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ABSTRACT

The vast majority of influenza studies focus on influenza A viruses (IAV);
however, influenza B viruses (IBV) represent nearly one quarter of all influenza cases
and are generally responsible for most cases late in the influenza season. The ferret is the
gold standard animal model for influenza research in that it can readily be infected with
influenza clinical samples, has similar course of disease, generate similar immune
responses following infection and vaccination, and can transmit infectious virus to other
ferrets and humans. Antibodies generated following infection of ferrets with human
influenza viruses are used in surveillance to distinguish antigenic drift and cross-
reactivity between vaccine viruses and circulating strains. AVs generate robust antibody
responses in ferrets, whereas 1BVs require an additional booster dose over 85% of the
time to generate equivalent antibody titers.

This PhD investigates the disparity between IAV and IBV in ferret immune
responses following infection and interventions to improve immune responses to IBV.
Initial in vitro studies in primary, differentiated ferret nasal epithelial cell cultures reveal

that delays in pro-inflammatory cytokines and interferons may play an important role in



communication with other immune cells to allow for generation of robust antibody
responses. Subsequent in vivo studies confirmed suppressed innate responses including
reduced pro-inflammatory cytokines and interferons (IFN) in the serum. Compared to
IAV infection, weak, delayed antibody levels were seen following IBV infection. The
addition of adjuvanted ferret IFN was able to stimulate innate immune responses
resulting in increased antibody levels in both IBV infected and vaccinated animals
compared to untreated animals. These studies confirmed the low and delayed adaptive
immune responses by IBV and provide further evidence that initial innate responses,
especially IFN and proinflammatory responses play an important role in developing
robust antibody responses. This work adds additional ferret immune reagents to aid in
unraveling immune processes following infection with new and emerging respiratory
viruses and the development of improved countermeasures quickly to address public

health needs.
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CHAPTER 1

INTRODUCTION

Most influenza studies focus on influenza A viruses (IAV); however, influenza B
viruses (IBV) represent nearly one quarter of all influenza cases and are generally
responsible for most cases late in the influenza season [1]. Even though IBV co-circulates
with 1AV, little is known about the antibody and cellular responses following 1BV
infection [2]. Currently, a hemagglutination inhibition (HI) titer of 1:40 correlates with
protection of influenza vaccines administered to healthy adults corresponding to a 50%
reduction in risk of contracting influenza virus [3]; however this risk reduction requires
an HI titer of at least 1:110 in children [4]. The conventional titer of 1:40 seen in adults
was only associated with 22% protection in children. Consequently, low HI antibody
titers of <1:160 following initial influenza infection or vaccination may indicate an
inadequate immune response to fully protect from subsequent exposure to virus. This low
antibody response could be due to a delay or suppression in initial innate immune signals
following infection in the host. Since there exists significant similarity in the infection
and disease course of IAV and IBV in both humans and ferrets, understanding the
mechanism of immune responses in the IBV-infected ferret may aid in better
understanding human IBV infection. Innate immune responses in ferrets have only

focused on influenza A viruses where an association between innate immune responses



and transmission and virulence has been found [5]. In order to understand the altered

immune responses to 1BV, a review of influenza and animal models used is warranted.

INFLUENZA A AND B VIRUSES

Influenza viruses can cause mild to severe respiratory infections in humans and
remain a major public health problem worldwide. According to the World Health
Organization seasonal influenza viruses cause around one billion cases each year
including 3 — 5 million severe illnesses. Additionally, influenza causes between 290,000
and 650,000 deaths annually with 99% of deaths in children under 5 years of age with
influenza-related lower respiratory tract infections in developing countries [6]. Influenza
viruses belong to the virus family Orthomyxoviridae and are characterized by a negative
sense, segmented single-strand RNA genome. Three different genera, influenza A, B, and
C have been known to infect humans. Influenza A viruses (IAV) are further classified
into subtypes based on the antigenicity of their hemagglutinin (HA) and neuraminidase
(NA) surface proteins [7]. Viruses of all known subtypes HA (H1 — H16) and NA (N1 —
N9) are maintained in wild aquatic birds. Two additional HA and NA subtypes have been
discovered, H17N10 [8] and H18N11 [9]; however, these are only found in bats and have
not been found to be able to transmit to humans [10].

B viruses (IBV) are classified according to their lineage. IBV is divided into two
lineages based on their HA protein: B-Victoria and B-Yamagata which have diverged
from a common lineage in the late 1970s [11] and have cocirculated until the 2020s.
However, B-Yamagata lineage viruses infections have declined dramatically since the

COVID-19 pandemic and have not shown to circulate currently [12, 13]. Contrary to



IAV, IBV is not known to cause pandemics mostly due to its limited host range. Both
IAV and IBV co-circulate in humans and are responsible for most of the diagnosed cases
of seasonal influenza each year. Since influenza viruses have segmented genomes,
reassortment of primarily their surface proteins are an important mechanism for their
diversity. Since 1AV animal reservoir is birds, primarily waterfowl, reassortant viruses
between avian and human viruses have led to the emergence of several pandemics in the
past century. Reassortant events resulting in emergent human pandemics are primarily
through the introduction of HA, and to a lesser extent NA gene, derived from the avian
reservoir and internal genes from a human virus. However, the 2009 HIN1 pandemic
(HIN1pdmOQ9) was the result of a triple reassortment event with avian, human and swine
genes [14, 15]. The reassortment usually occurs within a “mixing-vessel” species which
has both human (a2,6-linked sialic acid) and avian (a2,3-linked sialic acid) receptors in
the respiratory tract [16]. Susceptibility of humans coupled with introduction of a new
HA and/or NA in an immunological naive population has resulted in pandemics of 1AV
in humans. This reassortment primarily occurs by 1AV are given the greatest attention
due to their infrequent infections from zoonotic transmission from animals which give
rise to pandemic viruses through genetic reassortment, known as antigenic shift, as well
as sustained antigenic drift, transmission, and severity of disease.

Wild aquatic birds are the main reservoir for IAV which can cause pandemics
when new subtypes have been reassorted and introduced into humans usually through an
animal intermediary, such as the pig. Influenza A viruses are divided into subtypes based
on two surface proteins, hemagglutinin (HA) and neuraminidase (NA). All known

subtypes of 1AV have been found in birds (H1-H16 and N1-N9), except H17N10 and



H18N11 which have only been found in bats [8]. Once IAV is introduced into humans
these viruses cause seasonal epidemics through antigenic drift of the hemagglutinin (HA)
and neuraminidase (NA) genes [7]. The origins of IBV in humans is unclear but was first
isolated around 1940 and has later divided into two clear lineages by 1983, the
Yamagata-like and Victoria-like [11]. IBV has not been demonstrated to cause
pandemics. Unlike IAVs, IBVsdo not have a known animal reservoir and do not pose the
same pandemic risks as IAVs and have therefore received less attention. However, IBVs
represent approximately 25% of all cases late in the influenza season [1] and result in
increased mortality in children compared to adults [17]. IBVs have stably adapted to
humans, which are proposed to be the reservoir for these viruses, and may only have
infected other species such as dogs, pigs, and seals by reverse zoonotic events [18-20].
Since the IBV reservoir appears to be mammalian, and potentially humans, questions
exist about the persistence of 1BV in humans, including: 1) Could IBV persistence be due
to a defect in the human innate and subsequent adaptive immune responses? and 2) Can
these deficiencies be overcome through modified vaccines to provide broader and/or
more robust protection? To answer these unknowns and develop better vaccines and
interventions to IBVs, it is important to understand how these viruses evade the immune
system and alter innate and adaptive immune responses.

An example of an animal reservoir is the e Sooty mangabey (SM) non-human
primate which is a natural reservoir for simian immunodeficiency virus (SIV) and does
not develop disease following SIV infection [21]. In contrast, Black and Rhesus
macaques (RM) infected with SIV leads to development of immunodeficiency and

persistent virus replication [22, 23]. Infection of SM with SIV results in reduced IFNa



production by plasmacytoid dendritic cells, whereas RM activate the innate responses to
produce IFNo, IL-10 and TNFo [24]. Other immunological differences include
suppression and delay of innate immune responses in rodent reservoirs for Hantaviruses
[25, 26] and reduced IFNa responses leading to attenuated adaptive immune responses in
SM reservoir for yellow fever virus [27].

IBV infections generally induce milder disease than 1AV infections in humans;
however, IBV is the most prominent circulating type of influenza every four to five years
and carry higher risks of hospitalizations than IAV infections in HIV -infected individuals
[28]. During the 2010-2011 influenza season, IBV was responsible for 38% of pediatric
deaths [29] and in a Canadian study from 2004-2013 found that significantly higher
mortality rates following IBV infection compared to IAV was observed in children
younger than 16 years of age [17]. The vaccine effectiveness of influenza B is low in
susceptible populations such as children between 9-17 years of age (28% effective for B-
Yamagata lineage) [30]. Since children have greater morbidity and mortality to IBV
compared to 1AV infections, their immunological development may play a role in their
responses to IBV in this age group. Several factors in early life immune responses are
different fromadults and include: 1) neonatal CD4+ and CD8+ T cells produce decreased
IFNy and TNFa upon exposure to pathogenic bacteria, 2) cord blood contains increased
CD4+CD25+ regulatory T cells (Treg) that may inhibit adaptive immune responses, 3)
Increased levels of I1L-4/1L-10/1L-13/ TGFRB in cord blood compared to adults, and 4)
neonatal plasma inhibits TLR-mediated generation of pro-inflammatory cytokines [31].
Treg effects on anti-influenza antibody responses have shown that TGFR as well as

CD4+Foxp3+ Treg cells may act as checkpoints between antibody production after



vaccination as shown by lower antibody titers to influenza B component in a human
vaccine study of healthy young adults 35.6+£12.5 years [32]. These early life immune
responses are biased against pro-inflammatory responses while favoring immune
suppression which may take time to mature into adult responses thus allowing IBV to
cause severe morbidity and mortality in younger populations due to innate and adaptive
immune disparities.

IBV may have adapted to mammals and potentially humans as the natural
reservoir. There are some key differences between IBV and IAV that support the theory
of humans as the primary host for IBV [33]. Differences in HA-specifics and immune
evasion between IBV and 1AV support this theory. Human influenza viruses (IAV and
IBV strains) preferentially bind to a2,6 linked-linked sialic acids [34] and avian 1AV
strains preferentially bind to 02,3 linked-sialic acids [35, 36]. However, younger
individuals demonstrate more common and severe IBV Victoria-lineage infections than
Yamagata-lineage [37]; also, among IBVs, only B-Victoria lineage has been linked with
binding to a2,3 linked-sialic acid residues [38]. Taken together, this difference could be
associated with more common B-Victoria lineage viral infections in younger individuals
than with B-Yamagata lineage viruses, and the bias of B-HA binding to 02,6 linked-sialic
residues may reduce transmission in younger individuals whose URT contains more 02,3
linked-sialic acid residues [33]. Other differences in HA and IBV replication may also
play a role in humans as the reservoir for IBV. pH required for B-HA activation and
membrane fusion is lower (pH 5.4 — 5.6)than for avian IAV (pH 5.7 — 5.8) and the
optimal replication temperature for IBV is 33°C and it is significantly reduced at 39°C

[39].



Differences in immune evasion by IBV may also contribute to humans as the
reservoir. One major difference between IAV and IBV is the lack of alternative
polymerase proteins encoded in the PB1 and PA genes. IAV PB1-F2 [40] and PA-X [41]
have immunomodulatory functions for AV in suppressing cytokine and IFN responses
[42]; however, these proteins are absent in IBV. During infection, host cells produce IFN
to activate host IFN stimulating genes (ISGs) and limit host gene expression [43]. IBV
NS1 protein has been shown to interfere with human IFN signaling by preventing
upstream activation of host 1SGs, thus suppressing host responses and ensuring virus
persistence [44]. In addition to avoiding innate immune detection inside the cell, the virus
must also be able to evade any adaptive immune response to infected cells. After IBV
infection, cell lines expressing different HLA-alleles showed significant decreases in
MHC-I surface expression compared to IAV infection [45]. Taken together, these
differences and others not uncovered at this time, contribute to the establishment of
humans, or another mammal as the reservoir for IBVs. A comparison of AV and IBV is
summarized [2] in Table 1.1.

Table 1.1: Comparison of IAV and IBV

INFLUENZA A (IAV) INFLUENZA B (IBV)
Host Range * Multiple animal reservoirs & * No established animal
possible animal hosts reservoirs
* Known reservoir = Avian * Known reservoir =
(waterfowl) Humans

(sole reservoir?)



Phylogenetics

Epidemiology

Clinical

Presentation

Virology

Immunology

INFLUENZA A (IAV)

Subtyped by HA & NA (ex.

H1N1pdm09, H3N2)

1Severity in children &

elderly

Symptoms: sore throat,
coughing, fever, nasal
discharge

Avian strains lead to severe

disease and 1 mortality

8 negative sense RNA
segments & >13 known
proteins

Unique proteins: (PB1-F2,

PB1-N40, PA-X)

Generally strong IFN-of3 and

cytokine response
HA is major Ab target

Major CD8+ T-cell antigens

INFLUENZA B (IBV)

2 lineages according to
HA (Victoria &

Yamagata)

1Severity in children

& adolescents

Symptoms: sore
throat, coughing,
fever, nasal discharge
Can cause severe
complications in

children

8 negative sense RNA
segments & 11 known
proteins

Unique proteins: NB

Strong IFN-af3 and
cytokine response
(details unclear)

HA is major Ab target



INFLUENZA A (IAV) INFLUENZA B (IBV)

=M1 & NP * Major CD8+ T-cell
* 2 strains in annual vaccine antigens unknown
(H3N2/H1IN1pdm09) * 1or2strains in annual

vaccine depending on

formulation
Antivirals * Adamantanes = effective + Adamantanes =
* NAIs = effective, but ineffective
resistance detected * NAlIs = effective, but

resistance detected
(without apparent
fitness cost in some

instances)

INFLUENZA VIRUS LIFE CYCLE

A general overview of influenza virus infection of the host cell and replication
can be broken down into four main steps: 1) Virus attachment and entry into the host cell,
2) Transport of the viral genome into the nucleus and replication, 3) Viral assembly and
packaging, and 4) Virus budding and release from the cell. Virus replication steps are
reviewed in Dou et al. [46]. Each step is described below for a clearer understanding of
how influenza viruses invade the cell and replicate. Functions of IBV proteins are listed

in table 1.2 (Adapted from van de Sandt et al. [47]).



Virus attachment and fusion

Influenza binds sialic acids attached to galactose on the surface of airway
epithelial cells. The viral HA binds to cell surface glycoproteins containing terminal SA
residues linked to galactose in either a a2,3-linkage or 02,6-linkage. Most avian influenza
viruses usually have preferential tropism for N-acetylneuraminic acid linked to galactose
in an 2,3 configuration (02,3-SA), while human influenza A viruses preferentially
recognize N-acetylneuraminic acid linked to galactose in an 02,6 configuration (02,6-SA)
[48, 49]. This binding preference is one of the major determinants for controlling viral
tropism and host species specificity [50, 51]. It was originally thought that birds only
expressed o2,3-SA “avian receptor” in their respiratory and intestinal tracts, whereas
humans only expressed 02,6-SA “human receptor” in their respiratory tracts. Pigs serve
as the primary “mixing-vessel” for influenza pandemics since they express both 02,3-SA
and 02,6-SA on their epithelial cells which could produce reassortant viruses between
avian and human viruses, thus introducing new “pandemic” viruses into the human
population [52]. More recently, this paradigm has shifted due to the findings that humans
have both a2,3-SA and a2,6-SA receptors on their cells in both the URT and LRT [53].
Even though humans have both receptors, the distribution of these receptors may play a
role in host specificity. In humans a2,6-SA>a2,3-SA and avian hosts 02,3>0a2,6-SA [34].
As in humans, ferrets show similar tissue distributions of receptors: 02,6-SA>02,3-SA
with a2,6-SA being found throughout the respiratory tract and 02,3-SA in the lamina
propria and to a lesser extent in the alveoli [54]. Recently it has been reported from virion

motion studies, that influenza NA may play a role in virus binding by facilitating
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penetration through the mucous layer to reach susceptible cells and that a second sialic
acid binding site (2sbs) within NA may contribute to virus attachment and facilitate
virion rolling and encounter with an internalization receptor [55, 56].

HA-mediated binding to the receptor triggers endocytosis of the virion in either a
clathrin-dependent manner [57, 58] or by micropinocytosis [59, 60]. Once inside the cell,
the virus is trafficked to the endosome. The endosome has a low pH which activates the
influenza ion channel M2 [61] (BM2 for IBV [62]) that triggers the fusion of the viral
and endosomal membrane by causing a conformational change in HA to expose the HA2
fusion peptide to insert into the endosomal membrane [63]. M2 is embedded in the virus
membrane and functions as an ion channel, which when open inside the endosome results
in uncoating and release of the packaged viral ribonucleoproteins (VRNPS) particles from
viral matrix protein (M1); this allows for transfer of the VRNPs into the cytoplasm
following HA fusion [64, 65]. A total of eight VRNP complexes are transferred, one
complex for each viral gene segment. Each VRNP consists of one viral RNA gene
segment, which is encapsidated by viral nucleoprotein (NP), and carrying polymerase

proteins (PB1, PB2, PA) [66].

Transport of the viral genome into the nucleus and replication

Unlike virus entry and fusion, VRNP transport to the nucleus is dependent on host
cell machinery and transport pathways. Uncoated VRNPs, with exposed nuclear
localization signals, bind to cellular importin adapter proteins (IMPa). IMPa in turn
recognizes importin transport receptor (IMPR) to form a complex. This VRNP-IMPa/l3

complex docks at the nuclear pore complex on the nuclear membrane and is transported
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into the nucleus where Ran-GTP binds to IMPR facilitating VRNP release to initiate
transcription and replication [67].

Inside the nucleus, the trimeric viral RNA-dependent RNA polymerase complex,
consisting of polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2) and
polymerase acidic protein (PA) subunits are responsible for the transcription and
replication of viral RNA genomic segments [68]. Replication of the viral genome
involves two major steps: transcription of complementary RNA (cRNA), followed by
transcription of new viral RNA (VRNA) using the cRNAs as templates [46]. Viral MRNA
transcription from the vVRNA templates is primed using 5’capped RNA’s cleaved from
host cell MRNA, thereby making it much easier and more efficient than cRNA and
VRNA transcription. The viral polymerase complex obtains the primers from the host
through a mechanism termed “cap snatching” [69]. The viral polymerase PB2 subunit
binds to 5' caps of nascent host transcripts and the PA subunit endonuclease domain
cleaves 10-13 nucleotides downstream of the 5' cap. This bound 5' cap is then rotated to
position the cap into the PB1 catalytic center where it is extended using the VRNA as a
template. Each completed transcript is poly-adenylated through a reiterative “stuttering”
process when the polymerase encounters a short poly-U sequence at the 5' end of the
VRNA [70]. During the virus lifecycle, mMRNA synthesis occurs before cRNA and VRNA
transcription, and mRNA transcription is more abundant since primer use significantly
increases its initiation efficiency. These initial mMRNAs are transcribped by VRNP-
associated polymerases and exported from the nucleus for translation by cytoplasmic
ribosomes [71]. For replication of the genomic RNA the viral polymerase complex

initiates transcription of the positive sense cCRNA upon base pairing of ATP and GTP

12



with the complimentary nucleotides on the 3' end of the vVRNA. The A-G dinucleotide
formation locks the VRNA template in the active site of PB1 followed by elongation of
the cRNA transcript . Viral NP molecules bind to the newly synthesized VRNA as it exits
the polymerase, promoting cRNP assembly. cRNP formation is complete after
transcription termination and binding of a newly viral polymerase. VRNA transcription

occurs in the same manner as cCRNA synthesis

Viral assembly and packaging

Virus protein synthesis is dependent on the translation machinery of the host.
Following nuclear export is divided between cytosolic ribosomes (for PB1, PB2, PA, NP,
NS1, NS1 and M1) and the endoplasmic reticulum (ER) associated ribosomes (for HA,
NA and M2[BM2]) [72]. Nuclear import signals on newly synthesized NP and
polymerase proteins (PB1, PB2, and PA) target these to the nucleus by IMPa/B3 as in the
initial VRNP. These imported proteins assist in viral mMRNA transcription and VRNA
replication. NP monomers bind to VRNAs and cRNAs to assemble into VRNPs and
CRNPs respectively. Additionally, the viral RNA-binding protein NS1 is synthesized
early and also imported into the nucleus. Once in the nucleus it can act as an inhibitor of
IFN-signaling to reduce host innate responses [73]. NS1 has also been reported to
contribute to viral MRNA nuclear export through linkage of viral transcripts to cellular
nuclear export components [74]. VRNPs are trafficked from the cytoplasm towards the
plasma membrane for virus assembly by Rabll, which facilitates assembly by
associating with the viral PB2, thus ensuring new virions incorporate VRNPs that carry a

polymerase [75].
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Influenza membrane proteins that are part of the virus envelope, HA, NA, and
M2, are synthesized by ribosomes associated with the ER. After the vVRNPs have exited
the nucleus, they need to form viral particles and leave the cell. VRNPs nuclear export
occurs in a CRM1(chromosomal maintenance 1)-dependent manner [76]. This process
involves two viral proteins matrix protein (M1) and nuclear export protein (NEP) known
as nonstructural protein 2 (NS2). CRML1 recognizes two nuclear export signals near the
N-terminus of NEP, while the C-terminal hairpin of NEP associates with the N-terminal
nuclear localization signal of M1. The M1, in turn binds to a C-terminal region of the NP
component of the VRNP in a “daisy chain” arrangement [76]. VRNPsS are exported
through the nucleus into the cytoplasm. After leaving the nucleus VRNPSs associate with
Rab11-containing endosomes for trafficking to the apical side of the cell [75].

Packaging of AV VRNASs is better studied than IBV and for IAV each VRNA is
believed to have a specific packaging signal that differentiates it from other VRNA
segments resulting in packaging of eight VRNA segments into each virus particle [77,
78]. This model is supported for IAV and IBV by electron microscopy and multicolor
single-molecule fluorescent in situ hybridization [79]. Packaging signals have been
identified in the 5" and 3' non-coding and coding regions of some of the viral segments
[80, 81]; however, some still remain elusive [82]. Similar to 1AV, the 5" and 3' termini of

the HA of IBV were shown to have packaging signals [83].

Virus budding and release from the cell

Since influenza is an enveloped virus, it uses the host cell plasma membrane to

form viral particles. Influenza viruses are enriched in cholesterol and sphingolipids and
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bud from distinct apical plasma membrane regions known as “rafts” [84]. Viral particles
bud from the apical side of polarized cells [85]. HA, NA, M1, and M2 localize to distinct
regions of the plasma membrane followed by delivery of VRNPs by Rab11 and localize to
the budding site by binding to viral M1 protein [86, 87]. To bud from the cell surface, the
virus must induce curvature of the membrane and then constrict the ends of the
membrane to help facilitate membrane excision. This is induced by protein crowding on
one leaflet of the bilayer followed by association of curved or “bending” proteins with the
bilayer, accumulation of cone shaped lipids in one leaflet of the bilayer or the
cytoskeleton (reviewed in Jarsh et al. 2016 [88]). Following accumulation of proteins on
the membrane surface and VRNPs which are linked to the M1 viral protein, scission
occurs to excise the completed virus from the plasma membrane. One of the major
functions of NA is to remove sialic acids from both cellular receptors and newly
synthesized HA and NA on nascent virions that have been sialylated as part of the host
glycosylation process [89]. Viral NA facilitates viral release by cleaving SA to prevent
virus aggregation and HA binding back to the host cell, allowing for efficient release of
virus and spread to new target cells [90].

Table 1.2: Influenza B proteins and functions

RNA PROTEIN AA FUNCTION

SEGMENT
1 PB2 770  Virus replication — component of RNA pol; cap-binding
2 PB1 752 | Virus replication — catalytic subunit of RNA pol; RNA
elongation
3 PA 726  Virus replication — component of RNA pol; cap-snatching
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RNA PROTEIN AA FUNCTION
SEGMENT
endonuclease subunit
4 HA 584  Virus attachment — surface glycoprotein receptor; receptor
binding/membrane fusion; Antigenic determinant
5 NP 560 RNA encapsidation, nuclear targeting, RNA
transcription — Encapsidation of viral genomic RNA; RNA
synthesis, nuclear import VRNA
6 NA 486 | Virus release from cell — surface glycoprotein; NA
activity, virus release after budding; antigenic determinant
NB 100 | lon channel activity; function unknown
7 M1 248  Membrane stability — role in assembly and budding
BM2 109  Virus uncoating — ion channel activity; essential for
uncoating, role in virus budding
8 NS1 281 | Non-structural protein — regulation vVRNA pol complex,

NS2/NEP 122

interferes with antiviral state of cell (IFN antagonist)
Nuclear export — role in nuclear export RNP, regulates

transcription and replication

IMMUNE RESPONSES FOLLOWING INFLUENZA INFECTION

Immune responses to IAV have been widely studied; however, this is not the case

for IBV. In order to understand altered immune responses to 1BV, one must first review

general immune responses to viruses. The immune response following influenza infection

consists of two phases. Reaction to infection is initiated by the innate immune response

followed by the adaptive immune response. The innate immune response occurs within
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minutes following infection and an effective response can limit early virus replication by
secretion of cytokines with antiviral activity such as type | IFN, recruit antigen-
presenting cells to the site of infection to enhance the response including phagocytosis of
infected cells, and release of IFN and other cytokines to provide alarm signals to activate
cells of both the innate and adaptive immune system such as DC, NK and T-cells prior to
development of an adaptive response [91]. The adaptive response is triggered following
the innate immune response which is divided into cellular and humoral responses. Innate
and adaptive responses are summarized for influenza as well as cellular responses which
link the immune responses. Special emphasis on the interferon response following

influenza infection is highlighted.

INNATE IMMUNE RESPONSE

Influenza infection occurs primarily in the respiratory tract. The respiratory tract
is divided into the upper respiratory tract (URT) which is comprised of the nasal sinuses,
pharynx, and larynx, and the lower respiratory tract (LRT) which is comprised of the
trachea, bronchi, and lungs. The human respiratory tract is lined with a pseudo-stratified
epithelial cell layer consisting of particle-sweeping columnar ciliated cells, mucus-
producing goblet cells, surfactant-secreting Clara cells, sensory neuro-epithelial cells, and
basal cells which act as progenitor cells [92]. The cells lining the lung are mainly
comprised of type | and type Il alveolar epithelial cells (pneumocytes). Influenza
primarily infects the ciliated cells and to a lesser extent, goblet cells in the URT and both
type | and type Il pneumocytes in the alveoli [93, 94]. Mucus secreted by the goblet cells

contain mucins and collectins which form the first line of defense to prevent infection of

17



respiratory epithelial cells with influenza. Initially, influenza becomes trapped non-
specifically in the mucus layer and is expelled by mucociliary clearance before infection
of the underlying cells [95]. Influenza viral NA can cleave sialic acids, which can prevent
trapping of the virus in mucus [96, 97]. Collectins are proteins which contain both
collagen and functional lectins. Two collectins, surfactant protein A and surfactant
protein D can neutralize influenza by occupying the HA binding site with its own
salicylic acid [98] or interacting with high mannose oligosaccharides located near the HA
binding site [99] respectively to inhibit HA binding. Once influenza passed these initial
defenses and has bound to susceptible respiratory epithelial cells the innate immune
response is activated.

The innate immune system forms the first line of defense following influenza
infection. Both 1AV and IBV have adopted evasion strategies to evade or delay the host
innate immune detection/response. During influenza infection several pathogen-
associated molecular patterns (PAMPs) are exposed and sensed by different pattern-
recognition receptors (PRRs) expressed in respiratory cells. Binding of viral components
by PRRs triggers signaling cascades that are responsible for secretion of IFNSs,
proinflammatory cytokines and chemokines. The most important PRRs involved in
recognition of influenza are the Toll-like receptor (TLR)-3 and TLR-7 and the RNA
recognition protein RIG-1 [100]. TLR-3 and TLR-7 are located on the endosomal
membrane and RIG-I is located in the cytosol. However, recently it has been discovered
that both TLR-3 and TLR-7 are expressed on the apical surface of human airway
epithelial cells [101]. The influenza genome which consists of sSRNA is recognized by

TLR7 [102] and RIG-I [103]. TLR-3 recognizes dsRNA that is produced during viral
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replication. PAMP-PRR binding leads to activation of several signaling pathways that
induce nuclear factor kB (NF-kB) and IFN regulatory factor 3 (IRF3) resulting in the
production of type-I and type-111 IFNs and inflammatory cytokines [100].

TLR-7, once activated by ssSRNA induces MY D88 resulting in the activation of
NF-kB and IRF3 depending on the cell type. Activation in respiratory epithelial cells
results in the production of IL-6 and type-l11 IFN [101]. Activation in plasmacytoid DCs
produces high levels of type-l IFNs via IRF7 [104]. TLR-3 is predominantly expressed in
macrophages, natural Killer cells and DCs and involved in the activation of
proinflammatory cytokines and chemokines [105]. TLR-3 localizes at the cell surface and
in the endosomes of DCs [106]. TLR-3 is a member of the TLR family that mediates the
transcriptional induction of type-I IFNs. It is the only RNA sensor that is dependent on
the Toll-interleukin-1 receptor (TIR)-domain-containing adaptor-inducing beta interferon
(TRIF). Upon activation by binding dsRNA, TLR-3 recruits TRIF to trigger a
downstream signaling cascade ultimately activating transcription factors IRF3/7, NF-kB
and activator protein 1 (AP-1) thus mediating the production of type-l1 IFNs,
proinflammatory cytokines and chemokines [107].

RIG-I is expressed in epithelial cells, macrophages and DCs [108]. RIG-I
recognizes detecting influenza VRNA (sSRNA) in the cytoplasm. RIG-I has also been
shown to recognize short dsRNA in the cytoplasm resulting from infection or cell
damage [109]. For influenza, RIG-I recognizes 5'-triphosphate -RNA sequence motifs
along the RNA containing some dsRNA (panhandle) which is generated by active viral
replication within cells [110]. The importance of RIG-I mediated responses in

suppressing influenza virus was demonstrated in mouse studies. RIG-I and TLR-7
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signaling was required for survival and restriction of virus growth following infection of
mice with a lethal dose of influenza [111]. In human PBMC, RIG-I expression was
enhanced following influenza infection [112] and patients who exhibited a polymorphism
resulting in a nonfunctional RIG-I had resulted in more attenuated antiviral response
[113]. Following recognition of VRNA, the RIG-I helicase domain binds to ATP and
forms a complex with mitochondrial antiviral signaling protein (MAVS) via caspase
recruitment domains. The signaling leads to production of type-lI IFNs through IRF and

proinflammatory cytokines through NF-kB [114].

CYTOKINES AND CHEMOKINES

Activation of the innate immune response in airway epithelial cells following
influenza infection results in the release of several factors to: 1) activate resident immune
cells such as innate lymphoid cells (iLCs), macrophages and DCs, 2) recruit neutrophils,
macrophages and lymphocytes to the site of infection, 3) stimulate a Thl7 (Terr)
response, and 4) stimulate a Thl response [115]. Airway epithelial cells are the main
early sources of cytokines within the first 24-48Hr of infection and this balance shifts to
the recruited and resident immune cells thereafter [92, 116, 117]. Timing of cellular
activation is critical in generating a protective immune response following influenza
infection. Cellular activation results in secretion of cytokines and chemokines which, in
turn, enlist aid of other immune cells and send signals to activate other components of the
immune response. The inflammatory response; however, is a “double edged sword” since
a robust inflammatory response is required following infection to control virus

replication, but a sustained response results in lung damage, increased morbidity, and
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death. Therefore, a balance between the inflammatory and anti-inflammatory response
must be achieved to combat infection and restore immune homeostasis [118]. A list and
function of the main cytokine and chemokine groups examined in this work are shown in

Table 1.3 and described here.

Interferons

IAV/IBV infection induces the production of interferon(s) which was originally
named because of its ability to interfere with influenza virus replication in previously
uninfected chick chorio-allantoic membrane and other cells [119-121]. Type-lI IFNs
(IFNA and IFNB) induce an antiviral state in the cells and signal immune cells. Although
plasmacytoid dendritic cells (pDCs) are the primary cell that generates large amounts of
type | interferons [122] during AV infection, IFN signaling and generation also occurs in
airway epithelial cells [123]. Once secreted type-l1 IFNs act in an autocrine or paracrine
manner by binding IFN-a/B receptor present on all cell types, Type-1 IFNs result in an
inflammatory response in infected cells and is the pivotal innate antiviral response by
directly inhibiting virus replication. Type-l IFNs can mediate both innate and adaptive
cellular immune functions resulting in in resistance to virus infection and can be used as
an immune inducer or prevent persistent virus infection whereas type-I11 1FNs suppress
the inflammatory response and the innate response but it is delayed and prolonged [124].
The response by type-I IFNs induce greater and faster responses than type-111 IFNswhich
emerges later and its induction is more permanent [125, 126]. In addition to induction of
an antiviral state in cells, IFNo/B increases class I MHC expression and regulates

antiviral responses by T cells and activates NK cells, B-cells and macrophages [127].
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Type-11 IFN (IFNy) is expressed primarily by NK, T-cells, and natural Kkiller T
cells. IFNy affects the local cellular response to influenza in the respiratory tract by
regulating leucocyte trafficking to infected lung tissue in mice [128]. Following 1AV
infection in IFNy deficient mice, 1gG1, IL-4 and IL-5 were increased, suggesting that
IFNYy is not necessary for an effective humoral response to influenza, rather its primary
function is to modulate disease severity [129]. IFNy also enhances antigen presentation
during T-cell priming and increases MHC-11 expression and maturation of DCs [130] and
induces I1L-12 and co-stimulatory CD80 expression in antigen presenting cells which is
critical component of Thl polarization [131-133].

Type-111 IFN (IFNX) is primarily produced by cells lining mucosal surfaces
including the respiratory tract, various DC subsets can also produce IFNA [134] A major
difference between type-IlIl and type-l IFNs is IFNA’s ability to induce a targeted
response in the mucosal epithelia without stimulating excessive immune cell recruitment
(inflammation) which can lead to immunopathology [135]. IFNA can recruit DCs,
regulate I1L-10 production, and enhance type-I helper T cell responses [136]. IFNA also
acts indirectly on DCs through the induction of thymic stromal lymphopoietin (TSLP) in
the respiratory tract [137] thus inducing a mucosal immune response. Upon induction
TSLP regulates germinal center function and antigen-specific antibody responses [138]

thus having an important effect on the magnitude of the adaptive immune response.

T cell helper type 1 (Thl)

T cell helper type 1 (Thl) cytokines produce proinflammatory responses

responsible for killing primarily intracellular parasites, and IFNy is responsible for
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initiating this response. Serum IFNy-induced protein 10 (IP-10) or CXCL10 is induced in
airway epithelial cells through viral dsRNA and IFN signaling [139]. Some of its
biological effects include monocyte stimulation, NK and activated T-cell migration,
modulation of adhesion molecule expression and inhibition of angiogenesis [140].
Antimicrobial effects have been demonstrated at high concentrations [141]. However,
these elevated levels of Thl-type cytokines result in tissue destruction. In fact, IP-10 is an
important marker of disease severity following 1AV infection [142, 143]. Other Thl-type

cytokines for studying ferret responses were not available in this work.

T cell helper type 2 (Th2)

Although Interleukin-2 (IL-2) has been characterized as a Thl-like cytokine,
increasing evidence indicates that IL-2 and its downstream signaling molecule, STATS5,
also are vital for the induction of anti-inflammatory T cell helper type 2 (Th2) cytokines
during a primary response [144]. This anti-inflammatory response has also been shown
that IL-2 is required to downregulate apoptotic pathways in mice following 1AV infection
[145]. However, it has also been shown that IL-2 can drive lung inflammation involving
NK cells and can synergize with 1AV resulting in disease exacerbation [146]. IL-2 can
work together with cyclic adenosine 3' ,5-phosphate in synergy to enhance the antibody
production by B-cells [147]. In elderly human subjects, IL-2 treatment enhanced antibody
responses to influenza vaccination [148] and may play a role in the adaptive immune

response [149].

Chemokines
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Chemokines are a specialized group of secreted proteins which function as
chemoattractants, attracting cells out of the bloodstream to the site of infection via
binding to their receptors. These chemokines attract effector cells, such as macrophages
and DCs to the site of infection and activate them to produce signals to other immune
cells. Two important chemokines examined in this work are monocyte chemoattractant
protein-1 (MCP1) and macrophage inflammatory protein-1 (MIP1R). MCP1 or CCL2 is
an important chemoattractant in influenza pathogenesis. The primary sources of MCP1
are epithelial cells, monocytes/macrophages, pulmonary neutrophils, and fibroblasts and
direct the migration and infiltration of monocytes, NK, DC, and T-cells to the site of
infection [150]. In mouse studies MCP-1 was important in recruiting macrophages and
granulocytes to the lung, increasing pulmonary levels of IgA and reducing inflammatory
responses (lower TNFa, IL-6 and MIP1a) compared to MCP-1 knock out mice showing
that MCP-1 contributes to protective immune responses against influenza infection in
mice [151].

Macrophage inflammatory protein-1% (MIP1R) secretion leads to chemotaxis of
monocytes, T-cells, eosinophils, NK, and immature DCs [152]. MIP1R is elevated in the
NW and serum during acute influenza infection in both immunocompromised and
immune competent individuals [153]. Human studies on H1N1 influenza infection
showed that increased levels of MIP1 correlated with severity of disease in NW samples
[154]. Mouse studies have shown that MIP-1a secreted by monocytes was important to
development of an inflammatory response following influenza infection and increased
pulmonary clearance [155]. Data show that inflammatory responses and recruitment of

macrophages is important in clearance of influenza viruses following infection.
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T-effector cells (Teff)

T-effector cells (Teff) are T-cells steering the immune responses to execute
specific immune functions such as inflammatory responses and B-cell help. Effector T-
cells are divided into T-helper (Th) and cytotoxic lymphocytes (CTLs). Th cells are
further divided into Thl, Th2, Tfh and Th17 subsets with Th1l cells characterized by the
production of IFNy, Th2 characterized by the production of IL-4, IL-5 and 1L-13, Tfh
cells characterized by the production of IL-4 [156] and IL-21 and Th17 characterized by
the production of IL-17 and 1L-22 [157]. IL-4 has also been secreted by Tfh in mice
infected with IAV H1N1 has been shown to be essential to facilitate B-cell proliferation
and controls germinal center expansion [156]. IL-4 also promotes Th2 differentiation by
inhibiting Thl function and was demonstrated for IAV in mice in an adoptive transfer
with Th1 or Th2 clones [158].

Th17 cells are recognized in inducing protective immunity against bacteria and
fungi by neutrophil recruitment and promoting integrity of mucosal epithelial barriers;
however, they play a critical role in in the production of pro-inflammatory cytokines and
recruiting and activating immune cells. IL-17 promotes protective immunity against
many pathogens and also drives inflammatory pathology during infection. IL-17 is
produced by Thl7 cells, CD4+ and CD8+ T-cells, yoT-cells and other innate cell
populations in response to IL-18 and IL-23. IL-17 driven inflammation is normally
controlled by regulatory T-cells (Treg) and the anti-inflammatory cytokines IL-10 and
TGFR; however, if dysregulated in can result in immunopathology [159]. The role of IL-

17 was assessed following influenza 1AV H5N1 infection in mice. Inthis study, influenza
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infected il177- mice showed greater susceptibility to infection and lower survival than
wild-type mice. The il17-- mice also showed lower numbers of B -cell in the lungs,
suggesting that 1L-17 played a crucial role in B-cell recruitment into the lungs following
H5N1 infection [160].

IL-12 is produced by macrophages and DC and activates NK and Thl cells.
Activated Thl cells produce IFNy and IL-2 which help B-cells generate antibodies,
especially neutralizing antibodies [161]. IL-12p70 is a heterodimer, composed of p35 and
p40 subunits. The 1L-12p40 is secreted predominantly by activated monocytes,
macrophages and DC and functions as a chemoattractant for macrophages and promotes
DC migration and T-cell priming [162]. IL-12 is regulated by positive and negative
feedback mechanisms involving Thl cytokines (IFNy) and Th2 cytokines (IL-10) [163].
The free p40 monomer does not mediate 1L-12 activity but acts as an IL-12 antagonist
(IL-12p70). Following influenza infection in mice, IL-12 attracts and activates NK cells
which secrete IFNy inhibiting virus replication and enhancing CD8+ T-cell responses

[164].

Pro-inflammatory

The primary innate immune response in cells following influenza infection result
in the production of IFNs and pro-inflammatory cytokines. Primary pro-inflammatory
cytokines investigated in this work, and where ferret reagents are available include:
TNFo, IL-6, IL-8, IL-18 and IL-23. A brief review of each in relation to IAV infection is

presented below.
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Tumor necrosis factor a (TNFa) is considered to be the prototypical cytokine of
the influenza “cytokine storm” which can exacerbate host pathological damage [165].
TNFa is an inflammatory cytokine which recruits monocytes, T-cells, and B-cells to the
site of infection and plays a key role in clearing virus infection in the respiratory tract
before the activation of the secondary immune response. Macrophages are the primary
producers of TNFa which functions to activate the vascular endothelium thereby
increasing vascular permeability leading to entry of 1gG, complement and cells to the
tissues and increased fluid drainage to the lymph nodes [166].

Interleukin 6 (IL-6) along with IL-1 are the main pro-inflammatory cytokines
released by hosts during viral infections. IL-6 has been primarily considered a
proinflammatory marker for inflammation in arthritis and inflammatory bowel diseases
[167]. IL-6 was originally identified as a T-cell derived lymphokine that induces final
maturation of B-cells into antibody producing cells. IL-6 was initially identified as a
marker of inflammation to a target to control inflammation [168]. During the initial
inflammatory response, IL-6 recruits neutrophils initially which are then cleared and
followed by mononuclear cells through IL-6 trans-signaling [169]. To control
inflammation, IL-6 blocks the TNFa or IL-18 induced control of neutrophil chemokines
(CXCL1,CXCL8and CXCL3)and directly enhances CXCL5,CXCL6,CCL2and CCL8
secretion to activate macrophages, DC, and T-cells and B-cells [170-173]. IL-6 affects
acquired immunity by influencing T-cell polarization to Treg cells, DC maturation and
activity [174]. Following influenza infection in mice, 1L-6 has been shown to limit
inflammation in lungs and activate influenza-specific T-cell responses [175]. IL-6 has

also been shown to play an important role following influenza infection and Tfh cell
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development and critical communication with B cells in germinal centers [176]. IL-6 is
important in initial inflammatory responses to influenza as well as Treg response and
downstream acquired immune responses.

Interleukin-8 (IL-8) is a proinflammatory chemokine that is produced in epithelial
cells in response to influenza infection [177, 178]. Its primary chemotactic role is towards
neutrophils and angiogenesis [179]. Interestingly, IL-8 has also been shown to inhibit the
antiviral action of type-I IFN inhibition of virus replication of picornaviruses and
polioviruses in vitro [180]; however, a correlation between IL-8 and influenza virus
replication or disease severity was not observed in humans experimentally infected with
IAV [181]. IL-8 levels were increased very late following influenza infection and
observations suggest that it may be part of a second wave of proinflammatory cytokines
that may be involved in in more severe influenza infection of the LRT [181]. In a
separate human 1AV study IL-6 levels correlated with symptom severity, whereas IL-8
levels did not [182].

Interleukin-1 (IL-1) is a key mediator of the inflammatory response following
infection of the cell. It is crucial for the host defense following infection and injury [183].
Following PAM-PRR binding, Pro-IL-1 is cleaved by pro-inflammatory protease
caspase-1. Caspase-1 activation occurs in the inflammasome and following interaction
with CARD domains results in mature IL-1 production and secretion by the cell. 1L-13
is essential for the host response and resistance to pathogens, but it also exacerbates
tissue damage during acute infection [184]. In addition to inducing neutrophil and
macrophages and production of IL-2, IL-3, IL-4, IL-5 and IL-6 [185] which have

downstream effects on immune activation. IL-1R activation and release attracts and
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activates neutrophils as a first responder following respiratory cell infection. Neutrophils,
in turn expand the release of IL-1R and other factors to recruit and activate alveolar
macrophages to the infection site and thus amplifying the inflammatory response [117].
IL-11 secreted by neutrophils also acts on DC to induce differentiation of Th17 cells and
secretion of IL-17 and IFNy [186]. This hyperinflammatory response by IL-1R
exacerbates influenza disease and plays a crucial role in influenza pathogenesis [187].
Interleukin-23 (IL-23) is a member of the 1L-12 family of cytokines consisting of
proinflammatory properties. It is a central regulator of inflammation and enhances the
expansion of Th17 cells which are associated with immune activation, increased viral
pathology, and chronic inflammation [188]. I1L-23 is mainly secreted by activated
macrophages and DCs located in the skin and mucosal tissues including the lung [189].
Therefore, 1L-23 secretion by DCs likely drives Th17 polarization in T-cells. Influenza
studies performed in mice demonstrating the effects of 1L-23 on Th17 polarization were
conducted in an 1AV-bacterial challenge model [190]. A Th17 response for S. aureus is
critical in bacterial clearance. 1AV challenge followed by bacterial challenge showed
increased inflammation with decreased viral and bacterial clearance. Virus-bacterial
challenge also showed greater type-I IFN in lungs compared to virus alone, and
suppressed 1L-23 production induced by S. aureus. The study demonstrated that type-I
IFN induced by 1AV inhibits 1L-23, which is required for Th17 pathway activation. IL-23
may play a role as an important modulator of adaptive immunity. In another study, mice
mucosally vaccinated with inactivated influenza vaccine containing IL-23 as an adjuvant,

significantly boosted robust IgA responses and reduced viral lung burden following
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challenge [191]. These studies show that IL-23 stimulates a Th17 response and that IAV

suppresses this response through type-1 IFN.

B-Cell Development

Several cytokines have an effect on B-cell development and activation resulting in
antibody production and clearance from viral infection. Since several cytokines have
effects on other processes (IL-4, IL-6, and IFN) in addition to B-cell development, they
have been previously described but listed in this group. Thymic stromal lymphopoietin
(TSLP) is a cytokine which has stimulatory effects on B cells and plays a role in B cell
development [192]. IFNA secreted by infected respiratory epithelial cells can induce M
cells to release TSLP which acts on migrating CD103+ DCs to stimulate the adaptive
Immune responses by enhancing CD8+ T-cell maturation and promoting germinal center
reactions in the lymph node through T-follicular/helper (Tfh) cells [124]. Tfh cells aid in
B-cell survival and proliferation in germinal centers [124, 137, 193] resulting in an
increase of 1gG1 and IgA antibody [137]. IFNA was shown to induce TSLP expression
following influenza infection leading to an increase in adaptive mucosal immunity [137].
The importance of TSLP and IFNX in generation of a robust adaptive immune response
cannot be understated. Studies in mice confirming that the mucosal administration of
influenza subunit vaccine containing TSLP effectively generated serum IgG1 levels to
similar extent as was triggered by IFNX alone. This response was inhibited in Tslpr
mice vaccinated with 1AV and IFNA indicating that the positive effects of IFNA depend

on TSLP [137].
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Table 1.3: Cytokine and chemokine properties.

FAMILY NAME PRODUCER ACTIONS
CELLS
[FNo/B(Type-l) Leukocytes Antiviral,
DC Increases MHC-1 expression
Epithelial cells
(Fibroblasts,
IFNR)
IFNy(Type-Il) T cells Mph activation,
INTERFERONS NK Increases MHC-1 expression
Neutrophils Ig class switching,
ILCls Suppress Th17/Th2
IFNA(Type-I11) Epithelial cells, Antiviral,
DC Suppress inflammatory
Macrophages response
IP-10 Monocytes Recruits activated T-cells to
Thl Lymphocytes site of inflammation
Epithelial cells
IL-2 T cells Trec Maintenance and
Airway epithelial function
cells B-cell growth factor and
Th2 stimulus of antibody
synthesis
T cell proliferation and
differentiation
MCP1 (CCL2) Macrophages Attracts (monocytes,NK,T-
Neutrophils cells, DC)
Epithelial cells Activates macrophages
Promotes Th2 response
CHEMOKINES MIP1R (CCL4) Macrophages Attracts (monocytes,NK,T-
monocytes cells, DC)
Activates macrophages
Promotes Th1l response
IL-4 Mast cells B-cell activation
Tfh cells Increases MHC-I1
Th2 cells T/B cell survival factor
Tissue adhesion and
inflammation
IgE switch
Th2 differentiation
Teff IL-17 Th17 cells Inducgs proinflam_matory
yoT cells cytokines/chemokines
NK T cells Activates neutrophils
ILC3s
CD8+ Th17 cells
IL-12p40 Macrophages Th1 driving cytokine;
DC Promotes cell-mediated
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FAMILY NAME PRODUCER ACTIONS
CELLS
NK activity
IL-12p70 Macrophages IL-12 antagonist (p35
DC monomer bound)
TNFa Macrophages Promotes inflammation;
Alveolar endothelial cell activation
macrophages
IL-6 T cells T- and B-cell growth,
Monocytes differentiation, cytokine
Macrophages production, fever
DC B-cell differentiation and
Airway epithelial production of IgG/A/M
PRO- IL-8 II\D/Ié):nocytes Attracts{]q::ti\’/\?:fs T el
neutrophils, NK,and T cells
INFLAMMATORY Neutrophils Angiogenesis
Epithelial cells
IL-11 Macrophages Proinflammatory (Fever)
DC Th17 differentiation
Epithelial cells T-cell activation
Macrophage activation
IL-23 Macrophages Activates macrophages
DC Maintains & expands Th17
cells
TSLP Epithelial cells Ig rearrangement
DC Acts on DC to:
-Enhance T-cell maturation,
-GC reactions through Tgy
DC-> Tgee development
IL-4 Mast cells B-cell differentiation
Th2 cells 1gG1 selection
Drive Th2 response
B-CELL Increase MHC-11 expression
DEVELOPMENT IL-6 T cells & B cells  Increase IgM/IgG secretion
Monocytes
Macrophages
DC
Airway epithelial
IFNs Leukocytes Promote B-cell proliferation
DC & differentiation to ASC
Epithelial cells
(Fibroblasts,
IFNR)

DENDRITIC CELL — LINK BETWEEN INNATE AND ADAPTIVE IMMUNE

RESPONSE
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Dendritic cells (DC) are the major players in both the innate and adaptive immune
responses to influenza. DC are separated into two primary subsets: classical or
conventional dendritic cells (cDC) and plasmacytoid dendritic cells (pDC). ¢cDC are a
small subset of cells that populate lymphoid and nonlymphoid tissues. They have an
enhanced ability to sense tissue injuries, capture environmental- and cell-associated
antigens and present them to T lymphocytes. cDC induces immunity to foreign antigens
that invade tissues as well as enforcing tolerance to self-antigens. pDC are a small subset
of DC and accumulates mainly in the blood and lymphoid tissues and enter the lymph
nodes via the circulation. Upon recognition of foreign antigens, they produce massive
amounts of IFNs and present foreign antigens [194]. Although DC present antigen
primarily through MHC-1 [195], since they express both MHC-I and MHC-II, they can
activate both CD8+ and CD4+ T-cells [196] . In addition to classical antigen
presentation, DC are unique in that they are able to also acquire MHC-1 and MHC-II
peptide complexes from dead cells by cell-contact-mediated mechanism and present to
CD8+ and CD4+ T-cells respectively by a mechanism termed “cross-dressing” [197-
199]. Adaptive immunity relies on the activation of T lymphocytes by DCs which can
present to CD4 Th and CD8 Tc lymphocytes [200]. Following 1AV infection, DCs can
rapidly migrate to draining mediastinal lymph nodes, where antigen presentation and
induction of adaptive immune responses occurs [91].

DC can also promote plasma cell differentiation to produce antibodies following
IAV infection. A study using pDC depleted human PBMCs followed by IAV infection
demonstrated a 90% decrease IFNa secretion and no detection of influenza specific

antibodies. It was proposed that when pDCs are exposed to virus they secrete type-l IFNs
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and become mature antigen-presenting DCs. T-cells respond by secreting IL-2 and
CD40L expression, which stimulates pDCs to secrete IL-6 and activates B-cells. Type-I
IFNs from the pDCs induce B cells to become plasmablasts [201]. This role for pDC was
confirmed 1AV infection in a MyD88- and TLR7-knockout mouse model. Mice lacking
these molecules, which are essential for signaling for pDC activation and [FNa release,
also showed defective isotype switching [202].

Migratory DCs can strongly enhance mucosal immunity and influenza virus
resistance through IFNA-TSLP axis. IFNA can stimulate IgG synthesis in B-cells [203].
However, the regulatory effects of IFNA on adaptive immunity are not a result of IFNA
acting directly on immune cells, rather it acts indirectly and involves TSLP, which is
produced by upper airway M cells in response to exposure to IFNA [137]. TSLP in turn
acts on migratory DC to stimulate adaptive immune responses by enhancing CD8+ T-cell
maturation, promotion of GC reactions through Tfh which then promotes the production
of IgA [204]. These examples indicate that DCs constitute an important bridge between

the innate and adaptive immune response.

ADAPTIVE IMMUNE RESPONSE

T cells and B cells play key roles in the adaptive immune response following
influenza virus infections. The adaptive responses described for influenza are divided into
the humoral response and the cellular response [205]. The humoral response to influenza
produces antibodies against primarily to HA and NA. Antibodies to virus HA, primarily
the head domain, are the most important for virus neutralization by inhibiting attachment

to host cells. Other HA-specific antibodies bind to FC receptor-expressing infected cells
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and target for phagocytosis by antigen presenting cells. Antibodies generated to viral NA
limit virus spread by blocking NA activity. Antibodies to NA can also facilitate antibody-
dependent cell-mediated cytotoxicity (ADCC).

The cellular response is further divided into the cytotoxic response, primarily
CD8+ T cells, and the helper response, primarily by CD4+ T cells. The cytotoxic
response driven by cytotoxic T cells (CTLs) involves lysis of influenza-infected cells.
CTLs migrate to the site of infection and lyse infected cells via the action of perforin and
granzymes. CTLs also can induce apoptosis via Fas/FasL interactions. Additionally,
CTLs generate cytokines with upregulates MHC-I expression further targeting cells for
lysis. CTLs are primarily directed against cells expressing viral NP, M1 or PA antigens
on their surface in association with MHC-I. T-helper cells (ThO) are activated by
cytokines by DCs and other antigen presenting cells or secreted by virally infected cells
to differentiate into Thl, Th2, Thl7 or Treg effector cells. Th cells interact with viral
epitopes associated with MHC-II. Th subsets aid in cellular responses by secreting
cytokine to activate B cells, increase the inflammatory response, or down regulate the
inflammatory response. In this work the disparity between antibody responses to
influenza A and B viruses is explored and impact of T and B cells are reviewed. A
simplified overview of the immune responses to influenza are illustrated in Figure 1.1.
Adaptive immune responses will focus primarily on the role of T cell (T helper cells: Thl

and Th2; cytotoxic T cells: CTL) and B cell responses to influenza virus infection.

B cell responses
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The primary function of B cells in response to influenza infection is to produce
antibodies to prevent infection as well as to bind to infected cells and mark for
destruction by other immune cells. Antibodies to influenza been the primary correlate of
protection for influenza. Reduction in disease and severity in mouse models following
parenteral or intranasal administration of antibodies has been confirmed [206, 207], as
well as in neonatal animals following transfer of maternal 1gG [208]. Human vaccine
studies in pregnant women have confirmed a significant reduction of 63% in laboratory-
confirmed infection among infants [209].

There are two primary B cell lineages that have been defined in mice: B-1 and
conventional B-2 cells, and can be distinguished based on their phenotype, ontogeny,
anatomical location and function [210]. B-1 cells spontaneously secrete natural
antibodies against antigens, including influenza in the absence of exogenous
immunization allowing B-1 cells to provide immediate defense to counteract infection
[211]. These B-1 cells, particularly IgM-secreting B-1 cells are present at birth and may
be the principal B cells responsible for establishing natural immunity at birth.
Conventional B-2 cells, on the other hand, cooperate with T cell in the germinal center of
lymph nodes and provide high-affinity, long lasting antibody responses [212]. Since B-1
cells only represent ~5-10% of B cells in blood and primarily generate innate responses
[213], only B cell responses derived from B-2 cells will be described. B-2 cells
precursors continually are generated in the bone marrow and circulate in the blood and
secondary lymphoid organs where they undergo class switching, somatic hypermutation

and generate memory cells.

36



The primary antibody response studied in this work are anti-HA antibodies and
the differences between antibodies generated following 1AV and IBV infection. Priming
of naive B cells occurs when they migrate through regional lymphoid tissue and are
presented with viral antigens by activated DCs migrating from the respiratory tract. B cell
responses occur in lymph nodes and spleen. In mice infected intranasally with 1AV, B
cell responses are detected in both the mediastinal lymph nodes and spleen; however,
responses in the spleen were minimal and of shorter duration [214]. Severe influenza
infections in humans proceeds from the URT to the LRT and involve draining cervical
lymph nodes indicating these as sites of B cell activity. The critical outcome of B cell
activation is the induction of antibody secreting cells (ASCs) producing class-switched
protective antibodies primarily to influenza glycoproteins (i.e. HA) and not internal genes
[215].

B cells are activated following encounters with professional antigen presenting
cells displaying viral antigens. Interactions with Tfh promote the formation of germinal
centers in lymph nodes where somatic hypermutation, affinity maturation and generation
of antigen-secreting cells (ASC) and memory B cells to influenza occur [216]. Adaptive
responses of T and B cells in the LN and the generation of antibody responses are

reviewed [217] and described following T cell responses.

T cell responses

T cells are mainly divided into two groups according to their surface receptors.

CD8+ T cells and CD4+ T cells. Both types of T cells play a role in the adaptive immune
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response to influenza by killing virally infected cells, promoting B cell responses, and
activating or suppressing inflammatory immune responses.

CD8+ T cells differentiate into cytotoxic T lymphocytes (CTLs) which produce
cytokines and effector molecules (perforin, granzyme) to restrict virus replication and Kill
virus-infected cells. Upon influenza infection, naive CD8+ T cells are activated by DC
migrating from respiratory tissue to the T-cell zone of lymph nodes (LNs) leading to T-
cell proliferation and differentiation into CTLs [218]. Type-I and type-11 IFNs, IL-2 and
IL-12 help CD8+ T cells differentiate into CTLs [219, 220]. Interestingly, type-111 IFN
(IFNQ) has also been demonstrated to enhance T cell proliferation and antibody responses
following influenza vaccination in humans [221]. Virus infected cells are identified by
CD8+ T cells via MHC-I restricted binding to cells expressing viral antigens. Upon
binding, CTLs produce and release cytotoxic granules containing perforin and granzyme
(granzyme A and granzyme B). Perforin creates pores in the infected cell followed by
the delivery of granzyme, a serine protease, into the cell resulting in lysis [222]. In
addition to perforin-mediated cell lysis, CTLs can induce apoptosis by expressing
cytokines such as TNF, Fas/FasL, and TNF-related apoptosis-inducing ligand (TRAIL),
which recruit death receptors in influenza-infected cells [223-225]. Although neutralizing
antibodies protect from viruses from the same serotype, CTLs are specific for their
epitopes in conserved IAV proteins such as NP, M1 and PA and are therefore
heterosubtypic in their protection [226] and can prevent from viral transmission influenza
from the URT to the lung [227].

Another key component involved in adaptive immunity against 1AV infection

are CD4+ T cells. CD4+ T cells target 1AV -infected epithelial cells through MHC-11 and
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can induce MHC-II expression in these cells in mice [146, 228] as well. As for CD8+ T
cells, CD4+ T cells are activated by DCs that migrate from the lung to LNs following
IAV infection [229]. CD4+ T cells ThO differentiate into Thl cells according to their
stimulators (shown in Table 1.4) plus antigen, co-stimulatory molecules and cytokines
secreted by DCs, epithelial cells and other inflammatory cells [230]. Thl cells express
antiviral cytokines including IL-2, IFNy, and TNFa and activate alveolar macrophages
[231]. CD4+ T cells are also able to differentiate into Th2, Th17 effector T cells (Teff),
regulatory T cells (Treg), and T follicular/helper T cells (Tfh) [232]. Th2 cells bind to
influenza antigens associated with MHC-11 on APCs and produce IL-4 and IL-13 to
promote B cell responses [233]. Teff and Treg cells are involved in regulating cellular
immunity to 1AV by enhancing or suppressing inflammatory responses respectively [234,
235]. Tfh cells are specialized providers of T cell help to B cells and are essential for
germinal center formation in the lymph node, affinity maturation and development of
most high affinity antibodies and memory B cells [193]. Tfh cells facilitate production of
high affinity antibodies through secretion of IL-21, IL-4, and IFNy and through cell-to-
cell interactions [236]. Th subsets are shown in Table 1.4 which indicates factors that
stimulate their development, as well as cytokines released. Explanation of functions of
cytokines driving immune responses [237], including influenza, are shown in Table 1.3.

Table 1.4: Differentiation factors of naive CD4+ T-cell (ThO) following antigen

presentation by DC.

STIMULATING TRANSCRIPTION DIFFERENTIATED DIFFERENTIATED

CYTOKINES FACTOR CELL TYPE CELL FACTOR
SECRETION
IL-12 STAT1 Thl IL-2
IFNy STAT4 IFNy
T-bet TNFa
IL-4 STAT6 Th2 IL-4
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STIMULATING TRANSCRIPTION DIFFERENTIATED DIFFERENTIATED

CYTOKINES FACTOR CELL TYPE CELL FACTOR
SECRETION
IL-2 GATA3 IL-5
IRF4 IL-6
IL-10
IL-13
IL-21 Bcl6 Tfh IL-21
IL-12 IL-4
IL-23 IFNy
TGFR
TGFR RORyt Th17(Teff) IL-17
IL-6 RORa Pro-Inflammatory IL-21
STAT3 IL-22
IRF4 IL-6
TGFR SMAD Treg TGFR
IL-12 FoxP3 IL-35
IL-10

Germinal center (GC) reactions in the lymph node and antibody generation

Once a B cell matures and leaves the bone marrow, it is a naive mature B cell and
expresses a functional B cell receptor and IgD and IgM on its surface. It then migrates to
secondary lymphoid organs, such as the lymph node where it undergoes activation, class
switching, division and proliferation. Class switching from IgM/IgD to other isotypes
such as IgA and IgG are determined by the type of cytokine signal received from Th cells
after antigen presentation [238]. Cytokines IL-4->1gG1 [239], IL-5>1gG1/IgE [240],
TGFR—>1gA [241], and IFNy—>19gG2a [242] are all known to induce isotype switching
after activation in mice and humans.

The GC of lymphoid organs is the main structure of intense cell proliferation and
death, where antigen-activated B cells diversify their immunoglobulin genes by somatic
hypermutation to generate high affinity antibodies. Most of these cells also undergo

class-switching to generate antibodies with specialized effector functions [243]. Naive
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circulating B cells enter lymph nodes from the blood through high endothelial venules
and are attracted by chemokines into the primary lymphoid follicle. If the B cells do not
encounter viral antigen in the follicle, they leave through the efferent lymphatic vessel.
Following primary activation of DCs by virus or antigen and activation of the
innate immune responses, DCs traffic to the draining LN where processing and
presentation of peptide antigens occurs on MHC-I or MHC-II to naive lymphocytes
allowing clonal expansion of CD8+ cytotoxic or CD4+ helper T cells respectively [244,
245]. Effector T cells traffic back to the airways and Th2 cells train short-lived plasma B
cells resulting in low levels of 1gG and IgA production [246]. In GC reactions involving
T cell responses and antibody production, Teff cells amplify innate responses or CTLS
engage in antigen-specific cell killing. Antigen experienced B cells engage with Tfh cells
leading to class switch recombination, affinity maturation (somatic hypermutation) and
differentiation into long-lived plasma or memB secreting high-affinity antibodies [247,

248].

Immunoglobulin isotypes and function

For ferrets five immunoglobulin isotypes have been identified (IgM, 1gG, IgE,
IgA and IgD). All but IgD were found to be homologous in sequence to human isotypes
[249]. So far, only one subclass of 1gG has been identified in ferrets [250]. For purposes
of type and function, human and mouse immunoglobulins are compared. For humans
there are five different classes of immunoglobulins (Ig) that are distinguished in their
different structures of their constant regions; these are known as immunoglobulin M

(IgM), immunoglobulin D (IgD), immunoglobulin G (IgG), immunoglobulin A (IgA),
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and immunoglobulin E (IgE). All antibodies are constructed in the same way consisting
of paired heavy and light polypeptide chains. Subtle differences in the variable region
account for the specificity of antigen binding. The 1gG molecule will be used to describe
the general structural features of immunoglobulins [251].

IgG antibodies are composed of two different kinds of polypeptide chains; one of
approximately 50 kDa is called the heavy chain and the other of 25 kDa is called the light
chain. Each 1gG molecule consists of two heavy chains and two light chains with the two
heavy chains linked to each other by disulfide bonds, and each heavy chain is linked to a
light chain by a disulfide bond. In any given Ig molecule, the two heavy chains and two
light chains are identical allowing for the antibody molecule to bind to two identical
antigens on a surface thereby increasing the total strength of the reaction (avidity). The
strength of an interaction between a single antigen-binding site and its antigen is known
as affinity. Two types of light chains lambda (L) and kappa (k) are found in antibodies.
Functional differences have not been determined; however, different binding preferences
for influenza have been found for ferret k and A light chains [252, 253]. Ig heavy and
light chains are composed of constant and variable regions which recombine in various
combinations which account for their antibody diversity.

IgM — Immunoglobulin mu (IgM) is the first immunoglobulin produced after
activation of a B cell. It is secreted as a pentamer and therefore has high avidity but low
affinity and represents ~10% of total serum antibody. IgM plays a key role in early
response to influenza virus since it can be secreted to mucosal surfaces and interacts
strongly with complement which is its primary effector function[254]. IgM is one of the

antigen receptors on naive B cells.
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IgG — Immunoglobulin gamma (IgG) is one of the most abundant proteins in
human serum, accounting for about 10-20% of plasma protein and 75% of antibody
found in serum [255]. 1gG has higher affinity than IgM and primarily function to
neutralize toxins, viruses and bacteria, opsonize them for phagocytosis and activate the
complement system. They can also activate ADCC by NK cells and transfer across the
placenta or gut. There are four subclasses of 1gG: 1gG1, 1gG2, 1gG3, and 1gG4 named for
their decreasing order of abundance in the serum. Each subclass differs in their hinge
region and upper constant region 2 resulting in different effector functions [254]. The
relative half-life (T1/2) is relatively short T12=7 days compared to the other isotypes (T1.2
= 21 days). The majority of the IgG antibodies targeting influenza are 1gG1, followed by
1gG3 [256-258]. 1gG1 has a long Ti2 and reacts strongly with Fcy receptors (FcyRs)
making it highly effective ad direct virus inhibition and FcR-mediated effector functions
[254]. 1gG2 and 1gG4 antibodies to influenza are negligible and 1gG2 is mostly involved
in responses to bacterial capsular polysaccharide antigens [259].

IgA — Immunoglobulin alpha (IgA). IgA represents ~15% of total serum antibody
and exists as IgA1 and IgA2 subtypes. 1gA1 mostly forms the monomeric IgA fraction in
the serum and is also secreted as a dimer on mucosal surfaces. 1gA2 is mostly found as a
dimer in the URT [260]. It has been proposed that the large number of glycosylation sites
on IgA compared to the other antibody isotypes might increase its affinity for influenza
HA through interactions between HA and sialic acid [261]. It has been reported that the
LRT is mainly protected by IgG, with a ratio of 1gG:IgA of 2.5:1, whereas the antibody
response in the URT is mainly IgA, with a ration of 1gG:1gA of 1:3 [262]. IgA does not

activate complement.
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IgD and IgE — Immunoglobulin delta (IgD) and Immunoglobulin epsilon (IgE).
IgD is membrane bound and found on the surface of mature B cells and co-expressed
with IgM prior to class switching. IgE response is generated primarily towards
intracellular parasites.

While antibodies to HA and NA are clearly protective antiviral activity towards
influenza internal proteins has been studied less frequently. Due to the inaccessibility of
their targets on live infected cells, theses antibodies show no direct antiviral activity;
however, antibodies to NP have been shown to provide weak protection against influenza
in a mouse model [263, 264]. The importance of antibodies, especially neutralizing
antibodies to HA, cannot be overstated. Additional ferret immune reagents, including
reagents to differentiate antibody isotypes and subclasses are critical in understanding
differences following 1AV and IBV infection. A general overview of the immune
response following influenza infection is illustrated in Figure 1.1 (Used with author and

journal permission [265]).
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Figure 1.1 : General overview of the immune response following influenza infection.
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ANIMAL MODELS FOR INFLUENZA RESEARCH

It is important to choose the correct animal for research. To be accepted and
widely used, the animal model must accurately mimic the desired function or disease, be
available to multiple investigators, have defined genetic information available, and
demonstrate a thorough understanding of the similarities and differences in responses
between humans and the model [266]. In order for an animal model to be used for
developing and testing of new vaccines and interventions, such as for influenza viruses,
the Animal Model Qualification Program of the Food and Drug Administration has
concluded:

“The animal model (i.e., the specific combination of an animal

species, challenge agent, route of exposure) can reliably produce a

disease process or pathological condition that in multiple important

aspects corresponds to key elements the human disease or condition of

interest.” [267]
Comparisons of animal models commonly used in influenza research are important in
understanding the pros and cons for each and why the ferret was selected for this body of
work. Comparisons of the most common animal models used in influenza research are

described below and summarized in Table 1.3.

Mouse
The mouse (Mus musculus) is the most widely used animal model for influenza
research. In the URT of mice 02,3-linked sialic acid and 02,6-linked sialic receptors are

evenly distributed but more a2,3-linked receptors in the lungs [268]. This allows for its
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use as a more suitable model for avian influenza viruses [269]. Mice infected with non-
adapted human influenza viruses generally do not exhibit symptoms typically seen in
humans; however, some highly pathogenic avian influenza viruses can infect mice
directly with high mortality [269-271]. Most human AV and IBV require adaptation
through serial passage in mouse lungs. Although mouse-adapted influenza viruses can be
used for experiments with reproducible results, serial passage introduces several
mutations in order to efficiently replicate in mice [272-274]. Since most strains of mice
lack a functional Mx gene [275], innate immune studies involving effects of IFN, such as
in this work, are not possible. Different strains of inbred mice show varying
susceptibilities to 1AV infection. DBA/2 mice are relatively susceptible to various IAV
whereas BALB/c and C57/BI6 strains being relatively resistant to these same viruses
[276]. Hyper-immune inflammatory response was only partially due to viral loads,
indicating that gene regulation by the host innate response played an important role [277].
However, the availability of a variety of genetic backgrounds including knock-out stains
of specific immune components make them a valuable model for exploring
immunological pathways.

Unlike ferrets, mice do not develop fever following infection with influenza
viruses, instead they may become hypothermic [278, 279]. In typical mouse influenza
experiments two clinical outcomes are generally evaluated: weight loss and survival
[280]. Although these endpoints are valuable, they do not fully measure respiratory
distress which has been associated with pneumonia [281]. Respiratory distress is not
easily observed and has primarily been detected post-mortem by comparison of lung

weight or histological evidence of tissue injury [282, 283]. Evidence of respiratory
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distress have been measured in arterial O2 and CO:2 levels; however, this is also post-
mortem and involves ligation of the carotid artery, collection of arterial blood, and testing
on a blood gas analyzer [284]. Another limitation of this model is the inability to transmit
influenza from one animal to another by aerosol. Mice do not sneeze, so mouse-to-mouse
transmission can only occur via contact. Influenza transmission in mice by contact has
been reported [285]. Transmission was subtype dependent as well and an association
between viral loads in saliva and increased likelihood of transmission was found.

Mice are frequently used in the initial stages of vaccine testing in animals.
Vaccine safety, efficacy, and immunogenicity are tested in this model [286]. Mice are
commonly vaccinated usually with a prime dose followed by 1 — 2 booster doses several
weeks apart in order to develop a sufficient antibody response. Animals are then usually
challenged with either a mouse-adapted influenza strain or dose which results in at least
weight loss following challenge. Vaccine effectiveness in mice can be challenging since
intertypic effectiveness of the immune response is different from humans. Mice
recovering from infection may be protected not only from drift viruses within the same
subtype (subtype specific immunity) but also by another subtype (heterosubtypic
immunity); whereas, heterosubtypic immunity is not generally observed in humans [287].
Therefore, experiments using a second animal species is required for vaccine regulatory
approval. The selection of animal models must be appropriate and closely resemble
immune responses in the target host [288]. Key benefits of the mouse model include cost
and housing requirements, inbred strain availability for mechanism studies, and

availability of immune reagents. Use of mice for future experiments from this work may
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prove invaluable in understanding key regulators of the immune response following

influenza infection or vaccination.

Guinea pig

The guinea pig (Cavia porcellus) is naturally susceptible to infection with human
influenza strains and is primarily used for transmission studies [289]. The outbred
Hartley strain is most commonly used for influenza research and has first been described
as a transmission model for influenza by Lowen et al. in 2006 [290]. In the study using
IAV (H3N2 subtype), efficiently transmitted via aerosol to adjacently housed animals
indicated by high titers for virus in nasal washes. Unfortunately, no clinical signs (weight
loss or temperature differences) were evident in infected animals. 1BV show high levels
of transmission in a contact model and intermediate transmission (1/2 of animals) via
aerosol in guinea pigs. Interestingly, housing inoculated animals at lower temperatures
(5°C) resulted in increased and prolonged virus shedding in the URT compared to
animals housed at higher (20°C) temperatures [291]. Although histological changes were
observed in some lung tissue, no virus was detected. This model may also be used in
studies on the effects of the use of IFNs on infection or spread. Guinea pigs treated
intranasally with human recombinant IFNA prior to IAV(H1N1) infection and daily
thereafter showed reduced virus replication 1,000-fold and was able to block transmission
to exposed animals [292]. Although neutralizing antibodies to influenza examined, other
studies have shown that guinea pigs generate high levels of mucosal and serum
antibodies to influenza following infection or vaccination [293, 294]. Therefore, the

guinea pig can be used as a potential model to address transmission of influenza as well
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as vaccine efficacy; however, the absence of clinical signs and limited immune reagents

preclude this model for further exploration in this work.

Non-human primates

Because non-human primates (NHP) are closely related to humans due to their
phylogenetic relatedness, physiology, and immune system they could be used as an
animal model for studying respiratory viruses [295] . Thus, in theory, they should be
good models for human disease. Seroprevalence studies in NHP (from pets, performing
animals, temple animals, and in reserves) in southeast Asia have found between 13 — 29%
seropositivity to 1AV [296] indicating that may play a role in the ecology of influenza.
Transmission to NHP may be the result of human contact, thus demonstrating they are
naturally susceptible to infection by influenza viruses. In fact, NHP sialic acid receptor
linkage is primarily a2,6- in the URT and both 02,3- and 02,6- in the LRT [297]. Several
macaques subspecies have been developed as an NHP model for influenza viruses. These
include: cynomologous macaques (Macaca fascicularis), rhesus macaques (Macaca
mulatta) and pigtailed macaques (Macaca nemestrina) [298].

NHP susceptibility to IAV isolates, including HIN1 [299], H3N2 [300],
HIN1pdm09 [301] and H5N1 [302, 303] subtypes has been demonstrated; however,
clinical signs were not always consistent to humans. Even though the viruses replicated
well in the respiratory tract, most seasonal viruses to not generally show symptoms in
NHP [304], but highly pathogenic strains induce clinical signs similar to those in humans
[305]. Inflammatory responses, including IFN following challenge with HIN1pdmO09

viruses were upregulated in NHP [301] which was similar to responses observed in
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ferrets [306]. Limitations to widespread use are ethical, housing and husbandry costs,
animal handling expertise, and study size. The main advantage of the NHP animal model
is for vaccine and therapeutic studies since it allows for analyses of immune responses

due to the closeness to human responses.

Ferret

Ferret (Mustela putorius furo) susceptibility to influenza was first demonstrated in
1933 when virus was isolated in animals following infection with throat washes from
infected humans [307]. The ferret remains one of the best small animal models for
influenza research. Sequencing of the complete ferret genome has allowed functional
genomic analysis and expanded use of this model [308, 309]. In fact, the ferret has been
used as an animal model for a number of respiratory pathogens including respiratory
syncytial virus [310, 311], measles virus [312], parainfluenza virus [313],
metapneumovirus [314]. Ferrets have also been used as a model for coronaviruses from
the initial viruses which caused Severe Acute Respiratory Syndrome (SARS) [315] in
humans as well as the more recent SARS-CoV2 virus resulting in the COVID19
pandemic [316]. The ferret model has been used extensively for influenza research and
remains the primary animal model due to the wide array of research uses [317].

Human clinical IAV and IBV can readily infect and transmit in ferrets without
adaptation as required in mice. Several clinical signs in ferrets following infection mimic
those in humans including development of fever, weight loss, sneezing, nasal discharge,
and fever [318]. Additionally, ferrets display similar distribution of 02,3-linked and a2,6-

linked sialic acid receptors as humans on cells lining their respiratory tracts [54, 319,
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320] allowing for efficient infection by human influenza isolates. This allows the ferret to
be an effective model for studies of pathogenicity, transmission and tropism of influenza
viruses [318, 321-325]. The ferret transmission model for influenza was key in
confirming lack of human-to-human transmission of highly pathogenic avian influenza
viruses (H5N1) [321] and demonstration of a two amino acid change in the HA altered
the transmissibility of 1918 influenza virus [326] allowing for the confirmation of the
role of HA receptor specificity in influenza transmission in mammals.

Only outbred ferrets are currently available thus limiting their use in dissecting
specific immune responses or disease conditions. To date, the only knock-out ferret
developed has been in an anion channel, cystic fibrosis transmembrane conductance
regulator, which was disrupted in neonatal ferrets resulting in a cystic fibrosis phenotype
and use for research [327, 328]. However, advances in using the ferret for evaluating the
effects of influenza infection and vaccination in high-risk populations have been possible.
Aged ferrets have been used in understanding challenges of influenza vaccination in the
elderly [329]. Higher susceptibility to infection including increased clinical signs and
mortality than adult ferrets for HIN1pdm09, mimicked responses observed in elderly
human populations [330]. Research into other populations at high risk for influenza
include an diet-induced obesity model where increased disease severity and reduced
vaccine efficacy has been recently reported in an obese ferret influenza model [331], and
pregnancy model for vaccine efficacy and maternal antibody transmission [332, 333].

A key component in the immune response following influenza infection or
vaccination is the understanding of the initial innate response in the host. For the ferret

model, due to a limitation in the availability of immune markers, only a few areas have
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been explored and these are primarily by differential gene expression for AV studies [5,
306, 334-336]. Due to the susceptibility to influenza infection, transmission, and
similarities to human responses the ferret model has great versatility for influenza virus
research. Availability of additional immune reagents will allow for increased use in
understanding immune responses to influenza and development of Dbetter

countermeasures.

Other animal models

Other animal models are not as widely used and are mentioned briefly. The cotton
rat (Sigmodon hispidus) has been reported to be primarily used as an animal model for
respiratory syncytial virus [337, 338]; however, it has also been shown to be susceptible
to influenza [339-341]. 1AV are able to replicate and induce symptoms in the cotton rat
without virus adaptation as in the mouse model [340, 342]. Unlike mice [275, 343, 344],
cotton rats have a functional Mx1 gene which is a an IFN-inducible gene involved in the
innate response to influenza infection [345-347]. Difficulty in handling [348], minimal
clinical signs comparable to humans [349, 350], and immune reagent availability [351,
352] limit the use of this animal model for influenza studies.

The Syrian hamster (Mesocricetus auratus) is mainly used for influenza
transmission studies, but only observed by contact and not aerosol [353]. Hamster have
also been used for influenza vaccine studies, primarily LAIV since their core temperature
is similar to humans. Virus growth was reduced in the lungs but replicated in the URT,
showing similar phenotypes to these viruses in humans [354, 355]. Hamsters show

evidence of infection by detection of virus in the URT and LRT and generation of
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antibodies to influenza. Unfortunately, hamsters do not show clinical signs of infection

[356-358] thus limiting in their use detecting morbidity and mortality in challenge studies

following vaccination or treatment with antivirals.

Table 1.3: Comparison of animal models for influenza research

Mouse GP NHP Ferret
Human Seasonal No Yes Yes Yes
IAV/IBV (Adaptation
replication Required)
Sialic Acid URT(02,3 & URT(a2,6) URT(02,6) URT(02,6)
Receptor linkage  02,6) LRT(02,3 & LRT(e2,3& LRT(2,3 &
LRT(02,3) a2,6) a2,6) a2,6)
Fever No No +/- Yes
Clinical signs No No No Yes
(Similar to
Human)
Clinical signs Weight loss Limited +/-Fever Fever
Ruffled fur sneezing +/-Sneezing Sneezing
Respiratory +/-Nasal Nasal
distress discharge discharge
death +/-Lethargy Lethargy
+/-Weight Weight loss
loss
Transmission No Yes +/- Yes
model (cost
prohibited)
Immune reagents Yes +/- Yes +/-
(limited) (limited)
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Mouse GP NHP Ferret
Limitations Requires No clinical Inconsistent Limited

virus signs clinical signs  immune

adaptation Limited High costs reagents

Limited immune Medium costs

clinical signs  reagents

No

transmission
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HYPOTHESIS AND SPECIFIC AIMS

The studies in this dissertation will determine if infection with 1BV induces
altered innate immune responses, compared to IAV, which could suppress the
development of robust adaptive immune responses. The studies will also address
overcoming innate immune deficiencies through vaccination with immunomodulators
and determination whether a robust adaptive immune response to IBV can be induced in
these animals. An understanding of factors that result in reduced antibody responses in
ferrets may lead to the development of improved IBV vaccines in humans. These

hypotheses will be addressed in the following Specific Aims:

SPECIFIC AIM 1: To determine the differences in cellular responses to infection with
IAV and IBV in vitro.

The working hypothesis is that 1BV infection results in an alteration of the innate
immune response in respiratory epithelial cells and their immunological crosstalk with
peripheral blood mononuclear cells. For the first part of this aim, human IBV from both
Yamagata and Victoria lineages were used for infection in primary ferret upper
respiratory tract cells [359]. Samples were collected at various time points (1h, 6h, and
days 1-3) post-inoculation. Cytopathic effects, viral titers, and gene expression levels
were measured In vitro. Gene expression profiles were examined for multiple pro-
inflammatory cytokines involved in innate responses to 1BV and compared to seasonal

and pandemic IAV [306, 360].
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For the second part of this aim, factors released by IBV-infected respiratory
epithelial cells fail to activate innate immune responses in peripheral blood mononuclear
cells. Differentiated ferret primary upper and lower respiratory tract cells were apically
infected with IBV and IAV in Transwell™ chambers followed by the addition of
peripheral blood mononuclear cells (PBMC) to the basolateral side of the cultures one
day post infection. Innate gene expression profiles were examined in both the respiratory
cells and PBMC following infection. Co-cultured PBMC were assessed for innate gene
expression. Secreted factors were measured in the supernatant from the basolateral side
of the epithelial cell cultures following infection with 1BV and compared to those

secreted following AV infection.

SPECIFIC AIM 2: To determine the differences in adaptive responses to infection with
IAV and IBV in vivo.

The working hypothesis is that delay of the innate immune response following
IBV infection affects the development of a robust antibody response in ferrets. Ferrets
were infected intranasally with AV (HIN1PDMOQ9 and H3N2 subtypes) or IBV (Victoria
and Yamagata lineages) and samples from the respiratory tract and blood were collected
at various times post infection. Viral titers were assessed in respiratory samples and gene
expression profiling was performed in respiratory and systemic (blood) samples to
measure innate gene expression levels, cytokine/chemokine expression levels and these
data compared to human clinical, pathological, immune, and viral outcomes of 1AV and
IBV. Antibody levels were measured in blood samples from 1 to 4 weeks post infection.

Statistical analysis of gene expression, cytokine/chemokine, and antibody levels were
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compared to observed differences between weak and strong responders to determine the

effect of innate immunity on adaptive immunity.

SPECIFIC AIM 3: To determine the effects of immune adjuvants on enhancing adaptive
responses following infection or vaccination with IBV in vivo.

The working hypothesis is that delay of the innate immune response following
IBV infection or vaccination affects the development of a robust antibody response in
ferrets which can be overcome by specific immune adjuvants. Ferrets were challenged
with 1BV or mock challenged followed by intranasal administration of innate
immunomodulators (IFNa and IFNA), which should enhance innate and adaptive immune
responses. Assessment of innate and adaptive immunological responses occurred over a
three-month period following challenge. Animals were either re-challenged or challenged
(mock challenge group) with homologous IBV and protection was compared to non-
adjuvanted animals. Innate and adaptive immune responses from blood and nasal washes
were assessed by transcription status, cytokine/chemokine levels, and antibody responses.
Assessment of protection following viral challenge was measured by a reduction in
clinical signs and viral loads in nasal washes and compared to non-adjuvanted and
previously infected animals. For the second part of this aim, the effects of innate immune
modulators on the protection of ferrets were compared to naive and non-adjuvanted
vaccinated animals demonstrating that overcoming innate immune dysregulation reduced
ferret morbidity. | anticipate that this work will reveal a potential mechanism that 1BV

have evolved to allow persistence of circulating virus in humans through a suppression in
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innate immune and antibody responses. | predict that 1BV-mediated immune delays can

be overcome by addition of innate immunomodulators.
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CHAPTER 2

DIFFERENTIAL INTERFERON RESPONSES TO INFLUENZA A AND B VIRUSES

IN PRIMARY FERRET RESPIRATORY EPITHELIAL CELLS?

1 Rowe, Thomas, Davis, William G., Wentworth, David E. and Ross, Ted M. Differential interferon
responses to influenza A and B viruses in primary ferret respiratory epithelial cells. Journal of Virology
vol. 98,2 (2024): e0149423. d0i:10.1128/jvi.01494-23. Reprinted here with permission of the publisher.
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ABSTRACT

Influenza B viruses (IBV) co-circulate with influenza A viruses (IAV) and cause
periodic epidemics of disease, yet antibody and cellular responses following IBV
infection are less well understood. Using the ferret model for antisera generation for
influenza surveillance purposes, 1AV resulted in robust antibody responses following
infection, whereas IBV required an additional booster dose, over 85% of the time, to
generate equivalent antibody titers. Methods: In this study we utilized primary
differentiated ferret nasal epithelial cells (FNEC) which were inoculated with 1AV and
IBV to study differences in innate immune responses which may result in differences in
adaptive immune responses in the host. FNEC were inoculated with IAV (H1N1pdm09
and H3N2 subtypes) or IBV (B/Victoria and B/Yamagata lineages) and assessed for 72
hours. Cells were analyzed for gene expression by qRT-PCR and apical and basolateral
supernatants were assessed for virus Kinetics and interferon (IFN), respectively. Results:
Similar virus kinetics were observed with 1AV and IBV in FNEC. Comparison of gene
expression and protein secretion profiles demonstrated that 1BV-inoculated FNEC
expressed delayed type-1/I1 IFN responses and reduced type-111 IFN secretion compared
to 1AV-inoculated cells. Concurrently, gene expression of Thymic Stromal
Lymphopoietin (TSLP), a type-Ill IFN-induced gene which enhances adaptive immune
responses, was significantly down-regulated in IBV-inoculated FNEC. Significant
differences in other pro-inflammatory and adaptive genes were suppressed and delayed
following IBV-inoculation. Conclusions: Following IBV infection, Ex vivo cell cultures
derived from the ferret upper respiratory tract exhibited reduced and delayed innate

responses which may contribute to reduced antibody responses in vivo.
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INTRODUCTION

Most influenza studies focus on influenza A viruses (IAV); however, influenza B
viruses (IBV) represent nearly one quarter of all influenza cases and are generally
responsible for most cases that occur late in influenza annual epidemics [1]. Even though
IBV co-circulates with 1AV, little is known about the antibody and cellular responses
following IBV infection [2, 47]. Additionally, the influenza B lineages selected for
annual influenza vaccines have only matched the dominating circulating influenza B
strains in 5 of the 10 seasons between 2001 — 2011 [361]. During the 2014-2015
influenza season, the vaccine effectiveness against influenza B (Yamagata lineage) was
~57% and fewer than 20% of older children and adults had a >4-fold rise in HAI titer
following vaccination[362]. More recently, during the 2019-2020 influenza season which
was characterized by two consecutive waves of activity, beginning with influenza B
(Victoria lineage) and followed by influenza A (HLIN1pdmO09), the vaccine efficacy (VE)
to influenza B in adults was 30% [363]. In northern India where Influenza B dominated
during the same season, the genomic mismatch between circulating influenza B strain
and the WHO-recommended vaccine strain resulted in a VE of 0% [364].

The domestic ferret (Mustela putorius furo) is an important model for influenza
since human clinical AV and IBV can infect ferrets, produce clinical symptoms like
those seen in humans, and readily transmit between animals. Furthermore, human clinical
isolates can readily infect ferrets without adaptation [365], as required for mice [272, 274,
366, 367]. Since there exists significant similarity in the infection and disease course of

IAV and IBV in both humans and ferrets, understanding the mechanism of immune
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responses in the IBV-infected ferret may aid in better understanding human IBV
infections and vaccine development. This model has limitations in the reagents available
for studying the innate and adaptive immune responses; however, recent advances in
reagent development [368, 369], including sequencing the ferret genome [308], have
allowed for exploration into innate and adaptive immune responses in ferrets following
influenza infection. Ferrets infected with influenza viruses have been used to generate
reference antisera for human and animal influenza virus surveillance activities, including
use of antisera in hemagglutination inhibition (HI) and virus neutralization assays [370].
Previous studies involving generation of immune sera from ferrets intranasally infected
with influenza have shown dampened antibody responses in ferrets following influenza B
inoculation compared to influenza A. IBV infection required two doses of 1BV, intranasal
prime and intramuscular boost, to obtain the same immune response and antibody titer as
observed following one dose of influenza A.

Innate immune responses in ferrets have primarily focused on IAVs where an
association between innate immune responses and transmission and virulence has been
found [5]. In this study we wished to determine whether infection with IBVs induce
altered innate immune responses which could suppress the development of robust
adaptive immune responses. To fully understand the differences in the innate responses to
IAV or IBV infections, we utilized differentiated primary ferret nasal epithelial cells
(FNEC) for this study.

Initial innate immune responses following influenza infection include activation
of the interferon (IFN) response. IFN not only limits viral load, but also has

immunostimulatory functions by inducing high levels of proinflammatory cytokines such
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as TNF, IL-1B, IL-6 and other chemokines, which result in pathological lung effects
[371]. IFNs have roles in determining the rate of virus replication initially, shaping
downstream inflammatory responses and adaptive immune responses. IFNs can have
both positive and negative effects on adaptive immune responses. For example, during
acute lymphocytic choriomeningitis virus (LCMV) infection an upregulation of type-I
IFN is beneficial in activating dendritic cells (DCs) and T-cell adaptive functions;
however, chronic infection with sustained IFN production has been shown to suppress
DC expansion and induce an immunosuppressive phenotype [372]. Type-111 IFN (IFNL3)
has been shown to induce thymic stromal lymphopoietin (TSLP) following influenza
infection, leading to increased adaptive mucosal immunity [137]. TSLP was first
identified in a mouse thymic stromal cell line and found to affect B-cell proliferation and
development [373, 374]. TSLP has also shown a direct effect on CD8+ T-cells and an
indirect effect through dendritic cells (DCs) following influenza A infection in mice
[375].

Immune responses following infection of ferrets with pre-2009 seasonal HIN1 or
2009 pandemic HIN1 (HIN1pdmQ9) influenza A viruses demonstrated an immune
switching from an innate immune response to an adaptive immune response. A
correlation of the innate immune gene signatures between a ferret-pathogenic
H1N1pdm09 virus (A/California/07/2009) to a mildly pathogenic pre-2009 seasonal
HIN1 (A/Brisbane/59/2007) in ferrets indicated that robust expression of chemokines
and interferon-stimulating genes (ISGs) were expressed early in the pathogenic strain and
correlated to lung pathology. Comparisons of the two viruses in ferrets indicated that a

more robust innate response resulted in development of an early, high adaptive immune
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response[306]. When producing reference antisera for influenza surveillance studies from
1998-2019, 97% (1064/1094) of ferrets infected with influenza A viruses resulted in
reproducible, high-titered ferret antisera within 14 days post infection, whereas following
infection with influenza B viruses, only 13% (61/448) generated sufficient titers during
the same timeframe and required boosting animals with concentrated virus plus adjuvant
(TiterMax™) to generate comparable serum titers.

Epithelial cells lining the respiratory tract are important regulators of innate and
adaptive immunity to influenza viruses [376]. To determine if these specific innate
responses could be recapitulated in vitro, we isolated and differentiated ferret respiratory
epithelial cells from the upper respiratory tract and compared differences in gene

expression, interferon secretion and viral kinetics following infection with IAV or IBV.

MATERIALS AND METHODS
Viruses

Viruses used were passaged in Madin Darby Canine Kidney (MDCK) cells to
retain antigenic similarity to the original human isolates and to avoid structural changes
in the hemagglutinin which could occur from passage in eggs [377-379]. All influenza
viruses were passaged in MDCK “C#” or MDCK-SIAT1 [380] “S#” cells according to
established procedures[381, 382]. Representative 1AV used in this study were:
A/California/07/2009 “CA” (HIN1pdmO09 subtype, Passage: C3) and A/Kansas/14/2017
“KS” (H3N2 subtype, Passage: S3). Representative IBV used in this study were:
B/Brisbane/60/2008  “BR”  (B-Victoria  lineage, Passage: = CX/C6) and

B/Phuket/3073/2013 “PH” (B-Yamagata lineage; Passage: C4).
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Isolation and culture of ferret primary respiratory epithelial cells

All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Centers for Disease Control and Prevention in an Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International
accredited facility. Influenza naive male fitch ferrets (Triple F Farms, Sayre, PA),
between 10 to 18 months of age and seronegative for currently circulating influenza
viruses, were anesthetized with an intramuscular cocktail of ketamine (25-30mg/kg) and
xylazine (1.5-2mg/kg), exsanguinated and euthanized with intracardiac injection of
Euthasol™ (1ml/kg) prior to collection of respiratory tissues. Nasal turbinates,
representing the upper respiratory tract (URT) were collected and processed in the
following manner:

Nasal turbinates were digested in 25mL digestion medium (MEM, 1.4mg/ml
pronase, 0.1mg/ml DNase 1) for 48Hr at 4°C and neutralized with 10% final
concentration of characterized fetal bovine serum. The cell suspensions were passed
through a 70uM mesh cell strainer and erythrocytes were lysed with ammonium chloride.
Contaminating fibroblasts were removed by adherence followed by culturing the
suspension cells in selective media. Following a two hour adherence of the cells in Petri
dishes, the suspension cells were cultured in medium replacing L-Valine with D-valine
(D-Val EC basic media) due to the lack of D-amino oxidase enzyme in fibroblasts [383].
D-Val EC basic medium consisted of D-Val MEM (MyBiosource, San Diego, CA USA),
HEPES, sodium pyruvate, non-essential amino acids, penicillin/streptomycin, 0.05%

BSA. The ferret nasal epithelial cells (FNEC) were cultured in D-Val EC basic medium
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on collagen-coated flasks for 7-10 days at 37°C, 5% CO2 until confluency, detached with
0.05% Trypsin-EDTA, and either cryopreserved or cultured on collagen-coated 1.12cm?
Transwell® inserts (Corning Life Sciences, Tewksbury, MA USA) at 5x104 cells/cm?.
0.5mL cell suspensions were added to the apical side of Transwell® plates and 1mL D-
Val EC basic media added to the basolateral side of the well. Cells were cultured in D-
Val EC basic media for seven to ten days and then changed to culturing in EC+ medium
[(F12/MEM, HEPES, NEAA, sodium pyruvate, 0.05% BSA, antibiotics) supplemented
with growth factors in SingleQuots (Lonza, Walkersville, MD) and retinoic acid
(15ng/ml)]. Medium exchanges every 2 — 3 days to the apical and basolateral sides of the
cultures continued until the cells formed a confluent monolayer and the transmembrane
resistance of >800Q/cm?, as measured using a Millicell ERS-2 volt/ohm meter (Millipore
Sigma, Burlington, MA), was achieved. The apical medium was removed at this point to
create an air-liquid interface (ALI), and the basolateral medium was exchanged three
times/week for an additional 3 to 4 weeks. After this time, evidence of ciliary action was
observed in the cultures and mucous production by goblet cells. Following ALI culture,
the monolayers were rinsed weekly with PBS to remove any residual mucous
accumulation. Cell cultures isolated from the URT consisted of primary ferret nasal
epithelial cells (FNEC) and have previously been shown to be structurally similar to nasal
epithelium [359]. Three to four weeks post ALI culture, cells were inoculated with

influenza viruses.

Infection of FNEC with influenza A and B viruses
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The apical side of differentiated FNEC was rinsed three times with F12/MEM to
remove any dead cells and mucus. Cells were counted from a representative well
following trypsinization with 0.05% Trypsin-EDTA solution (Life Technologies,
Carlsbad, CA USA) to determine average cell number per well followed by infection
with 1AV and IBV viruses at a 0.3 multiplicity of infection. Cells were inoculated
apically with 0.3ml/well diluted virus in F12/MEM and incubated at 33°C. The virus
inoculum was removed after one hour and the apical side of the cells was rinsed three
times with F12/MEM. The basolateral media was removed and replaced with fresh

Iml/well EC+ media and plates were incubated at 33°C throughout the infection.

Virus titration by focus forming assay (FFA)

At various timepoints post infection, 0.3ml of EC+ media was added to the apical
surface of inoculated or control wells and incubated for 10 minutes at 33°C. The
supernatant was removed from the apical surface and stored at -80°C until evaluated for
virus. Influenza virus titers were determined using a Focus Forming Assay (FFA) [384],
using MDCK-SIATL(SIAT) cells, which constitutively express human 2,6-
sialtransferase-1 and have shown improved isolation rates for recent A(H3N2) influenza
viruses [385] . The FFA was modified and optimized for detection of influenza A and
influenza B viruses with increased sensitivity and reproducibility as follows: SIAT cells
were seeded in 96-well flat-bottom tissue culture plates overnight to form a confluent
monolayer in Dulbecco’s Modified Eagle Medium (DMEM) containing 5% heat-
inactivated fetal bovine serum (FBS) and antibiotics. The following day, the cell

monolayers were rinsed with 0.01M phosphate-buffered saline pH 7.2 (PBS), (Gibco
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BRL, ThermoFisher Scientific Inc., Waltham, MA, USA) followed by the addition of
fifty microliters per well of virus growth medium plus TPCK-treated trypsin, “VGM-T”
[DMEM, 0.1% fraction-V  bovine serum albumin (BSA), antibiotics
(penicillin/streptomycin) and 1pg/ml TPCK-treated trypsin (Sigma, St. Louis, MO,
USA)]. Afterwards, 50ul Y-log serially diluted (10! to 10-%) sample in VGM-T was
added in quadruplicate or VGM-T to cell control wells. A control virus influenza A or B
virus standard was also titrated and included as a positive control in each assay.
Following a 2 Hr incubation period at 37°C, 100 ul media overlay [equal volumes of
1.2% Avicel RC/CL [386] (Type: RC581 NF; FMC Health and Nutrition, Philadelphia,
PA, USA) in 2X MEM containing 1ug/ml TPCK-treated trypsin, 0.1% BSA, and
antibiotics] was added. After an incubation of 18-22 hours at 37°C, 5% CO2, the overlay
was removed, and the monolayers were washed once with PBS to remove any residual
Avicel. The plates were fixed with ice-cold 4% (w/v) paraformaldehyde in PBS (10%
formalin) for 30 minutes at 4°C, followed by a PBS wash and cell permeabilization using
0.5% Triton-X-100 in PBS/glycine at room temperature for 20 minutes. Plates were
washed three times with PSBT (PBS, 0.1% Tween-20), incubated for 1 hour with a
monoclonal antibody pool to influenza A or B nucleoproteins (International Reagent

Resource; www.internationalreagentresource.org) in ELISA buffer (PBS,10% horse

serum, 0.1% Tween-80). Following three washes with PBST, the cells were incubated
with goat anti-mouse peroxidase-labelled 1gG (Sera Care, Inc., Milford, MA) in ELISA
buffer for one hour at room temperature. Plates were washed three times with PBST, and
infectious foci (spots) were visualized using TrueBlue substrate (Sera Care, Inc., Milford,

MA USA) containing 0.03% H»O incubated at room temperature for 10-15 minutes. The
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reaction was stopped by washing five times with deionized water. Plates were dried and
foci enumerated using a CTL Bio Spot Analyzer with ImmunoCapture 6.4.87 software
(CTL, Shaker Heights, OH). The FFA titer was determined by multiplying sample
dilution which gave between one hundred to three hundred spots by the spot number at
that dilution, to obtain the FFU/well. The foci in the cell control were subtracted and the
number of foci remaining was multiplied by twenty to give FFU/ml. All samples were
expressed in log Focus Forming Units per milliliter (FFU/mI). The limit of detection was

1033 FFU/m.

Gene expression in FNEC

One hundred microliters PBS was added to inoculated or control FNEC
monolayers on Transwell® inserts followed by 280 microliters AVL lysis buffer (Qiagen,
Germantown, MD USA). Samples were mixed 3-4 times and lysate was frozen at -80°C
until RNA extraction. Carrier RNA was added to each sample and RNA was extracted
using EZ1 DSP kit on a Qiagen EZ1 Advanced XL extractor according to the
manufacturer’s instructions (Qiagen, Germantown, MD USA). RNA was eluted in 120
microliters RNAse-free water and stored at -80°C until evaluated for gene expression.

For unpublished primer/probe sets, five sets of primers and probes were designed
for each gene using Integrated DNA Technologies PrimerQuest tool

(www.idtdna.com/Primerquest/) for ferret sequences found using NIH basic local

alignment search tool (BLAST) sequence search

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). All unpublished primer/probe sets were chosen

following testing using mitogen-stimulated ferret PBMC or LPS-stimulated ferret
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respiratory epithelial cells. Designed ferret primer sequences used with TagMan

amplification were as follows: for interferon lambda3 “IFN-L3”, 5'-
ACTCCACACTGCTGCTGCTTAG-3' (forward), 5'-
CCTTCCTGTTTACTTGTGCATATIG-3' (reverse), and probe 5'-

ATGAAACCAG<LNA A>GTGCTGACCCAAA-3' (probe); transforming growth factor
betal “TGFB1”, 5'-CGTGCGGCAGCTCTATATT-3 (forward), 5'-
GCAGAAATTGGCGTGGTAAC-3 (reverse), 5'-
AAGGATCTGGGCTGGAAGTGG<LNA A>ATC-3' (probe); tyrosine Kkinase 2
“TYK2”, 5'-CTCGCATAGAGATCAACCAAGAA-3 (forward), 5'-
GAAGTCACACAGGGAGGAAAG-3 (reverse), 5'-
AAGCTTATCTACCTGGTGCAGGGC-3' (probe); ubiquitin specific peptidase 18
“USP18”, 5-TGCTGTCTTAACTCCCTGATTC-3' (forward), 5'-
CTTCTCCTCTGCTCTTCTGTTC-3' (reverse), S'-TGT
GGGCTTCACCAAGATATTGAAGAGG-3" (probe); thymic stromal lymphopoietin
“TSLP”, 5-GTCTGGGCACATAACTCTAAGG-3 (forward), 5'-
CACCCTGGTGTCTCACTAAAC-3 (reverse), 5'-CAGGCCTTGC<LNA
A>GATATAGAGCCGATT-3" (probe). All probes were modified with 6-FAM,
fluorescein amidites (FAM) fluorophore on the 5' end and a non-fluorescent Black Hole
Quencher®-1 (BHQ-1) on the 3' end. Additionally, a locked nucleic acid at adenine
<LNA A> was incorporated in most probes in order to increase template binding strength
for real-time PCR [387]. Primers and probes for all other ferret genes were generated
from published ferret sequences [5, 306, 388-391]. All primer/probe sets used are shown

in Table 2.1.
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Quantitative real time PCR (QRT-PCR) was performed on triplicate samples using
an ABI 7500 Fast Dx Real-Time PCR instrument (Applied Biosystems, Waltham, MA
USA). PCR reactions were performed in a 5 microliter RNA reaction volume using
SYBR™GreenER™ gPCR SuperMix (Applied Biosystems) or SuperScript™ [[]
Platinum™ One-Step gRT-PCR Kit for TagMan reactions (InvivoGen, San Diego, CA
USA). An RT reaction for 30 minutes at 50°C, was followed by inactivation for 2
minutes at 95°C, then followed by 40 amplification cycles at an annealing temperature of
50°C. Reactions were performed on triplicate samples for each experiment and the values
were normalized by subtracting the mean value of the cycle threshold (Ct) from that of
the Ct for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene
(ACT). The relative levels of gene expression for inoculated cells were determined by
subtracting the individual ACt values from that of average ACt values of mock
inoculated cells (AACT) and expressing the final quantification values (2-22€T) as relative

fold changes.

Type-111 interferon bioassay

Basolateral secretion of interferon lambda (IFN-L) from inoculated FNEC was
detected using HEK-L reporter cells (HEK-Blue™ IFN-L cells: InvivoGen, San Diego,
CA USA) designed to monitor the activation of the JAK/STAT/ISGF3 pathway induced
by type Il IFNs. The HEK-L cells were generated by stable transfection of HEK-293
cells with the human IFNLR and IL10R receptor genes as well as the human signal
transducers and activators of STAT2 and IRF9 resulting in a fully active IFN-L signaling

pathway. Activation of the pathway was detected since these cells harbored the secreted
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embryonic alkaline phosphatase (SEAP) under the control of the ISG54 promoter, which
Is activated by IFN-L. Stimulation of the IFN-L triggered the JAK/STAT/ISGF3 pathway
and induced SEAP production which was measured by a colorimetric assay at 650nm
using Quanti-Blue™ solution according to the manufacturer’s instructions (InvivoGen,
San Diego, CA USA).

Twenty microliters of supernatants collected from mock (PBS), IAV and IBV
infected FNEC, or media control were added in triplicate wells of 96-well tissue culture
plate. A tissue culture flask containing HEK-L cell monolayers was gently rinsed once
with PBS and cells were dislodged and suspended in HEK medium (DMEM, 10% FBS,
antibiotics) to a concentration of 2.8x10° cells/ml. 180 microliters of HEK-L cells were
added to each well containing twenty microliters of sample and to serially 1/2-log diluted
(0.1 — 1000ng/ml) recombinant ferret IFN-L3 (Kingfisher Biotech, St. Paul, MN USA).
The plates were incubated for 20Hr at 37°C, 5%CO2. After incubation, twenty microliters
of supernatant from the wells were transferred to a new 96-well plate and 180 microliters
of Quanti-Blue™ substrate was added and incubated for 2Hr at 37°C, 5%CO..
Absorbance was read at 655nm. A sigmoidal 4-point standard curve from 0.1 to 1000
ng/ml was generated using recombinant ferret IFNL3 protein and unknown samples were
extrapolated from the standard curve. The assay was specific for type-111 IFN since type-I
ferret and human type-I/11 1FNs did not result in an absorbance signal (supplemental
figure 2.S1). Detection of type-l IFN was not possible since HEK-A/B cell (type-1 IFN
bioassay) could not distinguish between human or ferret type-l1 and type-l111 IFNs

(supplemental figure 2.S1).
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Statistical analysis

GraphPad Prism 9 was used for all statistical analyses (GraphPad Software, La
Jolla, CA USA). One-way ANOVA was used to determine total IFN-L3 protein
concentrations over time between infection groups and significance between groups was
determined by 2-way ANOVA analysis. Gene expression analysis was performed by
triplicate independent samples per experiment, and outliers were identified by the
Grubbs’ test (0=0.05) by Extreme Studentized Deviate method for removal of a single
outlier plus one iteration from all assays (N=12 total replicates) if found. Spearman (1-
tailed, 95% confidence) correlation method used for comparison of virus replication and
gene expression. The Student’s t test was used to assess the statistical differences in the
gene expression levels in respect to the mock controls and for comparing influenza A to
influenza B viruses. A p-value of <0.05 was considered statistically significant: * p<0.05,
** p<0.01, ***p<0.001, ****p<0.0001.
RESULTS
Influenza A and B viruses replicate equally in ferret nasal epithelial cells (FNEC).

Following inoculation of differentiated ferret nasal epithelial cells (FNEC) at
temperatures consistent with the upper respiratory tract (33°C), similar viral replication
Kinetics were observed for 1AV and IBV (Figure 2.1). When comparing average Virus
replication for each experiment at each timepoint (Figure 2.1A), no significant
differences were observed between any of the viruses (Sidak’s multiple comparison test).
Additionally, when comparing all experimental samples for viruses from 1AV (CA and
KS) to IBV (BR and PH) in FNEC, no statistical differences were seen (Figure 2.1B)

between groups. Although no differences in the overall virus Kinetics were observed, |IAV
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viruses replicated earlier than 1BV in FNEC; however, equivalent virus replication was

attained by 72Hr.

Differential gene expressions observed in FNEC following influenza A and B
infections.

To determine the temporal relationship between host immune responses and the
progression of influenza infection in the upper respiratory tracts of ferrets, FNEC were
inoculated with 1AV and IBV viruses and examined for gene expression at various time
points. The ferret genes (Table 2.1) were assessed by qRT-PCR and fold changes over
mock-inoculated FNEC were shown for 72Hr following challenge. When comparing 1AV
(HIN1pdmQ09 and H3N2 subtypes) inoculated FNEC to IBV (B-Victoria and B-
Yamagata lineages) inoculated FNEC, proinflammatory genes were upregulated and
sustained only in AV (CA and KS) samples (Figure 2.2A). Only proinflammatory genes
IL-6 and IL-8 were upregulated late (72Hr) following IBV (BR and PH) infection. For
comparisons of differences in gene expression following 1AV and IBV inoculation of
FNEC, an overall upregulation with 1AV can be observed compared to IBV (Figure
2.2B). Significant upregulation of all gene categories by 1AV compared to IBV-
inoculated FNEC was observed by 24Hr (Figure 2.3). Inflammatory response gene
functional group (comprised of CCL2, MCP1, CCL5, IL-1A/1B, IL-6, IL-8 and TNFA
genes) was significantly upregulated by 1AV at 24Hr (p=0.00007) and 48Hr (p=0.0016)
post infection. Early significant differences between 1AV and 1BV was also observed in

interferon (comprised of type-I, -Il, and -III interferons) at 24Hr (p=0.0019) and 48Hr
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(p=0.0046), and T-effector (comprised of IL-4, IL-12, and IL-17 genes) functional
categories, p=0.0011 and p=0.019 at 24Hr and 48Hr respectively.

For gene categories affecting adaptive responses as well, AV caused significant
upregulation in genes from 12Hr — 48Hr (p=0.0018 @12Hr, p=0.0009 @24Hr and
p=0.005 @48HTr) for Thl (comprised of CXCL10, CXCL11 and CXCL) and 24 — 48Hr
(p=0.02 for 24Hr and p=0.021 for 48HTr) for Th2 (IL-2 gene) functional categories. For all
gene categories evaluated, IAV resulted in significant early and sustained upregulation
compared to IBV in FNEC.

Temporal differences between gene expression from 1AV and IBV inoculated FNEC as
shown in Table 2.2. Significant differences are indicated by p values and average fold
upregulation shown in pink (>2-fold over mock) and down regulated genes are shown in
blue (<1-fold over mock). In all cases AV showed significantly higher upregulation of
genes (>2-fold over mock) to 1BV, except for at 72Hr for expression of CXCL11. For
inflammatory responses, CCL5 “RANTES show significant differences between IAV and
IBV at 12Hr and has been shown to be upregulated following H3N2 inoculation of
human airway epithelial cells [392]. Other early (24 — 48Hr) pro-inflammatory and
inflammatory genes show significant differences between 1AV and IBV and include
CCL2, MCP1, IL-12, IL-1A/B and TNFA. Conversely, significant differences between
IAV and IBV for type — I/l11 IFN genes (IFNA, IFNB, IFNL3) are seen late (72HTr),
except for type — Il IFN (IFNG gene), which is upregulated earlier (48Hr). T-effector
responses were generally upregulated earlier than T-regulatory responses. Th1l responses
were significantly earlier in 1AV than IBV, except for CXCL11 which was significantly

higher in IBV very late (72Hr). Early inflammatory responses seen following 1AV

76



inoculation of FNEC are consistent with findings in human airway epithelial cells
inoculated with 1AV [393-395]. Differences between 1AV or IBV compared to mock-

infected are shown supplemental Table 2.S2.

Interferons are delayed in FNEC by influenza B viruses.

Since the focus of this study was to discern whether differences in interferon
responses following inoculation of FNEC with 1AV and IBV may influence adaptive
responses, type I/11/111 IFN responses were analyzed (Figure 2.4). The average fold gene
expressions of Type-lI IFNs (Figure 2.4A and 3.4B), type-1l IFN (Figure 2.4C) and type-
I IFEN (Figure 2.4D) were compared following 1AV (CA and KS) and IBV (BR and PH)
inoculation of FNEC. AV induced early IFN expression compared to delayed expression
by IBV for all IFN types. Significant differences were observed at 48Hr for type-11 IFN
(IFNG, p=0.014) and at 72Hr for type-I IFN (IFNA and IFNB, p=0.002) and type-I11 IFN
(IFNL3, p=0.0154). To determine whether an upregulation in IFN resulted in secretion of
IFN protein, we collected basolateral supernatants from 1AV and IBV -inoculated FNEC
and evaluated using an HEK-IFN reporter assay. Type-111 IFN expression system was
able to detect recombinant ferret IFNL3 while not detecting type-I/11 recombinant ferret
IFNs (Supplemental Figure 2.S1). AV inoculation of FNEC was able to upregulate not
only IFNL3 gene expression but was also able to induce basolateral IFNL3 protein
secretion either directly from infected cells or indirectly from bystander cells, were as,
IBV-inoculated cultures did not secrete detectable levels of IFNL3 over 72Hr post

inoculation (Figure 2.5).
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Thymic stromal lymphopoietin (TSLP) is downregulated in FNEC by influenza B
viruses.

Since it has been reported that IFNL3 can stimulate adaptive immune responses
by triggering TSLP [124], we tested for TSLP gene expression following 1AV and IBV
inoculation in FNEC (Figure 2.6). TSLP gene is highly upregulated in FNEC by IAV by
24Hr to 48Hr and remains upregulated through 72Hr. In IBV inoculated FNEC, TSLP is
downregulated. Significant differences (p=0.037) were observed at 48Hr. IFNL3 was
upregulated (Figure 2.4) following 1AV inoculation by 24Hr and remained elevated and

was concurrent to TSLP upregulation.

Direct correlation between virus replication and IFNB/IFNL3 gene expression, but
not IFNA/IFNG, in ferret respiratory epithelial cells.

We have shown the 1AV replicated to higher levels earlier (12Hr and 24Hr);
however, 1AV and IBV reach equivalent titers by 48 — 72Hr in FNEC. Since IFN
expression was delayed and lower in IBV-inoculated FNEC, we wanted to determine
whether there was a correlation to IFN expression and other genes (Table 2.2). Using
nonparametric Spearman correlation, we showed that type-lI (IFNA) expression did not
correlate with viral titer in IAV or IBV, whereas type-I11 IFN (IFNL3) showed a direct
correlation for IAV and IBV. However, type-1 IFN (IFNB) showed a direct correlation to
viral load with 1AV and IBV. A direct correlation with all proinflammatory genes
evaluated to viral load is seen for IAVs. Only IL-1A, IL-6 and IL-8 correlate to viral load
for both IAV and IBV. Th1 gene (CXCL11) showed an inverse correlation for IAV and a

direct correlation for IBV. Interferon stimulating genes STAT1 and STAT2 showed
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correlations for both 1AV and IBV; however, only STAT2 showed a direct correlation for
both IAV and IBV. As expected, cell death marker (GRANA) showed direct correlation to

viral load for both |AV and IBV.

DISCUSSION

Even though the interferon system has potent antiviral activity, it is unable to
completely prevent influenza virus infection. Influenza viruses have evolved strategies to
attenuate the IFN response to allow for replication and transmission in the host. The
interferon response, however, is important in downstream adaptive immune responses
and development of antibodies as well as responses to protect the host from tissue
damage and clear the infection. Influenza IFN antagonism has been demonstrated for
IAV, primarily by the NS1 gene [396]; however, only recently have other influenza
viruses (B, C and D) NS1 genes been shown to possess similar functions [397, 398]. In
this study we show that IBV inoculation of respiratory epithelial cells results in reduced
IFN, and inflammatory responses compared to 1AV inoculation which may explain
differences in downstream adaptive immune responses. The role of RIG-I in inducing a
rapid IFN response following IBV infection over IAV has been demonstrated in human
macrophages and dendritic cells [399] and human alveolar epithelial cells [400]. FNEC in
this study may show reduced responses compared to other immune cells as well as those
in the lower respiratory tract. Macrophages play a vital role in eliminating viruses and
triggering innate immune responses. While they are abundant in the LRT, they are less
likely to be involved in influenza infections, such as IBV, restricted to the URT [401].

FNEC represent the initial site of infection in the upper respiratory tract and therefore be
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unable to initiate an early IFN response to IBV as compared to IAV which is
contradictory to responses in other immune cells or viruses which are able to effectively
spread to the lower respiratory tract. Differences in the responses seen in this study in
cells representing the URT may be more representative in milder influenza infections in
viruses restricted to this respiratory compartment Recently, a study using human nasal
epithelial cells (hNEC) infected with B-Victoria or B-Yamagata viruses have shown
strong upregulation of type-1/I11 IFNs compared to mock as well as differences between
the lineages [402]; however, these studies were only compared to mock-infected and
observations were conducted at later timepoints (48Hr and 96Hr post inoculation). This
study shows a direct comparison of 1AV versus IBV inoculated FNEC from 12Hr to
72Hr. Another recent study using human alveolar epithelial cells (A549) demonstrated a
robust 1SG and IFN response following B-Yamagata infection [403]. The study utilized a
cell line derived from a lung carcinoma and represents a human alveolar cell from the
lower respiratory tract. Depending on which respiratory compartment is tested, there are
differences in innate immune responses [404, 405]. For example, reduced IFN in the
upper respiratory tract compared to the lower respiratory tract have been shown SARS-
CoV2-infected patients [406]. This study utilized primary respiratory cells from the upper
respiratory tract. Comparison of IFN responses in primary cells from the trachea of
ferrets may be important in further elucidating differences between upper and lower
respiratory tracts.

In this study IAV-inoculated FNEC activated both inflammatory responses as
well as IFN responses, but I1BV-inoculated FNEC suppressed and delayed inflammatory

and IFN responses. 1AV inoculation triggered apoptosis, as evidenced by granzyme A
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upregulation (significant 24->72Hr post-infection); whereas granzyme A was not
upregulated following IBV inoculation. AV granzyme upregulation was consistent with
studies using human nasal epithelial cell cultures infected with IAV which show
upregulation of caspases, bax and BCL-2 [407]. In this study we have also shown
upregulation of granzyme pathway genes by IAV. TSLP was also upregulated early
(24Hr) in 1AV and could result in recruitment and activation of DCs in contrast to IBV
where TSLP was not upregulated and may result in a delay in DC activation and
downstream immune responses. This delay or suppression of inflammatory and IFN gene
activation may be one component leading to lower adaptive immune responses following
IBV infection and/or vaccination. Even though differences in virus replication were
observed at some individual timepoint between IAV and IBV; overall replication kinetics
over 72Hr was not different. Viral replication kinetics was determined from supernatants
from infected cell cultures; however, there may be differences in cellular accumulation of
viral RNA between AV and IBV which could affect innate gene activation. Genomic
RNA levels to influenza M1 were measured by Zeng et al. and no significant differences
were observed in cells following A/H1IN1 compared to A/H5N1 in FNEC [359]. Further
experiments are warranted to determine if this is similar for IAV and IBV.

Influenza B may show greater IFN antagonism than influenza A as demonstrated
a greater suppression and delay of the IFN response in this study. The interferon response
was suppressed, as well as other inflammatory responses, in IBV inoculated FNEC. Gene
expression responses between IAV and IBV inoculated FNEC showed significantly
higher expression levels of Type-1 and Type-Il IFNs at 24 and 48Hr (p<0.05). Interferon

antagonism has been shown for influenza A viruses, primarily by the NS1 gene [408].
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For IBV, in addition to NS1 [409, 410], polymerase proteins (PB1 and PA) have shown
type-1 IFN antagonistic properties [45, 411, 412]. Studies using human cells isolated
from the respiratory tract have shown that IFN signaling is primarily disrupted by NS1
protein [413, 414].

Similar responses seen in inflammatory gene expression were observed in human
bronchial epithelial cells following 1AV H1N1pdm09 (CA) inoculation [52]. FNEC
showed early significant upregulation of Thl gene expression from 12Hr — 48Hr
following 1AV inoculation, whereas 1BV inoculation showed a significant delay in Thl
gene expression. A concurrent reduction and delay in IFN gene expression and protein
secretion as well as significant delay in Thl gene expression following IBV inoculation
of FNEC may influence DC activation and MHC-I presentation. Type-I interferons have
been shown to activate DCs resulting in an MHC-I dressing [199] and presentation to
CD8+ T-cells [415]. Both AV and IBV have been shown to reduce surface expression of
MHC-I in A549 cells by different mechanisms [45]. IAV downregulated both surface and
intracellular MHC-1; however, with 1BV only surface levels of MHC-I were significantly
reduced. This reduction was due to a delay in trafficking of MHC-I to the cell surface and
not an increase in the rate of MHC-I internalization and degradation. Trafficking of viral
proteins to the cell surface was not affected; however, CD71 (TfR) and HLA-DR (MHC-
I1) were also downregulated at the cell surface of 1BV -infected cells. We have shown that
IFN responses and both Thl and Th2 responses are downregulated and delayed in IBV-
inoculated FNEC. The downregulation of MHC-I as well as MHC-I1 by IBV may play a
crucial role in reducing a robust adaptive immune response in vivo. Further comparisons

of IAV and IBV in the ferret will be critical to confirming whether the results from FNEC
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studies are reproducible and if downstream adaptive immune responses are affected as
hypothesized. Since 1AV replicated earlier than 1BV, and this correlated to IFN gene
expression, addition of IFN following IBV infections may result in shifting the virus
Kinetics similar to IAV. Confirmation of IFN lambda secretion in human nasal epithelial
cells would be of great interest to determine whether these responses are similar
observations in FNEC following 1AV and IBV inoculation. This may allow for increased
inflammatory responses and downstream antibody increases. In vivo studies are currently
underway to determine the impact of IFN-adjuvants on adaptive immune responses in

IBV inoculated and vaccinated animals.
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Table 2.1: gRT-PCR primers and probes.

asuodsal N4I (y20c)1e UeNDeL TOHd OVVYVLOVILI191991320VD 99VVLILIOVVLIVIVIODODLI1D d1sL
18 amoy -11VOOI9VOVLVIVOY VNT>09L10099VI-Nv4
asuodsal N4| ‘le 18 bueq usalb 1VOVOVIVOIILLOIDDOIVO 091V IVLIOVO1LVI9199109 €500S
HaAS
asuodsal N4I ‘le 18 Bueq usaib 1VO110091VVI191VYVvI9OLl 1112092vO919110VIOVOVY 1-91d
H9AS
asuodsal N4l ‘[e 18 bueq uaaiIb OOV IVOLILVYVIOIVIIIOV 10VV9OLOIVVOVVIIIIVYI €1V1S
HdAS
asuodsal N4| ‘le 18 bueq usalb 10VOLO19VOD1DD110091 OVYVOLO9OVIOOVVOLIOLOOV [ANARS
HaAS
asuodsal N4I  "[e 18 Buey usaih VYVOLOIIVILLIOVIDLOVIV VO1OVVOI91VIDLLOD9V TIVLS
d9AS
(111 8dAL) N4I (vz02) uepbel TOHE OLIVIVIDLOLIDVLILIODIDOLILIDD 11V119VVL110339120209VvID €Nl
‘e 18 amoy VYV OOIVOLOD19<V VN1>9OV IOV VVOLV-NV
(11 8dAL) N4l "[el8 uejojed  uepbel TOHE-1910VVYVOLLO<Y VNT>LOL1LDJ101-INv4 O9LVIOLVIOOLIVYOLIDDLIDID VVVVIVOLOVOVIOOIVOVOVOILIVY ON4I
(I 9dAL) NdI  ‘|lels uejored  uelNbel TOHE-VIOLLVOILLO<Y VNTI>LLOVVLIVLIOVV-INVH OVL10910910910VIOVIILIV 911011990V IOVIILILLIVIV andl
(19dAL) NdI  "|ejs uejosed  uebel TOHE-09101<V VYN1>10L000L01VVO-INv4 0911V1912999VVIVIOOV OVIOL1OVLIIVVOOVOLOILVIOL VN4
sisojdody ‘lejd uejored  uenbel TOHG-OVVVOIIIVVVILOLY VNTI>OLV-NVA VOVOLLIOVVIOLOD9VIID VYVOVVLIDD1010201001VI9 V awAzues
Alojewwepjur  -|e1d uejoled  UeAbe] TOHG-OVOOVOWVO<Y VNT1>09910-NV4H VOOVVOOLOVOVOLLVVOLLVOL VVIOO1l121VVV1DIVVIVVOVOVID 9
-0id
Alojewwepul ‘e s UejoJe)  UBNbEL TOHE -0<V VN1>201090999J1-INv4 VOLLI9DD119V1IIOVOVILLODIL OVOLVIODLOWLIVID1D919913D a1l
-0id
4l ‘le18 UBjOIRD  UBNbRL TOHG-VOVYVIOVIILY WNI>D00DL-Nv4 VOOVYVOVIDILLDDDLIVOVY JOLIOVVOLVIVIIVLIVVVLIOOIVOD LTI
Hel ‘[ela uejored  UeDEL TOHG-01109<V VNTI>09VOIVIOVL -V VOLVOLODO2191VOLVOLLIDD O1VIOVVIOLO9OVVIVILIVIOOIOD 0vdzT-1I
Hal ‘[e19 UejOIBD  UBDEL TOHE-LVOWVIO<V VN1>DLOIVVOOVI-NvH 0911191V I199VIVVOIIVI 11JV99VOVILIDLIVOVIVVID |l
baiL (¥202) UeAbeL TOHd JVV1991929911VVVIVID 11V1VI12109VI9909190 78491
‘|e 18 amoy -OLV<V VN1>9919VV9O910999101VOOVVY-NVH
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List of PCR primers. Ferret primers designed for this study are: TGFB1 (T-reg group),
IFNL3 (Type-III interferon), and TYK2, USP18, TSLP (Interferon response genes). All
other primers used in this study are referenced. Forward (5' to 3'), reverse (3' to 5') and
probes are listed. Probes using TagMan enzyme include special chemistry at the 5'-end
(FAM) 3'-end (BHQ1) and internally modified bases (LNA A) that were specifically

designed for this study to enhance binding and specificity for ferret genes.
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Figure 2.1: Replication kinetics of IAV/IBV in FNEC.
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Replication kinetics of 1AV [HIN1pdm09 “CA” (A/California/07/2009), H3N2 “KS”
(A/Kansas/14/2017)] and IBV [B-Victoria lineage “BR” (B/Brisbane/60/2008), B-
Yamagata lineage “PH” (B/Phuket/3073/2013)] inoculation of FNEC at 33°C (MOI=0.3)
over 72Hr. A) HIN1pdm09 = red, H3N2= orange, B-Victoria = green, B-Yamagata=
yellow. B) Comparison of 1AV (CA/KS) and IBV (BR/PH) in black and white circles,
respectively. All points are from four independent assays in FNEC conducted in
triplicate. Limit of detection, indicated by a dotted line, was 1033 FFU/mL. Significance
between groups was determined using 1-way ANOVA (Sidak’s multiple comparison
test).

Figure 2.2: Heatmap of early/late gene expression in IAV/B-inoculated FNEC.
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Influenza A and B inoculated (33°C, MOI=0.3) FNEC from four independent
experiments performed in triplicate. Average fold gene expression, compared to mock
inoculated FNEC, blue = downregulated and red = upregulated. A) Comparison of IAV:
CA and KS, HIN1PDMO9 and H3NZ2 respectively; IBV: BR and PH, B-Victoria, and B-
Yamagata lineages, respectively. Temporal RNA expression from 12Hr to 72Hr post
inoculation. All gene groups (Table 2.1) are separated by dotted lines or solid lines for
interferons. B) Average gene expression comparison of all AV “A” to all IBV “B”

inoculated FNEC by type followed by Hr post inoculation. Interferon gene regulation
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demarcated between dotted lines. Up to two outliers removed using statistical analysis

(Grubb’s test) from 12 replicates/gene from 4 independent experiments if necessary.

Figure 2.3: Regulation of genetic functional categories by IAV and IBV in FNEC

Comparison of temporal changes in gene expression following 1AV and IBV inoculation

of FNEC. Individual points for each gene/category shown for each timepoint 12Hr (white

circles), 24Hr (light grey circles). 48hr (dark grey circles) and 72Hr (black circles) from

individual samples used in figure 2.2 are presented. Panels comparing specific functional

categories: A) Inflammatory response genes (CCL2, MCP1, CCL5, IL-1a, IL-1RB, IL-6,
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IL-8, and TNFa). Significant differences between IAV and IBV at 24Hr (p=0.00007) and
48Hr (p=0.0016). B) Interferon response genes (IFNa, IFNB, IFNy and IFNQA).
Significant differences between 1AV and IBV at 24Hr (p=0.0019) and 48Hr (p=0.0046).
C) T-effector response genes (IL-4, 1L-12, and IL-17). Significant differences between
IAV and IBV at 24Hr (p=0.0011) and 48Hr (p=0.019). D) T-regulatory response genes
(FOXP3, IL-10 and TGFR1). Significant differences between 1AV and IBV at 24Hr
(p=0.002) and 72Hr (p=0.005). E) Th1 response genes (CXCL10, CXCL1land CXCLJ9).
Significant differences between 1AV and IBV at 12Hr (p=0.0018), 24Hr (p=0.0009) and
48Hr (p=0.005). F) Th2 response gene (IL-2). Significant differences between IAV and
IBV at 24Hr (p=0.02) and 48Hr (p=0.021). Significance at each timepoint was

determined using multiple unpaired t-tests.
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Figure 2.4: Interferon gene expression following IAV/B-inoculation of FNEC
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Influenza A and B inoculated (33°C, MOI=0.3) FNEC from four independent
experiments performed in triplicate. Average fold interferon (IFN) gene expression,
compared to mock inoculated FNEC, over 72 hours. Black circles (IAV; CA and KS) and
white circles (IBV; BR and PH). A) Type-I, IFN-a. Significant differences between [AV
and IBV at 72Hr (p=0.002). B) Type-I, IFN-R. Significant differences between 1AV and
IBV at 72Hr (p=0.002). C) Type-11, IFN-y. Significant differences between IAV and IBV
at 48Hr (p=0.014). D) Type-III, IFN-A. Significant differences between IAV and IBV at
72Hr (p=0.0154). Data from 4 independent experiments using one-way ANOVA for

determination of significance between IAV and IBV.
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Figure 2.5: TSLP gene expression following IAV/B-inoculation of FNEC
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Influenza A (IAV) and B (IBV) inoculated (33°C, MOI=0.3) FNEC from four
independent experiments performed in triplicate. Average fold Thymic Stromal
Lymphopoietin (TSLP) gene expression over 72 hours is shown. Black circles (IAV; CA
and KS) and white circles (IBV; BR and PH). Significant differences between AV and
IBV at 48Hr (p=0.037). Data from 4 independent experiments were analyzed to

determine significance between IAV and IBV.
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Figure 2.6: Type-Il1 IFN protein levels following IAV/B-inoculation in FNEC.
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Average IFNL levels (pg/mL) secreted from the basolateral side of inoculated FNEC
from 12Hr to 72Hr post inoculation. 1AV vs IBV p=0.0238 (one-way ANOVA).

Significant differences for timepoints: AV vs IBV (24Hr p=0.0165, 48Hr p=0.049).
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Table 2.2: Significance of gene expression between IAV/IBV-inoculated FNEC.

12HR 24HR 48HR 72HR

GENE A B p A B p A B p A B p FUNCTION

GAPDH 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 Housekeeping
Inflammatory

CCL2 14 11 1.7 0.8 0.0046: 1.4 0.9 0.037¢ 0.9 1.2 chemokine

i i i Inflammatory

MCP1 1.3 1.3 119 0.5 0.0357:¢ 9.0 1.0 ! 895 7.3 chemokine
Chemokine

CCL5 72 17 0.045: 3.2 2.1 1.5 2.1 1.4 0.8 (RANTES)

CXCL1I0 38 1.6 4.7 1.6 0.0188: 3.6 19 0033 24 1.1 Th1 (IP-10)

CXCL11 16 05 0.006: 2.1 1.2 1.9 1.6 1.3 3.4 0.05 Thl (IP-9)

CXCL9 51 05 0.041: 3.8 1.5 1.6 0.5 0.004: 0.3 0.6 Thl (MIG)

IL2 0.8 0.8 5.0 0.8 0.0201%{ 1080 | 0.9 0.021} 2487 4.6 Th2

FOXP3 0.1 0.2 1.2 0.6 0.8 1.2 21.3 4.3 Treg

IL10 0.8 0.8 1.2 0.8 4.7 0.9 220 4.6 Treg

TGFB1 0.4 0.8 1.1 0.4 0.0237: 1.0 0.6 11.4 25 Treg

IL4 1.0 0.7 22.7 0.9 0.0005: 56.0 0.9 0.018: 3569 4.6 Teff

IL12 0.6 13 0.017: 1.4 1.1 2.4 1.1 0.049: 171 56 Teff

1L17 1.7 20 1.5 1.1 1.1 1.1 23.3 9.7 Teff
Pro-
inflammatory

IL1A 09 15 1.7 0.8 0.0157: 4.7 6.8 >500 7.1 cytokine
Pro-
inflammatory

IL1B 1.2 15 1.6 1.2 3.3 1.1 0.049% 199 35 0.04 cytokine
Pro-
inflammatory

IL6 1.1 09 2.2 1.8 3.7 1.5 0.041 ) >500 >500 cytokine
Pro-
inflammatory

IL8 1.2 09 1.2 1.3 10.0 3.4 62.4 T72.4 cytokine
Pro-
inflammatory

TNFA 06 0.7 3.3 0.7 0.0185! 8.4 08 0.001: 872 7.9 cytokine

GRANA 13 15 2.5 0.9 0.0306 i 20.5 2.0 0.011: 3316 17.6 0.03 Apoptosis
Interferon

IFNA 14 15 2.5 1.3 2.6 0.7 28.4 6.2 0.002 (Type-I)
Interferon

IFNB 15 1.0 126 1.3 50.0 1.7 >500 7.5 0.002 (Type-l)

i i i Interferon

IFNG 06 0.8 i 16.0 0.7 i 346 35 0014} 21.8 22 (Type-I1)
Interferon

IFNL3 01 1.1 2.1 1.2 >500 1.5 >500 57.7 0.015 (Type-II)
I1SG (IFNy,

STATL 5.8 0.7 19.1 3.9 0.6 0.5 0.4 0.9 0.01 IFNo, IFNB)
ISG (IFNao,

STAT2 04 0.1 0.006: 2.0 0.7 0.6 0.7 1.5 1.0 IFNR)

Gene expression comparison between [AV

(CA/KS) “A” and IBV (BR/PH) “B”

inoculated FNEC over 72Hr post inoculation at 33°C. Average fold changes for ferret

gene expression indicated comparing IAV/IBV infected FNEC. Upregulated genes >2-
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fold (pink shade) and downregulated genes <1 (blue shade). Significant gene expression

differences between 1AV and IBV, using multiple unpaired t test, is in bold with p-value

listed.

Table 2.3: Correlation of virus replication to gene expression in FNEC.

1AV IBV }
A
&
GENE r p Signif. r p Signif. FUNCTION B
CCL2 -0.0238 0.4884 ns 0.1905 0.3323 ns Inflammatory chemokine
MCP1 0.619 0.0575 ns 0.381 0.1799 ns Inflammatory chemokine
CCL5 -0.5952 0.0661 ns 0.1429 0.376 ns Chemokine (RANTES)
CXCL10 -0.4048 0.1634 ns 0.0238 0.4884 ns Thl (IP-10)
CXCL11 -0.8095 0.0109 * 0.7857 0.014 * Thl (IP-9) Y
CXCL9 -0.2619 0.2682 ns 0.1667 0.3517 ns Thl (MIG)
IL2 0.881 0.0036 *x 0.5714 0.0756 ns Th2
FOXP3 0.6667 0.0415 * 0.8095 0.0109 * Treg Y
IL-10 0.6667 0.0415 * 0.5714 0.0756 ns Treg
TGFB 0.8095 0.0109 * 0.1429 0.376 ns Treg
IL4 0.9762 0.0002 ke 0.5714 0.0756 ns Teff
IL12 0.8333 0.0077 *x 0.5714 0.0756 ns Teff
IL17 0.3333 0.2139 ns 0.2857 0.2504 ns Teff
IL1A 0.8095 0.0109 * 0.8095 0.0109 * Pro-inflammatory cytokine Y
IL1B 0.8333 0.0077 faled 0.3333 0.2139 ns Pro-inflammatory cytokine
IL6 0.881 0.0036 *x 0.7143 0.0288 * Pro-inflammatory cytokine Y
IL8 0.7857 0.014 * 0.7619 0.0184 * Pro-inflammatory cytokine Y
TNFA 0.9286 0.0011 *x 0.5952 0.0661 ns Pro-inflammatory cytokine
GRANA 0.7857 0.014 * 0.7143 0.0288 * Apoptosis Y
IFNA 0.5952 0.0661 ns 0.381 0.1799 ns Interferon (Type-I)
IFNB 0.8095 0.0109 * 0.6667 0.0415 * Interferon (Type-I) Y
IFNG 0.7619 0.0184 * 0.1429 0.376 ns Interferon (Type-I1)
IFNL3 0.6429 0.0481 * 0.7619 0.0184 * Interferon (Type-111) Y
STAT1 -0.7143 0.0288 * 0.7619 0.0184 * ISG (IFNy, IFNa, IFNB) Y
STAT2 0.6905 0.0347 * 0.8571 0.0054 *x ISG (IFNa, IFNB) Y
STAT3 -0.5476 0.0855 ns 0.5476 0.0855 ns ISG (Teff)
IRF1 -0.6905 0.0347 * 0.0476 0.4674 ns Type | (ISG)
RIGI 0.2619 0.2682 ns 0.4048 0.1634 ns Type | Resp
SOCS3 -0.619 0.0575 ns 0.5476 0.0855 ns IFN ({Reg)
TYK2 0.04762 0.4674 ns 0.5952 0.0661 ns Type | (Reg)
USP18 0.09524 0.4201 ns 0.4524 0.1337 ns Type I (Reg) Type III (1Reg)
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Pearson correlation coefficients were estimated to determine the relationship between
virus replication (FFU/mL) and gene expression (fold change) following 1AV or IBV
inoculation of FNEC. Significance (p<0.05) highlighted in pink. Significant correlation
of gene expression and virus replication by both IAV and IBV are indicated by a “Y” in
the right column. A Pearson correlation coefficient of r<0 indicates an inverse correlation

of virus replication to gene expression and an r>0 indicates a direct correlation.

Figure 2.S1: Type-I/111 IFN bioassay standard curves.

A) Type-I IFN BioAssay (HEK-a/R)
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Recombinant interferon concentrations (ng/mL) versus absorbance (655nm) values.

Human interferons (hIFNx): type-l IFN = hIFNA (red solid line) and hIFNB (orange
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solid line); type-11 IFN = hIFNG (green solid line); type-111 IFN = hIFNLL1 (light blue
solid line), hIFNL2 (blue solid line) and hIFNL3 (black solid line). Ferret interferons

(FIFNX): type-lI IFN = fIFNB (orange dashed line); type-111 IFN = fIFNL3 (black dashed

line). A) Type-l IFN bioassay results and B) Type-I11 IFN bioassay results.
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Gene expression comparisons between 1AV (CA and KS) and IBV (BR and PH) to
mock-inoculated (UN) FNEC, normalized to GAPDH, over 72Hr post inoculation at
33°C. Average fold changes for ferret gene expression indicated comparing each virus to
mock (UN). Significant gene expression differences between each virus and mock, using

multiple unpaired t test, is shown with p-value listed.
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CHAPTER 3

IMMUNOLOGICAL “CROSS TALK” BETWEEN INFLUENZA A AND B
INFECTED RESPIRATORY EPITHELIAL CELLS AND PERIPHERAL BLOOD

MONONUCLEAR CELLS?

2Rowe, Thomas, Davis, William G., Wentworth, David E. and Ross, Ted M. To be submitted to Journal of
Virology.
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ABSTRACT

The link between innate and adaptive immune responses following influenza virus
infection may be induced by direct or indirect communication between cells at the site of
infection and circulating immune cells in the blood. In order to assess whether indirect
communication can activate innate immune responses in circulating peripheral blood
mononuclear cells (PBMC), primary differentiated ferret nasal epithelial cells (FNEC) on
Transwell™ inserts were apically inoculated with influenza A and B viruses. Twenty-
four hours post inoculation, FNEC were added to PBMC in wells on the basolateral side.
The physical separation of the FNEC and PBMC along with the tight junctions formed
between the FNEC prevented any virus from directly infecting the PBMC. Differential
gene expression in co-cultured PBMC and type-I11 interferon secretion in the basolateral
compartments of FNEC-PBMC co-cultures show that IAV inoculated FNEC released
factors which resulted in inflammatory responses and interferon secretion in PBMC that

is reduced or delayed in IBV inoculated FNEC.

INTRODUCTION

While both innate and adaptive immune responses play important roles in viral
clearance and mediating protective immunity, the innate immune response can influence
the outcome of the adaptive immune response [105]. Initially, respiratory epithelial cells
are infected by influenza viruses and send signals to attract and activate circulating
immune cells to mount an innate response resulting in an affective adaptive response to

clear the infection and protect the host.
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In this experiment 1AV [HIPDMO09 (A/California/07/2009) and H3N2
(A/Kansas/14/2017)] and 1BV [B-Victoria (B/Brisbane/60/2008) and B-Yamagata
(B/Phuket/3073/2013)] virus-infected primary ferret nasal epithelial cells (FNEC) were
co-cultured with heterologous ferret peripheral blood mononuclear cells (PBMC) to
determine whether soluble factors released basolaterally from FNEC could activate innate
immune responses in PBMC. Cultured confluent and differentiated FNEC were infected
at 33°C and co-cultured with PBMC on D1 post infection.

FNEC were apically inoculated with a multiplicity of infection (MO1=0.3) with
H1N1PDMO09, H3N2, B-Victoria or B-Yamagata virus on DO and heterologous PBMC
were added to the basolateral side on D1 post inoculation. One set of experiments was
conducted at 33°C and another set was conducted at 37°C. Supernatants collected from
infected FNEC were collected from the apical side to assess viral replication and from the
basolateral compartment to assess viral replication and interferon lambda (IFN-L). Daily
resistivity was measured to ensure that the FNEC tight junctions were intact and virus did
not pass to the basolateral side of the cultures. RNA from FNEC and PBMC was purified
and analyzed for innate immune responses by qRT-PCR. Samples were collected at the
following timepoints post co-cultivation: 24Hr and 48Hr, 48Hr and 72Hr post FNEC
infection, respectively. The supernatant samples collected were assessed for virus load
(FFA) and IFNA (bioassay). The cells were placed in AVL buffer and RNA was isolated

for gene expression by qRT-PCR.

MATERIALS AND METHODS

Viruses
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Viruses used were passaged in Madin Darby Canine Kidney (MDCK) cells, to
retain antigenic similarity to the original human isolates and to avoid structural changes
in the hemagglutinin which could occur from passage in eggs [377-379]. All influenza
viruses were passaged in MDCK or MDCK-SIAT1 [380] cells according to established
procedures [381, 382]. Representative influenza A viruses used in this study were:
A/California/07/2009 “CA” (H1N1PDMO9 subtype) and A/Kansas/14/2017 “KS” (H3N2
subtype). Representative influenza B viruses used in this study were: B/Brisbane/60/2008
“BR” (B-Victoria lineage) and B/Phuket/3073/2013 “PH” (B-Yamagata lineage).

Ferret cell isolation and culture

All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Centers for Disease Control and Prevention in an Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International
accredited facility. Uninfected male fitch ferrets (Triple F Farms, Sayre, PA), between 10
to 18 months of age and seronegative for currently circulating influenza viruses, were
anesthetized with an intramuscular cocktail of ketamine (25-30mg/kg) and xylazine (1.5-
2mg/kg), exsanguinated and euthanized with intracardiac injection of Euthasol™
(Lml/kg) prior to collection of respiratory tissues.

Nasal turbinates, representing the upper respiratory tract (URT) were collected and
processed in the following manner:

Nasal turbinates were digested in 25mL digestion medium (MEM, 1.4mg/ml
pronase, 0.1mg/ml DNase 1) for 48Hr at 4°C and neutralized with 10% final
concentration of characterized fetal bovine serum. The cell suspensions were passed

through a 70uM mesh cell strainer and erythrocytes were lysed with ammonium chloride.
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Contaminating fibroblasts were removed by adherence followed by culturing the
suspension cells in selective media. Following a two-hour adherence of the cells in Petri
dishes, the suspension cells were cultured in medium replacing L-Valine with D-valine
(D-Val EC basic media) to prevent outgrowth of any remaining fibroblasts. Fibroblasts
would not continue to expand due to the lack of D-amino oxidase enzyme in these
cells[383]. D-Val EC basic medium consisted of D-Val MEM (MyBiosource, San Diego,
CA USA), HEPES, sodium pyruvate, non-essential amino acids, penicillin/streptomycin,
0.05% BSA. The ferret nasal epithelial cells (FNEC) were cultured in D-Val EC basic
medium on collagen-coated flasks for 7-10 days at 37°C, 5% CO: until confluency,
detached with 0.05% Trypsin-EDTA, and either cryopreserved or cultured on collagen-
coated 1.12cm? Transwell® inserts (Corning Life Sciences, Tewksbury, MA USA) at
5x10* cells/cm?. 0.5mL cell suspensions were added to the apical side of Transwell®
plates and 1mL D-Val EC basic media to the basolateral side of the well. Cells were
cultured in D-Val EC basic media for seven to ten days and then changed to culturing in
EC+ medium [(F12/MEM, HEPES, NEAA, sodium pyruvate, 0.05% BSA, antibiotics)
supplemented with growth factors in SingleQuots (Lonza, Walkersville, MD) and retinoic
acid (15ng/ml)]. Medium exchanges every 2 — 3 days to the apical and basolateral sides
of the cultures continued until the cells formed a confluent monolayer and the
transmembrane resistance of >800Q/cm?, as measured using a Millicell ERS-2
voltohmeter (MilliporeSigma, Burlington, MA), was achieved. The apical medium was
removed at this point to create an air-liquid interface (ALI), and the basolateral medium
was exchanged three times/week for an additional 3 to 4 weeks. After this time, evidence

of ciliary action was observed in the cultures and mucous production by goblet cells.
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Following ALI culture, the monolayers were rinsed weekly with PBS to remove any
residual mucous accumulation. Cell cultures isolated from the URT consisted of primary
ferret nasal epithelial cells (FNEC) and have previously been shown to be structurally
like nasal epithelium [359]. Three to four weeks post ALI culture, cells were infected
with influenza viruses. An overview of the ferret FNEC isolation procedure is depicted in
Table 3.1.

For peripheral blood mononuclear cells (PBMC) used for co-culture experiments,
a 13-month-old male ferret was anesthetized followed by collection of blood in K-ETDA
and SST tubes for cell and serum processing, respectively. To retain all cells, present in
the peripheral blood, cells were not layered over a density gradient, ficoll-hypague. Only
erythrocytes were removed from the samples. For cell processing, erythrocytes were
lysed by six-minute incubation of one-part whole blood in K-EDTA plus twenty parts
0.15M chloride solution. Cells were pelleted at 600 x G for ten minutes at 4°C and
washed once with phosphate buffered saline. PBMC were cryopreserved at 2x10°
cellsivial in freezing medium (RPMI, 50% autologous serum and 10% DMSO) and

stored in the vapor phase of a liquid nitrogen freezer until used in co-culture experiments.

Inoculation of FNEC with influenza A and B viruses and coculturing with PBMC
The apical side of differentiated FNEC was rinsed three times with F12/MEM to
remove any dead cells and mucus. Cells were counted from a representative well
following trypsinization with 0.05% Trypsin-EDTA solution (Life Technologies,
Carlsbad, CA USA) to determine the average cell number per well followed by infection

with TAV and IBV viruses at a 0.3 multiplicity of infection. Cells were inoculated
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apically with 0.3ml/well diluted virus in F12/MEM and incubated at 33°C or 37°C. The
virus inoculum was removed after one hour and the apical side of the cells was rinsed
three times with F12/MEM. The basolateral media was removed and replaced with fresh
Iml/well EC+ media and plates were incubated at 33°C or 37°C throughout the infection.

Frozen heterologous ferret PBMC were thawed and plated at one million cells per
well in RPMI medium supplemented with 10% heat-inactivated fetal bovine serum in a
12-well plate and incubated overnight at 37°C, 5% CO32. At one day post inoculation,
Transwell™ inserts containing FNEC monolayers were placed in wells containing
PBMC, in triplicate and incubated at 33°C, 5%CO2. At 24Hr and 48Hr (48Hr and 72Hr
post FNEC inoculation). At timepoints indicated, supernatants were collected (basolateral
and apical) and cells (FNEC and PBMC) for analyses. For supernatant collection, 0.3mL
EC+ medium was added to the apical surface of the FNEC and incubated for 10-15min at
33°C or 37°C. The medium was removed and stored at -80°C until analyzed. At each
timepoint the Transwell™ insert containing FNEC was removed from the well and FNEC
were lysed with AVL extraction buffer, and lysate stored at -80°C for RNA extraction
and subsequent gRT-PCR. The basolateral compartment was collected and PBMC were
pelleted. The supernatant was stored at -80°C for FFA/cytokine testing. The PBMC cell
pellet was resuspended in 0.2mL RPMI, 10% FBS. AVL extraction buffer was added to
Y of the sample and stored at -80°C for RNA extraction. Freezing medium (90% FBS,
10% DMSO) was added to the remaining sample, rate cooled to -80°C, and stored in
vapor phase of LNz for further processing. A general overview of the isolation,
differentiation, and processing FNEC is illustrated in Figure 3.1.

Virus titration by focus forming assay (FFA)
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At various timepoints post infection, 0.3ml of EC+ media was added to the apical
surface of infected or control wells and incubated for 10 minutes at 33°C or 37°C. The
supernatant was removed from the apical surface and stored at -80°C until evaluated for
virus. Influenza virus titers were determined using a Focus Forming Assay (FFA) [384],
using MDCK-SIATL(SIAT) cells, which constitutively express human 2,6-
sialtransferase-1 and have shown improved isolation rates for recent A(H3N2) influenza
viruses [385]. The FFA was modified and optimized for detection of IAV and IBV with
increased sensitivity and reproducibility [416] as follows: SIAT cells were seeded in 96-
well flat-bottom tissue culture plates overnight to form a confluent monolayer in
Dulbecco ‘s Modified Eagle Medium (DMEM) containing 5% heat-inactivated fetal
bovine serum (FBS) and antibiotics. The following day, the cell monolayers were rinsed
with 0.01M phosphate-buffered saline pH 7.2 (PBS), (Gibco BRL, ThermoFisher
Scientific Inc., Waltham, MA, USA) followed by the addition of fifty microliters per well
of virus growth medium plus TPCK-treated trypsin, VGM-T [DMEM, 0.1% fraction-V
bovine serum albumin (BSA), antibiotics (penicillin/streptomycin) and 1pg/ml TPCK-
treated trypsin (Sigma, St. Louis, MO, USA)]. Afterwards, 50ul Y2-log serially diluted
(101 to 10°%) sample in VGM-T was added in quadruplicate or VGM-T to cell control
wells. A control virus influenza A or B virus standard was also titrated and included as a
positive control in each assay. Following a 2 Hr incubation period at 37°C, 100
microliters overlay [equal volumes of 1.2% Avicel RC/CL [386] (Type: RC581 NF,;
FMC Health and Nutrition, Philadelphia, PA, USA) in 2X MEM containing 1ug/ml
TPCK-treated trypsin, 0.1% BSA, and antibiotics] was added. After an incubation of 18-

22 hours at 37°C, 5% COg, the overlay was removed, and the monolayers were washed
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once with PBS to remove any residual Avicel. The plates were fixed with ice-cold 10%
formalin in PBS (4% wi/v paraformaldehyde) for 30 minutes at 4°C, followed by a PBS
wash and cell permeabilization using 0.5% Triton-X-100 in PBS/glycine at room
temperature for 20 minutes. Plates were washed three times with PSBT (PBS, 0.1%
Tween-20), incubated for 1 hour with a monoclonal antibody pool to influenza A or B

nucleoproteins (International Reagent Resource; www.internationalreagentresource.orq)

in ELISA buffer (PBS,10% horse serum, 0.1% Tween-80(PBST)). Following three
washes with PBST, the cells were incubated with goat anti-mouse peroxidase-labelled
IgG (Sera Care, Inc., Milford, MA) in ELISA buffer for one hour at room temperature.
Plates were washed three times with PBST, and infectious foci (spots) were visualized
using TrueBlue substrate (Sera Care, Inc., Milford, MA USA) containing 0.03% H,0-
incubated at room temperature for 10-15 minutes. The reaction was stopped by washing
five times with deionized water. Plates were dried and foci enumerated using a CTL Bio
Spot Analyzer with ImmunoCapture 6.4.87 software (CTL, Shaker Heights, OH). The
FFA titer was determined by multiplying sample dilution which gave between one
hundred to three hundred spots by the spot number at that dilution, to obtain the
FFU/well. The foci in the cell control were subtracted and the number of foci remaining
was multiplied by twenty to give FFU/ml. All samples were expressed in log Focus
Forming Units per milliliter (FFU/ml). The limit of detection was 1033 FFU/ml.
Gene expression in FNEC/PBMC

One hundred microliters PBS was added to virus-inoculated or control FNEC
monolayers on Transwell® inserts followed by 280 microliters AVL lysis buffer (Qiagen,

Germantown, MD USA). Samples were mixed 3-4 times and lysate was frozen at -80°C
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until RNA extraction. Carrier RNA was added to each sample and RNA was extracted
using EZ1 DSP kit on a Qiagen EZ1 Advanced XL extractor according to the
manufacturer’s instructions (Qiagen, Germantown, MD USA). RNA was eluted in 120
microliters RNAse-free water and stored at -80°C until evaluated for gene expression.
For PBMC, supernatants and cells, were removed from basolateral side of the
Transwell™ chambers and centrifuged to pellet the cells. Supernatants were stored at -
80°C for virus titration and cytokine/chemokine analysis. The cell pellets were
resuspended in 100 microliters PBS followed by 280 microliters AVL lysis buffer and
processed as FNEC samples.

Primers and probes for all ferret genes were generated from published ferret sequences
[5, 306, 388-391] or developed and tested previously [416]. All primer/probe sets used
are shown in Table 2.1. Quantitative real time PCR (qRT-PCR) was performed on
triplicate samples using an ABI 7500 Fast Dx Real-Time PCR instrument (Applied
Biosystems, Waltham, MA USA). PCR reactions were performed using
SYBR™GreenER™ gPCR SuperMix (Applied Biosystems) or SuperScript™ [I]
Platinum™ One-Step qRT-PCR Kit for TagMan reactions (Invitrogen, San Diego, CA
USA). An RT reaction for 30 minutes at 50°C, inactivation for 2 minutes at 95°C,
followed by 40 amplification cycles at an annealing temperature of 50°C. Reactions were
performed on triplicate samples for each experiment and the values were normalized by
subtracting the mean value of the cycle threshold (Ct) from that of the Ct for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene (ACT). The
relative levels of gene expression for infected cells were determined by subtracting the

individual ACt values from that of average ACt values of uninfected cells (AACT) and
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expressing the final quantification values (2-22€T) as relative fold changes. Gene
expression >10%-fold increase over control were given an expression value of 10,000 and
gene expression >10-4-fold were given an expression value of 0.0001.

Type-111 IFN bioassay

Basolateral secretion of interferon lambda (IFN-L) from basolateral supernatants
was detected using HEK-A reporter cells (HEK-Blue™ IFN-A cells: InvivoGen, San
Diego, CA USA) designed to monitor the activation of the JAK/STAT/ISGF3 pathway
induced by type 111 IFNs. The HEK-X cells were generated by stable transfection of HEK -
293 cells with the human IFNLR and IL10R receptor genes as well as the human signal
transducers and activators of STAT2 and IRF9 resulting in a fully active IFN-A signaling
pathway. Activation of the pathway was detected since these cells harbored the secreted
embryonic alkaline phosphatase (SEAP) under the control of the ISG54 promoter, which
is activated by IFN-A. Stimulation of the IFN-A triggered the JAK/STAT/ISGF3 pathway
and induced SEAP production which was measured by a colorimetric assay at 650nm
using Quanti-Blue™ solution according to the manufacturer’s instructions (InvivoGen,
San Diego, CA USA).

Twenty microliters of basolateral supernatants collected from uninfected, 1AV
and IBV infected FNEC with and without cocultured PBMC, or media control was added
in triplicate wells of 96-well tissue culture plate. A tissue culture flask containing HEK -\
cell monolayers was gently rinsed once with PBS and cells were dislodged and
suspended in HEK medium (DMEM, 10% FBS, antibiotics) to a concentration of 2.8x10°
cells/ml. 180 microliters of HEK-A cells were added to each well containing twenty

microliters of sample and to serially 1/2-log diluted (0.1 — 1000ng/ml) recombinant ferret
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IFN-A3 (Kingfisher Biotech, St. Paul, MN USA). The plates were incubated for 20Hr at
37°C, 5%CO2. After 20hr, twenty microliters of supernatant from the wells were
transferred to a new 96-well plate and 180 microliters of Quanti-Blue™ substrate was
added and incubated for 2Hr at 37°C, 5%COQO2. Absorbance was read at 655nm. A
sigmoidal 4-point standard curve from 0.1 to 1000 ng/ml was generated using
recombinant ferret IFNA3 protein and unknown samples were extrapolated from the
standard curve. The limit of detection was determined to be 100 pg/mL. The assay was
specific for Type-IlIl IFN since type-1/Il ferret and human IFNs did not result in an
absorbance signal (Figure 2.S1).
Statistical analysis

GraphPad Prism 10 was used for all statistical analyses (GraphPad Software, La
Jolla, CA USA). One-way ANOVA was used to determine total IFN-A protein
concentrations over time between infection groups and significance between groups was
determined by 2-way ANOVA analysis. Gene expression analysis was performed by
triplicate independent samples per experiment, and outliers were identified using the
Grubbs® test (0=0.05) of Extreme Studentized Deviate method for removal of a single
outlier plus one iteration from all assays (N=12 total replicates) if found. Spearman (1-
tailed, 95% confidence) correlation method used for comparison of virus replication and
gene expression. The Student’s t test was used to assess the statistical differences in the
gene expression levels in respect to the uninfected controls and for comparing influenza
A to influenza B viruses. A p-value of <0.05 was considered statistically significant: *

P<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.
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RESULTS
PBMC co-cultivation did not have an overall effect on 1AV or IBV Replication in
FNEC.

Replication kinetics were compared for IAV and IBV at both 33°C and 37°C with
and without the addition of PBMC. For experiments conducted at 37°C, FNEC were only
inoculated with one 1AV (CA) and one IBV (BR) virus prior to PBMC co-cultivation;
whereas, at 33°C, two IAV (CA and KS) and two IBV (BR and PH) were used in
experiments. At 33°C, no differences in virus replication were observed with or without
PBMC co-cultivation (Figure 3.2); however, significant differences were observed within
groups since at 48Hr and 72Hr post challenge. PH (10865 FFU/mL) replicated to higher
levels than CA (10896 FFU/mL; p=0.0013), KS (107-°1 FFU/mL; p=0.0137), or BR (10°:68
FFU/mL; p=0.0081) at 48Hr and post inoculation in FNEC. At 72Hr post inoculation PH
(10867 FFU/mL) replicated higher than KS (10%-°7 FFU/mL; p=0.0003) and BR (1083
FFU/mL; p=0.0134) in FNEC. In previous experiments, IBV viruses tended to reach
higher titers in FNEC than IAV. This effect would be expected since virus supernatants
were analyzed starting at 48Hr post challenge. When comparing the effects of
temperature on virus replication Kkinetics with or without PBMC cocultivation (Figure
3.3), no statistical differences were observed with 1AV (CA) and IBV (BR). Only CA
inoculated FNEC co-cultivated with PBMC (10858 FFU/mL) at 37°C showed statistically
significant differences from FNEC alone (10838 FFU/mL; p=0.0245). No other viral titers
with or without PBMC cocultivation between groups or between temperatures was seen.
This indicates, at 33°C no statistical differences were observed in this experiment when

comparing 1AV from IBV with and without cocultivation of PBMC.
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Soluble factors released from FNEC challenged with 1AV not IBV differentially
upregulate genes in PBMC.

Since FNEC represent the URT, gene regulation and IFN-)A responses were only
compared for experiments at 33°C. The link between innate and adaptive immune
responses following influenza infection may be induced by communication between cells
at the site of infection and circulating immune cells in the blood. Since there was no
physical contact between FNEC and underlying PBMC and tight junctions prevented
virus transfer (data not shown), only secreted factors could have an effect on the
activation of PBMC following 1AV and IBV challenge of FNEC. Since, at the time of
these experiments, ferret cytokine detection by multiplexing was not available, only IFN -
A levels could be assessed.

Gene expression profiles in PBMC following cocultivation with FNEC after IAV
and IBV were quantified by qRT-PCR at 48Hr (24Hr post cocultivation) and 72Hr (48hr
post cocultivation) Figure 3.4. Genes were normalized to mock-challenged cultures and
fold expression levels >2° was considered upregulated and expression levels <29 were
considered downregulated. At 48Hr post 1AV inoculation (24Hr post cocultivation)
PBMC (Figure 3.4A) show a high upregulation of T-regulatory response genes (Foxp3
and IL-10) to control lung inflammation following AV infection to induce a T-regulatory
response in mice [417, 418]. Inflammatory response genes (CCL5, CXCL10, and IL-6)
were also preferentially upregulated in PBMC co-cultivated cells following 1AV
inoculation of FNEC. Interestingly, as seen in previous experiments with FNEC, type-I11
IFN (IFNL3) gene was highly upregulated only by 1AV. Concurrently TSLP gene was

upregulated higher in 1AV PBMC co-cultivated samples but not in FNEC at 48Hr.
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Average fold expression for by 1AV and IBV for each gene from PBMC and FNEC of
co-cultivated wells and significance is shown in Table 3.1. A clear difference in
expression of pro-inflammatory and type-111 IFN genes can be seen by 24hr post
cocultivation (48Hr post inoculation). By 48Hr post cocultivation (72Hr post inoculation)
this difference has been resolved.

Since only type-111 IFN levels in the basolateral compartment of FNEC-PBMC
could be determined other soluble factors could only be inferred. For type-111 IFN (Figure
3.5) significant increases in IFN-A over mock-infected FNEC and FNEC-PBMC cultures
following 1AV and IBV can be seen. Significantly higher levels of IFN-A were found
early (48hr post inoculation) in all FNEC only cultures compared to FNEC-PBMC co-
cultivated samples (p<0.01); however, this significance was not seen later (72Hr post
inoculation) between these groups. For FNEC-PBMC cultures only 1AV (KS) inoculated
samples showed significantly higher (p<0.05) levels of IFN-A early (24Hr post
cocultivation) to mock (UN) and 1BV (PH) samples.

Pro-inflammatory and type-l IFN gene expression strongly correlate with virus
replication in PBMC co-cultures.

Table 3.2 shows correlations between virus replication in FNEC and gene
expression in FNEC+PBMC cultures. Generally (Table 3.2, panel A), pro-inflammatory
gene responses show a strong positive correlation with virus replication in FNEC only
and PBMC co-cultivated samples for influenza. Type-l and Type-IlIl IFNs are also
strongly correlated with increased virus replication. When comparing 1AV (Table 3.2B)
only IFN (IFNA) gene shows a strong correlation (r=1;p=0.04) to virus replication in

PBMCs. In FNEC, inflammatory response (CCL2) and T-effector (IL-4) genes show a
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strong direct correlation between virus replication and gene expression. For FNEC and
inverse correlation can be seen for most genes compared to what was seen in PBMC
when cocultured. For IBV (Table 3.2C) direct correlations between inflammatory
response (MCP1 and IL-6), T-effector (IL-4 and IL-17), apoptosis (GranzymeA), and
type-l IFN (IFNA and IFNB) are observed. For IBV, a clear correlation for
proinflammatory and IFN responses can be seen in PBMC following infection of FNEC
indicating a potential process of communication between cells at the site of infection and

cells in the peripheral blood.

DISCUSSION

Since the respiratory tract represents the initial site of infection for influenza
viruses communication, or “cross talk”, between respiratory epithelial cells and PBMC is
important to mount a protective immune response. A key component to understanding the
disparity between 1AV and IBV in generation of a robust immune response in the host, is
communication between the cells at the site of infection and immune cells in the
peripheral blood. A demonstration of communication between pulmonary epithelial cells
(A549) and PBMC in response to various bacterial stimuli showed that cocultivation of
A549 and PBMC resulted in a significant increase in inflammatory cytokines [419]
compared to PBMC only cultures. A549 cells alone did not show any cytokine release
following bacterial stimulation [420]. Studies with 1AV-infected human nasal epithelial
cells (hNEC) co-cultivated with PBMC confirmed communication between epithelial
cells and PBMC in response to infection. IAV-infected hNEC released type-I/11/111 IFNs

and pro-inflammatory cytokines which activated various cells in cocultured PBMC [421].
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Unfortunately, immune reagents are currently not available for ferret cells in order to
fully assess the effects of FNEC-PBMC communication on specific cell type activation
markers. Studies for influenza only investigated effects of IAV infection on
communication between respiratory epithelial cells and PBMC; however, this study was
conducted to confirm responses seen with 1AV as well as to ascertain differences
between IAV and IBV on FNEC and the effects on co-cultivated PBMC.

To determine the communication between virus-infection of FNEC and
underlying PBMC, addition of PBMC to the basal compartment following IAV/IBV
infection of FNEC were evaluated. Effects on virus replication at both 33°C and 37°C
following cocultivation were initially conducted. Subsequent studies to determine gene
expression and type-I11 IFN production in both FNEC and co-cultivated PBMC as well as
the correlation between virus replication and gene expression were performed. The initial
effects on the contribution of FNEC-PBMC cross talk on virus replication showed that
there was no significant difference in virus replication at the apical surface of infected
FNEC over the first 72Hr post inoculation. There were differences between IAV and
IBV, with IBV (PH) replicating to the highest levels in FNEC over the time period
assessed. This confirmed previous findings in IAV/IBV infected FNEC cultures (Figure
3.1). Studies were conducted comparing 1AV (CA) and IBV (BR) replication in
FNEC£PBMC cultures at temperatures representing the upper (33°C) and lower (37°C)
respiratory tract in humans. Both 1AV and IBV replicated slightly higher at 37°C in
FNEC. However, this was not significant. The increased replication for CA in FNEC

cocultured with PBMC at 24Hr post coculture (p=0.025) may be due to factors secreted
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by PBMC; however, since only two viruses were compared, additional viruses need to be
studied to confirm this response.

Due to the availability of ferret cytokine detection, only gene expression
differences in FNEC-PBMC co-cultivated samples could be tested. This study showed an
early upregulation of pro-inflammatory (MCP-1, CXCL10, IL-6, IL-8 and TNFA), T-
effector (IL-4) and IFN (IFNG and IFNL3) gene expression in PBMC following
cocultivation with 1AV-infected FNEC (48hr post infection; 24Hr post cocultivation);
whereas this response was delayed in PBMC following cocultivation with 1BV -infected
FNEC (72Hr post infection; 48Hr post cocultivation). PBMC isolated from transplant
patients who seroconverted to seasonal influenza vaccine, demonstrated significantly
elevated levels of type I/l IFNs, and proinflammatory cytokines in supernatants
following HIN1pdmO09 stimulation in vitro [422]. Thus, demonstrating that a strong IFN
and pro-inflammatory response in PBMC was essential for development of a robust
antibody response to influenza virus infection. These responses, at least for gene
expression, were observed early in PBMC following cocultivation with 1AV -infected
FNEC.

The timing and magnitude of innate immune responses is critical in activating
downstream immune cells to develop a robust immune response to influenza infection.
Correlations of innate gene expression to viral replication are a critical component in
understanding the initiation of downstream immune responses. All influenza viruses
assessed showed a strong correlation between pro-inflammatory (IL-1A/B, IL-6, IL-8, and
TNFA) and type-I/111 IFN (IFNB and IFNL3) gene expression and virus replication in

FNEC. Interestingly, co-cultivated PBMC showed an inverse correlation of
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proinflammatory (IL-A, 1L-8, and TNFA) gene expression in PBMC and virus replication
in FNEC. Co-cultivated PBMC did show a strong correlation in type-I IFN (IFNA) gene
expression in PBMC and virus replication in FNEC. Since type-l IFN showed a strong
correlation in PBMC with virus replication in FNEC and type-111 IFN showed a strong
correlation in FNEC with replication in FNEC, IFN remains a key component of the
innate immune response in developing a robust adaptive response. A strong Type-I11 IFN
response is a key component the respiratory tract while strong type-1/I1 IFN responses
remain an important component in PBMC to trigger adaptive immunity to influenza
viruses.

Future analysis of ferret cytokine/chemokine levels in the basolateral
compartment of FNEC-PBMC cocultures as well as activation of ferret PBMC cell
subsets will validate findings observed in humans and allow for a greater understanding

of disparities between the immune responses of IAV and IBV.
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Figure 3.1: Isolation/Differentiation of FNEC.
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Isolation and differentiation of FNEC from ferret upper respiratory tract (URT). Nasal
turbinates (NT) collected and processed. Steps 1 — 4: Pronase digestion, single cell
suspension, red blood cell lysis (RBC) and resuspension in D-valine selection medium.
Steps 5 — 7: Removal of contaminating fibroblasts by adherence, cell culture in D-valine
selection media until confluence, cryopreservation, or culture initiation. Steps 8 — 11:
Culture of cells on Transwells™ in differentiation medium, culture until tight junctions
form (resistance >800Q/cm?), culture in air-liquid interface (ALI), characterize surface

receptors and inoculate. Figure created with Biorender.com.
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Figure 3.2: Effect of PBMC co-cultivation on virus replication in FNEC.
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Replication kinetics of TAV [HINIpdm09 “CA” (A/California/07/2009), H3N2 “KS”
(A/Kansas/14/2017)] and IBV [B-Victoria lineage “BR” (B/Brisbane/60/2008), B-
Yamagata lineage “PH” (B/Phuket/3073/2013)] inoculation of FNEC at 33°C (MOI=0.3)
with or without PBMC co-cultivation over 72Hr. PBMC were added to the basolateral
compartment at 24Hr post challenge. White bars and white/hashed bars indicate 48Hr
post challenge without PBMC or with PBMC co-cultivation (24hr cocultivation)
respectively. grey bars and grey/hashed bars indicate 72Hr post challenge without PBMC
or with PBMC co-cultivation (48Hr cocultivation) respectively. No significant

differences between groups seen (1-way ANOVA); however, within groups, significant
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differences between PH and other groups are seen (mixed-effects analysis). Limit of

detection, indicated by a dotted line, was 1033 FFU/mL.

Figure 3.3: Effects of temperature on virus replication in FNEC co-cultivated with
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Replication kinetics of IAV, “A” (HIN1pdm09; A/California/07/2009) or IBV, “B” (B-
Victoria lineage; B/Brisbane/60/2008) in FNEC at 33°C and 37°C (MOI=0.3) with or
without addition of PBMC (co-cultivated with FNEC at 24Hr post challenge). Forty-eight
Hr post challenge (24Hr post PBMC co-cultivation) are indicated in white bars (no

PBMC co-cultivation) or white/hashed bars (plus PBMC co-cultivation. Seventy-two Hr
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post challenge (48Hr post PBMC co-cultivation) are indicated in grey bars (no PBMC co-
cultivation) or grey/hashed bars (plus PBMC co-cultivation). There were no significant
differences between temperatures or tPBMC cultivation except for IAV at 37°C +PBMC
(p=0.025). The limit of detection (LOD), indicated by a dotted line, was 1033 FFU/mL.

Significance between groups was determined using multiple unpaired t tests.

124



Figure 3.4: Gene Expression profiles in PBMC following co-cultivated with influenza

infected FNEC.
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Average fold gene expression, normalized to mock FNEC inoculated, co-cultivated
cultures. FNEC were inoculated with IAV (CA or KS) or IBV (BR or PH) for 24Hr prior
to co-culture with ferret PBMC. 1AV are represented by red circles and IBV are
represented by blue squares. Panel A) Fold gene expression in PBMC at 24Hr post co-
cultivation (48Hr post FNEC inoculation). Panel B) Fold gene expression in PBMC at
48hr post co-cultivation (72Hr post FNEC inoculation). Red circles (IAV) and blue
circles (IBV) inoculated FNEC cultures. IFN genes are between dotted lines. Gene
expression values above 2° are upregulated and gene expression values below 2° are

down regulated. Genes are listed on the x-axis.
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Table 3.1 Comparison of gene expression differences of IAV and IBV following PBMC-

FNEC cocultivation.

Mean of Mean of Mean of Mean of Mean of Mean of Mean of Mean of
A-48 B-48 A2 B-72 A-48 B-48 A-T2 B-72
GENE  Pvalue (PBMC) (PBMC) | Pvalue (PBMC) (PBMC) | pvalue (FNEC) (FNEC) | Pvalue (FNEC)  (FNEC)
GAPDH 1 1 1 1 1 1 1 1
ccL2 0.490 2.30 168 0321 1.13 129| 0566712 2404  2998) 0329137 1267  1.061
MCP1 0.241 1.62 0.97] 0470 1.30 1.45| 0.233712 112 0.7613; 0.267437 1343 1024
ccLs orss AR o1 177 489 0272509 6725 [ JEHEE 0144558 2439 5.146
CXCL10 0.270 [NEA8 485  0.780 3.82 3.44| 0246441 2481 5551 0.123085 127 3131
cxcL1l 0.986 1.78 179]  0.854 1.05 1.09| 0794874 1479 1623} 0191297 1132  0.8441
cxcLe o.coL IECEIEESE  osss 3.24 2.34) 0.2108c4 [ ST S o.234379 172 2437
IL-2 0.214 7.61 165  0.456 1.95 126] 0.285856  0.849  1.888] 0.057355  0.9196 1412
FOXP3 0.340 |GG 085 0176 1.99 162 0.375758 4.02 099605 1412 1412
IL-10 0.273 | EEER 085  0.176 1.99 162 0385043  1.000 [NE2I94 0099605 1412 1412
TGFRL 0.146 8.47 2.75 0.084 [JNISH0 0/33| 0.852893 3.056 3.662; 0.149073
L4 | 0049 5.64 085]  o0.121 5.95 162| 0516181 1191  009769] 099605 1412  1.412
IL-12p40 0.059 153 081  0.124 0.87 1.16| 0.996552 ~ 1.136  1.138[ 003674 07842  1.158|
IL-17 0.324 1.48 1.99]  0.386 3.21 2.87| 0339696 ~ 1791 1436 0.930717 275 2721
I-1a 0.431 3.63 667, 0112 28] 10.16] 0.0so762  3.661 8526 0.048721  2.377]  1L.34|
IL-1R 0.963 1.20 1.18 0.054 1.94 2.44] 0.534873 1.255 1.424; 0.289239 2.116 2.366
e [ 0034 2.35 091  0.255 212 344 0150345 ~ 1428 1079 0143828  0.8924  2.807
IL-8 0.316 6.16 368  0.101 2.08 570 0121013 3321 5691 003631 271 6.659|
TNFa 0.578 8.57 618  0.225 3.56 850 0058092 3412  7.231i 011322 1303 8.263
GranzymeA  0.629 3.51 4.84]  0.251 4.44 818 0220432 1635  4.138] 0123182 2204  7.785
IFNa 0.828 431 373] 0653 173 1.88] 0.055457 3595  1.258] 0.718861  0.9258  0.7372
IFNR 0.802 2.34 2.82 0.444 1.63 1.17] 0.680813 1.262 1.159; 0.223058 1.225 0.9698
IFNy 0.030 1.58 0.43 0.386 0.906614 1.122 1.0565 0.912374-_
IFNA3 . 085  0.176 0.999832 099605 1412 1412
STAT1 0.356 ! 0.796075 0.3791; 0.277294
STAT2 0.176 [INE2162 252]  0.660 1.58 175| 0.740824 5521  7.507; 0.795711  1.049 1172
STAT3 0.546 6.62 4.76]  0.451 3.07 5.13| 0.880742 1906 2102 0.089475 2131 [JOETEE
IRF1 0.246 8.03 4.70| o.3s7967  Le77[JNEMNEE 0.059084  7.911  3.473
RIG- 0.091 8.26 1.62| o.276868  4.872 GO 0.099362 2147  2.146
socs3 0315423 1989 4757} 0148935  3.155  1.865
TYK2 0.8202903 | EEEE SRR o.2c6233 1139 3.762
USP18 0.879560 | NG00 IBEEE o.909706 3106  3.105

0.205793

Mean fold gene expression following AV (CA and KS) or IBV (BR and PH) inoculation

in FNEC and cocultivation with PBMC. Fold expression compared to mock-inoculated

FNEC or PBMC.
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Correlations between virus replication and gene expression in co-cultures. Panel (A) All
data for IAV and IBV for all cell types. (B)IAV inoculated samples representing CA and
KS inoculated FNEC at 33°C. Panel (C) IBV inoculated samples representing BR and PH
inoculated FNEC at 33°C. Strong correlations r > 0.7 and inverse correlations r < -0.7.
Inverse, negative correlations are indicated in parentheses. Significance, p<0.05, are

indicated in bold. Genetic functional groups are separated by dotted lines.

Figure 3.5: Interferon levels in basolateral compartment of influenza inoculated FNEC

following co-cultivation with PBMC.
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IFN-L levels in basolateral supernatants following 1AV (CA, KS), IBV (BR, PH) or
mock (UN) inoculation of FNEC co-cultivated with PBMC at 33°C. Forty-eight Hr post
inoculation (plnoc) corresponds to 24Hr post cocultivation (FNEC/PBMC); 72Hr post
plnoc corresponds to 48hr post cocultivation. 48Hr FNEC only cultures (black bars) or
FNEC/PBMC coculture (black-white hatched bars). 72Hr FNEC only cultures (grey bars)
or FNEC/PBMC coculture (black-grey hatched bars). Significant differences (p<0.05)
determined for each cell type and Hr post inoculation using multiple Student’s t-tests.
Significant differences compared between viruses for cell types. Differences between
groups (FNEC and FNEC/PBMC) determined by 2-way ANOVA (Tukey test).
Significant differences (p<0.01) at 48Hr post inoculation only for all virus and mock

groups when comparing FNEC to FNEC/PBMC cocultures.
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CHAPTER 4

DELAY OF INNATE IMMUNE RESPONSES FOLLOWING INFLUENZA B
INFECTION AFFECTS THE DEVELOPMENT OF A ROBUST ANTIBODY

RESPONSE IN FERRETS?

3 Thomas Rowe, Ashley Fletcher, Robert A. Richardson, Melissa Lange, Giuseppe A. Sautto, Greg A.
Kirchenbaum, Yasuko Hatta, Gabriela Jasso, David E. Wentworth, and Ted M. Ross. Delay of innate
immune responses following influenza B virus infection affects the development of a robust antibody
response in ferrets. Under review, PLoS Pathogens (2024).
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ABSTRACT

Due to its natural influenza susceptibility, clinical signs following infection,
transmission, and similar sialic acid residue distribution, the ferret is the primary animal
model for human influenza research. Antibodies generated following infection of ferrets
with human influenza viruses are used in influenza surveillance to detect antigenic drift
and cross-reactivity with vaccine viruses and circulating strains. Inoculation of ferrets,
with over 1500 human clinical influenza isolates (1998 to 2019) for surveillance studies,
resulted in lower serum antibody responses to 86% (387 of 448) IBV compared to 2.7%
(30 of 1094) IAV. In this directed analysis, we show that the immune responses in ferrets
inoculated with AV (A/HLIN1pdm09 or A/H3N2 subtype virus) were higher than IBV
(B/Victoria or B/Yamagata lineage virus) and there was a delay in antibody responses by
IBV. Analysis of innate gene expression in the ferret upper respiratory tract and
peripheral blood indicated that AV generated a strong inflammatory response, including
an early activation of the interferon (IFN) response; whereas IBV elicited a delayed and
reduced response. Additionally, serum levels of cytokines, chemokines, and IFNs were
all much higher following IAV-infection than IBV-infection in ferrets. Pro-Inflammatory
(MCP-1, MIP-1B, TNFA), IFN (IFNB, IFNG), Thl (IP-10), Th2 (IL-2), and T-effector
(IL-12p40) proteins were significantly higher in sera of 1AV-infected than IBV-infected
ferrets over twenty-eight days following challenge. Serum levels of Type-I/I1/I11 1FNs
were detected following IAV-infection throughout the 28-day period and Type-111 IFN
was only detected by day 28 for IBV. Early increase in IFN-lambda levels corresponded
to gene expression following IAV-infection. The reduced innate immune responses

detected following IBV-infection reflected the subsequent delayed and reduced
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hemagglutination inhibition (HI) and neutralizing (focus reduction assay, FRA)
antibodies in the sera. However, the differences in serum antibody responses elicited by
IBV were not observed in antibody secreting cells in the spleen or peripheral blood.
These findings help in understanding the antibody responses in humans following IBV
vaccination or infection and consider potential addition of innate immunomodulators to

overcome these low responses.

INTRODUCTION

Influenza A and B viruses continue to circulate and represent a major public
health concern. Prevention from infection or serious complications relies on a robust
adaptive immune response. Antibodies following infection or vaccination are used in
surveillance assays to detect antigenic drift and make recommendations for vaccine strain
selection. This study involves the use of ferrets to better understand why influenza B
viruses generate weak immune responses following infection. Ferrets are an ideal model
to explore immune responses to influenza virus because they are naturally susceptible to
influenza including human influenza strains without the need for prior adaptation [423,
424]. Moreover, ferrets exhibit similar lung physiology and distribution of «2,3- and
a2,6-linked sialic acids [425, 426]; which is the receptor for influenza virus entry.
Finally, the frequency of antibody light chain isotypes in ferrets closely resembles that
seen in humans [253] and further supports the use of ferrets for studying the antibody
response elicited by influenza virus infection or vaccination.

Influenza A virus (IAV) and influenza B virus (IBV)-infected ferrets are used to

generate antisera for influenza surveillance and to develop and improve influenza
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vaccines. Over a twenty-year period from 1998 to 2019, more than 1500 antisera have
been generated in ferret to 1AV and IBV. In surveillance assays, such as the
hemagglutination inhibition (HI) assay, reference antisera must generate a minimal titer
of at least 1:160 to be able to detect antigenic variation. For IBV, 86.4% of viruses
(387/448) inoculated into ferrets required a booster dose to reach the HI titer of 1:160
compared to only 2.7% (30/1094) for IAV.

Low antibody responses in humans infected with I1BVs have also been observed.
A cohort study conducted in Hong Kong from 2009-2014 to assess the antibody
responses to B-Vic and B-Yam infections showed that <50% of PCR-confirmed
individuals had detectable neutralizing antibody titers. Additionally, all B-Vic and B-
Yam infected individuals with antibody responses showed low titers (<160) [427]. The
effectiveness of 1BV vaccine has also shown to be low, especially in children. In a study
of the 2014/2015 influenza vaccine, which overall had 57% vaccine efficacy, it was
shown that <20% of older children had a 4-fold rise in HI titer to influenza B following
vaccination [362]. Since low antibody responses are seen in humans infected or
vaccinated with IBV, and ferrets inoculated with IBVs generate much lower immune
responses compared to infection with seasonal 1AV, further investigation is required to
identify ways to improve the immune responses to IBV.

Following exposure of the upper respiratory tract (URT) to influenza virus, the
innate immune system is activated by interaction with pattern recognition receptors
(PRRs) on susceptible cells. There are three different PRRs that sense influenza virus,
which includes retinoic acid inducible gene I (RIG-I), Toll-like receptors (TLR3, TLR7

and TLR8) and the nucleotide binding oligomerization domain (NOD)-like receptors
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[428]. Pro-inflammatory cytokines and type-I interferons are induced through RIG-I and
TLR7 pathways [205]. At the site of infection (respiratory epithelial cells), TLR3 and
TLR7 sense viral double-stranded and single-stranded RNA (ssRNA) respectively within
the endosome while RIG-I recognizes cytosolic ssSRNA or viral RNA containing 5’-
triphosphate and induces type | and Il interferon (IFN) responses through the
transcriptional factors NF-kB and IRF by interacting with MAVS. These interactions
result in the activation of NF-kB and IRF3 which result in initiating a pro-inflammatory
response by the production of cytokines and chemokines as well as an interferon a type-
I/l11 IFEN response in respiratory epithelial cells. In IFN-knock out studies in mice, IFNB
has been shown to be an important role in defense against 1AV in lung epithelial cells,
and IFNB absence results in delayed expression of IFNA thus increasing the probability
that the infecting virus can overrun the innate immune response of the host [429]. The
pro-inflammatory cytokines and chemokines can activate resident immune cells (innate
lymphoid cells, macrophages, and dendritic cells) and recruit cells to the site of infection.
Additionally, cytokines and chemokines can stimulate a T-helper 1 (Th1) response by
IFNG and IL-12. They can also stimulate a T-effector response activation of STAT3
resulting in 1L-6 and IL-23 secretion to further upregulate the inflammatory response
[115]. These cytokines bind to the epithelial cell IFN receptors (IFNAR) or those
expressed by myeloid cells causing expression of interferon stimulating genes (ISGs) and
an antiviral state. In parallel, cytosolic sSRNA and DAMPs (Danger-Associated
Molecular Pattern) can also interact with NLRP3 of the inflammasome complex to cause
cleavage and activation of caspase-1 and induction of IL-1b and IL-18. The regulatory

effects on adaptive immunity are not a result of direct action of type-I11 IFN (IFNL) but
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rather indirectly through thymic stromal lymphopoietin (TSLP). IFNL secreted by
infected respiratory epithelial cells can induce M cells to release TSLP which acts on
migrating CD103+ dendritic cells (DCs) to stimulate the adaptive immune responses by
enhancing CD8+ T-cell maturation and promoting germinal center reactions in the lymph
node through T-follicular/helper (Tfh) cells [124]. Tfh help in B-cell survival and
proliferation in germinal centers [124, 137, 193] resulting in an increase of 1gG1 and IgA
antibody [137]. Once these receptors are triggered by the virus, activation of several
antiviral signals and production of cytokines and chemokines occurs to initiate the
immune response in the host.

The humoral immune response plays a key role in immunity to influenza. This
study focuses on the antibody response to influenza hemagglutinin (HA) which is the
most commonly measured correlate of protection [3, 430]. Cytokine and chemokine
levels in serum have been shown to correlate with increased antibody responses
following vaccination and infection. Interleukin-2 (IL-2) can work together with cyclic
adenosine 3' ,5'-phosphate in synergy to enhance the antibody by B-cells [147]. In elderly
human subjects, IL-2 treatment enhanced antibody responses to influenza vaccination
[148]. 1L-2 has been shown to play an essential role in a T-helper 2 (Th2) differentiation
[144] and may play a role in the adaptive immune response [149]. Inflammatory cytokine
levels of 1L-6 and TNFA in serum have shown a positive correlation with fold-increases
in hemagglutination inhibition titers following vaccination [431]. IFN levels have also
been shown to be protective and enhance antibody response following influenza
infection. In mice lacking Tfh cells, which are important in humoral immunity, Thl cells

are the source of IFNG that promotes a protective 1gG2 antibody response [432]. IFNL
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has also been shown to increase adaptive mucosal antibodies [137]. Taken together, this
study explores innate and cytokine responses following 1AV and IBV infection of ferrets
and their contribution to development of robust adaptive antibody responses.
Understanding factors which affect the ability of influenza viruses to generate robust
Immune responses may aid in the testing and improvement of influenza B vaccine

efficacy in humans.

MATERIALS AND METHODS
Viruses

Influenza viruses used were passaged in cells, Madin Darby Canine Kidney
(MDCK), to retain antigenic similarity to the original human isolates and to avoid
structural changes in the hemagglutinin which could occur from passage in eggs [377-
379]. All influenza viruses were passaged in MDCK “C#” or MDCK-SIAT1 ”S#” [380]
cells according to established procedures [381, 382]. Representative 1AV used in this
study were: A/California/07/2009 “CA” (H1PDMO09 subtype; passage C3) and
A/Kansas/14/2017 “KS” (H3N2 subtype; passage S3). Representative 1BV used in this
study were: B/Brisbane/60/2008 “BR” (B-Victoria lineage; passage CXC6) and
B/Phuket/3073/2013 “PH” (B-Yamagata lineage; passage C4). Viral titers were
determined by focus forming assay [416] and given as log Focus Forming Units per
milliliter (FFU/mL). Viral titers for virus stocks used in this study were: CA (10864
FFU/mL), KS (107:°° FFU/mL), BR (107-Y” FFU/mL) and PH (10754 FFU/mL).

Ferret infection with influenza viruses and monitoring

137



All animal procedures were approved by the Institutional Animal Care and Use
Committee of the Centers for Disease Control and Prevention in an Association for
Assessment and Accreditation of Laboratory Animal Care International accredited
facility. Male fitch ferrets (Triple F Farms, Sayre, PA), between 10 to 18 months of age
and seronegative for currently circulating influenza viruses were used for infection
experiments.

Four separate experiments were conducted using 18 ferrets for each virus [CA
(influenza A/H1IPDMQ9), KS (influenza A/H3N2), BR (influenza B/Victoria lineage) and
PH (influenza B/Yamagata lineage)]. In each experiment ferrets were first anesthetized
with an intramuscular cocktail of ketamine (15-30 mg/kg) plus xylazine (1-2 mg/kg)
“KX” and challenged intranasally with 1 mL of virus (4x105 FFU/mL). The animals
were monitored over 28 days post challenge for weight loss, fever, and other clinical
signs (lethargy, sneezing and dyspnea). The animals were weighed on day O prior to
influenza challenge to establish a baseline weight and then weighed daily for the first ten
days post challenge followed weekly thereafter through day 28. Changes in weight were
calculated as percentage loss or gain from day O weight. For fever calculation, a
temperature transponder [IPTT-300; Bio Medic Data Systems (BMDS), Waterford, WI,
USA] was programed to identify each ferret and implanted subcutaneously between the
shoulder blades of each animal and read with a scanner (DAS-6007 IPTT Scanner
System, BMDS). A baseline temperature (°F) was determined by the average temperature
over three days prior to challenge. Temperatures were assessed over the first 10 days post
challenge, then weekly and fever was determined as any temperature greater or equal to 2

degrees Fahrenheit above baseline. Ferrets were assessed daily for clinical signs within a
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two-hour window between 9AM — 11AM during peak normal activity and to reduce
variation due to circadian rhythms [433]. Lethargy was determined by the relative
inactivity index (RIl) from day 0 through day 7 post challenge; this period allowed for
lethargy calculation throughout the period of active replication in the ferret respiratory
tract. RI1, sneezing and dyspnea were assessed each day prior to handling and sedation of
the animals. Clinical signs assessment was consistent with previously established
methods [325, 434].

Ferret sample collection and processing

Prechallenge and on days 1, 3, 5, 7, 10, 14, 21 and 28 post challenge, nasal wash
(NW) and blood samples were collected from ferrets for virologic, genetic and antibody
analysis. Animals were sedated with KX followed by flushing the nares by instillation of
2 mL nasal wash solution (PBS, 1% BSA, antibiotics), inside a class-I1 biosafety cabinet,
and collected when expelled in a Petri dish. NW was centrifuged (5 minutes x 5000 rpm
at 4°C), supernatant was stored at -80°C for virus titration and multiplex assay. One
hundred microliters (uL) PBS was added NW pellets followed by 280uL AVL lysis
buffer (Qiagen, Germantown, MD, USA). Two to three mL blood was collected from the
cranial vena cava in an SST tube for serum separation. Serum was tested for antibodies to
influenza virus, cytokines, and chemokines.

On days 1, 3, 5, 7, 10 and 28 post challenge, three ferrets were euthanized for
collection of tissues, sera, and cells. These animals were first anesthetized with KX,
exsanguinated, and euthanized with intracardiac injection of Euthasol™ (1 mL/kg) prior
to collection of tissues, including spleen. Blood was collected in SST tubes (serum) and

K2/EDTA (cell purification). Serum was separated from SST tubes by centrifugation for
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10 minutes at 1500 x g at room temperature. For purification of peripheral blood
mononuclear cells (PBMC), an equal volume of PBS was added to blood in K2/EDTA
tubes and overlayed onto Histopaque®-1077 (Sigma, St. Louis, MO, USA). Samples
were centrifuged with no brake at 900 x g for 20 minutes at room temperature. Cells were
collected from the Histopaque® interface, washed with cell culture media (RPMI-1640,
10% heat-inactivated fetal bovine serum (FBS)) and treated with ammonium chloride to
lyse any remaining red blood cells. The final cell pellet was resuspended in 1 mL cell
culture medium. Two hundred eighty uL of AVL lysis buffer were added to 200 uL
PBMC samples in RPMI-1640, 10% FBS obtained by density gradient centrifugation
over ficoll-hypaque. Samples were mixed 3 to 4 times and lysate was frozen at -80°C
until RNA extraction. Carrier RNA was added to each sample and RNA was extracted
using EZ1 DSP kit on a Qiagen EZ1 Advanced XL extractor according to the
manufacturer’s instructions (Qiagen, Germantown, MD, USA). RNA was eluted in 120
uL RNase-free water and stored at -80°C until evaluated for gene expression by gRT-
PCR. The remaining PBMC sample was cryopreserved in FBS, 10% DMSO and stored
in the vapor phase of liquid nitrogen freezer. Splenocytes were isolated from spleens by
passing tissue through a 70-micron cell strainer (Millipore-Sigma, Burlington, MA, USA)
in DMEM,10% FBS, followed by lysing red blood cells with ammonium chloride. Cells
were cryopreserved in FBS, 10% FBS and stored in the vapor phase of liquid nitrogen
freezer until used in ELISpot assays.

Tissues and blood were collected from an additional three mock-infected ferrets and
included as naive controls.

Virus kinetics by focus forming assay (FFA)
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Nasal wash (NW) samples collected from influenza virus-infected ferrets were
tested for virus with a Focus Forming Assay (FFA) as previously described [416].
Briefly, Y-log serially diluted influenza viruses in virus growth medium plus trypsin
(DMEM, 0.1% BSA, 1 pug/mL TPCK-treated trypsin (Sigma, St. Louis, MO, USA)) were
added to confluent monolayers of MDCK-SIAT1 cells [380] in 96-well flat-bottom tissue
culture plates in quadruplicate. Following a two-hour incubation at 37°C, and overlay of
1.2% Avicel RC/CL [384] (Type: RC581 NF; FMC Health and Nutrition, Philadelphia,
PA, USA) in 2X MEM containing 1 pg/mL TPCK-treated trypsin, 0.1% BSA, and
antibiotics] was added. Plates were incubated overnight at 37°C, 5% CO2, fixed,
permeabilized, and stained with a monoclonal antibody pool to influenza A or B
nucleoprotein (International Reagent Resource; www.internationalreagentresource.org).
Infectious foci (spots) were visualized using TrueBlue substrate (Sera Care, Inc., Milford,
MA, USA). The foci were enumerated using a CTL Bio Spot Analyzer with
ImmunoCapture 6.4.87 software (Cellular Technology Ltd., Shaker Heights, OH, USA).
The FFA titer was determined by multiplying sample dilution which gave between one
hundred to three hundred spots by the spot number at that dilution, to obtain the Focus
Forming Units per milliliter (FFU/mL). The foci in the cell control were subtracted and
the number of foci remaining was multiplied by twenty to give FFU/mL. The limit of
detection was 1022 FFU/mL.
Antibody detection by hemagglutination inhibition (HI) assay

Ferret sera were treated with receptor destroying enzyme [RDE] (Denka Co Ltd,
Tokyo, Japan) and adsorbed with turkey erythrocytes (TRBC), and tested by HI assay

according to established procedures [381]. Briefly, RDE-treated, and adsorbed sera were
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2-fold serially diluted, starting at 1:10, in v-bottom 96-well plates followed by the
addition of 4 hemagglutination units of influenza virus (CA, KS, BR, or PH). Plates were
incubated at room temperature for approximately 15 minutes followed by the addition of
0.5% TRBC and mixed by gentle agitation. The TRBCs were allowed to settle for 30
minutes at room temperature. The HI titers were determined as the reciprocal of the last
serum dilution which inhibited the hemagglutination of the TRBCs by the virus.
Neutralizing antibody level detection by focus reduction assay (FRA)

The Focus Reduction Assay (FRA), initially developed by the WHO collaborating
Centre in London, United Kingdom, was modified and utilized in this study. MDCK -
SIATL cells were seeded in 96-well plates in Dulbecco’s Modified Eagle Medium
(DMEM) containing 5% heat-inactivated FBS and antibiotics. The following day, the
confluent cell monolayers were rinsed with 0.01M phosphate-buffered saline pH 7.2
(PBS), (Gibco BRL, ThermoFisher Scientific Inc., Waltham, MA, USA) followed by the
addition of two-fold serially diluted RDE-treated ferret sera at 50 uL per well starting
with 1:20 dilution in virus growth medium containing 1 pg/mL TPCK-treated trypsin,
VGM-T [DMEM, 0.1% fraction-V bovine serum albumin (BSA), antibiotics
(penicillin/streptomycin) and 1 pg/mL TPCK-treated trypsin]. Afterwards, 50 pL
standardized virus in VGM-T was added to each plate or VGM-T to cell control wells.
The virus stocks were standardized by FFA to determine Focus Forming Units per
milliliter (FFU/mL). Following a 2-hour incubation period at 37°C, an 100 pL overlay
consisting of equal volumes of 1.2% Avicel RC/CL [384] in 2X MEM containing 1
pg/mL TPCK-treated trypsin, 0.1% BSA, and antibiotics was added to each well. Plates

were incubated for 18-22 hours at 37°C, 5% CO2. The overlays were removed from each
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well and the monolayer was washed once with PBS to remove any residual Avicel. The
plates were fixed with ice-cold 4% (w/v) paraformaldehyde in PBS (10% formalin) for
30 minutes at 40C, followed by a PBS wash and cell permeabilization using 0.5% Triton
X-100 in PBS/glycine at room temperature for 20 minutes. Plates were washed three
times with PSBT (PBS, 0.1% Tween-20), incubated for 1 hour with a monoclonal
antibody pool against influenza A or B nucleoprotein [435] in ELISA buffer (PBS,10%
horse serum, 0.1% Tween-80). Following three washes with PBST, the cells were
incubated with goat anti-mouse peroxidase-labelled 1gG (Sera Care, Inc., Milford, MA,
USA) in ELISA buffer for one hour at room temperature. Plates were washed three times
with PBST, and infectious foci (spots) were visualized using TrueBlue substrate
containing 0.03% H202 incubated at room temperature for 10-15 minutes. The reaction
was stopped by washing five times with deionized water. Plates were dried and the foci
enumerated using a CTL Bio Spot Analyzer with ImmunoCapture 6.4.87 software
(Cellular Technology Ltd., Shaker Heights, OH, USA). The FRA titer was reported as the
reciprocal of the highest dilution of serum corresponding to 50% foci reduction compared
to the virus control (VC) minus the cell control (CC).
Antigen-specific ferret Ig ELISA

Antigen-specific Ig ELISA was performed to assess ferret Ig reactivity against
recombinant hemagglutinin (rtHA) expressed and purified as previously described [436]
and representing the influenza A or influenza B virus strains used for infection. The
ELISA was performed using previously described mouse anti-ferret antibodies [253] and
similarly to previously described protocols [252]. In brief, Immulon 4HBX plates

(Thermo Fisher) were coated overnight at 4°C with 1 pg/mL rHA in PBS (50 uL per
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well) in a humidified chamber and the following day plates were blocked with 200 uL per
well of ELISA blocking buffer for at least 1 hour at 37°C. Serum samples were 3-fold
serially diluted in blocking buffer in duplicate, and plates incubated for 1 hour at 37°C.
Plates were washed four times with PBS, 100 uL per well of mouse anti-ferret IgG “IgG”
(mAb 11E3), or mouse anti-ferret 1gKappa/lgLambda (mAb 8H9 + mADb 4B10, hereafter
referred to as “totlg”) each diluted to 1 pg/mL in blocking buffer, added, and incubated in
a humid chamber for 1 hour at 37°C. Plates were washed five times with PBS before
adding 100 uL of HRP-conjugated goat anti-mouse IgGl (Southern Biotech,
Birmingham, AL, USA) diluted 1:4000 in blocking buffer and were then incubated
overnight at 4°C. Plates were then washed 5 times PBS before addition of 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) substrate (VWR), and incubation at
37°C for 15 minutes. Colorimetric conversion was terminated by addition of 5% SDS (50
uL per well) and absorbance was measured at 414 nm using a BioTek Epoch 2
Microplate Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The
endpoint absorbance of each sample was determined on a plate-by-plate basis where the
absorbances of all the blank wells were averaged and multiplied by three. The
GraphPad® Prism 10 “Interpolate a standard curve” function was utilized to generate a
standard curve for each individual sample with the absorbances from the serial dilutions
followed by plotting the previously calculated endpoint absorbance onto the curve to find
the endpoint dilution of each sample. Duplicate ferret samples were run on separate plates
in tandem.

ELISpot assay
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ELISpot were performed using anti-ferret antibodies as previously described
[437]. Briefly, Multi-ScreenHTS HA filter plates (EMD Millipore, Billerica, MA, USA)
were coated overnight at 4°C with 25 pg/mL of rHA representing the influenza A [“CA”
(H1pdm09) or “KS” (H3N2)] or influenza B [“BR” (B-Victoria lineage) or “PH” (B-
Yamagata lineage)] [437] in PBS (50 pL per well). Additional plates were coated with
PBS containing 5 pg/mL BSA alone. Plates were washed three times with PBS before
blocking with B cell medium, prepared as previously described [437], for at least 1 h at
room temperature. Serially diluted ferret PBMC or splenocytes were then incubated in
ELISpot plates for 16-18 hours at 37°C, 5% CO2. ELISpot plates were then washed three
times with PBS + 0.1% Triton X-100 (Sigma-Aldrich), and after an additional five
washes with PBS, mouse anti-ferret 1gG (mAb 11E3) and mouse anti-ferret totlg (mAb
8H9 + mAb 4B10) diluted each to 1 pg/mL in blocking buffer (PBS containing 2% BSA
[Sigma-Aldrich], 1% bovine gelatin [Sigma-Aldrich], and 0.05% Tween 20 [Thermo
Fisher Scientific]) was added and plates incubated for 2 h at 37°C. Plates were then
washed three times with PBS + 0.1% Triton X-100 (Sigma-Aldrich), and after an
additional five washes with PBS, alkaline phosphatase goat anti-mouse 1gG1 (Southern
Biotech, Birmingham AL, USA) diluted 1:4000 in blocking buffer was added and plated
were incubated for 2 hours at 37°C. Plates were washed five times with PBS and then
twice with distilled water (dH20) before addition of 5-bromo-4-chloro-3-indolyl-
phosphate/NBT (BCIP/NBT) one-step solution (Thermo Fisher Scientific) and incubation
at 37°C for approximately 15 minutes. Development of the substrate was terminated by

decanting solution and gently washing plates with dH20O. Plates were air dried at room
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temperature before automated counting using the S6 Ultimate M2 Analyzer and the
ImmunoSpot 7.0.28.5 software (Cellular Technology Ltd., Shaker Heights, OH, USA).
Gene expression in ferret cells

Ferret primers generated to pro-inflammatory (MCP1, IL-1B, IL-6), Thl
(CXCL10), Th2 (IL-2), T-regulatory (TGFB1), T-effector (IL-4, IL-12p40, IL-17),
apoptosis (Granzyme A), Type-I/l1/I11 interferons (IFNA, IFNB, IFNG, IFNL3), interferon
responses (STAT1, STAT2, STAT3, RIG-I, SOCS3, TSLP) and housekeeping (GAPDH)
genes were used to measure differences in expression levels in ferret cells. For genes
using TagMan, probes were modified with 6-FAM, fluorescein amidites (FAM)
fluorophore on the 5' end and a non-fluorescent Black Hole Quencher®-1 (BHQ-1) on
the 3' end. Additionally, a locked nucleic acid at adenine <LNA A> was incorporated in
all probes in order to increase template binding strength for real-time PCR [387]. Primers
and probes for all ferret genes were generated from published ferret sequences [5, 390,
391, 416]. All primer/probe sets used are shown in Table 2.1.

Quantitative real time PCR (QRT-PCR) was performed using an ABI 7500 Fast
Dx Real-Time PCR instrument (Applied Biosystems, Waltham, MA, USA). PCR
reactions were performed in a 5 uL RNA reaction volume using SYBR™GreenER™
gPCR SuperMix (Applied Biosystems) or SuperScript™ |11 Platinum™ One-Step qRT-
PCR Kit for TagMan reactions (InvivoGen, San Diego, CA, USA). An RT reaction for 30
minutes at 50°C, inactivation for 2 minutes at 95°C, followed by 40 amplification cycles
at an annealing temperature of 50°C. Reactions were performed on three ferrets for each
virus and timepoint and the values were normalized by subtracting the mean value of the

cycle threshold (Ct) from that of the C+ for glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) housekeeping gene (ACT). The relative levels of gene expression for infected
cells were determined by subtracting the individual ACt values from that of average ACt
values of pre-infection cells (AACT) and expressing the final quantification values (2
AACT) as relative fold changes. Genes upregulated >104-fold (>10,000) were given a value
of 10,000 and genes downregulated <10-4-fold (<0.0001) were given a value of 0.0001.
Cytokine/chemokine levels in ferret sera by multiplex assay

Ferret serum samples were stored at -80°C until evaluated. Samples were thawed
at room temperature for 30 minutes prior to testing by Luminex ferret multiplex assay.

The Luminex Assay kit [Ampersand Biosciences (www.ampersandbio.com) Lake Clear,

NY, USA] contained ferret-specific antibodies and proteins in a microsphere-based assay
and consisted of antigen-specific antibodies covalently coupled to magnetic Luminex
beads and biotinylated detection antibodies in a capture-sandwich format. All incubations
were performed at room temperature in 96-well plates. Thirty uL of standard, controls, or
serum samples (1:5 dilution) were added followed by ten uL of multiplexed capture-
antibody microspheres and ten uL of blocking buffer to each well. The plates were sealed
and incubated for 2 hours on a plate shaker. The plates were washed 3 times using the

Bio-Plex Pro Wash Station [Bio-Rad (www.bio-rad.com), Hercules, CA, USA] followed

by the addition of 40 uL of biotinylated detection antibody and incubated for 1 hour on a
plate shaker. After incubation, 20 uL diluted streptavidin-phycoerythrin was added to
each well, thoroughly mixed, and incubated for 30 minutes. Following 3 washes, the
beads in the plates were resuspended in 100 uL of wash buffer. After shaking on a plate
shaker for 5 minutes, the plate was then analyzed on a Luminex 200 Analyzer [Luminex

Corporation (www.luminexcorp.com)], Austin, TX, USA]. The cytokine/chemokine
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results were determined by extrapolating the analyte concentration from the measured
mean fluorescence intensity (MFI) value using the standard curve. Results were
generated and extracted using the RBM Plate Reader and Plate Viewer analysis software,
respectively. Data were exported with values represented to two significant figures and
analyzed in Microsoft Excel and GraphPad Prism 10 (GraphPad Software, La Jolla, CA,
USA).
Type-111 IFN bioassay

Interferon lambda (IFNL) levels in influenza-infected ferret serum was detected
using HEK-\ reporter cells (HEK-Blue™ IFN-A cells: InvivoGen, San Diego, CA, USA)
designed to monitor the activation of the JAK/STAT/ISGF3 pathway induced by type 111
IFNs. The HEK-A cells were generated by stable transfection of HEK-293 cells with the
human IFNLR and IL-10R receptor genes as well as the human signal transducers and
activators of STAT2 and IRF9 resulting in a fully active IFNL signaling pathway.
Activation of the pathway was detected since these cells harbored the secreted embryonic
alkaline phosphatase (SEAP) under the control of the ISG54 promoter, which is activated
by IFNL. Stimulation of the IFNL triggered the JAK/STAT/ISGF3 pathway and induced
SEAP production which was measured by a colorimetric assay at 650 nm using Quanti-
Blue™ solution according to the manufacturer’s instructions (InvivoGen, San Diego, CA,
USA).

Twenty uL of sera from uninfected, IAV and IBV infected ferrets were added in
triplicate wells of 96-well tissue culture plate. A tissue culture flask containing HEK-A
cell monolayers was gently rinsed once with PBS and cells were dislodged and

suspended in HEK medium (DMEM, 10% FBS, antibiotics) to a concentration of 2.8x10°
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cells/mL. 180 uL of HEK-A cells were added to each well containing twenty ul of
sample and to serially 1/2-log diluted (0.1 — 1000 ng/mL) recombinant ferret IFNL3
(Kingfisher Biotech, St. Paul, MN, USA). The plates were incubated for 20Hr at 37°C,
5%CO2. After 20Hr, 20 uL of supernatant from the wells were transferred to a new 96-
well plate and 180 uL of Quanti-Blue™ substrate was added and incubated for 2Hr at
37°C, 5%CO02. Absorbance was read at 655nm. A sigmoidal 4-point standard curve from
0.1 to 1000 ng/mL was generated using recombinant ferret IFNL3 protein [Kingfisher

Biotech (www.kingfisherbiotech.com), St. Paul, MN, USA) and unknown samples were

extrapolated from the standard curve.
Statistical analysis

GraphPad Prism 10 was used for all statistical analyses (GraphPad Software, La
Jolla, CA, USA). One-way ANOVA was used to determine differences over time
between viruses and significance between groups was determined by 2-way ANOVA
analysis. Gene expression analysis was performed from three ferrets per timepoint and
outliers were identified by the Grubbs’ test (0=0.05) by Extreme Studentized Deviate
method for removal of a single outlier if found. Spearman (1-tailed, 95% confidence)
correlation method used for comparison of virus replication to gene expression or protein
concentration (multiplex or bioassay) as well as antibody levels (HI or FRA) and protein
concentration. The Student’s t-test (unpaired) was used to assess the statistical differences
in the gene expression levels in respect to the uninfected controls and for comparing
influenza A to influenza B viruses and antibody secreting cells by ELISpot. A p-value of
<0.05 was considered statistically significant: * p<0.05, ** p<0.01, ***p<0.001,

****p<0.0001.
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RESULTS
IAV virus replication kinetics differ from IBV and cause greater morbidity in
ferrets.

Eighteen ferrets were inoculated intranasally with 4x10° FFU of influenza
A/HIN1pdm09 (A/California/07/2009, “CA”), A/H3N2 (A/Kansas/14/2017. “KS”), B-
Victoria  lincage  (B/Brisbane/60/2008,  “BR”), or B-Yamagata lineage
(B/Phuket/3073/2013, “PH”) virus. This dose of virus has been optimized and used as the
standard dose for generating antiserum to human influenza clinical isolates in ferrets. The
animals were monitored for clinical symptoms of influenza virus infection and lethargy
for seven days post challenge. This corresponds to typical viral Kinetics observed in the
upper respiratory tract of ferrets infected with seasonal influenza viruses [438, 439].
Weights and temperatures were taken daily for the ten days following challenge and then
weekly through day 28. Three animals were euthanized on days 1, 3, 5, 7, and 10 post
challenge for collection of tissues. Throughout the challenge, nasal wash and blood
samples  were  collected for  virus titration/molecular  analyses  and
molecular/immunological analyses respectively.

Virus replication kinetics demonstrated peak early replication in the upper
respiratory tract (URT) at D1 post challenge in IAV-challenged animals and late
replication at D3 in IBV-challenged animals (Figure 4.1). IAV viral replication peaked
earlier on D1 post challenge (CA=10°°1 FFU/mL, KS=10%30 FFU/mL) whereas IBV
virus replication peaked later at D3 post challenge (BR=10%24 FFU/mL, PH=10°68

FFU/mL) in ferret URT. There was a significant difference between IAV and IBV on D1
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[CA vs BR (p<0.0001) and vs PH (p=0.007); KS vs BR (p=0.002)]; however, by D3 IBV
replication increase to equivalent levels. PH, however, replicated to higher levels than KS
on D3 (p=0.003). CA replicated significantly higher and earlier than IBV (BR, p<0.0001;
PH, p=0.0236) as well as KS (p=0.0015). These replication kinetics confirm greater
morbidity of CA in ferrets compared to other viruses tested and complement previous
findings of this virus compared to other seasonal influenza viruses [306].

Following challenge with influenza, ferrets exhibited classical clinical signs of
infection including elevated temperature, weight loss, lethargy and sneezing as well as
virus replication in the URT (Table 4.1). Regardless of the virus used, all animals
developed fever at least +2°F over prechallenge temperature by D2 post challenge with
average temperature increases being similar between 1AVs (+2.5°F) and IBVs (+2.55°F).
No significant differences between groups were seen (2-way ANOVA). All animals
demonstrated weight loss through D7 post challenge. The maximum weight loss from
prechallenge weight occurred on D3 for IBV [BR (-2.7%), PH (-4.9%)] and 1AV [KS (-
4.3%)]; however, CA peak weight loss occurred later on D6 (-7.6%). Significant weight
loss was seen with 1AV [CA (p<0.0001), KS (p=0.049)] compared to IBV (BR) over the
first ten days following challenge (2-way ANOVA). Over the same period, PH weight
loss was significantly greater than BR as well (p<0.0001). Daily temperature changes and
weight loss can be found in supplemental Figure 4.S1. For activity following challenge,
only 1AVs showed marked lethargy compared to IBVs ranging from IAV CA having the
highest relative inactivity index (R11=1.37) followed by KS (RI11=1.26) then the IBVs
showing minimal lethargy BR (RI1=1.04) and PH (RI1=1.01). Taken together, clinical

signs indicate that | AV's cause greater morbidity in ferrets than IBVs.
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IAV induces earlier inflammatory and interferon gene expression than IBV in ferret
respiratory tract and peripheral blood.

To determine the temporal relationship between innate immune responses and
development of antibodies following challenge with influenza in ferrets, we conducted a
comparison of host gene expression in NW cells in the URT and PBMC in the peripheral
blood using qRT-PCR (Table 4.2). Gene expression at the site of infection in the URT
(Table 4.2A) show that of the nine up-regulated genes (gene expression >1 over mock
challenged) on D3 post challenge, seven genes (MCP-1, CXCL10, STAT1, STAT2,
STATS3, RIG-I, and SOCS3) corresponded to either CA or KS infection. There were only
two up-regulated genes (TGFB1 and TSLP) following IBV (PH) infection. Of the
remaining genes which were down-regulated on D3 (N=11) from prechallenge
expression, 1BV down-regulated genes to a greater extent for all genes (7 of 11) except
for IL-1B, IL-6, IFNA, IFNL3. By D5 post challenge four additional genes switched from
down-regulated to up-regulated (IL-2, IL-4, IFNG, IFNL3) and were all following 1AV
(CA) challenge, indicating initiation of an adaptive effector T cell and interferon
responses by IAV.

Gene expression in the peripheral blood (Table 4.2B) showed few up-regulated genes,
compared to the URT, on both D3 and D5 post challenge. On D3 post challenge, five
genes were up-regulated (CXCL10, STAT2, STAT3, RIG-I, and SOCS3). Three of these
genes (STAT2, STAT3, and RIG-I) showed greater up-regulation following 1AV infection;
whereas two genes (CXCL10 and SOCS3) were up-regulated to a greater extent following
IBV infection. Of the remaining genes which were down-regulated on D3 (N=14), IBV

down-regulated genes to a greater extent for all genes (8 of 14) except for IL-2, TGFB1,

152



IL-4, IFNL3, STAT1 and TSLP. By D5 post challenge, four additional genes were
upregulated (MCP-1, TGFB1, IL-4, and IFNL3). All of these genes were up regulated to
the greatest extent by IAV. Of the original five genes which were up-regulated on D3,
one gene switched from IBV to IAV (CXCL10) and two genes switched from AV to
IBV (STAT2, and RIG-I). These gene expression levels indicate that AV resulted in an
earlier innate immune response in both the URT and peripheral blood.
Serum cytokine and chemokine levels are elevated following 1AV infection in
ferrets.

Serum cytokine and chemokine levels in ferrets following challenge with 1AV
and IBV were evaluated over a one-month period. Ferret sera were tested using a
multiplex assay for ferret analytes (IFNB, IFNG, IP-10, IL-2, MCP-1, MIP-1B, IL-4, IL-
17, 1L-12p40, 1L-12p70, TNFA, IL-6 and IL-8) and by bioassay (IFNL). Significant
differences (2-way ANOVA) between IAV (CA and KS) and IBV (BR and PH) were
observed for several analytes (Figure 4.2). Type-1 (IFNB) and Type-Il (IFNG) interferons
showed significantly higher levels in ferret sera following challenge with AV compared
to IBV (Figure 4.2A). Type-l1 IFEN levels were significantly higher for KS infected
animals than CA (p=0.0152), BR, or PH (p<0.0001) infected animals. KS infected
animals showed significantly higher levels of type-11 IFN than CA (p=0.0401) as well as
BR and PH (p=0.0405 and p=0.0431 respectively). Type-I11 IFN (IFNL) was higher in
IAV than IBV-infected animals; however, only significant differences were between BR
and PH (p=0.0074) (Figure 4.2A). Additionally Thl (IP-10), Th2 (IL-2) and Teff (IL-
12p40) cytokines (Figure 4.2B, 4.2C and 4.2D respectively) were also significantly

higher following 1AV than IBV challenge [IP-10; CA to KS, BR, and PH (p<0.0001) and

153



KS to PH (P=0.004)], [IL-2; CA and KS to BR and PH (p<0.0001)] and [IL-12p40; CA
and KS to BR and PH (p<0.0001)]. Pro-inflammatory cytokines and chemokines were
also higher in 1AV challenged than in IBV challenged animals. Pro-inflammatory
response (Figure 4.2E) was significantly higher for: [MCP-1; CA to KS (p=0.0048) and
BR and PH (p<0.0001)], [MIP-1B; KS to BR (p=0.0361)], and [TNFA; KS to BR
(p=0.0468)]. Cytokine and chemokine levels over entire 28-day for each virus are shown
in supplemental figure 4.S2. Data from all analytes tested in sera show that for all groups
(Pro-inflammatory, Thl, Th2, Teff, and IFN), IAV challenged resulted in higher levels
than IBV challenged animals.

HI and neutralizing antibody responses are delayed and reduced in ferrets
challenged with IBV compared to IAV.

Serum antibody responses were compared between 1AV and IBV challenged
animals for 28-days. The antibody responses detected by HI (Figure 4.3A) showed clear
differences between IAV (CA and KS) and IBV (BR and PH). For IAVs, infection with
CA resulted in significantly greater antibody response than infection with KS (p=0.0094;
2-way ANOVA); however, for infection with IBVs no significant difference in antibody
response was observed. Both 1AVs showed significantly higher antibody responses to
IBVs (CA vs BR/PH, p<0.0001; KS vs BR, p=0.0074 and KS vs PH, p=0.0005). By HI,
sera from 1AV surpassed 1:160 threshold by D7 (CA, HI=2560) and D10 (KS, HI=640)
post challenge; whereas only one IBV (BR) surpassed the threshold but not until D28
post challenge (HI=201). Neutralizing antibody responses by FRA (Figure 4.3B)
mimicked antibody responses seen by HI; however, due to its greater sensitivity at lower

antibody concentrations (Figure 4.3C), both IBVs crossed the 1:160 threshold but not
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until very late post challenge (BR on D21, FRA=320; PH on D28, FRA=186). Both IAV
showed significantly higher neutralization titers compared to IBV for all viruses
(p<0.0001); however, no statistical differences between IBV (BR and PH) were observed.
Results of antibody responses in ferrets show that 1AV initiated an earlier and higher
functionally neutralizing antibody titer that was sustained over the 28-day period. In
contrast, IBV neutralizing antibody titers were delayed and failed to reach comparable
titers to 1AV by D28. Both HI and neutralizing antibody (FRA) responses in ferrets
following 1AV or IBV infection are consistent with antibody responses seen with
previously tested viruses.

To evaluate the kinetics and magnitude of the ferret Ig response elicited following
IAV or IBV infection, sera collected throughout the study were assessed for reactivity
against the corresponding rHA protein by ELISA (Figure 4.4). Consistent with a delay in
the generation of 1gG class-switched antibodies in the primary response, increased rHA-
specific antibody titers were not robustly detected until Day 10 for both 1AV and IBV.
For antigen-specific ELISA to 1gG (Figure 4.4A), similar antibody patterns were
observed for each individual virus. When comparing 1gG responses for IAV and IBV
(Figure 4.4C), IBV showed significantly higher levels on D14 (p=0.034); however, by
D21 antibody IgG titers to 1AVs were significantly higher than to IBVs (D21 p<0.0001,
D28 p=0.0001). Interestingly, when performing antigen-specific ELISA for total Ig
(IgKappa and Iglambda light chains) “totlg”, individual IBVs showed higher titers than
individual 1AV over 28-days post challenge (Figure 4.4B). When comparing 1AVs to

IBVs (Figure 4.4D), significantly higher levels of totlg were observed following IBV
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infection starting on D10 through D28 compared to AV infection (D10/D14 p<0.0001;
D21 p=0.0011; D28 p=0.0003).

Delay in serum antibody responses by IBV are not observed by antibody secreting
cells.

To determine whether the delay and reduced antibody levels in serum were also
observed in antibody secreting B cells, we performed ELISpot assays to detect ferret 19G
or total Ig “totlg” (IgKappa and IglLambda light chains) [252] antibody secreting cells
(ASC) in ferret splenocytes or PBMC on D5 and D7 post IAV and IBV challenge (Figure
4.5). In ferret splenocytes (Figure 4.5A and 5.5B) significant increases on D7 in ASC
secreting 1gG and totlg in IBVs (BR and PH) and IAV (KS) were detected [(1gG: BR to
KS, p=0.0038; PH to KS, p=0.047); (totlg: BR to KS, p=0.008; PH to KS, p=0.044)];
however no significant increases of IBVs to IAV (CA) were detected. When comparing
differences in both 1AV to IBV, no significant differences were detected. Similar
responses were observed in ASC from PBMC (Figure 4.5C and 5.5D) comparing IBV
(PH) to 1AV (KS). Even though some differences in ASC were observed with individual
viruses, overall differences between IAV and IBV were absent. This is in contrast to
significant differences seen between serum antibody responses by HI and FRA where
IAV virus antibody responses appeared earlier and more robust than 1BV following
challenge. While 1AV elicits potently neutralizing antibody specificities, IBV may elicit
strong rHA-specific response without potent HI or FRA activity. This may be due to
differences in epitope bias.

Correlations between viral loads, gene expression, antibody responses and protein

levels in ferret samples.
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We compared virus levels in the URT (D1, D3, and D5 post challenge) to gene
expression in both cells in the NW of the URT and PBMC in the peripheral blood (Table
4.3) to determine whether there was a correlation of viral titers to innate gene expression
in IAVs and IBVs. In the URT (Table 4.3A) we saw a direct correlation between type-I
IFN (IFNA, IFNB) and gene expression and IAV viral titers; however, there was an
inverse correlation with IBV. Similar correlations were also seen with Teff gene (IL-17)
and viral titers. For Thl (CXCL10) we saw the reverse; a direct correlation for IBVs and
an inverse correlation for 1AVs. Generally, we saw greater direct correlations between
viral titers and IFN and pro-inflammatory genes with 1AV (KS) than other viruses.
Interestingly a direct correlation between both IFNL and TSLP gene expression and viral
titers was observed for both 1AV (KS) and IBV (PH) indicating that IFNL and TSLP
gene expression may be linked. However, only inverse correlations for inflammatory
gene (MCP-1) and interferon response gene (STAT2) showed any significance in IBV
(PH). For correlations between viral titers in the URT and gene expression in PBMC
(Table 4.3B), a direct correlation was achieved for type-I1/11 IFN (IFNA, IFNB, IFNG)
genes in all IAVs and IBVs (IFNA), three of four viruses (IFNB — CA, KS, and BR;
IFNG — CA, KS, and PH). A direct correlation of pro-inflammatory gene (IL-1B) to virus
titer was also seen in all IAVs and IBVs. An inverse correlation was achieved for IFN -
response genes (STAT2 and RIG-I) and all IAVs and IBVs indicating that direct effects
on IFN expression may result in lower virus titers. Even though only a few comparisons
show significant correlations, due to a limited number of observations (D1, D3, D5),

overall comparisons of URT virus titers and gene expression in NW cells and PBMC
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show a trend that IAVs impact more genes with a direct correlation to pro-inflammatory
and IFN responses than IBVs.

Since additional timepoints were tested (prechallenge and days 1, 3, 5, 7, 10, 14,
21 and 28 post challenge), a clearer correlation can be seen when comparing antibody
levels (HI and FRA) to analyte levels in ferret sera following 1AV and IBV challenge
(Table 4.4). Direct correlations of serum HI (Table 4.4A) and neutralizing FRA (Table
4.4B) antibody seen for all IAVs and IBVs to Th2 (IL-2) and Teff (IL12-p40) analytes.
These analytes indicate that strong adaptive (Th2 and Teff) responses are associated with
increased antibody responses. Interestingly, an inverse correlation between the pro-
inflammatory response (MCP-1 chemokine) was observed for all 1AVs and IBVs
indicating that a strong pro-inflammatory response may dampen the antibody response.
Some differences in correlation are seen comparing HI and FRA to analyte levels. For
instance, IFNB shows a direct correlation to HI antibody response to all IAVs and I1BVs
(Table 4.4A); however, by FRA, only 1AV (KS) and IBV (PH) show a direct correlation
(Table 4.4B). Also, Teff (IL-4) shows an inverse correlation to all IAVs and IBVs by
FRA (Table 4B); however, only show an inverse correlation to 3 of 4 viruses by HI
(Table 4.4A). correlations to IFNs are also seen depending on whether HI or FRA is used
for the comparisons. For example, type-111 IFN (IFNL) levels show direct correlation to
IAV and inverse correlation to IBV using HI (Table 4.4A) ; however, by using FRA, this
is not a clear distinction (Table 4.4B). Since analytes are secreted with different kinetics
over the entire 28 days (Supplemental Figure 4.S2), a clearer distinction could be

obtained if the window of comparisons were narrowed. Overall differences in analytes
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expression as well as gene expression show differences in immune responses to IAVs and

IBVs.

DISCUSSION

Influenza A and B viruses continue to circulate and present a major public health
concern. Prevention from serious complications relies on a robust adaptive immune
response. The ferret remains the primary animal model for influenza research due to its
natural susceptibility to human influenza viruses, clinical signs following infection and
ability to generate immune responses similar to those in humans. When using antisera
generated in ferrets following challenge with influenza viruses, we noted that while IAVs
generated robust antibody responses fourteen days post challenge, 1BV challenge resulted
in delayed and significantly lower antibody responses (HI titers <1:160) over the same
period in almost 90% of the viruses tested. This study was designed to determine whether
innate immune markers and soluble cytokines/chemokines in serum following challenge
could shed light on why IBVs do not elicit an antibody response as quickly and robustly
as IAVs in ferrets.

Four representative viruses were used in this study, two IAVs and two IBVs to
determine innate and adaptive differences following challenge in ferrets. Initial
differences in clinical signs as well as virus kinetics following 1AV or IBV are apparent.
Clinically, 1AVs cause greater lethargy (average R11=1.31) compared to IBV (average
RI1=1.03), greater maximum weight loss (IAV ~6% and IBV ~4%), and more sneezing
(IAV ~52%; IBV ~33%) during viremia. In addition to greater morbidity, IAVs virus

replication peaked early (D1 post challenge) compared to IBV (D3 post challenge) in
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ferrets. Just these observations could indicate that IAVs initiate an earlier innate immune
response than 1BVs which could lead to an earlier and more robust adaptive immune
response. It has been shown for COVID-19 vaccination that a strong innate immune
response results in an early, robust antibody response [440].

We have previously shown in ferret primary respiratory tract cells that pro-
inflammatory genes and IFNs are delayed and downregulated by IBVs compared to IAVs
[416]. Th1 (CXCL10), Th2 (IL-2), and Teff (IL-4) were also significantly up-regulated by
IAV. Similar responses were seen in the URT and PBMC from 1AV and IBV infected
ferrets in this study. 1AV (CA), in particular showed early (D3) up-regulation of Thl
(CXCL10), and late (D5) up-regulation of Th2 (IL-2) and Teff (IL-4) in the URT
indicating a switch to a strong adaptive immune response. For IFN response in the URT,
only Type-Il (IFNG) and Type-111 (IFNL3) IFNs were up-regulated from prechallenge
levels following 1AV (CA) challenge. In PBMC by D5 post challenge only Teff (I1L-4)
and Type-lIl IFN (IFNL3) were up-regulated by 1AV (KS). However, early D3 up-
regulation Thl (CXCL10) was highest for IBV (PH) which switched to late D5 highest
up-regulation for 1AV (KS). Interestingly IFN response (SOCS3) gene, which is
responsible for downregulating the 1FN response was highest for IBV (BR) both early
and late post challenge. This may support that IBV have greater IFN-antagonism
properties than 1AV. Unfortunately, due to the limited number of samples tested (3
animals per timepoint) significant differences for gene expression for all genes was not
possible. Additional studies with greater samples collected and tested at each timepoint
may aid in increasing the significance as was seen in our study using ferret respiratory

epithelial cells. However, it is important to note that the responses seen in this study show
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similar trends as observations from respiratory epithelial cells infected with AV and
IBV.

Striking differences in antibody responses to IAVs and IBV's were observed that indicate
differences in the initial innate immune response may be playing an essential role in
triggering a strong adaptive immune response. In both HI and neutralizing antibody tests,
IAV infections generated an early, strong antibody response between day 7 to 10 post
challenge, whereas IBV infections did not reach equivalent HI titers and required at least
21 to 28 days to reach titers of at least 1:160 by FRA. These experiments terminated at 28
days post challenge; it would be interesting to see if IBV antibody responses eventually
reach equivalent levels to IAVs after 1 month or if peak antibody levels are reached by 28
days post challenge. Additionally, it would be important to determine how long 1AV
antibody titers remain elevated above 1:160 threshold. Antibodies to influenza A may
persist for up 18 months or longer in humans [441-443], however, the longevity of
influenza B directed antibodies has not been tested.

Even though significant suppression and delay in serum HI and neutralizing
antibodies was observed, antibody responses to recombinant antigens by ELISA showed
significantly higher total Ig antibodies and earlier 1gG antibodies to IBV compared to
IAV. Similar differences in 1gG responses by ELISA compared to HI and neutralizing
titers was seen by Huang et al. [444]. As observed in this study, a comparison of thirteen
IAV/IBV strains in ferrets showed that IBV induced the weakest antibody response.
Thus, a direct determination of Ig antibody levels by ELISA may not be sufficient in the
development of a strong antibody response. Additionally, the four canonical antigenic

sites may be detected differently by HI/FRA and ELISA. It has been demonstrated in a
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study using IBV (B/Yamagata/16/1988) that the HA 120 loop appears to be the least
dominant to elicit HI antibodies in mice and ferrets but contributed significantly to the
total 1gG responses by ELISA; conversely, the 190 helix induced substantial HI
antibodies but the least dominant to elicit total IgG responses in the ferret [445].

Comparisons of ASCs in ferret splenocytes and PBMC following IAV and 1BV
infection revealed that although there were significant differences between antibody
responses in the serum, these differences were not seen at the B-cell level. We observed
the highest number of 1gG and total Ig ASCs following IBV (PH) challenge and the least
number of ASC following 1AV (KS) challenge on day 7. IAV (CA) however, showed
equivalent levels of 1gG and total Ig ASC in PBMC. When comparing all IAVs (CA and
KS) to all IBVs (BR and PH) there were no statistical differences in either splenocytes
or PBMC. Greater differences between 1AV and IBV may be seen in ASC in the
mediastinal lymph nodes [214].

To determine whether there were differences in cytokine and chemokines levels
in ferrets following 1AV and IBV infection over 28 days, we tested sera by multi-plex or
bioassay (IFNL). IAV infection resulted in significantly higher levels of Type-I/l1 IFNs,
Thl (IP-10), Th2 (IL-2), Teff (IL-12p40) and pro-inflammatory cytokines/chemokines
(MCP-1, MIP-1B, and TNFA). These responses showed correlations to increases in
antibody responses by HI and FRA. These responses indicate that strong adaptive
responses are associated with robust antibody responses. This further supports our
assumption that a strong innate immune response will lead to a robust antibody

response.
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In conclusion, the data suggest that IBVs have a greater suppression of the innate
immune response than 1AV and this would lead to a reduced antibody response. In this
report, inflammatory and IFN gene expression is higher following 1AV than IBV
infection in the URT and PBMC of ferrets. Additionally, serum levels of pro-
inflammatory cytokines and type I/11 IFNs are significantly higher following 1AV
infection than IBV infection. Suppression of the IFN response is a hallmark of immune
evasion by influenza [446]. Further studies adding immunoadjuvants, such as type-I or
type-111 IFNs to vaccines or following infection may aid in overcoming innate
immunosuppression by IBVs resulting in generation of robust antibody titers leading to
better protection. This may be important and beneficial in developing improved vaccines

for influenza and other viruses of public health importance.
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Table 4.1: Ferret clinical signs following infection with influenza A and B viruses.

Virus Inactivity?® Days % Elevated NW viral load"
Sneezing Weight loss” temperature®  (Avg+SD Logio FFU/mL)

(Type) (D1-7plinf) (%) (Day) (Days) D1 D3

CA 1.37 D4-D5 7.6% +2.3°F 6.14+0.68 5.36+0.56

(A/H1N1pdmog) (25%) (D6) (D2)

KS 1.26 D2 4.3% +2.7°F 5.41+0.55 4.10%0.92

(A/H3N2) (80%) (D3) (D2,D4)

BR 1.04 D3 2.7% +2.7°F 4.33+0.69  5.19+0.34

(B-Victoria) (27%) (D3) (D2)

PH 1.01 D2 4.9% +2.4°F 4.69+0.59 5.70%0.27

(B-Yamagata) (40%) (D3) (D2)

®Relative inactivity index “RII” (D1 — D7) post challenge. RII=X ,,_[score + 1]n/

2(01—7) n

bDay post challenge of peak weight loss percentage (day) from prechallenge weight from
D1 — D7 post challenge.
°Average elevated temperature of at least +2°F (Fever) above baseline (days post

challenge elevated). Fever indicated by any temperature greater than the average baseline

(D-2 to DO prechallenge) +2°F

dAverage viral load in ferret URT on D1 and D3 post challenge. Peak viral load in bold.

Baseline = 2.3 Logio FFU/mL.
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Figure 4.1: Viral kinetics of influenza in ferret upper respiratory tract.
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Replication kinetics of TAV [HINIpdm09 “CA” (A/California/07/2009), H3N2 “KS”
(A/Kansas/14/2017)] and IBV [B-Victoria lineage “BR” (B/Brisbane/60/2008), B-
Yamagata lineage “PH” (B/Phuket/3073/2013)] in ferret upper respiratory tract. r 72HTr.
A) HIN1pdm09 = red, H3N2= orange, B-Victoria = green, B-Yamagata= yellow. B)
Comparison of 1AV (CA/KS) and IBV (BR/PH) in black and white circles, respectively.
All points are from four independent assays in FNEC conducted in triplicate. Limit of
detection, indicated by a dotted line, was 10323 FFU/mL. Significance between groups

was determined using 1-way ANOV A (Sidak’s multiple comparison test).
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B) Peripheral blood (PBMC)
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Comparison of gene expression by 1AV and IBV in the (A) URT and (B) peripheral
blood of ferrets on D3 and D5 post challenge by gRT-PCR. Gene expression in the URT
was determined in NW cells and peripheral blood expression was determined in PBMC.
Average fold-gene expression levels over pre-infection (DO) mock challenged animals for
IAV (CA and KS) and IBV (BR and PH) are shown. An upregulation of expression (>1-
fold) indicated in pink and a down-regulation (<1-fold) indicated in light blue.
Comparisons of IAV to IAV (CA to KS), IAV to IBV (CA to BR, CA to PH, KS to BR,
and KS to PH), and IBV to IBV (BR to PH) displayed and virus expression differences
shown in column “>” and virus with highest level for all comparisons indicated in
column “HIGHEST EXPRESSOR”. Comparisons with statistical differences, using t-

test, p<0.05 shown in “p” column. Interferon genes are grouped between dotted lines.
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Figure 4.2: Cytokine and chemokine levels in ferret sera following IAV or IBV infection.
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Cytokine and chemokine levels in sera following IAV (CA and KS) or IBV (BR and PH)

infection (day 1 to day 28) in ferrets. Influenza A viruses: HIN1pdm09

A/California/07/2009, “CA” (red) and H3N2 A/Kansas/14/2017, “KS” (blue). Influenza

B viruses: B-Victoria lineage B/Brisbane/60/2008, “BR” (Green) and B-Yamagata
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lincage B/Phuket/3073/2013, “PH” (yellow). A) Type-I (IFNB), Type-l1I (IFNG) and
Type-111 (IFNL) interferons. B) Thl chemokine (IP-10). C) Th2 cytokine (IL-2). D) Teff
cytokine (IL-12p40). E) Pro-inflammatory chemokines (MCP-1 and MIP-1B) and
cytokine (TNFA). 2-way ANOVA used to determine significant differences between

viruses over a 28-day period.

170



Figure 4.3: Serum antibody responses following AV or IBV ferret challenge.
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Serum antibody by HI and neutralizing antibody (FRA) levels following infection with
IAV (“CA” red, “KS” blue) and IBV (“BR” green, “PH” yellow) over 28 days post
challenge. Average geometric mean titer (GMT) given for HI (A) and FRA (B) tests.
Values above 1:160 (dotted line) indicate robust antibody response. Correlation of HI to

FRA (C).

Figure 4.4: Antigen-specific antibodies in ferret serum following 1AV and IBV challenge

by ELISA.

B) Igtot
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Antigen-specific antibodies in ferret sera over 28 days following infection with IAV and
IBV. Antigen-specific 1IgG (A) and total Ig (B) to CA (red), KS (blue), BR (green) or PH

(yellow) over 28 days. Comparison of 1AV to IBV for antigen-specific 1gG (C) and total
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Ig (D). Significant differences for each timepoint determined using 2-way ANOVA. The

dotted line indicates the limit of detection.

Figure 4.5: Antibody-secreting cells in ferret spleen and peripheral blood following 1AV

and 1BV challenge.

A)

Early antibody-secreting cells (ASC) in splenocytes (A and B) and peripheral blood
(PBMC) (C and D) on days 5 and 7 post challenge with IAV and IBV. ASC to following
challenge with individual viruses: CA (red), KS (blue), BR (green) or PH (yellow) in
splenocytes and PBMC. Panel A) top panel is individual virus 1gG spot forming units
(SFU) in splenocytes (significance using multiple t-tests), bottom panel comparing 19G
SFU following 1AV and IBV challenge (ns, t-test). Panel B) top panel is individual virus
total Ig “totlg” SFU in splenocytes (significance by multiple t-tests), bottom panel
comparing totlg SFU following 1AV and IBV challenge (ns, t-test). Panel C) top panel is

individual virus 1gG SFU in PBMC (significance by multiple t-tests), bottom panel
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comparing 1gG SFU following IAV and IBV challenge (ns, t-test). Panel D) top panel is
individual virus total totlg SFU in PBMC (significance by multiple t-tests), bottom panel

comparing totlg SFU following 1AV and IBV challenge (ns, t-test).
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in ferret samples.
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A) Spearman correlation of virus titer in NW to gene expression in NW cells. B)
Spearman correlation of virus titer in NW vs gene expression in PBMC. Direct
correlations are in pink and inverse correlations are in blue. Significant (p<0.05)

correlations in bold.
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between antibody levels and protein levels in ferret sera.
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A) Spearman correlation of antibody response (HI) in serum to protein (analyte) levels in
serum. B) Spearman correlation of neutralizing antibody response (FRA) in serum to
protein levels in serum. Direct correlations are in pink and inverse correlations are in

blue. Significant (p<0.05) correlations in bold.
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Figure 4.S1: Temperature and weight changes in ferrets following influenza challenge.
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Clinical parameters in ferrets challenged with 1AV and IBV. Red (IAV, H1IN1pdm09
subtype, CA), blue (IAV, H3N2 subtype, KS), green (IBV, Victoria lineage, BR), yellow
(IBV, Yamagata lineage, PH). A) Average body temperature changes from baseline
following challenge. Fever indicated by dotted line at +2°F above baseline. B) Weight
loss following challenge. Percentage of original, prechallenge, weight. Significant

differences between IAV (CA/KS) and BR as well as PH and BR (2-way ANOVA).
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Figure 4.S2: Kinetics of cytokine and chemokines in ferret serum following 1AV and IBV

challenge.
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A) Interferon responses. Type-l (IFNB), Type-ll1 (IFNG) and Type-111* (IFNL). *Bio-
assay B) Thl (IP-10) and Th2 (IL-2) response C) Pro-inflammatory chemokines (MCP-1
and MIP1B) D) Teff response (IL-4, IL-17, 1L-12p40 & IL-12p70) E) Pro-inflammatory

cytokine response (TNFA, IL-6, and IL-8).
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CHAPTER 5

INTERFERON AS AN IMMUNOADJUVANT FOR ENHANCING ADAPTIVE
RESPONSES FOLLOWING INFUENZA B INFECTION AND VACCINATION IN

THE FERRET*

4 Thomas Rowe, Ashley Fletcher, Pavel Svoboda, Jan Pohl, Yasuko Hatta, Gabriela Jasso, David E.
Wentworth, and Ted M. Ross. Interferon asanimmunoadjuvantto enhance antibody responsesto influenza
B infection and vaccination in the ferret. submitted to NPJ Vaccines (2024).

185



ABSTRACT

Despite annual vaccination, influenza B viruses (IBV) continue to cause
significant morbidity and mortality in humans. We have found that IBV infection resulted
in a weaker innate and adaptive immune response than influenza A viruses (IAV) in
ferrets. To understand and overcome the weak immune responses to IBV in ferrets, we
administered type-l1 or type-lll interferon (IFN) to ferrets following infection or
vaccination and evaluated their effects on the immune response. IFN signaling following
viral infection plays a key role in the initial innate immune response and affects
subsequent adaptive immune responses. In the respiratory tract, IFN lambda (IFNL) has
regulatory effects on adaptive immunity indirectly through thymic stromal lymphopoietin
(TSLP), which then acts on immune cells to stimulate the adaptive response.

Following IBV infection or vaccination, IFN treatment (IFN-TX) upregulated
gene expression of early inflammatory responses in the upper respiratory tract and robust
IFN, TSLP, and inflammatory responses in peripheral blood cells. These responses were
sustained following challenge or vaccination in IFN-Tx animals. Serum IFNL and TSLP
levels were enhanced in IFN-Tx animals following challenge/rechallenge over mock-Tx;
however, this difference was not observed following vaccination. Antibody responses in
serum of IFN-Tx animals following IBV infection or vaccination increased more quickly,
to higher titers, and was sustained longer than mock-Tx animals over 3 months.
Following rechallenge of infected animals 3 months post treatment, antibody levels
remained higher than mock-Tx. However, IFN-Tx did not have an effect on antibody

responses following challenge of vaccinated animals.
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A strong direct correlation was found between TSLP levels and antibody
responses following challenge-rechallenge and vaccination-challenge indicating it as a
useful tool for predicting adaptive immune responses following IBV infection or
vaccination. The effects of IFN on strengthening both innate and adaptive responses to
IBV may aid in development of more effective treatments following infection and

improved influenza vaccines.

INTRODUCTION

The vast majority of influenza studies focus on influenza A viruses (IAV),
however, influenza B viruses (IBV) represent nearly one quarter of all influenza
infections and are generally responsible for most cases late in the influenza season [1].
Even though IBV co-circulate with 1AV, much less is known about the innate and
adaptive responses following IBV infection and vaccination [2, 47]. IBV are not divided
into subtypes as 1AV, but instead are classified into two antigenically distinct lineages:
B/Yamagata and B/Victoria [11]. Some differences between IBV demographics in
humans indicate that patients with Victoria lineage are generally younger (0 — 4 years,
60% versus 40% in adults; 5 — 14 years, 72% versus 28% in adults) compared to patients
infected with Yamagata lineage; however, clinical presentation is equal [447]. The
average vaccine effectiveness for IBV is 54% [448], however, during the 2014/2015
influenza season vaccine, it was 57%. During this period fewer than 20% of older
children (9 — 17 years) had a 4-fold rise in antibody titer to the IBV component following

vaccination [362].
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Ferrets are the primary animal model for influenza research and vaccine studies
[324, 336, 423, 449]. Therefore, ferrets were either vaccinated or infected with IBV to
assess immune responses. In studies comparing multiple circulating AV and IBV strains
in ferrets, IBV induced weaker immune responses even though IBV strains replicated as
well as IAV strains in the upper respiratory tract [444, 450]. In addition, live attenuated
influenza virus (LAIV) vaccines elicited weaker antibodies generated to the IBV
components (B-Victoria and B-Yamagata) than to the IAV components (A/H1IN1pdmQ9
and A/H3N2) [451].

Following infection of respiratory epithelial cells, influenza viruses are
recognized by the innate immune system using pattern recognition receptors (PRRS).
These receptors recognize pathogen-associated molecular patterns (PAMPs) of which
three classes of PRRs can recognize influenza virus infection and initiate an
inflammatory response. The PRRs that recognize and activate innate signaling pathways
to 1AV include the toll-like receptors (TLRs), nod-like receptors (NLRs) and Retinoic
acid Induced Gene 1 like receptor (R1G-1) [118]. TLR-3 is expressed in endosomes and
recognizes viral double-stranded RNA which is produced during viral replication, while
endosomal TLR-7 and cytoplasmic RIG-I recognize single-stranded RNA. These PAMP-
PRR interactions lead to activation of several signaling pathways and to the production of
type | and type-l11 interferons (IFNs) and inflammatory cytokines [100]. IFN signaling
rapidly promotes an antiviral state by inducing IFN stimulating genes to limit viral
replication and spread and induces immune responses in neighboring cells to protect them
from infection [114]. The non-structural protein 1 (NS1) of 1AV inhibits the IFN

response. NS1 has shown to be an IFN-antagonist to dampen host IFN response and
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facilitate virus replication [408]. In general, viruses avoid elements of the innate immune
response, such as the IFN response, thereby allowing for increased virus replication and
spread before the initiation of the adaptive immune response. The IAV NSL1 inhibits type-
I IFN release and can also inhibit dendritic cell (DC) maturation and function, which is
important in adaptive immune responses [452]. Type-111 IFN lambda (IFNL) can recruit
DCs, regulate 1L-10 production, and enhance type-I helper T cell responses [136]. IFNL
is non-inflammatory and primarily activated in the mucosal tract and does not have the
inflammatory effects seen with type-lI IFNs. IFNL acts indirectly on DCs through the
induction of thymic stromal lymphopoietin (TSLP) in the respiratory tract [137], thus
inducing a mucosal immune response. Upon induction TSLP regulates germinal center
function and antigen-specific antibody responses [138], thus having an important effect
on the magnitude of the adaptive immune response.

Infection with IBV results in a delay in both innate and antibody responses in
ferrets compared to IAV infection [450]. In this study, IFN was examined as an
immunoadjuvant to enhance the immune responses in infected or vaccinated animals and
assess protection following rechallenge with IBV. We used PEGylated ferret IFNs as
potential immunoad juvants following IBV infection or vaccination. Effects of IFNs as an
alternative method to stimulate robust immune responses may be important to
understanding reduced immune responses following IBV infection as well as a way to

improve vaccine efficacy.

MATERIALS AND METHODS

Interferon PEGylation and testing
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Polyethylene glycol (PEG) attachment to molecules, PEGylation, is considered
one of the most successful techniques to enhance the therapeutic and biotechnological
potential of peptides and proteins [453-455]. Recombinant ferret type-I interferon alpha
(IFNA) and type-111 interferon lambda 3 (IFNL3) were purchased from Kingfisher
Biotech, Inc. (Saint Paul, MN, USA). IFNA and IFNL3 was PEGylated with Hydroxyl-
PEG-NHS ester 5000Da (HO-PEG5K-NHS; PEG5K; Sigma-Aldrich, Milwaukee, WI,
USA) and m-PEG-Lys-NHS ester 20000Da (mPEG-Lys-NHS 20000; PEG20K;
BroadPharm, San Diego, CA, USA). One microgram per microliter solutions of IFNA
and IFNL3 were prepared in 100 mM pH 7.2 sodium phosphate buffer. Fifteen-fold
molar excess of PEGs over the molar concentration of proteins were added to protein
solutions. PEGs were dissolved in dimethyl sulfoxide (DMSO). The DMSO volume did
not exceed 20% of total reaction volume. The mixtures were incubated at 25°C for 1Hr.
One microgram aliquots of each sample were taken and electrophoresed on 4-12%
NUuPAGE Bis-Tris polyacrylamide gels and stained with Imperial Protein Stain to
determine the extent of protein modification. Activity of PEGylated-IFNs was
determined using an IFN bioassay. The modified proteins were stored at -80°C prior to
use in animal experiments.

Viruses

Influenza B-Yamagata lineage virus (B/Phuket/3073/2013, “PH”) was used for
infection and vaccination studies. For infection studies PH was passaged in Madin Darby
Canine Kidney (MDCK) cells, to retain antigenic similarity to the original human isolates
and to avoid structural changes in the hemagglutinin which could occur from passage in

eggs[377-379]. The virus was passaged in MDCK cells “C#” according to established
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procedures [381]. PH passage C4 was used for all challenge and rechallenge experiments.
For the vaccine study, live-attenuated influenza virus B-Yamagata lineage strain
B/Phuket/3073/2013-CDC-LV11B (LAIV) was developed according to established
procedures [456] and passaged in embryonated chicken eggs [381]. All Viral titers,
challenge/rechallenge and vaccine strain, were determined by focus forming assay and
given as log focus forming units per milliliter (FFU/mL). Viral titers for
challenge/rechallenge virus (PH) and vaccine strain (LAIV) used in this study were 10754
FFU/mL and 10893 FFU/mL respectively.
Ferrets and study design

All animal procedures were approved by the Institutional Animal Care and Use
Committee of the Centers for Disease Control and Prevention in an Association for
Assessment and Accreditation of Laboratory Animal Care International accredited
facility. Male fitch ferrets (Triple F Farms, Sayre, PA), between 1.2 to 2 years of age and
seronegative for currently circulating influenza viruses were used for all experiments.
Two separate experiments were conducted using 18 ferrets for each: 1) challenge-
rechallenge experiment and 2) vaccination-challenge experiment.
Challenge-rechallenge experiment

In this study, we chose a representative virus (B/Phuket/3073/2013, “PH”’), which
in previous experiments typified the delayed and low immune responses of 1BVs, for a
challenge/rechallenge study. Six groups of three ferrets per group were used: Mock-
challenged/mock-treated (UN-MOCK), mock-challenged/IFNA-treated (UN-IFNA),
mock-challenged/IFNL3-treated (UN-IFNL), PH-challenged/mock-treated (PH-MOCK),

PH-challenged/IFNA-treated (PH-IFNA), and PH-challenged/IFNL3-treated (PH-IFNL).
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The ferrets were first anesthetized with an intramuscular cocktail of ketamine (15-30
mG/kG) plus xylazine (1-2 mG/kG) “KX” and challenged intranasally with 1mL of virus
(4x10° FFU/mL) or PBS. Twenty-four hours post challenge ferrets were anesthetized and
1uG/kG PEGylated-IFN (IFNA or IFNL) or PBS was introduced intranasally to the
appropriate groups. The animals were monitored over 28 days post challenge for weight
loss, fever, and other clinical signs (lethargy, sneezing and dyspnea) of infection. The
animals were weighed on day 0 prior to PH challenge to establish a baseline weight and
then daily for the first ten days post challenge followed by weekly thereafter through day
28. Changes in weight were calculated as percentage loss or gain from day 0 weight. For
fever calculation, a temperature transponder [IPTT-300; Bio Medic Data Systems
(BMDS), Waterford, WI, USA] was programed to identify each ferret and implanted
subcutaneously between the shoulder blades of each animal and read with a scanner
(DAS-6007 IPTT Scanner System, BMDS). A baseline temperature (°F) was determined
by the average temperature over three days prior to challenge. Temperatures were
assessed over the first 10 days post challenge, then weekly and fever was determined as
any temperature greater or equal to 2 degrees Fahrenheit above baseline. Ferrets were
assessed daily for clinical signs within a two-hour window between 9AM — 11AM during
peak normal activity and to reduce variation due to circadian rhythms [433]. Lethargy
was determined by the relative inactivity index (RIl) from day O through day 7 post
challenge; this period allowed for lethargy calculation throughout the period of active
replication in the ferret respiratory tract. RII, sneezing and dyspnea were assessed each
day prior to handling and sedation of the animals. Clinical signs assessment was

consistent with previously established methods [325, 434]. Ferrets were monitored for 12
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weeks post challenge and either challenged (UN-MOCK, UN-IFNA, and UN-IFNL
groups) or rechallenged (PH-MOCK, PH-IFNA, and PH-IFNL groups) intranasally with
ImL PH (4x10° FFU/mL). Ferrets were monitored for seven days post
challenge/rechallenge as listed above.
Vaccination-challenge study

The live-attenuated B-Yamagata lineage strain B/Phuket/3073/2013-CDC-LV11B
(LAIV) was used as the vaccine for this study. Six groups of three ferrets per group were
used for the vaccination-challenge study: Mock-vaccinated/mock-treated (UN-MOCK),
mock-vaccinated/IFNA-treated (UN-IFNA), mock-vaccinated/IFNL3-treated (UN-
IFNL), vaccinated/mock-treated (LAIV-MOCK), vaccinated/IFNA-treated (LAIV-
IFNA), and vaccinated/IFNL3-treated (LAIV-IFNL). The ferrets were first anesthetized
with KX and vaccinated intranasally with 1mL LAIV (4x10° FFU/mL) or PBS. Twenty-
four hours post vaccination ferrets were anesthetized and 1uG/kG PEGylated-1FN (IFNA
or IFNL) or PBS was introduced intranasally to the appropriate groups. Animals were
monitored as in challenge-rechallenge study. At 12 weeks post vaccination, all animals
were challenged intranasally with 1mL PH (4x10° FFU/mL). Ferrets were monitored for
seven days post challenge as described previously.
Ferret sample collection and processing

Pre-challenge and on days (D) 1, 3, 5, and 7 post challenge or vaccination, nasal
wash (NW) was collected from ferrets for virologic and gene expression. Additional NW
samples (DO, D1, D2, D5, and D7) were collected after 3 months for the challenge-
rechallenge study or the vaccination-challenge study. These collection timepoints

correspond to typical viral kinetics observed in the upper respiratory tract of ferrets
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infected with seasonal influenza viruses [438, 439]. Animals were sedated with KX
followed by flushing the nares by instillation of 2 mL nasal wash solution (PBS, 1%
BSA, antibiotics), inside a class-11 biosafety cabinet, and collected when expelled in a
Petri dish. NW was centrifuged (5 minutes, 2500 x g at 4°C), supernatant was stored at -
80°C for virus titration. One hundred microliters (uL) PBS was added to NW pellets
followed by 280uL of AVL lysis buffer. Samples were mixed 3-4 times and lysate was
frozen at -80°C until RNA extraction. Carrier RNA was added to each sample and RNA
was extracted using EZ1 DSP kit on a Qiagen EZ1 Advanced XL extractor according to
the manufacturer’s instructions (Qiagen, Germantown, MD, USA). RNA was eluted in
120 uL. RNase-free water and stored at -80°C until evaluated for gene expression by gRT-
PCR.

Blood samples were collected for gene expression (pre-challenge, D3 and D5; re-
challenge DO, D1, D3, D5) and antibody/cytokine analysis (Pre-challenge, weeks 1, 2, 4,
8, 12 and D7 post-rechallenge). Blood was collected from the cranial vena cava and
transferred to an SST tube (serum for antibody and cytokine analysis) and a K2/EDTA
tube (cells for gene expression). Serum was separated from SST tubes by centrifugation
for 10 minutes at 1500 x g at room temperature. For purification of peripheral blood
mononuclear cells (PBMC), an equal volume of PBS was added to blood in K2/EDTA
tubes and overlayed onto Histopaque®-1077 (Sigma, St. Louis, MO, USA). Samples
were centrifuged with no brake at 900 x g for 20 minutes at room temperature. Cells were
collected from the Histopaque® interface, washed with cell culture media (RPMI-1640,
10% heat-inactivated fetal bovine serum (FBS)) and treated with ammonium chloride to

lyse any remaining red blood cells. The final cell pellet was resuspended in 1 mL cell

194



culture medium. Two hundred eighty uL of AVL lysis buffer were added to 200 uL
PBMC samples in cell culture medium obtained by density gradient centrifugation over
ficoll-hypaque. Samples were mixed 3-4 times and lysate was frozen at -80°C until RNA
extraction. Carrier RNA was added to each sample and RNA was extracted using EZ1
DSP kit on a Qiagen EZ1 Advanced XL extractor according to the manufacturer’s
instructions (Qiagen, Germantown, MD, USA). RNA was eluted in 120 uL RNase-free
water and stored at -80°C until evaluated for gene expression by gRT-PCR. The
remaining PBMC sample was cryopreserved in FBS, 10% DMSO and stored in the vapor
phase of liquid nitrogen.
Virus kinetics assessment by Focus Forming Assay

NW samples collected from influenza virus-infected and vaccinated ferrets were
tested for virus with a Focus Forming Assay (FFA), as previously described [416].
Briefly, Y2-log serially diluted influenza viruses in virus growth medium plus trypsin
(DMEM, 0.1% BSA, 1 uG/mL TPCK-treated trypsin (Sigma, St. Louis, MO, USA)) were
added to confluent monolayers of MDCK-SIATL cells [380] in 96-well flat-bottom tissue
culture plates in quadruplicate. Following a two-hour incubation at 37°C, and overlay of
1.2% Avicel RC/CL [384] (Type: RC581 NF; FMC Health and Nutrition, Philadelphia,
PA, USA) in 2X MEM containing 1 uG/mL TPCK-treated trypsin, 0.1% BSA, and
antibiotics] was added. Plates were incubated overnight at 37°C, 5% CO:2 , fixed,
permeabilized, and stained with a monoclonal antibody pool to influenza B nucleoprotein

(International Reagent Resource; www.internationalreagentresource.org). Infectious foci

(spots) were visualized using TrueBlue substrate (Sera Care, Inc., Milford, MA, USA).

The foci enumerated using a CTL Bio Spot Analyzer with ImmunoCapture 6.4.87
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software (CTL, Shaker Heights, OH, USA). The FFA titer was determined by
multiplying sample dilution which gave between one hundred to three hundred spots by
the spot number at that dilution, to obtain the Focus Forming Units per milliliter
(FFU/mL). The foci in the cell control were subtracted and number of foci remaining was
multiplied by twenty to give FFU/mL. The limit of detection was 1013 FFU/mL.
Neutralizing antibody responses by Focus Reduction Assay

The Focus Reduction Assay (FRA), initially developed by the WHO collaborating
Centre in London, United Kingdom, was modified and utilized in this study as previously
described [450]. Two-fold serially diluted Receptor Destroying Enzyme — treated sera
[381] from vaccinated or infected ferrets was added to 96-well plates containing
Confluent MDCK-SIATL cells [380]. Afterwards, standardized B/Phuket/3073/2013
virus was added to each plate or media to cell control wells. The virus was standardized
by FFA [416] to determine the FFU/mL. Following a 2Hr incubation, an overlay
containing Avicel [384] and 1 uG/mL TPCK-treated trypsin, 0.1% BSA, and antibiotics
was added to each well. Plates were incubated overnight at 37°C, 5% COx2. The overlays
were removed, washed with PBS, fixed with ice-cold 4% (w/v) paraformaldehyde in PBS
(10% formalin), and permeabilized with 0.5% Triton X-100 in PBS/glycine. An
incubation with primary antibody pool against influenza B nucleoprotein [435]

(www.internationalreagentresource.org) was performed, washed, followed by an

incubation with secondary goat anti-mouse peroxidase-labelled 1gG (Sera Care, Inc.,
Milford, MA, USA). Plates were washed and infectious foci (spots) were visualized using
TrueBlue substrate (Sera Care, Inc., Milford, MA, USA) containing 0.03% H,0O,. Plates

were rinsed with deionized water, dried, and foci enumerated using a CTL Bio Spot
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Analyzer with ImmunoCapture 6.4.87 software (Cellular Technology Ltd., Shaker
Heights, OH, USA). The FRA titer was reported as the reciprocal of the highest dilution
of serum corresponding to 50% foci reduction compared to the virus control (VC) minus
the cell control (CC).
Gene Expression in ferret cells

Ferret primers generated to pro-inflammatory (MCP1, IL-1B, IL-6), Thl
(CXCL10), Th2 directed (IL-2), Treg (TGFB1), Teff (IL-4, 1L-12p40, IL-17), apoptosis
(Granzyme A), Type-lI/1I/111 interferons (IFNA, IFNB, IFNG, IFNL3), interferon
responses (STAT1, STAT2, STAT3, RIG-I, SOCS3, TSLP) and housekeeping (GAPDH)
genes were used. For genes using TagMan, probes were modified with 6-FAM,
fluorescein amidites (FAM) fluorophore on the 5' end and a non-fluorescent Black Hole
Quencher®-1 (BHQ-1) on the 3' end. Additionally, a locked nucleic acid at adenine
<LNA A> was incorporated in all probes in order to increase template binding strength
for real-time PCR [387]. Primers and probes for all ferret genes were generated from
published ferret sequences [5, 390, 391, 416]. All primers and probes used in these
experiments were generated in a previous study [416]; listed in Table 2.1.

Quantitative real time PCR (QRT-PCR) was performed using an ABI 7500 Fast
Dx Real-Time PCR instrument (Applied Biosystems, Waltham, MA, USA). PCR
reactions were performed in a 5 microliter RNA reaction volume using
SYBR™GreenER™ gPCR SuperMix (Applied Biosystems) or SuperScript™ |11
Platinum™ QOne-Step gRT-PCR Kit for TagMan reactions (InvivoGen, San Diego, CA,
USA). An RT reaction for 30 minutes at 50°C, inactivation for 2 minutes at 95°C,

followed by 40 amplification cycles at an annealing temperature of 50°C. Reactions were
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performed on three ferrets for each virus and timepoint and the values were normalized
by subtracting the mean value of the cycle threshold (Ct) from that of the Ct for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene (ACT). The
relative levels of gene expression for infected cells were determined by subtracting the
individual ACt values from that of average ACt values of pre-infection cells (AACT) and
expressing the final quantification values (2-22€T) as relative fold changes. Genes
upregulated >104-fold (>10,000) were given a value of 10,000 and genes downregulated
<10-4-fold (<0.0001) were given a value of 0.0001.
Assessment of cytokines and chemokines in ferret sera

Sera were collected from ferrets on day O (pre-challenge/vaccination) and weekly
(1, 2, 4, 8, and 12) post challenge/vaccination as well as one week following 3-month re-
challenge, challenge, or vaccination (R7). Samples were stored at -80°C until testing by
multiplex, bioassay, or ELISA as described below. All cytokine/chemokine values were
normalized to pre-challenge/vaccination (day 0) to account for basal levels of each
analyte and to observe effects of IBV and adjuvants.

Type-l/Il IEN (IFNB and IFNG), TH1/TH2 (IP-10 and 1L-2), pro-inflammatory
(MCP-1, MIP-1B, TNFA, IL-6, IL-8 and 1L-23) and T-effector (IL-4, IL-17, IL-12p40,
and 1L-12p70) levels in ferret sera were tested using a multiplex Luminex Assay kit

[Ampersand Biosciences (www.ampersandbio.com) Lake Clear, NY, USA] containing

ferret-specific antibodies and proteins in a microsphere-based assay and consisting of
antigen-specific antibodies covalently coupled to magnetic Luminex beads and
biotinylated detection antibodies in a capture-sandwich format as previously described

[416].
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The assay was analyzed using a Luminex 200 Analyzer [Luminex Corporation

(www.luminexcorp.com)], Austin, TX, USA]. The cytokine/chemokine results were

determined by extrapolating the analyte concentration from the measured mean
fluorescence intensity (MFI) value using the standard curve. Results were generated and
extracted using the RBM Plate Reader and Plate Viewer analysis software, respectively.
Data were exported with values represented to two significant figures and analyzed in
GraphPad Prism 10 (GraphPad Software, La Jolla, CA, USA).

Ferret Type-111 IFN (IFNL) was detected in serum using a HEK-Lambda reporter
cell assay (HEK-Blue™ cells, InvivoGen, San Diego, CA, USA) and calculated from a
standard  curve using recombinant ferret IFNL3 [Kingfisher  Biotech

(www.kingfisherbiotech.com), St. Paul, MN, USA]. This assay was modified and tested

for detection of ferret IFNL [416]. The limit of detection was 100 pg/mL.
Thymic Stromal Lymphopoietin (TSLP) was detected in ferret sera using a
commercially available human TSLP Quantikine® ELISA Kit [R&D Systems

(www.rndsytems.com), Minneapolis, MN, USA] according to manufacturer’s

instructions. Ferret TSLP protein sequence available (NCBI BLAST Accession number
XP_044943037.1) showed a 62.7% sequence homology to human TSLP protein (NCBI
BLAST Accession number AAH40592.1); however, the homology may be greater since
the ferret sequence was of low quality.
Statistical analysis

GraphPad Prism 10 was used for all statistical analyses (GraphPad Software, La
Jolla, CA, USA). One-way ANOVA was used to determine differences over time

between groups and significance between groups was determined by 2-way ANOVA
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analysis. Gene expression analysis was performed from three ferrets per group. Spearman
(1-tailed, 95% confidence) correlation method used for comparison of protein
concentration (multiplex, bioassay, or ELISA) and antibody levels (FRA) for each
treatment group to observe an increase or decrease in association. Multiple Student’s t
tests were used to assess the statistical differences between timepoints and treatment
groups. A p-value of <0.05 was considered statistically significant: * p<0.05, ** p<0.01,

***p<0.001, ****p<0.0001.

RESULTS
Virus replication kinetics is affected by timing of PEGylated-IFN administration
following IBV infection in ferrets.

Recombinant ferret IFNA and IFNL3 were PEGylated and used as
immunoadjuvants in  challenge-rechallenge and vaccination-challenge studies.
PEGylation of the proteins was successful as demonstrated by bonding patterns of PEG
to ferret IFNs, as visualized by imperial and silver staining, and retained activity
following storage at 4°C or freeze/thaw following storage at -80°C (supplemental figure
5.51). Even though PEG-IFNL3 activity was determined (supplemental figure 5.S1-D),
PEG-IFNA activity could not be determined using HEK-Blue™ Type | interferon
reporter cells in a bioassay due to inability to detect Type | ferret IFN, as well as cross-
reactivity of type-111 IFNs in the assay (Supplemental figure 5.S1-C).

A preliminary study was performed to determine the optimal time to add PEG-
IFN post IBV challenge, 12 adult ferrets were intranasally challenged with PH followed

by intranasal treatment with PEGylated-IFNA or -IFNL at 8Hr, 24Hr or 48Hr post-
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infection. Administration of IFNA at 8Hr post infection resulted in a significant reduction
in influenza virus kinetics compared to addition at 24Hr (p=0.047) or 48Hr (p=0.0154)
post-infection (Figure 5.1). Significant differences in virus titers were also observed at
48Hr after IFNA and IFNL addition following IBV infection (p=0.013). Overall,
administration of IFNs at 24h post-infection was the optimal time to treat ferrets and
minimize the effects on virus replication.

IFN treatment reduced morbidity in ferrets following IBV challenge and re-
challenge.

The addition of PEGylated-IFN as an immunoadjuvant following influenza virus
infection stimulates both innate and adaptive immune responses. Day 1 post-challenge
ferrets administered PEG-IFNA or PEG-IFNL and then intranasally infected had no
clinical signs or detectable 5.virus in the upper respiratory tract (URT) over 7 days of
observation (Table 5.1A). Three months post challenge, animals were either rechallenged
(PH groups) or challenged (UN groups) with PH and assessed for 7 days (Table 5.1B).
The mock-challenged animals (UN-MOCK/IFNA/IFNL) did not have any detectable
lethargy, fever, or weight loss, regardless of treatment. Following virus challenge, IFN
(PH-MOCK) had signs of severe morbidity. The untreated ferrets were lethargic
(R11=1.18) compared to IFNA-treated (RI11=1.14) and IFNL-treated (R11=1.01) ferrets.
Additionally, PH-MOCK ferrets were observed sneezing on D2 and D3 post challenge.
However, although PH-IFNL treated ferrets had no observable clinical signs (R11=1.01),
both the IFNL- and mock-treated ferrets developed fever at D2 post-challenge.
Additionally, the IFNL treated ferrets had the greatest weight loss (3.2%) post-challenge,

even though the animal activity was normal. Interestingly, no fever was observed in the
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IFNA treated animals. Following challenge, IFNA treated ferrets had significantly higher
viral nasal wash titers in the URT than un-treated ferrets (p=0.0223). In contrast, there
was no significant difference in viral titers between PEG-IFNA and PEG-IFNL treated
animals (Table 5.1A). Following rechallenge there were no significant differences in viral
titers between ferrets any group (Table 5.1B). Ferrets, previously treated with IFNs, and
subsequently challenged had no differences in observed clinical signs, except in MOCK
treated ferrets that had fever (Table 5.1B; UN-Tx groups). Both untreated (UN-MOCK)
and IFNA treated (UN-IFNA) developed fever on D2, however, no fever was observed
following IFNL treatment (UN-IFNL) (supplementary Figure 5.S2 (A-D)). Taken
together, IFN-treated ferrets had overall fewer signs of lethargy and had more rapid
recovery from infection than untreated animals.
IFN treatment induced only an early inflammatory response in ferret URT but
robust IFN and inflammatory responses in PBMC following initial 1BV challenge
which was sustained following rechallenge.

Differential gene expression by qRT-PCR was performed on cells of the URT
(NW cells) and PBMC following IBV challenge and treatment with IFNs (Figure 5.2).
For samples collected from the URT following challenge or rechallenge, IFNA -treated
ferrets had the highest gene expression of TH1 (CXCL10) and interferon response
(SOCS3) compared to IFNL and MOCK treated ferrets (Figure 5.2A). No detectable IFN
genes (IFNA, IFNB, IFNG, IFNL3) were upregulated in any ferrets in the URT at D3 or
D5 post-challenge. Concurrently, SOCS3 was upregulated in all ferrets. Upon rechallenge
at 3 months an early upregulation of TH1 (CXCL10), TH2 directed response (IL-2), T-

effector (IL-17), apoptosis (Granzyme A), pro-inflammatory (IL-1B), and IFN (IFNL3)
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genes was detected in IFN-treated ferrets and was sustained through D5 post rechallenge.
IFNL-treated ferrets had, in general, strong upregulation of all genes examined.

There was upregulation of type-1/11 IFNs at D3 and type-1/l1/I1l 1FNs at D5 in
PBMC collected from IFN-treated ferrets (Figure 5.2B). Type-1 IFN expression levels at
D3 and D5 were lower in mock treated ferrets. There were equal levels of type-Il IFN at
D3 and type-I11 IFN at D5 in IFNL-treated animals. For inflammatory (MCP-1) and pro-
inflammatory (IL-1B) genes, the responses were upregulated early (D3) in IFN-treated
ferrets and peaked late (D5) in mock-treated ferrets. Following rechallenge at 3 months
post-treatment, inflammatory, TH1, TH2 directed, IFN, and TSLP genes were all
upregulated early (D1) in IFN-treated ferrets and sustained through D5. In contrast,
upregulation of the same responses in mock-treated ferrets occurred at (D3), which was
only transiently expressed and down-regulated by D5. IFN (IFNL3) gene was only
upregulated at D5 (1.3-fold) in mock-treated ferrets. IFN-treated ferrets had the highest
overall gene upregulation post challenge and D3/D5 post rechallenge. This overall
expression was sustained following rechallenge in previously IFN-treated ferrets,
whereas in mock-treated ferrets, overall gene expression was only transiently upregulated
(D3) following rechallenge.

Serum cytokines and chemokines levels are elevated in IBV-infected ferrets
following IFN treatment.

Ferrets challenged with IBV or treated with IFNA or IFNL for 12 weeks, and then
rechallenged had elevated serum cytokine and chemokine levels one week following
rechallenge (Figure 5.3). Type-1 IFN (IFNB) levels were highest in IFNA-treated ferrets

and lowest in untreated animals (Figure 5.3A). However, there were no differences
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between the two sets of ferrets. IBV challenge did not result in differences between sets
of ferrets. There was variable serum levels of Type-Il IFN (IFNG) in both IBV-
challenged and mock-challenged ferrets. Type-111 IFN (IFNL) levels were only detectable
in IFN-treated ferrets with the highest levels occurring in IFNL-treated ferrets following
IBV-challenge and rechallenge. Following IBV challenge, IFN- (IFNA and IFNL) treated
ferrets had the highest levels of TSLP following rechallenge.

TH1 response (IP-10), Th2 directed response (IL-2) and chemokines (MCP-1 and
MIP1B) were also elevated in IFN-treated ferrets compared to untreated animals (Figure
5.2B). However, Thl (IP-10) levels were highest untreated ferrets challenged at 3 months
(TR, dotted blue line). These ferrets had inflammatory responses, such as a fever of
+3.2°F temperature over baseline. T-effector responses were higher for 1L-4 following
IBV-challenge and IFN-treatment early at 1-week post-challenge (Figure 5.2C). In
contrast, these responses were suppressed in untreated Ferrets although the levels were
generally low. Cytokines, 1P-10 and IL-12p40, associated with influenza severity [457,
458] were only observed in untreated ferrets challenged at 3 months (7R, dotted blue
line). Pro-inflammatory levels were generally suppressed in collected sera following IBV
challenge or rechallenge except for IL-8 and IL-23, which were highest following IFNA-
treatment (Figure 5.2D). Serum IFNs and other cytokines and chemokines were highest
in IFN-treated animals, which were consistent with gene expression observed in IFN-
treated ferrets.

IFN treatment did not affect IBV-LAIV vaccine replication but reduced morbidity

in ferrets following IBV challenge.
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Ferrets were either vaccinated intranasally with live-attenuated influenza vaccine,
B/Phuket/3073/2013-CDC-LV11B (LAIV) or mock vaccinated (UN). One day post
vaccination, PEG-IFNA, PEG-IFNL or PBS (mock) was administered intranasally (3
ferrets per group). For mock-vaccinated (UN-Tx) ferrets (Table 5.2A), there was no
lethargy or adverse effects of IFN treatment. Following vaccination (LAIV-TXx), there
was no lethargy or fever observed, regardless of treatment. Ferrets administered IFNL
(LAIV-IFNL) had little weight loss. IFN treatment did not affect LAIV replication in the
URT or the virus kinetics following infection between these two sets of ferrets (p=ns, 2-
way ANOVA).

IFNL treated animals showed modest weight loss following influenza virus
challenge at 3 months post-vaccination. No ferrets had clinical signs of infection
(supplementary Figure 5.S2 (E and F)) and little virus was detected in the nasal washes
post challenge (supplementary Figure 5.52 (G and H)). No differences in virus Kinetics
were observed between the two sets of ferrets (ns, 2-way ANOVA).

IFN treatment induced early IFN and inflammatory responses in ferret URT but
not in PBMC following IBV-LAIV vaccination, but IFNL response was sustained
following challenge.

Differential gene expression by qRT-PCR was performed on cells of the URT
(NW cells) and PBMC following IBV-LAIV vaccination and treatment with IFNs
(Figure 5.4). IFNA-treated ferrets had the highest expression of TH1 (CXCL10 gene) and
interferon response (SOCS3 gene) in NW cells from the URT following vaccination and
challenge compared to ferrets administered IFNL- or mock ferret groups (Figure 5.4A).

These results were similar to the gene expression profiles in ferrets infected with
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B/Phuket/3073/2013 (PH) in the challenge-rechallenge ferret groups. Type-I/I1 IFN genes
were all downregulated, however, type-l11(IFNG) and type-111 (IFNL3) were upregulated
in IFNL-treated and IFNA-treated ferrets at D3 and D5 post-vaccination. The SOCS3
gene was upregulated in all ferrets following vaccination and challenge. 1FN-treated
ferrets showed persistent, highly upregulated TH1 (CXCL10) and IFN-response (SOCS3)
genes following challenge. Pro-inflammatory (MCP1) was upregulated by D5 post
vaccination and D3 post challenge in IFNA-treated ferrets but sustained in mock treated
ferrets throughout vaccination and challenge.

Unlike the challenge-rechallenge study, there is an upregulation of only type-I
IFNs at D3 in the PBMC collected from IFNA-treated ferrets following vaccination
(Figure 5.4B). Type-I11 IFN (IFNL3) and IFN response (TSLP) genes were upregulated
only in IFNL-treated and mock-treated ferrets post vaccination. Other inflammatory, such
as TH1/TH2 directed and IFN (IFNB, IFNG) genes, were expressed at the highest levels
in mock-treated ferrets. Following challenge at 3 months post-vaccination, IFN-treated
ferrets had high and sustained expression of inflammatory (MCP1), type-111 IFN
(IFNL3), IFN response (RIG-1 and TSLP) compared to mock-treated ferrets that had
sustained expression of TH1/TH2, T-effector, and IFN (IFNA) genes. Unlike the
sustained upregulated expression of inflammatory and IFN genes in IFN-treated animals
following IBV challenge-rechallenge, responses following LAIV-vaccination and
challenge had a weaker inflammatory response in IFN-treated ferrets. However, type-Il|
IFN (IFNL3) and inflammatory (MCP1) genes were sustained in IFN-treated animals.
Interestingly, mock-treated vaccinated ferrets exhibited earlier inflammatory responses

post-challenge compared to mock-treated rechallenged ferrets in the challenge-
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rechallenge study. In the previous study, mock-treated rechallenged ferrets had a transient
inflammatory response on D3.
IFN treatment did not enhance serum cytokine and chemokine levels following IBV -
LAIV vaccination and challenge in ferrets.

Serum cytokine and chemokine levels were evaluated in ferrets following IBV -
LAIV vaccination and treatment with IFNA or IFNL3 for 12Wk and 1Wk following
challenge [Figure 5.5]. Analyte levels were normalized to pre-vaccination (DO) levels to
determine whether cytokine and chemokines were either increased or decreased from pre-
vaccination levels. IFN levels were similar to levels detected over a 12-week period
following vaccination in all ferrets regardless of treatment (Figure 5.5A). However, TSLP
levels were consistently higher in IFNA- and IFNL-treated animals. TH1 (IP-10)
responses were consistently higher in IFNA-treated ferrets following LAIV-vaccination
than IFNL- or mock (PBS)-treated animals (Figure 5.5B) that was consistent with the
TH1 (CXCL10) gene expression responses observed in ferret NW cells. The kinetics of
T-effector cytokines in IFN-treated ferrets were similar to mock (Figure 5.5C). IFNA-
and mock-treated animals had increases in IL-4 and IL-17 within the first 1-2 weeks post-
treatment and showed similar increases post challenge, whereas IFNL -treated ferrets had
lower levels of both IL-4 and IL-17. Pro-inflammatory cytokines were similar for all
ferrets (Figure 5.5D). Overall, IFN-treatment did not have an enhanced effect on cytokine
and chemokine levels indicated following IBV-challenge.
IFN treatment following IBV challenge generated higher neutralizing antibody

titers compared to IBV alone in ferrets following challenge and rechallenge.
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Ferrets were infected with IBV (PH) followed by intranasal treatment with
PEGylated type-lI (IFNA), type-111 (IFNL) IFN, or Mock (UN) and assessed for serum
neutralizing antibodies to IBV by FRA (Table 5.3). For challenge-rechallenge study, all
ferrets reached geometric mean titers (GMT) of >1:160 (bold) by week 4 that fell below
1:160 threshold by 12 weeks (Table 5.3A). IFNA- and IFNL-treated animals had higher
titers than mock-treated ferrets at week 4 (IFNA/IFNL3=296, Mock=235) and week 8
(IFNA=296, IFNL=235, Mock=202) post-challenge. At 1 week post rechallenge,
neutralizing titers in IFNA-Tx ferrets was 1.2 times higher (GMT=1016) and in IFNL3-
treated ferrets it was 1.7 times higher (GMT=1493) than mock-treated animals
(GMT=871). The effects of IFN-treatment on unchallenged animals were only slightly
higher than mock-treated animals following challenge 12 weeks later, however, this did
not result in neutralizing titers reaching the 1:160 threshold. IFN-treatment clearly
showed higher neutralizing antibody levels for 4 to 8 weeks following IBV challenge
compared to mock. IFN-treatment resulted in higher antibody responses following
rechallenge over mock-treatment which may indicate a more robust adaptive immune
response.

IFN treatment following LAIV vaccination generated higher neutralizing antibodies
compared to mock treatment but did not result in higher antibody levels following
challenge.

Ferrets were vaccinated with LAIV-IBV (LAIV) followed by intranasal treatment
with PEGylated type-1 (IFNA), type-111 (IFNL3) IFN, or Mock (UN) and assessed for
serum neutralizing antibodies to IBV by FRA (Table 5.3). For the vaccination study,

(Table 5.3B) ferrets treated with IFN had a geometric mean neutralizing titers (GMT) of
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>1:160 by 8 weeks post vaccination (IFNA-Tx = 218, IFNL-Tx=187). Interestingly, in
the absence of vaccination (UN-PH), IFN-treated animals had neutralizing antibody titers
>1:160 at 1-week post-challenge, even though these animals were treated with IFN 12
weeks earlier. IFN-treated ferrets failed to attain antibody titers greater than mock-treated
animals following challenge of vaccinated ferrets. IFN-treatment did not result in higher
neutralizing antibodies than mock-treatment following LAIV vaccination.

Serum TSLP directly correlated and IFN inversely correlated to neutralizing Ab
responses in ferrets following IBV challenge-rechallenge or LAIV vaccination-
challenge.

Next, serum cytokine levels were compared to neutralizing antibody responses in
ferrets following IBV challenge or IBV vaccination (Table 5.4). Correlations, that include
3Mo rechallenge or post vaccination challenge are shown in supplementary Table 5.S2.
There was a direct correlation between TSLP and neutralizing antibody response in both
mock-treated (r=0.77) and IFNL-treated (r=0.71) ferrets following IBV challenge-
rechallenge (Table 5.S2A). There was an inverse correlation between IFNG and
neutralizing antibody response following IBV challenge and IFNA-treatment (Table
5.4A). Additionally, T-effector (IL-12p40) levels, inversely correlated with antibody
responses following IBV challenge, regardless of treatment. Only mock-treated and
IFNL-treated ferrets had an indirect correlation to antibody levels and pro-inflammatory
cytokines (TNFA and IL-6) post-challenge and rechallenge. However, IL-8 was
indirectly correlated with antibody responses, regardless of treatment (Table 5.S2A).

Correlations of cytokines to neutralizing antibodies are shown in Table 5.4B that

include both 3 months rechallenge or 3 months post-vaccination challenge (supplemental
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Table 5.S2B). Only TSLP had a strong direct correlation to neutralizing antibody in IFN-
treated ferrets either post vaccination or 3 months post-challenge (Table 5.4 and Table
5.52B). There was a correlation between neutralizing antibody and IFNL and a strong
inverse correlation (r=-0.8) to the IFNA-treated ferrets both post-vaccination and

vaccination-challenge.

DISCUSSION

When characterizing the innate immune responses of 1AV and IBV infection of
ferret primary respiratory tract cells, the expression of pro-inflammatory genes and 1FNs
were delayed and downregulated by IBV strains compared to IAV strains [416].
Subsequent studies of 1AV and IBV infections of ferrets confirmed that a delay in initial
innate responses resulted in weak antibody responses to IBV [450]. Due to these
observations, the goal of this study was to determine whether addition of IFNs, as
potential immunoadjuvants, could overcome the delay in the initial innate immune
responses to IBV and boost the antibody response following infection or vaccination.

To boost the immune responses to IBV, PEGylated ferret IFNA and IFNL3 were
chosen in both challenge-rechallenge and vaccination-challenge studies. Intramuscular
treatment of ferrets with seasonal influenza vaccine plus human PEGylated IFNA2b
stimulated innate interferon stimulating genes compared to vaccine alone [391]. A
previous study, using intra-muscular treatment of ferrets with influenza vaccine plus
PEGylated human IFNA2b (Unitron PEG, Schering-Plough), found that 1uG/Kg was
sufficient to stimulate innate interferon stimulating gene responses to IAV compared to

vaccine alone [391]. Previously, the innate immune responses in the URT of ferrets was
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characterized. In this study, ferret IFNs were introduced intranasally in order to assess the
effects directly on cells in the URT and determine the impact on virus replication, as well
as downstream adaptive immune responses. Since, live-attenuated influenza vaccines
were administered intranasally, IFN was also administered intranasally. By administering
both virus and vaccine mucosally, coupled with the fact that IFNL is highly expressed on
epithelial cells lining the respiratory tract, the immune responses could be assessed at the
site of infection [459, 460]. Since IFNs are activated following influenza virus infection
and affect influenza virus replication in mice and ferrets [461-463], initially ferrets were
treated with IFN at various times in order to determine the minimal effect on virus
replication, while still stimulating innate immune responses. Virus replication was
reduced if PEG-IFNs were added within 8Hr post-challenge. However, if PEG-IFN was
added 24Hr or later post-challenge, virus replication was not affected. In this study,
following IBV infection in ferrets, IFN treatment resulted in reduced morbidity compared
to untreated animals. Although animals treated with IFNL had greater weight loss than
untreated ferrets, a clear difference in ferret activity post-challenge and vaccination was
observed even in IFNA treated animals. For animals challenged with 1BV 3 months
following INF treatment, only mock and IFNA treated ferrets developed fever. This was
an interesting observation since animals were only treated once with IFNs more than 3
months prior to challenge; however, some residual effect on the inflammatory response
by IFNL may be evident. In fact, Type-I11 IFN has been shown to be anti-inflammatory
[464]; however the long term effects of a single treatment have not been shown.

In the URT of IBV challenged animals, IFN-treatment induced early

inflammatory responses and increased IFNL expression following rechallenge, but
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PBMC had high and sustained upregulation of type-1/11/111 IFNs following IBV challenge
and rechallenge in IFN-treated animals. In the URT, SOCS3 was upregulated in all ferrets
and has been shown to down-modulate IFN signaling in a RIG-I dependent pathway to
inhibit antiviral responses and suppress the inflammatory response [465-467].
Concurrently with IFN responses, only IFN-treated animals had elevated levels of type-
I/LI/111 1FNs throughout infection and following rechallenge. This indicates that IFN-
treatment can influence both IFN gene expression and serum cytokines levels following
IBV infection that are otherwise suppressed and delayed. Viral infection in the
respiratory tract IFNL is required for production of virus-specific 1gG1, IgA, as well as
generation of antiviral CD8+ T cells [137]. The mechanism behind this response affects
IFNL triggering the synthesis of TSLP in upper airway M cells, which in turn influences
germinal center responses by migrating DCs, thus allowing for enhancement of mucosal
immunity and AV resistance. Following IFNL-treatment of ferrets following IBV
challenge or vaccination, there were increased IFNL3 gene expression and protein levels
that correlated to an increase in TSLP gene expression and protein levels in PBMC.
Interestingly, IFNA-treatment also increased IFNL3 expression and TSLP protein
following rechallenge. This induction may be due to an alternate, unknown mechanism of
TSLP activation. Innate immune responses were activated following IFN-treatment that
resulted in a strong sustained antibody response for 4 — 8 weeks following challenge. By
week 12 post-vaccination, these ferrets had HAI activity less than 1:160 and animals
were rechallenged with IBV to observe antibody recall responses and enhancement. For
untreated ferrets, antibody titers to IBV increased 8.6-fold from 12-week levels (GMT

from 1:101 to 1:871), which was 1 week after re-challenge. IFNA-treated animals had
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higher antibody titers following rechallenge, however, these levels only increased 6.9-
fold (GMT from 1:148 to 1:1016) from 12-week levels. IFNL-treated ferrets had the
greatest increase in antibody responses (17.4-fold), from a GMT of 1:86 to 1:1493)
following rechallenge.

For the vaccine-challenge study in ferrets, as in the challenge-rechallenge study,
vaccine replication was not affected by IFN treatment. All ferrets were protected from
challenge at 12 weeks post-vaccination, regardless of treatment during the time of
vaccination. However, mock-vaccinated animals treated with IFN did show less
morbidity than untreated ferrets, even though a single IFN treatment was given 12 weeks
prior to challenge. Unfortunately, no differences in virus replication were observed in any
of the ferrets. This indicates IFN may be used prophylactically to prevent increased
morbidity following influenza infection. Prophylactic treatment of people with type-1 or
type-111 1FN reduced the severity of influenza virus and other respiratory virus induced
disease [468-470]. Following viral challenge, IFN-treated ferrets had high and sustained
gene expression of IFNL3 and TSLP in collected PBMC. However, IFN-treatment did not
enhance cytokine effects that may be due, in part, to the protective responses elicited by
the vaccine. Further exploration of the residual effects of IFN-treatment need to be
determined in challenge studies at time points beyond 12 weeks post-vaccination.

There was a strong correlation between TSLP levels and antibody responses
following IFN-treatment of ferrets in both challenge-rechallenge and vaccination-
challenge studies. This indicates a possible biomarker for assessment of antibody
responses following influenza infection or vaccination. Since TSLP responses are

upregulated in conjunction with IFNL at D3 to D5 in PBMC following IBV infection,
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TSLP responses could be used as a tool in predicting antibody outcome. Further analysis
with different influenza vaccines is necessary to determine whether these markers could
be used to assess vaccine efficacy.

Even though there was a benefit of IFN treatment of 1uG/kG on the immune
responses in ferrets, additional treatments, as well as testing different concentrations and
routes, may result in a greater benefit of IFN and generation of a more robust immune
response. The development and availability of additional ferret immune reagents,
especially antibodies to ferret IgA and ferret cell surface markers, will allow for a more
in-depth analysis of the immune responses in the ferret model and aid in the development
of improved vaccines and therapeutics.

The initial innate responses, especially the IFN response, following influenza
virus infection or vaccination is important in the development of robust adaptive immune
responses to protect from subsequent infection or lessen severity of disease. As with
influenza viruses, other viruses are impaired by IFN signaling, and IFN treatment is a
powerful therapeutic [471-474]. Due to the anti-inflammatory characteristics of type-I11
IFNs and lower toxicity in humans [475], IFNL may be advantageous over IFNA, which
is inflammatory and shows greater adverse effects in humans [476, 477]. SARS-CoV-2
studies indicated that lower antiviral type-1 and type-l11 expression and elevated IL-6
expression contributed to development of COVID-19 disease [473], suggesting the use of
IFNA/B and IFNL [478] or JAK/STAT inhibitors [479] as potential therapeutics.
Consequently, IFN-treatment, especially IFNL, may be an important consideration for
use following influenza virus infection or as a potential immunoadjuvant to increase

immunity to influenza (especially for influenza B virus) and other viral infections.

214



Figure 5.1: PEGylated IFN optimal time of addition following IBV Challenge.
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Kinetics of virus replication following IBV challenge and addition of PEGylated IFN.
PEGylated IFNA added at 8Hr (IFNA-8), 24Hr (IFNA-24) or 48Hr (IFNA-48) post
B/Phuket/3073/2013 challenge and compared to Mock treated group. PEGylated IFNL3
added at 8Hr (IFNL-8), 24Hr (IFNL-24) or 48Hr (IFNL-48) post challenge. Nasal wash
titers determined on D1, D3, D5, and D7 post challenge (bar color indicating time of NW
collection) and tested for virus Log FFU/mL by FFA. Significance between groups tested
by 2-way ANOVA. Significant differences between IFNA-8 to IFNA-24 (p=0.0470) and
IFNA-8 to IFNA-48 (p=0.0154) as well as IFNA-48 to IFNL-48 (p=0.0130). No
significant differences noted between any groups with IFN added at 24Hr and no

significance compared to Mock-treated group.
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Table 5.1: Clinical signs and virus replication in IFN-treated ferrets following IBV

challenge-rechallenge.

Group-Tx Inactivity? Days Average Average NW viral load®
RI1I Sneezing Weigpt Fever® (Avg=SD Logi FFU/mL)
loss
(D1-7) (%) (D1-7) (Max D1 D3 D5 D7
Day)
UN- 1.00 - - +2.1°F N/A N/A N/A N/A
MOCK (D1)
) UN- 1.00 - - - N/A N/A N/A N/A
> IFNA
w UN- 1.00 - - - N/A N/A N/A N/A
3 IFNL
z PH- 1.18 D2-D3 0.6% +2.3°F  351+0.95 5.37+0.23 4.27+0.67 1.30+0.00
= MOCK (33) (D2)
PH- 1.14 - 1.2% - 497+0.47 5.45+0.43 4.34#0.53 2.26+0.83
IFNA
PH- 1.01 - 3.2% +2.9°F  4.82#0.31 5.38+0.02 4.03+0.06 1.80+0.86
IFNL (D2)
UN- 1.02 D2 3.3% +3.2°F  5.50%£0.36 5.34+0.21 4.54+0.49 1.55+0.43
MOCK (33) (D2)
w8 UN- 1.04 D2 6.6% +25°F 5324042 5.42+0.38 4.83+0.28 1.74+0.16
%5 IFNA (33) (D2)
L_',Jj __ UN- 1.04 D2 1.6% - 5.49+0.33 5.53+0.50 4.97+0.38 2.13%0.25
2 % IFNL (66)
5 & PH- 1.05 D2-D3 0.1% - 2.35+0.21 2.03+0.38 1.82+0.46 2.24+0.26
%H:J MOCK (33)
PH- 1.01 - - - 2124040 257+0.33 2.35+0.34 2.42+0.44
IFNA
PH- 1.00 - - - 2.08+£0.62 2.30£0.88 1.92+0.48 2.47+0.51
IFNL
Clinical signs and virus replication in the URT of ferrets challenged with

B/Phuket/3073/2013 (PH) followed by IFN treatment (or Mock) on D1 post challenge.

Group designated as “UN” were mock challenged and groups designated as “PH” were

challenged with IBV (PH). A) Initial challenge clinical signs and virus replication.

Groups above the dotted line were mock-challenged with PBS and groups below the

dotted line were challenged with PH. NW viral loads listed as N/A for mock-challenged

groups. B) At 3 months post challenge, all groups were challenged (above the dotted line,

UN) or rechallenged (below the dotted line, PH) with PH.
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®Relative inactivity index “RII” (D1 — D7) post challenge. RII=X ,,_;[score + 1]n/

L(p1-7n

bDay post challenge of peak weight loss percentage (day) from pre-challenge weight from
D1 — D7 post challenge.

CcAverage elevated temperature of at least +2°F (Fever) above baseline (days post
challenge elevated). Fever indicated by any temperature greater than the average baseline
(D-2 to DO pre-challenge) +2°F.

dAverage viral load in ferret URT on D1 through D7 post challenge. Peak viral load in

bold. Baseline = 1.30 Logio FFU/mL.
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Average fold gene expression in IBV-infected ferrets following IFN-treatment. 2Animals
challenged with B/Phuket/3073/2013 and treated with IFNA, IFNL or mock on D1 post
challenge. PIFNA, IFNL3 or mock treated animals rechallenged with
B/Phuket/3073/2013 three months post challenge. °Expression (EXPRES.) indicates
treatment group with highest gene expression increase at each given timepoint post
challenge or re-challenge. Gene upregulation (positive fold-increase in gene expression
over DO) indicated in pink and down-regulation of gene expression indicated in blue.
Target gene functional groups are listed under GROUP and separated by dotted lines.
A)Average fold gene expression in NW cells of the URT following IBV challenge or
rechallenge. B)Average fold gene expression in PBMC following IBV challenge or

rechallenge.

220



IBV

ing

f IFN-treated ferrets follow

levels in sera o

ine

d chemok

In€ an

Cytoki

Figure 3

challenge and rechallenge.

23, 29m s1eam BT
oo 0009- i ose- ozt- 009-
00¢- ———- -

Hd 000~ INAIHA ——— INAIHd - INAIFHd S el -
WilHd N - o5z oot 7 NPEg NN 008
WNAFHE —— 77T S /ﬁ T YN IHd —— 00z WNdI-Hd —— . YN IHd —— . N oon

- . S - - » N

S8dHd o S8d-Hd ——— S osT z S8d-Hd z S8d-Hd N z
INGFNA -~ g 000z M INAINA -~ . < . 00T~ 3 INGENA - 09- 3 INAINA -~ JR :. 008" 3
\ B == - _— S \ ES
YNAINA = = — A / = \ 000y YNEFN - - - R v 0s YNIINA - = = o YNAINA - = - ; Ry 00z
-\~ T 0 = N
S8dNN — — — = 0009 S8dNA - — — S8dNN - — — S8dNN - — — é/ \
— 0s oz S 001-
~
0008 oot T 8 v
0000T 0sT o . L L L L 0
€T 8-l ViNL (a
9) 2aM S129m BT
oM 005 i 0001- 0091 -
S e N g g g ey - o
INHIHd 000€ IN4IHd WAFHd —= 0ovT LRI E— .
005z oos- U o0zt
WNI-Hd —— N3 I-Hd —— WN3I-Hd —— YN3I-Hd —— v
000z- » 0001- &
S8d-Hd —— S8d-Hd — 0 §8d-Hd —— \ S8d-Hd —— o
00ST- M m - 008~ M =&
WHNA - - oot 3 WHNA - - - ' 3 WHENA - - . 009 3 WHNA - - -3
2 ) 00s & . 0 B o 2
YNAINA = = = 05 YNAINA = = = 7 YNAINA - = = oot YNAINA ”
NA - - N - - - S8ANA -~ — A - SAdNN - - —
Sad-Nn o Sad-NN ) o0t FEEER 00z :
005 ! 0 €
0001 00sT 00z v
ozdzT-1l ovdzT-1 L1 lall (6
BT S1am S129M
o0sz- - 00z- ot
NG I-Hd e 00z INSIHA E AT v o oo INSIHd \ v INSIHd
---s2 RN \ ~s L 0 or-
VN3 I-Hd —— 7 oy SN 0sT- YN4I-Hd —— N =" SoN—7] oot VN4 I-Hd —— - YN4I-Hd ——
/ N 7
Hd ——— o01- Hd Hd S8d-Hd ——
Sad-Hd < AN z S8d-Hd s 00z z Sdd-Hd o z
ININA ——— o\ g \ v 7 0s 3 INGINA - - % = 008 3 INGINA - = S 3 INGINA - =
2 7 2 ES
WNIFN = = = 0 YNAINA = = = 7 oov UNSFNA <o mm or YNAINA - = -
< < S 005 st saann
SBANN -~ — — o SBANN - — — 005 S8ANN - — — 0
oot 0oL sz
ost 008 3 000€
a1-dIN T-dON (| 01-dl (a
199, BRI spPam spPam
aeom 005T- 000z- 001- 0009
PR
LT E— - oot WiHE——— Ty @ sy o i~ o | %0F WiIHd = A 08 R — / 000
WN3IHd J \ YN3IHd —— e === 0 WN3IHd X\ 09 YN3IHd \ 000v-
\ . ov-
S8d-Hd ——— -~ 005" 5 S8d-Hd ——— T oot S8d-Hd ——— AN \ . i S8d-Hd ——— / 000
1 & A} T B T 0 : - &
WHNA - - S mawn- - - 7 0007 5 WHNA -~ — RSBV N o 5 WD - - - / 000z 5
ES A ES = ES 2
WNAND = — — WNAINA - — — 000€ YNAIN = = = /) o _ X NAF 0z WNINA- == Ty g v ¢ T ,4 coor
</ = o=
S8ANN -~ — — S8dNN -~ — £ 000y S8ANN - — — i /- NV or SadNn -~ — = - 4
0005 . ) 09 = P 000t
000t 0009 08 000z
disL INAI ON4I andl (v

221



Serum cytokine and chemokine levels in IBV-infected ferrets following IFN-treatment.
Mock-infected groups (UN-X) are represented by dotted lines and 1BV -challenged
groups (PH-X) are indicated by solid lines. Treatment groups are Mock (PBS, light blue),
IFNA (red) and IFNL (green). The x-axis indicated the weeks post challenge or mock
challenge (1, 2, 4, 8, 12) and after 3MO [day 7 (R7) post challenge or rechallenge].
Average pG/mL levels of analytes are shown from the following functional groups: A)
Interferon responses. Type-1 (IFNB), Type-lI (IFNG) and Type-111* (IFNL) and Type-III
IFN response cytokine (TSLP). B) TH1 (IP-10) and TH2 (IL-2) directed responses.
C)Pro-inflammatory chemokines (MCP-1 and MIP-1B) D)T-effector response (IL-4, IL-
17, 1L-12p40 & IL-12p70) E)Pro-inflammatory cytokine response (TNFA, IL-6, IL-8,
and I1L-23). All levels of cytokines/chemokines are normalized to DO and represent
average increases or decreases from pre-challenge over a 12WKk period plus 1Wk (R7)

challenge/rechallenge.
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Table 5.2: Clinical signs and virus replication in ferrets following IBV vaccination and

challenge.
Group- Inactivity® Days Average Average NW viral load®
> RII Sneezing  Weight Fever® (Avg=SD Logio FFU/mL)
loss®
(D1-7) (%) (D1-7) (Max D1 D3 D5 D7
Day)
UN- 1.00 - 0.8% - N/A N/A N/A N/A
MOCK
b UN- 1.00 - - - N/A N/A N/A N/A
o IFNA
|<T: UN- 1.00 - 0.1% - N/A N/A N/A N/A
z IFNL
8 LAIV- 1.02 - - - 2.88+0.11 3.88+0.96 3.31+0.26 1.30+0.00
<>E MOCK
. LAIV- 1.04 - - - 2.96+0.11 4.26+0.56 4.06+0.96 1.72+0.73
< IFNA
LAIV- 1.00 - 1.2% - 3.24+0.21 5.17+0.24 3.48+0.37 1.68+0.67
IFNL
UN- 1.25 D2-D4 2.8% +4.4°F  572+0.59 5.55+0.17 4.21+0.66 1.72+0.28
MOCK (33) (D2)
w UN- 1.01 - 4.1% +3.5°F 5.19£0.99 5.52+0.33 3.83+0.34 1.53+0.39
o IFNA (D2)
w_ UN- 1.01 D3 1.4% +2.3°F 553+£0.76 5.35+0.32 4.31+0.51 2.08+0.26
240 IFNL (33) (D2)
%% LAIV- 1.00 - - - 2.06+£0.61 1.47+0.30 2.06+0.67 1.90+0.43
o MOCK
— LAIV- 1.01 - - - 1.54+0.42 1.74+0.38 2.93+0.33 2.36+0.62
@ IFNA
LAIV- 1.00 - 1.2% - 2.07+£0.88 2.02+0.87 1.60+0.38 1.92+0.53
IFNL

Clinical signs and virus replication in the URT of ferrets vaccinated with live-attenuated
influenza vaccine (B/Phuket/3073/2013-CDC-LV11B; “LAIV”) followed by IFN
treatment (or Mock) on D1 post vaccination. Group designated as “UN” were mock
vaccinated and groups designated as “LAIV” were vaccinated. A) Initial vaccination
clinical signs and virus replication (of LAIV). Groups above the dotted line were mock
vaccinated with PBS and groups below the dotted line were vaccinated with LAIV. NW
viral loads listed as N/A for mock-vaccinated groups. B) At 3 months post vaccination,

all groups were challenged with PH.

®Relative inactivity index “RII” (D1 — D7) post challenge. RII=Y ;_[score + 1]n/

2(01—7) n
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bDay post challenge of peak weight loss percentage (day) from pre-vaccination or pre-
challenge weight from D1 — D7 post vaccination or challenge.

CAverage elevated temperature of at least +2°F (Fever) above baseline (days post
challenge elevated). Fever indicated by any temperature greater than the average baseline
(D-2 to DO pre-challenge) +2°F

dAverage viral load in ferret URT on D1 through D7 post challenge. Peak viral load in

bold. Baseline = 1.30 Logio FFU/mL.
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Average fold gene expression in IBV-vaccinated and challenged ferrets following IFN-
treatment. 2Animals vaccinated with IBV-LAIV and treated with IFNA, IFNL or mock
on D1 post vaccination. PIFNA, IFNL or mock treated animals challenged with
B/Phuket/3073/2013 three months post vaccination. °Expression (EXPRES.) indicates
treatment group with highest gene expression increase at each given timepoint post
vaccination or challenge. Gene upregulation (positive fold-increase in gene expression
over DO) indicated in pink and down-regulation of gene expression indicated in blue.
Target gene functional groups are listed under GROUP and separated by dotted lines.
A)Average fold gene expression in NW cells of the URT following IBV vaccination or
challenge. B)Average fold gene expression in PBMC following IBV vaccination or

challenge.
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Serum cytokine and chemokine levels in IBV-vaccinated ferrets following IFN-treatment.
Mock-vaccinated groups (UN-X) are represented by dotted lines and 1BV -vaccinated
groups (LAIV-X) are indicated by solid lines. Treatment groups are Mock (PBS, light
blue), IFNA (red) and IFNL (green). The x-axis indicated the weeks post vaccination (1,
2, 4, 8, 12) and after 3MO [day 7 (R7) post challenge]. Average pG/mL levels of analytes
are shown from the following functional groups: A) Interferon responses. Type-1 (IFNB),
Type-11 (IFNG) and Type-l11* (IFNL) and Type-111 IFN response cytokine (TSLP). B)
TH1 (IP-10) and TH2 (IL-2) directed responses. C)Pro-inflammatory chemokines (MCP-
1 and MIP-1B) D)T-effector response (IL-4, IL-17, IL-12p40 & IL-12p70) E)Pro-
inflammatory cytokine response (TNFA, IL-6, IL-8, and 1L-23). All levels of
cytokines/chemokines are normalized to DO and represent average increases or decreases
from pre-vaccination over a 12Wk period post-vaccination plus 1Wk (R7) post-

challenge.
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Table 5.3: Neutralizing antibody responses following IBV challenge or vaccination in

ferrets treated with IFN.

A) Challenge
Treatment®
Mock IFNA IFNL
UN-PH®  PH-PH® UN-PH®  PH-PH® UN-PH  PH-PH®
Pre - 5 - 5 - 5
° 34 32 19
% % g 148 148 122
=z 23 235 296 296
© 8 202 296 235
12 101 148 86
Challenge(Rechallenge) 1 93 871 118 (1016) 109 (1493)
B)Vaccination
Treatment®
Mock IFNA IFNL
UN-PH® LAIV-PH' UN-PH®  LAIV-PH' UN-PH®  LAIV-PH'
Pre 5 5 5
5 86 80 63
a;:) g8 93 127 80
= 23 118 127 93
= 8 137 218 187
12 50 93 74
"~ Challenge | 1 137 10240 218 10240 218 7525

A)Serum neutralizing antibodies by FRA (geometric mean titer) in ferrets challenged
with B/Phuket/3073/2013 and rechallenged three months (12 weeks) later with
homologous virus. @Treatment groups include Mock (PBS), PEGylated-IFNA (IFNA), or
PEGylated-IFNL3 (IFNL) on day 1 post challenge. ®PMock-challenged group (UN-PH),
followed by challenge at 3 months. All animals were treated on day 1. °Challenge-
rechallenge group (PH-PH), challenged followed by treatment on day 1 post challenge
and rechallenged at 3 months post challenge. Rechallenge titers are indicated within
parentheses. Neutralizing titers >1:160 are indicated in bold. B) Serum neutralizing
antibodies ferrets vaccinated with

by FRA (geometric mean titers) in
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B/Phuket/3073/2013-LAIV (LAIV) and challenged three months (12 weeks) later with
B/Phuket/3073/2013. 9Treatment groups include Mock (PBS), PEGylated-IFNA (IFNA),
or PEGylated-IFNL3 (IFNL) on day 1 post vaccination. ®Mock-vaccinated group (UN-
PH), followed by challenge at three months. All animals were treated on day 1.
f\Vaccination-challenge group (LAIV-PH), vaccinated and treated on day 1 post
vaccination and challenged at three months. Neutralizing titers >1:160 are indicated in

bold.
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Table 5.4: Correlations between antibody levels and protein levels in IFN-treated ferrets

following IBV challenge and vaccination.

A)Challenge.
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B)Vaccination.
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Spearman non-parametric correlation (One-tailed, 95% confidence interval) were
estimated to determine the relationship between neutralizing antibody response and
protein levels in serum. TSLP listed in interferon group due to its direct regulation by
IFNL. A) Antibody correlations in challenge study for Mock-, IFNA- and IFNL-treated
groups (3 animals/group). Timepoints tested include pre-challenge; weeks 1, 2, 4, 8, 12
weeks post challenge. A correlation coefficient of r<0 indicates an inverse correlation of
antibody titer to protein levels and an r>0 indicates a direct correlation. Strong positive
(r>0.7) or negative (r<-0.7) correlations are underlined and significant (p<0.05)
correlations are in bold. B) Antibody correlations in vaccination study for Mock-, IFNA-
and IFNL-treated groups (3 animals/group). Timepoints tested include pre-vaccination;
weeks 1, 2, 4, 8, 12 weeks post vaccination. A correlation coefficient of r<0 indicates an
inverse correlation of antibody titer to protein levels and an r>0 indicates a direct

correlation. Significant (p<0.05) correlations in bold.

234



Figure 5.S1: PEGylation of ferret IFNs and biological activity.

A. B
1 2 3 4 5 u 2 3 4 5
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A)Comparison of PEGylation of ferret IFNA and IFNL3 by PEG-5K and PEG-20K;
imperial staining. Lane designation: MW standards (1 and 5), ferret IFNA [2 (IFNA), 3
(IFNA+PEG-5K), 4 (IFNA+PEG-20K)], ferret IFNL3 [6 (IFNL3), 7 (IFNL3+PEG-5K),
8 (IFNL3+PEG-20K)] by imperial staining. 2 uG/lane added.

B)Comparison of imperial and silver staining of (PEG-5K) PEGylation of ferret IFNA
and IFNL3. Silver staining (B1) and imperial staining (B2). Lane designation: mw
standards (1), ferret IFNA [2 (IFNA), 3 (IFNA+PEG-5K)], ferret IFNL3 [6 (IFNL3), 7
(IFNL3+PEG-5K)]. 1 uG/lane added.

C)Type-l IFN bioassay to determine retention of activity of ferret PEGylated IFNA

(IFNA+PEG-5K) and stored at 4°C or -80°C (freeze/thaw; “F/T”’). Human IFNB standard
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(solid black line), ferret IFNA standard (solid red line) and PEGylated IFNA stored at
4°C [PEG-IFNA(4C), long red dashed line] or stored at -80°C and thawed [PEG-
IFNA(F/T), short red dashed line]. Human IFNL standard (solid dark blue line), ferret
IFNL3 standard [fIFNL3-STD, solid light blue line] and PEGylated IFNL3 stored at 4°C
[PEG-IFNL3(4C), long light blue dashed line] or stored at -80°C and thawed [PEG-
IENA(F/T), short, dashed light blue line].

D) Type-I111 IFN bioassay to determine retention of activity of ferret PEGylated IFNL3
(IFNL3+PEG-5K) and stored at 4°C or -80°C (freeze/thaw; “F/T”). Human IFNB
standard (solid black line), ferret IFNA standard (solid red line) and PEGylated IFNA
stored at 4°C [PEG-IFNA(4C), long red dashed line] or stored at -80°C and thawed
[PEG-IFNA(F/T), short red dashed line]. Human IFNL standard (solid dark blue line),
ferret IFNL3 standard [fIFNL3-STD, solid light blue line] and PEGylated IFNL3 stored
at 4°C [PEG-IFNL3(4C), long light blue dashed line] or stored at -80°C and thawed

[PEG-IFNA(F/T), short, dashed light blue line].
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Figure 5.S2: Wt. & Temp. following IBV challenge or vaccination and IFN-treatment in
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ferrets.

A — D) Challenge experiment temperature and weight changes from DO to D14 post
challenge. A) Average Change in temperature in MOCK-infected ferrets (dotted lines)
treated with IFN on day 1 post mock-challenge. Groups are as follows: Untreated (blue).
IFNA-treated (red), IFNL-treated (green). Dotted line at +2°F over baseline indicates
fever threshold. B) IBV-infected ferrets (solid lines) treated with IFN on day 1 post
challenge. Groups are as follows: Untreated (blue). IFNA-treated (red), IFNL-treated
(green). Dotted line at +2°F over baseline indicates fever threshold. C) Average weight
changes in ferrets mock-challenged (dotted lines) compared to day 0 weights. Changes in
weight range from -10% to +10%. Untreated (blue). IFNA-treated (red), IFNL-treated
(green). D) Average weight changes in ferrets challenged with IBV (solid lines)
compared to pre-challenge weights. Changes in weight range from -10% to +10%.
Untreated (blue). IFNA-treated (red), IFNL-treated (green).

E — H) Vaccination experiment temperature and weight changes from DO to D14 post
vaccination. E) Average Change in temperature in Mock-vaccinated ferrets (dotted lines)
treated with IFN on day 1 post mock-vaccination. Groups are as follows: Untreated
(blue). IFNA-treated (red), IFNL-treated (green). Dotted line at +2°F over baseline
indicates fever threshold. F) IBV-vaccinated ferrets (solid lines) treated with IFN on day
1 post vaccination. Groups are as follows: Untreated (blue). IFNA-treated (red), IFNL-
treated (green). Dotted line at +2°F over baseline indicates fever threshold. G) Average
weight changes in ferrets mock-vaccinated (dotted lines) compared to day O weights.
Changes in weight range from -10% to +10%. Untreated (blue). IFNA-treated (red),

IFNL-treated (green). H) Average weight changes in ferrets vaccinated with IBV (solid
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lines) compared to pre-vaccination weights. Changes in weight range from -10% to

+10%. Untreated (blue). IFNA-treated (red), IFNL-treated (green).
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Average fold gene expression in ferrets following IFN-treatment. 2NW cells from the
URT of mock-challenge/vaccinated (PBS) animals and treated with IFNA, IFNL or mock
on D1 post challenge. ®PBMC from animals mock-challenge/vaccinated (PBS) and
treated with IFNA, IFNL or mock on D1 post challenge. Expression (EXPRES.)
indicates treatment group with highest gene expression increase at each given timepoint
post challenge. Gene upregulation (positive fold-increase in gene expression over DO)
indicated in pink and down-regulation of gene expression indicated in blue. Target gene

functional groups are listed under GROUP and separated by dotted lines.
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Table 5.S1: Correlation between antibody levels and protein levels in IFN-treated ferrets

following IBV challenge and vaccination — Including 3-month challenge/rechallenge

timepoint.

A) CHALLENGE - RECHALLENGE

MOCK IFNA-Tx IFNL-Tx
GROUP  ANALYTE r P-VALUE SIGNIFICANCE r P-VALUE SIGNIFICANCE r P-VALUE SIGNIFICANCE
IFNB  -0.6124  0.1429 ns 0.1134  0.4762 ns -0.5345  0.119 ns
IFNG  -0.3214  0.2488 ns -0.5092  0.1246 ns -0.6847  0.0508 ns
m INTERFERON
Ny IFNL -0.5345  0.119 ns -0.6236  0.1429 ns 0.6429  0.0694 ns
z 2 TSLP® 07714  0.0514 ns 0.4638  0.1972 ns 0.7143  0.0681 ns
P T iy Hse by Eiselis s
< - IP-10 0.1071  0.4198 ns 0.6183  0.0738 ns 0.07143  0.4532 ns
w3 THLUTH2
> T IL-2 -0.3929  0.1978 ns -0.3273  0.2389 ns -0.5406  0.1067 ns
5 b= e e e e
5 MCP-1 -0.25 0.2974 ns -0.09092  0.4262 ns -0.1071  0.4198 ns
E & | CHEMOKINE
Fa M8 00454 0S5 ns__ 04312 01643 ns___]-04009_ 02143 ns___
é Z IL-4 0.07412  0.4476 ns -0.6001  0.0825 ns 0.0197 0.5 ns
o - — IL-17 -0.09436  0.431 ns -0.49 0.1429 ns
e .
z % IL-12p40  -0.75 0.0331 * -0.7456  0.031 * -0.75 0.0331 *
T IL-12p70  -0.8469  0.0127 * 0.03637  0.4778 ns -0.6429  0.0694 ns
TNFA  -0.8982  0.0071 ox -0.4954  0.1325 ns -0.7042  0.0524 ns
IL-6 -0.8018  0.0238 * -0.4954  0.1325 ns -0.8018  0.0238 *
PRO-INFLAM.
IL-8 -0.8929  0.0062 o -0.7274  0.0365 * 0.75 0.0331 *
IL23  -0.3214  0.2488 ns 0.2182  0.3222 ns 0.5 0.1333 ns
B) VACCINATION - CHALLENGE
MOCK IFNA-Tx IFNL-Tx
GROUP  ANALYTE r P-VALUE SIGNIFICANCE r P-VALUE SIGNIFICANCE r P-VALUE SIGNIFICANCE
IFNB 0.25 0.2974 ns -0.2342  0.3099 ns 0.2143  0.3308 ns
IFNG 0.6071  0.0833 ns 0.5045 0.129 ns 0.5357  0.1179 ns
w INTERFERON
N o IFNL 0.593  0.0893 ns -0.7928  0.0198 * 0 0.5155 ns
3 9 TSLP® 03714  0.2486 ns 0.8407  0.0222 * 0.8857  0.0167 *
LS b e
<y IP-10 0.6786  0.0548 ns 0.3243  0.2409 ns 0.4286  0.1768 ns
] THL/TH2
> L2__. 06429 00694 __ _ ns__ 1S 03424 02294 _ ___ ns___1.05%7__ourm s
TS, MCP-1  -0.3929  0.1978 ns -0.1261  0.3988 ns -0.2143  0.3308 ns
E Z | CHEMOKINE
F O MIP-1B  -0.6124  0.1429 ns -0.4119  0.2857 ns
Fob————_——— e e e e Y
é g IL-4 0.4144  0.1786 ns 0.3964  0.1917 ns 0.6071  0.0833 ns
@ g TEFF IL-17 0.7143  0.044 * 0.3964  0.1917 ns 0.6071  0.0833 ns
e 2
z é IL-12p40  0.7143  0.044 * 0.3424  0.2294 ns 0.5357  0.1179 ns
N S IL-12p70 06786 _ 00548 __ __ ns___ 1S 02523 02009 __ __ ns___j.06071 00883 ns___
TNFA  0.6071  0.0833 ns 0.5766  0.0937 ns 0.6071  0.0833 ns
IL-6 0.6071  0.0833 ns 0.3424  0.2294 ns 0.3214  0.2488 ns
PRO-INFLAM.
IL-8 -0.4286  0.1768 ns -0.6307  0.0706 ns -0.4286  0.1768 ns
IL-23 0.6429  0.0694 ns 0.3243  0.2409 ns 0.3571  0.2222 ns

Spearman non-parametric correlation (One-tailed, 95% confidence interval) were

estimated to determine the relationship between neutralizing antibody response and

protein levels in serum. TSLP listed in interferon group due to its direct regulation by

IFNL. A) Antibody correlations in Challenge-Rechallenge study for Mock-, IFNA- and
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IFNL-treated groups (3 animals/group). Timepoints tested include pre-challenge; weeks
1, 2, 4, 8, 12 weeks post challenge; 1 week post re-challenge. A correlation coefficient of
r<0 indicates an inverse correlation of antibody titer to protein levels and an r>0 indicates
a direct correlation. Strong positive (r>0.7) or negative (r<-0.7) correlations are
underlined and significant (p<0.05) correlations are in bold. B) Antibody correlations in
Vaccination — Challenge study for Mock-, IFNA- and IFNL-treated groups (3
animals/group). Timepoints tested include pre-vaccination; weeks 1, 2, 4, 8, 12 weeks
post vaccination; 1 week post challenge. A correlation coefficient of r<0 indicates an
inverse correlation of antibody titer to protein levels and an r>0 indicates a direct

correlation. Significant (p<0.05) correlations in bold.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

In this body of work, an investigation into the disparities between influenza A
(IAV) and B viruses (IBV) in generating robust immune responses in ferrets were
evaluated. Initial investigation of the innate immune responses in vitro at the site of
infection in ferret nasal epithelial cells (FNEC) revealed glimpses in how these cells
communicate with circulating immune cells. In vivo studies revealed immune deficits in
ferrets following IBV infection. These deficits were evaluated through analyses of innate
and adaptive responses in ferrets as well as the effects of immunoadjuvants to overcome
immune deficiencies observed following IBV infection and vaccination.

Within this work ferrets were utilized for both in vitro and in vivo experiments.
The ferret is a well-established animal model for studying influenza pathogenesis and
vaccines. Ferrets can be directly infected with influenza from human clinical isolates
without prior adaptation and are capable of transmitting these viruses to other animals
and humans [318, 449, 480]. This susceptibility to influenza A and B virus infection is
based on similarities in a2,6-linked sialic acid receptors in cells of the upper respiratory
tract which mimics that of humans [297, 481]. This model has limitations of reagent
availability for studying the innate and adaptive immune responses; however, recent
advances in reagent development [368, 369], including sequencing the ferret genome

[308], have allowed for exploration into innate and adaptive immune responses in ferrets
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following influenza virus infection. Host responses to IBV infection are poorly
understood. Immune sera generated against 1BV in ferrets have mostly required a boost
(with adjuvant) in order to generate sufficient antibody titers to be used as reference
antisera for virus characterization studies. Since 1998 most ferrets infected at the CDC
with 1BV, 387/448 (86.4%), required a boost to generate hemagglutination inhibition
titers of at least 1:160 compared to 30/1094 (2.7%) of ferrets infected with H1, H2 or H3
human seasonal viruses for use in surveillance assays. Additionally, ferrets infected with
IBV generally presented mild clinical signs and also had lower specific antibody
responses [444]. Only a few differences in the innate response to AV and IBV infections
have been assessed and one of the goals of this work was to explore these differences
with additional tools as well as provide additional data to help in overcoming this gap in
immune responses. Throughout this work, assays and reagents were developed to aid in
understanding immune responses to influenza in the ferret. This included generating
primers and probes to key innate ferret genes (IFNL3, TGFB1, TYK2, USP18, and TSLP)
[416], testing and validating multiplexing assays for ferret cytokines/chemokines [416,
450, 482], preparation and testing of ferret interferon immunoadjuvants [483], and
optimization of assays for detection of virus replication and neutralizing antibodies to
influenza in serum [416, 450].

Within this work, improvements in isolation and differentiation of ferret nasal
epithelial cells (FNEC) allowed for identification of innate genes which were delayed in
expression following inoculation with IBV. During initial isolation of FNEC,
contaminating fibroblasts continued to outgrow delicate respiratory epithelial cells and

overtake cultures. The primary method to remove fibroblasts from respiratory epithelial
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cells involves negative selection through adherence [359]. This method removes most of
the fibroblasts; however, the remaining fibroblasts quickly outgrow the primary ferret
respiratory epithelial cells and thus no longer contain FNEC. Since fibroblasts lacked an
enzyme, D-amino oxidase [383], which could convert D-amino acids to L-amino acids,
modifications to initial cell adherence steps and differentiation were performed using
media containing D-valine in place of L-valine. This allowed for FNEC to outgrow any
contaminating fibroblasts remaining in primary ferret epithelial cell cultures. This
improvement in ex vivo culturing of ferret respiratory epithelial cells allowed for
consistent cell cultures devoid of fibroblasts for IAV/IBV comparison studies as well as
improved FNEC rescue from cryopreservation.

Initial in vitro studies in AIM-1 comparing differential gene expression following
influenza infection of FNEC showed that although 1AV and IBV replicated equally in
FNEC; however, a delay in the pro-inflammatory and interferon (IFN) response was only
observed with IBV. IAV infection of FNEC resulted in significant upregulation of key
genes that have been correlated with downstream effects on antibody responses.
Significant upregulation and duration of IFN expression by IAV between 48Hr (IFNG)
and 72Hr (IFNA,IFNB, IFNL3) suggested a link between innate gene expression and
adaptive immune response. Human infection [484] and vaccine [485, 486] studies
confirmed a direct correlation between kinetics and magnitude of IFN responses and a
robust antibody response to influenza virus infection. The FNEC studies performed also
showed a significant upregulation and duration of TH1 (CXCL10) and apoptosis
(GRANA) gene expression by 1AV, thus showing additional innate gene expression that

may affect downstream cellular adaptive immune responses. As with IFN, there is a
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correlation in human serum levels of CXCL10 [487] and apoptosis gene expression [488]
as biomarkers for vaccine-induced antibody responses.

Subsequent in vitro co-culture experiments in AIM-1 were performed to
demonstrated that communication, or “cross talk”, between cells at the site of influenza
infection (FNEC) and peripheral blood cells (PBMC) may be a key component to
mounting a protective immune response. Human studies with 1AV-infected human nasal
epithelial cells (hNEC) demonstrated that hNEC released type-I/II/II1 1FNs and
proinflammatory cytokines which activated various cells in PBMC cocultures [421].
Within this work, an early upregulation of pro-inflammatory (MCP-1, CXCL10, IL-6, IL-
8 and TNFA), Teff (IL-4) and IFN (IFNG and IFNL3) gene expression in PBMC
following cocultivation with IAV-infected FNEC (48hr post infection; 24Hr post
cocultivation); but a delayed response in PBMC following cocultivation with I1BV-
infected FNEC (72Hr post infection; 48Hr post cocultivation) was demonstrated. Since
ferret cytokine/chemokine assays were not available for AIM-1 studies, soluble factors
secreted by FNEC following influenza infection could only be inferred from gene
expression data. PBMC isolated from transplant patients who seroconverted to seasonal
influenza vaccine, demonstrated significantly elevated levels of type I/Il 1FNs, and
proinflammatory cytokines in supernatants following HIN1pdmOQ9 stimulation in vitro
[422]. Thus, showing that a strong IFN and pro-inflammatory response in PBMC was
essential for development of a robust antibody response to influenza. Future analysis of
ferret cytokine/chemokine levels in the basolateral compartment of FNEC-PBMC

cocultures as well as activation of ferret PBMC cell subsets will validate findings
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observed in humans and allow for a greater understanding of disparities between the
immune responses of IAV and IBV.

To expand upon the initial innate immune responses observed in vitro in AIM-1,
investigation whether the differences observed in FNEC would translate into reduced
antibody responses to IBV in vivo. In AIM-2 experiments ferrets were inoculated with
the same 1AV and IBV strains used in AIM-1 experiments. Gene expression responses in
the FNEC of 1AV and IBV infected-ferrets confirmed responses observed in AIM-1.
Type-11 IFN (IFNG) and type-111 (IFNL3) gene expression was highest in IAV-infected
ferret nasal wash and PBMC samples respectively. Concurrent with an upregulation of
IFN gene expression by AV was an upregulation of RIG-I, which is associated with
induction of IFN response [489]. Interestingly IFN response (SOCS3) gene, which is
responsible for downregulating the IFN response and T-cell activation [467] was highest
for IBV (BR) both early and late post challenge. This may indicate that IBV has greater
IFN-antagonism properties than IAV. Future studies exploring Interferon antagonism by
IBV may help in unraveling the differences to IAV. Interestingly a direct correlation
between both IFNL and TSLP gene expression and viral titers was observed for both IAV
and IBV indicating that IFNL and TSLP gene expression may be linked. One way in
which 1AV viruses evade both innate and adaptive immune responses is via their NS1
protein. Some of the innate genes affected by IAV-NSL1 include: MCP-1, IL-8, IFNA,
IFNB, and CCR7.1AV-NS1 has also been shown to block the production of type-I IFN in
infected cells, including epithelial cells and DCs and affect DC maturation [490]. |
believe that NS1 of IBV may elicit a stronger IFN antagonistic properties than 1AV in

FNEC thereby resulting in a delay in initiation of the innate immune response in these

248



cells. Infection of DCs by influenza viruses propose that IAV NS1 elicits greater IFN
antagonism since it is able to evade early recognition in the cytosol since it only activates
the IFN response after viral RNA synthesis, whereas IBV induces an IFN directly upon
infection in the cytosol [412]. This necessitates the need for follow-up studies with NS1
mutants for IBV and compare IFN responses. Substituting IAV-NS1 with IBV-NS1 and
IBV-NS1 with IAV-NS1 by intertypic reassortment or reverse genetics to produce
chimeric viruses may be feasible to compare NS1 IFN antagonistic activities and effects
on innate responses in FNEC following infection. This may be feasible since viral
packaging signals between IAV and IBV are compatible [491].

During these studies, ferret NW and serum samples were submitted to Ampersand

Biosciences (www.ampersandbio.com) to help validate their Ferret Cytokine Panel

Luminex assay. This allowed for the detection of ferret cytokines and chemokines to at
least 12 analytes which previously were not possible. Detection of significantly higher
levels of type-l (IFNB) and type-ll1 (IFNG) by 1AV compared to IBV helped to confirm
that initial gene expression differences resulted in secretion of cytokines. Additionally,
the upregulated inflammatory gene expression by IAV in ferrets was confirmed by
significantly higher levels of cytokines and chemokines in the serum. IBV in vivo
resulted in a weaker antibody response in ferrets as seen historically. These studies
confirmed the low and delayed adaptive immune responses by IBV and provide further
evidence that initial innate responses, especially IFN and proinflammatory responses play
a key role in developing robust antibody responses.

Since a correlation between IFN responses and subsequent antibody responses was

discovered, in AIM-3 ferret IFN was utilized as an immunoadjuvant to determine
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whether this could boost the weak antibody levels observed to IBV in ferrets. It was
previously shown that ferrets vaccinated with seasonal influenza vaccine adjuvanted with
PEGylated human IFNA2b upregulated interferon stimulating gene expression, activated
antibody generation by B cells through Ras signaling, and showed a reduction in viral
loads compared to un-adjuvanted vaccine following infection [391]. This demonstrated
that innate immunomodulators may be able to enhance vaccine effectiveness by
generating robust neutralizing antibody responses. However, the effects of PEG-IFN on
antibody responses to the IBV component of the vaccine were not assessed nor were the
animals challenged with IBV. To ensure the greatest chance of an effect of IFN as an
immunoadjuvant, ferret IFNA and IFNL3 protein were generated. Since ferret IFNA and
IFNL3 protein sequences were available [309] Kingfisher Biotech, Inc.

(www.kingfisherbiotech.com) was contacted to generate recombinant ferret proteins. The

biological activity at least for ferret IFNL3 was determined by adaptinga IFNL HEK 293

cell reporter assay (www.invivogen.com) for ferret IFNL. Additionally, successful in

PEGylation of both ferret IFNA and IFNL was attained for as immunoad juvants in ferrets
following IBV vaccination or infection.

IFN-treatment of ferrets following challenge with IBV resulted in reduced morbidity.
IFN-treatment also upregulated both IFN and proinflammatory gene expression in PBMC
which were sustained following rechallenge. Concurrent with gene expression, levels of
IFNL and TSLP were highest in IFN-treated animals following challenge. For
vaccination studies live-attenuated (LAIV) IBV was used followed by PEG-IFN addition
since both are added intranasally. Although, IFN-treatment following LAIV vaccination

did not enhance serum cytokine/chemokine levels assessed by multiplexing and IFNL
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bioassays, TSLP levels were higher following IFN-treatment. For both challenge and
vaccination studies, IFN-treatment did increase neutralizing antibody levels in the serum
over mock-treated. A strong correlation was observed between TSLP serum levels and
neutralizing antibody responses indicating its potential use as a biomarker to predict
antibody responses following 1BV infection or vaccination.

Within this work differences between IAV and IBV were observed in the ferret model
and key markers for this disparity were found. IFN, proinflammatory and TSLP
responses demonstrated relationships between initiation and maintenance of innate
responses resulting in subsequent strong antibody responses. However, limitations in
AIM-3 affecting the intensity of these responses were found. Primarily the size of the
ferret groups (N=3 animals/group) limited the statistical power of these experiments.
Additional experiments increasing group sizes to at least 6 animals/group would show
clearer differences in key responses as were observed in the in vitro studies. This would
allow for a clearer correlation to what is observed in humans. Due to logistical and
budgetary constraints as well as to follow up on historical observations in ferrets for
generation of antibodies to influenza viruses and vaccines, only male ferrets were used in
this work. Future studies comparing male and female ferrets are warranted to determine
whether sex differences play a role in the reduced responses that were observed within
this work using male ferrets. Recently female mice were less susceptible to IBV than
male mice; however female mice mounted more robust and broader antibody responses
against IBV following B-LAIV vaccination than male [492]. In previous comparison

studies female mice showed a greater breadth of antibodies to 1AV (A/California/2009
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virus) vaccine due to greater numbers and activity of germinal center B cells than in
males [493].
| believe this body of work has added important observations and tools for influenza
research, especially 1BV. Successful development and testing of important ferret gene
primer sets to innate genes, including IFNL3 and TSLP, will allow for a better
understanding of immune responses following influenza infection or vaccination. Ferret
IFNA and IFNL are now commercially available and have been successfully PEGylated
and could be used as immunoadjuvants for influenza or other respiratory infections which
generate weak immune responses. The type-l11 IFN reporter assay has been adapted for
use in testing ferret serum and nasal secretions. Addition of ferret cytokine multiplex
assay will allow for measuring immune biomarkers for their effect on antibody responses
and vaccine efficacy for influenza and other respiratory viruses. These assays are now
commercially available. Addition of optimized and sensitive focus forming assay (FFA)
and focus reduction assay (FRA) for testing influenza virus replication and neutralizing
antibody responses. By adding additional immune reagents and assays for detection of
immune responses, this will aid in the usefulness and importance of the ferret model for
influenza. Ferrets are similar in their presentation of disease following infection with
influenza as well as their immune responses. A main advantage of this model is that
ferrets are susceptible to infection and can transmit human and avian influenza viruses
isolated directly from the host. Ferrets do not require adaptation of these viruses in order
to infect and cause disease in the animals.
Future studies to further elucidate disparities between IAV and IBV observed in

this work should address several areas. Since immune responses to IBV are reduced, this
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could be due to mammals being the potential reservoir for these viruses. IBV may persist
in mammals and alter immune functions in order to be maintained in the population. For
example, the Sooty mangabey (SM) has been proposed as the animal reservoir for simian
immunodeficiency virus (SIV). The immune responses of the SM are suppressed and the
animals do not develop disease following SIV infection. Additionally, immune activation
is suppressed as noted by reduced IFNA production by plasmacytoid dendritic cells.
However, when a Rhesus macaque is infected with SIV, the immune system is activated
and the animal develops disease [27]. The SM also may be a reservoir for yellow fever
virus with decreases TLR7 signaling, transient antibody responses and reduced IFNA and
DC activation following infection. Whereas, the Rhesus macaque develops severe disease
and death following infection with the same virus, indicate of a robust inflammatory
response [27]. Hallmarks of reservoirs for several zoonotic emerging RNS viruses
include variations in innate signaling, anti-inflammatory innate immune responses,
aberrant IFN responses, and weak or transient antibody responses in the animal reservoir
[494]. Immune pressure for IBV (slower and less mutation rates than |AV) and may also
represent an added justification for mammals as the reservoir for these viruses. Ferrets
show these same responses to IBV and may represent a model for another mammalian
reservoir to IBV. Comparisons of virus mutations and quasi species frequencies using
next generation sequencing of input and viruses in ferret nasal washes following infection
may support reduced immune pressures and responses by IBV.

Effects of age may also be an important consideration for IBV. Since only adult
ferrets were used in this body of work, future studies comparing immune responses in

younger animals will be beneficial to determine whether similar responses are observed
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in younger animals. Since children have greater morbidity and mortality to IBV
compared to 1AV infections, their immunological development may play a role in their
responses to IBV in this age group. Several factors in early life immune responses are
different from adults and include: 1) neonatal CD4+ and CD8+ T cells produce decreased
IFNy and TNFa upon exposure to pathogenic bacteria, 2) cord blood contains increased
CD4+CD25+ regulatory T cells (Treg) that may inhibit adaptive immune responses, 3)
Increased levels of I1L-4/1L-10/1L-13/ TGFR in cord blood compared to adults, and 4)
neonatal plasma inhibits TLR-mediated generation of pro-inflammatory cytokines [31].
Treg effects on anti-influenza antibody responses have shown that TGFR as well as
CD4+Foxp3+ Treg cells may act as checkpoints between antibody production after
vaccination as shown by lower antibody titers to influenza B component in a human
vaccine study of healthy young adults 35.6+£12.5 years [32]. These early life immune
responses are biased against pro-inflammatory responses while favoring immune
suppression which may take time to mature into adult responses thus allowing IBV to
cause severe morbidity and mortality in younger populations due to innate and adaptive
immune disparities.

Exploring the effects of IFN on enhancing immune responses to influenza may
help in understanding how to overcome weak antibody levels observed following IBV
infection and vaccination. Augmentation of IFN to IBV vaccines may “jump start” the
innate immune responses prior to suppression by IBV NS1 protein or some other
mechanism. Future studies to determine whether similar enhancement of adaptive
immune responses can be ascertained following AV infection and vaccination may show

that this effect may be beneficial any influenza virus or vaccine which fails to generate a
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robust immune response or if this enhancement is restricted to IBV. Finally, IFN levels in
the sera or gene expression kinetics may be used as predictors of vaccine efficacy or as a
diagnostic tool for disease progression. Taken together, this work has shown the value of
the ferret model in assessing immune responses following influenza vaccination and
infection. Continued development and availability of additional reagents for ferrets will
be beneficial to unraveling immune processes following infection with new and emerging
respiratory viruses and aid in the development of improved countermeasures quickly to

address public health needs.
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APPENDIX A —ISOLATION AND CULTURE OF FERRET PRIMARY

RESPIRATORY EPITHELIAL CELLS

ANIMALS AND REAGENTS
Animals
Male, fitch ferrets (Mustela putorius furo) 8-12Mo age — FFF Farms, Sayre, PA USA

Isolation Medium (D-Val)

[MEM (D-Val), 5% FBS, 1mM NEAA, 1mM Na-pyruvate, 25mM HEPES, antibiotics] —
For negative selection of fibroblasts

e 437.5mL — MEM (D-Val) (BioSource Cat#MBS653430).

e 25mL - Dialyzed Fetal Bovine Serum, NOT heat inactivated (Gibco
Cat#26400044) Dialyzed at 10K mw cutoff to remove amino acids, including any
L-Valine.

e 12.5mL — 1M HEPES (Gibco Cat#15630-080) To prevent pH fluctuations during
feeding and culture manipulation outside incubator and to provide additional
buffering against lactate and CO2 during cell growth.

e 10mL - 100mM non-essential amino acids “NEAA” (Gibco Cat#11140-050)
NEAA = Alanine, asparagines, aspartic acid, glycine, glutamic acid, proline, and
serine - reduces the metabolic burden on the cells allowing for an increase in

cellular proliferation.
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10mL — 100mM Na-pyruvate (Gibco Cat#11360-070) An intermediary organic
acid metabolite in glycolysis and the first of the Embden Myerhoff pathway that
can pass readily into or out of the cell. Thus, its addition to tissue culture medium
provides both an energy source and a carbon skeleton for anabolic processes. Its
addition may help in maintaining certain specialized cells, may help when cloning
and may be necessary when the serum concentration is reduced in the medium.
5mL - 100X Penicillin/Streptomycin [10,000U/mL Penicillin, 10,000ug/mL
Streptomycin] (Gibco Cat#15140-122)

Filter through 0.2uM pore size and store @2-8°C for up to 1Mo

Epithelial Cell Medium (+ supplements) — “ECM+”

[DMEM/F-12, 5% FBS, 1ImM NEAA, 1mM Na-pyruvate, 25mM HEPES, antibiotics,

0.14pg/mL RA, Growth Factors (Lonza)] — For differentiation of respiratory epithelial

cells.

223.7mL — MEM, (Gibco#11095-080)

223.7mL — Ham’s F-12 (Gibco#11765-054)

25mL — Characterized Fetal Bovine Serum, NOT heat inactivated (Hyclone Cat#
SH3007103.03)

12.5mL — 1M HEPES (Gibco Cat#15630-080)

5mL — 100mM NEAA (Gibco Cat#11140-050)

5mL — 100mM Na-pyruvate (Gibco Cat#11360-070)

5mL — 100X Penicillin/Streptomycin (Gibco Cat#15140-122)

Filter through 0.2uM pore size and add supplements and RA
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e 12uL — Retinoic Acid “RA” @6.02ug/ulL in DMSO; (Sigma Cat#R2625) — For
cell differentiation to mucociliary, mucous and prevent development of stratified
squamous cells and cornified apical layer.

e Supplements— BEGM SingleQuots (Lonza Cat#CC-4175) — add all except RA
component

o Hydrocortisone — 0.5mL - supports growth and differentiation of
epithelial cells.

o Gentamicin/amphotericin B — 0.5mL = antibiotic/antifungal

o Triiodothyroine “T3” — 0.5mL regulatess membrane transport,
differentiation and constitution of cell surface.

o Epinephrine — 0.5mL Required for mucus production with IL-13.

o Transferrin —0.5mL Can be a mitogen and responsible for iron transport.

o Bovine pituitary extract “BPE” -2.0mL Enhances cell growth.

o Recombinant human epidermal growth factor “rhEGF” — 0.5mL Mitogen
for epithelial and fibroblastic cells; synergizes with IGF-1/TGFR.

o Insulin — 0.5mL for glucose uptake and oxidation; amino acid uptake;
glyconeogenesis.

o Wrap bottle in foil and keep in dark @2-8°C. Use within 2 weeks. DO NOT
HEAT IN WATERBATH, ALLOW TO REACH ROOM TEMPERATURE

BEFORE USE. BEST TO KEEP PROTECTED FROM LIGHT.

RBC Lysing Solution

(0.15M NH4CI, 10mM KHCOs3, 1mM EDTA) — For removal of contaminating

erythrocytes.
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e 401g - Ammonium Chloride; NH4Cl FW=53.49g/Mol (Ward Scientific
Cat#470300-196)

e 0.5g — Potassium Bicarbonate; KHCOs FW=100.11g/Mol (VWR Cat#0889-
500G)

e 0.146g — Ethylenediaminetetraacetic acid; EDTA FW=292.23g/Mol (Acros
Cat#118432500)

e (.s.to 500mL with dIH20

e pHto 7.3 with 1IN NaOH

e Filter through 0.2uM pore size and store @2-8°C

2X Freezing Medium

[ECM+, 30mM HEPES, 10% FBS, 10% DMSO]; Make fresh — for cryopreservation of
respiratory epithelial cells
e 7.76 mL — ECM+ (medium)
e 0.3mL - 1M HEPES (Gibco Cat#15630-080)
e 1.0 mL — Characterized Fetal Bovine Serum, NOT heat inactivated (Hyclone
Cat# SH30071.03)

e 1.0mL —DMSO (Sigma #D2438). Add slowly on ice.

PART I - COLLECTION OF TISSUES

Collection of Ferret Nasal Turbinates & Trachea

e Anesthetize ferret(s) with 0.5mL KAX (3:1:1 — ketamine, atropine, xylazine)
e Once fully sedated (absence of pedal reflex following “toe-pinch”), exsanguinate

animal via IC stick and save sera
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e Euthanize animal with 1mL euthanasia solution/kg and verify death by

auscultation or pneumothorax

e Nasal Turbinate (NT) collection

O

O

Excise ~1cm segment of muzzle to reveal cross-section of nasal cavity

Use forceps and curette to dislodge and forcibly extract fragments of NT
tissue (ventral, dorsal and ethmoid nasal turbinates) and place in 10mL
cold MEM (D-Val) + antibiotics (Pen/Strep) “NO FBS OR OTHER

SUPPLEMENTS” in 50mL conical tube (on ice)

e Trachea (Tr) collection

(@)

O

Wet fur with 70% EtOH and wipe excess with clean KimWipe
Cut longitudinal incision through fur from larynx to below the diaphragm
Use forceps and scalpel to peel back skin/fur from body cavity
Remove ribcage by transecting ribs at costochondral junctions bilaterally
and cutting away any pleural attachments
Excise Tr with scissors from below the larynx to the major bronchi

= Avoid esophagus during manipulations of the trachea
Rinse Tr with Ca*™*/Mg** free HBSS from Tr to remove extraneous tissue
and blood
Remove any attached muscle and tissue
Cut longitudinally and place in 15mL cold MEM (D-Val) + antibiotics
(Pen/Strep) “NO FBS OR OTHER SUPPLEMENTS” in 50mL conical

tube (on ice)

PART Il - ISOLATION OF CELLS
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Primary Incubation of FNEC/FTEC

Digestion — DO

e Prepare Dissociation Enzyme Solution

o In 50ml Conical tube

Add 70ug Pronase (Roche Cat#10165921001)
Add 1 vial (10,000 Units) DNase | (Roche Cat#04536282001)
Add 49.5mL cold MEM (D-Val)

Add 0.5mL 100X Pen/Strep

o Vortex until dissolved

e Decant MEM (D-Val) from tissues

e Add 25ml Dissociation Enzyme Solution to each tube containing tissue (NT and

Tr)

e Incubate tubes for 2 days @2-8°C

Collagen Coating plates/flasks

e Prepare Collagen solution

o Prepare 60% EtOH in 50mL conical tube

30mL 100% EtOH

20ml dIH20

o Add 0.5ml rat tail collagen @3.57mg/mL (Corning Cat#354236)

o Mix by vortexing

e Coating of 12-well Transwell plates (Corning Cat#3460)

o Add 100uL/well Collagen solution in BSC

o Leave overnight in BSC with lid off
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O

O

Next day — Sterilize plate by UV for 30min in BSC and replace lid

Store plate(s) @2-8°C for up to 4 weeks in Ziploc bag

e Coating of tissue culture flasks

O

Add Collagen solution to each flask in BSC and rock back and forth to

coat
= T25=1mL
= T75=3mL
= T175=5mL

Close flask(s) and incubate on level surface for 60min at RT

Aspirate Collagen solution

Rinse flask(s) 3X with Ca**/Mg** free HBSS (T75 = 5mL/wash;
T175=10mL/wash)

Leave flasks uncapped in BSC overnight to dry

Next day -Sterilize by UV for 30min in BSC and replace cap

Cap flask(s) and store in Ziploc bag at 2-8°C for up to 2 weeks

Primary Incubation — Day 2

e Collect single cell suspension

(@)

Stop digestion by adding 2.5mL dialyzed FBS to 50mL tube containing
tissue

Filter cell suspensions through 70um cell strainer (Falcon Cat#352350)
into new 50mL conical tube

Pellet cells by centrifugation (600 x g, 10min, 4°C)

Decant media from cell pellet
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o Resuspend pellet in 30mL Isolation Medium (D-Val)
Remove Fibroblasts
o Transfer cell suspension to two 150mm x 21mm Petri dishes
o Incubate 2Hr @37°C, 5%CO2
o Save supernatant to 50mL conical tube and discard Petri dishes
P1 Cell Culture
o Pellet cells by centrifugation (600 x g, 10min, 4°C)
o Resuspend pellet in 3mL Isolation Medium (D-Val)
o Count cells and adjust to 1x10° cells/cm?
= T175 - 1x10° cells/cm? x 175¢cm? = 1.75x107 cells
* Need 1.75x107 cells/50mL - 3.5x10° cells/mL
o Add 50mL cell suspension to each collagen-coated 175¢cm? flask
o Incubate at 37°C/5% CO:z until confluent; replace with 50mL fresh

Isolation medium (D-Val) every 2-3 days and culture until confluent

PART Il - CRYOPRESERVATION OF PRIMARY CELLS (PASSAGE: P1)

Freezing (P1) ENEC/FTEC

2X wash monolayer with PBS

Add 10mL/ 175cm? flask pre-warmed 0.05% trypsin, 0.02% EDTA (Gibco
Cat#25300-054)

Rock flask to coat and incubate @37°C/5% CO: until cells detached (~10min)
Add 10mL Isolation Medium (D-Val) to inactivate trypsin

Transfer cell suspension to 50mL conical tube and pellet cells by centrifugation

(600 x g, 10min, 4°C)
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Resuspend pellet in 3mL Isolation Medium (D-Val) and keep on ice

Count cells and adjust concentration to ~4x108 cells/mL with Isolation Medium
(D-Val)

Determine number of vials to freeze (~4x10° cell/vial) and add 1mL cold 2X
Freezing Media to 2mL cryovials based on number of vials to freeze

Add 1mL/vial cell suspension and invert to mix

Transfer vials to “Mr. Frosty” freezing can containing isopropanol

Place Mr. Frosty at -80°C and leave overnight

Transfer cells to vapor phase of liquid nitrogen freezer (-150 to -190 °C)

Thawing ENEC/ETEC

Slowly warm vial in 37°C water bath until just thawed

Add cell suspension to 50mL tube

Slowly, drop-wise add 10mL ECM+ media to tube and gently mix while adding
Pellet cells by centrifugation (600 x g, 10min, RT)

Resuspend pellet in 1-2mL ECM+ media and count cells

Adjust cell number to 5x10* cells/cm?

o 12-well Transwell = 1.12 cm2/well = 5x104 cells/cm? x 1.12cm?/well
5.6x10% cells/well

=  Need 0.5mL/well cells = 1.2x10° cells/mL

o 24-well Transwell = 0.33cm2/well = 5x10% cells/cm? x 0.33cm2/well

1.65x104 cells/well

= Need 0.25mL/well cells = 6.6x104 cells/mL

Amplification/Differentiation of FNEC/FTEC
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Amplification

= Seed 12-well Transwell plates
o Need 3 platesivirus+ Extra for cell control (for cell count determination
prior to infection)
= Seed extra 4 wells for counting and other characterization
= Seed 24-well plate (6-wells)
o Add ImL ECM+ media to basolateral side of each well
o Add 0.5mL/well (fresh/thawed FNEC or FTEC @1.2x105cells/mL in
ECM+)
= Seed 24-well Transwell plates
o Need 6 wells/cell type/ferret
= Seed 24-well plate (6-wells) for IFA and confocal microscopy
o Add 0.5mL ECM+ media to basolateral side of each well
o Add 0.25mL/well (fresh/thawed FTEC @6.6x104cells/mL in ECM+)
» |Incubate cells at 37°C/5% CO2 until confluent and resistance >800Q/cm? — ~6-7
days
o 12-well 2 ~900Q
o 24-well 2> ~270Q for 24-well
= Change media on apical/basolateral side every 2 — 3 days with fresh ECM+
o 12-well
= Apical =0.5mL
= Basolateral =1.0mL

o 24-well
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= Apical =0.25mL

=  Basolateral = 0.5mL

Differentiation
»  Once resistance >800€/cm?, culture as air-liquid interface (ALI)
= ALl culture
o Remove media from apical side of culture
o Remove media from basolateral side of culture
o Add ECM+ media ONLY to basolateral side of culture
= 12-well =1mL
= 24-well =0.5mL
o Exchange basolateral media every 2 — 3 days with fresh ECM+ media
= Observe cells for ciliary movement
= If mucus deposits observed in wells, rinse apical side of wells with Ca**/Mg**
free HBSS
= Once ciliary movement detected (~4 weeks post ALI culture), cells are ready for

infection/characterization

= Cells can be maintained as ALI for several months
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APPENDIX B — INFECTION OF FERRETS WITH SEASONAL INFLUENZA

VIRUSES
1.0 Purpose

1.1  This document describes the procedure for bleeding and
inoculation of ferrets with Biosafety Level 2 influenza viruses and

exsanguination for generation of immune sera.
2.0 Definitions
2.1 AALAS — American Association for Laboratory Animal Science
2.2 BSC — Biosafety Cabinet
2.3 HI — Hemagglutination Inhibition
2.4 NGS — NextGen Sequencing
2.5 NW — Nasal Wash
2.6 PCR — Polymerase Chain Reaction
2.7 PPE — Personal Protective Equipment
2.8 PBS — Phosphate Buffered Saline
2.9 QAR — Quiet, Alert and Responsive
2.10 IACUC — Institutional Animal Care and Use Committee

211 BMBL - Biosafety in Microbiological and Biomedical

Laboratories
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2.12 KX solution — Ketamine//Xylazine mixture. Used as an injectable

anesthetic in the ferret.

2.12.1 Ketamine - General anesthetic; however, it does not cause

muscle relaxation. Decreases respiration.

2.12.2 Xylazine (Rompun) — Used as an anesthetic adjunct with
ketamine to act as a muscle relaxant and visceral analgesic.
Causes a reduction in heart rate (bradycardia) and reduced

nasal secretions.

3.0 Safety Precautions

4.0

3.1 Prior to working with influenza-inoculated animals, proper training
must be conducted to minimize risk of possible exposure. Training
should include:

3.1.1 Hands-on training of handling of ferrets by a trained
veterinarian and/or trained laboratory supervisor.

3.1.2 Completion of all IACUC-required animal courses. (Minimally
AALAS “Working with the IACUC” and “Introduction to
Ferrets” courses).

3.1.3 Handling of virological agents will be performed in class Il
certified BSC with strict adherence to biological safety
guidelines set forth in the BMBL.

3.1.4 Compliance with animal safety guidelines as described by the

Institutional Biosafety Committee.

Materials!
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4.1  Virus: Allantoic fluid from influenza-infected embryonated
chicken eggs or Tissue Culture Virus Supernatant (known

infectious titer is optimal).
4.2 Ferrets (Juvenile male ferrets <2yr age; Triple F Farms, Sayre PA).
4.3  Caging
43.1 Naive ferret caging -  Standard ferret  cages

(www.allentowninc.com) in portable, laminar flow clean room

enclosure (Lab Products, Seaford, DE).

4.3.2 Inoculated ferret caging — Individually ventilated caging

system, HEPA-filtered (www.allentowninc.com)

4.4 Diluent — PBS or 95% physiological saline.
45  Anesthesia (options):

45.1 “KX” solution — Ketamine/Xylazine (3:1 ratio mixture) @ 15-
30 mg/kg & 1-2 mg/kg respectively or other IACUC approved
anesthetic. Note: primary anesthesia choice.

4.5.1.1 Ketamine-HCI (100 mg/ml) — Zetamine™,
injectable. (Vetone) Cat# 501072.
http://www.vetone.net/
4.5.1.2 Xylazine (20 mg/ml) — Anased®, injectable. (Akorn
Inc.) NDC: 59399-110-20. http://www.akorn.com/
452 “KM” solution — Ketamine/Medetomidine (3:0.05 ratio

mixture) @15-30 mg/kg & 0.05 mg/kg respectively

325


http://www.allentowninc.com/
http://www.allentowninc.com/
http://www.vetone.net/
http://www.akorn.com/

45.2.1 Ketamine-HCl (100 mg/ml) — Zetamine™,
injectable. (Vetone) Cat# 501072.
http://www.vetone.net/

4.5.2.2 Medetomidine-HCI (1.0 mg/ml) — injectable
(Modern  Veterinary ~ Therapeutics, LLC))
http://modernveterinarytherapeutics.com/

453 “KD” solution — Ketamine/Dexmedetomidine (3:0.05 ratio
mixture) @15-30 mg/kg & 0.025 mg/kg respectively

4.5.3.1 Ketamine-HCI (100 mg/ml) - Zetamine™,
injectable. (Vetone) Cat# 501072.
http://www.vetone.net/

4.5.3.2 Dexmedetomidine-HCI (0.5 mg/ml) — injectable
(Modern Veterinary Therapeutics, LLC.)  DIN
02483947 http://modernveterinarytherapeutics.com/

45.4 Anesthesia Reversal agent — For reversal of xylazine
component of anesthesia

4.5.4.1 Atipamezole-HCI  (5mg/ml) —  Revertidine™,
injectable (Modern Veterinary Therapeutics, LLC.)
NDC: 015914-008-01

http://modernveterinarytherapeutics.com/
4.5.4.2 Use at 0.25mg/kg
4.6  Euthanasia solution (Pentobarbitol, Beuthanasia-D or equivalent)

@ 1mg/kg.
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4.7

4.8

4.9

4.10

411

412

4.13

4.14

4.15

4.16

4.17

4.18

4.19

9ml serum separation tubes (for exsanguination).

3ml serum separation tubes (for pre-bleeds and test bleeds).
2.0ml cryogenic vials — external thread, Corning Cat#430659.
3.6ml Cryotube — internal thread, Nunc® Cat#377267

5ml polystyrene, round-bottom, snap-cap tube (for HI screening).
22 or 23G 17 needles (for blood collection).

18G 1.5 needles (for euthanasia administration).

18-21G 1.5” vacutainer needles and holders (for exsanguination).
Aml tuberculin syringes (for blood collection and anesthesia).

3cc, luer lock syringes (for blood collection and euthanasia

solution).
25@G, 26G, or 27G 3/8” needles for administration of anesthesia.

16Gx1%“ Catheter — For nasal wash collection (Excel

International, Cat# 26730).

NW diluent — PBS, 1% BSA, penicillin (100 U/ml), streptomycin

(100 pg/ml), gentamicin (50 pg/ml).

4.19.1 Prepare 2mL aliquots and freeze at <-20°C.

4.19.2 Thaw vial for each NW collected at time of use.

4.20

4.21

Sterile Petri dishes (100 x 15 mm) — for nasal wash collection.

NW processing solutions

4.21.1 0.5M EDTA — Store at 15 - 25°C

4.21.2 0.5M EGTA — Store at 15 - 25°C
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4.21.3 DNAse | (1 U/uL) — Prepare SuL aliquots and freeze at <-70°C
4.21.3.1 Thaw vial immediately before use.
4.22  Sterile Petri dishes (100 x 15 mm) — for nasal wash collection.
4.23 Benchtop Centrifuge.
4.24  Blue absorbent pads.

10r equivalent materials/reagents may be used following qualification.

5.0 Procedure

51  Prepare Anesthesia (KX) solution — (Prepare fresh at time of

use).

5.1.1 Determine the number of animals to anesthetize and measure
the following volumes of each component and mix in a 50ml

conical tube:
5.1.1.1 Ketamine (100mg/ml) — 0.3ml/ferret.
5.1.1.2 Xylazine (20mg/ml) — 0.1ml/ferret.
5.1.2 Attach 25G-27G 3/8” needle to 1ml tuberculin syringe.

5.1.3 Fill syringe with ~0.3-0.35ml KX per ferret. (NOTE: 0.2-

0.25mL sufficient for ~1kG ferret)
5.1.4 Set aside until use.

5.2 Pre-bleed
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5.2.1 Anesthetize ferret with KX solution by inoculation into the
muscle of thigh. Note: handle all conscious ferrets with animal

handling gloves.

5.2.1.1 Approximately 0.25 ml of KX (3:1 ratio by volume)

is sufficient for anesthesia for ~1Kg animal.

5.2.1.2 Ensure that the animal is adequately anesthetized by
testing the pedal withdrawal reflex, pinching foot
pad on hind feet. If the foot pad pinch causes a
response, either wait until no response or administer
additional anesthesia (~0.1 — 0.2ml) and re-test
before starting the procedure.
5.2.2 Check ferret ear tag to verify that the ferret 1D
5.2.3 Lay ferret in supine position with the head closest to you.
Collect 1 — 2 ml of blood, using a 22-23G, 1” needle attached
to a tuberculin or 3cc syringe, from the cranial vena cava or
subclavian artery (Reference 10.1) and transfer to a 3 ml serum
separator tube.
5.2.4 Label tube to identify ferret ID, “Pre-bleed” and date drawn
and place in zip-loc bag.
5.2.5 Place ferret in individual cage in supine position, with head
toward front of cage, close and secure cage. Place cage in rack

insuring it is locked into position.
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5.2.5.1 Monitor ferret(s) until Monitor until animal
achieves sternal recumbency and is QAR.
5.2.6 Transport tubes in a biohazard marked container to BSL-2
laboratory for processing.

5.2.7 Allow blood to clot at room temperature and centrifuge within

2 hours of collection.
5.2.8 Centrifuge blood at room temperature, 2500rpm (1500 x G) for
15 minutes using a Benchtop Centrifuge.

5.2.9 Transfer 0.1 — 0.2mL of supernatant (sera) into a 5ml snap-cap
tube for prescreening HI assay and transfer remaining sera into
a 3.6mL cryotube for storage. Label tubes with ferret number

and date of pre-bleed.

5.2.10 Transport sera in biohazard marked container to freezer (-20°C

to -30°C). Store 3.6ml tube for HI testing.

5.3 Inoculation of ferrets with Influenza A or Influenza B viruses

Note: All procedures below are to be performed inside a certified

class Il biosafety cabinet. All personnel must wear appropriate PPE.
531 PRIOR TO INOCULATION

5.3.1.1 Virus stock to be used must pass PCR virus

exclusivity testing.

5.3.1.2 Virus stock sequence must not have detectable

polymorphisms of >5%.
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5.3.1.3 Virus stock must have titration data (EIDso,

TCIDso., PFU or FFU).
5.3.2 Inoculation with Influenza viruses.

5.3.2.1 Ideally dilute virus to ~4x10° infectious units (TCIDso,

PFU, FFU, or EIDsp) in PBS.

5.3.2.1.1 Dilution Calculation (Example virus

stock = 1x10® FFU/mI):
CiV1=CyxV2

C: = Known concentration (i.e.

1x108 FFU/ml)
V1 = Unknown

C. = concentration needed (i.e. 4x10°

FFU/mI)

V2 = 1ml (volume of inoculum

needed)

V1 =C2V2/C1 =2 (4x10"5 FFU/mI x 1ml) /

(1x108 FFU/mI)
V2 = 4x10° / 1x108 = 0.4 ml

Need 1ml inoculum, therefore; 0.4ml virus + 0.6ml

PBS

OR
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Dilution = Titer needed / Stock virus titer
= 4x10° FFU / 1x10% FFU

= 0.4 or 1:2.5 dilution (1/0.4)

Inoculum =0.4ml virus + 0.6ml PBS

5.3.22Using a 1ml syringe, inoculate anesthetized ferret
intranasally with 1ml of diluted virus by instilling
dropwise into each nare (~0.5 ml/nare), while holding
ferret’s head with nose tilted up; alternating between the
two nares. NOTE: Allow the ferret to inhale the virus

between drops and apply carefully to avoid sneezing.

5.3.2.3 Return ferret to cage and place in supine position with head
toward front of cage. Monitor until animal achieves

sternal recumbency and is QAR.

5.4 Monitoring of ferrets

5.4.1 Collect NW sample on day 3 post infection to assess viral

replication and potential mutations.
5.4.2 Anesthetize ferrets according to step 5.2.1

5.4.3 Load ~2ml cold NW diluent in 3.0 CC syringe connected to

catheter.
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5.4.4 Collect nasal wash by instilling NW diluent into ferret nostril
(~1.0 ml/nostril) and collecting expelled sneeze in Petri dish

(Figure 2) in certified BSC:

5.4.5 Keep NW on ice for processing.

Figure 2: Collection of nasal wash from anesthetized ferret.

55 Processing of NW sample for RNA isolation and NGS

5.5.1 DNAse treat NW sample(s)

5.5.1.1 Transfer ~100uL NW sample + 110uL PBS to tube

containing 5uL DNase | [1 u/uL]
5.5.1.2 Incubate for 30min @ 37°C
5.5.1.3 Inactivate DNAse
5.5.1.4 Add 8 uL PBS to tube
5.5.1.5 Add 28 uL 0.5M EDTA to tube
5.5.1.6 Add 28 uL 0.5M EGTA to tube
5.5.2 Lysis of sample

5.5.2.1 Add 280 uL AVL buffer to DNAse treated NW sample
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5.5.2.2 Vortex and transfer to 2° - 8°C refrigerator and submit for
NGS.

5.5.3 Retain remainder of sample for determination of viral load by

FFA.

5.5.4 Optional: Collect additional ferret clinical information (i.e.

Temperature, nasal discharge, activity, weight loss) as applicable.
6.0  Exsanguination of Ferrets

NOTE: Ferrets inoculated with influenza A or B viruses are exsanguinated
approximately two weeks post inoculation, or one week post boost date if
applicable.Prepare anesthesia according to step 5.1.

6.2  Anesthetize ferret with KX solution by inoculation into the muscle of
thigh and record time and volume. Note: handle all conscious ferrets with

animal handling gloves.

6.2.1 Approximately 0.3 ml of KX (3:1 ratio by volume) is sufficient for

anesthesia for ~1Kg animal.

6.2.2 Ensure that the animal is adequately anesthetized by testing the
pedal withdrawal reflex, pinching foot pad on hind feet. If the foot
pad pinch causes a response, either wait until no response or
administer additional anesthesia (~0.1 — 0.2ml) and re-test before

starting the procedure.

6.3  Check ferret ear tag to verify that the ferret 1D number matches the
number given on animal cage card. If ear tag is missing, identify by other
visual means as indicated on animal cage card. Check ferret ear tag and

make sure it matches both cage card and experimental cage card.
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6.4  Exsanguinate anesthetized ferret using cardiac puncture (Reference 7.1).

6.4.1 Place the ferret in dorsal recumbency and, using an 18G 1.5”

6.4.2

6.4.3

6.4.4

vacutainer needle in holder, insert the needle in the cephalad near
the xyphoid cartilage towards the heart at a 30° angle (with bevel

up). See figure 3.

Figure 3: Cardiac puncture in an anesthetized ferret.

Insert empty 9 ml serum separator tube into vacutainer holder and
allow filling with blood. Remove tube when full and repeat
collection with new tubes until animal exsanguinated. NOTE:
Adjusting the syringe and massaging of the chest may be necessary
to maximize blood collection.

Label all tubes with the serum lot number before exsanguinating
additional ferret(s).

Euthanize ferret by direct intracardiac injection of ~1ml euthanasia
solution using an 18G 1.5” needle fitted to a 1 — 3cc syringe.

NOTE: Try to draw blood into syringe to insure correct cardiac

placement.
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7.0

6.4.5

6.4.6

6.4.7

6.4.8

6.4.9

6.4.10

References

7.1

7.2

7.3

Verify that ferret is euthanized by absence of respiration/heartbeat,
double-bag carcass in biohazard bag, transport in a leak-proof

container, and place in designated dead animal freezer.

Transport tubes in a biohazard marked container to BSL-2

laboratory for processing.

Allow blood to clot at room temperature and centrifuge within 2

hours of collection.

Centrifuge blood at room temperature, 2500rpm (1500 x G) for 15

minutes using a Benchtop Centrifuge.

Pool sera in 50ml centrifuge tube and prepare 3 — 3.5ml aliquots in

3.6ml cryotubes.

Transport sera in biohazard marked container to freezer (-20°C to -

30°C). Store 3.6ml tubes in -30°C£10°C freezer

Brown, C., Blood collection from the cranial vena cava of the ferret. Lab

Anim (NY), 2006. 35(9): p. 23-4.

Fox, J.G., Biology and Diseases of the Ferret. 2nd ed. 1998, Baltimore:

Lippincott Williams & Wilkins

Mabry, J.; Rowe, T.; Blanchard, E.; and Xu, X. Development of a HEPA-

Filtered Caging System for Ferrets: Thinking Outside the Metal Box. Lab.

Anim. Sci. Prof. 2013. 1(3): p. 41 — 44.
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7.4

7.5

Rowe, T., et al, Modeling host responses in ferrets during

A/California/07/2009 influenza infection. Virol., 2010. 401: p. 257-265

Zitzow, L.A., et al., Pathogenesis of avian influenza A (H5N1) viruses in

ferrets. J Virol, 2002. 76(9): p. 4420-9
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APPENDIX C - ASSESSMENT OF CLINICAL SIGNS OF SEASONAL INFLUENZA

INFECTION IN FERRETS

INTRODUCTION
Once inoculated with virus, daily observations of ferrets provide critical
information regarding the health of the animals, which is considered when evaluating the
overall kinetics of influenza infection as well as the effects of countermeasures such as
vaccines or antivirals. Ferrets are an outbred model and as such it is important to observe
multiple ferrets throughout the duration of an experiment to best assess the presence and
severity of any parameters of disease due to viral infection.
PURPOSE
The purpose of this procedure is to describe the observations taken after
inoculation of ferrets with influenza virus.
DEFINITIONS
e Biosafety Level (BSL) — A series of work practices and facility engineering requirements
to contain infectious materials to the work area and minimize risk of exposure to
personnel and the work area. BSL is ranked from BSL-1 to BSL-4, with BSL-4 being the
most stringent.
e ABSL-2 — Animal Biosafety Level 2
e AALAS - American Association for Laboratory Animal Science

e |ACUC - Institutional Animal Care and Use Committee

BSC — Biosafety Cabinet

CRITICAL EQUIPMENT

e Scale capable of measuring 5009 to 2500g
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o Seca Corp 334 Mobile digital baby scale (Fisher Scientific Cat#NC1798765)
e Temperature transponder reader

e DAS-6007 IPTT Scanner System (Bio Medic Data Systems)

MATERIALS

e Ferret Temperature Transponders

o IPTT-300 Implantable Programmable Temperature Transponder (100/box)

SAFETY PRECAUTIONS
e Follow safety guidelinesrequired as described in the Biosafety in Microbiological and
Biomedical Laboratories (BMBL).
e Leather ferret handling gloves must be used when manipulating ferrets that are not

anesthetized.

PROCEDURE

e Assessment of lethargy:
o Before manipulating the animals in any way, observe the activity level of the ferrets.
o Healthy ferrets are generally alert and playful and will move to the front of their cage
if you approach.
o Ferrets that are feeling unwell may become lethargic (drowsy or sluggish);
appearance and severity of lethargy correlates with virus pathogenicity.
o Each ferret should be given a lethargy score daily, based on the following scale:
= 0 =alertand playful
= 1 =alert but playful only when stimulated
= 2 =alert but not playful when stimulated

= 3 =neither alert nor playful
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o

At the end of each experiment, based on the daily scores for each animal in a group, a

Relative Inactivity Index (RII) may be calculated.

Daily measurement of temperatures:

o

Similar to humans, ferretswill run a fever when infected with certain influenza virus
strains. Although temperatures can fluctuate substantially in ferrets, sustained
elevated temperatures post-inoculation correlate with virus pathogenicity.

Record the temperature of each ferret on a daily basis prior to anesthesia, preferably
at the same time of day to minimize variation.

Establish the baseline temperature for each ferret (average of all daily temperatures
recorded pre- inoculation).

Compare the daily temperature readings recorded post-inoculation and subtract each
value from the baseline temperature value for that specific ferret.

Results may be reported as the number of degrees Celsius or degrees Fahrenheit

above baseline for each individual ferret.

Daily measurement of weight:

o

Ferrets that are unwell generally eat less and experience weight loss. Ensure that co-
housed ferrets are of similar size so that a dominance issue does not affect the weight
of a small animal.

Weigh each ferret individually on a daily basis, preferably at the same time of day to
minimize variation.

Establish the baseline weight for each ferret prior to inoculation.

Compare the daily weight readings recorded post-inoculation and divide each value
from the baseline weight value.

Results may be reported as the percentage of weight change compared to baseline for

each individual ferret.

General observations:
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o Observe for and record any of the following clinical indicators of virus
infection:

= Sneezing: similar to humans, ferrets will often sneeze when infected

with certain influenza viruses. NOTE: the presence/absence of

sneezing must be recorded prior to the administration of Ketamine, as

this drug can induce sneezing independent of viral infection.

= Nasal discharge: similar to humans, ferrets will often experience a runny

nose when infected with certain influenza viruses. Look for the presence of a
crusty or runny nose. Nosebleeds may occur infrequently. NOTE: the
presence/absence of nasal discharge must be recorded prior to the
administration of Ketamine, as this drug can induce sneezing independent of
viral infection.

= Anorexia: in addition to weight loss, observe the levels of food and water for
each cage to assess if the ferretsare eating and drinking. Coordinate food and
water replenishment with animal staff so that this parameter may be
monitored.

= Alopecia: Ferrets that are stressed and not eating may shed excessive
amounts of fur; heightened levels of hair loss should be recorded if this
occurs.

= Dyspnea (difficult or labored breathing): Decreased pulmonary function due
to viral infection may result in abnormal respiration. Observe the breathing
of each ferret and record if the ferret is gasping, wheezing,
hyper/hypoventilating, open-mouth breathing, etc.

= Diarrhea: Observe the ferret as well as the ferret cage for evidence of

diarrhea and record if present.
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= Qcular discharge: Infection with some influenza viruses may result in ocular

discharge. Check the area around each eye of the ferret and record the
presence of ocular inflammation, runny or crusty discharge.

= Neurological signs: Some highly pathogenic influenza viruses are

neurotropic and can result in the development of neurological signs in the
ferret. If any ferret displays torticollis (abnormal head tilt), hind limb
paresis/paralysis, or other neurological symptoms, the ferret should be
euthanatized.

Notes:
All clinical observations should be recorded and the euthanasia criteria described in the

approved IACUC protocol should be consulted to determine at which point (if necessary)
unscheduled euthanasia should be performed.

In addition to the parameters listed above, be alert for other health conditions of ferret
unrelated to viral infection that could nonetheless adversely affect the results of the
experiment. If ferrets are pair- housed, make sure the cohabitating ferrets are not fighting
excessively as this could lead to scratches or bites that could become infected. Watch for
open sores or abnormal tumors/growths, as well as faulty feeders and water bottles that could

inhibit unrestricted access to food and water.
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APPENDIX D - TREATMENT OF ANTISERUM WITH RECEPTOR DESTROYING

ENZYME (RDE) AND ADSORPTION WITH RBCS

1. PURPOSE

11.

1.2.

To remove non-specific inhibitors: Animal and human sera contain various sialic
acid containing glycans that may bind to the hemagglutinin (HA) of influenza virus

and inhibit the binding of influenza-specific anti-HA antibodies.

To remove non-specific agglutinins: when non-specific agglutinins are present in
serum, agglutination occurs due to the interaction of the non-specific agglutinins
with RBCs. This is independent from the hemagglutination that occurs through the
interaction of the influenza virus and the RBC and can lead to masking of the

correct results if not removed.

2. DEFINITIONS

2.1.

2.2.

2.3.

24.

2.5.

2.6.

2.7.

Alsever’s  Solution: An isotonic, balanced salt solution. Used as an

anticoagulant/blood preservative for storage of whole blood at refrigerated

temperatures.

BMBL.: Biosafety in Microbiological and Biomedical Laboratories.
PBS: Phosphate Buffered Saline

PPE: Personal Protective Equipment

Q.S.: Quantity sufficient, the amount needed.

RBC: Red Blood Cell.

Py
m

: Receptor Destroying Enzyme
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3. MATERIALS EQUIPMENT AND REAGENTS!

3.1.

3.2.

3.3.

34.

3.5.

3.6.

3.7.

3.8.

3.9.

Receptor Destroying Enzyme (Denka Seiken, catalog #370013); US distributor:

[Accurate Scientific (www.accuratechemical.com), catalog #YCC340-122]

Physiological (0.85%) saline, sterile

Phosphate buffered saline (PBS) 0.01 M, pH 7.2 — Mg**/Ca** free PBS
Turkey Red blood cells in anticoagulant (i.e. Alsever’s solution)
Gauze, sterile

Sterile, conical tubes with caps — 15 and 50 ml

Water bath(s) — 37+1°C and 56+1°C

Benchtop, refrigerated, centrifuge

Refrigerator, 2-8°C

'Or equivalent

4. PROCEDURE

41.

Removal of Non-specific inhibitors by RDE treatment

4.1.1.Reconstitute lyophilized RDE as indicated on the vial with physiological

(0.85%) saline.

4.1.2.Add 3 volumes of RDE to 1 volume of the sera to be treated into a sterile

15 ml or 50 ml conical tube (Example: 0.3 ml of sera to 0.9 ml RDE).

4.1.3.Transfer the label containing antisera information (Strain name, lot #, date
of harvest) to the conical tube and record the volume of sera being treated

on the tube.

4.1.4.Incubate overnight in a 37°C water bath (12 — 24 Hr).
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4.1.5.Remove tube fromthe 37°C water bath and incubate in a 56°C water bath

for 30 minutes to inactivate the RDE.

4.1.6.Remove from water bath and allow treated sera to cool to room

temperature.

4.1.7.Add 6 volumes of physiological saline (Example: add 1.8 ml saline, to the
tube containing 0.3 ml seraand 0.9 ml RDE). NOTE: The final dilution of

RDE treated antisera will be 1:10.

4.18.1f non-specific inhibitors are not removed, see ALTERNATIVE
METHODS TO REMOVE NONSPECIFIC INHIBITORS FROM SERA

FOR USE IN ASSAYS USING RBCS.
4.2. Removal of Non-specific agglutinins by adsorption with RBCs
4.2 1.Filter turkey RBCs through sterile gauze into a 50ml conical tube.

4.2.2.Add PBS to RBCs and wash two times using benchtop centrifuge (300 x g
for 5 min @4°C). (Alternate method: Add filtered RBC’s and PBS into 50

ml conical tube, mix and place at 4°C overnight to allow RBCs to settle.).
4.2.3.Draw off PBS supernatant; do not disturb the RBC pellet.

4.2.4.Add 1 volume of packed RBCs to 20 volume RDE treated antisera and mix

by inversion.
4.2.5.Incubate at 4°C for 60 minutes or room temperature for 30 minutes.
4.2.6.Centrifuge at 300 x g for 5 minutes at 4°C.
4.3. Aliquot treated sera

4.3.1.Carefully draw off supernatant and dispense sera into sterile 3.5ml tubes.
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4.3.2.Label tubes with the following information: “Treated Animal type X

Antisera”, strain name and subtype, lot#, date of RDE treatment, and date

of RBC adsorption.
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APPENDIX E — ANTIGEN DETECTION BY HEMAGGLUTINATION ASSAY

1. PURPOSE

1.1.

Hemagglutination (HA) test procedure for quantification of influenza

hemagglutination titer in samples containing influenza virus.

2. DEFINITIONS

2.1.

2.2.

2.3.

24.

RBC: Red blood cell

2.1.1. GPRBC: guinea pig red blood cell

2.12. TRBC: turkey red blood cell

HA: Hemagglutination — the agglutination, binding, of red blood cells.
v/v: volume to volume.

BSC: Class Il Biosafety Cabinet

3. MATERIALS EQUIPMENT AND REAGENTS!

3.1.

3.2.

3.3.

34.

3.5.

3.6.

3.7.

Refrigerated centrifuge
Turkey Blood in Alsever’s (Lampire Biological Laboratories, Pipersville, PA, USA)

Guinea Pig Blood, Citrated (Lampire Biological Laboratories, Pipersville, PA,

USA)

Phosphate buffered saline (PBS) 0.01 M, pH 7.2 — Mg*/Ca** free

Influenza virus strains grown in tissue culture, eggs, or from infected animals
Gauze pads, sterile

Hemacytometer and coverslips or cell counter
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3.8.  Trypan blue stain, 0.4%

3.9. 50 ml conical centrifuge tubes

3.10. 96 well V-bottom or U-bottom microtiter plates (Nunc)
3.11. Pipette tips and multichannel pipettor

3.12. Mechanical plate shaker

'Or equivalent

PROCEDURE

4.1. Standardized red blood cell (RBC) preparation
Note: Cells should not be vortexed or shaken at any point during this procedure.
This could result in hemolysis of cells.

4.1.1. Visually inspectand ensure cells do not appear to be hemolyzed. Do not
use if cells appear to be hemolyzed (supernatant is dark pink or red in color

and cells are clumped).

4.12. TRBCs are received as individual lots and must be pooled prior to

preparation.
4.1.3. GPRBCs are purchased and received pooled.
4.2. Washing TRBCs

4.21. Obtain at least three different lots of turkey erythrocytes.
42.1.1. Visually inspectto confirm cells do not appear to be hemolyzed.

4.2.2. Filter~5mL of each lot of TRBCsthrough sterile gauze into a single 50mL

sterile conical centrifuge tube.
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43.

44.

423.

424.

425.

42.6.

42.7.

Add PBS to the 50mL conical centrifuge tube and bring the solution up to a

total volume of ~50mL.
Gently invert tube until TRBCs are fully resuspended.
Centrifuge the SOmL tube at 4°C for 10 minutes at 300 x g.

Aspirate and discard the supernatant and white buffy layer (if present)

without disturbing the packed TRBCs.

Perform a second wash by repeating steps 4.2.3— 4.2.6.

Washing GPRBCs

43.1.

43.2.

433.

434.

435.

43.6.

43.7.

43.8.

Obtain pooled guinea pig erythrocytes.
Visually inspect to confirm cells do not appear to be hemolyzed.

Filter ~2 — 5mL of GPRBCs through sterile gauze into 50mL sterile conical

centrifuge tube.

Add PBS to the 50mL conical centrifuge tube and bring the solution up to a

total volume of ~50mL.
Gently invert tube until GPRBCs are fully re-suspended.
Centrifuge the SOmL tube at 4°C for 10 minutes at 500 x g

Aspirate and discard the supernatant and white buffy layer (if present)

without disturbing the packed GPRBCs.

Perform a second wash by repeating steps 4.3.4 — 4.3.7.

The required concentrations for RBC types are captured in Table 1 below:

Table 1

Required RBC Concentrations
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45.

46.

4.7.

RBC Type | Percentage (%) | Concentration (cells/mL) | Tolerance

TRBC

0.5 4.0 x 10e7 +0.5 x 10e7

GPRBC 0.75 6.0 x 10e7 +0.5 x 10e7

Identify the concentration of the washed RBC suspension and adjust to the required

concentrations noted in Table 1, using one of the two methods below:

Concentration Adjustment via Packed Cells (Volume-to-Volume)

46.1.

46.2.

46.3.

46.4.

Identify the desired volume of standardized RBCs. This is V..

Find required concentration in percentage, as identified in Table 1, based

on RBC type. This value is Prec.

Calculate required volume of packed RBCs. This is V1.

V1=PrecV2

Proceed to step 4.8.

Concentration Adjustment via Cell Counting (Hemacytometer)

4.7.1.

4.7.2.

4.7.3.

4.7.4.

4.75.

Add PBS to the 50mL conical tube containing washed RBCs and bring the

solution up to a volume of ~50mL.
Gently invert or swirl until RBCs are re-suspended.

Use cell counter to determine concentration (cells/mL) of the RBC

suspension. This value is C;.

Using Table 1, identify the required concentration, based on RBC type.

This value is Ca.

Determine desired volume of standardized RBCs. This value will be based

on planned usage of the RBC solution. This value is V.
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4.8.

4.9.

4.10.

476. Useformula: C:V1=C,;V: to calculate the volume of washed RBCs needed.

This value is Vi:

c2v2
Vli= —
c1

4.7.7. Proceed to step 4.8.
Calculate the volume of PBS needed, using the following formula:
48.1. V,-Vi1=PBSvolume needed

48.2. Using a sterile container, transfer calculated volume of RBCs, V1, into

determined amount of PBS. This total volume should equal V-.
48.3. Confirm adjustment using cell counter.
48.4. If needed, continue readjusting using cell counting, as noted in 4.7.
HA Assay (Fig.1) — Performed in a BSC if using live virus.
49.1. Add 50uL PBS per well to a V bottom plate from row 2 through 12.

49.2. Add 100pL of virus to a well of the first row and perform 2-fold serial

dilutions using 50uL across row, discard 50uL from last well.
493. Add 50pL of either TRBCs or GPRBC’s to each well.
49.4. Tap plates to mix or use mechanical plate shaker.

4.95. Incubate plates at room temperature, 30 min for TRBCs or 60 min for

GPRBC:s.

Note: To assist in interpretation one well of the plate can be used as an RBC
control. This well should contain only 50 pL of PBS and 50 uL of red blood

cells.

Interpret and record the results
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4.10.1. If using a V-bottom plate, read plates by tilting at a 45° to 60° angle.

4.10.2.

410.1.1.

4.10.1.2.

4.10.1.3.

No Agglutination - Wells in which RBCs settle into a pellet
and “run” or “tear” when the plate is tilted (Fig. 2). If using
GPRBC’s, the absence of hemagglutination will appear as a
"halo" or circle of settled cells in the bottom of the wells (if

using U-bottom plate).

Agglutination — Wells in which the RBCs form a “lattice” and

do not settle exhibit hemagglutination.

The RBC control should be completely settled either as a

compact button or "halo™ (Fig. 2).

The highest dilution of virus that causes complete hemagglutination is

considered the HA titration end point. For example, if the last dilution

showing

of the di

antigan 100 4 =g

complete agglutinationis 1:128, then the HA titer is the reciprocal

lution which is 128.

Fig.1 Schematic for HA Titrations
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Figure 2. Typical Agglutination Patterns

Examples of Settled RBC Patterns

Avian Patterns

PATTERNS OF COMPLETELY PATTERNS OF PARTIALLY PATTERNS OF NON-
AGGLUTINATED CELLS AGGLUTINATED CELLS AGGLUTINATED CELLS

. . :
O ¢ o e I
TWLTED TILTED

Mammalian Patterns

5. REFERENCES

WHO Global Influenza Surveillance Network: Manual for the laboratory diagnosis

influenza (2011).

5.1.

and virological surveillance of
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APPENDIX F - HEMAGGLUTINATION INHIBITION ASSAY
1. OBJECTIVE

1.1. This SOP describes the hemagglutination inhibition (HI) test
procedure for identification and characterization of influenza
viruses as well as antibody responses in sera to influenza

virus HA.
2. DEFINITIONS

2.1. BMBL - Biosafety in Microbial and Biological Laboratories

2.2. BSL-3 enhanced - Biosafety Level 3 laboratory requiring
additional respiratory protection to protect personnel against

aerosols (See BMBL reference)
2.3. PBS - Phosphate buffered saline
2.4. RBC —Red blood cell
2.4.1. CRBC - Chicken Red Blood Cells (Avian)
2.4.2. GPRBC - Guinea Pig Red Blood Cells (Mammalian)
2.43. HUMRBC - Human Red Blood Cells (Mammalian Type “O”)
2.4.4. TRBC - Turkey Red Blood Cells (Avian)
2.5. HA — Hemagglutination

2.6. HA unit — The minimum amount (dilution) of virus needed to

agglutinate an equal volume of a standardized RBC suspension

2.7. HI —Hemagglutination Inhibition
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2.8. HPAI —Highly Pathogenic Avian Influenza

29. RDE

— Receptor Destroying Enzyme. Used to remove

nonspecific hemagglutination inhibitors existing in  serum

samples.

2.10. V/V —Volume to volume. Volume per unit volume.

. SAFETY

3.1. Adhere to the following health and safety requirements when

conducting experiments with BSL-2 influenza viruses:

3.1.1.

3.1.2.

3.1.3.

3.1.4.

3.1.5.

Wear a lab coat, gloves, and safety glasses/goggles.

Perform all steps with infectious virus in a certified biosafety

cabinet.

Discard solid waste in biohazard bags for autoclaving and

disposal.

Treat all liquid waste with fresh disinfectant and process
appropriately.

Decontaminate all work surfaces and equipment with
disinfectant (preferably with 10% bleach solution or

other approved disinfectant followed by 70% ethanol)

prior to and after use.

3.2. For highly pathogenic avian influenza (HPAI) —BSL-3 enhanced:

3.2.1.

Wear appropriate personal protective equipment

according to established entry-exit procedures.
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3.2.2. Follow HPAI safety procedures.

4. EQUIPMENT AND REAGENTS!

4.1.

4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

4.38.

4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

Water bath: 37°C+2°C /56°C+2°C
Refrigerator: 2°C —8°C

Freezers: -20°C+10°C

Bench top centrifuge

Biosafety Cabinet: Class Il (certified)

Avian blood: turkey (TRBC) or chicken (CRBC) in

Alsever’s solution or appropriate anticoagulant

Mammalian blood: guinea pig (GPRBC) or human type “O”

(HUMRBC) in Alsever’s solution or appropriate anticoagulant
Phosphate buffered saline (PBS): 0.01M pH ~7.2

Receptor destroying enzyme (RDE): commercially available

(Denka Seiken, Japan). US Distributor, Accurate Scientific.
Influenza virus strains: grown in tissue culture or eggs.
Note: can be live virus or inactivated

96 well V bottom microtiter plates

Gauze (sterile)

Assorted tubes: (15ml and 50ml as needed)

Pipet tips: recommend filter plug tips

Assorted pipets

Disinfectant: 10% freshly prepared bleach solution,
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70% ethanol, or other approved disinfectant

4.17. Mechanical Plate Shaker

lor Equivalent

5. PROCEDURE

5.1 Preparation of serum with RDE

5.2.

5.1.1. Reconstitute the RDE according to manufacturer specifications.

5.1.2. Add 3 vol RDE to 1 vol serum (0.3ml RDE + 0.1ml

serum). Incubate 12-18 hours at 37°C.

5.1.3. Heat 56°C for 30 min. Add 6 volumes physiological
saline. (Additional 0.6ml saline to 0.4ml of RDE and

sera)
5.1.4. Store treated sera samples at <-20°C.

Removal of nonspecific agglutinins

NOTE: Treated sera may contain substances that will
nonspecifically agglutinate RBCs. These agglutinins can be

removed with the following procedure.

5.2.1. To one volume of packed RBCs, add 20 volumes of RDE-

treated serum.

5.2.2.  Mix thoroughly and incubate at 4°C, mixing at intervals to

resuspend cells.

5.2.3. After 1 hour, centrifuge at 300 x g for 5 minutes.
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5.3.

5.2.4.

5.2.5.

5.2.6.

Carefully remove the adsorbed serum without disturbing the

packed cells.
Discard packed cells and keep the serum.

Store serum at <-20°C.

Standardization of Red Blood Cells (RBCs)

53.1.

5.3.2.

5.3.3.

5.3.4.

5.3.5.

If using CRBCs or TRBCs, the final concentration for
HA/HI should be a 0.5% v/v concentration. A higher
concentration of 0.75% v/iv for GPRBC and HUMRBCs
improves reading. Although most laboratories have a
procedure for standardization of cells, the following
procedure is used at the WHO Collaborating Center as an
example.

Filter a volume of blood (10 to 45 ml) through gauze,
and centrifuge ~300 x g for 5 min. (~500 x g for
mammalian red blood cells).

Aspirate supernatant and resuspend cells in 50ml PBS
(pH 7.2 to 7.4). Note: Swirl gently to mix; do not
vortex.

Centrifuge at ~300 x g for 5 min. (~500 x g for
mammalian red blood cells) to obtain packed cells.

Aspirate supernatant.

Repeat wash (steps 7.3.2 — 7.3.3) with PBS until
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5.4.

5.3.6.

supernatant is clear. Note: Use minimal number of
washes to reduce hemolysis.

Dilute the packed cells to appropriate concentration
based on packed cell volume (0.5% v/v for Avian
RBCs, 0.75% v/iv for Mammalian RBCs). The

concentration can be checked and adjusted.

HA Titration of Control Reference Antigens and Test

viruses
5.4.1.

5.4.2.

5.4.3.

5.4.4.

5.4.5.

5.4.6.

The HA antigens should be titrated before every HI test.

Add 50ul of PBS to wells #2 through 10 of each lettered row on

a microtiter plate.

Add 100ul of each antigen to the first well of the lettered row

which will be diluted.

Two or more RBCs control wells can be prepared in
any wells at rows 11 and 12 by adding 50ul of PBS.
These wells serve as indicators of a complete settling
pattern without antigen.

Make serial two-fold dilutions of each antigen,
transferring 50ul from well to well and discarding the
final 50ul after row 10. The 2-fold dilutions will be 1:1

through 1:512.

Add 50ul of RBC suspension to each well on plate. Mix

by using a mechanical shaker or by manually agitating
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5.4.7.

5.4.8.

the plates.

Incubate the plates at room temperature (22 to 25°C.)

for 30 min if using avian cells, but 60 min for

mammalian RBCs to allow complete settling of cells.

Record the results and interpret.

5.4.8.1.

5.4.8.2.

Hemagglutination occurs when the RBCs are in
suspension after the RBC control has settled
completely. This is usually recorded using a "+"
symbol. An “o0” or “-* symbol is used to record
the absence of hemagglutination when a compact
button on the bottom of the wells is formed; this
button will run if the plate is tilted. This is the
case with avian RBCs, however with guinea pig
or human type O RBCs, the absence of
hemagglutination will appear as a "halo" or
circle of settled cells in the bottom of the wells.
The RBC control should be completely settled
either as a compact button or "halo".

The highest dilution of virus that causes
complete hemagglutination is considered the HA
titration end point. For example, if the last
dilution showing complete agglutination s

1:128, then the HA titer is the reciprocal of the
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dilution which is 128.

Preparation of Standardized Antigen for HI Test and “Back

Titration” Procedure

5.5.1. Determine the volume of standardized antigen needed for the

HI test.

5.5.2. The standard for the HI test is 4 HA units of antigen added to

serially diluted antisera.

5.5.2.1. 25ul of antigen is added for each well of the HI
test, a virus dilution that contains 4 HA
units/25ul  or 8 HA units/50ul is needed.
Calculate the antigen dilution by dividing the HA
titer, which is based on 50ul, and dividing by 8.
For example, an HA titer of 128 divided by 8 is
16. Mix 1 part of virus with 15 parts PBS to
obtain the desired volume of standardized
antigen (Ex: add 0.1 ml antigen to 1.5 ml of
PBS). Calculate and prepare dilution. Keep a

record of the dilution prepared.

5.5.3. Perform a "back titration" to verify units by performing a
second HA test, if an antigen does not titer 8, it must be
adjusted accordingly by adding more antigen to increase

units or by diluting to decrease units.

5.5.4. Record results.
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5.5.5. Figure 1 is a schematic for RBC settling patterns of Avian and

Mammalian RBCs.

5.6. Typical agglutination patterns

Examples of Settled RBC Patterns

Avian Patterns

PATTERNS OF COMPLETELY PATTERNS OF PARTIALLY  PATTERNS OF NON-
AGGLUTINATED CELLS AGGLUTINATED CELLS AGGLUTINATED CELLS

O Q ® @ o I

TILTED TILTED

Mammalian Patterns

Figure 1: Typical Agglutination Patterns
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6. HI TEST

6.1. Plate set up

25l Dilution

| |

—— [+ 0000000006060
— [0 00000000000
— > [c000000000000
—— [P0 00000000000
— [0 00000000000
——[F 000000000000
— > [e000000000000
—— [0 00000000000

Antiserum 50 pl

HiTier=2 928888 & 3
PBS 25pl

Figure 2: HI Plate Setup

6.2. Add PBS to plates

6.2.1. Add 25ul of PBS to rows 2 through 10.

6.2.2. Cover plates and maintain in humid environment to
minimize evaporation. NOTE: Evaporation can be
minimized by covering plates with moistened

laboratory wipes.

6.3. Sera dilution

6.3.1. 50ul RDE treated serum (1:10) is added to the first well of the

plate.

6.3.2. Transfer 25ul to second row and continue 2-fold serial dilutions

across plate in wells.
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6.3.3. Appropriate control sera are used.

6.4. Virus addition

6.4.1. 25ul of the virus solution (adjusted to 8HAU/50ul) is

added to every well containing sera.
6.4.2. Tap to mix plate or use plate mixer.
6.4.3. The plate is incubated for 15 minutes at room temperature.
6.4.4. Note: perform back titration to confirm virus.
6.5. RBC addition
6.5.1. Add 50ul of standardized RBCs to every well.
6.5.2. Plates are gently tapped to mix samples or use plate mixer.
6.5.3. Cover plates and leave at room temperature.
6.5.3.1. Avian RBCs incubate for at least 30 minutes.
6.5.3.2. Mammalian RBCs incubate for at least 60 minutes.
6.6. Analysis
6.6.1. Read plates by tilting at a 45° to 60° angle.

6.6.1.1. No Agglutination (HI) - Wells in which RBCs
settle into a pellet and “run” or “tear” when the

plate is tilted.

6.6.1.2. Agglutination — wells in which the RBCs
form a “lattice” and do not settle exhibit

hemagglutination.

6.6.2. The highest dilution of sera that causes complete
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inhibition of hemagglutination (HI) is considered the HI
titration endpoint. The HI titer is the reciprocal of the

serum dilution in the last well with complete inhibition.

7. REFERENCES
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7.2.

7.3.
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9789241548090

Biosafety in Microbiological and Biomedical laboratories
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APPENDIX G — I NFLUENZA VIRUS TITRATION BY FOCUS FORMING ASSAY

INTRODUCTION

The Focus Forming Assay (FFA) is a highly sensitive, quick and
convenient method for virus titration in a 96-well format. The influenza
virus FFA is performed in 96 well tissue culture plates using a colloidal
suspension overlay (Avicel). Viruses are titrated by serial dilution on
susceptible MDCK cells, infectious foci (spots) are visualized, and the
amount of virus is determined by antibody directed to influenza NP protein
within the cell. Foci (spots) are counted through the use of an automated
BioSpot reader and calculated as log focus forming units (FFU)/mL. This

assay is applicable from one to forty plates.

The FFA is an improvement over the standard plaque assay. The plaque
assay is time-consuming and relies on the ability of viruses to lyse cells and
form plaques. These plaques require several days to form and may be small
or difficult to distinguish. Additionally, the assay is based on the formation
of plagques under semisolid overlay, which is laborious and at times,
difficult to visualize.

DEFINITIONS
e BSC- Biological Safety Cabinet.

e BMBL - Biosafety in Microbiological and Biomedical Laboratories

(https://iwww.cdc.qgov/labs/BMBL.html).
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BSA — Bovine Serum Albumin.

CASH# - Also referred to as CAS Registry Number (CASRN). A unique chemical
identifier assigned by the Chemical Abstracts Service (CAS) to every chemical

substance described in the open scientific literature.

Cat# — Catalog Number. Vendor product identifier.

DMEM — Dulbecco’s Modified Eagle’s Medium.

ELISA —Enzyme-linked immunosorbent assay.

FBS — Fetal Bovine Serum. [Heat inactivated (30min, 56°C)].
FFU — Focus Forming Unit.

IRR — International Reagent Resource (www.internationalreagentresource.org).

MDCK — Madin Darby Canine Kidney.

o MDCK-ATL — Madin Darby Canine Kidney — Atlanta (CDC) clone. ltem
FR-926 distributed through International Reagent Resource

(www.internationalreagentresource.org). See Maintenance and Passage of

Madin Darby Canine Kidney Cells (SOP-029) for culture conditions.

o MDCK-L — Madin Darby Canine Kidney-London cell line. Item FR-58
distributed through International Reagent Resource

(www.internationalreagentresource.org). See Maintenance and Passage of

Madin Darby Canine Kidney Cells (SOP-029) for culture conditions.

o MDCK-SIAT1 — Madin Darby Canine Kidney — cells overexpress 02,6

sialic acid receptors (Requires G418 supplement to medium when
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culturing). Item FR-1380 distributed through International Reagent

Resource (www.influenzareagentresource.org). See Maintenance and

Passage of MDCK-SIAT-1 Cells (SOP-282) for culture conditions].

MEM — Modified Eagle’s Medium.

PBS — Phosphate Buffered Saline.

RT — Room temperature (15 — 25°C).

SDS — Safety Data Sheet. Also known as Material Safety Data Sheet (MSDS).

Contains chemical hazard, exposure and disposal information.

TPCK — L-1-tosylamido-2-phenylethyl chloromethyl ketone. Used to remove

contaminating chymotrypsin activity.

uL — Micro liters.

VGM — Virus growth medium.

VGM-T — Virus growth medium + lug/mL TPCK-Trypsin.

vIv — Volume per unit volume.

SAFETY PRECAUTIONS

Appropriate Personal Protective Equipment (PPE) is required while handling
chemicals or infectious material. This includes but is not restricted to gloves,
goggles, gowns, chemical hoods, and biosafety cabinets. (According to the

BMBL, www.cdc.gov/biosafety/publications/bmbl5/index.htm).

Perform all manipulations with live influenza virus inside a certified Class Il

biological safety cabinet.
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Fixative (4% formalin)

o

Paraformaldehyde solid (powder) is harmful if inhaled, may cause respiratory
irritation and cancer.

When preparing fixative, perform all work with paraformaldehyde

powder in a certified chemical fume hood wearing proper PPE,

including gloves, safety glasses, and laboratory coat.

Discard fixative (4% formalin) as chemical waste according to local

and federal guidelines. Do NOT discard down sink.

Dispose of used fixative according to chemical hygiene plan and all
applicable federal and state guidelines.

Refer to SDS for proper protection and exposure guidelines

(CAS# 30525-89-4) of paraformaldehyde.

Hydrogen Peroxide (30%) — CAS# 7722-84-1

o

Corrosive — causes severe skin burns and eye damage.

When using, wear gloves, gown or liquid impervious laboratory coat, and eye
protection.

Avoid release of stock solution (30%) to the environment and dispose of

unused material according to Federal and state guidelines.

CRITICAL EQUIPMENT

Certified, Class 11 biological safety cabinet.

Water bath, 37+2°C and 56+2°C.

Incubator(s), 37£2°C with 5+2% CO2.
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Magnetic stir plate with stir bars (for Avicel and 10X permeabilization buffer

preparation).

12-channel aspiration manifold (Drummond Cat#3-000-096) connected to vacuum

apparatus.
P1000 and P200 multi-channel (12) pipettors.
Inverted microscope for the observation of cells.

Freezer, -80°Cx10°C (for virus, TPCK-trypsin storage) and -20°C+10°C (for

serum, antibiotics, and 1° antibody storage).
4°C refrigerator, (Range 2° - 8°C).

Automated plate washer —405TM LS, BioTek (Winooski, V'T) www.biotek.com

CTL BioSpot Analyzer — CTL (Shaker Heights, OH) www.immunospot.com

ImmunoCapture 6.4.87 software — CTL (Shaker Heights, OH) www.immunospot.com

REAGENTS! — and preparation

Influenza Virus: Virus obtained from original specimen, tissue sample from

infected animal, or amplified from cells or eggs.

Cells: MDCK-SIATL, MDCK-L or MDCK-ATL (Low passage; <30).

Phosphate Buffered Saline (PBS): 0.01M, pH7.2 (Mg2t/Ca2t free) CDC Cat#

45309.

TPCK-Trypsin: Sigma Cat# T1426 [adjusted to 2mg/mL in DMEM, filter-sterilized

(0.2uM), and stored in aliquots at <-80°C+10°C].
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e Culture_medium: DMEM, 5% FBS, antibiotics [Refer to SOP QC-140 for

preparation]

1.1.

1.2.

1.3.

1.4.

940 mL DMEM - Gibhco Cat.# 11965.

10 mL 100X Antibiotics (100 U/mL Penicillin, 100ug/mL

Streptomycin solution) — Gibco Cat.# 15140.
50 mL FBS, heat inactivated — Gibco Cat# 16000-044.

Sterilize through a 1000 mL, 0.2 uM pore filter unit and store at

2 —8°C for up to 1 month.

e Virus Growth Medium (VGM): DMEM, 0.1% BSA, antibiotics

1.1.

1.2.

1.3.

1.4.

488.4 mL DMEM — Gibco Cat.# 11965

5mL 100X Antibiotics (100 U/mL Penicillin, 100ug/mL

Streptomycin solution) — Gibco Cat.# 15140
6.6 mL 7.5% BSA — Gibco Cat.# 15260

Sterilize through a 500 mL, 0.2 um pore filter unit and store at 2

—8°C for up to 1 month.

e 1.2% Avicel: FMC BioPolymer, Type: RC-581 NF

1.1.

1.2.

1.3.

1.4.

Avicel —12g
g.s. to 1L with deionized, filtered water
Stir for 1 - 2 hour on a magnetic stir plate

Sterilize by autoclaving 250°F for 20min (slow exhaust cycle)
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1.5.  May store at room temperature for up to 1 year
2X DMEM: 2X MEM, Gibco Cat# 11935 or prepare as follows:
1.1.  26.76 g DMEM powder — Gibco Cat# 12100
1.2. 7.49NaHCO3 (Sodium Bicarbonate)
1.3. q.s. to 1L with endotoxin-free water
1.4, AdjustpHto7-7.4
1.5.  Sterilize through 0.2uM filter
1.6. Dispense aseptically and store at 2-8°C for up to 1 month

OVERLAY : (prepare 11 mL/plate to account for dead volume):

1.1 DMEM, 0.1% BSA,0.6% Avicel, lug/mL TPCK-Trypsin,
antibiotics

1.2.  For 11 mL (prepare fresh and keep at 37°C until use):
1.2.1. 5.1 mL - 2X MEM or 2X DMEM
1.2.2. 0.3 mL -7.5% BSA
1.2.3. 0.1 mL — 100X Antibiotics (Penicillin/Streptomycin)
1.2.4. 5.5mL —1.2% Avicel

1..2.5. 5.5uL — TPCK-Trypsin (@2mg/mL stock)

FIXATIVE: 4% Formalin

1.1. 409 —Paraformaldehyde, HO(CH20O)nH (Acros Organics Cat#

169650025)

1.2. g.s.to 1L with 0.01M PBS, pH 7.2 (Mg2*/Ca2* free)
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1..3. Heat in water bath, with periodic swirling, to dissolve
paraformaldehyde (~56 — 60°C for several hours until

dissolved).
1.4. Filter through 0.2uM filter

1.5. May store at 2 —8°C for up to 3 months

PBS WASH BUFFER: 0.01M, pH7.2 (Mg2t/Ca2™ free)

1.1. 7.11.1.10X PBS stock and dilute 1/10 with deionized water.

1.2. 7.11.2. Or 0.01M,
OH7.2
(Mg2*/Ca2t free)

PBS

PERMEABILIZATION BUFFER (10X)*: 5% Triton X-100 in PBS/Glycine

1.1. 1.5g-Glycine, NH2CH2COOH (Sigma Cat# G7126)

1.2. 95.0 mL —0.01M PBS, pH 7.2 (Mg2t/Ca2™ free)
1.3. 5.0 mL — Triton X-100 (Sigma Cat# T8787)

1.4. Stironstir plate at
room temperature

until dissolved .
1.5. May store up to 1 year at room temperature.

1.6.  *Working solution, dilute 1:10 in PBS.
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e ELISA BUFFER: 10% Horse Serum, 0.1% Tween-80 in PBS

1.1. 80.0 mL — Horse Serum (Heat inactivated), Sigma Cat# H1138
1.2.  720.0 mL—0.01M PBS, pH 7.2 (Mg2t/Ca2t free)

1.3. 0.8 mL — Tween-80 (Sigma Cat# P8074)

1.4. May store up to 1 month at 2 — 8°C

e WASHBUFFER: PBS, 0.05% v/v Tween-20

1.1. To1lL 0.01MPBS, pH 7.2 (Mg2*/Ca2* free) add 0.5 mL

Tween-20 (Sigma Cat# P7949).

1..2. Oruse 10X PBS/Tween Stock and dilute 1/10 with deionized

water.

e 1° ANTIBODY: Dilute to optimal concentration in ELISA buffer

1.1. Influenza A:

1..1.1. mouse anti-A/NP mAb pool — IRR Cat# FR-794 or
FR-1217. Use @1:2000 in ELISA buffer (e.g. 50

uL of 1° Antibody in 100mL of ELISA Buffer).
1.2. Influenza B:

1..2.1. mouse anti-B/NP mAb (B2 clone) — CDC Cat#
PS508b (Lot# 10-039b). Use @1:2000 in ELISA
buffer (e.g. 50 uL of 1° Antibody in 100mL of

ELISA Buffer).
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1..2.2. mouse anti-B/NP mADb pool — IRR Cat# FR-829 or
FR-1218. Use @1:2000 in ELISA buffer (e.g. 50

uL of 1° Antibody in 100mL of ELISA Buffer).

e 2° ANTIBODY: Dilute to optimal concentration in ELISA buffer

1.1. Goat anti-mouse 1gG, peroxidase labeled — Sera Care Cat#
5220-0460. Use @1:2000 in ELISA buffer. (e.g. 50 uL of

2° Antibody in 100mL of ELISA Buffer).

e SUBSTRATE: True Blue peroxidase, 0.03% H202 (5 mL/plate) MAKE

IMMEDIATELY BEFORE USE

1.1.  True Blue (Sera Care Cat# 5510-0030) — 50mL [3,3",5,5’-

tetramethylbenzidine (TMB) substrate]

1.2.  Hydrogen Peroxide (30%, Sigma Cat# 216763)—0.05mL (to
oxidize TMB to form blue chromogenic product and to block

endogenous peroxidase activity in cells)

e STOP SOLUTION: Tap or deionized water.

10r Equivalent manufacturer may be used following quality control testing.

MATERIALS!

o 96-well, flat-bottom, tissue culture polystyrene microtiter plates (Corning Cat#

3598) or Immulon 2HB (Thermo Cat# 3455) plates.
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e 96-well Clear V-Bottom 2 mL Polypropylene Deep Well Plate (Costar Cat# 3960)

[96-well V-Bottom 2mL block].

e Disposable reagent reservoirs [Integra Biosciences; 10mL (Cat# 4337), 25mL

(Cat# 4312) and 100mL (Cat# 4322)]. (www.integra-biosciences.com).

e Sterile capped tubes

e Assorted sterile pipettes (2mL, 5mL, 25mL, 50mL), pipetting device, and tips (200uL

and 1000uL).

e Lint-free wipes (to blot plates prior to drying). Leica Cat#3803240.

(www.LeicaBiosystems.com).

10r Equivalent manufacturer may be used following testing.

PROCEDURE

CELL PREPARATION

1.1.  Obtain MDCK cells and adjust concentration to 2.5 — 3x10°

cells/mL in culture medium.

1.2. Add 100l cells/well to 96-well tissue culture plate(s) and
incubate overnight in humidified 37°C, 5% CO2 incubator.
Plates can be stacked a maximum of 5 plates/stack and

should not be disturbed once placed in incubator.

VIRUS TITRATION — FFU DETERMINATION (Day 1) — To be completed

under sterile conditions

1..1. View plates under a light microscope to observe confluency.
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NOTE: The cell monolayer must be 100% confluent and cells
must be tightly packed (round not elongated) before using and

<30 passages — see patterns below

spindle-shaped

OPTIMAL — Cells confluent, packed NOT Optimal — Not confluent,

1.2.

1.3.

1.4.

1.5.

1.6.

If cells are acceptable, aspirate media from plates using a 12-
channel aspiration manifold, being mindful not to disturb cell

monolayer.

Wash plate(s) twice with PBS (~100uL/well/wash) using a 12-
channel aspiration manifold to aspirate. Do not disturb cell

monolayer.

Aspirate PBS and add 50uL/well VGM-T [(VGM + lug/mL
TPCK-trypsin) (e.g. 250uL TPCK-trypsin @ 2mg/mL in

500mL VGM)] to all wells.

Return plate(s) to 37°C, 5% CO2 incubator in stacks no higher

than 5 plates.

Perform serial dilutions (*2 Log10) of virus(es) in 96-well V-
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Bottom 2mL block (1-virus/row).

1.6.1.

1..6.2.

1..6.3.

1..6.4.

1.6.5.

1..6.6.

1..6.7.

Add 500 uL VGM-T to columns 1-12.
Remove 50 uL VGM-T from column 1.

Add 50 uL of virus for each position in column 1.
(i.e. Al=Virus #1, B1=Virus #2, C1=Virus

#3.. H1=Virus #8.)

Perform serial 2 log10 dilutions (101, 10%-°, 102,
10%5....10°) [i.e. approximate 3-fold dilutions] by
transferring 230 uL from column 1 to column 2, mix
by pipette 3-4 times and dispose of tips. Repeat step

until column 11. Changing tips between dilutions.
Remove 230 uL from column 11 and dispose.
Retrieve washed plates from step 1..5. in incubator.

For each cell plate, transfer 50 uL per row from V-
Bottom 2mL block to cell plate in quadruplicate. [i.e.
row A (Virus #1) - rows A-D & row B (Virus #2)
- E-H]. Repeat for remaining virus(es) at 2
viruses/cell plate. See Figure 1 for cell plate

configuration.
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Figure 1: Virus titration cell plate configuration (2 viruses/plate).

. Cell
Virus Control

dilution> 101 105 102 1025 102 1035 10* 10*5 10° 1055 10°F
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1..7. Incubate plate(s), in stacks no higher than 5 plates,

A
B
c
D
E
F
G

Virus #2

OOOOOOOOG

undisturbed at 37°C, 5% CO2 for 2Hr+15min to allow virus to

infect cells.

1.8. Prepare OVERLAY in sterile bottle (11 mL/plate), maintain at
37°C water bath, and mix well by inversion just before
addition to cell plate. Refer to 7.10 for preparation

instructions.

1.9. Add 100uL OVERLAY to all wells of cell plate(s) using 12-

channel pipettor.

1..10. Return plates to incubator and incubate plates at 37°C,
5%CO2 overnight (18 — 22 hours). Do NOT shake or disturb

plates.

. ELISA (Day 2) — Perform all steps prior to fixation in a BSC
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1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

1.7.

Retrieve plates from incubator and aspirate supernatant
(overlay + media) from wells using 12- channel aspiration

manifold. Avoid disrupting cell monolayer.

Wash plates once with 100ul/well PBS and aspirate. Avoid

disrupting cell monolayer.

Add 100ul/well of chilled FIXATIVE to cells. Refer to step

7.11 for preparation instructions.
Incubate plates at 2-8°C for 30 — 40 mins, undisturbed.

Aspirate fixative using 12-channel manifold. (Discard waste
as chemical waste) After this step, working in a BSC is no

longer required.

Wash plate(s) twice with PBS (200 — 300 uL/well),
aspirating between each wash, using an automated plate
washer. All PBS should be removed from wells following

wash.

1..6.1.  Alternatively, can be performed manually using a

12-channel pipettor.

NOTE: Plates can be stored in 100 uL PBS and placed in
sealed bag at 2 — 8°C (for up to 3 days) or continue to 9.3.7.

immediately.

Add 100 uL/well of IX PERMEABILIZATION BUFFER

to cell plate(s). Refer to 7.13 for preparation instructions.
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.10,

W11

.12,

.13,

W14,

.15,

.16.

Incubate for 20-30 min at RT, undisturbed.

Wash plate(s) 3X with WASH BUFFER (200 — 300
uL/well), aspirating between each wash, using an automated

plate washer. Refer to 7.15 for preparation instructions.

Add 50ul/well of diluted 1° ANTIBODY to all wells of 96
well plate(s). (e.g. 50 uL of 1° Antibody in 100mL of
ELISA BUFFER.) Refer to 7.16 for preparation

instructions.

Incubate at RT for 1 hour (or in sealed bag at 2°C — 8°C

overnight), undisturbed.

Wash plate(s) 3X with WASH BUFFER (200 — 300
uL/well), aspirating between each wash, using an automated

plate washer. Refer to 7.15 for preparation instructions.

Add 50 uL/well of diluted 2° ANTIBODY to all wells of 96
well plate(s). (e.g. 50 uL of 2° Antibody in 100mL of
ELISA BUFFER.) Refer to 7.17 for preparation

instructions
Incubate at RT for 1 hour, undisturbed.

Wash plate(s) 3X with WASH BUFFER (200 — 300
uL/well), aspirating between each wash, using an automated

plate washer. Refer to 7.15 for preparation instructions.

Add 50 uL/well of SUBSTRATE.(e.g. 10 uL of 30% H202
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in 10mL of True Blue) . Refer to 7.18 for preparation

instructions.
1..17. Incubate at RT for 10-15 min, undisturbed.

1..18. To stop the reaction, wash plate(s) 5X with cold tap water or

deionized water using automated plate washer.

1..19. Blot excess water with lint free wipes and air-dry face down
on BSC vent. Wipe bottom of plate(s) with 70% EtOH to

clean. (store in a dark place if not read same day).

1..20. Scan and count full plate using ImmunoCapture program on

CTL and analyze.
1.21. Determine FFU.

1.21.1. The FFU is determined as the average number of
Foci at the dilution of each test virus that yields an

easily countable number (600 + 400).

1.21.2. FFU/mL of viral stock = #Foci(spots)
volume (uL) x 1000 uL/ImL x

Dilution

Ex: 253 Foci (spots) in an inoculum of 50 uL at a

dilution of 104
. FFU/mL = 253/50uL

. To convert to FFU/mL, multiply by
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FIXATIVE OPTIONS: COMPARISONS OF ALTERNATIVE FIXATIVES

o Fixative comparison — Testing of alternative fixatives w/ H3N2 viruses

1.1. 4% Formaldehyde wiv - @4°C, 30Min +Permeabilization step

1.2.  95%MeOH/5%Acetic acid - @-20°C, 1Hr *Permeabilization
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step

1.3. 80% Acetic acid in PBS - @-20°, 30Min z*Permeabilization

step

1.4. 70% EtOH - @-20°C and @ 4°C, 30Min z*Permeabilization

step

e Results — 70% EtOH xPermeabilizaton works equally well as 4% Formaldehyde

solution and could be used as a less toxic method to reduce chemical hazards.

e Comparison FFU titers of different fixatives +permeabilization step:

FFU/mL (Logl10)
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5.50
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=|N/2018
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1 1
1
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1
1
4%  MeOH/A MeOHA 5% ' gog 0% | 70% | 70% | 70% |- O% . 70%
FO4ROI/\3I.(4 FORM.4 | CETIC(-| CETIC(- ACETON AceTON Et072|uélc) Et072|né]1c) EOHe  EoH- EoHPBsEoHPBS FOHPESEonpes
SR CINO. 200)+PER 200) NO o E20c) EOEEE) BORE a0c)+pER 200) NO (40)+#ER (40) NO 1 Cop o (200)NO
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7.40 6.47 6.97 7.15 7.49 7.37 7.42 7.45 7.45 7.45 7.43 7.36 7.39 7.42
7.13 6.40 6.79 6.89 7.10 7.08 7.00 7.06 7.05 7.02 7.12 7.08 7.09 7.18
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OVERLAY OPTIONS: COMPARISON OF ALTERNATIVE OVERLAY TO

AVICEL

Overlay comparison —1.2% Avicel and 1.2% Cellulose (Sigma, Cat#435244)

Fixative = 4% w/v Formaldehyde; +Permeabilization

Results — 1.2% Cellulose results in ~10°5 FFU/mL fewer foci than Avicel with
similar morphology and may potentially be used as an alternative if Avicel is

unavailable.

FFU/mL comparing H3N2 and B-Yam viruses using Avicel or Cellulose overlay

FFU/mI AVG
VIRUS#  VIRUS SUBTYPE PASSAGE 10°MXX CcC COMMENTS
AVICEL-POS
CTRL
1 A/KANSAS/14/2017 H3N2 S3(11/18/2019) 754 3 (EXPECTED=7.06)
A/SINGAPORE/INFIMH-16- AVICEL-
2 0019/2016 H3N2 C1S3/S4(09/12/2018) 8.01 4 EXPECTED=7.73
AVICEL-
3 A/INDIANA/08/2018 H3N2 QMC2S1(03/12/2019) 751 2 EXPECTED=7.11
AVICEL-
4 B/PHUKET/3073/2013 B-YAM E4/E2(07/26/2019) 8.44 5 EXPECTED=8.32
CELLULOSE-POS
CTRL
1 AIKANSAS/14/2017 H3N2 S3(11/18/2019) 7.11 6 (EXPECTED=7.06)
A/SINGAPORE/INFIMH-16- CELLULOSE-
2 0019/2016 H3N2 C1S3/S4(09/12/2018) 7.46 9 EXPECTED=7.73
CELLULOSE-
3 A/INDIANA/08/2018 H3N2 QMC251(03/12/2019) 7.00 3 EXPECTED=7.11
CELLULOSE-
4 B/PHUKET/3073/2013 B-YAM E4/E2(07/26/2019) 8.37 12 EXPECTED=8.32
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APPENDIX H - NEUTRALIZING ANTIBODY DETECTION BY FOCUS

REDUCTION ASSAY

PURPOSE

1.1.

The influenzavirus Focus Reduction Assay (FRA) is performed in 96 well tissue
culture plates and the amount of virus used in the reduction assay is pre-determined
by virus titration. To overcome the pitfalls of other overlays, a suspension of
microcrystalline cellulose Avicel RC/CL is used as the overlay in the assay.
Approximately 600 Focus Forming Units (FFU) of virus is incubated with two-fold
serial dilutions of anti-sera overnight and virus reduction (neutralization) titer is
reported as the reciprocal of the highest dilution of serum corresponding to 50%
Foci reduction compared to the virus control. Foci (spots) are calculated by using an

automated BioSpot reader.

2. DEFINITIONS

2.1.

2.2.

2.3.

24.

2.5.

2.6.

2.7.

BMBL — Biosafety in Microbiological and Biomedical Laboratories (reference)
BSA — Bovine Serum Albumin

CASH# - Also referred to as CAS Registry Number (CASRN). A unique chemical
identifier assigned by the Chemical Abstracts Service (CAS) to every chemical

substance described in the open scientific literature.
Cat# — Catalog Number. Vendor product identifier.
DMEM — Dulbecco’s Modified Eagles Medium
ELISA — Enzyme-linked immunosorbent assay

FFU — Focus Forming Units
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2.8.

29.

2.10.

2.11.

212

2.13.

2.14.

2.15.

2.16.

2.17.

2.18.

2.19.

IRR — International Reagent Resource (www.internationalreagentresource.org)

MDCK — Madin Darby Canine Kidney

2.9.1.MDCK-L — Madin Darby Canine Kidney-London cell line. Item FR-58

distributed through the IRR (www.internationalreagentresource.org)

2.9.2.MDCK-SIAT1 — Madin Darby Canine Kidney — containing overexpression

of 02,6 sialic acid receptors (Requires G418 supplement to medium when
culturing).  Item  FR-1380  distributed through the IRR

(www.internationalreagentresource.orq)

MEM — Modified Eagle’s Medium

PBS — Phosphate Buffered Saline

Q.S. — As much as will suffice, Sufficient quantity. Latin- quantum satis
RDE — Receptor Destroying Enzyme

RT — Room temperature (15 — 25°C)

SDS — Safety Data Sheet. Also known as Material Safety Data Sheet (MSDS).

Contains chemical hazard, exposure, and disposal information.

TPCK — L-1-tosylamido-2-phenylethyl chloromethyl ketone. Used to remove

contaminating chymotrypsin activity.
VGM - Virus growth medium
VGM-T - Virus growth medium + 1pg/ml TPCK-Trypsin

v/v — Volume per unit volume

CRITCAL EQUIPMENT

3.1.

Class Il biological safety cabinet
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3.2.

Magnetic stir plate

3.3.  Water baths, 37°C and 56°C

34. Incubator, 37°C with 5% CO,

3.5. Inverted microscope for the observation of cells

3.6. Freezer, -80°C+10°C (for virus storage) and -20°C+10°C (for serum storage)

3.7.  Automatic plate washer

3.8. 4°C refrigerator, Range 2° - 8°C

39. CTL-BioSpot S6 Macro Analyzer or ELISpot reader

SUPPLIES?

41. 96-well, flat-bottom, tissue culture polystyrene microtiter plates (Corning Cat#
3598) or Immulon 2HB (Thermo Cat# 3455) plates

4.2. 96-well V-Bottom 2ml block (Costar Cat# 3960)

4.3. Disposablereagent reservoirs [Integra Biosciences; 10mL (Cat# 4337), 25mL (Cat#
4312) and 100mL (Cat# 4322)]. (www.integra-biosciences.com)

44. Sterile capped tubes

45. Assorted sterile pipettes, pipetting device, and tips

46. Automatic plate washer — ELx405, BioTek (Santa Clara, CA, USA)
www.agilent.com

47. CTL BioSpot Analyzer — CTL (Shaker Heights, OH, USA) www.immunospot.com

48. ImmunoCapture 6.4.87 software — CTL (Shaker Heights, OH, USA)

Www.immunospot.com

10Or Equivalent manufacturer may be used following testing.
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5. REAGENTS!

5.1.

52.

5.3.

54.

5.5.

5.6.

5.7.

5.8.

Influenza Virus: Original specimen or amplified virus (minimum of 4x10°%

FFU/mL)

RDE treated sera: Refer to — TREATMENT OF ANTISERUM WITH

RECEPTOR DESTROYING ENZYME (RDE) AND ADSORPTION WITH

RBCS.
Cells: MDCK-SIAT1, MDCK-London or MDCK-ATL (Low passage; <30)

Geneticin (G418): Gibco Cat# 10131 @50mg/ml stock solution (adjust to 1mg/ml

in culture medium; dilute 1:50); for use with MDCK-SIATL cell culture. Note:

G418 is not needed in assay media; only for culture of cells (cell passage).

Phosphate Buffered Saline (PBS): 0.01M, pH7.2 (Mg2+/Ca2+ free)

TPCK-Trypsin: Sigma Cat# T1426 (adjusted to 2mg/ml in DMEM, filter-

sterilized, and stored in aliquots at <-70°C)

Culture medium: DMEM, 5% FBS, antibiotics

5.7.1.470 ml DMEM - Gibco Cat.# 11965

5.7.2.5 ml 100X Antibiotics (100 U/ml Penicillin, 100pg/ml Streptomycin

solution) — Gibco Cat.# 15140
5.7.3.25 ml Fetal bovine serum, heat inactivated — Corning Cat#35-015

5.7.4.Sterilize through 0.2 uM pore filter and store at 2°C - 8°C forup to 1

month

Virus Growth Medium (VGM): DMEM, 0.1% BSA, antibiotics

5.8.1. 488.4 ml DMEM - Gibco Cat.# 11965
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5.8.2. 5.0 ml 100X Antibiotics (100 U/ml Penicillin, 100pg/ml Streptomycin

solution) — Gibco Cat.# 15140

5.8.3. 6.6 ml 7.5% BSA — Gibco Cat.# 15260

5.8.4.Sterilize through 0.2 pum pore filter and store at 4°C for up to 1 month
59. 1.2% Avicel: FMC BioPolymer, Type: RC-581 NF

5.9.1.Avicel - 1.2g

5.9.2.qg.s. to 100ml with distilled water

5.9.3.Stir for 1 hour on a magnetic stir plate

5.9.4.Sterilize by autoclaving 250°F for 20min (slow exhaust cycle)

5.9.5.May store at room temperature for up to 1 year
5.10. 2X DMEM: 2X MEM, Gibco Cat# 11935 or prepare as follows:

5.10.1. 26.76 g DMEM powder — Gibco Cat# 12100

5.10.2. 7.4 g NaHCO3 (Sodium Bicarbonate)

5.10.3. g.s. to 1L with endotoxin-free water

5.10.4. AdjustpHto7-7.4

5.10.5. Sterilize through 0.2uM filter

5.10.6. Dispense aseptically and store in 4°C refrigerator

5.11. Overlay: (10ml/plate): DMEM, 0.1% BSA,0.6% Avicel, 1ug/ml TPCK-Trypsin,

antibiotics

5.11.1. For 100ml:

5.11.2. 46.3 ml - 2X MEM or 2X DMEM
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5.11.3. 2.7 ml-7.5% BSA
5.11.4. 1.0 ml - 100X Antibiotics (Penicillin/Streptomycin)
5.11.5. 50 ml-1.2% Avicel
5.11.6. 0.05 ml — TPCK-Trypsin
5.12. Fixative : 4% w/v formaldehyde solution (10% Formalin)

5.12.1. 40 g — Paraformaldehyde, HO(CH2O),H (Acros Organics Cat#

169650010)
512.2. g.s.to 1 L with 0.01M PBS, pH 7.2 (Mg2+/Ca2+ free)

5.12.3. Heatin water bath to dissolve paraformaldehyde (~56 — 60°C for several

hours)
5.12.4. Filter through 0.2uM filter
5.12.5. May store at 4°C for up to 3 months

5.13. 10X Permeabilization buffer*: 5% Triton X-100 in PBS/Glycine

5.13.1. 1.5 g- Glycine, NH2CH2COOH (Sigma Cat# G7126)
5.13.2. 95.0 ml - 0.01M PBS, pH 7.2 (Mg2+/Ca2+ free)
5.13.3. 5.0 ml - Triton X-100 (Sigma Cat# T8787)
5.13.4. May store up to 1 year at room temperature
*Working solution, dilute 1:10 in PBS.
5.14. ELISA Buffer: 10% Horse Serum, 0.1% Tween-80 in PBS
5.14.1. 40.0 ml — Horse Serum (Heat inactivated), Sigma Cat# H1138

514.2. 360.0 ml —0.01M PBS, pH 7.2 (Mg2+/Ca2+ free)
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5.14.3. 0.4 ml — Tween-80 (Sigma Cat# P8074)
5.14.4. May store up to 1 month at 4°C
5.15. Wash Buffer: PBS, 0.05% v/v Tween — 20

5.15.1. To 1L 0.01M PBS, pH 7.2 (Mg2+/Ca2+ free) add 0.5 ml Tween-20

(Sigma Cat# P7949)
5.15.2. Or use 10X PBS/Tween Stock and dilute 1/10 with deionized water.
5.16. 1° Antibody: Dilute to optimal concentration in ELISA buffer
5.16.1. Influenza A:

5.16.1.1. mouse anti-A/NP mAb pool - IRR Cat# FR-1217 (Lot#

61791379 use @1:2000 in ELISA buffer)
5.16.2. Influenza B:

5.16.2.1. mouse anti-B/NP mAb (B2 clone) — CDC Cat# PS508b

(Lot# 10-039b use @1:2000 in ELISA buffer)

or

5.16.2.2. mouse anti-B/NP mAb pool - IRR Cat# FR-1218

5.17. 2° Antibody: Dilute to optimal concentration in ELISA buffer

5.17.1. Goatanti-mouse 1gG, peroxidase labeled — KPL Cat# 474-1802 (Lot#

111098 use @1:2000 in ELISA buffer)

5.18. Substrate: True Blue peroxidase, 0.03% H,0, (5ml/plate) MAKE IMMEDIATELY

BEFORE USE

5.18.1. True Blue (Sera Care Cat# 5510-0030) - 50ml [3,3°,5,5’-

tetramethylbenzidine (TMB) substrate]
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5.18.2. Hydrogen Peroxide (30%, Sigma Cat# 216763) — 0.05ml

5.19. Stop Solution: Tap or deionized water

1Or equivalent manufacturer may be used following quality control testing.

6. PROCEDURE

6.1.1.

6.1.2.

6.1. DAY 1:

Obtain MDCK cells and adjust concentration to 2.5 —3x105 cells/mlin culture
medium.

Add 100ul cells/well to 96-well tissue culture plate and incubate

overnight in humidified 37°C, 5% COz incubator.

NOTE: The cell monolayer must be confluent and cells must be tightly

packed (round not elongated) before using and <30 passages.

6.2.1.

6.2.2.

6.2.3.

6.2. DAY 2:

Perform two-fold serial dilutions of RDE treated serum (not adsorbed with red
blood cells) in VGM-T. Starting from 1:40 by transferring half of the volume

from row to row in 96-well V-Bottom 2 mlblock.

For columns 1-10, 50 pl aliquots of 1:20 RDE treated serum are added to the first
row (A). 50 plaliquots of 1:40 RDE treated sera are added to the second row (B).
50 ul aliquots of 1:2560 RDE treated serum are added to the eighth row (H).
Columns 11 and 12 are used for virus control and cell control respectively (See
Figure 2 for suggested setup). (Note: For each virus/serum combination, the assay

is performed in duplicate so each plate can test one virus with five anti-sera.)

Adjust virus concentration to 1.2x104 FFU/mI (corresponds to 600 FFU/50pul) in
VGM-T (Need ~6ml/plate). NOTE: If <10l of virus is need, first perform 1:100
dilution in VGM-T (10pl virus + 990ul VGM-T) and use. Ex. If you need 8ul

virus 2perform 1:100 dilution first = use 800pl of 1:100.
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EX. For 2 plates using stock virus at 2x108 FFU/ml:

FFU of stock virus needed = FFU Needed (1.2x104 FFU/ml) x #ml

needed (12ml)
= 44x10° FFU virus needed
Stock virus = 2x108 FFU/ml, therefore - FFU Needed/FFU of stock

44x10° FFU = 0.072ml virus in 12ml
2x106FFU/mI
6.2.4. Add 50 pl of the virus to each well of the plate except for the cell control column
(column 12). For virus control column (column 11). Add 50 wl of the virus to
position A11,B11,C11 and D11, and add 50 pl 1/2 diluted virus to position E11,

F11, G11 and H11 (Figure 3).
6.2.5. Add 50 pl of VGM-T to each well of the cell control column (column 12).

Figure 3. Typical Focus Reduction plate set-up.

A — 5 Sera/Plate (in duplicate)
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© 1100000000000
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B — 8 Sera/Plate (run duplicate plates)

Serumdilution =

20 40 60 160 320 o40 1280 2560 35120 10240

Serum#1 | A
Serum#2 | B
Serum#3 | C
Serum#4 | D
Serum#&#3 | E
Serum#s | F
serum# |G
Serum#8 | H

0000100100100,
0000100100100,
00100100100
OO0
OO

OO0

OO0
QOOOOOOQ|z | wnecmms
QOOOOOOQ)g] e

0/0)0/0)00)0010.0,
0/0)0/0100)0010/0,
OO OO OO OO OO

6.2.6. Incubate plate(s) at 37°C, 5% CO; for 2 hours to allow virus to infect cells.

6.2.7. Make up the overlay (10ml/plate) and mix well just before addition.

6.2.8. Add overlay (100pl to each well) and incubate at 37°C, 5%CO2 overnight (18 —

22 hours) undisturbed.

6.3. DAY 3:

6.3.1. Aspirate medium from allwells.

6.3.2. Wash wells 1X with PBS (100ul/well and aspirate.

6.3.3. Add ice-cold fixative (100ul/well). Incubate at 4°C for 30 mins.

6.3.4. Aspirate fixative (discard as chemicalwaste) and wash plate twice with PBS

(100ul/well).

NOTE: Plates can be stored in PBS at 4°C or processed immediately.

396



6.3.5. Add 1X permeabilization buffer (100ul/well).

6.3.6. Incubate at RT for 20-30 mins.

6.3.7. Wash plate(s) 3X with wash buffer on automatic plate washer.

6.3.8. Add diluted 1° Antibody (50ul/well) to all wells of 96 well plate(s).

6.3.9. Incubate at RT for 1 hour (or 4°C overnight).

6.3.10. Wash plate(s) 3X with wash buffer on automatic plate washer.

6.3.11. Add diluted 2° Antibody (50ul/well) to all wells of 96 well plate(s).

6.3.12. Incubate at RT for 1 hour.

6.3.13. Wash plate(s) 3X with wash buffer on automatic plate washer.

6.3.14. Add substrate (50ul/well).

6.3.15. Incubate at RT for 10 mins.

6.3.16. To stop the reaction, rinse plate(s) 5X with cold tap water or deionized

water.

6.3.17. Dry plate and store in a dark place.

6.3.18. Scanthe plate by using ImmunoCapture program.

6.3.19. Count the foci by using CTL BioSpot Analyzer.

6.4. USE OF IMMUNOSPOT ANALYZER TO SCAN THE

PLATES

6.4.1. Optimize forassay. Typicalcounting parameters are listed.

6.4.2. Specify a plate type. Simply click on the proper plate type. “96 well costar-

bottom light only” will be selected for the Focus Reduction Neutralization Assay.

6.4.3. Set the plate name and destination folder. Place the plate carefully on the tray,

load the plate, and specify the folder into which the scan results will be stored.
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6.4.4. Set the scan options. The Preselect Wells button calls up the Plate Navigator,
which allows you to specify which wells should be scanned. “Auto Center for
Each Well” is selected, and the software will attempt to individually center each

of the wells within the camera’s field of view.

LOUNUNG Paramerers

Region Of Interest (%): 30 = ¢ + Size gatemin: |0 CCCEC <[ + Save
Object separation 10 = « [ + Size gate max: < il +
Sensitivity: poo= « L [ Test Count

Load

Fm—

6.4.5. Counting Parameters

6.4.6. Capture Format Selection

General Settings | Capture Fomat Selection | image Capture Settings | Counting Application | ImmunoQualfy | Plate loader |
e Template Code Clear_Plastic_TMPL
Template Code Name +  Name 96 Well Costar - bottom light only
> [CieariPiastic TMPLI S6Well Costar=Botel| | pyae Material Cleos
Clear_Plastic_TMPL 96 \Well Costar - top a1 =
Millipore_White_TMPL Millipore MSIP 41/ Plste Size Columns: 12, Rows: 8
Millipore_\white_TMPL Millipore S2E ! \ell Diameter 62
Millipore_Clear_TMPL Millipore MSIP 45 o
Millipore_Clear_TMPL Millipore MAHA Pl Dosaatcn Nl
Clear_Plastic TMPL 48 Well Clear Plastic ROl radius (pixels) 275
= Clear Plastic TMPL 24 Vel Clear Plasuf B o s Bt
Exposure 0.021
Auto Exposure False
New. | [ Edt. | [ Delete RGB 11811.04
Saturation 150
Gamma 1
Gain o
<Back | [ MNet> |[  Restore Points | [Restore Factory Default Helo [TsaveandBxt | [ Cancel |

6.4.7. Image Capture Settings

‘Well Centering Mode

@ Auto Prealignmert
Auto Prealignmert
Fixed preset posi
Auto Prealignmert

Auto Prealignment

‘Well Centering Options

General Settings | Capture Fommat Selection

Fixed preset positions.

er verfied
ith Autocentering

ith Autocentering

sser verfied with Autocentering

Image Capture Settings | Counting Appiication | ImmunoQualy | Plate loader

The el Centering Mode' value is moved
to the Capture Formats properties
Edi

Enable Eror Centering Suppression

Off:Cancel plate scanning should the autocentering algorithm fail to identify the well bottom
On:Plate scanning continues even if the autocentering algorithm fails

Image Format Preferred Resclution

TIFF -

Automatic Shutdown
when idle more than [180 =] minutes
[C] Shut Lights Dewn
LogOut

© Normal

2 High - when available

[ <Back | [Restore Factory Defaut|

]

Next >

J

Restore Points

faYaYa)

o0JO



6.4.8.

Counting Application

General Settings | Capture Format Selection | Image Capture Settings | Courting Appiication | immunoQualfy | Piate loader

Select a counting application to be used for counting in background during scanning

mmmmm Spot®SC | Kt | BioSpot® [ ImmunoSpot® TATC | oc | noSpot Fluoro-X | Bio ¢ | >

Application Types

BmSEm ‘

Applications

ImmunoSpot 5.1 Professional DC

<Back Next > Restore Points. Restore Factory Default Help Save an« d Bxit Cancel
[ ] I ] [ ]

6.4.9.

Start the plate scan.

6.4.10. Plates are stored as Excel files which can be imported into spreadsheet and

6.5.1.

6.5.2.

6.5.3.

6.6.1.

6.6.2.

analyzed using parameters in DATA ANALYSIS

6.5. USE OF BIOSPOT TO COUNT FOCI

Select the platesto be counted. Load all the plates to be analyzed by selecting the

“Load plate(s)” button near the top of the screen.

Set the counting parameters. Click on the “Load parameters” button. We have
the option of loading previously recorded spot recognition parameters, sensitivity
100, 150, 176 and 200. These parameters are stored in templates, which can be

loaded from “Template repository”.

Start the counting process.

6.6. DATA ANALYSIS

Cell control (CC) and virus control (VC) — Calculations are determined for
each plate individually. The cell control should be counted <20, and the virus

controlshould be counted between 200 and 1600 spots.

Serum Titer — Virus reduction is reported as the reciprocal of the highest dilution
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of serum corresponding to 50% foci number reduction compared to virus control.

6.6.2.1. 50% Reduction = (AVG VC - AVG CC)/2
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