. The following controls were also printed on
the same surfaces: 1gGs (monkey, human, rabbit, goat, and mouse), IgMs (human, monkey,
and rabbit), HisMBP, bovine serum albumin (BSA), three hemagglutinin proteins (HA)
from seasonal influenza, as well as buffer control spots. The spotted antigens of the
microarrays were stained with SYPRO®Ruby to visualize all proteins (Figure 9A), and an
anti-N-terminal 6X His monoclonal antibody (1:5000, Sigma Aldrich) to detect all His-
tagged proteins. The coefficient of variance (CoV) or precision of the deposited protein
replicates was 22%, as determined by results from the SYPRO®Ruby protein stain
between all replicates across each of the four printed microarray surfaces. Probing with
the anti-His antibody showed that all His-tagged proteins were successfully spotted and
adsorbed onto the nitrocellulose-coated microarray surfaces (Figure 9B). Some variability
in signal intensity was noted for the anti-His antibody due to varying accessibility of the
fusion-tag on the recombinant proteins. | developed a rabbit polyclonal antibody (diluted
1:250) that was specific to a highly conserved E domain Il fusion loop peptide to further
assess the flavivirus E proteins on the microarrays. The E fusion loop sequence is
conserved among flavivirus species because the peptide mediates fusion of the virus to host
cell membranes, for transfer of viral RNA into the host cell cytoplasm (Allison et al. 2001;
Seligman 2008). Based on multiple sequence alignments, | identified a 14 amino acid (aa)
peptide (aa 98-111, DRGWGNGCGLFGKG) that was 98% conserved amongst

recombinant E protein sequences of all 18 flavivirus species. The only sequence variations
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were seen at aal04 (G104H) in sequences of tick-borne flavivirus E proteins and aal10
(K110F) in JEV and POWV-E. For peptide synthesis, the internal cysteine was replaced
with serine in order to avoid possible problems of oxidation/internal cross-linking. The
peptide was conjugated to a carrier protein (KLH) to increase the antigenicity for antibody
production. Assessment of E antigens with the optimal dilution of rabbit anti-E domain Il
antibody (1:250) led to strong recognition of all tested flavivirus E proteins (Figure 10).
Antibody recognition of all spotted antigens was further evaluated with mouse anti-sera
(dilutions ranged from 1:10-1:100) raised against each of the flaviviruses included in the
panel, except for ROCV (Figure 6A). The E antigens from all flaviviruses, except DENV3,
were specifically detected by mouse antibodies (IgG) that were produced in response to the
corresponding virus, as shown in (Figure 11). Significant E cross-reactivity for JEV anti-
sera was noted. Specific and cross-reactive antibody recognition observed to flavivirus
antigens was evaluated by using the phylogenetic relationship between E amino acid
sequences (Figure 12). The NS1 proteins from all flaviviruses except DENV1-4 were
detected by the mouse anti-virus sera, whereas the M antigen was only weakly recognized
at best (Figure 11). | compared antibody responses to flavivirus antigens observed in mice
to antibody responses of flavivirus infected human sera in order to determine which
antigens demonstrated the greatest level of specificity. Mouse antibody responses to E-
DIl showed some level of specificity, but were highly cross-reactive in human antibody
responses. Further, though high levels of antibody bound to NS3 antigens, both human and
mouse antibody responses were very cross-reactive for this antigen. Due to these factors,
E-DIII and NS3 viral antigens were removed from analyses of human and NHP antibody

responses. Combined, data from these control antibodies indicated that the flavivirus
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protein microarrays could be used as to assess specific and cross-reactive antibody

responses.
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Control and viral antigens printed on microarrays

Figure 9. Validation of the antigens deposited on the microarrays. Recombinant
proteins (E-DIII, orange bars; E, blue bars; pM/M, green bars; NS1, red bars; and NS3,
purple bars) from 18 flavivirus isolates and several control antigens (black and gray bars)
were deposited in replicates (n=6) onto microarrays covered in a thin layer of
nitrocellulose. The deposition and quality of the printed antigens was evaluated by a (A)
total protein stain and (B) monoclonal antibody directed towards the 6X His fusion tag on
the N-terminus of the recombinant proteins. Error bars represent standard error of the mean
between replicates.
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Control and viral antigens printed on microarrays

Figure 10. Recognition of flavivirus E proteins using an antibody directed to a highly
conserved E-domain 11 fusion loop peptide. Deposited flavivirus envelope (E) proteins
on microarray surfaces were evaluated using a rabbit polyclonal antibody directed to the
E-domain Il peptide that is highly conserved among all flavivirus species. Antibody
recognition of the recombinant E proteins (blue bars) and control antigens (black and gray
bars) was detected using an Alexa Fluor 647 conjugated goat-anti rabbit 1gG secondary
antibody. Error bars represent standard error of the mean between replicates (n=6).
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Figure 11. Recognition of deposited antigens by virus-specific antibody standards.
Microarrays of E, non-structural 1 (NS1), and membrane (pM) proteins probed with mouse
polyclonal antibodies (Figure 6A) generated against each virus shown (centered labels
above each bar graph). Antibody binding data are shown as logl0-transformed mean
fluorescence intensity (+ SEM), and arrows () indicate the virus-specific antigens.
Heterologous antigens that exhibit increased recognition compared to the virus-specific
antigen are labeled with * (p < 0.05, one-way ANOVA with Tukey’s range test). YFV,
yellow fever virus; SLEV, St. Louis encephalitis virus; DENV (1-4), dengue virus; POWV,
Powassan virus; TBEV, tick-borne encephalitis virus; MVEV, Murray Valley encephalitis
virus; WNV, West Nile virus; ZIKV, Zika virus; JEV, Japanese encephalitis virus; ROCV,
Rocio virus.
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Figure 12. Phylogenetic relationship of flavivirus E proteins included on the

microarray. The phylogenies of flaviviruses examined in this study were inferred from an
alignment of amino acid sequences from the produced envelope (E) proteins.
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Antibody responses to ZIKV*

I utilized the flavivirus-focused microarray to examine sera from NHPs (M. mulatta)
that were challenged subcutaneously with either African or Asian isolates of ZIKV (Table
2; Figure 6B) (Dudley et al. 2016; Zika open-research portal 2016). The African and
Asian lineages of ZIKV share ~95% of E protein amino-acid sequences (Haddow et al.
2012), or about the same level of similarity found among E proteins of individual DENV
serotypes. Serum antibody binding to virus particles and E antigens of ZIKV, as measured
by the microarray, was substantially elevated (Figure 13A, B) 21-28 days post-infection
(DPI), while no antibody recognition was observed for NS1 or M proteins (Figure 13B),
suggesting that anti-NS1 and -M antibodies represent a small proportion of the humoral
immune response to infection during the time points examined. Antibody recognition was
more robust for mature (~2-fold higher) compared to immature virus particles, which may
display different conformations of E and M proteins (Kostyuchenko et al. 2016). Within
the assay, the highest antibody interactions were detected to ZIKV E proteins in
comparison to mature ZIKV (Figure 13A, B). However, a direct quantitative relationship
between virus and recombinant protein cannot be determined by these results because the
complex nature of the native virus precludes printing of equal molar amounts of available
antigen. Only minor differences were observed in antibody responses to individual African
and Asian-lineage ZIKV antigens for both virus and E (Figure 13), consistent with the
conserved amino acid sequences and a single ZIKV serotype, as recently reported by others

(Dowd et al. 2016). The E-specific IgM responses were detectable by 3 DPI, coinciding

4 Data on pages 65- 77 was previously published in: Keasey SL, Pugh CL, Jensen SM, Smith JL, Hontz RD,
Durbin AP, Dudley DM, O'Connor DH, Ulrich RG. 2017. Antibody responses to zika virus infections in
environments of flavivirus endemicity. Clin Vaccine Immunol. 24(4).

65



with the rise of virus, peaked by 11 DPI, and subsided thereafter (Figure 13C).
Corresponding 1gG responses were delayed compared to IgM, consistent with a naive
immune response, and displayed increasing levels through 28 DPI (Figure 13C). Specific
IgG interactions were greater with E than virus for these assay results (Figure 13C).
Further, there were no apparent differences in the magnitude or kinetics of humoral
immune responses to the different amounts of virus used for challenges (Figure 14),

suggesting that levels of 1gG and IgM were increasing in tandem with virus replication.
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Figure 13. Virus particles and E antigens of ZIKV were significantly recognized post-
infection, with the highest level of antibody interactions observed towards ZIKV E
proteins as compared to mature virus. ZIKV-challenged non-human primate (NHP) 19G
recognition of ZIKV particles harvested early (A, left, 48 h) or late (A, right, 144 h) post-
infection of HEK293T cells, and ZIKV proteins (B; envelope, E; nonstructural protein 1,
NS1; precursor membrane protein, pM), from five Asian (AS) and six African (AFR)
lineages (Table 2). ZIKV-specific antibody responses are denoted by scatter plots with
center horizontal lines representing the mean binding of serum antibodies from NHPs
challenged with either an AFR- (n=3, circles) or AS- (n = 3, squares) lineage ZIKV at 0-2
days post-infection (DPI; open symbols) and 21-28 DPI (filled symbols). Error bars
indicate + SEM. Statistically significant differences between mean antibody binding of all
ZIKV-challenged NHPs to ZIKV antigens at 0-2 DPI and 21-28 DPI were calculated using
a one-tailed Student’s t-test (*, p < 7.5e-5; ns, not significant), while no significant
differences were observed between mean antibody binding of ZIKV-AS- and ZIKV-AFR-
challenged groups to AS and AFR ZIKV antigens at 21-28 DPI (two-tailed Student’s t-
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test). (C) IgM (green) and IgG (orange) binding profiles to ZIKV particles (144 h harvest)
(top) and ZIKV E protein (bottom) are compared to viral load (Zika open-research portal
2016) (black) from pre-infection (day 0) to 28 DPI for ZIKV-challenged NHPs (n = 9).
Second- (IgM), third- (IgG) and fourth- (viral load) order polynomial curves were fitted to
the data, with fitted lines and shading under the curve consistent with data point colors.
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Figure 14. The kinetics and magnitude of humoral immune responses to ZIKV by
non-human primates are not affected by challenge dose. IgM (green) and IgG (orange)
binding profiles to ZIKV particles harvested at 144 h (left) and ZIKV E protein (right) are
compared to viral load (black) from pre-infection (day 0) to 28 days post-infection for non-
human primates challenged with either 10* (top), 10° (middle), or 10° (bottom) plaque
forming units (PFU) of ZIKV. Second- (IgM), third- (IgG) and fourth- (viral load) order
polynomial curves were fitted to the entire data set, as shown in Fig. 11C, and data from
separate challenge doses (n = 3 for each dose) is overlaid on the fitted curves. Fitted lines
and shading under the curves are consistent with data point colors.

Cross-reactivity of antibodies from primary flavivirus infections
The E proteins of ZIKV and DENV have a high degree of structural similarity
that may contribute to shared antibody epitopes. | examined NHPs (M. mulatta)

challenged independently with DENV1-4 (Figure 6B) (Fernandez et al. 2011). For virus,

antibodies (30 DPI) from NHPs infected with any DENV serotype were highly cross-
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reactive to heterologous DENV serotypes and ZIKV (Figure 15A, Table 2). Further,
DENV2 and 3 antibodies displayed substantially higher reactivity with the heterologous
ZIKV, while 1gG from ZIKV-challenged NHPs was more specific for ZIKV at the virus
level, with a lower overall level of cross-reactivity towards DENV1-4 (Figure 15A). In
contrast with viruses, the E proteins presented antibody recognition profiles that were
very specific for the challenge virus (Figure 15A), and minimal antibody recognition of E
proteins from ten more distantly related flaviviruses (Figure 16A). DENV-challenged
NHPs exhibited the highest antibody binding to the E protein from the DENV challenge
serotype, and antibodies from ZIKV-challenged NHPs essentially bound only to ZIKV E
antigens. To assess the similarity of antibody-antigen interactions within groups of
infected NHPs, a principal component analysis (PCA) was performed. Principle
component analysis can be used to visualize the covariance between pairs of data features
that correspond to antibody binding to E or virus antigens in my analysis. The PCA based
on antibody recognition of DENV and ZIKV E antigens differentiated serotype-specific
DENV and ZIKV infection sera due to the higher degree of homotypic E recognition
(Figure 14B). In contrast to the E antigen results, PCA based on 1gG recognition of virus
only enabled distinction of ZIKV- from DENV-challenged sera, whereas DENV
serotype-specific clusters were not evident (Figure 14B). Furthermore, antibodies from
NHPs challenged with African or Asian-lineage ZIKV were not differentiated by E or
virus (Figure 13, 15B). | also considered YFV, both as a nearest neighbor of ZIKV and
DENYV (Figure 12), and because vaccination against yellow fever is common in many
countries with high dengue prevalence. While serum antibodies from NHPs vaccinated

with the 17D YFV strain (Figure 6B) (Durieux 1956) predominantly recognized the E
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antigen of YFV (Figure 16A), a modest level of cross-reactivity was evident with several

other E, including those of ZIKV and TBEV.
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Figure 15. Highly specific antibody responses to E protein were detected in non-
human primates infected with ZIKV and DENV, while a significant level of cross-
reactivity was observed towards virus particles. (A) Binding of convalescent serum
antibodies from non-human primates (NHP) challenged with either an Asian (H/PF, red, n
= 3) or African (MR-766, royal blue, n = 3) —lineage ZIKV, or DENV (n = 4 each for
DENV1, black; DENV?2, green; DENV3, orange; and n = 3 for DENV4, magenta) to whole
viruses (144 h, left) and E proteins (right). Values shown are antibody binding signals
relative to the virus used for challenge (£ SEM). (B) Principal component analyses of
relative 1gG binding to E proteins (left) and viruses (144 h, right) by NHP antibodies.
Individual data points and virus-specific clusters are colored according to challenge virus
asinA.
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Figure 16. Antibody specificity of primary and secondary flavivirus infections.
Relative binding (£ SEM) of convalescent serum antibodies from non-human primate
(NHP) and human flavivirus infections to fifteen flavivirus E proteins. (A) Sera from
primary infections: grey, DENV-challenged NHPs (individual data from each NHP is
overlaid in a scatter plot: n = 4 each for DENV1, black; DENV2, green; DENV3, orange;
and n = 3 for DENV4, magenta); green, human rDEN2A30 (n = 8); red, pooled African
and Asian-lineage ZIKV NHPs (n = 6); white, YFV-vaccinated NHPs (n = 3). (B) Sera
from confirmed human flaviviral infections with unknown infection histories: grey, DENV
(individual data is overlaid in a scatter plot and colors correspond to most recent DENV
infection: DENV2, green (n =5); DENV3, orange (n = 2)); red, ZIKV (n = 4); white, YFV
vaccination (n = 13); cyan, WNV (n = 20). (C) Predicted infection histories of human
secondary DENV (B, grey) and primary ZIKV (B, red) infections, based on a supervised
SVM classifier. Individual human sera are shown at the bottom (Z, ZIKV; D2, DENV?2;
D3, DENV3; followed by sera identification (ID) number), with probability values for each
viral class (left) gradient colored from low to high (white — royal blue, right). Predicted
infection histories are designated by colored bar above sera ID (DENV1, black; DENV4,
magenta; no prediction, unfilled).

The animals in the ZIKV, DENV, and YFV infection studies | examined were
captive-raised in isolation from most infectious diseases. Therefore, it was important to
compare results from the naive backgrounds of animal disease models with primary
infections of humans without documented prior exposures to flaviviruses. Human
infection models of dengue were recently developed to assess the efficacy of live attenuated

DENYV vaccines (Larsen et al. 2015). Human challenges with the attenuated DENV?2 strain

rDEN2A30 (Kirkpatrick et al. 2016) result in a mild disease, with viremia, rash, and
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neutropenia. | examined sera collected from flavivirus-naive subjects 28 days after
challenge (10° PFU) with rDEN2A30 by subcutaneous injection (Figure 6C) (Kirkpatrick
et al. 2016). Among the extended panel of E proteins (Table 2), human antibody responses
to rDEN2A30 resulted in specific recognition of the E protein from DENV2 and to a lesser
degree DENV4 (Figure 16A, Figure 17A), which is most similar to DENV2 among all
other flaviviruses (Figure 12). Low levels of neutralizing antibodies against other DENV
serotypes were previously reported for individuals challenged with rDEN2A30
(VanBlargan et al. 2013). For viruses, extensive human antibody cross-reactivity was again
noted for other DENV serotypes and ZIKV strains (Figure 17A). These results indicated
that the NHP DENV challenge model replicated the antigen-specificity profile of human

antibody responses to primary infection.
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Figure 17. Antibody-E protein binding patterns are distinct for ZIKV- or DENV-
infected humans. (A) Binding of convalescent serum antibodies from humans challenged
with the attenuated rDEN2A30 strain (green, n = 8) or from primary ZIKV infections from
a dengue-endemic country (red, n = 4) to viruses (144 h, left) and E proteins (right). Values
shown are antibody binding signals (= SEM) relative to the infecting virus. (B) Correlation
matrix of antibody binding patterns of all human infection samples to DENV and ZIKV E
proteins, with Pearson correlation coefficients gradient colored from low (0, white) to high
(1, royal blue), as indicated at the top of the matrix. Hierarchical clustering (Pearson
correlation, average-linkage) reveals three distinct clusters (rDEN2A30, green; unknown
prior history, grey and dashed black). Individual sera identification numbers follow the
dash for DENV and ZIKV-infected humans and are consistent with labels in Fig. 17.

Antibody cross-reactivity between flaviviruses could be influenced by homology
of sequences and structures, as well as the abundance and degree of cross-reactive
antibodies in polyclonal sera. For example, cross-reactivity could be due to a small
population of antibodies that exhibit high levels of specificity for heterologous E proteins,
or may be due to a larger population of antibodies that exhibit broad cross-reactivity.

Although the highest recognition of the homologous E protein was common for antibodies

from primary infections, | observed differences in the amount of total antibody across virus
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species (Figure 18). Comparing results obtained with all E proteins, cross-reactive
antibodies were undetectable for ZIKV, while DENV1 and DENV?2 antibodies recognized
other DENV serotypes. Antibodies from DENV3-infected and YFV-vaccinated NHPs
exhibited the lowest binding to the respective E proteins, while a high level of DENV?2 E-
specific antibodies interacted with the DENV2 E protein (Figure 18). The lower amount of
DENV3 and YFV antibodies that were specific for the cognate E protein, compared to
DENV2 for example, contributed to the appearance of an overall higher level of
background cross-reactivity (Figure 15A and 16A). Vaccination with the live-attenuated
17D strain results in low levels of viremia that mimic a true YFV infection and lower titers
of specific antibodies compared to wild-type YFV infections (Monath T 2008). In addition,
antibodies from NHPs challenged with ZIKV (Dudley et al. 2016) and DENV (Simmons
et al. 2010) exhibited neutralizing antibody titers (Dudley et al. 2016; Simmons et al. 2010)
that directly correlated (R? > 0.99) with the E antibody recognition pattern | observed
(Figure 18). 1 concluded from these results with E proteins that the humoral immune

response to primary flavivirus infections is surprisingly specific.
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Figure 18. Quantitative comparisons of antibodies directed to the infecting virus
versus all other flaviviruses. Antibody recognition of microarrayed E proteins displayed
as mean fluorescence intensity (x SEM). Antibodies from primary flavivirus infections of
NHPs (ZIKV, DENV1-4, YFV) and humans (rDEN2A30) exhibited significantly
decreased recognition of heterologous E antigens compared to virus-specific E (dark grey)
(p < 0.05, one-way ANOVA with Tukey’s range test). DENV E proteins (light gray) are
separated from all other flavivirus E proteins (white, inclusive of YFV, SLEV, POWYV,
TBEV, MVEV, WNV, JEV, and ROCV) to show DENV antibody cross-reactivity between
serotypes.
Secondary flavivirus infections

The antibodies of flavivirus-naive NHPs and humans to primary flavivirus infection
were highly specific to the E protein of the challenge virus. Because increased levels of
antibody cross-reactivity would be expected for flavivirus-primed individuals with
secondary flavivirus infection, I next examined human sera after one or more flavivirus
exposures. In contrast to results obtained with primary infections, 1gG from DENV?2 or
DENV3 infections occurring in Peru prior to the Zika epidemic (here defined as secondary
DENYV infections; Figure 6D) collectively interacted with several E proteins, including

those from ZIKV (Figure 16B), suggesting that antibodies from previous infections,
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possibly DENV4 (based on the amount of IgG bound), dominated immune responses to
other flaviviruses. Despite expectations, sera from secondary DENV?2 infections did not
correlate with primary DENV?2 infections (Figure 17B), providing additional evidence of
previous dengue infection in these samples. Moreover, although principally recognizing
the E protein of YFV, antibodies from human 17D vaccinations (Figure 6F) were less
specific compared to those from primary NHP vaccinations, as E from DENV4 and several
other flaviviruses were also targeted (Figure 16B). It is possible that the less specific YFV
responses were a result of declining antibody titers, as the sera were collected up to 118
days after vaccination. | further noted that serological responses from WNV infections that
occurred in North America (Figure 6E), a region with only a small incidence of dengue,
exhibited elevated antibody interactions with E from WNV and a few other flaviviruses,
but only a low level of interactions with DENV antigens (Figure 16B). Finally, I examined
primary ZIKV infections from the Dominican Republic (Figure 6D), a dengue-endemic
Caribbean country. Antibodies from ZIKV infections interacted to a greater extent with E
proteins from DENV compared to ZIKV (Figure 16B and Figure1l7A), and also recognized
E proteins from several other flaviviruses. It is important to note that levels of total E-
specific antibodies from all human flavivirus exposures were significantly reduced
compared to levels observed in primary infections (Figure 18). While maximum E-specific
antibody abundance never exceeded the low levels of binding observed for primary YFV
and DENV3 exposures, these results suggested that serum levels of anti-E antibodies were
predominantly driven by infection histories, and it is conceivable that at least one DENV

infection preceded each clinical disease examined with sera from secondary infections.
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Given the complexity of the human antibody response from primary ZIKV and
secondary DENV infections (Figure 6D), | attempted to estimate both the probability of
previous flavivirus exposures and to identify the likely antecedent virus. A supervised
machine learning method was used (performed by Dr. Sarah L. Keasey) to classify sera by
features of antibody binding to the extended panel of fifteen E proteins (Table 2). The
support vector machine (SVM) classifier was trained on a positive set of E-specific
antibody binding signals from primary flavivirus infections and a negative set of
background signals from flavivirus-naive sera. The performance of the SVM was
evaluated using a 10-fold cross-validation re-sampling method, which readily
differentiated infected from naive sera and different primary infections, resulting in a total
model accuracy of 98.5%. Using a probability cutoff value of > 0.5, the classifier was used
to predict flavivirus exposures that occurred prior to the secondary DENV and ZIKV
infections. Four secondary DENV2 sera were predicted to have had a previous DENV4
infection, while high probability for two primary ZIKV sera suggested a previous DENV1
infection (Figure 19), which was consistent with clustering based on correlated antibody
binding (Figure 17B). Lower overall probabilities for single virus infections were observed
for the remaining secondary DENV and ZIKV samples, and classification to a single group
was therefore not possible (Figure 19). For example, a secondary DENV3 serum had
comparable probability values for DENV2 (0.28) and DENV4 (0.27), respectively,
suggesting a previous infection with either virus. The inclusion of more extensive training
data sets for primary ZIKV and other viral infections will be important for refining the

predictive power of the described SVM method.
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Figure 19. E-specific antibody recognition patterns can be used to predict previous
flavivirus exposures. A supervised machine learning method (SVM classifier) was used
to predict infection histories of human secondary DENV (shown in Fig. 14B, grey) and
primary ZIKV (shown in Fig. 14B, red) infections, by features of antibody binding to the
panel of 15 E proteins. Individual human sera are shown at the bottom (Z, ZIKV; D2,
DENV2; D3, DENV3; followed by sera identification (ID) number), with probability
values for each viral class (left) gradient colored from low to high (white — royal blue,
right). Predicted infection histories are designated by colored bar above sera ID (DENV1,
black; DENV4, magenta; no prediction, unfilled).

Development of an YFV focused microarray and serological assay.

The YFV strain 17D is a live attenuated virus that has been used for many years as
an effective vaccine for prevention of yellow fever. However, due to recent yellow fever
outbreaks in Africa and South America that are acerbated by insufficient vaccine coverage,
there is a critical need to understand the longevity of antibody response to vaccination and
the need for boosting. To examine serological immune responses to YFV vaccination, a
yellow fever focused microarray of recombinant E, NS1, and pM protein antigens, as well
as strain 17D whole virus. The recombinant proteins from YFV, along with closely related
DENV1-4 antigens, were produced as previously described above. For the production of
vaccine strain of YFV, Vero cells were infected with 17D virus (ATCC# NR-116) and
harvested six days after infection, at a stage with a high amount of cytolysis. Viral
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supernatants were filtered and concentrated ~225-fold, based on volume, by precipitation

with polyethylene glycol (PEG 8000, Promega).

Following confirmation of the propagated YFV (str. 17D), the concentrated virus
was printed in 2-fold serial dilutions in replicates (n=6) on nitrocellulose-coated microarray
surfaces, to determine the optimal concentration of YFV that produced the best signal
above background binding levels. The 17D virus preparations, control antigens, and
recombinant proteins from YFV and DENV1-4, were printed in a combined microarray by
using previously determined conditions on the same microarray surface (Table 3). The
controls antigens included IgGs (monkey, human, rabbit, goat, and mouse), IgMs (human,
monkey, and rabbit), HisSMBP, bovine serum albumin (BSA), three hemagglutinin proteins
(HA) from three strains of seasonal influenza, serial dilutions of anti-human IgG, human
cytomegalovirus glycoprotein B (CMV-gB), and buffer control spots. The printed antigens
were evaluated by SYPRO®Ruby protein stain to quantify total protein (Figure 20) and
estimate precision for protein spotting. The overall mean CoV for all printed probes on the
microarray was determined to be 14% between all replicates across each of the four printed
microarrays. The deposited YFV and DENV1-4 recombinant proteins were visualized by
antibody detection of the N-terminal 6X His fusion tag (Figure 21) to confirm placement
on the microarray surface. While the deposition of all antigens was confirmed based on
protein stain and anti-His antibody results, | observed higher binding to DENV4-E protein.
This may indicate that DENV4-E was deposited in greater concentration than other
heterologous flavivirus antigens. Further confirmation of the printed antigens was
performed with mouse anti-sera raised against YFV, and with reference standard sera

(ATCC) from non-human primates (NHP; rhesus macaques) that were vaccinated with
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YFV strain 17D. Microarray assay results obtained with the mouse and NHP anti-sera
confirmed predominant IgG recognition of E and whole YFV virus, while lower levels of
IgG binding were detected for YFV- NS1 and pM (Figure 22A and C). Specific serum
antibody binding to printed array spots of YFV was readily detected for 17D preparations

that were serial diluted from 1:2 to 1:16 (Figure 22 B and D).

Table 3. Flavivirus and control antigens included in the YFV-focused microarray.

Virus E pM/M NS1
DENV1 | HAWAII USA 1944 X X
DENV2 NGC New Guinea 1944 X X
DENV3 H87 Philippines 1956 X X
DENV4 H241 Philippines 1956 X X
YFV 17-D-204 USA 1985 X X X X

1gGs: human, NHP, rabbit, goat, and mouse
IgMs: human, NHP, and rabbit
Anti-human IgG: dilution series ranging from 12.5-400 ug/mL
Influenza hemagglutinin (HA) proteins: Brisbane, California, and Perth strains
E.coli HisMBP
Bovine serum albumin (BSA)
Human cytomegalovirus glycoprotein B (gB)
HEPES print buffer
The “x” indicates antigens that were produced, whereas unfilled squares are antigens that were not
attempted for production.
Wirus abbreviations: dengue (DENV) and yellow fever (YFV).
2 Antigen abbreviations: Transmembrane domain truncated envelope protein (E), precursor
membrane or membrane protein (pM/M), and non-structural protein 1 (NS1).
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Control and viral antigens printed on microarrays
Figure 20. Protein and 17D virus printing precision. Bound antigens on the

nitrocellulose microarrays were stained using SYPRO®Ruby total protein stain and then
visualized fluorescently with a laser scanner at 488nm. Background-corrected fluorescence
intensities of the detected total protein were averaged across technical replicates (n=6) on
the microarrays. The bars represent mean fluorescence intensity + standard error of the
mean (SEM). Total protein measured by fluorescence intensity is represented on the left y-
axis for control antigens (gray bars), while DENV1-4 E and NS1 proteins (unfilled bars),
YFV proteins (E, NS1, and pM) and dilutions of whole virus (diagonal patterned bars) are
represented by fluorescence signals on the right y-axis. The red horizontal line indicates
the mean plus two standard deviations away from the mean (u+20) fluorescence intensity
of printing buffer control spots.
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Control and viral antigens printed on microarrays

Figure 21. Characterization of recombinant proteins on the YFV microarrays by anti-
His monoclonal antibody. Bound antigens on the nitrocellulose microarrays were probed
with mouse anti-6X His monoclonal antibody (1:2000) in order to detect the N-terminal
6X fusion tag of the E.coli expressed recombinant DENV (unfilled bars) and YFV proteins
(diagonal patterned bars). Antibody recognition of non-His tag proteins (gray) are also
shown for comparison. Mouse 1gG (black bar) was detected and shown to validate the
quality of the anti-mouse Alexa647-conjugated secondary antibody. Background-corrected
fluorescence intensities of the detected His tag were averaged across technical replicates
(n=6) on the microarrays. The bars represent mean fluorescence intensity + standard error
of the mean (SEM).
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Figure 22. Specificity of polyclonal antibody standards for printed YFV antigens.
Microarrays of YFV and DENV1-4 antigens (envelope (E), non-structural protein 1 (NS1),
precursor membrane (pM), YFV virus (strain 17D) were probed with mouse polyclonal
antibodies against YFV (A and B) or sera from YFV-vaccinated non-human primates
(NHP, collected 30d post-immunization) (C and D). Antibody binding to viral proteins (A
and C) or serial dilutions of whole YFV virus (B and D) is shown as the mean fluorescence
intensity (MFI) of signals = SEM of replicate protein spots (A and B, n=6) or sera samples
(C and D, n=3). In A and C, antibody recognition of control probes (left axis; species-
specific 1gG, black; all others, gray) is compared to viral antigens (right axis; DENV,
unfilled; YFV, patterned).
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Analysis of YFV specific antibody responses to vaccination.

A search of the DoD Serum Repository identified subjects vaccinated with 17D,
number of vaccinations, and lapsed time to blood collection. Sera obtained from this
repository inquiry included 68 vaccinated individuals who were randomly selected to
include time points of one month to sixteen years from the last day of vaccination (Table
4). The sera were employed to examine antibody responses to 17D in comparison to
individuals (n=6) without a prior history of YFV immunity. | first examined spot densities
for 17D virus deposited on the microarray, and observed a high background signal for
antibodies from naive subjects, which increased with greater density of virus. A 1:2
dilution of the virus was chosen for data analysis based on optimal signal to noise ratio
(maximum signal difference between vaccinated and naive) for antibody responses of all
YFV vaccinated individuals in comparison with non-vaccinated subjects (Figure 23).
Serum IgG binding to E and whole virus were significantly elevated (p 0.03 and <0.0001;
respectively, Figure 24A) in vaccinated individuals as compared to non-vaccinated, while
the relative amount of antibody bound to NS1 and pM was also elevated, but not
statistically significant. The level of IgG binding to 17D whole virus was higher (>2.5 fold)
than E, perhaps because the spot density of virus was much greater than the recombinant
protein. A receiver-operator characteristics (ROC) curve was generated using the
microarray antibody binding results of naive and 17D vaccinated individuals to each YFV
antigen in order to determine the strength of the antigen as a classifier of YFV immunity.
Whole virus and E antigens had a greater ability to discriminate between antibody
responses of naive and YFV immune individuals than NS1 and pM, with area under the
curve (AUC) values of 0.95 (p 0.0001) and 0.85 (p 0.0052) for virus and E, respectively

(Figure 24B). Furthermore, strong positive correlation (Pearson’s r=0.7, p<0.0001)
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between antibody binding to whole virus and recombinant E was observed (Figure 25).
Taking into consideration serum IgG recognition of both E and whole virus, it was
determined that 98.3% of subjects that received either a single or multiple dose of the 17D
vaccine had a significantly elevated (u+2c) antibody response to the respective YFV
antigen relative to non-vaccination individuals. In summary, these results indicated that
antibody binding to E and whole virus discriminated immune responses of vaccinated from

non-vaccinated individuals.

Table 4: Sera examined from naive and YFV (17D) immunized subjects.

Vaccination cohort Time cohort Days post-vaccination Total # patients
30-90d 51! (32-82)° 19
90-270d 196 (91-270) 18
Primary (n=62) 270-364d 302 (282-350) 11
1-6yr 1106 (365-2151) 7
6-16yr 3984 (2587-5810) 8
Boosted 1-6yr® 846.5 (385-1907) 6
Non-vaccinated Naive, dO 0 6

! median day post-vaccination

2 minimum and maximum range of days post-vaccination

3 time cohort represents year post most recent vaccination, days post-primary vaccination ranged from 4169-
10,098d with 4849d as the median day post-primary vaccination
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Figure 23. Evaluation of specific 1gG binding to varying microarray spot densities of
YFV and fixed concentrations of YFV proteins. Antibody responses to 11, two-fold
serial dilutions of whole virus (strain 17D) and 200ug/mL dilutions of YFV proteins
(envelope, E (blue), non-structural protein 1, NS1(red), and precursor membrane protein,
pM (green) were assessed in YFV vaccinated subjects (n=68) and six YFV naive
individuals . In order to determine the optimal concentration of viral antigen that provided
YFV-specific 1gG recognition, mean relative fluorescence signals of naive were subtracted
from signals of vaccinated subjects (signal to noise difference).
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Figure 24. Antibody recognition of YFV-E and whole virus distinguish antibody
responses between YFV vaccinated subjects and naive. (A) Serum IgG binding to
recombinant YFV proteins (envelope: E, non-structural protein1:NS1, and precursor
membrane protein: pM) and whole virus (str.17D) were measured in 68 yellow fever
immunized patients (filled bars) and compared to six non-vaccinated individuals (open
bars). Error bars indicate standard error of the mean. Statistically significant differences
between mean antibody binding to YFV antigens in vaccinees as compared to non-
vaccinated controls were calculated using two-way analysis of variance (ANOVA) ( *, p
0.03, **, p<0.0001, ns = not significant). (B) Receiver-operator characteristic (ROC)
curves were generated for each YFV antigen to determine the strength of the antigen as a
classifier of YFV immunity. The false positive rate (FPR) depicted on the x-axis is the
fraction of antibody interactions that were misclassified (specificity), while the true
positive rate (TPR) on the y-axis denotes the fraction of antibody interactions that were
correctly classified by the specific antigen (sensitivity). The table indicates the color key
for the different ROC curves with the area under the curve (AUC) values, along with p-
values listed to the right of the individual YFV antigen.
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Figure 25. Correlation of antibody responses to YFV envelope (E) and whole virus.
Pearson’s correlation analysis was performed using results of serum IgG binding to YFV-
E and whole virus as measured by microarray assays of all vaccinated (n=68) and non-
vaccinated (n=6) subjects. Values shown are log transformed mean fluorescence intensity
of antibody binding (IgG) signal to E (x axis) and YFV whole virus (y-axis). The dotted
lines indicate the 95% confidence bands of the best fit line. Pearson’s rank r value and p
value are displayed on the scatter plot.

Longevity of antibody responses to YFV

In order to examine immunological responses to YFV proteins and whole virus over
time, serum IgG responses of primary vaccinated individuals (n=62) that ranged from 32
days to 15.9 years post-vaccination were examined (Table 4, Figure 6F). Because only
specimens collected from one time point were available for each subject, the average
polyclonal antibody response to YFV antigens was measured in six time intervals after
vaccination (NV d0, 30-90d PV, 91-270d PV, 271-364d PV, 1-6yr PV, 6-16yr PV).
Antibody responses to recombinant proteins (E, NS1, and pM) and whole virus increased
progressively from 30-90d to 270-364d post-vaccination, and were significantly decreased

for 1-6yr and 6-16yr post-vaccination in primary vaccinated individuals (Figure 26).
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Compared to the 271-364d time interval, mean levels of antibody binding decreased
substantially to all YFV antigens for vaccinated subjects from the 1-6yr and 6-16yr time
intervals after vaccination, while serum IgG binding to 17D whole virus remained higher
compared to non-vaccinated sera and was negligible for recombinant proteins. The total
number of seropositive subjects to YFV vaccine, defined as those subjects having
significantly elevated IgG responses to YFV antigens in comparison to naive binding
signals (1 + 20), was determined for all vaccinated subjects (Table 5). A similar pattern to
the Kkinetics of antibody responses to YFV vaccine was observed with percent
seropositivity. The number of seropositive subjects increased from 30 to 271-364d after
vaccination followed by a dramatic decline in the percent of patients that had a significant
antibody recognition to recombinant antigens (Table 5). However, only a slight drop in
seropositivity was seen towards whole virus over time. Furthermore, vaccinated subjects
exhibited distinct levels of antibody binding to YFV proteins and whole virus antigens
according to time post-vaccination (Figure 27). Hierarchical clustering was used to
visualize the overall results for antibody interactions with the microarray YFV antigens.
The majority of the 6-16yr post-vaccination subjects clustered with the non-vaccinated
subjects, while the 30-90d and 270-364d along with a few patients from the 1-6yr time
point blended together with higher antibody binding observed to E and whole virus (Figure
27). Interestingly, one subject from the 30-90d time point and two from the 91-270d time
point had higher binding to NS1 and pM antigens than YFV-E or whole virus. Further, all
patients from the 270-364d time point clustered separately due to distinctly high 1gG

recognition of all YFV antigens on the microarray.
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Table 5. Longevity of I1gG responses to YFV antigens for primary and

vaccinated subjects.

boosted

Primary Boosted
30-90d 91-270d 271-364d 1-6yr 6-16yr 1-6yr?
YEV Antigen (n=19) (n=17) (n=11) (n=7) (n=8) (n=6)
E 68.421 88.24 100.00 28.57 0.00 100.00
NS1 31.58 58.82 100.00 14.29 0.00 83.33
pM 21.05 35.29 100.00 14.29 0.00 66.67
Whole virus 94.74 100.00 100.00 100.00 87.50 100.00

! Total % of patients that had significantly elevated 1gG binding over the cutoff value to the given antigen
relative to non-vaccinated individuals (cutoff= p binding of YFV antigen in non-vaccinated controls+2c).
2 Time post-secondary YFV vaccination in boosted individuals.
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Figure 26. Kinetics of humoral immune response to YFV vaccination. Human 1gG binding to

(A) YFV proteins (envelope: E (blue), non-structural protein 1: NS1 (red), precursor membrane

protein: pM (green) and (B) whole virus strain 17D (purple). 30-90d , n=19; 91-270d , n=17, 271-
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364d, n=11; 1-6yr, n=7; 6-16yr, n=8: non-vaccinated individuals, n=6. Serum antibody binding to
printed antigens was detected with Alexa647 conjugated anti-human IgG (y specific) secondary
antibody. The relative amount of antibody bound was measured as mean fluorescence intensity
(MFI). The values shown are the MFI of the immunized antibody response after subtracting results

for non-vaccinated MFI by antigen. Error bars indicate +/- standard error of the mean.
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Figure 27. Relationship between 1gG binding to YFV antigens and time from
vaccination. Hierarchical clustering, using Euclidean distance- average linkage method
with normalized mean fluorescence intensity data (MFI) of 1gG binding to YFV proteins
(E, NS1, and pM) and whole virus, was used to visualize protein microarray results. YFV
vaccinated (n=62) and non-vaccinated (n=6) sera are listed in rows while yellow fever
antigen-antibody interactions are listed in columns, with the YFV antigens listed on bottom
of heat map. The gradient color key on the top right of the heat map shows the scale of
signal intensity (1,500-25,000 MFI). The color blocks on the bottom right of the heat map
represent the subject groups: non-vaccinated, green; and primary vaccinated subjects
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separated based on time post-vaccination (PV) 30-90d PV, blue; 91-270d PV, red; 271-
364d PV, purple; 1-6yr PV, orange; 6-16yr PV, black.

Comparison of antibody responses to primary and boosted YFV vaccination.

In the results presented above, levels of YFV specific antibodies in primary 17D
vaccinated individuals were shown to decrease significantly by one year after vaccination,
with an even greater decline observed 6 years later. Due to the observed decrease in
primary immune responses at late time points (Figure 26) and the unknown benefit of
boosts with a live, attenuated vaccine (17D), | examined antibody responses of subjects
who received a boost 1-6yr before specimen collection. For subject sera examined 1-6yr
after vaccine boost, there was a significant increase in mean antibody binding to E, NS1,
and whole virus compared to antibody responses 1-6yr after primary vaccination (p<0.009;
E and NS1, p<0.0001; whole virus by 2-way ANOVA) (Figure 28). Comparing time from
primary vaccination, antibody responses to all protein antigens (E, NS1, and pM) as well
as whole virus were significantly elevated (E, NS1, whole virus; p<0.0001; pM p <0.01 by
2-way ANOVA) in individuals that received multiple YFV vaccines (Figure 28). As noted
above, total polyclonal antibody responses to both YFV proteins and whole virus decreased
over time with primary vaccinations, but were elevated in individuals boosted within

approximately the same length of time.
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Figure 28. Comparison of antibody responses to 17D from primary and boosted
vaccination. Antibody responses to YFV proteins (envelope: E, non-structural protein 1:
NS1, and precursor membrane protein: pM) and vaccine strain whole virus in primary 17D
vaccinees (gray bars, 1-6yr post-primary vaccination (n=7); gray pattern bars, 6-16yr post-
primary vaccination (n=8)) compared to boosted (black bars, 1-6yr post-boost or 6-16yr
post-primary before receiving boost (n=6)). Measurement of IgG binding to YFV antigens
as measured by microarray analysis is shown as mean fluorescence intensity. Error bars
indicate + standard error of the mean. Statistically significant differences between mean
antibody binding to YFV antigens of primary and boosted vaccinations were calculated by
two-way analysis of variance (ANOVA) analyses, with multiple comparison’s corrected
with Sidak’s statistical hypothesis testing ( *, p < 0.05, **, p<0.009, *** p<0.0001, ns =
not significant).

Because virus neutralization by serum antibodies is commonly used to assess
functional immune responses to yellow fever vaccination, the levels of neutralizing
antibodies for primary and boost vaccines were examined to provide a basis for comparison
with the microarray results. Prior to measuring neutralizing antibodies in patient sera, |
determined the optimal length of time for YFV infection, as well as the dilution of virus
that would be within the optimal range (7-30% infectivity) suggested for neutralization
assays. To do this, | measured infectivity of Vero cells that were incubated with different

dilutions of virus for 24 and 48 hr, by flow cytometry method to a monoclonal antibody
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(4G2) directed to the E domain Il fusion loop peptide that is highly conserved among all
flaviviruses. Intracellular virus accumulation was measured by 4G2 and a secondary
antibody that was conjugated with Alexa Fluor 488 for detection of fluorescence by laser-
excitation flow cytometry. While YFV antigens were not evident in Vero cells infected
for 24hr, even at the highest dilution of virus, infected Vero cells were readily detected by
4G2 monoclonal antibody at 48hr (Figure 29), ranging from 5 to 76% for YFV dilutions
from 1:3200 to 1:50 (Figure 30). A 1:300 dilution of YFV that led to ~21% infectivity was

used for neutralization assay.
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Figure 29. Comparison of 24 and 48hr YFV infected Vero cells using a 24 well plate
cell cytometry based infection assay. Vero81 cells seeded in 24-well plates were
incubated with media only (un-infected Vero) or infected with media containing different
dilutions of YFV for 24 or 48hrs to determine the optimal length of infection that would
facilitate detection of YFV infected cells by flow cytometry. Cells were intracellularly
stained with 4G2 (pan-flavivirus) mouse monoclonal antibody followed by a goat anti-
mouse Alexa488 conjugated secondary antibody for detection of bound primary. The
histograms depict the number of cells in each sample that detected a shift in fluorescence
intensity, while the table below provides the color key of the un-infected and YFV-infected
Vero cell histograms.
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Figure 30. Titration of cell culture propagated yellow fever virus (17D vaccine strain).
Seeded Vero81 cells were either cultured with media only (un-infected Vero) or infected
with seven 2-fold serial dilutions of YFV for a total of 48hrs before being analyzed by flow
cytometry to determine the dilution of virus that would be optimal for use in neutralization
experiments. Cells were intracellularly stained with 4G2 (pan-flavivirus) mouse
monoclonal antibody followed by a goat anti-mouse Alexa488 conjugated secondary
antibody for detection of bound primary. The histograms depict the number of cells in each
sample that detected a shift in fluorescence intensity (left), while the line graph (right)
provides the average % of YFV infected cells based on the dilution of YFV used for
infection. Error bars indicate + standard error of the mean (n=2).
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Using an assay that measured infectivity by flow cytometry, | measured
neutralizing antibody titers of a subset of primary (n=3, 1-6yr post vaccination) and

secondary (n=3, 1-6yr post-final vaccination) 17D-vaccinated subjects (Figure 31 and 32).

1 2 3 4 5
ace.
A PT#1
1:40
N.V. Vacc. Vacc.
B PT#2 PT#1 PT#1
1:100 1:640 1:2,560
N.V. Vacc. Vacc.
C PT#3 PT#1 PT#1
1:10 1:40,960 1:163,840),
D
e A

Figure 31. Example of experimental 24-well plate layout that was used in the flow
cytometry based neutralization assay. A flow cytometry-based infectivity assay was
used to measure neutralizing antibodies to YFV in sera of selected single (n=3) and boosted
vaccinated subjects (n=3) in comparison to non-vaccinated subjects (n=3). Diluted sera of
vaccinated (1-6yr post-vaccination) and non-vaccinated subjects were incubated with YFV
for 1hr to allow for neutralizing antibodies to bind to the virus. Following antibody-virus
incubations, sera were added to the Vero cells in the 24-well plates as shown and incubated
for 48hr before analyzing by flow cytometry to measure the % of cells that were infected
with YFV and not neutralized by antibodies of the patient sera. Controls were also included
in the assay and included un-infected Vero cells (wells A1-D1), as well as YFV-infected
Vero cells (wells D2-3) without the addition of patient sera.

Although an increase in mean antibody binding was observed in subjects who
received multiple YFV vaccinations, the level of 50% neutralization titer was not
significantly different between groups (p 0.7) (Figure 33). These results suggested that
while the total polyclonal antibody response decreased 1-6 yr post-vaccination, the level

of neutralizing antibody stayed the same. However, the number of sera tested was not
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sufficient to reach a strong conclusion. A comparison of neutralizing antibody responses
among 6-16yr post-primary and secondary vaccinations will also be important to determine
if a boost would improve the level of YFV specific immunity after antibodies from the first

immunization appear to wane.
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Figure 32. YFV neutralization by human immune serum from primary and boosted
vaccinations. Neutralizing antibody to YFV (str. 17D) with selected primary and boosted
vaccinated patient sera were measured using a flow cytometry based infectivity assay with
Vero81 cells. Neutralization curves are depicted for three individuals who received a single
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vaccine (left of line) and three boosted individuals (right of line). Sera were collected 1-
6yr after the most recent vaccination. The neutralization curves were fitted using robust
nonlinear, dose-response regression and outlier removal (ROUT) method. Identified
outliers, shown as filled red symbols, were removed and ordinary least-squares regression
analyses were performed on the remaining data with parameter F (percent between top and
bottom of curve) constrained to 50. The horizontal dotted line represents 50%
neutralization. Curves represent patient data acquired from two independent experiments.
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Figure 33: Comparison of 50% neutralization titers of YFV immunized cohorts. A
flow cytometry infectivity assay was used to calculate the neutralization titers of YFV
vaccinated subjects following two independent experiments. The serum dilution that
neutralized 50% of YFV (strain 17D) was calculated for each primary (n=3) and secondary
vaccinated individual (n=3), by nonlinear, dose-response regression analysis (F parameter
constrained to 50). Bars indicate the mean 50% neutralization titer for each cohort
(primary, non-filled bars; boosted, gray bars) with error bars indicating standard error of
the mean. Individual data points are also shown for primary vaccinated subjects (filled
circles) and boosted (filled squares). No significant difference in mean neutralizing
antibody titer was found between groups using the Wilcoxon-Mann Whitney non-
parametric test (p 0.7).
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Antibody responses to heterologous flavivirus antigens resulting from YFV
vaccination.

I concluded from the studies described above that sera from YFV vaccinations
(n=13, 7 primary and 6 boosted dated from 14-118d post-vaccination) resulted in dominant
antibody binding to recombinant YFV- E, with moderate cross-reactivity observed towards
E antigens of DENV4, TBEV, and ZIKV (Keasey et al. 2017). Similar specificity towards
homologous E was also observed in serum IgG responses of 30d post-YFV vaccinated non-
human primates. However, total levels of YFV-specific antibody greatly decreased with
time (Figure 34A). The E antigen of the infecting strain was predominantly detected with
the pooled sera collected 120-420 days after vaccination, while higher levels of cross-
reactive antibody responses were also directed towards E of the closely related flaviviruses
ZIKV, JEV, and ROCV (Figure 34B). Lower overall levels of antibodies as well as
specificity towards recombinant NS1 and pM antigens were observed in comparison to
results with E at either time point examined (Figure 34C and D).

To examine antibody cross reactivity in greater detail, the analysis was expanded
to include serological immune responses from 87 individuals at various time points after
primary or boosted vaccination, ranging from 32d to 15.9yrs from vaccination (Figure 6F).
These sera were collected from subjects serving in various branches of the U.S. military,
including deployments to flavivirus-endemic locations. An examination of sera from
primary (n=67) and boosted (n=20) vaccinations showed that antibodies principally
recognized E and NS1 from YFV, with high levels of cross-reactive antibodies targeting
heterologous pM antigens, especially DENV1 and WNV (Figure 35). Although antibody
responses were primarily directed towards homologous E and NS1 among all vaccinees,

there was also a high level of cross-reactivity to other flavivirus antigens. Over 70%
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relative 1gG binding to DENV4, TBEV, and ZIKV E antigens and WNV-NS1 was detected
in sera of YFV vaccinated individuals. Because time from vaccination may influence the
overall level of specificity as levels of antibody decline, I divided the subject sera into five
different groups by time since vaccination: 30-90d, 91-270d, 271-364d, 1-6yr, and 6-16yr.
Using the calculated relative binding values (%), hierarchical clustering visualized the
protein-antibody interactions across time bins and number of vaccinations. The clustering
analysis was performed with MeV software v4.9 (Saeed et al. 2003), using Pearson’s
correlation as the distance metric and average linkage method for pair-wise comparisons.
Clustering of the relative antibody binding to E and NS1 distinguished two major groups
and suggested that there were differences in cross-reactivity among vaccinated individuals,
while antibody binding results from all groups were evenly scattered across clusters (Figure
36). The cluster on the top of heat map had a larger percentage of patients that had >50%
relative binding (black to yellow color on the heat map) to heterologous flavivirus E
antigens especially towards tick-borne flaviviruses (TBEV and POWV), DENV4, and
ZIKV (Figure 36). However, the cluster shown on bottom of heat map had a larger
percentage of patients with highest relative binding to YFV-E (<50% to heterologous
flavivirus E; blue color on the heat map) with many individuals in this cluster having
similar levels of relative binding to NS1 proteins of WNV. Two patients from the 271-
364d group, denoted with * in Figure 36 had relatively low binding to YFV-E, but over
100% relative binding to E of multiple flaviviruses. Since time from vaccination and the
number of vaccinations did not seem to have an effect on cross-reactive antibody binding,
an analysis of antibody responses of individuals that had above average 1gG binding to

YFV antigens was performed to remove the possible influence of low assay signals from
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some subject sera. Overall, the highest level of specificity was observed towards
recombinant E of YFV with 50% relative binding measured towards DENV4, but <50%
relative binding towards all other flavivirus E antigens (Figure 37A). Antibody responses
to YFV-NS1 were predominant in sera of YFV vaccinated subjects, but more than 50%
relative binding was measured to NS1 antigens of JEV and WNV (Figure 37B). Lastly,
anti-YFV pM antibodies led to the highest observed level of cross-reactivity towards
multiple flaviviruses. Greater than 50% reactivity was seen in M/pM antigens of DENV?2,
JEV, POWYV, and ZIKV, while higher antibody binding was observed with DENV1 and
WNV M/pM (Figure 37C). Collectively, these results suggest that total antibody
recognition of E proteins may be best at distinguishing between infections caused by
closely related species of flaviviruses, and that antibody cross-reactivity with heterologous

E and NS1 does not correlate with time from YFV vaccination.
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Figure 34. Comparison of antibody responses to flavivirus antigens in YFV
immunized non-human primates based on time from vaccination. Yellow fever
specific antibody recognition to envelope protein (E), non-structural protein 1 (NS1), and
precursor membrane protein (pM) were evaluated in sera of non-human primates (NHPS)
collected at 30d (unfilled bars) and a pooled later time point (~120-420d) post-17D
vaccination (A). Measurement of serum 1gG binding to flavivirus antigens was detected
with an Alexa-647 conjugated anti-human IgG (y specific) secondary antibody and is
shown as mean fluorescence intensity. Error bars indicate standard error of the mean. The
amount of relative antibody binding to non-YFV (heterologous) proteins was also assessed
using the NHP sera. Relative binding, shown as % of YFV antigen, was calculated as
antibody binding signals of the heterologous (non-YFV) antigen relative to the
homologous YFV antigen. The horizontal red dashed line indicates 100% relative antibody
binding.
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Figure 35. Recognition of non-YFV flaviviruses by 17D vaccination. Specific and
cross-reactive antibody responses to flavivirus proteins (envelope, E (blue), non-structural
protein 1, NS1 (red), and precursor membrane protein, pM (green) were measured in sera
of 87 YFV vaccinated subjects. Relative binding values shown as % on the y-axis are
antibody binding signals of the heterologous (non-YFV) antigen relative to YFV. Error
bars indicate SEM. The dashed horizontal lines on the top and bottom of the graph indicate

100% and 50% relative binding, respectively.
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Figure 36. Antibody cross-reactivity to heterologous E and NS1 does not correlate
with time from YFV vaccination. Hierarchical clustering, using Pearson’s correlation-
average linkage method with relative antibody binding percentages (% infecting strain),
was used to visualize cross-reactive antibody responses to E and NS1 of 15 flavivirus
isolates in relationship to number of YFV vaccinations and time post-vaccination. Sera of
single YFV vaccinated subjects (n=67) and boosted (n=20) are listed in rows while
flavivirus-envelope and non-structural protein 1 antibody interactions are listed in columns
(top of heat map shows the protein, bottom of heat map shows the flavivirus species). The
gradient color key on the top right of the heat map shows the scale of relative antibody
binding (50-100%). The color blocks to the left of the heat map represent the subject
groups: primary vaccinated subjects separated based on time post-vaccination (PV) 30-90d
PV, blue; 91-270d PV, red; 271-364d PV, purple; 1-6yr PV, orange; 6-16yr PV; and
boosted, pink.
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Figure 37. Elevated 1gG recognition to YFV antigens is associated with decreased
levels of cross-reactivity in YFV vaccinated subjects. Antibody (IgG) recognition to
recombinant proteins (envelope, E; non-structural protein 1, NS1; and precursor membrane
protein, pM) of YFV and 14 other closely related flaviviruses were measured in sera of
primary (gray bars) and boosted (black bars) 17D vaccinated subjects. The vaccinated
individuals chosen for analysis represent those that had above average antibody responses
to YFV antigens following vaccination. Relative binding values shown as % on the y-axis
are antibody binding signals of the heterologous (non-YFV) antigen relative to YFV. Error
bars indicate SEM. The red dashed horizontal line indicates 100% relative binding,
whereas the black dashed line denotes 50% relative binding.
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DISCUSSION

The need for high-throughput serological assays that can detect and differentiate
flavivirus infections has become critical due to the rapid spread of flaviviruses into new
geographic regions and the high incidence of infectious diseases caused by these viruses.
New methods for reliably evaluating the protective efficacy of vaccines and the
implementation of vaccination programs are also needed. Towards this need, | developed
a protein microarray comprised of native viruses and recombinant protein antigens from
the major groups of pathogenic flaviviruses that can be used as a comprehensive serological
assay. The microarray platform was employed in a comprehensive analysis of serum
antibody responses to flavivirus infection and vaccination. My goals were to identify
specific and cross-reactive antibody responses, and to characterize antibodies that result
from complex infection histories involving more than one virus. A further aim of my
project was to use the microarray results to provide insight into the level of cross-reactivity
between viruses, the potential impact of subsequent flavivirus infections, as well as future
considerations for the development of vaccines and diagnostics. The results presented here
demonstrated that recombinant E antigens can be used to detect specific 1gG response to
primary infections, whereas off-target antibody recognition of flavivirus E proteins was
noted with sera from ZIKV or DENV infections that occurred in areas where flavivirus
disease are endemic. While microarrayed YFV-E and whole viruses distinguished
vaccinated from naive immune responses, the level of YFV antibodies decreased
substantially from one to sixteen years post-vaccination. Antibody responses to YFV
antigens were significantly higher for secondary compared to primary vaccination, and

cross-reactive antibodies to other flaviviruses did not contribute to the boost in IgG levels.
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The results demonstrated with the flavivirus protein microarray fulfilled my goal of
developing a high-throughput platform for the analysis of serological immune responses to
multiple flavivirus species and antigens in a single array. Further, the microarray results
also fulfilled my objectives of providing a comprehensive analysis of immune responses
to flavivirus infections and vaccinations, which may help guide public health responses to

current flavivirus disease epidemics and future outbreaks.

Development of the protein microarray

Protein microarrays offer a high-throughput method for the analysis of antibody
response to hundreds or thousands of antigens in one experiment (Natesan and Ulrich 2010;
Tomizaki et al. 2010). This can be done with greatly reduced sample volume (1-5 puL) and
processing time (minutes-hours), and highly specificity. The microarray that | developed
should be compared to other published studies. A previously reported flavivirus-focused
protein microarray was developed by Cleton et al. (2015) to examine human antibody
responses to flavivirus infections and immunizations. In the reported study, His-V5 fusion-
tagged NS1 proteins from eight different flaviviruses were expressed in mammalian cells,
purified using a nickel-charged column, and spotted onto nitrocellulose coated glass slides.
The array was then used to analyze serum 1gG and IgM antibodies of humans infected with
DENV, WNV, JEV, SLEV, and YFV (Cleton et al. 2015). While this study represented
the development of a protein microarray for use as serological assay against eight flavivirus
isolates, the microarray consisted of only recombinant NS1, rather than multiple viral
antigens, therefore limiting the analysis of multiple host antibody-antigen interactions.
Furthermore, the results from Cleton et al. microarray demonstrated flavivirus-specific

human antibody binding to homotypic NS1 in most cases, but was unable to distinguish
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between DENV1-4 infections. In order to achieve this level of specificity with the
flavivirus NS1 microarray, a high concentration of protein (0.5mg/mL) was deposited on
the array and the biological samples were highly concentrated (1:20) (Cleton et al. 2015).
In contrast, the flavivirus protein microarray developed as part of this thesis contained
multiple viral antigens from 18 species of clinical relevant flaviviruses, thus providing a

more complete platform for detection of antibody binding patterns.

My first aim was to develop a flavivirus protein microarray that could be used as a
multiplexed serological assay for the detection of immune responses to flavivirus infection
or immunization. This required cloning, expression, purification, and printing of a
minimum of 45 flavivirus antigens (E, E-DIII, pM/M, NS1, and NS3) representing 15
significant human pathogenic flavivirus on a single platform. The well-established
Gateway-cloning system was used for directionally cloning plasmids into an E.coli entry
vector. Initially, cDNA reverse-transcribed from isolated virus RNA was used as templates
for amplification of the gene of interest, but this often led to poor amplifications or high
mutation rates due to not knowing the exact virus strain sequence or the inherent quasi-
species that exist among RNA viruses. Improvement of this initial step was achieved by
using synthesized genes as templates. Synthesized genes served as higher quality templates
that improved cloning efficiency, led to a decrease in the number of spurious mutations,
avoided handling of live virus, and allowed for new genes of interest from emerging
flaviviruses to be quickly added. Sequence-verified clones were recombined into a fusion-
tagged expression vector and expressed in E.coli. Due to the large number of unique viral
protein targets to be expressed, protein expression in E.coli was favored, as it is a highly

established system with many choices of vectors and host cells, which aid in project
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timeliness and expense. However, the majority of expressed recombinant proteins were
sequestered into cytoplasmic inclusions despite considerable efforts to generate soluble
products.

Inclusion bodies primarily contain the expressed protein of interest (Ramon et al.
2014), which is often biologically active (Garcia-Fruitos et al. 2005). Using this
observation to my advantage, the inclusion body aggregates were washed to remove E.coli
membrane and cell wall material, and solubilized in a HEPES based buffer containing 1%
SDS. Altogether, the use of inclusion body pellets proved to be advantageous as it was
cost effective and allowed for quicker processing time without compromising the quantity
or quality of the protein. The purity and size of each His-tagged protein was characterized
using Agilent Protein 230 chip and SDS-PAGE analysis followed by Coomassie staining.
The purity of the recombinant proteins based on Agilent Protein230 assay ranged from 43
to 97% (median was 73%). Western blotting using an antibody directed towards the fusion
tag confirmed protein identity. Only proteins that were determined to be within 10% of
their expected size and detected by anti-His antibody were included on the microarray. The
recombinant and control proteins were printed onto the nitrocellulose-coated microarray

surface.

Characterization of the protein microarray

Several quality control measures were performed to evaluate the antigens deposited
on the microarrays. All proteins were quantified by using a SYPRO®Ruby total protein
stain, while probing with the anti-His antibody showed that all fusion-tagged proteins were
successfully spotted and adsorbed onto the nitrocellulose-coated microarray surfaces.

Further, precision of the replicates was determined have a CoV of 22%. The quality of the
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recombinant flavivirus E proteins was further validated with a rabbit polyclonal antibody
binding that detected the conserved fusion loop peptide. Lastly, evaluation of specific and
cross-reactive antibodies to antigens on the microarray was established by mouse anti-sera
produced against 12 different flaviviruses. Highly specific antibody responses to
recombinant E was detected by all flavivirus mouse anti-sera except for DENV3. It is
likely that the DENV3 mouse antibody was low titer, because the antibody against the
highly conserved E-domain Il fusion loop peptide detected the protein, as did subsequent
flavivirus infected biological samples. The NS1 proteins from all flaviviruses except
DENV1-4 were detected by the mouse anti-virus sera, whereas the M antigen was only
weakly recognized at best. Combined, data from these quality control steps indicated that
the flavivirus protein microarrays performed properly and could be used as a serological
assay to assess specific and cross-reactive antibody responses.

In the work described, | demonstrated the successful development of a flavivirus
protein microarray for use as a serological assay, but there are still limitations that should
be addressed. In assessing antibody recognition of the proteins using the mouse anti-sera
against the different flaviviruses, high cross-reactivity was observed for JEV anti-sera. It
may be that the serum dilution was not optimal for the detection of JEV-specific antibodies,
or perhaps the JEV antigens may require further optimization of design. While fusion-tags
allow for a reliable way to assess the quality of the recombinant proteins, it is possible that
antibody recognition may be inhibited by the fusion-tag found at the N-terminus of a
particular protein. This is possibly the case with N-term HIS-MBP tagged proteins, such
as DENV1-4 NS1, because of the large size of the MBP protein tag (~42kDa). The epitopes

are located at or near the N-terminus of the protein may not be recognized due to the tag,
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thus inhibiting the detection of an antibody response. This problem could be addressed by
producing the DENV1-4 NS1 as N-term 6X His tagged proteins in order to examine if
differences in antibody recognition occur. However, it should be mentioned that the
DENV1-4 NS1 recombinant proteins were also detected at low levels with the protein stain
and anti-His antibody, which may indicate that a lower amount of protein was deposited
on the microarray. Further, mouse antibody responses to E-DIIlI showed some level of
specificity, but human antibody responses were highly cross-reactive. The difference in
anti-E-DI1I specificity was also noted in other studies (Crill et al. 2009; Vratskikh et al.
2013; Wahala et al. 2012; Wahala et al. 2009; Williams et al. 2012). Although high levels
of antibody bound to NS3 antigens, the mouse and human antibody responses were highly
cross-reactive. It is important to note that other studies have suggested higher level of
antibody specificity to non-structural proteins compared to structural proteins. However,
additional studies have shown that T-cell responses to flavivirus infections predominantly
target non-structural proteins (Weiskopf et al. 2013). Further, a strong correlation between
T-cell responses, NS3, and disease severity were noted (Duangchinda et al. 2010). Several
pM/M proteins were not included in my analysis of serological immune responses due to
reduced purities and unacceptable background antibody binding. Other NS proteins,
besides the NS3 that was examined here, may also be useful assay probes that should be

explored in future studies.

Detection of antibody responses from primary flavivirus infections.

A major goal was to use the protein microarray as a platform for the analysis of

serum antibody responses to common flavivirus infections. | first measured antibody
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recognition to flavivirus antigens in primary infections by using sera from DENV, YFV,
and ZIKV-challenged (NHPs) that were raised in isolation from most infectious diseases,
and the human subjects had no prior documentation of flavivirus exposure. This allowed
me to examine polyclonal antibody responses that were characteristic of each disease
challenge strain without the interference of other flavivirus infections. Because printed
microarrays also allow the performance of many test antigens to be evaluated in the same
assay, | was also able to compare antibody responses to individual proteins from DENV1-
4 and ZIKV with antibody responses to produced viruses of DENV1-4 and seven ZIKV
isolates.® The microarray results demonstrated that antibodies from first exposures of non-
human primates and humans to ZIKV, DENV, WNV, and YFV were predominantly
directed towards the E surface antigen from the infecting virus, and enabled differentiation
of infections. Whereas isolated human monoclonal antibodies that were cross-reactive for
E antigens have been described (Dejnirattisai et al. 2016), our results with polyclonal
antibodies present a global analysis of the composite B-cell response. In contrast to the
high specificity observed with E antigens, whole viruses exhibited significant levels of
cross-reactivity with serum antibodies from primary ZIKV and DENV infections. This is
in agreement with previous reports that used antigen preparations from whole virus (Duffy
et al. 2009; Lanciotti et al. 2008; Priyamvada et al. 2016). Although the precise reason for
high cross-reactivity between viruses is unknown, possible mechanisms may include
antibodies that interact with additional quaternary and glycosylated epitopes that were not
present on the recombinant antigens, or other indeterminate factors (Dejnirattisai et al.

2015; Sirohi et al. 2016). Further, the results presented here emphasize the value of

5 Dr. Stig M.R. Jensen propagated the DENV1-4 and ZIKV strains that were used for development of
microarrays consisting of whole virus preparations. Further details are included in the manuscript: ibid.
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determining total antibody recognition of E proteins for distinguishing between infections
caused by different species of flaviviruses. While virus neutralization assays measure a
functional subset of antibodies and provide an important indicator of anti-viral immunity,
the best correlate of protection against viremia in DENV infection may be total polyclonal
antibodies rather than neutralizing antibody titers (Simmons et al. 2010). Antibodies that
are weakly neutralizing in cell culture assays can contribute to physiologically important
non-ADE mechanisms of virus clearance that are facilitated by receptor-mediated uptake

and effector cells (Klasse 2014).

Detection of antibody responses from secondary flavivirus infections.

I used the microarray-based serological assay to examine the impact that prior
flavivirus exposure may have on the immune responses to flavivirus antigens. To
accomplish this goal, 1 measured antibody responses of individuals with recent ZIKV,
DENV, WNV, and YFV infections. Antibodies from human ZIKV or DENV infections
that occurred in dengue-endemic regions recognized heterotypic E antigens, and decreased
recognition of the homotypic E, consistent with higher levels of IgG from previous
flavivirus exposures compared to the most recent infection. The high degree of antibody
specificity for E with sera from primary DENV and ZIKV exposures suggests that the
apparent cross-reactivity observed in many assays may result from an overlap in rising and

waning antibody responses to independent infections, as modeled in Figure 38.
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Figure 38. Overlap in rising and waning antibody responses to independent
infections. The primary infection of a flavivirus-naive individual with dengue virus occurs
at day 0O (solid black arrowhead). Levels of virus-specific antibody (gray bars and shading)
begin to increase shortly after the acute phase of infection, peak after convalescence, and
subside thereafter. A second infection with Zika virus (solid red arrowhead) is followed by
an increase in virus-specific antibody (red bars and shading), resulting in detection of a
mixture of anti-dengue and anti-Zika virus antibodies that will vary with time from
infections. The ratio of dengue: Zika virus antibodies, as shown, will be further increased
if the secondary infection results in a less potent activation of serological immune
responses.

A more detailed understanding of the interrelationships of antibody responses across
flaviviruses is imperative because infections by one species or serotype are known to
influence disease susceptibility and severity for infections caused by other related viruses
(Anderson et al. 2011; Halstead et al. 1976; Kliks et al. 1988; Reisen et al. 2008). New
techniques are also needed to guide accurate diagnosis of emerging infections, especially
for flavivirus-immune individuals, as antibodies persist at levels that are detectable long
after disease resolution (Durieux 1956; Monath T 2008; Prince et al. 2007; Roehrig et al.
2003). Although the lapse of time from previous exposures may influence detection of
responses to new infections, my results demonstrate that antibody recognition patterns
from secondary infections can be used to estimate infection histories. Importantly, since
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severe dengue is linked to secondary infections with a heterotypic DENV (Anderson et al.
2011; Halstead et al. 1976; Kliks et al. 1988; Reisen et al. 2008), it is possible that dengue-
primed populations are more prone to ZIKV infections, and perhaps the associated severe
neurological disorders of Guillain-Barré syndrome (Cao-Lormeau et al. 2016) and
microcephaly (Cauchemez et al. 2016; Rasmussen et al. 2016; Schuler-Faccini et al. 2016).
However, there is currently no evidence of enhanced severity, increased ZIKV loads, or
increased incidence of Zika disease in countries with widespread immunity to dengue. The
microarray results presented here indicate that it should be possible to develop protein-
based serological assays that are sensitive enough to differentiate flavivirus infections in
individuals with preexisting immunity. Based on the assumption that multiple independent
antibody-binding events were measured for each clinical specimen collected from a
dengue-endemic region, data from primary infections can be used to train machine-learning
methods for classification of sera from unknown infection histories. The predictive
algorithm that was developed by my lab® for E recognition patterns may find useful
applications in disease surveillance for inference of infection histories in both primary and
secondary flavivirus encounters. As diagnostic methods by necessity focus only on the
current disease, the general approach described here will also be important for addressing
any causal relationships between current flavivirus diseases, like ZIKV and previous

infections.

6 Dr. Sarah L. Keasey developed the SVM (support vector machine) algorithm that was used for the
classification of sera from unknown infection histories.

114



Development of a yellow fever focused microarray.

Because the flavivirus protein microarray served as an improved platform for the
analysis of antibody responses of closely related flaviviruses, | wanted to further employ
the microarray approach for the examination of both proteome-level and whole-virus
antibody interactions that are involved in the YFV vaccine antibody response over time. In
order to do this, I developed a yellow-fever focused microarray of recombinant proteins
(E, NS1, and pM) from YFV and DENV, as well as live, attenuated vaccine strain (17D)
whole-virus. The recombinant proteins, E, NS1, and pM were produced and validated as
previously described. | used a flow-cytometry based infectivity assay for detection of
antibody recognition of my cell-culture produced virus. Intracellular accumulation of YFV
antigens during infection of Vero cells was confirmed by using a monoclonal antibody
(4G2) directed towards the pan-flavivirus E domain Il fusion loop peptide, as well as with
mouse anti-sera raised against vaccine strain YFV. Following antibody confirmation of the
YFV whole virus antigen, the preparation could be used for deposition onto the microarray
surfaces. Because the whole virus preparation was not as pure as the recombinant proteins,
and | had experienced issues of auto fluorescence with microarray printed virus
preparations in the past (Pugh et al. 2016), the concentrated virus was spotted in 2-fold
serial dilutions to determine the optimal concentration. The overall CoV of the printed
probes on the microarray surfaces was very low at 14% and within the instrument
specifications of 20% variance. Detection of the deposited fusion-tagged YFV and
DENV1-4 recombinant proteins was demonstrated using the anti-His monoclonal
antibody. Specific serum antibody binding was detected predominantly towards YFV- E

and whole virus antigens (dilutions 1:2 — 1:16) in comparison to DENV and control
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antigens, whereas lower levels of YFV IgG antibodies were detected to YFV-NS1 and pM.
Prior to in-depth analysis of antibody responses to YFV vaccination, | had to determine
which concentration of whole virus antigen was optimal for providing detection of YFV-
specific antibodies relative to binding to non-specific virus components. To do this, |
compared antibody binding results of all yellow fever vaccinated subjects to dilutions of
whole virus in comparison to YFV naive. Non-specific binding to whole virus was quite
high, with an average relative fluorescence antibody binding signal of 10,000 among non-
vaccinated subjects. The highest concentration of the virus (1:2) provided the best signal

to noise ratio to be used for data analysis.

Detection of antibody responses to YFV antigens in 17D vaccinated subjects.

I used the microarray in a study that provided detailed information on both protein-
level and whole-virus interactions of antibodies that were tracked for up to 15 years after
YFV vaccination. IgG recognition of YFV-E and whole virus was significantly higher in
vaccinated subjects in comparison to non-vaccinated, and lower levels of specific
antibodies were directed to YFV- NS1 and pM antigens. Previously reported studies have
also suggested that anti-NS1 and anti-pM antibodies represent a smaller proportion of the
humoral immune response against YFV (Vratskikh et al. 2013). While E and whole virus
YFV demonstrated a better ability to distinguish overall YFV seropositivity (i.e. u+2c
above non-vaccinated antibody binding), this was not the case for all vaccinated subjects.
Specifically, for three vaccinated patients, the level of IgG antibodies directed towards E
and whole virus were much lower than of those detected towards NS1 and pM. These
results emphasize the need for multiple antigens to be included in serological assay

platforms, because patients with atypical immune responses might be missed. Furthermore,
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the microarray assay detected increasing levels of IgG antibodies to YFV antigens from
30-90d after primary vaccination with the highest level of antibodies detected at 271-364d
in our assay followed by a sharp decline in antibody binding levels a year after vaccination.
Human IgG levels to YFV-E, NS1, and pM were indistinguishable from responses of non-
vaccinated at both the 1-6yr and 6-16yr time points, whereas antibodies to whole virus
remained slightly elevated, though not significantly higher at the latest time points post-
vaccination. These results corroborate with other reports that showed humoral immunity
decreased progressively with time (Collaborative group for studies on yellow fever 2014;
Miyaji et al. 2017). Further support for differences in antibody binding levels across time
were demonstrated by the changes in the percentage of seropositive vaccinated individuals
(significantly elevated 1gG levels compared to non-immune) based on time post-
vaccination, as well as distinct clusters that were observed based on IgG interactions to
YFV antigens over time. In contrast to past studies from our laboratory, the results from
this microarray assay indicated that antibody recognition of whole virus antigen was better
(~2.5 fold higher) at discriminating virus-specific antibody responses (Keasey et al. 2017;
Natesan et al. 2016). However, it is important to point out that it is difficult to print equal
molar amounts of whole virus and recombinant protein due to the complex nature of the
native virus. Although, it is not entirely an accurate measurement due to the complexity of
the whole virus preparation, the SyproRuby results indicated that the amount of deposited
whole virus antigen for the 1:2 dilution used in the microarray was approximately five-fold
higher than the amount of deposited YFV-E protein. Perhaps the higher concentration of
virus allowed a better ability to detect antibody responses of YFV immune individuals even

at the late time intervals. Only one YFV vaccinated subject in the 6-16yr time interval did
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not have a significant level of antibody binding to whole virus compared to non-vaccinated
sera. The dilution of deposited virus that was used for analysis of antibody responses was
chosen based on having the best ratio of specific signal to background binding levels
(Figure 23), and it is possible that further optimization of the amount of recombinant

protein may improve sensitivity.

A comparison of antibody responses of primary and secondary YFV vaccinated

subjects.

Although my study, along with a number of others, demonstrates the decrease in
YFV-specific antibodies over time (Collaborative group for studies on yellow fever 2014;
Miyaji et al. 2017), the requirement of a boost is still debated (Amanna and Slifka 2016;
Hepburn et al. 2006; Miyaji et al. 2017; Wieten et al. 2016). Due to the need for additional
information towards this matter, | examined antibody responses to YFV antigens in
primary and secondary vaccinated subjects at both 1-6 year and 6-16 year post-vaccination
time intervals. Since antibody responses to YFV antigens was shown to decrease 1-6yr
post-vaccination with a progressive decline thereafter in primary vaccines, antibody
responses of individuals that received a boost 1-6 years ago (6-16yr from their primary
vaccine) (n=6) were also examined to determine if re-exposure of YFV antigen altered the
observed kinetics. Serum IgG levels to E, NS1 (p<0.005), and whole virus (p<0.0001) were
significantly elevated in secondary YFV vaccinees when compared to antibody responses
of primary vaccinated individuals dated 1-6yr post-vaccination. This difference in antibody
recognition of recombinant proteins and whole virus (p<0.0001 for all YFV antigens
including pM) was even more significant when antibody responses were compared

between 6-16yr post-primary vaccinated and boosted cohorts. Further, when neutralizing
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antibody responses were analyzed in primary (1-6yr) and secondary vaccines (n=3), the
observed 50% neutralization titer was higher, though not significantly significant, possibly
due to the limited number of samples that were run (n=3 for each). This suggested that
while the total polyclonal antibody response decreased at 1-6yr post vaccination, the level
of viral neutralizing antibody did not. This suggested that further neutralization studies
with additional patients need to be performed in order to complete the comparison of total
polyclonal and neutralizing antibody responses in primary and secondary vaccinated
subjects. It is plausible that a greater difference in both total polyclonal antibody response
and viral neutralizing titers would be seen when antibody responses of boosted was
compared to those of the 6-16yr post-primary vaccinees. While neutralization tests
measure an important functional subset of antibodies that are involved in clearance of the
virus, our test measures total antibody recognition of YFV antigens that may provide a
better indication of protective immune correlates. Additional factors may play arole in the
observed increase in YFV specific antibodies among the boosted cohort. Perhaps those
individuals received a natural boost in immunity due to exposure of YFV in endemic areas
or possible enhancement due to cross-reactive antibodies from other flavivirus infections
or vaccinations (Muyanja et al. 2014). The YFV vaccinated cohort consisted of individuals
in the U.S. military and therefore may have a higher likelihood that they were exposed to
multiple flaviviruses such as TBEV, JEV, and WNV. Furthermore, it has been previously
reported that patients that have a low baseline titer following initial vaccination benefit
more from a boost than those whose initial vaccination already produced a high reactivity

to YFV (Hepburn et al. 2006). Microarray analysis of serum antibody responses over time
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in individuals, rather than group time intervals, would allow me to determine if baseline

titers were a factor in the responses observed in this study.

Detection of cross-reactive antibody responses amongst YFV vaccinated subjects

The plaque reduction neutralization test (PRNT) is the standard assay used to assess
protective efficacy of YFV vaccine. However, interpretation of results from PRNTs may
be complicated in areas where YFV vaccine programs coincide with DENV, ZIKV, JEV,
and other flavivirus infections. A recently published study by the CDC analyzed virus
neutralizing antibody responses of patients who received fractional doses of the YFV
vaccine in Africa (Ahuka-Mundeke et al. 2018). The results suggested that 98% of
vaccinated subjects had 50% PRNT titers that were suggestive of seropositivity rates
similar to those seen in standard vaccine doses. However, the authors could not rule out
that the measured protective titers were not mediated by cross-reactive antibodies from
other flaviviruses (Ahuka-Mundeke et al. 2018). Antibody cross-reactivity between
flaviviruses could be influenced by homology of sequences and structures, as well as the
abundance and degree of cross-reactive antibodies in polyclonal sera. In order to evaluate
cross-reactive antibody responses involved in YFV immune individuals at different time
points post-vaccination, | took advantage of our developed flavivirus focused microarray
that was used in the analysis of antibody responses to ZIKV in areas of flavivirus
endemicity (Keasey et al. 2017). The multiplexed flavivirus protein microarray comprised
of recombinant antigens (E, NS1, and pM/M) from YFV and 14 other clinical flavivirus
isolates were utilized for the analysis of IgG responses in sera from primary (n=67) and
secondary (n=20) vaccinated individuals. Total serum IgG recognition to homologous E

and NS1 antigens was observed among all vaccinees, with high amount of cross-reactive
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antibodies to heterologous pM proteins. Neither time from vaccination, nor number of YFV
vaccinations were determined to be factors in the level of cross-reactive antibodies.
Hierarchical clustering of antibody binding interactions to E and NS1 flavivirus proteins
were not distinguishable based on early or late time points nor primary or secondary
vaccinations, but rather was based on an individual’s immune response (unique levels of
cross-reactive antibodies in polyclonal sera). This is not the case for natural DENV that
exhibit significantly higher amounts of cross-reactive flavivirus antibodies early in
infection, with more specificity directed towards the homologous DENV serotype later in
immunity (Sabin 1952). Because lower levels of YFV antibodies complicate analysis of
cross-reactivity due to the overall higher level of non-specific signals, | reasoned that
subjects that had above average binding to YFV antigens would be most useful for analysis.
Antibody recognition of YFV- pM resulted in the highest observed level of cross-reactivity,
with over 50% relative binding towards six other flaviviruses. Notably, 1gG binding to
YFV-E resulted in the lowest level of observed cross-reactivity with only moderate levels
of relative IgG binding noted to DENV4. YFV antibodies directed towards NS1 also
demonstrated a high degree of specificity, but over half of mean antibody binding was
directed towards heterologous JEV and WNV antigens. Future studies on cross-reactive
antibodies in YFV immunized individuals should also include whole virus preparations to
better understand the contribution of antigen specificity. Reasoning that a secondary
flavivirus exposure occurring either through natural infection or vaccination could alter
YFV immune response levels, I examined antibody responses of JEV vaccinated
individuals (n=6). Among the six subjects who were immunized with both vaccines, five

were among the YFV boosted cohort. For JEV-vaccinated subjects who received a YFV
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vaccine boost, little to no antibody response was observed towards antigens of JEV, likely
due to the lapse in time from vaccination (median 8.2 yr post-vaccination, range 370d —
18.1 yrs), which suggests that the increase in antibody binding to YFV antigens was not
influenced by JEV vaccination. Of significance, the one subject that did not have
significant antibody responses to any YFV antigen demonstrated robust antibody
recognition to DENV2-E in both microarray platforms, indicating history of DENV
infection. Altogether, the results from this microarray study indicate that the microarray
assay was sensitive enough to differentiate YFV immunity among vaccinated individuals
that likely have preexisting antibodies to other flavivirus pathogens. Further assessment of
the influence of antibody responses to YFV vaccination and flavivirus infections should be
explored with serum samples of individual vaccinated subjects over time. Future studies of
natural yellow fever infections in comparison to 17D by using the flavivirus protein
microarray will also be informative for better understanding of the protective mechanisms

behind the highly successful live-attenuated viral vaccine.

Future research

While, this study primary focused on analyzing 1gG recognition of the viral
antigens in convalescence phase of disease, except for IgM responses of ZIKV infected
NHPs, it would be of great value to expand the analysis of IgM responses in order to
determine specificity and cross-reactivity of flaviviruses during the acute phase of disease.
Future research should focus on optimizing antigens that were unsatisfactory for use in the
current serological assays, as well as including additional antigens on the microarray that
will encompass newly emerging flaviviruses (ex. Usutu virus), as well other human

pathogenic viruses that co-circulate in flavivirus endemic areas and cause similar early
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clinical disease symptoms as flaviviruses. This may include chikungunya and Mayaro
alphaviruses, the bunyaviruses of Crimean-Congo hemorrhagic fever and Rift valley fever,
Lassa fever virus (an arenavirus), and the filoviruses of Ebola and Marburg disease. All
proteins have already been produced by our lab (Kamata et al. 2014; Smith 2018) so the
incorporation of the viral antigens into a single platform allows the very unique ability to
analyze antibody responses across a wide-variety of human infectious diseases. Further,
the protein microarray platform could also be used as a comprehensive serological assay

for disease surveillance, perhaps by transitioning to a rapid, point of care diagnostic device.
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