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ABSTRACT

Birds within the order Anseriformes are considered an important natural reservoir
of Influenza A virus (IAV), yet other species likely contribute to the maintenance,
distribution, and evolution of IAV. This work focused on drivers of IAV infection
dynamics in species in other avian orders that have garnered less attention.

In the first study, we evaluated the importance of population immunity as a
potential cause for which 1AV subtypes are most commonly isolated from the 1AV
“hotspot” at Delaware Bay, New Jersey (DE Bay) in a given year. While we
hypothesized that population immunity causes shifting IAV subtype dominance at DE
Bay, our results suggested that IAV dynamics are subtype-dependent and population
immunity has more of a bearing on which species is infected at DE Bay.

In the second study, we determined the susceptibility of Mallards (Anas
platyrhynchos) and Laughing gulls (Leucophaeus atricilla) to 1AVs isolated from Ruddy
Turnstones (Arenaria interpres morinella) at DE Bay in order to gain insight into
potential sources and host ranges of these viruses. We found that Mallards were far

more permissive to infection with most viruses, suggesting that transmission between



Mallards and Ruddy Turnstones could occur. By contrast, host-adaptation of IAVs to
Ruddy Turnstones may compromise the virus’ ability to be transmitted back to gulls.

Finally, we evaluated the importance to IAV maintenance of a species not
conventionally recognized as a significant host for IAV. The American White Ibis
(Eudociums albus) is a wading bird that occupies aquatic habitats in the Southeastern
United States. Through experimental challenge, and a multi-year, multi-season
serosurvey, we determined that they are both susceptible and naturally exposed to IAV.
Thus, they may represent a component of the IAV natural reservoir system.

Collectively, the findings reported in this dissertation provide focused, new insight
into the well-studied IAV system at DE Bay, while also providing support for broadening

our concept of how IAVs are maintained in multi-species, avian communities.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

For most, the subject of “Influenza” is vast, ubiquitous, and complicated. We are
bombarded every year with updates chronicling the flu season. There are reports of a
virus in European birds. We learn of historical pandemics that killed millions and hear
intermittent details of a smoldering “bird flu” in Asia. There is even news of a virus
detection in United States poultry now and then. The significance and relatedness of
these events are unclear and it is hard to put these things in context. However, when
attempting to get a handle on these swirling details, a person is likely to repeatedly
encounter a consistent theme: wild birds are the natural reservoir.

While this theme is simple enough on its surface, research efforts in the last
several decades have uncovered what is, in fact, an exceedingly complicated disease
system. Some major tenets are now well established, but there are still many details to
fill in. The aim of this project is to add a few more small pieces to our understanding of
how influenza is maintained in the natural reservoir. Influenza is likely to become only
more relevant to human and domestic animal health in the coming years. Armed with a
more complete understanding of how it exists in nature, we can more adequately
address the emerging issues it presents. As Webster et al. rather dramatically stated 26
years ago:

“The understanding of the ecology of influenza viruses in this benign

reservoir of aquatic birds is imperative if we wish to find ways to intervene



and reduce or prevent the occasional catastrophic pandemics such as the

one that decimated the human population of the world in 1918 after the

appearance of ‘Spanish’ influenza’ (1992).”

LITERATURE REVIEW

Classification

Influenza A virus (IAV) is a member of the Orthomyxoviridae family. This family
includes seven genera: 1AV, influenza B viruses, influenza C viruses, influenza D
viruses, Isavirus, Thogotovirus, and Quaranfilvirus. Orthomyxoviruses are enveloped,
singled stranded, helical, segmented, negative sense RNA viruses. They are relatively
pleomorphic and range from spherical to filamentous (Wright et al. 2007).
Influenza A viruses consist of eight gene segments that encode ten viral proteins:
hemagglutinin (HA), neuraminidase (NA), membrane ion channel proteins (M2),
nucleoprotein (NP), matrix protein (M1), polymerase basic protein 1 (PB1), polymerase
basic protein 2 (PB2), polymerase acidic protein (PA), non-structural protein 1 (NS1),
and non-structural protein 2 (NS2). Proteins HA, NA, and M2 are located on the surface
of the virion while NP, M1, PB1, PB2, and PA are internal proteins. The latter three
comprise the viral RNA-polymerase complex. Non-structural proteins 1 and 2 are non-
structural, as their name implies (Palese and Shaw 2007; Suarez 2017).
Viral Replication

Viral replication begins with attachment to a host cell via the viral HA to host cell
terminal sialic acid that is attached to oligosaccharides on the surface of epithelial cells,
most commonly through a-2,3 or a-2,6 linkages. The distribution and availability of

these two types of sialic acids varies by tissue and host species and is an important



determinant of host range (Rogers and Paulson 1983). Avian species predominantly
express a-2,3 in the gastrointestinal tract while humans predominantly express a-2,6 in
the respiratory tract and a given IAV tends to have strong biding affinity to one or the
other (Suarez 2017).

Following attachment, the virus is brought into the cell via receptor-mediated
endocytosis. Hydrogen ions from the host cytoplasm enter the endosome through the
M2 protein, causing it to become acidified. This triggers a conformation change of the
HA that activates its fusion domain, and leads to the formation of an open channel
through the viral membrane and endosomal membrane, through which the viral
ribonucleoprotein (RNP) is released into the cytoplasm (Xiong et al. 2014). Importantly,
this conformational change in the HA can only occur if the HA has been previously
cleaved into HA1 and HA2 subunits by host proteases. The ease in which this occurs
for a given HA is a major determinant of viral pathogenicity (Chen et al 1998). The RNP
consists of the viral RNA-polymerase complex, NP, and viral RNA segments. In
response to signaling from the NP, the host cell actively transports the viral RNA-
polymerase complex to its nucleus.

Once inside the cell nucleus, the RNA-polymerase complex transcribes the
negative-sense viral RNA to positive-sense mRNA. This step also requires a host cell
mRNA primer that is “snatched” from the host mRNA by the viral PB2 protein. The
positive-sense viral MRNA is then transported back to the cytoplasm where it serves as
a template for host machinery to translate new viral proteins. Meanwhile, the RNA-
polymerase complex transcribes negative-sense viral RNA to “complementary RNA” in

the nucleus. This serves as the template for replication and thus, production of new,



negative sense, viral RNA. Assembly of new virions begins in the host endoplasmic
reticulum and is completed at the apical plasma membrane. It is largely mediated by the
M1 protein. This process is prone to error, and many progeny virions are defective
because they do not include all eight gene segments or the necessary viral proteins.
Assembly of a new virion is completed at the host cell membrane where it buds from the
apical plasma membrane. After budding is complete, the virion is still anchored to the
host cell by HA-sialic acid binding. These anchors are cleaved by the NA protein,
ultimately releasing the new virion from the host cell (Palese and Shaw, 2007).

Replication of RNA viruses is notoriously error-prone as compared to DNA
viruses. This is particularly relevant for IAVs. As a result, point mutations regularly
occur. This, paired with constant immunologic, selective pressure, drives a continuous
“genetic drift.” Older literature often states that IAVs in wild birds are in a state of
“evolutionary stasis.” However, more recent work illustrates that drift occurs in wild birds
as well (Spackman 2005).
The Nature of the Virus

Influenza A viruses have a wide host range that includes numerous species of
birds and mammals. They can be characterized based on at least four schemes. The
first relates to the surface proteins, HA and NA. To date, 18 HAs and 11 NAs have been
described. It was only recently that H17, H18, N10 and N11 were detected in bats in
Central and South America (Tong 2012, Tong 2013). The degree to which our
understanding of IAVs can be applied to these new subtypes is unclear.

A second, perhaps more colloquial classification scheme involves designating

IAVs by which class of species they infect. Although, it is widely regarded that all IAVs



originated in wild birds, which are sometimes referred to as the “primordial reservoir’
(Webster 1992), lineages of IAV endemic to humans, swine, and equine influenzas
have been in circulation for decades. Only a limited number of HA and NA subtypes are
represented in non-avian species. What leads a given IAV to become adapted to non-
avian species is not completely understood, but is largely governed by a change in HA -
host receptor binding preference (Xiong et al. 2014). Proteins NA, PB2, and non-
structural protein 1 also contribute to host range but generally garner less focus than HA
(Cauldwell et al. 2014)

A third classification system for IAVs involves the clinical disease they produce in
domestic poultry. When first introduced into domestic poultry, most IAVs infections are
asymptomatic or cause moderate to severe respiratory disease. These are termed “low
pathogenicity avian influenza viruses” (LPAIVs). Occasionally, a LPAIV adopts a highly
pathogenic phenotype, most commonly through the insertion of multiple basic amino
acids at the HA cleavage site that makes it more easily cleaved by proteases
throughout the body (reviewed in Suarez 2017). IAVs with this phenotype cause
systemic disease and high mortality and are termed high pathogenicity avian influenza
(HPAIV). To date, all known HPAIVs have had the H5 or H7 subtype. According to the
World Organization for Animal Health (OIE), an IAV is considered an HPAIV if it causes
death in six or more in a group of eight 4-8 week old chickens within 10 days of
intravenous inoculation, has an intravenous pathogenicity index greater than 1.2 in 6
week old chickens, or is an H5 or H7 IAV with an amino acid sequence at the HA

cleavage site that is similar to what has been previously documented in HPAIV isolates



(Swayne and Brown, 2012). The OIE also indicates that low pathogenic AlVs that are
H1-4, H6, and H8-H16 are not avian influenzas.

In contrast to poultry, the pathogenicity of IAVs in wild birds is less established.
For the majority of IAVs in the majority of wild bird species, disease ranges from
unapparent to subtle and short-lived with minimal evidence of clinical signs or lesions
(Franca and Brown, 2014). A few studies in free-ranging wild birds have suggested that
infection may compromise weight gain or influence feeding and migratory behavior (van
Gils et al. 2007, Latorre-Margalef et al. 2009). However, many other studies have failed
to corroborate this theme. There is an inherent complexity in studying physiological
parameters of wild birds in a natural setting, but currently there is insufficient evidence
to believe North American IAVs have a meaningfully adverse effect on wild birds.

A major caveat to this statement involves a fourth characterization scheme of
IAVs. Influenza viruses in wild birds can be clearly separated into Eurasian vs North
American phylogenetic clades. Viruses with Eurasian genes are sometimes isolated in
North America but this is rare, suggesting that unknown mechanisms that likely include
geographic barriers limit the amount of viral exchange between the continents (Krauss
et al. 2007). However, in the fall of 2014, a massive HPAIV outbreak occurred in North
American poultry that lasted into the early summer of 2015 and affected 50 million
poultry. The outbreak resulted from the introduction of a Eurasian-origin HPAIV H5 virus
of the A/Goose/Guangdong/1/1996 lineage. Viruses of this lineage have persisted,
likely involving wild birds, in Eurasia ever since they were first isolated in 1996 (Sims
and Brown 2017). The introduced clade 2.3.4.4 HPAIV H5N8 reassorted with North

American viruses and these were associated with mortality in a number of wild bird



species. The event challenged many of our conceptions of how IAVs are maintained in
North America and reinvigorated the need to understand how IAVs work in the natural
reservoir system (Ramey et al. 2018).
Immunology

An immune response is categorized into the innate and adaptive responses. The
innate immune response is critical in early IAV infection and represents the first line of
defense. There are numerous components in the innate response, but one important
feature in 1AV infections is the interferon (IFN) response. Pathogen associated
molecular patterns (PAMPS) are recognized by pattern recognition receptors (PRRS)
which initiates a cascade of cellular signals, ultimately resulting in a change in gene
expression resulting in acute inflammation, apoptosis of infected cells, antiviral state in
neighboring, susceptible cells, and stimulation of the adaptive immune response
(Vervelde and Kapczynski, 2016). An important avian pathway for this is via the
recognition of double stranded RNA by-products of IAV replication by retinoic acid-
inducible gene-I (RIG-I). This is a critical component in early, rapid defense to infection
with HPAIV that is largely protective in ducks. However, chickens appear to have lost
this functional RIG-1 which may be a key to their susceptibility to HPAIV (Barber et al.
2010).

The adaptive immune system is more targeted to specific insults and can mount
a more efficacious, tailored response when it reencounters a particular antigen.
However, the adaptive immune system requires more time to respond to an insult than
the innate system. Therefore, it may be of limited use in naive poultry in a rapid HPAIV

infection but is critical to long-lived wild birds exposed to numerous IAVs. The adaptive



response can be divided into cellular immune response and humoral immune response.
Humoral immunity consists of antibodies produced by B-lymphocytes. These can target
numerous epitopes on an IAV, but most emphasis is placed on antibodies targeting the
IAV hemagglutinin. These prevent attachment and entry of IAVs into the host cell and
are thus considered “neutralizing.” Cell mediated immunity consists of T and B
lymphocytes. Cytotoxic T lymphocytes (CD8s) recognize short cytosolic antigen
peptides presented on major histocompatibility complex 1 (MHC 1) molecules
expressed on all nucleated cells. They effectively kill IAV-infected cells. Antigen
presenting cells (APCs), including macrophages, dendritic cells, and B lymphocytes,
display extra cellular antigen on MHC-1l molecules which are recognized by T helper
lymphocytes (CD4+). Activated T helper cells signal to macrophages to enhance
phagocytic activity and also stimulate B cells to produce antibodies (Abbas et al. 2015).
Interestingly, CD8+ CTLs from chickens previously vaccinated with HON2 were injected
into naive chickens and were partially protective to HSN1 HPAIV challenge (Seo and
Webster 2001, Seo et al. 2002). This implied that some CTLs were targeted toward
more conserved internal proteins of IAV.

As in mammals, the first serum antibodies to be produced in response to IAV
infection in a naive duck are immunoglobulin M (IgM). Through class switching, this
soon shifts to the production IgY, the avian analog of mammalian IgG. The classic
functions of this antibody isotype include opsonization, complement activation and
antibody dependent cellular cytotoxicity (Abbas et al. 2015). However, a significant
portion (approximately 60%) of IgY in ducks have truncated Fc receptors and this

portion appears to increase with age and secondary exposures (Magor 2011). The



significance of this is unclear. As Magor (2011) explains, although truncated IgY is
unable to perform most functions listed above, it is still able to neutralize HA. These
truncated IgYs may also be able to prevent membrane fusion within the endosome by
crosslinking hemagglutinins- a function dependent on the Fab portion of the antibody
(Barbey-Martin et al. 2002). Furthermore, in some cases, IAV may be able to bind to the
Fc-receptor of IgY and use APCs to disseminate throughout a host. Therefore, limiting
the population of full length IgY may be a protective adaptation. In practical terms,
hemagaglutinin inhibition assays likely fail to detect truncated IgYs in ducks while
microneutralization assays should be able to detect either type.
Natural Reservoir; Anseriformes

Birds within the orders Anseriformes (ducks and geese) and Charadriiformes
(qulls and shorebirds) are natural reservoirs of IAVs (Webster 1992, Krauss 2004,
Olsen 2006). A robust body of literature has emerged in the last few decades describing
the infection dynamics of IAVs in Anseriformes. Annual enzootics occur in dabbling
ducks in northern latitudes in late summer during staging and early migration. At this
time, approximately 10-33.4% of dabbling ducks are infected with IAV with much higher
prevalence in young-of-year individuals (Hinshaw et al. 1985, Sharp et al. 1993, Hanson
et al. 2003, Krauss et al. 2004, Wilcox et al. 2011, Ramey et al. 2014, Nallar et al. 2015,
Papp et al. 2017). The prevalence detected in ducks further south and later in the year
drops markedly (Stallknecht et al. 1990, Ramey et al. 2014, Nallar et al. 2015). This
annual trend is probably driven by the presence of annual immunologically naive
individuals that clear the infection with age and dispersal, as migration occurs. A high

annual population turnover (250%) occurs in most of these species and prevents the



long-term buildup of population immunity. Mallards, blue winged teal, and northern
pintails are the most represented species in the literature (Wallensten et al. 2007). The
subtype of IAV that dominates infections appears to shift throughout the year. In North
American blue winged teal and mallards, subtypes H3, H4, and H6 are the most
prevalent in the fall (Sharp et al. 1997, Hanson et al. 2003, Krauss et al. 2004, Wilcox et
al. 2011, Ramey et al. 2014). Surveillance at other times of the year is less common but
H7 is the most common in blue winged teal in the winter and spring (Ramey et al.
2014). A similar pattern of annual endemics has been described in ducks in Europe
(Munster 2007, Wallensten 2007).

Adaptive immunity at an individual and population level is likely a key driver in
IAV dynamics in the natural reservoir. A number of experimental studies in Mallards
have broadened our knowledge of the concept of homo and heterosubtypic immunity.
Varying experimental designs involving multiple LPAIV subtypes and even some
HPAIVs in Mallards have established that prior exposure to an IAV lessens the length
and amount of viral shedding following reinfection with IAVs (Fereidouni et al. 2009,
Costa et al. 2010, Jourdain et al. 2010, Pepin et al. 2012, Ferreira et al. 2015, Latorre-
Margalef et al. 2017, Segovia et al. 2017). The strength of the effect is directly tied to
the phylogenetic relatedness of the HA subtype, and the effect is strengthened with third
and fourth challenges (Segovia et al. 2017). In addition to viral shedding, this “homo and
heterosubtypic immunity” increases the challenge dose required for subsequent
infections (Segovia et al. 2018). The effect can last for at least 15 weeks (Latorre-

Margalef et al. 2017).
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Projecting information derived from experimental studies to what occurs in nature
always comes with uncertainty. For instance, mounting an immune system is
energetically costly (Buehler et al 2010). Stress and nutritional limitations in wild birds
may influence their immune response to IAV in a way that is poorly replicated in most
experimental settings (van Gils et al. 2007). lllustrating our poor understanding of this,
one study found that Mallards in poor nutritional condition due to limited food availability
were actually less susceptible to infection and shed less virus for shorter periods of time
(Arsnoe et al. 2011). There are also age, seasonal, and interspecies dynamics that
aren’t captured in experimental studies. Furthermore, even in experimental studies, a
wide degree of individual variation can be observed (Pepin et al. 2012) and this may be
often underrepresented, given that birds in experimental studies often come from single
sources and are likely to be genetically similar.

Despite these caveats, some field work has corroborated the concept of homo
and heterosubtypic immunity. In Ottenby, Sweden, a large stopover site for migrating
mallards, the likelihood of reinfection with the same or phylogenetically related HA
subtypes were decreased (Latorre-Margalef et al. 2013). Interestingly, this was time
dependent. It took approximately seven days for “immunity” to develop which may relate
to the time required for adaptive immunity to mount.

It is widely assumed that the major route of viral exposure in Anseriformes is
through fecal/oral transmission in surface water. This may be a key to why dabbling
duck species that feed in shallow water are involved in IAV cycles. As reviewed in
Stallknecht et al. 2010, IAVs have been isolated from surface water in numerous

aquatic habitats. Through laboratory-based experiments, it was established that IAVS
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can remain infective for months to years at ideal, stable conditions: low temperatures
(approximately 4° C), slightly basic pH, and low to moderate salinity. With this in mind, it
is often suggested that environmental persistence may contribute to annual IAV
maintenance (Stallknecht and Brown, 2017). However, most of our knowledge of
environmental persistence has been conducted in a laboratory setting. Verifying this
information in a field setting warrants further investigation.

Our knowledge of IAV dynamics in Anseriformes is partly a result of the ease in
which samples can be acquired from pre-fledged ducks during the summer and hunter
harvested birds in the fall and winter, as well as the reliability of how many of these
samples are typically positive. Surveillance and research in other birds is more difficult,
particularly if it is dependent on detection of virus which is typically shed for only a brief
window in most species. Until recently, serosurveys in wild birds had limited utility. The
agar gel immunodiffusion (AGID) test has been used in poultry for some time but has
variable sensitivity in wild birds. Another common assay, hemagglutinin inhibition, is
subtype specific and not useful for surveillance aimed at detecting exposure to a broad
array of subtypes. In 2009, a commercially available blocking enzyme-linked
immunosorbent assay (bELISA) that uses a mouse monoclonal antibody was validated
as a sensitive test for numerous wild avian species in experimental settings (Brown et
al. 2009). The following year, its utility for screening sera collected from many avian
species in the field was also confirmed (Brown et al. 2010). This assay detects
antibodies to the nucleoprotein, shared by all IAVs, requires a relatively small volume of

sera, and has a high throughput.
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Subsequent field studies revealed that antibody prevalence in many aquatic and
semi-aquatic avian species can often be relatively high (260%) despite low (< 1-2%)
rates of IAV detection (Hall et al. 2014, Johnson et al. 2014, Hall et al. 2015, Kistler et
al. 2015, Wong et al. 2016, Samuel et al. 2015). A general conclusion from these
studies is that exposure may be more common in such species than previously realized.
However, these often tend to be longer-lived species and interpretation of such data is
hampered by a poor grasp of how long antibodies persist in most of these species.
Natural Reservoir; Charadriiformes

While the role of Anseriformes as a reservoir for IAVs has been long established,
the importance of a second order of birds, Charadriiformes, was firmly solidified only a
few decades ago. In a thorough surveillance effort, Kawaoka et al. documented a focal,
seasonal increase in IAV infections in shorebirds and gulls in the Delmarva Peninsula
(1988). They then challenged chickens and Pekin ducks with several of these IAVs.
Because many of the viruses did not appear to infect either species, they concluded that
a separate “gene pool” of IAVs reside in gulls and shorebirds.

Since that study, our understanding of IAV dynamics at Delaware Bay, New
Jersey (DB) has expanded considerably. Presently, DB is widely regarded as the only
place where IAVs are consistently isolated from shorebirds (Hanson 2008, Krauss
2010). Published surveillance efforts in shorebirds at other times and locations have
generally yielded few detections (Kawaoka et al. 1988; Krauss et al. 2004; D’Amico et
al. 2007; Hanson et al. 2008, Winker et al. 2008, de Araugo et al. 2014, Johnson 2014).
At DB each spring, migrating shorebirds stop for two to three weeks to feed on recently

deposited eggs of horseshoe crabs (Limulus polyphemus) (Clark 1993). The four major
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species of shorebirds include Ruddy Turnstones (Arenaria interpres, RUTUSs), Red
Knots (Calidris canutus, REKNs), Sanderlings (Calidiris albo), and Semipalmated
Sandpipers (Calidiris pusilla) (Clark 1993). All four species have extremely long
migrations from their wintering areas in the Southern United States, Central and South
America, to their sub-arctic and arctic breeding grounds (Nettleship 2000, Macwhirther
2002, Hicklin 2010, Baker 2013). This comes at a substantial metabolic cost and
Delaware Bay is a vital stopping point to replenish energy reserves. Birds regain 55-
70% of their arrival weight in a few weeks (Robinson 2003).

Ruddy turnstones appear to be most important to the IAV disease system at DB.
Infection rates in RUTUs average 12-14.1%; the highest of any species at DB (Krauss
et al. 2004; Maxted et al. 2012). In contrast, IAV infection is detected in less than 2% of
red knots (Calidris canutus rufa, REKNSs), a bird that feeds alongside RUTUs at DB
(Maxted et al. 2012a). Although IAV hemagglutinin (H) subtypes H1-H13 and H16 have
been isolated from RUTUs at DB, annual IAV infections are dominated by a single HA
subtype that reoccurs in periodic, erratic cycles (Krauss et al. 2004; Stallknecht et al.
2012). Subtype diversity in a given year does not differ between RUTUs and REKNs
and in most years, all of the IAV subtype diversity can be detected in the RUTU
population (Stallknecht et al. 2012).

Reasons for this shifting IAV subtype dominance remain enigmatic but individual
and population immunity may be a driver. In contrast to Anseriformes described above,
shorebirds are relatively long lived with less annual population turnover (Nettleship

2000; Baker et al. 2013). They also largely remain at their wintering grounds for the first
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year. As a result, the population of shorebirds at DB consists of older individuals that
are likely to have been previously exposed to one or more IAV subtypes.

Serologic data supports this by revealing that many RUTUs at DB have an IAV
exposure history. It also suggests a potential role of a second shorebird species in
addition to RUTUSs. Despite a difference in infection rates, a comparable number of
REKNSs at DB have detectable antibodies to IAV. Antibodies to the IAV nucleoprotein
(NP) have been detected in 55-65% and 53.6-86% of RUTUs and REKNs (Brown et al.
2010; Maxted et al. 2012a; Stallknecht et al. 2012) at DB. Exposure and seroconversion
does not appear to occur at the same time for both species, however. By using date and
body weight as a proxy for time spent at DB, Maxted et al. (2012) determined that
antibody prevalence in RUTUSs increases from less than 40% at arrival to over 95% at
departure, implying that over half the population seroconverts while at DB. In contrast,
the antibody prevalence in REKNs was 82% at arrival and slowly declined throughout
the remainder of the season. This provides valuable insight into the DB system, but,
because NP is conserved between IAV subtypes, these antibody patterns are of limited
use when considering virus-host interactions at a subtype-specific level.

The importance of individual and population immunity as a driver of IAV
dynamics at DB is, as of yet, unsubstantiated. Compared to dabbling ducks, the
immune response of shorebirds to single or multiple IAV infections is poorly understood
(Curran et al. 2013, Hall et al. 2013). It is also likely that the particularly severe
physiologic demands of long-distance migration involves some cost to the immune
system (reviewed in Buehler et al. 2010) which has the potential to further obfuscate the

matter. In the first study (Chapter 2), we sought to investigate a potential immunological
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basis for the phenomenon of shifting IAV subtype dominance at DB while also further
exploring the role of REKNSs.

A second major question surrounding IAV dynamics at DB concerns the source
of viruses. There is currently little evidence to support the notion that IAVs are
maintained within RUTUs at low levels of infection throughout the year, as surveillance
efforts in shorebirds at other times and locations are generally unfruitful (Kawaoka et al.
1988; Krauss et al. 2004; D’Amico et al. 2007; Hanson et al. 2008, Winker et al. 2008,
de Araugo et al. 2014, Hall et al. 2014, Johnson 2014). A second possibility is
environmental persistence at DB. Influenza A viruses have been successfully isolated
from sand cores at DB during annual 1AV cycles (Poulson et al. 2017). However, the
limited number of HA subtypes isolated corresponded to the viruses circulating in birds
during that sample year. Therefore, environmental persistence of IAVs in this system
may help to amplify outbreaks but is less likely to serve as a repository for the diversity
of viruses observed at DB.

Another potential source of IAVs may come from migrating and resident ducks
and gulls that cohabit the feeding and roosting areas at DB (Krause et al. 2004; Hanson
et al. 2008; Guinn et al. 2016). Maxted et al. (2016) demonstrated that RUTUS roost in
expansive salt marshes that are also used by resident ducks and a large number of
Laughing gulls (LAGUs; Larus atricilla). The detection of IAVs of varying hemagglutinin
subtypes is documented in both species from the area in the Influenza Research
Database (IRD; Zhang et al. 2017). Hemagglutinin subtypes H1-7, 9-13, and 16 IAVs
have been isolated from LAGUs at DB during the stopover and the prevalence of

antibodies to NP as determined by blocking enzyme linked immunosorbent assay
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(bELISA) was as high as 72% (Guinn et al. 2016). Detection of H1, 3, 4, 6, 11 IAVs in
Mallards is also documented on the IRD but nearly all sampling in the area occurred in
the fall, well after the shorebird stopover period in May. However, there is a resident
population of dabbling ducks that breed in the area (Nichols and Jones, 2015).

Determining host range of a given species-adapted virus is difficult. Phylogenetic
mapping of wild bird isolates tends to be of limited use for estimating species host-range
or assigning isolates to a particular location (Spackman et al. 2005). It is also biased by
the vastly limited number of sequences isolated compared to the number circulating in
nature. Gambaryan et al. examined the affinity of numerous viruses isolated from ducks
and gulls and concluded that as duck viruses circulate in, and become “gull-adapted,”
they acquire a higher affinity for sialic acid receptors that are bound to a penultimate
glycine by 1-4 bond and that were also linked to a fucose sugar molecule (2005). By
contrast, “duck-adapted” viruses preferentially bind to greatest affinity for a 1-3 bond
between Neu5Aca2-3Gal and GalNaca. Franca et al. used lectin binding to assess the
distribution of these isoforms in numerous species of wild birds (2013). While they found
strong expression of “duck-virus SA receptors” in mallards, they found strong
expression of both types of SA receptors in laughing gulls as well as numerous other
wild bird species. The general conclusion is that our current understanding of receptor
distribution in tissues is of limited use for determining species susceptibility.

By contrast, susceptibility of a species as determined by the mean infectious
dose required to infect a given species, is an indicator of how host-adapted a particular
IAV is to a species (Swayne and Slemons 2008). Paired with field surveillance data,

experimental susceptibility studies can provide concrete evidence of host range. As
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detailed above, only a limited number of shorebird isolates replicated in chickens and
Pekin ducks, even at a challenge dose of 107 EIDso (Kawaoka et al. 1988). Both ducks
and gulls may contribute to IAV dynamics during the stopover by serving as a source of
IAVs, amplifying IAVs, or contributing to subtype reassortment. However, it remains
unknown to what degree IAVs can be readily transmitted between these species. The
conservation status of RUTUs and logistical concerns precludes an experimental
challenge of RUTUs with gull and duck-origin IAVs. However, the ability of RUTU-origin
IAVs to be transmitted back to ducks or gulls provides an indication of these species’
importance to IAV dynamics at DE Bay. With this in mind, we challenged Mallards and
LAGUs with RUTU-origin IAVs to assess the degree to which adaptation of IAVs to
RUTUSs permits or precludes subsequent infections in ducks and gulls (Chapter 3).
While the results in Mallards were not overly surprising, we did expect to find a
higher level of susceptibility of LAGUs to some of the challenge viruses, especially the
RUTU H13N6. This subtype, along with H16, is almost exclusively maintained in gull
populations and widely regarded as a “gull virus” (Arnal et al. 2014). Annual cycles of
H13 infections are driven by young, naive birds (Verhagen et al. 2015) as infections with
H13 IAVs spread rapidly through gull chicks in dense nesting colonies (Velarde et al.
2010). Adults at nesting colonies have high rates of antibody prevalence but low rates of
infection (Velarde et al. 2010). The timing of these enzootics may depend on age of the
gull: as maternal antibodies wane with age, fledglings become more mobile, which
theoretically increases contact rates (Verhagen et al. 2014). The one to five-day old gull
chicks we collected were among the first to hatch in that nesting colony (presumably

prior to 1AV circulation). Furthermore, they were raised to six weeks of age, past the
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point of detectable maternal antibody level. Field investigations would suggest that 3
and 5 week old chicks are susceptible to H13 infection, even in a population where
adults were 98% seropositive (Velarde et al. 2010). For these reasons, our failure to
infect LAGUs with the RUTU H13N6 is puzzling.

These results indicate that if Laughing gulls contribute to IAV dynamics at DB,
behavioral factors within this species (feeding strategies, high density roosting, etc.) and
interspecies interactions must overcome a substantially higher threshold of exposure
dose as compared to Mallards. As a final piece of the study, we phylogenetically
compared the HA sequence of each challenge virus to other available sequences. We
also examined the amino acid at position 222 (H3 numbering system). Recent work has
suggested that adaptation of an IAV from ducks to gulls is accompanied by a
substitution to a less bulky amino acid (Gambaryan et al. 2018). Collectively, this work
demonstrated the presence of host adaptation of IAVs at DB that may influence the
importance of gulls and ducks.

Natural Reservoir System

A central paradigm in our understanding of IAV concerns the concept of the
natural reservoir. For several decades, research efforts have been informed by the
notion that Anseriformes and Charadriiformes are the natural reservoir of IAVs. This is
well supported by surveillance and experimental data, however, the complexity of the
concept of “natural reservoir” is probably overlooked. A simplified concept of a natural
reservoir places “wild birds” within a single reservoir category which serves as a single
source for the target population of interest, whether that be humans, poultry, or

something else. A more accurate framework, particularly when talking about 1AV,

19



regards the natural reservoir as a complex system of maintenance and non-
maintenance hosts that are epidemiologically connected (Haydon et al. 2002). Within
this framework, the natural reservoir system is composed of numerous species and
environmental sources. The collective interactions of these across a spatial and
temporal scale comprise a continual source of IAVs to the target population, whichever
that may be.

Unfortunately, the simplified IAV central paradigm concerning the natural
reservoir has largely directed our surveillance efforts in wild birds and resulted in what is
probably a biased understanding. If infection prevalence alone is considered the sole
indicator of a reservoir species, eight bird orders have a global prevalence higher than
Charadriiformes (Caron et al. 2017). However, as we know from Anseriformes, viral
shedding is typically brief (< eight days) and highly temporally and spatially-dependent.
Therefore, relying on surveillance of IAV detections as the sole indicator of inclusion or
exclusion in the natural reservoir system results in an incomplete framework.
Stallknecht and Brown (2017) argue: “documentation of both infection with and
susceptibility to AIV does not determine whether a species is important as a reservoir.”
Rather, stronger conclusions can be drawn by a multifaceted approach that also
incorporates field serology, phylogenetic studies, and ecological plausibility in addition
to species susceptibility.

White lbis

As an exercise in challenging the paradigm, we looked to a species of wading

bird, the American White Ibis (WHIB; Eudocimus albus; Chapter 4). White Ibis are

common to many coastal habitats in the southeastern United States (Heath et al. 2009).
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In south Florida, a large number have become highly urbanized and forage in
neighborhood parks, artificial wetlands, backyards, and golf courses. However; the
majority continue to nest and roost in natural wetlands in dense colonies (Hernandez et
al. 2016). The species is largely nomadic and individuals and adults will travel up to
1600km to reach other breeding colonies in the Southeast United States and Caribbean
(Frederick et al. 1996). As a result, WHIBS come into frequent contact with humans,
waterfowl, domestic poultry, and other urbanized and non-urbanized avian species
throughout their range. Therefore, numerous potential routes of IAV transmission exist,
and a strong argument can be made that WHIBs are an ecologically plausible
component to the natural reservoir system.

The importance of WHIBs to IAV dynamics has yet to be thoroughly explored. In
2010, SCWDS failed to isolate any IAVs from 60 samples collected from WHIBs in
March of that year. However, infection rates approach 0% in Anseriformes outside of
the fall months and additional evidence is needed to make an assessment regarding
WHIBs (Stallknecht et al. 1990, Olsen et al. 2006). Furthermore, around that same time,
SCWODS tested approximately 10 -20 WHIB serum samples collected in Florida and
detected antibodies to numerous HA subtypes. Further research investigating the
importance of WHIBs was justified.

CONCLUSIONS

In summary, these projects will serve to expand our understanding of the drivers
of IAV dynamics in the natural reservoir system. In the first project, we assessed the
importance of population immunity as a driver of infection rates and dominant

hemagglutinin IAV subtypes at Delaware Bay. The second project focused on the
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susceptibility of two species that may serve as sources of IAV at Delaware Bay. In the
final project, we consider what constitutes the notion of the IAV “natural reservoir
system” and explore the fringes of this idea by looking to an unstudied candidate, the

White Ibis.
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CHAPTER 2
NEUTRALIZING ANTIBODIES TO TYPE A INFLUENZA VIRUSES IN SHOREBIRDS

AT DELAWARE BAY, NEW JERSEY?

!Bahnson CS, Poulson RL, Krauss S, Webster RG, Stallknecht DE. 2018. Journal of
Wildlife Diseases 54:708-715. Reprinted here with permission of publisher.
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ABSTRACT

Influenza A virus (IAV) infections in shorebirds at Delaware Bay, New Jersey,
US, have historically included avian hemagglutinin (HA) subtypes H1-13, and H16. In a
given year, infections are characterized by a limited number of HA and neuraminidase
subtypes and a dominant HA subtype that often represents >50% of all isolates.
Predominant HA subtypes shift between consecutive years. In addition, infection
prevalence is consistently higher in ruddy turnstones (Arenaria interpres morinella,
RUTU) compared to red knots (Calidris canutus rufa, REKN) despite comparable rates
of exposure. To investigate a potential immunological basis for this phenomenon, a
virus microneutralization (MN) assay was used to detect subtype-specific, neutralizing
antibodies to H1-H12 in sera collected from RUTUs from 2012-2016 and REKNSs in
2012, 2013, and 2016. Neutralizing antibodies to one or more subtypes were detected
in 36% (222/611) of RUTUs. Prevalence of antibodies to subtypes H6 and H11
remained high throughout the study and these virus subtypes were isolated every year,
suggesting a continual source of exposure. Antibody prevalence was intermediate for
most IAV subtypes that were isolated in two to three out of 5 yr (H1, H3, H5, H9, H10,
and H12) but was low for H7 viruses, despite the isolation of this virus subtype in three
of 5 yr. This suggests a reduced antigenicity of H7 IAVs compared to other subtypes.
Antibody prevalence was low for H4 virus that was isolated once and H2 and H8 viruses
that were never isolated. Neutralizing antibodies were detected in 66% (169/257) of
REKNs and subtype specific antibody prevalences were higher in REKNs than RUTUs

with few exceptions. The results suggest that population immunity influences which
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species is infected at Delaware Bay, indicate that IAV dynamics are subtype-dependent,

and demonstrate the utility of the MN assay as a supportive tool for field research.

INTRODUCTION

The natural reservoirs of influenza A virus (IAV) are birds of the orders
Anseriformes (ducks and geese) and Charadriiformes (gulls and shorebirds; Webster et
al. 1992; Krauss et al. 2004; Olsen et al. 2006). While 1AV is routinely isolated from
ducks, geese, and gull populations throughout the world, this virus is consistently
isolated from shorebirds only at Delaware Bay (DB) in the northeastern United States
during spring migration when shorebirds stop to refuel on eggs of spawning horseshoe
crabs (Hanson et al. 2008; Krauss et al. 2010).

Ruddy turnstones (Arenaria interpres morinella, RUTUS), red knots (Calidris
canutus rufa, REKNSs), semipalmated sandpipers (Calidris pusilla), and sanderlings
(Calidris alba) are the predominant species of shorebirds using beach habitats at DB
(Clark et al. 1993). Of these, RUTUs appear to be most important in this local IAV
system. Infection rates in RUTUs average 12-14%, the highest of any species at DB
(Krauss et al. 2004; Maxted et al. 2012). In contrast, IAV infection rates in any of the
other shorebird species feeding alongside RUTUs at DB is less than 2% (Hanson et al.
2008; Maxted et al. 2012). Although IAV hemagglutinin (HA) subtypes H1-H13 and H16
have been variously isolated from RUTUs at DB, annual IAV infections are typically
dominated by a single HA subtype that reoccurs in periodic, erratic cycles (Krauss et al.
2004; Stallknecht et al. 2012). Subtype diversity in a given year does not differ between
RUTUs and REKNs and, in most years, all of the 1AV subtype diversity present at DB

can be detected in the RUTU population (Stallknecht et al. 2012).
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This shifting infection pattern may have an immunologic basis. Natural and
experimental studies in Mallards (Anas platyrhynchos) have suggested that homo- and
hetero-subtypic immunity induced through infection with IAV may drive population
infection dynamics (Fereidouni et al. 2010; Latorre-Margalef et al. 2013; Segovia et al.
2017). The immune response to single or multiple 1AV infections is not as well
understood in shorebirds. Ruddy turnstones and REKNSs are relatively long lived and
individuals remain at wintering grounds for their first year (Nettleship 2000; Baker et al.
2013). As a result, the population of shorebirds at DB consists of older individuals that
are likely to have been previously exposed to one or more IAV subtypes.

Previous serologic investigations at DB have reported that the prevalences of
IAV antibodies in RUTUs and REKNSs are comparable. Antibodies to the IAV
nucleoprotein (NP) have been detected in 55-65% and 54-86% of RUTUs and REKNs
at DB, respectively (Brown et al. 2010; Maxted et al. 2012; Stallknecht et al. 2012).
Exposure and seroconversion do not appear to occur at the same time for both species,
however. By using date and body weight as a proxy for time spent at DB, Maxted et al.
(2012) determined that IAV antibody prevalence in RUTUs increased from less than
40% at arrival to over 95% at departure, implying that over half the population
seroconverts while at DB. In contrast, the antibody prevalence in REKNs was 82% at
arrival and slowly declined throughout the remainder of the season, a period that lasts
from mid-May to early June. This provides valuable insight into species-specific IAV
exposures within the DB system, but because NP is conserved between IAV subtypes,
these antibody patterns are of limited use when considering virus-host interactions at a

subtype-specific level. In this study, we sought to broaden our understanding of 1AV
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infection dynamics at DB by employing a microneutralization (MN) assay to detect HA-
specific neutralizing antibodies.

We hypothesized that subtype specific antibody patterns, as determined by MN,
could be used to explain annually shifting IAV infection patterns. Our objectives were to:
1) compare IAV antibody patterns in RUTUs to REKNSs; 2) determine if annual subtype-
specific IAV antibody patterns in RUTUs reflect the observed 1AV subtype diversity at
DB; and 3) demonstrate the utility of the MN assay as a supportive tool for field
research.

MATERIALS AND METHODS
Sample Collection

Fieldwork was conducted during 16-29 May 2012, 15-29 May 2013, 14-27 May
2014, 12-28 May 2015, and 16-22 May 2016, at DB, New Jersey under federal scientific
collection permit number MB779238 and New Jersey scientific collection permit
numbers 2012029, 2013037, 2014057, 2015003, and 2016006. Ruddy turnstones and
REKNSs were captured with cannon nets as part of a long-term population study. Blood
samples were collected by jugular venipuncture at a total volume less than or equal to
1% of the bird’s body mass. Blood samples were not collected from REKNs in 2014 and
2015. Samples were kept on ice until they could be centrifuged the same day of
collection. The serum fraction was aliquoted and stored at -20 C until testing by blocking
enzyme-linked immunosorbent assay (bELISA), and then stored at -20 C until testing by
MN. Research was approved by the University of Georgia Animal Care and Use
Committee AUP numbers A2010 06-101, A2013 05-021, and A2016 05-020. The

number of serum samples tested was: 128 RUTUs and 102 REKNs in 2012; 116
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RUTUs and 104 REKNs in 2013; 115 RUTUs in 2014; 112 RUTUs in 2015; and 140
RUTUs and 49 REKNSs in 2016.
bELISA

All sera were tested by bELISA (IDEXX Laboratories, Westbrook, Maine, USA)
for antibodies to the NP (Brown et al. 2010). Sera were considered positive if the serum-
sample-to-negative-control absorbance value was less than 0.50. The negative control
was provided by the manufacturer and consisted of dilute chicken (Gallus gallus
domesticus) serum that was not reactive to IAV.
Microneutralization

Serum samples were tested for antibodies against H1-H12 by virus MN (Wong et
al. 2016), with the exception that serum and antigen were allowed to incubate at room
temperature for 1.5 h rather than 2 h. Viruses used as antigens included
A/mallard/NJ/AI12-4823/2012 (H1N1), A/mallard/MN/AI08-2755/2008 (H2N3),
A/mallard/MN/AI10-2593/2010 (H3N8), A/mallard/MN/AI10-3208/2010 (H4ANG),
A/mallard/MN/AI11-3933/2011 (H5N1), A/mallard/MN/Sg-00796/2008 (HEN1),
A/mallard/MN/AI08-3770/2009 (H7N9), A/mallard/MN/SG-01048/2008 (H8N4),
A/RUTU/DE/AI11-809/2011 (H9N2), A/mallard/MN/SG-00999/2008 (H10N7),
A/mallard/MN/SG-00930/2008 (H11N9), and A/mallard/MN/AI07-3285/2007 (H12N5).
Subtypes H13 and H16 were not included in testing because adequate viral titers could
not be achieved in Madin-Darby canine kidney cells (American Type Culture Collection,
Manassas, Virginia, USA) through conventional methods and neither has been a

dominant IAV subtype in RUTUs in previous years (Stallknecht et al. 2012).
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Virus Isolation

Virus isolation data were provided by St. Jude Children’s Research Hospital
(SJCRH) and the University of Georgia (UGA). Samples were collected at DB in May
2012-2016 and were tested for IAVs by virus isolation (Stallknecht et al. 2012). The HA
of each isolated IAV was determined by hemagglutination inhibition (Hanson et al.
2008). Samples tested by SJICRH consisted of shorebird fecal swabs collected on the
beaches of DB and totaled 610 in 2012, 600 in 2013, 600 in 2014, 600 in 2015, and 672
in 2016. Samples tested by UGA consisted of oropharyngeal and cloacal swabs
collected from RUTUs at the time of capture, as well as RUTU fecal swabs collected
from the beaches of DB. The number of samples collected and tested each year by
UGA was 1087 in 2012, 1002 in 2013, 823 in 2014, 978 in 2015, and 697 in 2016. The
prevalence of IAVs was calculated from the UGA dataset. The proportion of H1-H12
viral isolates was calculated from the combined datasets of SJCRH and UGA.
Statistical Analysis

The mean prevalences of antibodies and IAVs were calculated for 2012-2016
and 2012, 2013, and 2016 by dividing the total number of positive samples from that
time period by the number of samples tested. Ninety-five percent confidence intervals
for prevalences were calculated using the Wilson method. A Fisher’s exact test was
used to compare the prevalences of neutralizing antibodies to one or more HA
subtypes, neutralizing antibodies to two or more HA subtypes, and antibodies to NP
between RUTUs and REKNs. Mean, subtype-specific prevalences were organized into
three class intervals designated “highest,” “intermediate,” and “lowest.” based on the

range of prevalences recorded for each species. Comparisons were made between
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species for individual years (2012, 2013, 2016) when sera were available for both
species as well as the mean prevalence for these three years. A Fisher’s exact test was
also used to compare the annual change in prevalence of neutralizing antibodies for
each HA subtype in RUTUs. The difference between antibody prevalence was
considered significant if P<0.05. The proportion of viral isolates in a given year was
calculated by dividing the number of IAVs of each HA isolated by the total number of
H1-H12 IAVs isolated that year. Calculations were performed in Stata 13.1 (StataCorp
LP, College Station, Texas, USA).
RESULTS

The prevalence of IAVs in RUTU samples at DB from 2012-2016 was 14%
(642/4587; 95% CI. 13-15%) and ranged from 9% in 2014 (74/823; 95% CI: 7-11%) to
20% in 2016 (139/697; 95% CI: 17-23%, Table 2.1). The mean prevalence of antibodies
to the NP, as determined by bELISA, in 2012, 2013, and 2016, for RUTUs and REKNs
was 62% (238/383; 95% CI: 57-67%) and 69% (172/251; 95% ClI: 63-74%),
respectively, and was not statistically different between species (P=0.107). Neutralizing
antibodies to one or more subtype of IAV were detected by MN in 36% (222/611; 95%
Cl: 33-40%) of 611 RUTUs sampled from 2012-2016 and in 66% (169/257; 95% CI: 60-
72%) of 255 REKNs sampled in 2012, 2013, and 2016. For the same years, neutralizing
antibodies to two or more subtypes were detected by MN in 18% (108/611; 95% CI: 15-
21%) of RUTUs and 49% (126/257; 95% CI. 43-55%) of REKNs. The mean MN
prevalence across 2012, 2013, and 2016 was significantly different by species for both

21 and 22 subtypes (P<0.001).
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Over the five years surveyed, HA-specific antibodies to H1-12 were detected in
RUTUs with H6, H9, and H11 detected in the highest prevalence (12, 11, 10%,
respectively), followed by H1, H3, H5, H10, and H12 at an intermediate prevalence (6-
8%), and H2, H4, H7, and H8 at the lowest prevalence (less than 2%). Prevalence
varied by year and subtype with the highest single-year prevalence of seropositive
RUTUSs recorded in 2016 for H1 (19%, Fig.2.1), while no antibodies were detected for
H4 or H8 in multiple years.

The degree to which annual RUTU serologic results corresponded to IAV
isolation data varied by IAV subtype (Fig. 2.1). While they were never dominant
subtypes, H6 and H11 IAVs were isolated every year surveyed. Antibodies to these
subtypes, along with H9, were detected at the highest mean rates. Subtypes H1, H10,
and H12 were each dominant or codominant IAVs in 2/5 yr of sampling. The annual
prevalence of antibodies to these subtypes varied but the mean prevalence over the
study period was intermediate compared to other subtypes. Subtypes H3, H5, and H9
IAVs were each isolated in two of five years but these were never dominant subtypes.
However; the mean antibody prevalence to these subtypes was also intermediate (H3
and H5), or high (H9) compared to other subtypes. The prevalence of antibodies to H7
fit isolation data the least well. Despite the repeated isolation of H7, which was also the
dominant subtype in 2015, antibody levels remained low (less than 2%) throughout the
study. One H4 IAV was isolated in 2014 and subtypes H2 and H8 were never isolated.
Prevalence of antibodies to these subtypes was also low (mean less than 2%). A
significant increase in neutralizing antibodies was detected for H1 from 2015 to 2016

(P=0.003) and corresponded with the detection of H1 IAVs in 2015. The number of
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neutralizing antibodies to H3 increased significantly from 2013 to 2014 (P=0.006) and
viruses of this subtype were isolated in 2014. The prevalence of neutralizing antibodies
to H10 increased significantly from 2015 to 2016 (P=0.005) and this was a dominant
IAV subtype in 2016. A significant decrease in neutralizing antibodies was detected for
H9 from 2012 to 2013 (P=0.018). Subtype H9 IAVs were detected in 2012, but not again
until 2016. No other single-year change in antibody prevalence was found to be
significant at a level of 5%.

In the three years that REKNs were surveyed, HA-specific antibodies to H1-H12
were detected with H6, H9, H11, and H1 detected in the highest prevalence (36, 35, 32,
28%). Antibodies to H5, H12, H2, and H10 were detected at an intermediate rate (23,
22, 15, and 15%). The prevalence of antibodies to the H7 was among the lowest (11%),
as were the prevalences of H3, H4, and H8 (less than 2%). The highest antibody
prevalence recorded for a single year was H9 in 2016 (43%, Fig. 2.1).

Because serological data from 2014 and 2015 are unavailable for REKNSs,
pairing antibody prevalences in REKNs to virus isolation data is challenging. The
subtype specific antibody patterns in REKNs mirrored that described for RUTUs with
two exceptions. While an intermediate prevalence of neutralizing antibodies to H3 was
detected in RUTUSs, only 1% of REKNs had antibodies to H3 despite this subtype being
isolated in 2016. In contrast, the prevalence of antibodies to H2 was intermediate in
REKNSs but low in RUTUs. No H2 IAVs were ever isolated.

For the three years when data were available for both species, the mean
antibody prevalence was significantly different by species for every subtype with the

exception of H4 (P=0.219). For individual years, antibody prevalence was significantly
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higher in REKNSs for most subtypes and most years (Fig. 2.1). Exceptions include H3,
which was significantly higher in RUTUs in 2016 but not different in 2012 or 2013
(P=0.104, P=0.626, respectively); H4, which was not significantly different in 2012
(P=0.262) and wasn’t detected in either species in 2013 and 2016; H5, which was not
significantly different in 2016 (P=0.090); H8, which was not detected in either species in
2013 and not significantly different in 2016 (P=0.090); and H10, which was not
significantly different in 2012 or 2016 (P=0.085, P=0.343, respectively).

DISCUSSION

Of the several shorebird species that feed alongside one another at DB, RUTUs
are the only species where 1AV is consistently isolated at high rates (Kawaoka et al.
1988; Hanson et al. 2008). Previous authors have suggested this may be attributed to
subtle behavioral differences such as feeding strategies or roost-site selection that lead
to higher rates of exposure (Hanson et al. 2008; Brown et al. 2010; Maxted et al. 2012).
The comparatively high rate of neutralizing antibodies in REKNs versus RUTUs
supports our hypothesis that population immunity may be an additional factor in
determining which species is infected at DB.

The extent of immunity that develops as a result of infections at DB versus
infections prior to arrival is unclear. Both species are long-distance migrants that could
potentially be infected at diverse sites and at different times in North and South
America. Unfortunately, the limited surveillance efforts in shorebirds and the few 1AV
detections reported from these species outside of DB provide an inadequate basis to
determine where or how population immunity develops or persists in them (Kawaoka et

al. 1988; Krauss et al. 2004; Hanson et al. 2008). Regardless, our data suggest that, as
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compared to RUTUs, REKNs at DB have antibody profiles that are more robust in
neutralizing antibody subtype prevalence and diversity.

We expected to detect a prodigious population of subtype-specific, neutralizing
IAV antibodies within the sampled RUTUs that would partially account for the shifting
IAV infection patterns. While it is unknown what antibody prevalence would be
necessary to drive the shift in annual dominant virus subtype, our data do not seem to
sufficiently account for this phenomenon. Nevertheless, they do reveal heretofore
uncharacterized patterns that may be related to the combined effects of IAV exposure
rates and antibody response. With regard to exposure as determined by the annual IAV
isolation results, several patterns were evident: rarely detected viral isolates with low
antibody prevalence (H2, H4, H8), occasionally detected viral subtypes with
intermediate prevalence (H1, H3, H5, H9, H10, H12), and routinely detected viral
isolates with a high antibody prevalence (H6, H11).

The source of the IAVs that contribute to annual infections at DB remains
unknown. Some subtypes may be maintained in the population at low prevalence and
occasionally emerge as a dominant subtype before receding to low, maintenance levels
of infection. This is possible with the majority of subtypes, particularly those within the
first two categories: rarely detected viral isolates with intermediate prevalence and
occasionally detected viral subtypes with intermediate prevalence. By contrast, many
have suggested migrating and resident ducks and gulls serve as a continual source of
IAV infection (Hanson et al. 2008; Guinn et al. 2016; Maxted et al. 2016). This is
plausible with subtypes that are represented nearly every year in low isolation

prevalence and high antibody prevalence (i.e., H6 and H11). In fact, Guinn et al. (2016)
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detected the highest prevalence of antibodies to H6 and H11 in gulls at DB, although
the directionality of viral transmission cannot be determined.

A final pattern observed was with neutralizing antibodies to H7. Viruses of this
subtype were isolated at DB in three of the five years and in 54% of viruses isolated in
2015. Despite this, the annual prevalence of neutralizing antibodies to H7 in RUTUs
was never above 2%. In recent years, H7 subtype viruses have received attention within
human health research because they appear to generate an antibody response that is
either reduced or not detectable by conventional hemagglutination inhibition (HI) or MN
assays, despite confirmed or suspected exposures of and infections in humans (Puzelli
et al. 2005; Skowronski et al. 2007; Guo et al. 2014). Humanized mice injected with
recombinant hemagglutinin from H7 viruses generated an antibody response that was
similar by bELISA, but significantly lower as measured by HI and MN compared to mice
injected with hemagglutinin from H1 and H3 viruses (Blanchfield et al. 2014). Infections
with H7 1AVs in shorebirds at DB may also generate fewer neutralizing antibodies or
antibodies that were less detectable by our MN assay as compared to other subtypes.

In a disease system involving long-lived hosts that are exposed to multiple 1AVs,
the potential exists for a manifestation of ‘original antigenic sin’ (OAS) to be influencing
antibody patterns. Under this framework, an imprinting occurs in a host upon first
exposure to an IAV and subsequent exposures generate a humoral response more
tailored to the original IAV than the challenge IAV (Fazekas de St. Groth and Webster,
1966). Subtle evidence of OAS was recently observed in a Mallard challenge study
(Latorre-Margalef et al. 2017). Currently, an effect of OAS on wild bird infection

dynamics, including those at DB, is plausible, but its magnitude remains unknown.
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Finally, our study demonstrates the importance to field research of assessing
subtype-specific antibody patterns. As demonstrated here, the infection status of one
species within an IAV system may reveal an incomplete story that is likely obscured by
heterosubtypic immunity. For example, viral shedding was abrogated, reduced, or
shortened in previously infected Mallards challenged with other subtypes of IAV while
antibodies to the challenge IAV were often still detected by MN (Segovia et al. 2017).
Extrapolating this to shorebirds at DB validates MN and other serologic tools as a
valuable component of IAV surveillance. In this study, it revealed unique patterns
related to the potential contribution of specific species and non-dominant viral subtypes
to IAV dynamics that would not be captured with infection data alone.

Interpretation of serologic data comes with limitations and is particularly complex
in relation to IAV in wild birds where multiple IAV subtypes annually infect numerous
avian species. The extent of cross reactive HA antibodies related to repeated infections
with different subtypes, the potential effects of antibodies to neuraminidase subtypes on
test specificity, and the duration of the detectable immune response are not well
established. In addition, many of these questions cannot be addressed in exhaustive
challenge studies. In its current form, serologic testing cannot replace virus detection,
but with technical refinement and improved interpretive guidelines, serologic data has
the potential to provide an additional and valuable perspective in our efforts to unravel
the epidemiology of 1AV in wild bird populations.
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Table 2.1: The prevalence of hemagglutinin (HA) subtype 1-12 influenza A viruses
(IAVs) isolated from ruddy turnstones (Arenaria interpres morinella, RUTU) and RUTU
feces, and percentage of RUTU and red knot (Calidris canutus rufa, REKN) sera that
were antibody positive by bELISA or microneutralization (MN) positive for neutralizing
antibodies to one or more 1AV HA subtypes at Delaware Bay, New Jersey, US from
2012-2016.

Year Virus bELISA MN

Isolation

RUTU REKN P-value? RUTU REKN P-value?

Percent positive (n) Percent positive (n)

2012 10 (1087) 69 (128) 65(102) 0573 36 (128) 61 (102) <0.001
2013  15(1002) 60 (115) 73(104) 0.046 31 (116) 66 (106) <0.001
2014 9 (823) 57 (115) - - 28 (115) - -
2015  17(978) 68 (111) - - 36 (112) - -

2016  20(697)  58(140) 67 (45)  0.382  49(140) 78(49)  <0.001

Sub-

14 (2786) 62 (383) 69(251) 0.100 39(384) 66(257) <0.001
TotalP
Totale 14 (4587) 62 (609) - - 36 (611) - -

aP-value for difference in percent positive between each species for given assay and
year.

b Mean percent positive from 2012, 2013, and 2016.

¢Mean percent positive for 2012-2016.
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Figure 2.1. The prevalence of antibodies to influenza A viruses (IAVS) in ruddy
turnstones (Arenaria interpres morinella, RUTU; gray bars) and red knots (Calidris
canutus rufa, REKN; white bars) as determined by microneutralization assay and
distribution of hemagglutinin (HA) subtype IAVs isolated from RUTUs and shorebird
fecal samples (asterisk) from 2012-2016 in Delaware Bay, New Jersey, US. The
number adjacent to asterisks is the percentage of IAVs of a given HA subtype,
calculated by dividing the number of isolated viruses of a given HA subtype by the total
number of IAVs isolated that year. Any number between 0 and 1% was rounded up to
1%. Subtypes marked with a dagger (1) were significantly different between species
(P=<0.05) for that year. Subtypes marked with a double asterisk (**) were significantly
higher in RUTUs compared to the previous year. Error bars represent 95% confidence
limits.
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CHAPTER 3
SUSCEPTIBILITY OF LAUGHING GULLS AND MALLARDS TO RUDDY

TURNSTONE-ORIGIN TYPE A INFLUENZA VIRUSES?

!Bahnson CS, Poulson RL, Hollander L, Crum JA, Stallknecht DE. Prepared for
submission to the Journal of Wildlife Diseases.
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ABSTRACT

Delaware Bay is the only documented location where influenza A virus (IAV) is
consistently detected in a shorebird species, the Ruddy Turnstone (RUTU; Arenaria
interpres morinella). Although this disease system has been well studied over the past
few decades, the importance of other species and the annual source of IAVs that infect
RUTUs each spring remains unclear. We determined the susceptibility of Mallards
(Anas platyrhynchos) and Laughing gulls (Leucophaeus atricilla), to 1AV isolated from
RUTUs in order to gain insight into potential sources and host range of these viruses.
Captive-reared gulls were challenged with RUTU-origin HGN1, HION7, HLI1N9, H12N4,
and H13N6 IAV; as well as Mallard-origin HGN1 and H11N9. We challenged captive-
reared Mallards with the same viruses, with the exception of HL3NG6. At a biologically
plausible challenge dose (10* EIDs0/0.1ml), one of five gulls challenged with both HEN1
IAVs briefly shed virus. The remaining gulls were resistant to infection with all viruses. In
contrast, all Mallards shed virus, with the exception of the H12N4 challenge group, in
which no birds were infected. These results demonstrate that mallards are permissive
to infection with viruses originating from a shorebird host and that interspecies
transmission could occur. However, based on these results we cannot identify either a
duck or gull source for these shorebird viruses as it is possible that host-adaptation of
IAVs to RUTUs may compromise their ability to be transmitted back to gulls.

INTRODUCTION

Delaware Bay, New Jersey (DE Bay) remains the only location where a high

prevalence of influenza A virus (IAV) is consistently detected in a shorebird species, the

Ruddy Turnstone (Arenaria interpres morinella; Hanson et al. 2008). This disease
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system has been well studied over the past few decades, yet the annual source of IAVs
that infect Ruddy Turnstones (RUTUSs) at DE Bay and the necessity of a multispecies
avian community to maintain these viruses in shorebird populations remains unclear.
Some have suggested these IAVs originate from gulls that cohabit DE Bay (Hanson et
al. 2008, Guinn et al. 2016). Laughing gulls (LAGU; Leucophaeus atricilla) are
commonly observed feeding alongside RUTU flocks during the stopover. Alternatively,
as RUTUs utilize marsh habitats that are also used by dabbling ducks such as Mallards
(Anas platyrhynchos), a waterfowl origin for these IAV cannot be discounted (Brown et
al. 2012; Maxted et al 2016).

Infections with IAVs have been documented in ducks and LAGUs in the area. By
searching surveillance data in the Influenza Research Database (IRD; Zhang et al.
2017) from Delaware, New Jersey, and New York, Guinn et al. estimated an IAV
prevalence of 3.1% in LAGUs from 1986-2014 (2016). This included IAV hemagglutinin
(HA) subtypes H1-4, 6, 7, 9-12, 13, and 16. Furthermore, antibodies to IAV were
detected in 61% of the 199 LAGUs sampled during the RUTU stopover from 2010-2014
and neutralizing antibodies to H1-H12 were detected (Guinn et al. 2016). Influenza A
virus was detected in 7.7% of 1,001 Mallards sampled in these same states from 2008-
2016 (Zhang et al. 2017). Hemagglutinin subtypes 1, 3, 4, 6, and 11 were detected.
Although sampling of Mallards occurred in September through December and likely
included a large portion of migratory birds, salt marshes at DE Bay are used by
resident, breeding Mallards and other dabbling duck species during the spring (Nichols

and Jones, 2015).
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Both ducks and gulls may contribute to IAV dynamics during the stopover by
serving as a source of IAVs, amplifying IAVs, or contributing to subtype reassortment.
However, it remains unknown to what degree 1AVs can be readily transmitted between
these species. The conservation status of RUTUs and logistical concerns precludes an
experimental challenge of RUTUs with gull and duck-origin IAVs. However, the ability of
RUTU-adapted IAVs to be transmitted back to ducks or gulls provides an indication of
the potential for these viruses to be shared among these birds. In this study, we
challenged Mallards and LAGUs with RUTU-origin IAVs to assess the degree to which
adaptation of IAVs to RUTUs permits or precludes subsequent infections in ducks and
gulls.

MATERIALS AND METHODS
Viruses

The seven, wild-bird origin, low pathogenic IAVs included: A/ruddy
turnstone/NJ/UGAI14-1984/2014 (H6N1, “RUTU H6N1”), A/mallard/MN/AI09-4345/2009
(H6N1, “MALL H6N1”), A/ruddy turnstone/NJ/Al09-036/2009 (H10N7, “RUTU H10N7”),
A/ruddy turnstone/NJ/AI09-1164/2009 (H11N9, “RUTU H11N9”), A/mallard/MN/AIO8-
3267/2008 (H11N9, “MALL H11N9”), A/ruddy turnstone/NJ/UGAI14-1995/2014 (H12N4,
“RUTU H12N4”), A/ruddy turnstone/NJ/UGAI14-1436/2014 (H13N6, “RUTU H13N6").
Viruses were propagated by second passage in 9- to 11-day old specific pathogen free,
embryonated chicken eggs (ECES). Viruses were titrated in ECEs and the 50% embryo
infectious dose was calculated using the Reed and Muench Method (Reed and Muench
1938). On day 0, inocula were diluted in brain-heart infusion (BHI) media to the desired

50% embryo infectious dose (EIDso) and back titrations were performed in ECEs to
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confirm the titer. The calculated titers per 0.1mL were 10* EIDso for RUTU H6N1, 105/
EIDso for MALL H6N1, 103° EIDso for RUTU H10N7, 10417 EIDso for RUTU H11N9,
10*17 EIDso for MALL H11N9, 10383 EIDso for RUTU H12N4, and 103° EIDso for RUTU
H13N6. We chose this viral challenge dose (10* EIDso/0.1ml) because previous work
suggests that a challenge dose of 10° EIDs0/0.1ml of H5SN2, H3N8, or H7N3 was
sufficient to infect all LAGUs (Costa et al. 2011), and 10* EIDso/0.2ml of H13N9 was
sufficient to infect 7/8 Ring-billed gulls (Brown et al. 2012).
Animals

All husbandry, procedures, and methods used in this study complied with the
animal care and use proposal approved by the Institutional Animal Care and Use
Committee at the University of Georgia (AUP # A201609-012-Al). Laughing gulls were
acquired under appropriate federal and state permits (MB779238-2 and SC-17-2017)
through the Southeastern Cooperative Wildlife Disease Study, University of Georgia.
One to five-day-old chicks were hand-caught in Charleston County, South Carolina.
They were raised in confinement at UGA to six weeks of age, then transferred to a BSL-
2Ag+ facility where they were randomly assigned to groups of five individuals and
placed in poultry isolators. One-day-old Mallards were purchased from a commercial
supplier (Metzer Farms, Gonzales, CA). They were raised in confinement at UGA to 4-5
weeks of age, then transferred to the BSL-2Ag+ facility where they were randomly
assigned to groups of five individuals and placed in poultry isolators. On the day they
were transferred to the new facility, all birds tested negative for antibodies to the 1AV
nucleoprotein (NP) by blocking enzyme-linked immunosorbent assay (bELISA;IDEXX

Laboratories, Westbrooke, ME;Brown et al. 2010).
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All birds were allowed to acclimate in the BSL-2-Ag+ facility for 72 hours. On day
0, all five gulls in each isolator were inoculated via the choanal cleft with 0.1mL of
inoculum containing one of the seven viruses listed. Mallards were inoculated in the
same manner with the same viruses, with the exception of RUTU H13N6.

Birds were monitored twice daily for evidence of clinical signs. Cloacal and
oropharyngeal swabs were collected at 0, 2, 4, 6, and 14 days post inoculation (DPI).
Swabs were placed in separate tubes containing 2 ml of BHI media supplemented with
antimicrobials and were kept cold until long-term storage at -80C. Before they were
frozen, virus isolation was attempted from all swabs collected at 4 DPI (Webster et al.
2002). All swabs were thawed once and extraction of RNA and molecular detection via
guantitative real-time reverse transcriptase PCR (QRT-PCR) was attempted (Brown et
al. 2013). Cycle threshold (CT) values below 40 were considered positive. Serum was
collected prior to inoculation and at 14 DPI. All birds were humanely euthanized at 14
DPI via COz inhalation followed by cervical dislocation.

All sera were tested for antibodies to the NP by blocking enzyme-linked
immunosorbent assay bELISA. In addition, the 14 DPI sera from all birds excluding the
H13 group were tested for neutralizing antibodies to the hemagglutinin subtype that the
bird was challenged with (Wong et al. 2016). Viruses used as antigens included
A/mallard/MN/Sg-00796/2008 (H6N1), A/mallard/MN/SG-00999/2008 (H10N7),
A/mallard/MN/SG-00930/2008 (H11N9), and A/mallard/MN/AI07-3285/2007 (H12N5).
The H13 group was excluded from microneutralization (MN) testing because adequate
viral titers of H13 IAV cannot be achieved in Madin-Darby canine kidney cells (American

Type Culture Collection, Manassas, Virginia) through conventional methods.
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Challenge Virus Sequence Analysis and Phylogenetics

Complete sequences were generated for all hemagglutinin genes from the seven
IAVs used as inocula and assembled as described (Mena et al. 2016). Nucleotide
sequences (1737-1760 bp) for HA gene segments were compared to sequences on
NCBI GenBank using the nucleotide Blast function (accessed 26 September 2018). The
relationships between HA genes within subtype were assessed through phylogenetic
analysis by comparing nucleotide sequences for HA genes sequenced as part of this
study with those available on the NCBI GenBank Influenza Virus Resource databased
(accessed 18 July 2018). Sequences were aligned and cropped to a common length
and maximum-likelihood trees were constructed with MEGA version 6.0 (Tamura, 2013)

Based on results from Gambaryon et al. 2018 that reported differences in amino
acids at position 222 (H3 numbering system) in viruses from ducks, shorebirds, and
gulls, the amino acid at this position was determined for each challenge virus.
Hemagglutinin protein sequences of each isolate were converted to H3 numbering
using the cross-subtype numbering method (Burke and Smith, 2014).
Statistics

The durations of shedding and mean CT values were compared for mallards
challenged with RUTU H6N1 versus MALL H6N1 and Mallards challenged with RUTU
H11N9 versus MALL H11N9. The duration of shedding was assessed by using a non-
parametric test (Wilcoxon rank-sum test). The CT-values were compared for days 2, 4,
and 6 using linear mixed models with bird as a random effect. Negative rt gRT-PCR
results were assigned a value of 45. All calculations were performed in STATA 15.1

(StataCorp LP, College Station, Texas).
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RESULTS

No birds displayed clinical signs during the study. One LAGU from both groups
challenged with an H6N1 virus briefly shed virus via the oropharyngeal route (Table 1).
With the exception of the group challenged with RUTU H12N4, all Mallards shed virus
through the cloacal and oropharyngeal route beginning at 2 DPI. Shedding from both
routes continued for most Mallards through 6 DPI. With the exception of two Mallards
challenged with MALL H11N9, viral shedding was no longer detected by day 14. Virus
isolation from swabs collected at 4 DPI confirmed gRT-PCR data: viable IAVs were
isolated from all birds that were positive by gqRT-PCR.

The mean duration of oropharyngeal shedding was longer for Mallards infected
with MALL HE6N1 compared to RUTU H6N1 (4 versus 2 days; P=0.009). A significant
difference was not detected in the median duration of cloacal shedding between these
groups, nor was a significant difference detected for the median duration of cloacal or
orphorpharyngeal shedding between Mallards challenged with MALL H11N9 compared
to Mallards challenged with RUTU H11N9. The mean CT value of oropharyngeal
shedding for Mallards challenged with RUTU H6N1 was significantly lower than the
MALL H6N1 group at 2 DPI (27.7 versus 31.8; P=0.001) and 4 DPI (29.8 versus 27.7,
P=0.02; Figure 1). At 6 DPI, the mean CT value for oropharyngeal shedding was lower
for the MALL H6N1 group (35 versus 45; P<0.001). The mean CT value for cloacal
shedding was not significantly different between the two HG6N1 groups at 2 and 4 DPI
but it was significantly lower for the MALL H6N1 group at 6 DPI (29.5 versus 36.3;

P<0.001). There was no significant difference detected between the mean CT value of
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oropharyngeal or cloacal shedding for the Mallard groups challenged with MALL H11N9
versus RUTU H11N9.

All five Mallards challenged with MALL H6N1, RUTU H10N7, and MALL H11N9
seroconverted as determined by MN (Table 1). Four Mallards in the RUTU H6N1 group
and one Mallard in the RUTU H11N9 group also seroconverted by MN. Results of
bELISA testing mirrored MN results for these groups except for three Mallards in the
RUTU H6N1 and one Mallard in the MALL H11N9 group that were only seropositive by
MN. No Mallards in the RUTU H12N4 seroconverted by bELISA or MN. One LAGU
challenged with MALL H6N1 seroconverted as determined by bELISA but no LAGUS
were positive by MN.

The HA genes for five of the 1AV isolates used in this study shared high identity
(298%) with isolates derived from wild ducks in North America. The RUTU H6 from
2014 was 98% identical at the nucleotide level to a RUTU H6 isolated in 2012, and the
RUTU H13 was closely related (99%) to a ring-billed gull H13, also detected two years
prior to 2014. Inferred phylogenetic relationships for RUTU H6N1 and MALL H6N1 are
shown in Figure 2. RUTU H6NL1 is closely related to Anseriformes H6 viruses detected
in the same and previous years. Similar phylogenetic relationships were inferred from
the H10, H11, and H12 IAVs used in this study with RUTU isolates clustering with duck
isolates (data not shown).

At consensus position 222 on the HA, RUTU H6N1 harbored a proline; MALL
H6N1 harbored an alanine; RUTU H10N7 harbored a leucine; RUTU H11N9 harbored
an arginine; Mall H11N9 harbored a lysine; RUTU H12N5 harbored a valine; and RUTU

H13N6 harbored a glycine.
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DISCUSSION

In a previous study of IAV host range for IAV isolated from shorebirds, Kawaoka
et al. (1988) challenged leghorn chickens (Gallus gallus domesticus) and Pekin ducks
(Anas platyrhynchos domesticus) with several IAVs isolated from DE Bay. Because
many of the viruses did not infect either species, Kawaoka et al. concluded that a
separate “gene pool” of IAVs resides in gulls and shorebirds. In the present study,
Mallards were susceptible to three of the four RUTU-origin IAVs. By comparison, at
what we argue is a biologically plausible challenge dose (10* EIDso), LAGUs were far
more resistant to several IAVs of varying subtypes. Phylogenetic mapping of the HA
genes suggests that all seven challenge viruses were good representatives of viruses in
circulation in North American Anseriformes. HA genome sequences closely matched
other viruses isolated close to or during the same year at similar locations, in similar
shorebird species, and ducks. This lends strength to our overall conclusion: Mallards
are more susceptible than LAGUs to RUTU-adapted viruses of several hemagglutinin
subtypes. However, exceptions to this theme were observed in three of the five HA
subtypes: H6, which replicated poorly in gulls; H12, which did not replicate in either
species; and H13, which did not replicate in gulls but was not used to challenge
Mallards.

That some LAGUs and all Mallards were susceptible to both H6 I1AVs is not
surprising. This was the most common HA subtype isolated during 26 years of
surveillance in Canadian wild ducks, and it appears to have the largest host range
(Krauss et al. 2004, Munster et al. 2007). At DE Bay, the subtype was well represented

in LAGU isolation and serology data (Guinn et al. 2016). Additionally, Franklin’s gulls
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were readily infected with 1034° EIDso of a domestic turkey origin HGN2 (Bahl and
Pomeroy, 1977).

The failure to detect virus in gulls challenged with H12, as well as H10, is
consistent with field observations from DE Bay that have found low antibody prevalence
in gulls despite the common occurrence of these subtypes in shorebirds (Guinn et al.
2016). However, there is no field data to suggest that Mallards would be resistant to
RUTU H12N4. As it turns out, the results of this study may reveal more about the
challenge virus than the potential host. In a previous study, 10%° EIDso of Mallard-origin
H12N5 was insufficient to re-infect Mallards previously challenged with Mallard-origin
H3N8, but this dose was sufficient to infect Mallards with Mallard-origin H4N5, H10N7,
and H6N2 (Latorre-Margalef et al. 2017). A recombinant virus expressing H12
replicated to much higher titers in embryonated chicken eggs as compared to MDCK
cells (107%vs 10%4; Keawcharoen et al. 2010), which may be a result of the lower
cleavage activity trypsin has on the H12 protein compared to other hemagglutinin
subtypes (Galloway et al. 2013). As a result, the embryo infectious dose 50 may be a
less reliable correlate to bird infectious dose 50 for H12 as compared to other subtypes.

Our H13 results were perhaps the most unexpected, as this is considered a gull-
adapted subtype (Arnal et al. 2014). Annual cycles of H13 infections in gull nesting
colonies are driven by young, naive birds (Verhagen et al. 2015). As fledglings age,
they become more mobile within a nesting colony, theoretically leading to an increase in
contact between individuals which coincides with waning yolk-derived antibodies
(Verhagen et al. 2014). This is typically followed by a rapid spread of H13 IAVs through

the nesting colony which may occur in chicks as young as three weeks of age (Velarde
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et al. 2010). The one to five-day old gull chicks we collected were among the first to
hatch in that nesting colony and were presumably removed prior to IAV circulation.
Furthermore, they were raised to six weeks of age, past the point of detectable yolk-
derived antibody level. It therefore seems unlikely that previous exposure history or
yolk-derived immunity reduced the susceptibility of LAGUSs in this study. Alternatively,
these results may provide further evidence that RUTU-adaptation of an IAV comes at
the expense of fitness in LAGU. Further studies involving multiple H13 IAV isolates
would be required to assess this possibility.

This study demonstrated a resistance of LAGUSs to infection with RUTU and
Mallard-adapted IAVs, but the underlying determinants of this observed host restriction
are not fully understood. However, one key adaptation of a duck virus to gulls may be a
shift in preferential affinity for sialic acids bound to a penultimate galactose that is
fucosylated (Gambaryan et al. 2005). For at least some IAV subtypes, the ability to bind
to “gull” sialic acid receptors is obtained through a substitution to a less bulky amino
acid at position 222 in the HA (H3 numbering system; Gambaryan et al. 2018). This
provides one possible mechanism by which our challenge viruses failed to replicate in
gulls. For example, RUTU H11N9 had an arginine at position 222 that is even larger
than lysine observed at this position in most H11 IAVs isolated from Anseriformes,
including MALL H11N9. This same substitution was observed in a portion of 94
shorebird isolates, but none of 12 gull isolates (Gambaryan et al. 2018). Consequently,
the “bulkier” amino acid in RUTU H11N9 may have compromised its ability to bind to
fucosylated sialic acid receptors in gulls. The importance of amino acids at 222 was not

evaluated for H10 and H12 viruses, and substitutions at other positions, such as 227,
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appear to be important for enabling H6 and H13 proteins to bind to fucosylated
receptors (Gambaryan et al. 2018). Infection dynamics at DE Bay may provide selective
pressure for IAVs that result in a loss of affinity for gull fucosylated receptors. This is an
area of future research that may be aided by our results, including sequence data from
our challenge viruses, as well as those from field isolates.

The impetus for this study was the desire to determine the source of IAVs
infecting RUTUs at DE Bay each year. We approached the question by evaluating the
degree to which RUTU-adaptation permitted or precluded subsequent infection in
LAGUs and Mallards. Susceptibility of a species, as determined by the mean infectious
dose required to infect a given species, is an indicator of how host-adapted a particular
IAV is to a species (Swayne and Slemons 2008). Thus, the overall pattern of our
findings demonstrated that RUTU-origin IAVs are poorly host-adapted to LAGUSs, yet
readily infect ducks. While either ducks or gulls may be a source of IAVs for RUTUs at
DE Bay, host-adaptation to RUTUs may compromise the ability of these viruses to be
transmitted back to gulls, whereas, IAVs may be readily exchanged between RUTUs
and ducks.
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Table 3.1. Summary of testing results for Laughing Gulls (Leucophaeus atricilla) and Mallards (Anas platyrhynchos)
challenged with a given strain of influenza A virus. Oropharyngeal (OP) and cloacal (CL) swabs were collected at days 0,
2, 4, 6, and 14 days post-inoculation and later tested by real-time reverse-transcription PCR (qRT-PCR). Serum was
collected at 14 days post-challenge and tested by enzyme linked immunosorbent assay and microneutralization.

Day O Day 2 Day 4 Day 6 Day 14 Seroconversion

Species  Virus? OP CL OP CL OP CL OP CL OP CL
RUTU H6N1  0/5® 0/5 1/5 0/5 1/5 0/5 0/5 0/5 0/5 0/5 0/5
MALL H6N1 0/5 0/5 0/5 0/5 1/5 0/5 0/5 0/5 0/5 0/5 1/5
Laughing RUTU H1ION7 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
Gull RUTUH1IN9 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
MALL H1IN9 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
RUTU H12N4 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
RUTUH13N6 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
RUTU H6N1 0/5 0/5 5/5 5/5 5/5 5/5 0/5 3/5 0/5 0/5 4/5
MALL H6N1 0/5 0/5 5/5 5/5 5/5 5/5 5/5 5/5 0/5 0/5 5/5
Mallard RUTU HION7 0/5 0/5 5/5 5/5 5/5 5/5 2/5 5/5 0/5 0/5 5/5
RUTU H1IN9 0/5 0/5 5/5 5/5 5/5 5/5 5/5 5/5 0/5 0/5 1/5
MALL H1IN9 0/5 0/5 5/5 5/5 5/5 5/5 5/5 5/5 0/5 2/5 5/5
RUTU H12N4 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5

@ Challenge viruses: A/ruddy turnstone/NJ/UGAI14-1984/2014 (H6N1, “RUTU H6N1"), A/mallard/MN/AI09-4345/2009
(H6N1, “MALL H6N1”), A/ruddy turnstone/NJ/AI09-036/2009 (H10N7, “RUTU H10N7”), A/ruddy turnstone/NJ/AI09-
1164/2009 (H11N9, “RUTU H11N9”), A/mallard/MN/AI08-3267/2008 (H11N9, “MALL H11N9”), A/ruddy
turnstone/NJ/UGAI14-1995/2014(H12N4, “RUTU H12N4”), A/ruddy turnstone/NJ/UGAI14-1436/2014 (H13N6, “RUTU
H13N6")

® Number positive/number challenged
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Figure 3.1. Mean cycle threshold (CT) values of oropharyngeal and cloacal swabs
collected from Mallards (Anas platyrhynchos) 2, 4, and 6 days after inoculation. Five
Mallards were challenged with one of the following viruses: Mallard-origin HGN1, RUTU-
origin H6N1, Mallard-origin H11N9, and RUTU-origin H11N9. Negative results were
assigned a CT value of 45. Days when a significant difference in mean CT values was
detected between challenge groups are designated with an asterisk (*). Error bars
represent 95% confidence intervals.
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Figure 3.2. Maximum likelihood phylogenetic subtree showing inferred relationship
among nucleotide sequences for the hemagglutinin gene of influenza A viruses of the
H6 subtype. Bootstrap values less than 70 are omitted. Isolates characterized as part of
this study are identified with a filled diamond (Mall HG6N1) or a filled circle (RUTU HEN1).
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CHAPTER 4
EXPERIMENTAL INFECTIONS AND SEROLOGY PROVIDE EVIDENCE FOR
INCLUDING WHITE IBIS (EUDOCIUMS ALBUS) AMONG THE TYPE A INFLUENZA

VIRUS NATURAL RESERVOIR SYSTEM!?

Bahnson CS, Hernandez SM, Poulson RL, Cooper RE, Curry S, Ellison TJ, Stallknecht
DE. Prepared for submission to Journal of Wildlife Diseases.
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ABSTRACT

The American White Ibis (Eudocimus albus) is a nomadic wading bird common to
many coastal habitats in the southeastern United States. In South Florida, habitat
encroachment has driven a large number of Ibis to become highly urbanized. While they
forage in neighborhood parks, artificial wetlands, backyards, and golf courses, the
majority continue to nest and roost in natural wetlands, often in dense colonies. Adults
and juveniles commonly disperse thousands of kilometers to other breeding colonies in
the Southeast, resulting in potential close contact with humans, domestic animals and
other wild bird species. Historically, wading birds were not considered significant hosts
for influenza A virus (IAV), yet as Ibis regularly move among various human, domestic
animal, and wildlife interfaces, their potential to be exposed or infected with IAV
deserves attention. To investigate this: we experimentally challenged wild-caught,
captive-reared Ibis with three low pathogenic IAVs; tested wild Ibis for IAV; and
serologically tested wild Ibis for antibodies to IAV. Ibis were highly susceptible to
experimental challenge with HGN1 and H11N9 IAVs with cloacal shedding lasting an
average of six days. All thirteen infected birds seroconverted by 14 days post infection
as determined by microneutralization. In contrast, no Ibis challenged with H3N8 were
infected. We tested 118 swabs and 330 serum samples from Ibis captured in
southeastern Florida for IAV infection and antibodies to IAV, respectively. Although no
IAVs were isolated, 59% were antibody-positive by blocking enzyme-linked
immunosorbent assay (bELISA). Neutralizing antibodies to H1-H12 were detected in
96% of bELISA positive birds and 81% tested antibody positive to two or more HA

subtypes, indicating that exposure to multiple IAVs is common. These results provide
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compelling evidence that Ibis are susceptible and naturally infected with IAV and may
represent a component of the IAV natural reservoir system.
INTRODUCTION

Since the isolation of low pathogenic influenza A virus (IAV) in free ranging
waterfowl in 1972, extensive research and surveillance efforts have firmly established
that wild bird species of two orders, Anseriformes and Charadriiformes, are important
for maintaining IAVs (Slemons et al. 1972, Webster et al. 1992, Olsen et al. 2006).
Although our understanding of temporal and spatial patterns of infection in these orders
has grown considerably, many questions pertaining to IAV maintenance and the
potential contribution of other species within avian communities remain. To understand
the full scale of the natural IAV reservoir, our research scope may need to be
broadened to focus on the role of other species not conventionally recognized as 1AV
hosts (Caron et al. 2017).

With this in mind, a starting point is to consider species with life histories
compatible with established IAV ecology and that have contact with known 1AV
reservoirs. One such species is the American White Ibis (Eudocimus albus). Like
dabbling ducks, gulls, and shorebirds, Ibis utilize aquatic habitats and nest and roost in
dense colonies that can number as high as 100,000 pairs in a single colony (Frederick
et al. 1996). Although not classically considered a migratory bird, Ibis cohabit areas
utilized by overwintering Anseriforme and Charadriiforme species (Sauer et al. 2016).
While all Ibis return to natural areas during the breeding season in the spring, a large
portion of Ibis in southern Florida have become highly urbanized, resulting in close

contact with humans, peridomestic waterfowl, backyard poultry, and other avian species

82



as they frequent parks, golf courses, backyards, and zoos where they forage
(Hernandez et al. 2016, Murray et al. 2017). Furthermore, individuals may disperse as
far as 1600 km to other populations throughout the southeastern United States
(Frederick et al. 1996). Thus, Ibis may serve to maintain, amplify, or disseminate IAVs
throughout the region while also presenting a potential threat to human and domestic
animal health.

Ibis are members of the Order Pelicaniformes which also includes herons and
egrets. Birds in this Order have rarely been a focus of IAV surveillance, yet viral
detections or serologic evidence of infections have been reported from this group of
birds on all continents excluding Antarctica (e.g. Pfitzer et al. 2000 (South Africa;
Hadada Ibis); Ellis et al. 2004 (China; Egrets and Grey Herons); Epstein et al. 2007
(Australia; Australian White Ibis); Ghersi et al. 2009 (Peru; Peruvian pelican); Niqueux
et al. 2010 (France; Sacred lbis); Siembieda et al. 2010 (California, USA; Egrets and
Herons)). Importantly, Grey Herons (Ardea cinerea) are one of species from which
viruses have been commonly isolated during recent highly pathogenic IAV outbreaks in
Eurasia (Lee et al. 2017; Pohimann et al. 2017; Woo et al. 2017).

Given their life history, investigating the potential for Ibis to be exposed to and
infected with IAVs was warranted. In this study, we hypothesized that Ibis are
susceptible and naturally infected with IAV and that wading and related wading birds
may be an important component of the 1AV natural reservoir system. We assessed this
by 1) experimentally challenging wild-caught, captive reared Ibis with three low
pathogenic IAVs; 2) testing wild-caught Ibis for IAVs; and 3) testing sera from wild-

caught Ibis for antibodies to IAV.
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MATERIALS AND METHODS

Experimental Infection

All husbandry, procedures, and methods used in this study were approved by the
University of Georgia Institutional Animal Care and Use Committee (UGIACUC; Animal
Use Permit # A201609-012-A1). White Ibis were acquired under Florida scientific
collection permit number LSSC-11-00119G and federal collection permit number
MB779238-2 through the Southeastern Cooperative Wildlife Disease Study, University
of Georgia. Twenty, approximately two- week-old nestlings were hand-caught in
Broward County, Florida. They were raised in confinement at UGA to approximately
seven months old, then transferred to a BSL-2Ag+ facility where they were assigned to
one of three groups housed in separate rooms. The H3N8 and H6N1 groups each
included five challenge birds with two control birds that had direct contact with challenge
birds. The H11N9 group included four challenge birds and two control birds. Water was
provided in 43.2 cm diameter, round rubber tubs. Four tubs were used in each room
and filled to a depth of approximately 7.5 cm. These were cleaned and refilled with fresh
water a minimum of twice daily. Birds were fed a mixture of a commercially-available
pelleted diet (Mazuri flamingo breeder; PMI Nutrition International LLC, St. Louis, MO),
seafood (smelt, shrimps), and supplements in platters twice daily. Platters were cleaned
and sanitized twice daily.

The three, Mallard-origin, low pathogenic IAVs used in this study included:
A/mallard/MN/AIO7-4724/2007 (H3N8), A/mallard/MN/AI09-4345/2009 (H6N1), and
A/mallard/MN/AI08-3267/2008 (H11N9). Viruses were propagated by second passage

in 9- to 11-day old specific pathogen free, embryonated chicken eggs (ECESs). Viruses
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were titrated in ECEs and the 50% embryo infectious dose was calculated using the
Reed and Muench Method (Reed and Muench 1938). On day 0, inocula were diluted in
brain-heart infusion (BHI) media to the desired EID 50 and back titrations were
performed in ECEs to confirm the titer. The calculated titers were 1056 EIDso/0.1ml of
H3N8, 1052 EIDso/0.1ml of HEN1, and 1062 EIDso/0.1ml of H11NO.

Birds were allowed to acclimate in the BSL-2AG+ rooms for ten days prior to
inoculation. Three days prior to inoculation, blood was collected from each bird by
jugular venipuncture at a total volume less than or equal to 1% of the individual’s body
mass. All birds tested negative for antibodies to the nucleoprotein (NP) by blocking
enzyme-linked immunosorbent assay (bELISA) (IDEXX Laboratories, Westbrooke, ME)
(Brown et al. 2010). On day 0, challenge birds were inoculated via the choanal cleft with
0.1mL of inoculum containing one of the three viruses listed. Control birds were
inoculated via the choanal cleft with 0.1mL of BHI media.

Ibis were monitored a minimum of twice daily for evidence of clinical signs.
Cloacal and oropharyngeal swabs were collected immediately prior to inoculation and at
2,4, 6, 8,10, and 14 days post inoculation (DPI). All swabs were placed in separate
tubes containing 2 ml of BHI media supplemented with antimicrobials and were kept on
ice packs until long-term storage at -80C. At 4DPI, water from each tub (four per room)
was sampled by saturating a sterile cotton tipped applicator (Puritan Medical Products
Company LLC, Guilford, ME) prior to the tub being cleaned. An additional serum
sample was collected at 14 DPI, at which time all birds were humanely euthanized via

CO:z2 inhalation, followed by cervical dislocation.
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Virus isolation from all swabs collected at 4, 10, and 14 DPI was attempted in 9-
11 day old ECEs (Webster et al. 2002). Extraction of RNA and molecular detection via
guantitative real-time reverse transcriptase PCR (qrtPCR) was attempted on all swabs
(Latorre-Margalef et al. 2017). Cycle threshold values below 40 were considered
positive. All sera were tested for antibodies to the NP by bELISA, and sera collected at
14 DPI were tested for neutralizing antibodies to H1-12 by microneutralization (MN;
Wong et al. 2016). Viruses used as antigens included A/mallard/NJ/A112-4823/2012
(HIN1), A/mallard/MN/AI08-2755/2008 (H2N3), A/mallard/MN/AI10-2593/2010 (H3N8),
A/mallard/MN/AI10-3208/2010 (H4ANG6), A/mallard/MN/AI11-3933/2011 (H5N1),
A/mallard/MN/Sg-00796/2008 (H6N1), A/mallard/MN/AI08-3770/2009 (H7N9),
A/mallard/MN/SG-01048/2008 (H8N4), A/RUTU/DE/AI11-809/2011 (HON2),
A/mallard/MN/SG-00999/2008 (H10N7), A/mallard/MN/SG-00930/2008 (H11N9), and
A/mallard/MN/AI07-3285/2007 (H12N5). Viral subtypes H13 and H16 were not included
in testing because appropriate viral titers cannot be achieved in Madin-Darby canine
kidney cells (American Type Culture Collection, Manassas, Virginia, USA) with
conventional techniques.
Serologic testing of wild Ibis

White Ibis were live captured in Palm Beach and Martin Counties in Southern
Florida between October 2015 and August 2017 under Florida scientific collection
permit number LSSC1-11-100119G and federal collection permit number MB779238-2.
Birds were captured using nylon slip-knot leg lassos, modified manually operated flip
traps, and mist nets with decoys (Murray et al. 2018). Blood samples were collected by

jugular venipuncture at a total volume less than or equal to 1% of the individual’s body
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mass. Samples were kept on ice until they could be centrifuged within two hours of
collection. The plasma fraction was aliquoted and stored at -20 C until testing by
bELISA, and then stored at -80 C until testing for neutralizing antibodies to H1-12 by
MN as described above. Wild Ibis capture and handling was approved by the UGIACUC
(Animal Use Permit number A2016 11-019-Y2-Al).

Virus Isolation from wild Ibis

White Ibis were live captured in Palm Beach County, Florida in March 2010
(n=60) and August 2013 (n=21) as part of a previous study (Hernandez et al. 2016).
Thirty-seven birds were also captured in March 2014 under Florida scientific collection
permit number LSSC-11-00119C, federal collection permit number MB779238-2, and
UGIACUC AUP number A2013 01-005-R3. An oropharyngeal swab and either cloacal
or fecal swab were collected from each bird and placed in a single vial containing 2 ml
of BHI media supplemented with antimicrobials. These were kept on ice packs until
placed in long-term storage at -80C. They were later thawed and virus isolation was
attempted in 9-11 day old ECEs (Webster et al. 2002).

Statistical Analysis:

The average duration of cloacal and oropharyngeal shedding for each viral
challenge group was calculated by taking the mean number of days positive qrtPCRs
were collected from challenged birds. The mean CT-value was calculated for
oropharyngeal and cloacal samples from challenged birds in each group each day.
Negative grt-PCR results were assigned a value of 45.

Wild Ibis plasma samples collected in February and March were designated

“spring”; samples collected in June, July, and August were designated “summer”; and
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samples collected in October and November were designated “fall.” The Kruskal-Wallis
test was used to compare the number of bELISA positive samples between seasons. It
was also performed comparing the prevalence of neutralizing antibodies for each
subtype between seasons. All calculations were performed in STATA 15.1 (StataCorp
LP, College Station, Texas, USA).

RESULTS
Experimental Challenge

No evidence of clinical disease was observed in any bird. All birds inoculated
with HGN1 and H11N9 shed virus as detected by qrtPCR and virus isolation, while no
virus was detected from the H3N8 group (Table 1). Cloacal shedding lasted longer than
oropharyngeal shedding for both infected groups, averaging 6 days for the HGN1 group
and 5 days for the H11N9 (Figure 1). For both groups, the inverse mean CT-value of
oropharyngeal shedding peaked at 4 DPI while the value for cloacal shedding peaked at
6 DPI.

Both control birds in the HGN1 and H11N9 groups also became positive. Virus
was detected by qrtPCR in all water samples collected from the HGN1 and H11N9
challenge rooms. It was isolated from three of four samples collected in the HGN1 room
and two of four samples from the HL1N9 room. Virus was not detected or isolated from
the four water samples collected in the H3N8 challenge room.

By 14 DPI, three of five inoculated birds and one of two control birds in the HGN1
group seroconverted, as determined by bELISA (Table 1). Neutralizing antibodies to H6
were detected in all birds in this group Two birds also had neutralizing antibodies to

the H1 antigen. All inoculated birds and one of two control birds in the HL11N9 group
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seroconverted, as determined by bELISA. Neutralizing antibodies to H11 were detected
in all birds in this group. Antibodies to other HA subtypes were not detected. None of
the birds in the H3N8 group seroconverted as detected by bELISA or MN.
Virus isolation and IAV antibodies in Wild Ibis

No viruses were isolated from the 118 samples collected from wild Ibis.
Antibodies to the nucleoprotein (NP) were detected by bELISA in 58.6% of serum
samples collected from wild birds (95% CI 53.3-63.9; Figure 2). The seasonal NP
antibody prevalences for fall, spring, and summer were 58.9, 63.4, and 50.0%,
respectively. These were not significantly different at a level of 5% over all three
comparisons. In bELISA positive samples, neutralizing antibodies to one or more HA
subtypes were detected in 95.9% (93.1-98.7) of 196 birds. Antibodies to H6, H12, H9,
H5, and H1 were most commonly detected (39.4 — 61.6%). Antibodies to H3, H4, and
H8 were rarely or never detected (< 2.0%). There was not a significant difference in the
prevalence of neutralizing antibodies by season for any subtype (P>0.05).

DISCUSSION

A pathogen reservoir can consist of a system of interconnected maintenance and
non-maintenance populations (Haydon et al. 2002). Species in the Anseriformes and
Charadriiformes are well recognized components of the IAV reservoir system, yet we
have a nascent understanding of how other species contribute to IAV maintenance
dynamics. The unique life history of Ibis, particularly those that exploit urban
environments during their non-breeding period, puts them in close contact with
peridomestic and native waterfowl, gulls, and several other aquatic and semi-aquatic

avian species, some of which they would never contact in natural settings. Our results
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indicate that Ibis can be experimentally infected with IAV and that a high proportion
have serologic evidence of previous natural infections. Given their shift from natural
foraging to urban living, Ibis may become more significant to IAV epidemiology.

The relatively high antibody prevalence detected in wild Ibis is comparable with
those detected in a number Anseriformes and Charadriiformes species (e.g. Maxted et
al. 2012; Hall et al. 2014; Johnson et al. 2014; Hall et al. 2015; Kistler et al. 2015A;
Samuel et al. 2015; Guinn et al. 2016; Wong et al. 2016). Interpreting serology in field
investigations is often confounded by incomplete information about antibody dynamics
in a given species. Knowing the length of antibody persistence following exposure
would be helpful in determining if the antibody profile we detected in the Ibis population
represents a continuous cycle of frequent exposures or if it reflects single, sporadic
exposures that occur infrequently but remain detectable for many years. Regardless,
our experimental challenge data suggests that every Ibis from which neutralizing
antibodies were detected, underwent a productive infection that, in an experimental
setting, was sufficient to infect other individuals in close proximity.

We suspect that mock-inoculated birds in the H6N1 and H11N9 group became
infected through IAV-contaminated water, as we were able to isolate IAV in water
samples at Day 4 and feces-contaminated water is considered a major route by which
IAVs are transmitted in Anseriformes (Stallknecht et al. 2010). Shedding patterns in Ibis
would have been best characterized by performing viral titrations on fecal samples.
While we did not attempt this, the grtPCR CT-values obtained from cloacal swabs were
comparable and often much lower than values that were sufficient to infect Mallards

(Brown et al. 2013). Furthermore, we observed no detectable change in behavior during
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infection, suggesting that IAV-infected wild Ibis maintain the same movement, roosting,
and foraging patterns, regardless of infection status.

Ouir failure to isolate 1AV from free-ranging Ibis may seem to undermine our
hypothesis. However, if infection dynamics within Ibis have a spatial and temporal
aspect, as is well documented in Anseriformes and Charadriiformes (Krauss et al.
2004), our sampling effort was far from exhaustive. For example, Stallknecht et al.
isolated only one IAV from 272 ducks sampled in December and January in coastal
Louisiana (1990), and there are numerous examples of negative detections in Ruddy
Turnstones outside the Delaware Bay “hot spot” where most viral isolations are reported
in this species (Krauss et al. 2010). Therefore, additional sampling from lbis and related
species throughout the year in the southeastern United States is warranted.

A continued area of interest in IAV ecology is the role of avian communities on
wintering grounds in maintaining IAVs and driving their evolution. In North American
wintering grounds, this may be a function of interactions between migrating birds and
resident avian species such as Mottled ducks (Anas fulvigula) in coastal Louisiana or
egrets (Egretta sp.) and herons (Family Ardeidae) in California (Stallknecht et al. 1990;
Siembieda et al. 2010). While the overall prevalence of infections at these areas is
much lower than in northern latitudes, a higher diversity of subtypes is typically isolated,
suggesting that wintering grounds are an important place for IAV reassortment and
evolution (Hill et al. 2012). Our findings that Ibis are susceptible and have antibodies
against various subtypes are consistent with this framework and provide a number of
mechanisms by which Ibis and related wading birds may contribute to IAV dynamics on

wintering grounds. At the very least, they may serve to maintain IAVs in the short-term
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while also amplifying the viral load in aquatic environments. In addition, the diversity of
neutralizing antibodies in wild Ibis indicates that coinfections are plausible which is the
well-recognized mechanism for 1AV reassortment. Finally; there was a marked paucity
of neutralizing antibodies to H3, and H4, which are the most common subtypes isolated
from ducks in northern latitudes (Wilcox et al. 2011). While this could be a function of
Ibis’ resistance to these subtypes, as demonstrated in our experimental challenge, it
may also reveal a temporal mismatch. The vast majority of migrating waterfowl may
clear infections with these subtypes by the time they reach wintering grounds, resulting
in a void in which less common IAV subtypes can circulate in avian communities.

In the USA, agricultural and urban development has been disproportionately
intense in wintering areas in the last century which may be resulting in a higher density
of mixed species of avian communities in remaining aquatic habitats (Dahl et al. 2011,
Hill et al. 2012). Wetlands in Florida have been especially affected, yet Ibis have been
able to respond by utilizing urban areas to forage (Dahl 2005; Hernandez et al. 2016).
Recent work demonstrated that a large portion of urbanized Ibis shed Salmonella, which
may have important health consequences to humans and the numerous gull and duck
species with which they have close contact (Hernandez et al. 2016). Our findings
indicate that IAV is an additional concern. Consequently, the humans, domestic
animals, and peridomestic species that Ibis are in direct contact with are now
epidemiologically linked to IAV ecology in altered wintering areas and it is important to
acknowledge the potential disease risk this presents.

There remains much to learn about what interacting forces and species maintain

IAVs, drive their evolution, and pose risk to human and domestic animal health in
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established and emerging systems (Stallknecht and Brown, 2017). The results
presented here are a response to the call to “reconsider the role of other bird groups in
the transmission, maintenance, and diversity of IAV (Caron et al. 2017).” By doing so,
we provide footing for the next step forward in the conceptual knowledge of IAV.
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Table 4.1. Summary of infection results obtained by challenging White lbis (Eudocimus
albus) with one of three influenza A viruses.

Virus Viral Shedding® Serology®

RT-PCR \ bELISA MN

H3N8  Mock- 0/22 0/2 0/2 0/2
inoculated

Inoculated 0/5 0/5 0/5 0/5

H6N1  Mock- 2/2 2/2 1/2 2/2
inoculated

Inoculated 5/5 5/5 3/5 5/5

H11IN9 Mock- 2/2 212 1/2 2/2
inoculated

Inoculated 4/4 3/4 4/4 4/4

aNumber positive/number in group.

bViral shedding as determined by quantitative real-time reverse transcriptase PCR
(gRT-PCR) and virus isolation (VI). A bird was considered positive by gRT-PCR if a
cycle threshold value less than 40 was detected from oropharyngeal (OP) or cloacal
(CL) swabs collected at 0, 2, 4, 6, 8, 10, or 14 days post inoculation (DPI). A bird was
considered positive by VI if virus was isolated from OP or CL swabs at days 4, 10, or
14.

¢ Serologic results from sera collected at 14 DPI as determined by blocking enzyme
linked immunosorbent assay (bELISA) and microneutralization (MN).
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Figure 4.1: Mean quantitative real-time reverse transcriptase PCR cycle threshold (CT)
values of oropharyngeal and cloacal swabs collected from American White Ibis
(Eudocimus albus) experimentally challenged with H3N8 (n=5), HEN1 (n=5), and
H11N9 (n=4). Values less than 40 are considered positive. Negative PCR results were

assigned a value of 45.
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HA-Neutralizing Antibodies in Wild Ibis
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Figure 4.2: Prevalence of influenza A virus (IAV) neutralizing antibodies detected in
serum samples from the 196 wild-caught American White Ibis (Eudocimus albus) that
tested positive for antibodies by bELISA. The bar marked with an asterisk (*) represents
the percentage of samples that neutralized more than one IAV subtype. Error bars
represent 95% confidence limits.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

Exactly one-hundred years ago, the world was in the throes of the worst
pandemic in modern history. By the spring of 1919, at least 50 million people had died.
It took another decade for researchers to conclude that the disease was caused by a
virus (Smith et al. 1933). Thirty years later, a mortality event in terns in South Africa
indicated that birds may carry IAVs (Becker 1966). This was confirmed, almost by
chance, in 1974 (Slemons et al. 1974). Since then, there have been countless advances
in our understanding of IAVs in wild birds, yet the threat of these viruses to human and
domestic animal health is more imminent than ever and a comprehensive
understanding of how IAVs exist within wild avian communities remains paramount. The
objective of this project was to fill in a few knowledge gaps.

In the first study (Chapter 2), we sought to investigate a potential immunological
basis for the phenomenon of shifting IAV subtype dominance observed at the well-
established IAV hotspot, Delaware Bay (DE Bay). We hypothesized that the population
of subtype-specific antibodies within the Ruddy Turnstone (RUTU) population would
reflect the high rate of annual exposure and explain why a different HA subtype appears
to dominate infections each year. We evaluated this by testing serum samples collected
over five seasons for the presence of neutralizing antibodies to H1-H12 IAV. We then

compared this to infection patterns over those same years. Finally, we compared the
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antibody trends in RUTUs to Red Knots (REKNS), a bird that cohabits the beaches, yet
is rarely found to be infected.

What was most noteworthy was the overall paucity of neutralizing antibodies
detected in RUTUs. Only 36% (222/611) had neutralizing antibodies to H1-H12;
whereas 66% (169/257) of REKNs had neutralizing antibodies to one or more subtypes.
The pattern of antibody prevalence over the years was a poor correlate to infection
patterns. However a general pattern did emerged. Subtypes that were isolated from
birds in low prevalence every year (i.e. H6 and H11) had the highest prevalence of
antibodies over the study period, while subtypes that were rarely or never isolated (i.e.
H4 and H8) were not represented by neutralizing antibodies. Taken together, the results
of this study suggest that population immunity influences which species is infected at
Delaware Bay, indicate that IAV dynamics are subtype-dependent, and demonstrated
the utility of the MN assay as a supportive tool for field research.

In the second study (Chapter 3), we attempted to address another large question
surrounding the DE Bay phenomenon: the role of ducks and gull species that RUTUs
come into contact with during the stopover. It has been widely speculated in the
literature that ducks or gulls serve as a source of IAVs that cause annual endemics. At
the very least, they may contribute to IAV dynamics by amplifying IAVs or contributing to
subtype reassortment. However; the ease in which viruses can be readily transmitted
among these species was unknown. That is to say, the degree to which host-adaptation
permits or precludes infections in other hosts was unknown. The conservation status of

RUTUs and logistical concerns prevented a challenge study involving RUTUS. Instead,

105



we challenged Mallards and Laughing Gulls (LAGUs) with RUTU-origin IAVs to assess
this question.

Captive-reared gulls were challenged with RUTU-origin H6N1, HION7, H11N9,
H12N4, and H13N6 IAV; as well as Mallard-origin HEN1 and H11N9. We challenged
captive-reared Mallards with the same viruses, with the exception of HI3NG. At a
biologically plausible challenge dose (10* EIDso/0.1ml), one of five gulls challenged with
both HEN1 1AVs briefly shed virus. The remaining gulls were resistant to infection with
all viruses. In contrast, all Mallards shed virus, with the exception of the H12N4
challenge group, in which no birds were infected. These results demonstrate that while
either ducks or gulls may serve as a source of IAVs that infect RUTUs at Delaware Bay,
host-adaptation of IAVs to RUTUs may compromise their ability to be transmitted back
to gulls.

For the final study (Chapter 4), we examined the importance of an avian species
that is not classically included within the IAV reservoir paradigm. The American White
Ibis is a resident of coastal habitats in southeastern United States with a unique life
history that results in regular contact with humans and a variety of wild aquatic,
domestic, and peri-domestic avian species. Because of this, investigating the potential
for Ibis to be exposed and infected with IAV was warranted.

To investigate this: we experimentally challenged wild-caught, captive-reared Ibis
with three low pathogenic IAVs; tested wild Ibis for IAV; and serologically tested wild Ibis
for antibodies to IAV. Ibis were highly susceptible to experimental challenge with HEN1
and H11N9 IAVs with cloacal shedding lasting an average of six days. All thirteen

infected birds seroconverted by 14 days post infection as determined by
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microneutralization. In contrast, no Ibis challenged with H3N8 were infected. We tested
118 swabs and 330 serum samples from Ibis captured in southeastern Florida for IAV
infection and antibodies to IAV, respectively. Although no IAVs were isolated, 59%
were antibody-positive by blocking enzyme-linked immunosorbent assay (bELISA).
Neutralizing antibodies to H1-H12 were detected in 96% of bELISA positive birds and
81% tested antibody positive to two or more HA subtypes, indicating that exposure to
multiple IAVs is common. These results provide compelling evidence that Ibis are
susceptible and naturally infected with IAV and may represent a component of the IAV
natural reservoir system.

Addressing the “Spanish flu” of last century required massive leaps in our
understanding, some aspects of which took decades. Today, the magnitude of
remaining questions may be comparatively small, but many persist and more continue
to emerge. The overall objective of this project was to provide a few more details to our
conceptual framework of IAVs in wild birds. By taking on these questions as they
surface, we ensue that future challenges presented by IAV require small steps rather
than large bounds.
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